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Introduction

The 30th Congress of the International Society for Forensic Genetics (ISFG) took 
place in Santiago de Compostela, Spain, in the Auditorio de Galicia. Attendees en-
joyed 15 pre-congress workshops, 59 oral presentations, and 438 poster presenta-
tions. We are grateful to all our presenters who brought such excellent scientific 
content. ISFG 2024 had 968 registered participants from 63 countries, with the top 
five countries being the USA (99 participants), China (86), Spain (80), Germany 
(77) and Italy (60). 

The Congress was planned and organized by the ISFG Board and Scientific 
Program Committee (John M. Butler, Walther Parson, Leonor Gusmão, Marielle 
Vennemann, Corina Benschop, Sascha Willuweit and Lourdes Prieto) in cooper-
ation with the local organizing committee (Ángel Carracedo, Maviki Lareu, Ana 
Mosquera, Ana Freire-Aradas, María de la Puente and others from the University of 
Santiago de Compostela). Support from Cíntia Alves, ISFG Secretariat, and associ-
ates from Sebgar, the ISFG 2024 Scientific Secretariat, were crucial for the success 
of this Congress. All the photography, by Adolfo Enríquez, has allowed memories 
to be preserved following the gathering.

There were 15 pre-congress workshops (in which some attendees participat-
ed in more than one) involving 532 participants from 45 countries. These work-
shops provided opportunities to learn from some of the very best researchers and 
practitioners in forensic genetics:
Full-Day Workshops:

• “Forensic Genetic Genealogy” – Daniel Kling and Andreas Tillmar

• “Mixture Interpretation (Basic & Advanced Sessions) “ – Peter Gill, Corina 
Benschop, Helen Johannessen

• “Bioinformatics MPS (Basic & Advanced Sessions) “ – Jerry Hoogenboom 
and Jonathan King

• “Kinship Statistics and Pedigree Analysis (Basic & Advanced Sessions) “ – 
Thore Egeland and Magnus Vigeland
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Half-Day Workshops:

• “Body Fluid Identification” – Titia Sijen, Cordula Haas, Margreet van den 
Berge

• “Mitochondrial DNA” – Walther Parson and Charla Marshall

• “Disaster Victim Identification” – Carlos Vullo and Lourdes Prieto

• “Forensic Database Advisory Board and Ethical Considerations for Foren-
sic Genetic Frequency Databases” – Maria Eugenia D’Amato, Yann Joly, 
Vanessa Lynch, Nathan Scudder, John M. Butler (filling in for Martin 
Zieger)

• “Ancestry/Appearance & Phenotyping” – Antonia Heidegger and Catarina 
Xavier

• “Activity Level Evaluative Reporting” – Bas Kokshoorn, Yvonne van de 
Wal, Bart Aarts

• “Y-Chromosome Analysis and Statistics” – Lutz Roewer

• “Y-Chromosome Interpretation: Extended/New Methodologies on Y-SNPs 
and Y-STRs” – Arwin Ralf and Sofie Claerhout

A summary of the feedback received on these workshops can be found on the ISFG 
website. ISFG members may also access many of the workshop presentations and 
plenary lecture slides on the Members Area/ Education part of the website. 
The Scientific Program Committee, consisting of the seven members of the ISFG 
Board, along with Congress President Ángel Carracedo and Congress Vice-Pres-
ident Maviki Lareu, reviewed 620 abstracts when they met on April 23-24, 2024.
A decision to limit submitters to a single presentation led to the rejection of a few 
abstracts where authors had multiple submissions. In the end, 59 oral presenta-
tions were selected along with over 500 invited poster presentations. Unfortunate-
ly, some of those invited did not register and were therefore removed from the 
listing of posters. When the ISFG 2024 meeting was held in September 2024, there 
were 438 posters presented on 14 electronic poster screens. This was the first ISFG 
meeting utilizing electronic posters, and important lessons were learned from this 
format in terms of advantages and disadvantages.

The invited plenary speakers at ISFG 2024 included Charla Marshall (USA), 
the ISFG Scientific Prize winner in 2022, along with Manuel Esteller (Spain), María 
Martinón (Spain), Duncan Taylor (Australia) and Andreas Tillmar (Sweden). These 
45-minute plenary presentations introduced session topics on DNA technology, phe-
notyping, population genetics, interpretation and statistics and genetic genealogy. 
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A special panel discussion was held in honor of Peter M. Schneider on the topic of 
DNA transfer and activity level reporting, which included presentations by Ángel 
Carracedo (Spain), Mariya Goray (Australia), Bas Kokshoorn (the Netherlands) and 
Peter Gill (Norway). 

ISFG travel grants were awarded to Katherin Barrionuevo, Emily Bibbo, 
Kayli Carrillo, Shivani Dixit, Franco Marsico, Donna-Lee Martin, Masinda Nguidi, 
Phuong Pham, Jessica Watson and Olivia Yugovich.

During the closing ceremonies, awards were given for the best oral presenta-
tion and the best poster presentation. Miguel Boullon-Cassau, from the Universi-
ty of Santiago de Compostela (Spain), was awarded the best oral presentation on 
“Exploring Legal Age Estimation Using DNA Methylation”. This prize was selected 
by a committee chaired by Mecki Prinz (USA) with Maja Sidstedt (Sweden), Iva 
Gomes (Portugal), Mariya Goray (Australia), Jan Fleckhaus (Germany), Fabio Ol-
doni (USA) and Hwan Young Lee (South Korea). Caitlin McDonald from Flinders 
University (Australia) received the prize for best poster presentation “Enhancing 
PCR Efficiency with Machine Learning”. This prize was selected by a commit-
tee chaired by María de la Puente (Spain) with Athina Vidaki (Netherlands), Ana 
Freire-Aradas (Spain), Bram Bekaert (Belgium), Ewelina Pospiech (Poland), Arwin 
Ralf (the Netherlands), Ulises Toscanini (Argentina), Martin Bodner (Austria), Adri-
an Linacre (Australia), Weibo Liang (China), Kristiaan van der Gaag (Netherlands), 
Eduardo Avila (Brazil), Daniel Kling (Norway), Tom Callaghan (USA), Roland van 
Oorschot (Australia), Arnoud Kal (Netherlands), Thore Egeland (Norway), Nadia 
Pinto (Portugal), Federica Alessandrini (Italy), Ingo Bastisch (Germany), Katja 
Anslinger (Germany), Felix Bittner (the Netherlands), Nathan Scudder (Australia) 
and Tacha Hicks (Switzerland). The Scientific Program Committee expresses ap-
preciation to the members of these selection committees and congratulations to 
the award winners.

At the ISFG General Assembly, Roland van Oorschot, from the Victoria Po-
lice Forensic Services Department (Australia), received the 2024 Scientific Prize 
for his global leadership in our understanding of DNA transfer, persistence, prev-
alence and recovery, beginning with his 1997 milestone Nature article “DNA fin-
gerprints from fingerprints”. Ángel Carracedo, from the University of Santiago de 
Compostela (Spain), received the ISFG Lifetime Achievement Award for being a 
leading contributor to our field for the past 40 years and pioneering many aspects 
of DNA analysis, sharing his knowledge and enthusiasm with the forensic genetics’ 
community, from fellow experts to those just starting their careers. These prize 
winners were decided by the ISFG Board following candidate proposals submitted 
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by ISFG members and input from a panel of former prize winners (not including 
John Butler and Walther Parson who are on the ISFG Board). Roland has been in-
vited to give the opening scientific prize plenary lecture at the next ISFG Congress 
in Montreal, Canada, to be held August 17-21, 2026.

As part of the ISFG General Assembly on September 11, 2024, Marielle Ven-
nemann was elected as President, Walther Parson as Secretary, Lourdes Prieto as 
Treasurer, Corina Benschop was reelected Representative for Training and Educa-
tion and Hwan Young Lee, from the Department of Forensic Medicine of Seoul Na-
tional University, South Korea, was elected Representative of the Working Parties. 
Walther Parson was also elected Operational Manager for ISFG Interests. We are 
grateful for Sascha Willuweit who acted in this role following the passing of Peter 
Schneider in September 2022. In addition, during the General Assembly, honorary 
ISFG memberships were awarded to Antonio Alonso, Peter Gill, Lutz Roewer and 
Peter Schneider. We deeply appreciate Leonor Gusmão who diligently served on the 
ISFG Board from 2007 through 2024 as Treasurer, Representative of the Working 
Parties and Acting Secretary.
These published proceedings, with 165 articles, represents only a fraction of the 
knowledge shared during the week we spent together in Santiago de Compostela. 
We express our gratitude for the planners and participants who made ISFG 2024 a 
wonderful success!

John M. Butler* 
on behalf of the ISFG Board  

and Scientific Program Committee

* ISFG President; National Institute of Standards and Technology, Special Programs Office, 100 Bureau Drive, 
Mail Stop 6021, Gaithersburg, MD 20899-6021, USA; john.butler@nist.gov

mailto:john.butler@nist.gov
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Abstract
As DNA typing technologies have advanced and sensitivity improved, measurement and inter-
pretation issues related to low template, degraded, and complex DNA mixtures encountered in 
forensic laboratories have evolved. In turn, the forensic DNA typing community has requested 
more relevant reference materials to support the validation of their methods. The stochastic 
nature of these measurements, in tandem with the goal of reproducibly providing “casework-
like” sample types, poses a challenge in meeting the robust characterization and the long-term 
stability required for a Standard Reference Material classification. NIST has introduced a new 
category of exploratory material called a Research Grade Test Material (RGTM) to collaboratively 
evaluate fit-for-purpose needs within a community. Laboratories can request the material with 
an agreement that data collected from the samples will be shared with NIST. A data portal hosted 
through STRBase (https://strbase.nist.gov/Information/RGTM_10235) was created to receive and 
publicly share results. The goal is that these samples and companion data portal resources will 
support validation efforts, facilitate data sharing, and guide further development of forensically 
relevant reference materials. 

Keywords
Reference material, quantification, mixture, short tandem repeat, degraded DNA
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1. Introduction

To address sample preparation and characterization challenges for reference ma-
terials, the NIST Office of Reference Materials has introduced a new classification 
of exploratory material called a Research Grade Test Material (RGTM). RGTMs aim 
to assess fit-for-purpose requirements collaboratively, enabling a more effective ap-
proach to complex measurement challenges [1]. Data from RGTMs may be gener-
ated collaboratively with customers to determine relevant values for what is being 
measured and the long-term stability of the material. RGTM 10235: Forensic DNA 
Typing Resource Samples was released to the forensic DNA community in August 
2023. RGTM 10235 is composed of eight well-quantified DNA extracts. Samples 
include three single-source samples, two degraded samples, and three mixture 
samples. 

2. Materials and methods

Samples 1, 3, and 5 (single source) were prepared at approximately 5 ng/µL in TE-4 
buffer. Samples 2 and 4 (single source-degraded) were treated with UV light to 
induce DNA degradation. All samples except 3 and 4 were diluted in a TE-4 buffer 
containing 50 ng/µL of yeast tRNA (Thermo Fisher Scientific) to improve nucleic 
acid stability. Samples 6, 7, and 8 of the RGTM 10235 are DNA mixtures. Sample 6 
is a two-person female-male mixture (90:10), Sample 7 is a three-person female-
male-male mixture (20:20:60), and Sample 8 is a three-person female-male-male 
mixture (10:30:60). The components of the mixtures were quantified using digital 
PCR [2] and mixed in the appropriate volumes to create the intended mixture ra-
tios. The primary landing page for RGTM 10235 is https://strbase.nist.gov/Informa-
tion/RGTM_10235. Here, further information about the samples is hosted, as well 
as links to data submission instructions and data collected to date.

3. Results and Discussion

Figure 1 below is a composite graphic from the RGTM 10235 web pages. Panel A 
provides details on the materials and how to place an order. Additional information 
on the informed consent for the materials and specific NIST Terms and Conditions 
can be downloaded for review. Panel B lists the drop-down menu choices under 
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“NIST Resources” and “RGTM 10235”. From these pages, the user can submit and 
view previously submitted data related to quantification measurements, STR typ-
ing allele calls, mixture interpretation, and mitochondrial sequencing. Panel C is 
an example plot of user-submitted DNA quantification measurements. Each con-
centration data point corresponds to the anonymous user number and the qPCR 
kit used to quantify the sample. An Excel file containing the full qPCR analysis con-
ditions (e.g., instrument, software, calibration curve sample) can be downloaded 
from this page. Panel D is an example plot of the log LR values for Sample 6 (2-per-
son mixture). The box plot represents the results of replicate PCR amplifications 
(n =3), followed by interpretation using probabilistic genotyping and subsequent 
assignment of likelihood ratio values. These experiments and interpretations were 
carried out over three separate time points (August 2023, December 2023, and 
May 2024). The STR typing conditions and mixture interpretation parameters used 
when assigning the likelihood ratios are provided on the web page. An external 
laboratory (Bode Technology Group, Lorton, VA) conducted the mixture analyses. 

Figure 1. Example information and data available on the RGTM 10235 web pages (https://strbase.nist.gov/).

https://strbase.nist.gov/
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4. Conclusions

RGTM 10235 aims to offer the community a set of valuable samples that can be 
used in forensic DNA laboratories and compared anonymously to other practition-
er datasets. The STRBase data portal enables the collection of externally performed 
measurements and subsequent posting of the results for various properties and 
characterization methods. The data from RGTM 10235 indicates that the material 
is stable and can help support forensic validation studies and training exercises. 
Additionally, RGTM 10235 provides longitudinal data for NIST to develop future 
reference material production better to keep current with the changing needs of 
the forensic DNA community.
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Abstract
Crime scene samples are often comprised of DNA mixtures from both victim(s) and perpetrator(s) 
to a crime. These mixtures can be particularly difficult to interpret due to overlapping alleles 
from multiple contributors or related individuals in addition to low templates of either the entire 
mixed sample or specific donors to the mixture. Due to the difficulties associated with complex 
mixture deconvolution, the ability to deconvolute DNA mixtures into their individual donor ge-
notypes would significantly increase the number of cases in which probative results are obtained. 
In the present work, a single cell method referred to as direct single cell subsampling (DSCS) 
was used to collect single cells (or small cell subsets) from some of the most complex mixture 
scenarios (e.g., equimolar 3+ person mixtures, 4-person 1st degree relative mixtures, and mixtu-
res with extreme minor donors). This resulted in a probative increase of information compared 
to standard methods.

Keywords
Single cell analysis; mixture deconvolution; probabilistic genotyping.

Introduction

Standard DNA mixture analysis focuses on mixture deconvolution at the end of 
the DNA workflow (i.e., extraction→ quantification→ amplification→ capillary 
electrophoresis→ mixture deconvolution). This can become particularly difficult 
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as the number of contributors (NOC) or the relatedness of contributors increases 
due to allele sharing often resulting in limited information in the most complex 
scenarios. In contrast, single cell analysis aims to decrease analysis complexity by 
deconvoluting mixtures up front prior to sample extraction [1–7]. Although low 
template in nature (i.e., ~6.6 pg for diploid cells and ~3.3 pg for haploid cells), sin-
gle cell analysis can result in highly probative single source DNA genotypes. Gen-
otypes attributed to the same donor can be utilized to either determine a database 
uploadable DNA profile via DBLR [6] or used with a PG systems’ replicate analysis 
function [2–4,7].

Materials and methods

a. Mixture creation
 Buccal swabs were agitated in 300 μL of DNA suspension buffer. Sam-

ples were centrifuged at 300 RCF to create an epithelial cell pellet. The 
resulting supernatant was discarded. A cell suspension was created by 
adding 300 μL of fresh DNA suspension buffer to each cell pellet. Cell 
concentrations were determined using the Countess™ II FL (Thermo-
Fisher Scientific, Carlsbad, CA, USA) automated cell counter.  Various 
cell mixtures were created by adding the appropriate donor cell volumes 
to create the desired mixture ratio (e.g., equimolar 2-6 person mixtures). 
Cell suspensions/mixtures were stored at 4 °C. 

b.Single cell analysis (DSCS)
 A portion of each cell mixture (60 μL) was pipetted onto a Gel-Film® 

microscope slide and spread with a sterile cotton swab. Trypan blue solu-
tion was used to stain each mixture slide (1-2 mins). Slides were air-dried 
overnight. The Leica M205C stereomicroscope (190-240X magnification) 
was used for cell visualization and collection. A tungsten needle and 
3MTM water-soluble adhesive was used to transfer individual or small 
cell subsamples (e.g., 1-5 cells) to sterile 0.2 mL PCR flat-cap tubes con-
taining lysis solution. Detailed directions on slide creation and the cell 
collection method have previously been reported in an open access vi-
deo demonstration [8]. Various lysis solutions were utilized (e.g., 5 μL 
PunchSolutionTM (Promega, Madison, WI, USA), 1 μL Prep-n-GoTM 
lysis buffer, or 1 μL Casework Direct Solution with 0.025 μL of a 50X 
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dilution of 1- thioglycerol). PunchSolutionTM samples were incubated 
with open tubes for lysis evaporation using a protocol of 70 °C→ 30 min. 
Prep-n-GoTM lysis samples were incubated at 90oC→ 20 mins; 25oC→ 
15 mins. Casework Direct lysed samples were incubated at 70 °C→ 10 
mins. After lysis, samples were amplified using GlobalFilerTM Express 
with a decreased reaction volume (i.e., 2 μL PCR mix, 2 μL primer mix, 
and 1 μL 5X AmpSolutionTM *(Promega, Madison, WI, USA)). Samples 
were amplified at 95oC→ 1 min; 32 cycles: 94oC→ 3 sec, 60oC→ 30 sec; 
60oC→ 8 mins; 4oC→ hold. *Note: 5X AmpSolutionTM was not added 
to samples lysed with Prep-n-GoTM buffer. PG Software STRmix™ v2.8 
was used to analyze each resulting subsample as either a single source or 
two-person mixture when appropriate. The FBI Caucasian allele frequen-
cy database was used, and the sub-source log (LR) reported. Replicate 
analysis was conducted on subsamples that returned inclusionary LRs 
(i.e., log(LR) > 1) for the same donor.

c. ‘Bulk’ analysis 
 A portion of each cell mixture (60 μL) was extracted using the AutoMa-

te Express™ Forensic DNA Extraction System and PrepFiler Express™ 
Forensic DNA Extraction Kit (ThermoFisher Scientific, Carlsbad, CA, 
USA). Quantification was conducted using QuantifilerTM Trio (Thermo-
Fisher Scientific, Carlsbad, CA, USA). The GlobalFilerTM amplification 
kit was used to amplify 1 ng of sample DNA at 29 cycles according to 
the manufacturers recommended protocol. One microliter of amplified 
product was added to 0.5 μL GeneScan™ 600 LIZ® size standard (Ther-
moFisher Scientific, Carlsbad, CA, USA) and 9.5 μL Hi-Di™ formamide 
(ThermoFisher Scientific, Carlsbad, CA, USA) and injected on an Applied 
Biosystems’ 3500 Genetic Analyzer using Module J6 (15 s injection, 1.2 
kV, 60 °C). Analysis was conducted with GeneMapper™ ID-X v1.6 (Ther-
moFisher Scientific, Carlsbad, CA, USA). PG Software STRmix™ v2.8 
was used to analyze each resulting mixture according to the known NOC. 
The FBI Caucasian allele frequency database was used and the sub-source 
log (LR) reported. 

d. DSCS workflow description
 The DSCS workflow allows for subsampling from an original bulk mixtu-

re. Figure 1 provides an infographic of the DSCS method in which mini-
mixtures are collected to improve the probative value obtainable from a 
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binary 1:50 mixture. Standard “bulk” sampling results in a single source 
profile of donor A while 5-cell subsamples can result in either single sou-
rce profiles for donor A or 1:4 mini-mixed subsamples containing both 
individuals A and B which can subsequently be analyzed by PG. Most 
often, the DSCS method is utilized for collection of single cells resulting 
in single source profiles of all donors to a mixture. 

Figure 1. DSCS infographic showing the utility of mini-mixtures in analyzing a 1:50 bulk mixture.

Results

Figure 2. Single dye channel EPGs. A) 6-person equimolar mixture analyzed using the standard 
DNA workflow. B) Single cell analyzed using the DSCS workflow. 

A B
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Table 1. Comparison of standard and DSCS STRmixTM results for various mixtures  
(M= mother; F= father; S= sibling; U= unrelated donor).

Mixture Method # of cells
POI 1 
log(LR)

POI 2 
log(LR)

POI 3 
log(LR)

POI 4 
log(LR)

POI 5 
log(LR)

POI 6 
log(LR)

Equimolar 
2p [2]

Standard 17 16

DSCSa 20x 1C & 
2C

27 27

Equimolar 
3p [2]

Standard 25 13 9

DSCSa 20x 1C & 
2C

28 27 22

Equimolar 
4p [2]

Standard 7 15 8 4

DSCSa 30x 1C & 
2C

22 25 20 17

Equimolar 
5p [2]

Standard 3 4 9 8 3

DSCSa 40x 1C & 
2C

24 27 25 13 20

Equimolar 
6p [2,7]

Standard 8 8 1 8 4 5

DSCSa 30x 1C & 
2C

25 26 20 28 17 8

DSCS 30x 1C 27 27 22 14 25 25

MFUU [3]
Standard 23 11 5 9 6b 2b

DSCS
40x 1C & 
2C

25 25 17 27 0b 0b

MFCU [3]
Standard 10 6 11 8 6b 6b

DSCS
40x 1C & 
2C

26 25 16 26 0b 0b

SSSS [3]
Standard 10 13 12 12 8b

DSCS 40x 1C 22 24 23 24 0b

1:50 [6,9]

Standard 1 27

DSCS
75x 5C

11 28

DSCSC 23 NA
a Prior to lysis improvement
b Non-donor relative
C DBLRTM common donor analysis
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Discussion

The presented studies establish single cell methods to overcome some of the cur-
rent limitations associated with DNA mixture analysis. By sampling individual 
cells, highly probative single source DNA genotypes are obtainable for donors to 
complex mixtures (Figure 2) which may otherwise be masked due to allele sharing 
(e.g., high NOCs or related donors) or undetectable due to low templates (e.g., 
extreme minor donors). Significant gain of information due to DSCS analysis is 
exemplified in Table 1. 

Additionally, microscopic verification of certain cell types (e.g., sperm) can 
definitively link the resulting genotype to a specific body fluid. Although not in-
tended to supplant current bulk mixture methods, the addition of single cell anal-
ysis could further inform standard analysis (e.g., providing a single source DNA 
profile to condition the bulk mixture upon or further informing NOC estimations).

Conclusion

The addition of a single cell analysis workflow could increase the number of com-
plex cases in which a POI is definitively implicated or excluded as a true donor.
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Abstract
The male Y-chromosome plays a pivotal role in population and forensic genetics. Its rather con-
served paternal inheritance provides valuable insights into human ancestry, biogeographical 
origins and DNA kinship investigations. While slowly mutating Y-chromosomal single nucleo-
tide polymorphisms (Y-SNPs) are traditionally used to assign evolutionary Y-haplogroups, the 
process is labour-intensive, time-consuming and costly. Therefore, there has been a growing in-
terest in seeking other methods for Y-haplogroup assignment. An efficient alternative approach 
is related to the more rapid mutating familial Y-chromosomal short tandem repeats (Y-STRs). 
To this purpose, several online Y-STR haplogroup predictors have been developed. Nevertheless, 
there has been some doubt about their effectiveness for forensic applications. Here, the perfor-
mance of the NevGen Haplogroup Predictor was explored for Y-subhaplogroups R1b and I1 using 
a different number of input Y-STR loci, namely 23 Y-STRs from the Yfiler® Plus Kit (Thermo 
Fisher Scientific) and 42 Y-STRs from our in-house developed YForGen Kit (UZ/KU Leuven). 
To illustrate the impact of input Y-STR variability on prediction accuracy in practice, two case 
studies are presented. Comparing the haplogroup predictions to the Y-SNP-derived (sub)haplo-
group demonstrated that increasing the number of input Y-STRs enhances the prediction accu-
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racy. These results underline NevGen’s capability to produce higher-confidence predictions when 
more Y-STR markers are included, supporting its reliability to estimate a man’s biogeographical 
origin on a broader phylogenetic level.

Keywords
Y-chromosome, Biogeographical origin estimation, Y-SNP haplogroups, NevGen Y-STR Haplo-
group Predictor.

Introduction

With its strict paternal inheritance, the male-specific Y-chromosome plays a sig-
nificant role in population and forensic genetics. Unlike autosomes, the Y-chromo-
some remains largely unchanged across generations, making it a powerful marker 
for tracing paternal lineages [1]. Single nucleotide polymorphisms on the Y-chro-
mosome (Y-SNPs) evolve at a relatively slow rate (10-9-10-8 mutations per genera-
tion) [2], enabling the assignment of men to one of the twenty major evolutionary 
Y-haplogroups (A to T) and their more detailed Y-subhaplogroups [3]. These hap-
logroups are often used to infer a man’s biogeographical origin [1]. Unfortunately, 
Y-SNP typing is both time-consuming and costly, presenting challenges in forensic 
contexts where rapid and cost-efficient methods are paramount. To address these 
limitations, researchers have explored the potential of using Y-chromosomal short 
tandem repeats (Y-STRs), which mutate at a faster rate (10-4-10-2 mutations per 
generation) than Y-SNPs [2], to predict Y-haplogroups. Y-STRs are widely used in 
forensic casework to establish familial relationships [1]. Due to the correlation 
between Y-haplotypes and specific Y-haplogroups, these faster-evolving markers 
could serve as a cost-effective alternative to Y-SNP typing for haplogroup assign-
ment. Therefore, several computational tools, such as Whit Athey’s [4], NevGen [5] 
and PredYMaLe [6] Haplogroup Predictors, have been developed for Y-haplogroup 
estimation based on Y-STR profiles.

While these Y-STR-based predictors offer potential advantages in terms of 
speed and efficiency, questions remain about their accuracy in forensic applica-
tions. Our study aims to evaluate the prediction accuracy of different Y-STR hap-
logroup predictors in our large CSY-dataset including men from Belgium and 
the Netherlands. Moreover, our study aims to evaluate the impact of input Y-STR 
variability on prediction accuracy using Y-STR markers included in the commer-
cially available Yfiler® Plus Kit (Thermo Fisher Scientific; 27 Y-STRs) versus our 
in-house developed YForGen Kit (UZ/KU Leuven; 46 Y-STRs including all Y-STRs 
from the Yfiler® Plus Kit) [7]. The increase of Y-STR markers in the YForGen Kit 
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can potentially offer more accurate haplogroup predictions. In this study, the pre-
diction accuracy of the NevGen Haplogroup Predictor was investigated for Y-sub-
haplogroups R1b and I1 using a different number of input Y-STR loci. NevGen was 
selected as Bayesian-allele-frequency approach for its capacity to predict a wider 
range of haplogroups and its ability to account for correlations between STR values 
compared to the Whit Athey Haplogroup Predictor [5]. Additionally, two case ex-
amples were selected to demonstrate the impact of including more Y-STR markers 
on NevGen’s haplogroup prediction accuracy. With this, we aim to provide insights 
to improve the reliability of Y-haplogroup assignment, thereby enhancing the util-
ity of Y-STR data in both population genetics and forensic investigations.

Materials and methods

Database
Our CSY-database includes 2,476 males from Belgium and the Netherlands 

[7]. Y-DNA analysis and publication was approved by the Ethics Committee Re-
search of University Hospitals Leuven / KU Leuven (S55864, S59085) and written 
informed consent was obtained from all participants. DNA samples were collected, 
extracted and genotyped using capillary electrophoresis by 81 Y-SNPs for (sub)hap-
logroup assignment and 38 to 46 Y-STRs for haplotype assignment. Y-DNA data is 
available through Y-STR Haplotype Reference Database (YHRD, https://yhrd.org/) 
under accession numbers YA003651, YA003652, YA003653, YA003739, YA003740, 
YA003741, YA003742, YA004300 and YA004301. 

Y-STR haplogroup predictions
The NevGen Haplogroup Predictor (https://www.nevgen.org/) was used for 

Y-(sub)haplogroup assignment. This online tool uses a Bayesian-allele-frequency 
approach in predicting the (sub)haplogroup to which a Y-STR haplotype belongs 
to. Furthermore, it uses correlations between values of Y-STR pairs during the 
calculation of probabilities. NevGen input requires a string of Y-STR values in 
FamilyTreeDNA order, separated by commas. The obtained output is the predict-
ed Y-(sub)haplogroup(s) supported by the online software tool, their probability 
score(s) as well as fitness score(s). For each man, the Y-(sub)haplogroup predic-
tions were conducted twice: once with 23 Y-STR loci included in the Yfiler® Plus 
Kit (Thermo Fisher Scientific; 4 Y-STR loci are not supported by NevGen) and 
once with 42 Y-STR loci included in the YForGen Kit (UZ/KU Leuven; 4 Y-STR loci 
are not supported by NevGen). The Y-(sub)haplogroup prediction with the highest  

https://yhrd.org/
https://www.nevgen.org/
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probability and fitness score was used for further analyses. When the highest pre-
diction probability was assigned to an unsupported subclade, the next Y-(sub)hap-
logroup was selected.

Prediction accuracy
The prediction accuracy was investigated in terms of Y-(sub)haplogroup and 

number of input Y-STR loci. For each man in our CSY-database belonging to Y-sub-
haplogroup R1b or I1, the prediction accuracy was assessed by comparing NevGen’s 
Y-(sub)haplogroup prediction with the Y-SNP-derived (sub)haplogroup at various 
depth levels in the phylogenetic tree. Predictions that did not meet a specific depth 
level were excluded from the corresponding analysis, e.g. if the prediction identi-
fied Y-haplogroup T, it was only considered at the first depth level.

Results 

Figure 1 shows the Y-haplogroup distribution of our CSY-database, consisting of 
haplogroups R (62%), I (22%), E (6%), J (5%), G (4%), and T, Q, L, H, N (1%). This 
distribution is representative of the Belgian and Dutch population [8].

Figure 1. Y-haplogroup (Y-HG) distribution of our CSY-database including 2,476 men from 
Belgium and the Netherlands [7]. Their Y-haplogroup was defined via 81 Y-SNPs. The database 

is representative of the Belgian (BE) and Dutch (NL) population [8]. 
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As the two most common Y-subhaplogroups in our dataset are R1b and I1, with respec-
tively 1,428 and 319 men, the prediction accuracy within these groups was investigated. 

Figure 2 demonstrates that NevGen’s haplogroup predictions became sig-
nificantly more accurate with increased input data (p<0.05). For Y-subhaplogroup 
R1b, the proportion of correct predictions increased from 3.29% (47/1428) to 100% 
(1428/1428) at the first depth level (R), from 3.74% (47/1258) to 100% (1428/1428) 
at the second level (R1), and from 3.74% (47/1258) to 99.93% (1427/1428) at the 
third level (R1b). Similarly, for Y-subhaplogroup I1, the proportion of correct pre-
dictions improved from 27.90% (89/319) to 100% (319/319) at the first depth level 
(I) and from 0.32% (1/315) to 99.69% (318/319) at the second level (I1). This im-
provement in accuracy is further illustrated by two case examples. In the case of 
Man A, the Y-subhaplogroup is R1b1a1b1a1a2a1b1a1. When using the input data 
of the Yfiler® Plus Kit, NevGen incorrectly predicted the subhaplogroup as I2a1. 
However, with the input data of the YForGen Kit, the prediction shifted to R1b, 
which correctly identifies the broader subhaplogroup. In the case of Man B, the 
Y-subhaplogroup is I1a1b1a1. By using the input data of the Yfiler® Plus Kit, Nev-
Gen incorrectly predicted J2a1 as (sub)haplogroup. When the analysis was repeated 
with input data of the YForGen Kit, NevGen correctly predicted the subhaplogroup 
as I1, which corresponds to the broader subhaplogroup. 

Figure 2. Prediction accuracy of the NevGen Haplogroup Predictor for Y-subhaplogroups (Y-subHG) 
R1b (left) and I1 (right), based on Y-STR data from our CSY-database. The men’s Y-(sub)HG and 
Y-haplotype were characterised via Y-SNPs and Y-STRs, respectively. Input data for the NevGen 
Haplogroup Predictor were either 23 Y-STR loci included in the Yfiler® Plus Kit or 42 Y-STR loci included 
in the YForGen Kit. The proportion of correct predictions per depth in the phylogenetic tree is indicated 
in the upper graph. Two case examples are elaborated in the lower table.
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Discussion

The significant improvements in prediction accuracy for Y-subhaplogroups R1b 
and I1 when moving from 23 to 42 Y-STR markers shows that additional markers 
provide crucial data that improve Y-(sub)haplogroup prediction accuracy. Using 
the Y-STR loci from the Yfiler® Plus Kit, predictions were mostly incorrect and 
misaligned with the Y-SNP-derived (sub)haplogroups. These incorrect predictions 
reflect the limitations of using smaller marker sets, which could be attributed to 
the fact that fewer markers may not capture the full genetic diversity necessary for 
accurate Y-(sub)haplogroup estimation. It has been demonstrated that the simi-
larity of Y-STR haplotypes across different Y-(sub)haplogroups might reduce the 
reliability of Y-(sub)haplogroup predictions [9]. The shift to Y-STR loci from the 
YForGen Kit resulted in more accurate predictions of broader Y-(sub)haplogroups, 
demonstrating that increasing the number of input Y-STRs, including rapidly mu-
tating ones, improves prediction accuracy. As the number of markers increases, 
the Bayesian-allele-frequency approach has more data to work with, provided that 
those Y-STRs are available for input, leading to more refined and accurate predic-
tions. Importantly, a deeper subclade identification has not yet been conducted, de-
spite the predicted final Y-SNP being available in NevGen’s output. For example, ac-
cording to ISOGG Y-DNA Haplogroup Tree 2019-2020, Y-SNP M269 corresponds to 
Y-subhaplogroup R1b1a1b. Including this information could be explored in future 
research, as it would provide insights not only into a man’s overarching Y-(sub)
haplogroup but also into his deeper phylogenetic subhaplogroup, determining the 
extent to which NevGen can resolve deeper subclades based solely on Y-STR data.

The findings suggest that for high accuracy with the NevGen Haplogroup 
Predictor, more comprehensive Y-STR marker sets such as the YForGen Kit are 
essential. Especially in forensic applications, where accurate haplogroup assign-
ment can offer deeper insights into biogeographical origins. The results support 
NevGen’s utility as a predictive tool in forensics, provided that it is used with an 
extensive marker set. Nevertheless, confirmation and further refinement based on 
Y-SNP sequencing might still be desirable to reach the most accurate Y-haplogroup 
information on a deeper subclade level.

Conclusion

The evidence from our study highlights the value of using more Y-STR markers for 
R1b and I1 haplogroup predictions with the NevGen Haplogroup Predictor. Moving 
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forward, investigators should give priority to the inclusion of larger and more com-
prehensive Y-STR marker sets than the Yfiler® Plus Kit to exclude false conclu-
sions and ensure the highest possible prediction accuracy in forensic applications.
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Abstract 
Comparison of multiple reference individuals of a DNA database with a mixed DNA profile from 
an evidentiary trace is an important approach for forensic investigation. Several search methods 
exist for accurately, but time-consumingly, identifying potential suspects through qualitative or 
quantitative LR calculations. In this study, the Random Forest Regression algorithm was used to 
analyze the mixed DNA profiles for rapid LR prediction.
The mixed DNA profiles of the PROVEDIt dataset, generated by five kits, with two to three con-
tributors, varying injection times, and different assay platforms, were used to calculate the 
log10(LR) for each contributor separately by Euroformix. Kit-specific and injection time-specific 
AT values, as well as drop-in parameters, were determined using single-source profiles. Degra-
dation and backward stutters were considered during computation. A total of 6,798 pieces of 
data were input into the algorithm. After feature selection, algorithm training, and testing, the 
model’s performance was evaluated.
The optimal model utilized seven features, achieving a cross-validation score of 0.8611. The 
learning curves demonstrated strong model fit, with R² values of 0.9881 for the training set and 
0.9017 for the test set. Furthermore, the differences between predicted and original Log10(LR) 
values followed a normal distribution, Fifty percent of the difference was concentrated in the 
range of [-1.189, 1.455], while ninety percent of the data fell within the interval of [-4.338, 4.108]. 
99.6% of predicted values remaining positive when the original Log10(LR) was above zero.
The random forest regression model offers a rapid and efficient approach for predicting LRs in 
mixed DNA profiles, and demonstrates strong potential for database searching.
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Introduction

Comparing multiple reference individuals from a DNA database against a mixed 
DNA profile obtained from evidentiary traces is a crucial method in forensic in-
vestigations. Utilizing the likelihood ratio (LR) as a match indicator is an effective 
strategy for ranking candidates above a specific threshold, thereby aiding in the 
identification of potential target individuals [1].

To enhance the efficiency of this process, various software tools have been 
developed to exclude irrelevant individuals and narrow the pool of potential con-
tributors [2-5]. While these software programs have demonstrated significant ad-
vantages in improving detection efficiency and accuracy, they still face challenges 
related to computational speed and the risk of incorrectly including unrelated indi-
viduals, especially when working with large databases containing millions or even 
tens of millions of records.

In this study, we propose using the LR as a label and calculating various fea-
tures derived from each candidate profile to establish a relationship between these 
features and the label. This approach leverages regression algorithms in machine 
learning, which can significantly expedite the searching process once an effective 
model is established.

Method

LR calculation
In this study, 2-3 person’s mixture profile was analyzed in the PROVEDIt 

dataset [6], which generated using four different commercial kits under various 
laboratory conditions. The Filtered version of the dataset was selected, which ex-
cluded artifacts such as pull-up, minus-A, and -2bp stutter of SE33. Kit-specific 
and injection time-specific analytical thresholds (AT) was determined using sin-
gle-source profiles, and drop-in parameter embedded in the gamma model was 
estimated based on the method described in [7].

The LR was calculated by using Euroformix software [8], with allele fre-
quencies from the NIST1036 Caucasian population. The degradation and  
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backward stutter models were applied, while the forward stutter model was dis-
abled. The Log10(LR) value served as the label for each data point. The mutual 
exclusion assumptions were set as follows:

Hp: POI + (N-1) UN
Hd: (N) UN
Where the person of Interest (POI) refers to one of the true contributors of 

the mixture profile, UN represents unrelated individuals, and N denotes the num-
ber of contributors.

Feature Selection
Several features derived from the DNA profile were calculated, including 

both qualitative and quantitative features. The qualitative features were based on 
the comparison between the number of alleles in the reference and mixture pro-
files, while the quantitative features were related to the peak heights in the profile. 
Further details of these features are provided in Table 1, where the expectation, 
coefficient of variation, and degradation coefficient of the peak heights were esti-
mated using a gamma distribution model, based on the averaged peak heights at 
each locus.

Table 1. Features used to construct the machine learning algorithm.

Feature Description a

qualitative features

AlleleSum Total number of alleles in E

MAC Matching allele count [9]

NoDropout Ratio MAC / Total number of alleles in R

quantitative features

PHsum Sum of peak heights in E

MAPmax Maximum peak height of alleles matching R

MAPmin Minimum peak height of alleles matching R

MAPratio Sum of peak heights of alleles matching R/ PHsum

PHmu Peak height expectation

PHomgea Peak height coefficient of variation

PHdeg Peak height degradation coefficient

a E refers to DNA mixture profile, R refers to POI reference profile.

Random Forest Model Construction
Following the calculation of LR and feature extraction, a random forest re-

gression model was constructed. During feature engineering, the features were 
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standardized using Z-Score normalization, and the dataset was split into 80% for 
training and 20% for testing. After conducting feature importance analysis and 
applying recursive feature elimination, the final set of features for the model was 
selected. In the model training phase, grid search with 5-fold cross-validation was 
employed to optimize hyperparameters. The model’s performance was evaluated 
using the coefficient of determination (R²), where a higher R² value indicates a 
better model fit.

Results

Feature Engineering
A total of 6,798 data points, each with features and corresponding labels, 

were available for constructing the regression model. The feature importance is 
illustrated in Fig. 1. Using Recursive Feature Elimination (RFE), features were sys-
tematically removed one at a time, starting with the least important. This process 
revealed that the optimal number of features for the model was 7, resulting in a 
best cross-validation score of 0.8611.

Fig. 1. The feature importance scores for candidate features.
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Model Performance
In cross-validation, learning curves demonstrate the accuracy of both the 

training and validation sets as the amount of training data increases. As shown in 
Fig. 2, the accuracy of the training set remains consistently high, while the accura-
cy of the validation set gradually improves, with both curves converging over time. 
The R² for the training set was 0.9881, and for the test set, it was 0.9017, indicating 
a strong model fit.

Fig. 2. Learning curve assessing the random forest algorithm.

Result of Test Set
The differences between the predicted and original Log10(LR) are shown 

in Fig. 3. The value in the test set follows a normal distribution, with a mean of 
0.06. Fifty percent of these differences are concentrated within the range of [-1.189, 
1.455], while ninety percent fall within the interval of [-4.338, 4.108]. Among the 
test samples where the original Log10(LR) was above zero, 99.6% of the predicted 
values were also greater than zero, supporting the prosecutor’s hypothesis. Only 
five instances had predicted values below zero, specifically -1.061, -0.808, -0.770, 
-0.756, and -0.301, which corresponded to original values of 0.0422, 0.9560, 0.1701, 
1.3440, and 0.5511, respectively.
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Fig. 3. The box plot of differences between predicted and original Log10(LR) 

Discussion

In this study, we established a regression relationship between the LR and the 
features derived from the DNA profiles. During this process, we selected features 
relevant to LR calculation, with the most significant being the MAP ratio, MAC, 
and NoDropout Ratio. These features indicate the proportion of contributor in the 
mixture profile play a critical role in the model. They are most relevant factors 
influencing the LR value of true contributors.

Although the difference between the predicted and original Log10(LR) 
values can exhibit extreme variations—such as the largest absolute difference of 
13.8806—the model demonstrates excellent categorization. Specifically, the ma-
jority of predicted values remain positive for reference individuals with positive 
original values. However, original values that are approximately close to 0 tend 
to shift the predicted categories into negative values. Further data are needed to 
investigate the impact of original values on predicted outcomes.

Furthermore, due to the significantly high number of non-contributors in 
the database, we need to include more non-contributors in the training and test 
sets in the future to evaluate the actual efficacy of random forest regression in 
database searching.
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Conclusion

The Random Forest Regression offers a rapid approach for predicting the LRs of 
multiple suspects within mixed DNA profiles, aiding in the evaluation of a potential 
suspect’s contribution to an evidence profile. Regression algorithms may provide 
an efficient and streamlined way to target suspects in large databases for future 
forensic investigations.
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Abstract
Probabilistic mixture analysis generally defines an “analytic threshold” under which epg data 
is ignored as unreliable – possibly garbage (bad evidence). Ignoring the sub-threshold data is 
considered “conservative”, meaning that although some of the sub-threshold data is legitimate 
evidence against the suspect, we prefer to discard that good evidence rather than risk convicting 
a suspect on bad evidence. However, in this report I argue that the apparent conservativeness is 
seriously bad logic for two distinct reasons. 
1. Withholding questionable data is generally a favor when the suspect is a DNA contributor – i.e. 
guilty. But since withholding information is in general withholding truth, hiding sub-threshold 
data is no favor when the suspect is innocent. On the contrary, hiding data in general means 
hiding the truth hence tends to “frame” – that is, to convict or inculpate – the innocent. 
2. The assumption that sub-threshold data is unreliable, is also not correct. The idea makes 
sense for visible data, but lack of any signal at an allele position – a void – is also evidence, and 
is reliable.

Key words
Sub-threshold, void, confirmation bias, guilty, innocent

Introduction

The main section of this paper presents two important, simple, and universally 
overlooked errors in evaluating crime scene DNA evidence. Both errors pertain to 
the use of an analytic threshold. 
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A recent criminal case provides an example.
For simplicity and convenience, herein “suspect” means suspected of having 

contributed DNA to crime scene evidence, and the words “guilty” and “innocent” 
merely mean whether or not the suspect contributed to the DNA evidence. 

The situation of most interest for this discussion is when some alleles con-
sistent with the suspect are found not much above the analytical threshold, so that 
dropout (of sister alleles) is likely if the suspect is guilty.

Two universal misconceptions about the analytic threshold idea

B.1. The error of supposing that the analytical threshold favors the suspect
Given the epg from crime scene DNA of one or more contributors and ref-

erence genotype of a suspect, and supposing the analyst by eyeball sees obvious 
“exclusion” – my impression is that laboratory analysts typically do not bother with 
computer calculation, which can take minutes or more. Consequently, when the 
epg surmounts the eyeball exclusion hurdle, human nature – confirmation bias 
– might lean the analyst toward thinking of the suspect as guilty, might fall into 
supposing that it is their job to prove it. For such analysts, hiding sub-threshold in-
formation is to ensure that, at the cost of a smaller LR, the suspect can’t complain 
about questionable evidence.

My hypothesis of confirmation bias isn’t intended as an argument, but mere-
ly as partial explanation for how we have come to the wrong-headed idea that the 
analytical threshold concept provides a measure of generosity and fairness toward 
the suspect. The wrong-headedness is the assumption that hiding subthreshold 
evidence benefits the suspect. It benefits some suspects, but those benefiting from 
hiding sub-threshold data tend to be the guilty ones. The simple reason is that the 
more information that is exposed, the better the chance that truth – innocence of 
the innocent or guilt of the guilty – comes to light. Truth is fodder for the innocent. 
Sub-threshold information is imperfect, but can usually be recognized as valid ev-
idence when it is. To recap – the analytical threshold barrier tends to be beneficial 
for those suspects that we don’t care much about, and tends to be harmful against 
the good guys.

So, there is a problem. Unfortunately fixing the Analytical Threshold con-
cept it isn’t so easy. It has a reason. But it isn’t a very good remedy, so it needs to 
be improved.
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B.2. The misunderstanding that sub-threshold information is unreliable
The common idea that sub-threshold data is unreliable, is also wrong. The 

idea makes sense for visible data, as a visible mark might represent an artifact, i.e. 
garbage, rather than an allele. But lack of any signal at an allele position – i.e. a 
void, (“Baskerville data”, following mystery writer Sir Conan Doyle) is also evi-
dence, and moreover it is reliable evidence. There is no garbage void, only reliable 
void. A void is evidence for example when it shows the absence of some suspect 
allele. 

Results and conclusions

Analysis of a shell casing DNA mixture was presented in a current criminal case. 
The analysis, using a dropout-capable mixture program as recommended, calcu-
lated a hefty likelihood ratio of 825 connecting the defendant to the casing. But 
consideration of the sub-threshold pattern of the data led to the new insights and a 
likelihood ratio favoring the defendant.

The issue of Baskerville data arises with all mixture software that purports to 
deal with dropout and that filters the data with a threshold. That includes virtually 
all of the available continuous and semi-continuous model programs.

An occasionally stated dictum is the wisdom that while sub-threshold infor-
mation should not be used as inculpatory evidence it can be used to exclude. How 
that might be done – void can be exculpatory – was not explained until now.
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Abstract 
Human identification by forensic DNA profiling primarily relies on the analysis of short tandem 
repeat markers (STRs) and Amelogenin or other sex-determining markers. Amelogenin serves as 
a phenotypic marker for biological sex, is typically considered innocuous, and the biological sex 
results are routinely reported and/or uploaded to national DNA databases. However, biological 
sex does not necessarily align with gender identity. Biological sex is genetically determined and 
assigned at birth based on anatomical features, whereas gender identity is an individual expres-
sion that may change over time and may not correspond with biological sex. Revealing differen-
ces between biological sex and gender identity may impinge on individual privacy. Furthermore, 
genetic anomalies related to the presentation of biological sex can occur, and the consequences 
of revealing such anomalies may have implications for the individuals involved. Disclosing biolo-
gical sex in a report does not take into account ramifications for persons or their families with ge-
netic anomalies related to sex chromosomes (which may or may not be known to the individual), 
transgender transformations (which may or may not have been disclosed by the individual), 
or gender-identity expressions that do not correspond with biological sex. While knowledge of 
biological sex may be important for operational forensic DNA laboratories and critical in certain 
cases, it is often not relevant to criminal investigations, courtroom deliberations, or public dis-
closure. It is incumbent upon us all to understand that the dissemination of biological sex data 
in the public domain, where disclosure is unnecessary, may impact individual privacy. In light of 
the current understanding and growing impact of gender identity, it is recommended that, with 
all due speed, (1) ‘biological sex’ and ‘gender’ be recognized as separate concepts, not to be used 
synonymously nor interchangeably; (2) definitions of a DNA profile be reviewed, and more clarity 
added; and (3) policies and protocols be developed to restrict such information from reports and 
court proceedings (i.e., public arenas) when not relevant.
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Introduction

An important genetic marker, often not considered for individualisation, is the 
Amelogenin locus. Since the 1990s [1], Amelogenin has been used to determine 
the biological sex of a donors of crime scene samples and human remains, the 
proportions of female and male components in mixtures, and in kinship analyses. 
Biological sex may seem non-intrusive from a privacy perspective; however, it can 
contain personal information that could impact the health and social privacy of 
individuals. Where gender identity can differ from biological sex, the term “sex” 
refers to the biological sex and anatomical differences typically assigned to an indi-
vidual at birth. In contrast, gender, or gender identity, is defined as “each person’s 
deeply felt, internal and individual experience of gender, which may or may not 
correspond to the person’s physiology or designated sex at birth” [2]. 

Excluding biological sex from the list of sensitive markers could achieve 
an appropriate balance between the intrusion of an individual’s rights to privacy, 
human dignity, and equality, and the need to protect society against violent crimes. 
However, disclosing biological sex in the public domain may have ramifications 
for individuals, and their families, whose gender identity expressions do not align 
with their biological sex, transgender transformations, or individuals with genetic 
anomalies related to their sex chromosomes.

Biological sex marker results (such as Amelogenin, sex chromosome pol-
ymorphic loci, and targets for quantitative PCR assays) may be critical in some 
cases and thus should be part of the testing regimen. Moreover, one cannot know 
a priori when private information will be discovered with these markers or even be 
aware that there is a privacy concern. Therefore, striking a balance based on what 
to disclose and developing policies that uphold the values that seek to ‘improve 
the quality of life of all citizens and free the potential of each person’ [3] should be 
considered [4].
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Distinction between biological sex and gender

Biological sex and gender are not synonymous, and the two concepts are not in-
terchangeable. The important differences can be explained by considering three 
distinct elements related to an individual:

(i) Biological sex is determined at birth and does not change.
(ii) Gender identity is how one identifies oneself; it is fluid and may change 

throughout life.
(iii)Sexual orientation refers to whom a person is attracted to or loves; it is 

fluid and may change throughout life.

An individual’s gender identity cannot be determined from DNA profiling 
data. Despite the distinct differences between the two concepts, they are frequently 
confused in scientific literature, legislation, academia, and general conversation. 
Conflating these two concepts makes notions of aberration from some sort of ‘so-
cietal norm’ relevant to many individuals in ways that can cause unwarranted and 
unnecessary distress or discomfort [5]. 

The biolegal process

Lynch and McNally [6] described the dynamic and symbiotic interaction between 
biotechnology and the laws required to legislate and govern it as ‘biolegality.’ 
Rights, identities, and the credibility of criminal evidence have been redefined in 
part due to this interaction. Building on the concept of biolegality, Wienroth et al. 
[7] further categorized the biolegal process prevalent in forensic DNA profiling into 
four “waves,” ranging from the integrity of DNA evidence to the expansion of DNA 
databases for investigative/intelligence uses, and to advanced technologies such as 
massively parallel sequencing and RAPID DNA.

The addition of a “fifth” wave in the biolegal process

We introduce a ‘fifth wave’ to represent the continuation of advances and develop-
ments in science, highlighting the effects those advancements have on law as well 
as societal perspectives—i.e., a bio-sociolegal process (see Weinroth et al [7]. The 
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fifth wave is primarily concerned with the intersection of social factors and scien-
tific evidence, and the way in which forensic molecular evidence is interpreted, 
stored, and displayed in reports, all of which impact privacy, equality, and human 
dignity. One focus area is the impact of gender theory conceptualizations and their 
consequences regarding genetic informational privacy associated with biological 
sex markers and their potential effects on an individual’s privacy.

Genetic privacy

There are four types of genetic privacy pertaining to DNA: physical or bodily pri-
vacy, familial or relational privacy, special or locational privacy, and informational 
privacy [8]. Informational (genetic) privacy and human dignity have been discussed 
substantially and globally regarding the information contained in a forensic DNA 
profile. However, the notion that biological sex may impact privacy has not been 
raised or examined in a similar context.

Both gender identity and a person’s genetic makeup are fundamental aspects 
of the self. If a person has not disclosed their biological sex or is unaware of genetic 
anomalies associated with expression of biological sex, disclosure of that infor-
mation may interfere with the person’s right to privacy, cause mental anguish or 
distress, or lead to discrimination. A core value of privacy lies in the right to choose 
what and how much personal information an individual shares with others. The 
concepts of personality, intimacy, and identity, in the context of a person’s chosen 
gender identity and the desire to keep certain information about oneself private, 
are important components of the extended right to biological sex privacy. There-
fore, this information should be protected [9]. While important for all of society, 
forensic scientists can be proactive and contribute through policies and practices 
to protect privacy that can be impacted by disclosing biological sex, especially in 
circumstances where biological sex is not germane to deliberations. 

Biological sex privacy in the context of gender identity

A person’s identity may diverge at the intersection of gender identity and biological 
sex. Gender identity may be openly expressed, while biological sex may remain pri-
vate. Gender-diverse individuals undeniably suffer prejudice, discrimination, and 
even violence. In a report by the Human Rights Council (HRC) [10], the impor-
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tance of not just acknowledging the rights of gender-diverse individuals, but also 
creating policies and laws that genuinely protect them, is highlighted [10].

The following cases serve as examples to raise awareness of instances where 
inadvertent private information regarding biological sex may be derived from DNA 
analyses and when such information should be considered private. (The first two 
cases have been anonymized and modified for privacy reasons.)

Case I: A False Lead from a Null Y Allele

In a murder investigation, a suspect’s DNA profile was used to assist in determining 
the potential source of biological evidence from the crime scene. The Amelogenin 
marker revealed only an X allele, suggesting a possible, but not absolute, biological 
female identity. The Amelogenin marker did not alter or contribute to the associ-
ation of the suspect, and the inferred biological sex evidence was not used for sta-
tistical calculations. Several explanations could account for this result: the suspect 
could be a biologically male individual with a null Y allele, a transgender person, 
or a male with a rare genetic anomaly such as De La Chapelle Syndrome [11]. 
The disclosure of this information in a public forum could unknowingly prejudice 
the defendant and affect court proceedings. This unnecessary exposure to sensitive 
personal information highlights the ethical dilemma of reporting biological sex 
in forensic contexts, as well as the reporting of potentially irrelevant information 
in a public setting (although the genetic information should be maintained in the 
laboratory case file).

Case II: Genetic Anomaly in a Paternity Case

During divorce proceedings, a court mandated a DNA paternity test for a child, 
which excluded the alleged father. The results also indicated that he was a 46,XX 
(SRY+) male, suggesting that he was infertile [11]. Although one could assert that 
his infertility supported the claim of non-paternity, this disclosure was unneces-
sary, as the standard aSTRs were sufficient to exclude him as the biological father. 
However, while not part of the purpose of the paternity test, the revelation of in-
fertility raised questions about the paternity of his other children. This case war-
rants further discussion within the forensic genetics community regarding proper 
policies on the disclosure of sex chromosome anomalies in such cases, particularly 
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when this information may not be necessary for rendering an effective interpreta-
tion and may, more importantly, impact other family members who were not part 
of the initial testing question.

Case III: Importance of Biological Sex in Forensic Identification

Initial assessments of unidentified human remains found on a beach suggested 
that the remains were biologically female. In contrast, DNA analysis confirmed that 
both sets of remains were biologically male, refocusing the police investigation. In 
this case, determining biological sex was critical for the investigation. 

Conclusion

Biological sex marker results are informative in a small portion of cases and are 
often helpful in a supporting role in the interpretation of DNA results within the 
laboratory. In most situations, biological sex does not need to be revealed in reports 
or in the presentation of DNA evidence in court, and it would rarely, if ever, be 
needed for exigent circumstances related to the safety and security of society. How-
ever, biological sex is routinely shown in forensic reports and presented in public 
forums. The disclosure of the biological sex of a suspect, victim, and/or other per-
sons associated with the investigation can have potentially adverse consequences 
for the individuals concerned, as well as their family members. The discrimination 
and biases faced by such individuals are largely influenced by the sharing of an 
individual’s biological sex.

Because of genetic anomalies and the right to choose one’s gender identity, 
along with the consequences of disclosure, privacy needs to be protected. Taking 
a leadership role in safeguarding privacy should be part of the ethos of forensic 
sciences, especially when dealing with genetic data. The responsibility for setting 
policies and practices can be undertaken by the forensic science community, par-
ticularly when the disclosure of biological sex has little or no impact on a case. Lab-
oratories could take the lead by collaborating with investigators and the judicial 
community to develop policies and practices that address the needs of litigation 
while safeguarding and/or redacting sensitive information.

It is imperative to consider biological sex markers as sensitive genetic data 
that may impact privacy, as the information in particular cases, while not relevant, 
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may contribute to the potential prejudice already experienced by vulnerable minor-
ities, including the gender-diverse community. The forensic science community 
should, with all due speed, consider establishing practices that are commensurate 
with current understandings of the differences between biological sex and gender 
identity.
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Abstract
Following the impressive development of sequencing techniques in the last decade, the analytical 
scope of forensic genetics has significantly broadened with, among others, the validation and 
legal approval of Forensic DNA Phenotyping, mitochondrial whole genome analysis and Investi-
gative Genetic Genealogy based on large-scale SNP array data. It can be assumed that this develo-
pment has not yet reached its end. It is evident that privacy intrusion becomes more serious and 
that data protection issues become more important when more genetic data is analyzed. Particu-
larly with the paradigm shift from the analysis of non-coding to coding regions of DNA, we can 
foresee that incidental findings with potential health implications for the concerned individuals 
will become more frequent in the future, even though efforts are made in forensic genetics to 
avoid such information to arise. The treatment of incidental findings seems to have been largely 
neglected in forensic genetics, whereas human geneticists in the medical field are well aware of 
the problem and have developed guidelines for the correct handling of incidental findings. This 
contribution gives a brief overview over international regulations and policies concerning the 
treatment of incidental findings and gives some practical examples for incidental findings in 
forensic genetics. The article formulates a call for the development of guidelines in the field, to 
improve data fairness for convicted offenders, suspects, victims and for other individuals from 
whom genetic data may be generated for forensic purposes.
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Introduction

The right to know as well as the right not to know about the results of a genetic 
examination are well-established ethical principles, as stated by article 5 of the UN-
ESCO Declaration on the Human Genome and Human Rights in 1997 [1]. In 2003, 
the UNESCO Declaration on Human Genetic Data in article 13 more specifically 
established the principle that no one should be denied access to their genetic data, 
unless restricted by domestic law, for compelling reasons [2]. Those principles are 
mentioned in several other international legal documents, such as for example in 
article 10(2) of the Council of Europe’s Oviedo Convention on Human Rights and 
Biomedicine of 1997 [3] and the related right of access is also an integral part of 
numerous data protection legislations, such as the European Union’s General Data 
Protection Regulation, where it is explicitly mentioned in article 15 [4]. However, 
implementation of those rights on the domestic level is extremely heterogeneous 
and a plethora of different policies exists [5].

Concerning international policies, it seems that a consensus emerges to-
wards the communication of incidental findings from genomics research as well as 
from clinical genomics, with a continuously growing list of genetic variants that 
are recommended for reporting [6, 7]. The influential Global Alliance for Genom-
ics and Health (GA4GH) encourages in their 2021 Policy on Clinically Actionable 
Genomic Research Results the return of results in the research domain, respecting 
participant’s choices [8, 9]. In clinical genomics, the World Medical Association’s 
Declaration of Reykjavik of 2019 encourages the return of secondary / incidental 
findings if they are reliable, concern a severe health condition and if medical action 
is possible. In principle, patient’s choice on the return of results should be re-
spected. However, this choice might even be overridden if the findings have severe 
implications for family members [10].

Compared to whole genome sequencing in genomics research or the appli-
cation of variant panels in clinical genetics, genetic analysis for forensic purposes 
is less prone to generate medically actionable incidental findings. However, it is a 
fallacy to assume that we are not affected at all in our field. In the following, I will 
present three case examples from different contexts that could be encountered in 
most forensic genetics labs.
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Results and Discussion

The examples presented in this section are selected to illustrate that incidental 
findings can arise in various situations in a forensic genetics lab. However, the fol-
lowing section requires an important disclaimer in advance: The recommendations 
given for every case are not meant to be legal advice. They are just suggestions for 
a minimal standard for being in line with the mentioned international documents. 
Since legislation is extremely variable on the domestic level, it is not possible to 
give universal legal recommendations. For example, the Swiss law prohibits the 
communication of all unintended findings for paternity cases, as well as in the 
forensic domain [11, 12].

a. Case 1: Method validation 
Case circumstances:
Imagine you want to establish a new protocol in your lab to implement 

whole mtDNA sequencing for the forensic analysis of degraded human remains. 
You approach your staff for buccal swab samples for the validation study. Among 
the participants, you have a 25-year-old female collaborator who gives a sample.

Findings:
In the sample of your healthy 25-year-old colleague, you discover an 

m.3243A>G heteroplasmy on the mitogenome, a relatively frequent variant with 
an extremely variable degree of manifestation. The pathogenic nucleotide variant 
impairs the functioning of the mitochondrial tRNA for leucin [13]. Obviously, your 
colleague is not affected by this potentially pathogenic variant. However, she might 
want to have children in the next years and you know that pathogenicity of the 
m.3243A>G heteroplasmy is bound to the heteroplasmy level that could change 
in the gametes, leading to serious health impairment in their offspring [14-16]. 
Prenatal screening or preimplantation diagnostic might be warranted and even a 
mitochondrial replacement therapy could be an option.

Consequences for the case:
Even though the finding of the m.3243A>G heteroplasmy appears to have 

no implications for the health of your collaborator, it can have large implications 
for her personal live, by potentially affecting her family planning. Communication 
of the finding might prevent harm from your collaborator and her offspring. The 
finding would be actionable. The information about the possibility that such a find-
ing could arise should be part of the informed consent documentation. It might 
be difficult in the present constellation to respect the right not to know. Since the 
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concerned individual is working in the same place where the genetic results are 
generated, it might be inevitable that she will become aware of them. In general, 
caution is warranted when asking collaborators for samples, since free consent 
could be impaired by felt obligations to participate towards the superior.

b. Case 2: Paternity testing
Case circumstances:
A couple presents at your lab to perform a paternity test for their male baby.
Findings:
In the sample of the baby, you discover a peak imbalance at the Amelogenin 

locus, highly indicative of a Klinefelter syndrome [17, 18]. Klinefelter is relatively 
common, with an estimated frequency of 1 in 500 to 1 in 1,000 men. However, it is 
also estimated that most of the affected individuals never get it diagnosed. Diagno-
sis is most often made upon consultation with a reproductive medical department, 
due to the associated infertility caused by azoospermia [19]. Klinefelter syndrome 
can affect the health of the concerned individuals in various ways and treatments 
such as testosterone substitution to improve health are available. Infertility might 
be overcome through testicular sperm extraction and cryopreservation of extracted 
sperm cells [20, 21].

Consequences for the case:
The paternity test revealed a clinically actionable finding. Before conducting 

the test, you should inform the parents that such a finding might occur and ask 
them whether they wish to be informed of it. Most likely, your forensic genetics lab 
has not the expertise for a detailed genetic counselling, with regard to clinically 
relevant findings and, even though highly indicative, your test result is not valid for 
diagnosing Klinefelter. You should therefore refer the parents to a clinical grade ge-
netic testing lab for confirmation and counselling in case of an incidental finding. 
A good alternative would be to avoid the analysis of the Amelogenin locus, by using 
a multiplex PCR kit without sex marker, as proposed previously [18].

c. Case 3: Forensic DNA phenotyping
Case circumstances:
A woman is found stabbed in the living room of her apartment. A bloodstain 

is found in the bathroom from which a male DNA profile is established. Since the 
profile does not lead to a hit in the national DNA database for convicted offenders, 
it is subjected to a phenotyping analysis and age prediction based on methylation 
patterns [22].
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Findings:
The age of the individual who left the bloodstain is estimated at 42 years. 

Through further police investigation and subsequent conventional DNA profiling, 
it is found that the bloodstain had been caused by a plumber repairing the shower 
in the week before the murder. The plumber is aged 24. A large upward deviation 
of the age predicted from the methylation patterns of the sample from the actual 
chronological age of the concerned individual (the plumber) could be caused by a 
severe disease [23, 24]. 

Consequences for the case:
The finding of potential premature biological ageing could be of great sig-

nificance to the plumber, since this could be caused by a severe actionable disease, 
such as leukemia [23]. However, it is of unclear clinical significance. It might nev-
ertheless be fair to alert the plumber of this finding in a general way and to recom-
mend a medical check-up with a physician. The result of the forensic age prediction 
could also be communicated directly to a physician, designated by the concerned 
individual. Most likely, this information would have to be communicated by the 
contracting law enforcement agency, since in most cases the forensic genetics lab 
will not have sufficient information on the concerned individual. Whether action 
should be taken if unintended findings arise, could be asked upon the sampling 
of the reference buccal swab that is needed to eventually attribute the bloodstain, 
and therefore also the results of the age prediction, to the plumber. However, data 
fairness through access to personal genetic data and the realization of the right to 
know for forensic samples are challenging and the issue has been largely underex-
plored to date.

Conclusion

This contribution aimed to demonstrate through a few examples that incidental, 
actionable findings can arise in forensic genetics. The examples given are by no 
means exhaustive. In our labs, we generate genetic data in various different con-
texts, all requiring a slightly different handling. The list includes:

a. Research
b. Paternity / kinship testing
c. Staff samples for elimination databases
d. Reference samples from victims, volunteers, etc.
e. Samples from arrestees / suspects and convicted offenders
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f. Deceased individuals
g. Data from crime scene samples attributed to individuals

Some countries may have detailed regulation on how to handle the genetic 
data generated in all these different contexts. However, most likely legal guidance 
is largely absent and a policy document could be warranted and helpful to the com-
munity. The present contribution is therefore also a call for an open debate.
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Abstract
In complex situations that require the analysis of highly degraded tissues, DNA is often the only 
viable option for identification, with teeth being a preferred source due to their durability. Ante-
mortem factors like pathologies and tooth type can affect DNA recovery. While molars and premo-
lars in ideal conditions are the most suitable, this study explores the potential for DNA recovery 
in “non-ideal” teeth with conditions such as caries, periodontitis, and endodontic treatments. 
Material and Methods: Ten samples of various tooth types and conditions were collected from the 
University of Concepción’s Oral and Maxillofacial Surgery clinic. DNA was extracted, quantified 
using spectrophotometry, and evaluated for quality and quantity, followed by statistical analysis. 
Results and Conclusion: DNA concentration and quality showed no significant differences regar-
ding tooth type, pathologies, or treatments. Premolars yielded the highest DNA, while canines 
produced the least and lowest quality. Teeth with caries provided less DNA, but those with perio-
dontitis and endodontic treatments showed higher values. A statistical simulation aligned with 
results from other studies. In conclusion, while preliminary, the findings suggest trends that 
warrant further research with larger sample sizes and real-time PCR for more precise results.
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1. Introduction

DNA analysis is crucial in tragic events involving highly degraded or fragmented 
tissues, often serving as the only identification method. Teeth and bones are the 
preferred sources due to their resistance to degradation [1]. Teeth, in particular, 
provide exceptional durability thanks to their composition, location, and morphol-
ogy, protecting tissues like pulp, dentin, and cementum even in extreme environ-
ments [2-8].

Factors influencing DNA recovery from teeth can be categorized into an-
te-mortem and post-mortem factors. Ante-mortem factors include tooth type, 
which affects the amount of cellular tissue available for DNA extraction, and patho-
logical conditions such as caries, infections, or mechanical damage [7, 9-12]. Molars 
and premolars without pathologies are most suitable for DNA recovery [7, 13, 14].

This research investigates whether DNA can still be effectively recovered 
from teeth with “non-ideal” ante-mortem conditions.

2. Material studied, methods, techniques

2.1. Samples and data.
Ten tooth samples were collected from patients undergoing therapeutic 

extractions at the Maxillofacial Surgery clinic, Faculty of Dentistry, University of 
Concepción, Chile. Ethical protocols from the Scientific Ethical Committee of the 
Concepción Health Service were followed. Donor age, sex, tooth type, and associ-
ated pathologies (non-mutually exclusive) were documented. Figure 1 outlines the 
teeth’s characteristics and conditions at extraction.

Figure 1: Characteristics of teeth and their condition at the time of extraction (N10)
a) Molars, b) Premolars, c) 2 Canines, d) 2 Incisors.
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2.2. Preparation Procedures, DNA Extraction, and DNA Quantification.
All samples were decontaminated with 3% sodium hypochlorite for up to 1 

minute, followed by sterile water washes. Decalcification was performed with EDTA 
for 15 days to remove mineralized substance. The tooth crowns were removed, 
leaving only the roots, which were ground into fine powder after immersion in 
liquid nitrogen using a mortar.

DNA was extracted from the powdered samples using the QIAamp DNA In-
vestigator Kit (Qiagen), following the manufacturer’s protocol [15]. DNA quality 
(260/280 ratio) and quantity (ng/µL) were assessed by spectrophotometry.

2.3.Statistical Analysis
Statistical analysis was then performed using the IBM Statistical Package for 

the Social Sciences (SPSS) V2 statistical program.

Results

We observed that several samples were destroyed by caries and in a root remnant 
state (Fig. 1); even in those conditions, it was possible to extract DNA. 

The different statistical analyses indicate that there are no significant dif-
ferences in the concentration and quality of DNA in relation to the type of tooth, 
pathologies, or treatments (T test, ANOVA, tables 1 and 2). However, less DNA was 
obtained from teeth with caries, while in cases of periodontal disease and endodon-
tics treatments, the values were higher. The teeth from which the most DNA could 
be extracted were premolars. The pieces from which the least DNA was extracted 
were canines. However, the quality of DNA was better in canines (table 1).

A statistical simulation was performed with 10,000 resamplings using the 
BCa method to calculate confidence intervals, indicating that the confidence inter-
vals would be similar (tables 1 and 2).
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Table 1: Statistical analysis according to type of tooth

Independent 
variables 
(Type of 
tooth)
p=0.456 
(ANOVA)

N

Real samples (N10) Statistical simulation (N10.000)a

DNA concentration  
(ng/uL) Ratio 260/280

DNA 
Concentration 
(ng/uL) Ratio 260/280

Media SD Min Max Media SD Min Max
CI 95%b (lower/
upper)

CI 95%b 

(lower/upper)

Molar 2 10.8 2.4 9.1 12.5 1.505 0.049 1.470 1.540 (-)10.801/32.401 1.060/1.949

Premolar 4 20.6 13.5 5.7 33.3 1.433 0.554 0.620 1.810 (-)0.845/42.095 0.550/2.314

Canine 2 7.2 3.0 5.0 9.3 1.655 0.191 1.520 1.790 (-)20.168/34.468 (-)0.060/3.370

Incisor 2 10.9 7.6 5.5 16.3 1.430 0.212 1.280 1.580 (-)57.714/79.514 (-)0.475/3.335
a: Bootstrap N10000, b: CI BCa

Table 2: Statistical analysis according to dental pathology and treatment

Independent 
variables 
(Pathologies)

N

Real samples (N10)
Statistical simulation 
(N10.000)a

DNA concentration  
(ng/uL) Ratio 260/280

DNA 
Concentration 
(ng/uL)

Ratio 
260/280

Media SD Min Max Media SD Min Max
CI 95%b 

(lower/upper)

CI 95%b 
(lower/
upper)

Caries
p=0.158 (T 
test)

Yes (8) 11.7 9.3 5.0 33.3 1.446 0.375 0.62 1.81 7.6/16.333 1.173/1.668

No (2) 23.5 10.2 16.3 30.7 1.670 0.127 1.58 1.76 16.3/30.7 1.580/1.760
Periodontal 
disease
p=0.131 (T 
test)

Yes (6) 16.7 12.6 5.0 33.3 1.623 0.206 1.28 1.81 10.1/20.971 1.520/1.710

No (4) 10.0 3.3 5.7 12.8 1.293 0.450 0.62 1.54 7.74/12.6 0.974/1.540
Endodontic 
treatment
p=0.23 (T 
test)

Yes (2) 23.1 14.5 12.8 33.3 1.215 0.841 0.62 1.81 12.8/33.3 0.620/1.810

No (8) 11.8 8.6 5.0 30.7 1.560 0.161 1.28 1.79 7.386/16.334 1.485/1.630
a: Bootstrap N10000, b: CI BCa
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Discussion

The literature suggests that premolars and molars without pathologies or dental 
treatments are ideal for successful DNA analysis, as most studies focus on these 
samples [7, 9, 10, 13, 14, 16]. However, when only “non-ideal” samples are avail-
able, success rates can vary significantly [7, 10, 16, 17]. This preliminary study 
analyzed teeth with “non-ideal” ante-mortem factors, including various tooth types 
with pathologies (caries, periodontal disease) and endodontic treatments, and com-
pared these with DNA yield.

The study found that DNA could be extracted from all samples, regardless 
of conditions. Most published studies [7, 9, 10,13, 14, 16], indicate that the main 
candidates for the selection of dental samples would be molars, followed by premo-
lars, due to their morphology and the amount of cellular tissue available for DNA 
extraction (cementum and pulp). On the other hand, some authors [9, 16, 18], 
indicate that there are no significant differences in DNA extraction based on the 
type of dental piece. In our study, premolars yielded the most DNA, canines yielded 
the least, aligning with prior studies [7, 9, 10, 13, 14, 16]. However, canines showed 
better DNA quality, possibly due to associated pathology or treatment, as observed 
in similar research by Heathfield et al. [16]. 

Pathologies had varying effects on DNA extraction. Caries significantly 
hindered DNA yield, whereas teeth with endodontic treatments and periodontal 
disease produced good quality DNA. Higgins et al. [7] highlight that cementum 
remains a reliable DNA source in carious teeth, as it is unaffected by such patholo-
gies. Similarly, endodontic treatments remove infected organic tissue, potentially 
preserving DNA quality.

For periodontal disease, Heathfield et al. [16] found increased DNA quantity 
and quality due to heightened blood flow and immune activity during inflamma-
tion. This study confirmed these findings, with teeth affected by periodontal dis-
ease yielding higher quality and quantity of DNA, similar to teeth with endodontic 
treatments. However, in advanced cases, cementum exposure could lead to cario-
genic activity and the destruction of cementocytes [7].

In conclusion, DNA recovery is possible from non-ideal tooth samples, 
but pathologies must be carefully considered. Tooth selection for DNA extraction 
should be case-specific.
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Conclusion

The complexity of DNA extraction from teeth arises from numerous interconnect-
ed variables, making comprehensive studies challenging. These factors contribute 
to a multifactorial degradation process. While this research had a limited sample 
size, future studies should include more samples and diverse methodologies, such 
as manual and automated DNA extraction and Real-Time PCR quantification. De-
spite its limitations, the preliminary results provide valuable insights and suggest 
trends for further investigation.
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Abstract
Forensic DNA analysis of compromised skeletal remains is often hindered by DNA degradation, 
leading to incomplete or negative autosomal STR profiles. Alternative methods like mitochon-
drial DNA or SNP typing can be used, but they are typically labor-intensive and expensive. Inser-
tion-null alleles (INNULs), which are short interspersed nuclear elements, have been proposed 
as effective tools for human identification in difficult samples due to their small amplicon size. 
A commercial kit, InnoTyper® 21, which includes 20 INNUL markers and amelogenin, has been 
developed for this purpose. This study [1]often resulting in partial or negative autosomal STRs 
profiles. To address this issue, alternative approaches such as mitochondrial DNA or SNPs typing 
may be employed; however, they are labour-intensive and costly. Insertion-null alleles (INNULs 
evaluates its effectiveness on degraded skeletal remains by comparing the number of detected 
alleles, RFU values, PHR, and reportable markers with those obtained using GlobalFiler™. The 
random match probability for each sample was calculated using Familias version 3 to assess the 
discriminatory power of each kit. InnoTyper® 21 consistently produced more alleles, higher RFU 
values, and more reportable loci. However, both profiles were generally equally informative. In 
conclusion, InnoTyper® 21 is a valuable addition for analyzing challenging samples, especially 
when routine methods yield poor or negative profiles.
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Introduction

Analyzing forensic DNA from degraded skeletal remains using STRs is challenging 
due to DNA fragmentation and molecular damage caused by decomposition and 
environmental factors [2]. Commercial STR kits, which typically produce ampli-
cons between 100 and 500 base pairs (bp), may yield partial or negative profiles due 
to DNA degradation. To mitigate this, strategies like miniSTRs or mtDNA analysis 
are employed.

Insertion and deletion polymorphisms, which lie between STRs and SNPs, 
are advantageous as they are compatible with standard capillary electrophoresis 
workflows. Retrotransposable elements (REs) include long and short interspersed 
nuclear elements (LINEs and SINEs). Among SINEs, Alu sequences feature inser-
tion and null alleles (INNULs) of varying lengths. A commercial kit, InnoTyper® 
21, includes 20 INNUL markers and uses a three-primer strategy (a common for-
ward primer for both alleles and specific primers for insertion and null alleles).

INNUL typing offers benefits such as small amplicon size, absence of stutter 
artifacts, and a low mutation rate. However, a notable drawback is the significant 
length difference between insertion and null alleles, leading to preferential am-
plification of the smaller allele. These features make INNULs useful for human 
identification, analyzing degraded samples, interpreting mixtures, and conducting 
population and biogeographical ancestry studies.

This research [1]often resulting in partial or negative autosomal STRs pro-
files. To address this issue, alternative approaches such as mitochondrial DNA or 
SNPs typing may be employed; however, they are labour-intensive and costly. Inser-
tion-null alleles (INNULs aims to evaluate the performance of the InnoTyper® 21 kit 
on a large set of highly degraded skeletal remains and compare its efficiency to the 
autosomal STR kit GlobalFiler™, considering the discriminatory power of both kits.

Material studied, methods, techniques

Material
This study analyzed 70 skeletal remains (Figure 1) recovered from mass 

graves in Andalusia. These samples were chosen for comparison due to partial or 
negative profiles obtained with GlobalFiler™. The remains had been buried at a 
depth of 3–4 meters for 70–80 years in an area known for high summer tempera-
tures, low rainfall, and slightly acidic soil.
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Figure 1. Material and methods

Methods
The samples were sanded with a Dremel® tool, cut into fragments, and ex-

posed to UV light for 10 minutes per side. Tooth and bone fragments were pulver-
ized using a TissueLyser II (QIAGEN, Hilden, Germany), and the resulting powder 
was transferred to a Falcon tube.

DNA was extracted using an organic extraction protocol, chosen for its high 
yield [3]as it requires efficient high-throughput methods. While little research has 
compared different techniques, silica in suspension has been identified in the liter-
ature as the best method for recovering small fragments, which are often present in 
these types of samples. In this study, we tested five DNA extraction protocols on 25 
different degraded skeletal remains. Including the humerus, ulna, tibia, femur, and 
petrous bone. The five protocols were organic extraction by phenol/chloroform/
isoamyl alcohol, silica in suspension, High Pure Nucleic Acid Large Volume silica 
columns (Roche. One gram of powder was mixed with lysis buffer and incubated 
overnight at 56°C. The lysate was mixed with phenol/chloroform/isoamyl alcohol, 
and the supernatant was concentrated and purified using the MinElute® PCR Pu-
rification Kit.

The purified extracts were quantified using the Quantifiler™ Trio kit and 
amplified with the GlobalFiler™ and InnoTyper® 21 kits. The same amount of 
DNA extract was used for each reaction.

The amplified samples were analyzed with a 3500 Genetic Analyzer, and the 
data was processed using GeneMapper™ IDX v1.6. Three parameters were ana-
lyzed: number of detected alleles, average RFU, and number of reportable loci. 
Thresholds were set according to SWGDAM guidelines.
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Statistical analysis was performed using jamovi 2.2.5. Random match prob-
ability (RMP) was calculated using Familias version 3, with allele frequencies re-
trieved from 2023 GHEP-ISFG STRs and a previous study on InnoTyper® 21 in the 
Andalusian population [4]

Results
InnoTyper® 21 surpasses GlobalFiler™ in both the number of detected al-

leles and RFU, achieving nearly double in each case. Regarding reportable loci, 
InnoTyper® 21 tripled the count. Among the 22 samples that failed to produce 
reportable markers, 15 yielded positive results with InnoTyper® 21, though mostly 
as partial profiles. In instances where GlobalFiler™ detected 5 or fewer markers, 
InnoTyper® 21 often managed to obtain at least half of the profile. Statistical anal-
ysis using Shapiro–Wilk and Levene tests, followed by One-Way ANOVA, showed 
significant differences between the two kits in terms of the number of detected 
alleles (p-value < 0.001), average RFU (p-value = 0.003), and the number of report-
able loci (p-value < 0.001). No significant differences were found in peak height 
ratio (p-value = 0.808). Comparing the results shown in Figure 2, it is clear that 
InnoTyper® 21 produces more markers. However, its discriminatory power is com-
parable to that of GlobalFiler™, with no significant differences in likelihood ratios 
(p-value = 0.321) according to One-Way ANOVA.

Figure 2. Key metrics for each commercial kit, including the number of detected alleles, RFU 
(Relative Fluorescence Units), and the number of reportable loci. The distribution of reportable loci 

per sample and the logarithm of the random match probability for each sample are also shown.
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Discussion

Previous studies have shown that InnoTyper® 21 detects more alleles than auto-
somal STR kits like NGM™ [5] and GlobalFiler™ [6–8], resulting in more inform-
ative profiles, even when GlobalFiler™ yields zero markers. Our findings are con-
sistent with these results, as InnoTyper® 21 detected more alleles and reportable 
markers. However, the profiles from skeletal remains with prior negative Global-
Filer™ results were not as informative as those in the study by Martins et al., likely 
due to their samples being rootless hairs.

InnoGenomics tested InnoTyper® 21 with sonicated samples and found that 
higher random match probability values were achieved when DNA fragments were 
less than 150 bp, compared to GlobalFiler™ [9]. Our research supports this, show-
ing that InnoTyper® 21 outperforms GlobalFiler™ in random match probability 
when fewer than 5 markers are detected with the autosomal STR kit. However, 
GlobalFiler™ has a much higher power of discrimination when 10 or more mark-
ers are detected.

This is why many authors suggest InnoTyper® 21 as a valuable complement 
to autosomal STRs [5,6,10]. Some even propose that InnoTyper® 21 offers higher 
discriminatory power than mitochondrial DNA [7], especially when few markers or 
a negative profile are obtained with autosomal STRs.

A final point to consider is whether the likelihood ratios from GlobalFiler™ 
and InnoTyper® 21 can be combined. This topic is widely debated, with some ad-
vocating against combining different DNA evidence [11] and others supporting it 
by using the product rule [12]. The key factor is demonstrating the independence 
between autosomal STRs and INNULs, which remains unresolved in the litera-
ture. However, a roughly calculated Kosambi recombination fraction [13] suggests 
extremely low values for markers located in the same loci: AC4027 and D7S820, 
TARBP and D1S1656, and NBC106 and FGA.

Conclusion

This research aimed to assess the effectiveness of InnoTyper® 21 for analyzing 
DNA from degraded skeletal remains and to compare the discriminatory power 
of partial INNUL profiles with that of autosomal STRs. Seventy degraded skeletal 
remains samples, which had yielded negative or partial profiles with GlobalFiler™, 
were analyzed using InnoTyper® 21. InnoTyper® 21 consistently produced more 
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alleles, higher RFU values, and more reportable loci than GlobalFiler™ in every 
sample. Despite these differences, the random match probability values from both 
commercial kits were similar. In conclusion, InnoTyper® 21 proves to be a valua-
ble complementary tool for obtaining results from challenging samples that yield 
partial or negative profiles.
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Abstract
The successful extraction of endogenous DNA from sclerous tissues is pivotal for the identifica-
tion of human remains, but the retrieval of DNA from bone and tooth presents greater challenges 
compared to that from fresh tissues or bodily fluids. Existing methods or commercial kits for 
bone and tooth DNA extraction in forensic often struggle with aged, poorly preserved, chemically 
treated, or heat-exposed samples. Ancient DNA offer advanced extraction methods capable of 
isolating DNA from bone remains or sediments tens of thousands of years old, primarily utilizing 
silica adsorption. The samples in the two fields have different characteristics and the downstream 
analysis methods are not consistent, so the direct application of ancient DNA extraction methods 
to forensic may not produce the best results. This study used case and simulated samples to 
improve the ancient DNA extraction protocol to form a process that is more suitable for human 
remains analysis based on capillary electrophoresis platform. All in all, the research proves that 
the improved extraction methods of ancient DNA is more suitable for extracting highly degraded 
human remains in forensic, which helps to augment the success rate of human remains analyses.
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DNA extraction methods, human remains, ancient DNA. 
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Introduction

Human hard tissues, primarily bones and teeth, offer a certain level of protection 
for DNA, making them crucial sources for DNA extraction in individual identi-
fication and kinship analysis[1, 2]. These tissues play a pivotal role in scenarios 
involving the identification of human remains, such as homicide investigations, 
mass disasters, and wartime casualties[3]. However, the extraction of DNA from 
bones (or teeth) is notably more challenging compared to DNA retrieval from fresh 
tissues or body fluids[4, 5].

Currently, there is no universally recognized optimal method for bone DNA 
extraction[6, 7]. Ancient DNA (aDNA) extraction techniques have significantly ad-
vanced the field by enabling the retrieval of DNA from skeletal remains or sedi-
ments that date back tens of millennia to several hundred thousand years. Among 
these techniques, DNA extraction methods based on silica adsorption have gained 
widespread use[8]. The most commonly employed aDNA extraction protocol was 
introduced by Dabney et al.[9], which, when combined with single-stranded library 
preparation, allows the recovery of DNA fragments as short as 35 base pairs (bp). 
Due to its superior ability to retain short fragments, this method is particularly 
well-suited for samples exhibiting extensive DNA degradation. While initially de-
veloped for aDNA, this extraction method has recently been adopted in forensic 
science and has demonstrated advantages in processing highly degraded forensic 
samples[10, 11].

However, the downstream analytical workflow used by aDNA extraction 
techniques typically involves direct sequencing[12], which is different from the 
short tandem repeat (STR) analysis that utilizes multiplex amplification and capil-
lary electrophoresis commonly used in forensic investigations[13]. Moreover, the 
chronological age of the samples in aDNA studies tends to be significantly old-
er[14]. Thus, the direct application of aDNA extraction protocols to forensic sam-
ples may not always be optimal. This study aims to comprehensively compare the 
performance of aDNA extraction methods with forensic protocols for human re-
mains. Additionally, we adapted the aDNA extraction protocol for forensic applica-
tions, resulting in an optimized extraction method. The potential of this optimized 
protocol in forensic casework was then initially evaluated using case samples.
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Materials and methods

The femoral samples used in this study were obtained from the West China Fo-
rensic Identification Center of Sichuan University and were properly preserved 
under laboratory conditions prior to processing. The samples underwent sequen-
tial cleaning with hypochlorous acid, deionized water, and ethanol, followed by 
overnight drying in a laminar flow cabinet. Bone powder was collected from the 
mid-diaphysis using an electric drill. DNA extraction was then performed on the 
bone powder using both a forensic bone extraction method based on a centrifugal 
column and an aDNA extraction protocol. Each extraction experiment was per-
formed on the same sample three times, and the final result was the average of the 
three repeated extraction experiments.

For forensic bone extraction method, bone powder was lysed overnight with a 
bone lysis buffer (Promega, USA), after which the lysate was combined with PB buffer 
(Qiagen, Germany) and processed through a centrifugal column (Qiagen, Germany), 
followed by elution with TE buffer. Two aDNA extraction protocols were utilized: the 
centrifugal column method and the magnetic bead method. Both protocols shared 
the same lysis procedure, employing a lower lysis temperature and a simplified lysis 
buffer (primarily containing proteinase K and ethylenediaminetetraacetic acid) for 
overnight incubation. In the aDNA centrifugal column method, a large volume of a 
self-prepared guanidine hydrochloride buffer was combined with the lysis buffer and 
passed through a centrifugal column (Qiagen, Germany), followed by elution with 
TET buffer. In the aDNA magnetic bead method, a self-prepared guanidine hydro-
chloride buffer, magnetic bead suspension (VWR, USA), and lysis buffer were used to 
bind the DNA to magnetic beads, followed by elution with TET buffer.

Subsequent improvements and optimizations were made to the aDNA ex-
traction protocols, specifically targeting the lysis and purification steps. These op-
timizations included adjustments to lysis temperature, duration, buffer composi-
tion, purification methods, and the ratio of binding solutions. A final optimized 
extraction protocol was developed, and the previously described samples were 
re-extracted using this improved method.

Following extraction, the AGCU Expressmarker 22 fluorescence detection 
kit was employed to perform multiplex amplification of short tandem repeat (STR) 
loci for all DNA samples. The PCR products were subjected to capillary electropho-
resis on an ABI 3500 genetic analyzer, and the resulting data were analyzed using 
GeneMapper software. STR profiles were compared based on three criteria: average 
peak height, number of amplified loci, and number of alleles detected. 
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Results

Figure 1 presents the results of three replicate extractions performed on the same 
femoral sample using three different extraction methods. Among the methods, the 
aDNA magnetic bead method yielded the highest average peak height, number of 
amplified loci, and number of alleles. Notably, the difference in the number of am-
plified loci between the aDNA magnetic bead method and the forensic bone extrac-
tion method was statistically significant (P < 0.05). Additionally, the aDNA cen-
trifugal column method produced slightly higher values for average peak height, 
number of amplified loci, and number of alleles compared to the forensic bone 
extraction method.

Figure 1. The STR profiles of the same sample were obtained through three repeated 
extractions using three different methods. AC represents the aDNA centrifugal column 

method, AB denotes the aDNA magnetic bead method, and FC corresponds to the forensic 
bone extraction method.

Figure 2 illustrates the comparison between the optimized aDNA extraction meth-
od and the forensic bone extraction method. The optimized protocol demonstrated 
superior performance in terms of average peak height, number of amplified loci, 
and number of alleles. The differences in the number of amplified loci and alleles 
between the two methods were statistically significant (P < 0.05).
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Figure 2. The STR profiles of the same sample were obtained through three repeated 
extractions using two different methods. F-Im-AC represents the optimized extraction method, 

and FC corresponds to the forensic bone extraction method.

Discussion

The initial comparison indicates that the aDNA extraction method has certain ad-
vantages. To further enhance its extraction efficiency, we optimized this protocol, 
with details of the optimization process to be published in subsequent articles. The 
optimized method demonstrated improved performance, significantly increasing 
the average peak height, number of amplified loci, and number of alleles. Cur-
rently, the samples used in this study are relatively homogeneous. Expanding the 
research to include samples from various time periods, storage conditions, and 
types would broaden the applicability of this method.

Conclusion

aDNA extraction methods demonstrate a slight advantage over forensic bone ex-
traction methods, with these advantages becoming more pronounced following 
optimization. These improvements contribute to a higher success rate in the anal-
ysis of human remains.
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Abstract
Teeth are a well-known source of DNA for forensic human identification. However, there is still a 
lack of experimental research that investigates DNA recovery over time in realistic marine condi-
tions. In this study, sixteen pairs of donated human wisdom teeth were exposed to a semi-natural 
marine environment (tanks) that simulated seawater conditions of Cape Town, South Africa. 
Seawater tank temperature were maintained between 10.1-14.5ºC, with sampling occurring over 
30 days. DNA quantification and profiling, in addition to massively parallel sequencing, was done 
to assess DNA recovery over time. The statistical informativeness of the forensic DNA profiles was 
used to assess DNA recovery. DNA concentration declined over time for both control and expe-
rimental teeth, and forensic DNA profiles were only partially informative by 30 days. The study 
provided valuable insight into DNA recovery from marine environments, which can improve 
forensic DNA identification of human remains retrieved from marine environments.

Key words
DNA profiling, forensics genetics, hard tissue, teeth, ocean, capillary electrophoresis.

Introduction

Teeth are valuable sources of DNA for forensic human identification purposes. Al-
though teeth are often used for highly degraded, or heat altered human remains, 
there is limited empirical, realistic experimental research investigating DNA re-
covered from teeth submerged in the ocean. Existing studies have focused on case 
reports, with few comparing submersion duration [1–4]. Therefore, DNA recovery 
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from donated human wisdom teeth exposed to experimental seawater tanks, sim-
ulating semi-natural marine environment conditions of the western coast of Cape 
Town, South Africa. 

Materials and methods:

Sixteen pairs of teeth were collected from consenting patients undergoing wisdom 
tooth removal surgery. The pairs were split into one control and one experimen-
tal third molar. Teeth with visible pulp, dental diseases, or fragmented conditions 
were excluded. Holes were drilled in centrifuge tubes, each containing one exper-
imental tooth, and submerged in a seawater tank at a depth of around 30 cm. 
The tanks were filled with natural seawater, and temperatures were maintained 
between 10.1°C-14.5°C. Teeth were sampled everyday for the first 10 days, with 
further samplings on days 12, 14, 16, 18, 20, and 30 thereafter. Control teeth were 
stored at room temperature in a dry laboratory for the same period. 

All teeth were powdered using a TissueLyser and 0.05g powder underwent 
demineralisation in combination with a cell lysis solution at 56°C for 20 hours. The 
QIAamp® DNA Investigator Kit was used for DNA purification. DNA quantification 
was carried out using real-time PCR with the Applied Biosystems Quantifier Trio 
Kit, and analysed using HID Real-Time PCR Analysis Software. The degradation 
index (DI) was calculated and interpreted as previously described [4].

The GlobalFiler™ PCR Amplification Kit was used for forensic DNA pro-
filing. Thermal cycling was performed using Bio-Rad’s T100 Thermal Cycler, and 
capillary electrophoresis (CE) was conducted on the 3500xl Genetic Analyzer for 
Human Identification. Data from CE were analysed using GeneMapper ID-X soft-
ware. Profiling success was categorised based on statistical informativeness, over-
coming limitations of standard profiling terms.

The samples from day 20 underwent massively parallel sequencing (MPS) 
with the ForenSeq™ DNA Signature Prep Kit (Verogen™), following the manu-
facturer protocol, except. DNA concentrations were below 0.2 ng/μL and thus re-
quired 5 μL input DNA for library preparation. Libraries were purified, normalised, 
and pooled before sequencing on the MiSeq FGx System.



103LONGITUDINAL ASSESSMENT OF DNA RECOVERY FROM  
TEETH RECOVERED FROM A SEMI-NATURAL MARINE ENVIRONMENT

L. Malan V.e. Gibbon, C. Finaughty, L.j. Heathfield

Results

For both experimental teeth (p<0.001, R=-0.804) and non-submerged controls 
(p<0.001, R=-0.716), strong negative exponential correlations were observed be-
tween average DNA concentration and time (Figure 1a). A consistent decrease in 
DNA concentration was noted with increasing submersion duration, both in the 
experimental and matched non-submerged controls, with concentrations ranging 
from 0.37-0.001 ng/mg and 0.52-0.01 ng/mg, respectively (Figure 1a). 

No correlation was found between DI and time for both experimental teeth 
(p=0.56, R=-0.156) and matched non-submerged controls (p=0.53, R=0.171) (Fig-
ure 1b), with both having mean DIs less than 1.5, indicating no considerable DNA 
degradation. No significant differences in concentration and DI were observed be-
tween matched non-submerged controls and experimental teeth. 

Figure 1a) Line graphs of the a) average DNA concentration (ng/mg) and b) degradation index 
over days for non-submerged control teeth and experimental samples. 

Extended submersion led to decreased forensic DNA profile quality. Statistically 
informative profiles were obtained for experimental teeth until day 16, followed by 
partially informative on days 20 and 30 (Figure 2). Informative DNA profiles were 
obtained for the matched non-submerged controls on days 20 and 30. Although a 
decrease in DNA profiling success was observed after day 16, there was no statisti-
cal correlation between DNA profiling success and submersion period (R=-0.130, 
p=0.239). No significant differences were observed between the profiling success 
rate of the experimental teeth and matched non-submerged controls (Z=-0.593, 
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p=0.553). When MPS was conducted on the day 20 sample, 24 STRs and five SNPs 
were sequenced, compared to the 17 alleles successfully sequenced during CE, with 
concordance on all overlapping markers. 

Figure 2. Scatter plot of the likelihood ratios of teeth samples over time. Above A is statistically 
informative, between A and B is partially informative, and below B is Statistically uninformative. 

Controls = Matched non-submerged controls. 

Discussion:

On average, submerged teeth had lower statistical identification power than the 
matched non-submerged controls. As demonstrated by other studies, forensic DNA 
profiling success is reduced with increased submersion time in seawater [3]. DNA 
profiling success was relatively low compared to results from other studies on teeth 
from terrestrial environments or storage at low temperatures [5]. Failed DNA pro-
files were observed for both the matched non-submerged controls and the exper-
imental samples for days 12 and 18. The reason for these failed profiles might not 
be attributed to seawater solely, as full DNA profiles were seen for other samples 
for longer exposure times, thus suggesting that poor DNA recovery may be due to 
intrinsic factors [5,6].

A noteworthy finding was that DNA degradation, measured as DI, stayed 
relatively low and constant throughout the deployment. Few studies consistently 
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reported the DI and PCR inhibition in water-logged samples, rather focussing on 
DNA concentration only [3]. However, in this study, as seen with others, DNA con-
centration does not accurately predict DNA profiling success [7]. In contrast, sev-
eral studies have concluded that DI was indicative of the DNA profile quality and 
may inform sample processing procedures to ensure maximum allele recovery [8]. 

Statistically informative DNA profiles were obtained up until day 20. Fur-
thermore, depending on the DNA platform used, more informative profiles could 
be obtained. For example, for MPS, more alleles were amplified compared to CE 
and they yielded a higher likelihood ratio for the day 20 sample. A previous case 
study on human bone samples recovered from Table Bay after two months success-
fully produced full A-STR, X-STR, and Y-STR profiles [1]. Teeth provide a protective 
barrier from environment exposure, and DNA integrity may be due to the chemi-
cal and anatomical composition of teeth preventing exogenous contamination and 
degradation; the salt in ocean marine water might also may preserve the DNA [2,9]; 
or the low water temperatures may preserve the DNA [10]. 

Conclusions

This study represents the first of its kind where DNA recovery from human teeth 
are exposed longitudinally to realistic seawater conditions. There was variability 
observed with forensic DNA profiling success, but statistically informative profiles 
were still obtainable for later submersion times. In particular, DNA concentration 
is not a good predictor for DNA profiling success.
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Abstract 
In forensics, the study of archaeological sites is of considerable importance to understand the 
dynamics of burials, rule out kinship scenarios and unravel historical questions. In this study, 
molecular analyses were conducted on skeletal remains of belonging to a burial site found in 
the area beneath the cloister outside the former convent of S. Francesco in Mirandola (Modena, 
Italy). During excavations, the portion of a late-medieval burial ground was discovered, with in-
fant and adult graves dating back to a period between the 13th and 16th centuries. Nearly thirty 
burials were identified, placed in pits dug into the ground, organized on several overlapping 
levels and separated only by a couple of centimetres of soil, oriented according to the Christian 
tradition along an East-West axis. The historical explanation for this discovery is currently poorly 
known and no archive records are available. This analysis aims to integrate the archaeological 
and anthropological studies already underway on the site, reveal any biological relationships 
among the individuals, confirm the exact number of subjects and explaining their peculiar arran-
gement and location, finally reconstruct appearance and population of origin. These findings 
could be helpful to deep the knowledge about the burial site and the city’s history during the 
medieval period. Moreover, the performance of routinely adopted laboratory workflow applied to 
these highly compromised remains was assessed. A preliminary analysis was conducted on one 
molar tooth and, after the promising results, the analyses were extended to the entire group of 
remains. After decalcification, genomic DNA was isolated using a powder-free extraction method 
from bones and dental samples. Autosomal and Y-STR markers were genotyped, additionally HI-
risPlex system was used to predict eye and hair colour. To date, DNA data were obtained from ten 
of the eleven individuals analysed, further analyses will be carried out to provide genetic results 
for the entire burial site. 
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1. Introduction

A molecular study was conducted on human skeletal remains belonging to a burial 
site found in the area beneath the cloister outside the former convent of S. Frances-
co in Mirandola (Modena, Italy). During the excavation works set up to repair earth-
quake’s damages, several burials were found containing infant, sub-adult and adult 
skeletal remains dating back around the 13th and 14th centuries AD. It’s supposed 
that the necropolis was set up during the first construction of the church occurred 
at that time, however it’s known that the area was subjected to secondary alteration 
until the 16th century [1]. Contextual informations are scarce and incomplete, no 
archive records are available about the identity, origin and period in which the in-
dividuals lived, leading to a lack of historical explanation for this discovery.

Preliminary archaeological and anthropological studies reveal the presence 
of thirty-two burials of fourteen adults, nine subadults, eight infants, plus scattered 
bones of which some attributable to secondary depositions. The discovered remains 
were overall highly compromised, only ten skeletons were almost complete and 
other ten partially preserved, for twelve graves only few bones were founded. Mor-
phological sex diagnosis identifies four females and seven males, for the remaining 
twenty individuals, sex was undetermined. The graves were discovered at approx-
imately 1.5 m depth from the walking surface placed in pits dug into the ground, 
organized on several overlapping levels and separated only by a couple of centi-
metres of soil. Arrangements of bodies follow the Christian tradition: tombs were 
single graves, the inhumed were interred directly into the ground and arranged in 
an orderly way, vertically, along an East-West axis in the direction of the rising sun, 
without a funeral equipment and allegedly wrapped in a shroud. Some exceptions 
occurred: two burials were double graves; the double burial T8 was North-South 
oriented with skeletons partially overlaid and skulls rotated towards each other; the 
burial T25 was the only one surrounded by a brick crate [1].

This genetic study aims to integrate the archaeological and anthropological 
studies already underway on the site, looking for kinships between the inhumates 
that could explain burial arrangements and location, confirm the exact number 
of subjects, associate scattered bone remains and reconstruct information about 
genetic ancestry and appearance.
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2. Primary molecular analysis 

Permission to access to the human remains and samples collection was granted by 
the Ministry of Culture, Archaeological Superintendence of Fine Arts and Land-
scape of the provinces of Bologna, Modena, Reggio Emilia and Ferrara. Most of the 
skeletal remains founded were in a poor state of preservation due to the time spent 
underground and the manner of deposition, suggesting difficulties in applying the 
routinely adopted laboratory workflow for the genetic analysis of highly compro-
mised remains.

In order to assess the feasibility of the study, a preliminary analysis was con-
ducted on a molar tooth belonging to individual T15. After the promising results, 
the analyses were extended to the other skeletal remains. Teeth and bones samples 
were collected based on the state of preservation of the bodies and the availabili-
ty of bone material. For twelve adults and six subadults teeth were sampled, re-
spectively permanent and deciduous, preferably molars. Additionally, femur and 
petrous bones were also collected from subadults and skull-less adults, based on 
the preservation of skeletal parts. To date, best-preserved teeth samples of eleven 
individuals were subjected to DNA extraction (Table 1). When available, DNA was 
extracted from at least two teeth samples per individual, otherwise DNA extraction 
was performed in replicates. 

Teeth pre-treatment consisted of a cleaning procedure of the external sur-
face carried out with distilled water and brushes to remove ground residues and 
exogenous material, a decontamination phase performed with bleach washes and 
finally a grinding operation was made by using a vise. A powder-free protocol was 
applied for demineralization process [2]. Fractured teeth were incubated with 0.5 
M EDTA pH 8.0 at 56°C in water bath for about 10 days, with periodic changes. 
Complete demineralized pieces were cut with a scalpel into smaller chips used di-
rectly for DNA extraction. An Investigator Lyse&Spin Basket (Qiagen) paired with 
QIAamp DNA Investigator Kit (Qiagen) modified manufacturer’s protocol for bones 
and teeth was applied, DNA extracted was eluted in a final volume of 25 µl of ATE 
buffer. DNA extracted quantity and quantity were checked by PowerQuant® Sys-
tem (Promega) on 7500 Real-Time PCR System (Applied Biosystems).

To perform sex diagnosis and preliminary kinship analysis, STRs typing 
of autosomal DNA were performed with PowerPlex® Fusion System (Promega), 
GlobalFiler™ IQC and VeriFiler™ Plus PCR Amplification Kits (Applied Biosys-
tems). For males, also Y-STRs haplotypes were obtained using PowerPlex® Y23 
System (Promega). PCR amplifications were performed in replicates on Veriti™ 
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Thermal Cycler (Applied Biosystems), sequencing and data analysis were carried 
out on SeqStudio™ Genetic Analyzer for HID (Applied Biosystems). STR alleles 
calling was performed with GeneMapper™ ID-X 1.6 (Applied Biosystems) software 
applying a 50 RFU threshold.

The HIrisPlex system was used for prediction of eye and hair colour. The 
24 SNPs targeted by the multiplex PCR were genotyped through the SNaPshot™ 
technique (Applied Biosystems) and GeneMapper™ 6 (Applied Biosystems), pheno-
typing predictions were undergone with the HIrisPlex system webtool [4].

The Familias software v3.4 was used for kinship analysis, Likelihood Ra-
tio (LR) calculations were made using the Blind search tool implemented in the 
software [5] and the STRidER v2/R2 European dataset for autosomal STR allele 
frequencies [6]. Additionally, YHRD database’s kinship analysis tool was utilized for 
Y-STRs haplotypes ancestor-offspring LR evaluations [7]. For relationship testing 
were taken into account the genetic profiles with a number of confirmed loci (am-
plified at least in two PCR replicates) above a threshold of 10 STRs [8], for STRs 
profiles obtained with different kits, only the shared loci were taken into account 
for the suitability establishment.

3. Preliminary results and discussion

DNA was successfully extracted from adults’ permanent teeth samples, averages 
of autosomal DNA extracted are listed in Table 1. Quantity and quality of the ge-
netic material, resulted from qPCR analysis, was in accordance with the state of 
preservation observed for each dental remains. The powder-free demineralization 
and extraction protocol applied thus allowed to obtain significant results, despite 
the highly unfavourable conditions of the samples analysed. Negative results were 
obtained from DNA extractions of T20 infant burials’ deciduous teeth. However, as 
already pointed out in literature, deciduous teeth showed lower DNA yield, amount 
and preservation compared to adult permanent teeth [9]. For graves whose DNA 
extracted was poorly or highly degraded, petrous bone and femur analysis will be 
further developed.

STRs typing analysis results in full and partial profiles for samples whose 
qPCR DNA extract concentration measurement resulted of greater than 1 pg/µl. 
PowerQuant® Analysis Tool (Promega) output data were utilized to establish DNA 
input for PCR amplifications. The number of autosomal STRs loci recovered with 
regard to PCR DNA input was extremely variable, considering the three different 
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amplification kits used and the degradation degree of each sample. For ten of the 
eleven individuals tested, it was possible to obtain at least two replicates, that ena-
ble to confirm STRs loci for kinship analysis.

3.1. Sex determination comparison
Molecular sex determination was performed comparing Amelogenin and 

Y-STRs typing results. According to DNA results, five individuals were identified as 
females, four as males and two were undetermined (Table 1). For five individuals, 
morphological attribution was confirmed, resulting in correct morphological iden-
tification of two females and three males. However, for four individuals, morpho-
logical attribution was not confirmed, since genetic analysis identifies as females 
three individuals previously determined as males and one male previously assigned 
as a female. The concordance between morphological and genetic results are listed 
in Table 1. The infant of T20 burial, whose sex diagnosis could not be previously 
performed, is still undetermined to date and sex diagnosis confirmation for T24 
was also not possible due the lack of genetic data for this two buried. 

3.2. Phenotype prediction
Multiplex PCR amplifications of predictive 24 SNPs targeted by HIrisPlex 

system results in one full SNPs profile for the individual of the T3 burial, partial 
profiles were obtained for six individuals. In Table 1 is indicated the number of 
SNPs recovered for each buried analysed. In T24 and T4 profiles, the SNPs related 
to MC1R gene were the most affected by drop-out, as already advised by Walsh 
et al. [3]. The prediction analysis results are summarized in Table 1, the p-value 
corresponding to the highest predicted categories, the AUC loss and the predict-
ed phenotype for eye and hair colour are also displayed. All eye colour prediction 
resulted above 0.7 p-value thresholds, except for T3 individual that results in a 
p-value of 0,668 for brown eye (AUC loss = 0) suggesting a lighter colour tending to 
hazel, considering a 0.5 p-value threshold [3,10]. Hair colour predictions (applying 
a p-value threshold of 0.7) result overall in a dark brown to black phenotype [3]. 
Preliminary appearance prediction of individuals analysed reveals brown eye and 
hair colour, common traits of the Italian population. 

3.3. Kinship analysis
Autosomal and Y-STRs profiles were used for kinship investigation. Four 

individuals (T3, T4, T15 and T28) were suitable for relationship testing, having a 
number of confirmed autosomal STRs loci in the consensus profile above 10 (Table 1). 
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LR calculations results, arising from Familias Blind search tool, were all minor or 
close to 1, favouring hypothesis of individuals not being related for the degree of 
kinship tested (parent-child, siblings, half-siblings, cousins, 2nd-cousins). A sin-
gle exception resulted for an obtained LR of 2.20, indicating a weakly supported 
cousins’ relationship between T15 and T4 individuals. However, these results are 
preliminary and will be investigated further when complete data will be available.

Ancestor-offspring LR evaluations were performed to establish closely rela-
tionships through YHRD database kinship analysis tool. Four unique Y-STR hap-
lotypes were observed, hence, YHRD kinship-index calculation resulted in a more 
likely patrilineal non-relationships for all kinship tested.

Considering the preliminary results, no evaluation of historical importance 
was undergone. However, the interesting data obtained allow for more promising 
in-depth further analyses to contextualise the human remains discovered in the 
medieval Italian historical scenario.
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Abstract
The identification of human remains is often challenging and poses significant challenges for 
many forensic services worldwide. Previous studies have shown that nails could be a valid DNA 
source. However, these studies used varying protocols and obtained inconsistent results. The 
current study aimed to optimise and evaluate the recovery of DNA from nail clippings obtained 
from unidentified human remains for use by the state’s Forensic Pathology Services. First, the 
input weight of nail (2 mg, 5 mg and 10 mg) and the DNA extraction incubation time (2 hr and 
16 hr) were assessed using the QIAamp® DNA Investigator kit (Qiagen, Hilden) on nails from 
living donors (n = 5). Further optimisation using nails from cadavers (n = 6) indicated that 2 
mg of nail with 16 hr incubation consistently yielded informative DNA profiles. The optimised 
protocol was then assessed on nail clippings from ten unidentified human remains from Salt Ri-
ver Mortuary, and full DNA profiles (concordant with control buccal swabs) were obtained for all 
cases. Lastly, the protocol was assessed on stored nail samples from an additional 45 unidentified 
human remains from 2018 – 2021, and full DNA profiles were obtained for 100% of nail samples. 
The time between death and DNA extraction did not significantly impact the DNA concentration 
or degradation index. These results, combined with the ease of sampling, advocate for the use of 
nail samples as an identification tool to help reduce the burden of unidentified human remains. 
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Unidentified human remains; STR analysis; forensic DNA profiling; human identification; nail 
samples
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Highlights

• A DNA extraction protocol was optimised for 2 mg of input nail sample.

• Full DNA profiles were generated from nail clippings in 100% of authentic forensic 

cases.

• Time between death and sample collection did not impact the recovery or quality of 

DNA.

1. Introduction

The number of unidentified bodies in forensic mortuaries was recently described as a 
global health crisis [1]. DNA profiling is routinely used for identifying human remains 
and multiple studies have shown promising results for nails as a DNA source [2–4]
the identification of deceased is done by visual recognition, fingerprints, physical dis-
tinguishing marks (e.g. tattoos, scars and surgical implants. However, most previous 
studies have been conducted on nails samples obtained from living individuals, and the 
few studies on post-mortem samples had relatively small sample sizes. The amount of 
input nail as well as the DNA extraction protocols have varied considerably, with studies 
on post-mortem samples using at least 10 mg of nail, and often requiring the dissection 
and removal of the entire nail from the body. However, in the forensic setting, sample 
availability is often limited, and samples may need to be used for multiple analyses 
(e.g. toxicology, radioisotopes and DNA analyses). Further, there is no consensus in the 
literature regarding the optimal DNA extraction procedure to use on post-mortem nail 
samples and whether a smaller input weight of nail would yield informative forensic 
DNA profiles. The aim of this study was to optimise a DNA extraction protocol for small 
amounts of nail clipping samples and evaluate it using samples from authentic uniden-
tified human remains obtained from the State’s forensic mortuary. 

2. Methods 

2.1 Sample collection
For optimisation purposes, fingernail clippings were collected from all ten 

fingers from five living donors who had all given informed consent. Both males 
and females above 18 years old were included. Living donors also provided a buccal 
swab as a reference samples. To further optimise the method, nail clippings were 
collected from six cadavers. These individuals had donated their bodies to science 
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and provided consent during in their lifetime for their tissues to be used. The do-
nors had been deceased between 17 and 41 days at the time of sample collection. A 
reference buccal swab was also obtained from cadavers.

To assess the protocol on authentic forensic cases, nail clippings and refer-
ence buccal swabs were obtained from ten unidentified deceased individuals who 
demised between 27 February 2021 and 24 April 2021, and who were admitted to 
Salt River Mortuary, Cape Town. Subsequently, stored nail clippings from a further 
45 unidentified deceased individuals were available, representing individuals who 
demised between 1 January 2017 and 13 March 2021. The bodies from these 45 
cases were no longer available for sampling of a reference swab. All samples from 
unidentified human remains were collected by Forensic Pathology Services (FPS) 
staff members in 2019 and 2021 for the purposes of identification. 

Nail clippers were used to cut the free edge of all nails. The nail clippers were 
thoroughly cleaned in between each use with 70% ethyl alcohol and molecular 
biology grade water. This study received ethical approval (HREC REF: 222/2019).

2.2 Sample preparation
Nail clippings from the living donors were used for optimisation, where 2 

mg, 5 mg and 10 mg sample mass were each tested with a 2 hr and 16 hr lysis incu-
bation time. However, 2 hr incubation of 10 mg nail was not assessed as it proved 
insufficient time for lysis. Additional testing of 2 mg of nail clippings from the 
cadavers were tested with both incubation times. For unidentified human remains, 
2 mg of nail was used with 16 hr incubation. Nail clippings were weighed using the 
AS220.R2 analytic balance scale (Radwag, Poland). To remove possible exogenous 
DNA, the nails were washed in 500 µl of 1X PBS (Lonza, Walkersville) and 0.5 µl 
Tween® 20 (Sigma-Aldrich, USA), for 10 min at room temperature with shaking at 
700 rpm using the ThermoMixer F2.0 (Sigma-Aldrich, USA). 

2.3 DNA extraction
DNA extractions were performed on washed nail clippings using the 

QIAamp® DNA Investigator Kit (Qiagen, Hilden) according to the technical man-
ual with the following deviations: the overnight incubation at 56°C at 900 rpm 
shaking was done on the ThermoMixer F2.0 (Sigma-Aldrich, USA) for 2 hr or 16 hr 
for nails and 1 hr for swabs. The silica membrane was incubated for 3 min at 56°C 
before Buffer ATE was added, and after 5 min the final centrifugation was at full 
speed of 14000 rpm. All centrifugation steps were performed using the Centrifuge 
5417C (Eppendorf, Germany). The purified DNA was diluted in 35 µl Buffer ATE for 
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nails and 50 µl for swabs. DNA was stored at 4 °C until further analyses. Negative 
controls for both sample types were processed in each batch.

2.4 DNA quantification
All samples and negative controls were quantified using the QuantifilerTM 

Trio DNA Quantification kit (Thermo Fisher Scientific, USA) on the 7500 Real-Time 
PCR System (Applied Biosystems, CA, United States) according to the manufactur-
er’s instructions. The results were analysed with the HID Real-Time PCR Analysis 
Software v1.2 (Applied Biosystems, USA). The average concentration of each auto-
somal marker was calculated to determine the concentration of the samples. The 
ratio between the two autosomal amplicons gave the degradation index (DI), which 
was interpreted according to Vernarecci et al., 2015 [5]. 

2.5 DNA profiling
DNA profiling was initially carried out using the Promega PowerPlex® ESX 

16 kit according to the manufacturer’s handbook. For samples that initially did 
not yield a full DNA profile, DNA profiling was repeated using the Thermo Fisher 
GlobalFilerTM PCR Amplification kit. For all reactions, 0.5 ng DNA was amplified in 
half volume reactions on the T100 Thermal Cycler (BioRad, USA). WEN ILS500 or 
GeneScan™ 600 LIZ™ v2.0 was used as the internal lane standard. PowerPlex® 
ESX 16 amplicons were separated using the ABI 3130xl (POP7, 50 cm array) and 
visualised with GeneMapper v4.1 software. GlobalFilerTM amplicons were separated 
using the ABI 3500xl (POP4, 36 cm array) and visualised using GeneMapper® ID-X 
software. The analytical threshold (AT) was 66 RFU based on previous internal val-
idations studies.

2.6 Data analysis
Shapiro-Wilk normality tests were performed. T-tests were carried out to 

assess any significant difference in DNA concentration and DI between input mass 
and incubation time for living donors and cadavers. The DNA profiles were com-
pared to the reference profile to assess concordance. The number of successful 
DNA profiles was determined. A full profile required >80% of markers with peaks 
meeting the AT, and a partial profile were those with 20-80% of peaks that met the 
AT. Lastly, for data from unidentified human bodies, the Spearman rank correlation 
test was performed to assess if DNA concentration and DI were significantly asso-
ciated with time between death and DNA extraction. GraphPad Prism (Boston, MA, 
USA) as used to visualise the results. 
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3. Results

DNA retrieved from living individuals yielded concentrations ranged between 
0.0620 ng/μl and 1.9411 ng/μl, and DNA was considered only mildly degraded. No 
significant differences were observed between nail sample mass and incubation 
time for DNA concentration or DI (Supplementary Figure 1). Full DNA profiles 
were obtained from all living donor samples in this phase of testing, motivating to 
assess 2 mg of nail sample from cadavers.  

DNA samples from cadavers had concentrations between 0.1130 ng/μl and 
1.2685 ng/μl and were also considered mildly degraded. There were no significant 
differences in DNA concentration or DI from 2 mg nail clippings between each in-
cubation time (Supplementary Figure 2). Full DNA profiles were obtained from 5 of 
the 6 (83%) cadaver nail samples when 2 hr incubation was used, and all 6 (100%) 
nail samples when 16 hr incubation was used.

DNA concentration, DI and DNA profile data from the 55 unidentified hu-
man bodies is provided in Supplementary Table 1. DNA concentration ranged from 
0.1 ng/μl to 33.95 ng/μl (mean = 3.07 ng/μl) and DI ranged between 0.7 – 12.3 
(mean = 1.8). Only one sample had a DI greater than 4 (indicating degraded DNA) 
while the majority of samples were either not degraded or mildly degraded. 

Initially, 49/55 (89.09%) samples yielded full DNA profiles with the remain-
ing 6/55 (11%) resulting in partial profiles. Upon repeating DNA profiling with the Global-
FilerTM PCR Amplification kit, the remaining 6 samples yielded full DNA profiles. 
Concordance was found between all nail samples and reference buccal samples.

The average time between death and DNA extraction from nails was 699 days 
(range: 26 - 1445 days) and did not significantly impact the DNA yield obtained. The 
Spearman’s r value indicated a very weak positive correlation between DNA yield 
and the time between death and DNA extraction (Supplementary Figure 3a). There 
was also a very weak negative correlation between DI and the time between death 
and DNA extraction (Supplementary Figure 3b). Lastly, the time between death and 
DNA extraction did not have a significant impact on the DNA profiling success rate.

4. Discussion 

In the current study, samples were obtained from bodies that had a time range of 
26 – 1445 days between death and DNA extraction, and it was found that no corre-
lation existed between time and DNA yield or DI. DNA profiling was ultimately suc-
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cessful in 100% of cases, surpassing the success rate reported in other studies [2–4]
the identification of deceased is done by visual recognition, fingerprints, physical 
distinguishing marks (e.g. tattoos, scars and surgical implants. For example, Uer-
lings et al. (2021) obtained full profiles for 80% of the samples with a post-mor-
tem interval (PMI) between 0 – 20 weeks [2] and Inkret et al. (2020) obtained for 
96.97% (n =32/33) full profiles on human remains with a postmortem interval up 
to five years [4]. This optimised DNA extraction protocol was the first to use as 
little as 2 mg of nail sample in DNA extraction, without compromising DNA profile 
success. These results support the use of nail samples as a non-invasive source for 
DNA profiling in a forensic post-mortem setting to help reduce the burden of uni-
dentified human bodies. 
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Supplementary Material

Supplementary Table 1 DNA quantification results and DNA profiling success on nails 
obtained from 55 unidentified human remains

Sample IPC 
CT

Degradation 
index

DNA 
concentration 
(ng/lL)

DNA 
yield 
(ng)

Number of 
successful markers 
/15

Number of 
successful markers 
/21

1 26.83 1.39 2.51 87.98 15 -

2 27.08 1.62 1.13 39.61 15 -

3 27.30 1.98 0.40 13.91 15 -

4 27.56 1.21 1.23 42.92 15 -

5 27.38 1.24 0.86 29.93 15 -

6 26.98 2.98 0.03 0.91 14 -

7 27.13 1.34 0.84 29.48 15 -

8 27.04 2.29 0.20 6.83 14 -

9 27.10 1.62 0.11 3.75 15 -

10 26.93 1.34 1.54 53.96 15 -

11 28.27 0.72 4.09 143.05 15 -

12 27.69 0.89 0.72 25.13 6 21

13 29.15 0.86 15.68 548.68 15 -

14 29.07 0.83 9.23 323.01 15 -

15 28.90 0.79 3.48 121.88 15 -

16 27.57 1.37 0.34 11.84 15 -

17 28.47 0.91 8.47 296.54 15 -

18 27.37 1.46 1.06 37.01 15 -

19 27.82 1.75 2.18 76.40 15 -

20 26.87 12.31 0.69 24.19 9 21

21 27.74 3.23 0.05 1.60 15 -

22 28.80 0.76 4.11 143.79 15 -

23 27.63 2.76 0.68 23.89 15 -

24 27.86 0.89 0.58 20.47 15 -

25 27.51 3.22 0.09 3.00 5 21

26 27.71 1.81 1.20 41.96 15 -

27 27.51 2.20 0.39 13.79 5 21
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28 28.90 1.12 33.95 1188.16 15 -

29 29.04 0.86 6.81 238.42 15 -

30 27.68 1.87 0.44 15.50 15 -

31 27.69 1.47 0.25 8.84 15 -

32 27.99 1.09 0.43 14.91 15 -

33 27.93 2.51 0.04 1.34 15 -

34 28.74 0.89 4.51 158.01 15 -

35 29.92 0.71 11.13 389.51 15 -

36 27.64 1.43 1.53 53.49 15 -

37 27.68 1.43 0.53 18.54 15 -

38 28.11 2.66 3.85 134.59 15 -

39 27.72 1.92 0.08 2.82 15 -

40 29.40 0.83 9.15 320.13 15 -

41 27.98 1.19 0.01 0.36 11 21

42 27.56 1.07 0.07 2.56 15 -

43 27.59 2.40 0.14 4.79 15 -

44 27.84 1.82 0.22 7.53 14 -

45 27.93 1.03 0.15 5.29 15 -

46 27.64 1.90 0.24 8.31 15 -

47 28.03 1.43 0.21 7.35 15 -

48 27.55 2.46 0.07 2.37 10 21

49 27.38 2.98 0.04 1.37 15 -

50 27.53 1.71 0.27 9.34 15 -

51 27.57 2.56 0.03 1.12 15 -

52 28.06 1.33 0.55 19.32 15 -

53 27.74 1.13 0.10 3.42 15 -

54 27.22 3.09 0.26 9.15 15 -

55 27.92 1.02 0.22 7.57 15 -
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Supplementary Figure 1: Boxplots of (A) DNA concentration and (B) DI obtained from nail 
clippings from living donors (n = 5) during the optimisation phase of the study. The minimum, 
first quartile, median, third quartile and maximum are indicated as lines on the box plot. The 
dots indicate individual data points and the mean is indicated with a plus(+) symbol in the 

boxplot. 

Supplementary Figure 2: Boxplots of (A) DNA concentration and (B) DI obtained from nail 
clippings from cadavers (n = 6) during the optimisation phase of the study. The minimum, first 
quartile, median, third quartile and maximum are indicated as lines on the box plot. The dots 

indicate individual data points and the mean is indicated with a plus(+) symbol in the boxplot.
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Supplementary Figure 3: Scatterplots of the time between death and DNA extraction plotted 
against (A) DNA yield and (B) DI obtained from nail clippings from unidentified human remains 

(n = 55). 
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Abstract 
Teeth serve as crucial evidence for human identification in incidents like explosions, mass fata-
lities, and fires, where the body is severely compromised and antemortem dental records may be 
unavailable. Their DNA-rich structure makes them ideal for analysis, though nuclear DNA ampli-
fication often becomes difficult due to degradation. In such cases, mitochondrial DNA (mtDNA) 
is useful as it is more resistant to degradation and present in high copies, aiding maternal iden-
tification. This study aimed to perform mtDNA typing from incinerated tooth samples where nu-
clear DNA profiling was partial or unreliable. Thirty molar teeth were incinerated at 100-300°C 
for 15 minutes, and DNA was extracted using organic extraction method. DNA quantity and qua-
lity were assessed with a Nanodrop 1000 and agarose gel. STR profiling and mtDNA amplification 
were conducted, followed by Sanger sequencing. It Was observed that complete STR profiles 
were obtained at 100°C and 200°C, while partial profiles appeared at 300°C, indicating degraded 
nuclear DNA. However, mtDNA amplification succeeded across all temperatures, demonstrating 
that mtDNA can be recovered from incinerated samples even when nuclear DNA is insufficient.
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Introduction

Teeth are the hardest and most resistant to putrefaction even after many decades. 
They are important evidence for genetic identification as its structural components 
are highly rich in DNA which makes it suitable for DNA analysis. In cases like 
explosions, mass death incidents, suicide attempts, accidents by car or aircraft, 
house fires or arson, the integrity of the body gets severely disrupted and it is 
also not necessary that antemortem dental records will be available. Therefore, the 
identification of the person through visual inspection becomes unfeasible. So, for 
the identification of the deceased from the remains of the body genetic analysis is 
performed. In such cases, the amplification of genetic markers of genomic DNA 
becomes difficult and unfeasible due to degradation of nucleic acids. In such cases, 
mitochondrial DNA is a useful alternative as it is used as supporting evidence for 
identification of maternal relationship. Its characteristics like resistance to degra-
dation and high number of copies per cell helps in obtaining a high yield. Some 
published literature suggests that recovery of DNA is feasible at high temperature 
as high as 300ºC and even mtDNA can be detected. But to be a certain, mtDNA 
typing is necessary to help in forensic investigations [1-3]. Therefore, the aim of 
the study is to perform mitochondrial DNA typing from incinerated tooth samples 
where results obtained from nuclear DNA profiling is either partial or non-reliable.

Material studied, methods, techniques

Sample collection and preparation 
The study was approved by Ethical Sub Committee with ref no. 

IECPG-127/24.02.2022 by All India Institute of Medical Sciences, New Delhi, India. 
A total of 30 molar tooth samples, (n=30), where 3 tooth samples were collect-
ed from each subject by obtaining informed consent from their immediate family 
members and relatives before the autopsies at the Department of Forensic Medi-
cine and Toxicology, AIIMS, New Delhi. These samples were exposed to high tem-
peratures from 100-300ºC, respectively, by using muffle furnace for 15mins each 
and were stored at room temperature.

Pre-processing of samples
After incinerating all the tooth samples, each sample was pulverised into 

fine powder by using Tissue Lyser (Qiagen). 0.5mg of each sample was taken and 
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transferred into a fresh tube of 1.5mL. The samples were decalcified by using 0.5M 
EDTA and were incubated at 56ºC at 800rpm for 12hrs till the completion of 72 hrs. 

DNA extraction and Isolation
To the samples, 500µL of lysis buffer (2% CTAB (20 g), 2.56 NaCl, 20mM 

EDTA, 0.1M Tris-HCl (pH to 8.0) was added along with the 50µL of 20mg/ml pro-
teinase k. Proteinase k was added in intervals of 24hrs. The samples were kept in 
dry bath for incubation at 56ºC for 48 hrs at 10,000 rpm. The organic extraction 
was performed where phenol, chloroform, and isoamyl alcohol were used in the ra-
tio of 25:24:1. The samples were precipitated by using 3M sodium acetate (pH 5.5) 
and equal volumes of isopropyl alcohol, followed by washing with 70% ethanol. The 
DNA samples were eluted in 20µL of 1X TE buffer. All DNA samples were stored at 
-20ºC till further processing.

Qualitative and Quantitative Analysis
DNA quality was estimated from a 1% agarose gel. The absolute yield of ex-

tracted DNA was quantified by using a Nanodrop 1000 spectrophotometer (Thermo 
Fischer). The quantity of DNA samples was between 110-600ng/µL, and absorbance 
quotient (Q) was between 1.7-2 which were considered pure and further processed 
for PCR.

Multiplex PCR for STR profiling
STR profiling was performed by using the AmpFLSTRtm Identifilertm Plus 

PCR Amplification kit (Applied Biosystems, USA) according the manufacturer’s 
protocol. DNA genotyping was carried out on a 3500xL Genetic Analyzer (Applied 
Biosystems, USA) using POP 4 and analyses of the generated autosomal STR pro-
files were performed using Gene Mapper HID Software Version 1.5

Mitochondrial DNA Sequencing
The same samples were amplified using 10 primer pairs for the control re-

gion of mitochondrial DNA from published literature [4]. The amplicons and 50 
bps DNA marker (SMOBIO) were visualised on a 2% agarose gel to estimate the 
intensity of the amplification as shown in Fig. 1.
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Fig 1: 2% agarose gel showing amplicons of tooth samples

PCR products were cleaned by using ExoSAP-IT (Thermo Fisher, USA) and se-
quenced using standardized protocols of Sanger Sequencing using Big Dye Termi-
nator sequencing reagents (Version 3.1, Applied Biosystems). Sequencing reaction 
products were purified from residual dye terminators using Big Dye Xterminator 
purification kit, according to the manufacturer’s manual. DNA sequencing was car-
ried out on a 3500xL Genetic Analyzer (Applied Biosystems) and sequences were 
analysed using Sequencing Analysis Version 6.0 (Applied Biosystems). Further, 
haplotypes were determined from the sequences generated by Seqscape version 
3.0. (Applied Biosystems) which aligned the sample sequences with the reference 
sequence, rCRS. The haplogroups were obtained for all the samples from EMPOP 
database [5].

Results

All 30 tooth samples (n=30) were extracted successfully which were incinerated 
at high temperatures at 15mins. Samples incinerated at 100ºC has the estimated 
quantity of DNA of 5.2-6.10 ng/µL with the average quantity 5.3ng/µL with which 
STR profiling was successful. Similarly, the quantity of DNA in samples incinerated 
at 200ºC was 3.10-4.50 ng/µL with an average quantity was 3.30ng/µL indicating a 
slight decrease in DNA quantity. Despites the low quantity, a complete STR profile 
was observed. But in samples incinerated at 300ºC, DNA quantity observed was 
0.89-1.10 ng/µL. Due to reduced quantity of DNA, there was a slight decrease in 
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the number of amplified loci indicating further degradation or loss of DNA quality 
over high temperature showing significant dropouts with no detectable alleles in 
most samples.

Fig 2: STR profile at 100ºC, 200ºC and 300ºC from the same subject

Mitochondrial DNA typing was performed in all the samples to assess the utility of 
mtDNA analysis in samples where STR profiling was unsuccessful. All sequences 
showed the acceptable quality of sequences with appropriate base calling and peak 
height.
All samples (n=30) were successfully typed for mtDNA, revealing different hap-
logroups, including A11, N70, L3f1a1, M40a1, and N5. These haplogroups were 
identified based on the presence of specific mutations by using EMPOP database. 
A detailed analysis of haplotypes showed that each sample had a distinct set of mu-
tations, with common mutations such as 73G, 263G, 310C, 315.1C, 16223T, and 
16519C.

The results demonstrate that while STR profiling was largely unsuccessful 
due to the degradation of nuclear DNA, mtDNA typing provided reliable and con-
sistent results. This suggests that mtDNA analysis is a more robust method for 
genetic profiling in cases where samples are recovered in cases of mass disaster and 
explosions, which often leads to significant DNA degradation. 
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Discussion

The results of this study align with previous research, reinforcing the utility of mi-
tochondrial DNA (mtDNA) in forensic identification, especially in challenging and 
degrading conditions like high temperatures. Data from published literature demon-
strates that mtDNA is more resilient to thermal degradation than nuclear DNA, mak-
ing it a reliable alternative when short tandem repeat (STR) profiling is compro-
mised as DNA molecules are fragmented [1]. Similarly, in another study highlighted 
the importance of mtDNA analysis in forensic cases involving burnt remains, as it 
remains intact and can be amplified even in severely degraded samples [3].

In this study, STR profiles were complete in samples incinerated at 100°C 
and 200°C, consistent with findings by [2], who observed that nuclear DNA starts 
degrading significantly at higher temperatures. However, samples incinerated at 
300°C exhibited partial profiles, reducing the efficacy of nuclear DNA typing as 
increased thermal exposure increases. Despite this, mtDNA amplification and se-
quencing were successful across all temperature conditions, underscoring the ro-
bustness of mtDNA in extreme environments.

Conclusion

This study concludes that mitochondrial DNA can be recovered and sequenced from 
incinerated samples exposed to high temperatures, especially in cases where results 
obtained from STR profiling are either partial or unreliable for identification purposes.
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Abstract
1. Objectives
In the field of image analysis, artificial intelligence, particularly using deep neural networks 
(DNNs), has shown significant effectiveness. These networks, trained on large collections of ca-
tegorized image data, achieve high accuracy, for example, in detecting and identifying objects 
within digital images of microscopic samples.
This advancement holds particular importance in forensic investigations related to suspected 
sexual offenses, where analyzing Rape Kits and other evidence for the presence of sperm is a 
standard procedure. Traditionally, forensic labs rely on manual microscopy, a process that is both 
time-consuming and labor-intensive, requiring the expertise of specially trained personnel. The 
manual approach contributes significantly to backlogs in case processing due to its demands on 
time and resources.
2. Material and Methods
To address these issues, we have developed an automated workflow leveraging two DNNs trained 
for sperm detection and classification, aimed at streamlining the analysis of trace evidence. The-
se networks were trained on forensic specimens prepared using common staining techniques, 
including “Christmas Tree” stain, Baecchi stain, and H&E, through supervised learning.
3. Results and Conclusions
Internal examinations using Baecchi-stained samples from a standard forensic laboratory de-
monstrated a detection sensitivity of 98.7% and a classification accuracy of 98.4%. A direct com-
parison of manual evaluation methods and DNN-based automatic microscopy on 80 specimens 
in a European forensic laboratory showed that 10 cases, previously identified as negative through 
manual microscopy, were positive.
These results indicate that our AI-enhanced method for identifying sperm on microscopic slides 
presents a viable option for decreasing the time and resources required by conventional micros-
copy. This, in turn, could help alleviate the backlog problem faced by forensic laboratories.
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Introduction

Manual microscopy, long regarded as the gold standard for forensic sperm detec-
tion, presents several notable shortcomings that can hinder the efficiency of foren-
sic investigations. This method requires significant time and specialized expertise, 
as trained forensic analysts must visually inspect samples under a microscope to 
identify spermatozoa. The process is labor-intensive and prone to human error due 
to factors such as fatigue, subjectivity, and variability in training among personnel.

The reliance on manual microscopy in forensic laboratories is likely one of 
the key factors contributing to delays in case resolution, particularly in the analysis 
of sexual offense cases. As case volumes increase, so does the burden on forensic ex-
perts, exacerbating delays in the criminal justice system. The extensive time need-
ed to analyze slides manually means that each case adds to the accumulation of 
unsolved cases, creating backlogs that can take months or even years to resolve [1].

Automation of imaging offers a potential solution to this challenge. Auto-
mated systems are capable of processing large volumes of samples with speed and 
precision, minimizing human error while dramatically reducing the time required 
for analysis. In the field of image analysis, the application of artificial intelligence, 
particularly using deep neural networks (DNNs), has demonstrated remarkable ef-
ficacy [2].

We employed a commercially available microscope-based imaging software, 
Metafer (MetaSystems, Germany), which supports the integration of DNNs into its 
scanning workflow [see Fig. 1]. Leveraging this platform, we developed an auto-
mated process incorporating two DNNs specifically trained for sperm detection and 
classification, aimed at enhancing trace evidence analysis. These networks were 
trained through supervised learning using forensic samples prepared with common 
staining techniques, including Nuclear Fast Red/picroindigocarmine (“Christmas 
Tree”), acid fuchsine/methylene blue (“Baecchi”), and hematoxylin/eosin (H&E) 
stains. Our workflow features two distinct DNNs: one for object detection and the 
other for object classification. During the scanning process, Metafer applies both 
networks to generate object images and outputs a classification score, indicating 
the level of similarity with true sperm cells from the training data set.
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Fig. 1: Installation of Metafer for forensic sperm detection. Left of the microscope, the robotic 
SlideFeeder x80 device allows for enhancing the capacity of the scanning installation to up to 

800 slides per run.

Material studied, methods, techniques

Scanning Software and Integrated Hardware
Automated imaging was conducted using the Metafer slide-scanning soft-

ware (MetaSystems, Altlussheim, Germany). This commercially available solution 
integrates a motorized microscope (AxioImager Z2, Carl Zeiss, Jena, Germany) 
equipped with transmitted light LED illumination, a motorized X/Y scanning 
stage (Maerzhaeuser, Wetzlar, Germany), an ultra-high-resolution color camera 
(CoolCube 4Pc; MetaSystems, Altlussheim, Germany), and a Windows™-based PC 
(DELL, Langen, Germany) running the Metafer software. 

The software directly controls various hardware components, such as the 
microscope’s focusing motor, objective turret, and motorized stage. Slide-scanning 
and automated image assessment parameters were configured based on the exper-
iment’s requirements by selecting the appropriate settings file (classifiers) in the 
Metafer software. These classifiers define key parameters for image acquisition, 
such as the number of captured fields per sample, magnification, and more. Addi-
tionally, classifiers enable the specification of the DNNs used for object detection 
and classification.

To generate DNN training images and for the imaging process itself, we se-
lected the EC Plan-Neofluar 20x/0.50 M27 microscope objective (Carl Zeiss, Jena, 
Germany) as the most suitable option.

The capacity of the scanning installation ranges from 8 regular microscope 
slides per run to up to 800 slides per run, if an optional SlideFeeder x80 for auto-
mated exchange of slide frames is added to the installation [see Fig. 1].
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DNN Development
We employed supervised learning to train the deep neural networks (DNNs) 

used in the sperm detection workflow. In this process, DNNs learn from example 
images that have been labeled by forensic experts. During training, the DNN opti-
mizes its predictions by comparing its predicted labels to the actual labels provided 
by the expert (the “ground truth”). This supervised learning approach allows for 
continuous monitoring of the DNN’s training progress. Upon completion of train-
ing, the DNN was tested on a set of previously unseen images (approximately 5% of 
the dataset), which had been set aside before training.

A dedicated DNN, specifically trained for spermatozoa detection, identifies 
potential sperm cells. This network was designed with a high sensitivity to min-
imize the risk of missing spermatozoa. As a result, it also detects several back-
ground objects that resemble spermatozoa. These objects appear in the image 
gallery but typically receive a low score from a subsequent DNN, which performs 
further classification. The detection network was trained on approximately 20,000 
objects derived from over 2,000 fields of view (FOV).

A second DNN, responsible for classifying spermatozoa among the objects 
detected by the first DNN, was trained on nearly 80,000 objects from around 350 
original slides stained with “Christmas Tree” stain (approximately 63%), “Baecchi” 
stain (28%), and H&E stain (9%). This classification DNN evaluates the detected 
objects and categorizes them into two groups: (1) potentially sperm-cell-negative 
and (2) potentially sperm-cell-positive. It assigns a score to each object, indicating 
the similarity to the training data of each of the two categories, and organizes the 
image gallery accordingly. All detected objects, even those with low scores, are in-
cluded in the results gallery for expert review via the Metafer software.

Both DNNs are seamlessly integrated into the imaging process, with evalua-
tion occurring in real time as the software scans the slides.

Results

The proposed workflow consists of the automated digitization of standard forensic 
samples for sperm detection with the help of the slide scanning software installa-
tion. During the scanning procedure, a DNN for object detection identifies sperma-
tozoa-like objects and marks their positions. A second DNN, intended to classify the 
objects, records the similarity of the object to the training data of the target classes, 
namely (1) potentially sperm-cell-negative and (b) potentially sperm-cell-positive. 
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An image of each object is taken by the scanning software, and its position on the 
slide is recorded. After the scan, a gallery of all objects is presented and sorted by 
the classification score for potentially sperm-cell-positive objects.

The performance of our DNN-based sperm detection workflow was evaluated 
using a dataset of Baecchi-stained samples collected from a standard forensic lab-
oratory. The DNNs were trained and tested under supervised learning conditions 
(see above), leading to the following findings:

• Detection Accuracy and Sensitivity: In our internal tests, the sperm de-
tection DNN achieved a sensitivity of 98.7% and an accuracy of 13.6%. 
The high sensitivity underscores the model’s effectiveness in identifying 
sperm cells in stained microscopic images, while the relatively low accu-
racy is designed to minimize the occurrence of false-negative results.

• Classification Accuracy and Sensitivity: The classification DNN, which 
is tasked with categorizing the detected objects, achieved an accuracy 
of 91.9% and a sensitivity of 98.4% in our internal tests. This level of 
accuracy demonstrates the DNN’s capability to distinguish between po-
tentially sperm-positive and sperm-negative objects effectively.

Discussion

Microscope-based detection of spermatozoa in forensic samples, such as those from 
Rape Kits or other trace evidence, remains a critical component in the prosecution 
of sexual assault cases. However, the time-consuming and labor-intensive nature of 
this procedure, coupled with the increasing backlog in forensic laboratories world-
wide, has led to numerous attempts to streamline this step. Alternative methods 
such as PCR [1], specialized fluorescence markers [2], and even cell phone-based 
techniques [3] have been explored.

Our objective was to accelerate the sperm detection process in forensic 
laboratories while maintaining the established method of microscopy. To achieve 
this, we developed an automated imaging workflow for the detection and classifica-
tion of spermatozoa using a microscope. This workflow was deliberately designed 
around standard forensic samples stained with widely accepted techniques, thereby 
eliminating the need for specialized sample preparation. The system utilizes com-
mercially available slide scanning software and incorporates Deep Neural Networks 
(DNNs) for both detection and classification of spermatozoa.
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The workflow integrates two DNNs with automated microscope imaging 
software, enhancing the efficiency of the microscopy process in forensic labs. It 
generates a gallery of detected and classified objects, ranked by their likelihood 
of being sperm cells, thus providing forensic experts with a comprehensive, ma-
chine-generated output for rapid on-screen verification. Additionally, the system 
preserves the captured image fields, facilitating enhanced documentation.

Conclusion

While the performance of our DNN-based workflow is influenced by the quality 
of the samples, with validation remaining the responsibility of individual labora-
tories, our internal evaluations using routine “Baecchi”-stained forensic samples 
have demonstrated high sensitivity and accuracy in DNN-based sperm detection. 
These results are further supported by reports from laboratories that have tested or 
adopted the workflow into their standard practices. For example, a European lab-
oratory conducted a direct comparison between manual sperm detection methods 
and our DNN-based workflow on 80 slides from their routine workload. The DNN 
workflow successfully identified 9 samples that had been mistakenly classified as 
negative but actually contained spermatozoa (data unpublished). This aligns with 
findings from other institutes, as presented in digital posters at the ISFG 2024 
conference in Santiago de Compostela, Spain, in September 2024.
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Abstract
DNA mixtures are routinely used to identify donors of biological samples obtained from crime 
scenes. If one or more persons of interest are available in a case, the DNA profile obtained from 
the crime scene evidence can be interpreted using probabilistic genotyping software to calculate 
the weight of evidence (WoE).
The differences in likelihood ratios (LR) between the probabilistic genotyping software EuroFor-
Mix [1] and STRmix™ [2] were examined on 50 two- and three- contributor mixtures, selected 
from the PROVEDIt dataset [3]. 
In most cases the two SW are aligned and the difference between the two LR values   falls within 
two orders of magnitude.
In addition, a relative of the Person of Interest (POI) was studied as an alternative donor in the 
denominator proposition to highlight how the two SW evaluate the effect of kinship on the re-
lative LR values.

Keywords
Probabilistic genotyping, DNA mixtures, EuroForMix, STRmix™

Introduction

The use of probabilistic genotyping (PGS) software to calculate the likelihood ratio 
(LR) has become widespread for studying mixed genetic profiles of variable and 
increasing complexity.
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At this point it is undisputed that continuous software is the best performing 
method for studying mixtures, especially those in which the ratio of contributors is 
unbalanced, even if there is no single or best mathematical model, nor consequent-
ly an absolutely “correct” value of the LR relating to a given mixture. 

In any case, it is important that the value of the calculated LR is solid and 
reliable, especially if it is reported in court.

The aim of the present work was to compare the LR values   obtained with two 
different types of continous software (SW), EuroForMix (EFM) (v. 3.3.4 – 4.0.8) and 
STRmix™ (v. 2.9.1 - 2.11), which use different mathematical models, as suggested 
by the report of the President’s Council of Advisors on Science and technology, 
PCAST [4]. In this report, PCAST   argued that the comparison should be done by 
independent groups (i.e., not the software developers). 

We believe that our study goes exactly in this direction.

Material studied, methods, techniques

We selected 50 mixtures from the PROVEDIt dataset, 30 mixtures with 2 contrib-
utors (2 PM) and 20 with 3 contributors (3 PM), with various mixture ratios (MR) 
(1:1, 1:2, 1:4, 1:9, 1:1:1, 1:2:2, 1:9:1 and 1:9:9), degradation (with Quality Index 
varying from LAND, i.e. Large Autosomal Not Detected, to 10.9), and DNA input 
(from 0.030 ng/ul to 0.750 ng/ul). 

We calculated the LR for each contributor for 4 pairs of hypotheses [of the 
H1/H2 type]: the LRbase with the base hypothesis,

LRbase = H1/ H2 = (POI+U)/=(U+U)     for 2PM; 
or LRbase= H1/ H2 = (POI+U)/(U+U+U)    for 3PM;

and three LRsFam, replacing an unknown person in H2 with a relative of the 
POI (father/son or sibilings or cousin):

The calculations were performed with different software versions because they 
were executed at different times (EFM v. 3.3.4 – 4.0.8 and STRmix™ v. 2.9.1 - 2.11).

The comparison was made between the Log10LR(MLE) values   of EFM and 
the Log10LR-Lower HPD values   of STRmix™. 

The allele frequencies of the Italian population and the Fst-correction value 
set to 0.01 were used. The other setting parameters have been left at their default 
value. Dye-specific analytical thresholds (AT) validated within our laboratory were 
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applied to the raw data (lower threshold called “LT-DNA”). A fixed NOC was used 
since the ground truth of the mixtures was known. For three mixtures (points 13 
and 14, 29 and 30 and 43 of Fig. 1) the calculation was performed applying a higher 
AT threshold (called “cDNA”), for technical reasons (essentially for the high num-
ber of extra allele peaks that appeared applying the LT-DNA threshold).

The Log10(LR) values   obtained with the two SW were compared with each 
other and then also compared to three parameters: the number of drop-out, the 
DNA input, and degradation, in order to study and highlight the possible impact of 
these on the different calculation methods.

Results

From the analysis of the obtained results, it was possible to highlight a good agree-
ment in the majority of the analysed mixtures, especially in the case of 3PM, with a 
maximum total average variation of the log10LRbase (ΔLRaverage) of 0.97, compared 
to the 2PM, with ΔLRaverage of 1.77 (see Tables 1). 

The 2PM 1:1 are the mixtures with the greatest variance in the log10LRbase, 
with ΔLRbase equal to 2.43 (see Tables 1).

Table 1: Values   of the average variation of log10LR (ΔLR) for the 4 groups of 2PM mixtures 
(with MR 1:1, 1:2, 1:4 and 1:9) and 4 groups of 3PM mixtures (with MR 1:1:1, 1:2:2, 1:9:1 and 

1:9:9) and total average variation in log10LR (ΔLRaverage) for the four hypotheses formulated for 
the calculation of LR (LRbase, LRcousin, LRparents and LRsiblings).

 ΔLRBase  ΔLRcousin   ΔLRparents   ΔLRsiblings

2PM - MR 1:1 2,43 2,36 2,02 1,62
2PM - MR 1:2 1,40 1,05 0,67 0,44
2PM - MR 1:4 2,20 1,57 1,44 0,81
2PM - MR 1:9 1,05 0,86 0,76 0,45

ΔLRav erage 1,77 1,46 1,22 0,83
 3PM - MR 1:1:1 0,57 0,46 0,35 0,34
 3PM - MR 1:2:2 1,46 1,17 0,88 0,86
 3PM - MR 1:9:1 0,78 0,43 0,61 0,25
 3PM - MR 1:9:9 1,08 1,01 0,87 0,75

ΔLRav erage 0,97 0,77 0,68 0,55
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It was observed that both 2PM and 3PM ΔLR values decreased with the increase in 
genetic similarity between POI and the considered relative (genetically speaking 
siblings are more similar than cousins) (see Tables 1), suggesting a greater align-
ment of the performance of the two types of software in the calculation of this 
familiar LR.

The Log10(LR) values relating to the basic hypothesis for the 2PM and the 
3PM, obtained with the EFM and STRmix SW, are shown in the two plots (see Figs. 
1 and 2). Similar trends were obtained for the other three hypotheses (LRsFAM).

Figs. 1-2: LRbase values     (log10 scale) computed for the same mixture/single contributor sample 
pairs, with two (left plot-Fig.1) and three (right plot-Fig.2) contributors in EuroForMix (blue 

square and green circle) and STRmix™ (red triangle and fuchsia diamond). 
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The STRmix™ SW returns a total LR equal to 0 in cases where one or more specific 
locus LR are equal to zero (for three mixtures in this study with the application 
of the LT-DNA threshold– data not shown), due to the exclusion of the genotypic 
combination request. On the contrary, the EFM SW calculates a weight of evidence 
for all the various genotypic combinations, even those that are very unlikely, always 
returning a total LR value.  

The LR values obtained with both types of SW were compared with each 
other, also in relation to the parameters number of drop-out, DNA input and deg-
radation, in order to study and highlight the possible impact of these parameters 
on the different calculation methods. From this study it emerged that while for the 
degradation and number of drop-out parameters there is a certain inverse propor-
tionality with respect to the LR values, for the DNA input quantity a trend is not 
immediately evident, instead (data not shown).

Discussion

Our study was performed to understand the variability of the LR calculation using 
the EFM and STRmix™ software. The comparison of the LR values   obtained from 
the two different continuous PG models highlights that in most cases the two SW 
are aligned, especially in the case of the 3PM, and the difference between the two 
LR values   falls within two orders of magnitude.

In EFM, some calculations carried out with the LT-DNA threshold returned 
an LR more similar to that obtained with STRmix™, but not reportable in court 
because one or both Hp and Hd Model Validations failed. On the other hand, the 
respective values   obtained with EFM using the cDNA threshold, with successful 
Hp and Hd Model Validation, were more divergent than those obtained with STR-
mix™. This is probably due to the appearance of a high number of drop-out, and to 
the disappearance of most of the stutter peaks, to which STRmix seems to be more 
sensitive, especially in the case of the minor contributor.

In our opinion, the differences in the high LR values   returned by the two 
SW may not cause concern to the expert geneticist, whereas when the LR values   
are relatively low (e.g. lower than 10^6 or 10^4), much more caution and a more 
in-depth investigation should be reserved.

Currently, the most divergent results (4/50 mixtures) are the subject of fur-
ther studies, in order to better identify the possible reasons for these differences. The 
comparison study described here is also being extended to mixtures from real cases.
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Abstract
Probabilistic genotyping software based on the fully-continuous model is effective for interpre-
ting crime stain profiles. In this study, we developed a new probabilistic genotyping software 
“KongohPlus” based on a Markov chain Monte Carlo (MCMC) approach. KongohPlus is an R-
shiny package with interactive graphical user interface application. The MCMC models are writ-
ten using the Stan language, which adopts the Hamiltonian Monte Carlo algorithm as the MCMC 
method. The parameters of the MCMC are mixture proportions per contributor, degradation 
parameters per contributor, total peak height that reflects the total DNA amount, and locus-
specific amplification efficiencies. The expected allele-specific stutter ratios for back stutters, 
forward stutters, double-back stutters, and minus 2-nt stutters are determined based on the user-
prepared experimental data. All possible genotype combinations are considered in each MCMC 
step; therefore, the number of warm-up steps and sampling steps are relatively small. The Rhat 
values (also known as the Gelman-Rubin diagnostics) of the likelihood and each parameter are 
used for convergence diagnostics. 
The software KongohPlus was run as a pre-trial using some 2–4 person mixed DNA profiles typed 
by the GlobalFilerTM PCR Amplification Kit (Thermo Fisher Scientific). In the conditions that the 
number of warm-up steps is 1,200, the number of sampling steps is 300, and the number of cha-
ins is 4, the convergence diagnostics have been achieved (i.e., all Rhat values were smaller than 
1.1). The computational time was approximate 20 sec in 2-person mixtures, approximate 10 min 
in 3-person mixtures, and approximate 10 hours in 4-person mixtures. The computational time 
was expected to be significantly reduced if rare stutter types (e.g., double-back stutters) were not 
considered. We are going to perform the developmental validation of KongohPlus preparing the 
experimental profiles typed by the GlobalFiler, which is generally used for actual caseworks in 
Japan.
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Introduction

The interpretation of DNA profiles derived from mixtures with small amounts or 
degraded DNA is challenging due to difficulties in estimating mixture proportions 
and genotype combinations. Probabilistic genotyping software (PGS) based on the 
fully-continuous model is useful for interpreting these profiles by considering peak 
heights and implementing statistical models that explain stochastic effects such as 
peak height imbalance and allelic drop-out [1,2].

We previously developed the PGS “Kongoh” to analyze mixed DNA profiles 
typed by the AmpFlSTRTM IdentifilerTM Plus PCR Amplification Kit (Thermo Fish-
er Scientific, Waltham, MA) or the GlobalFilerTM PCR Amplification Kit (Thermo 
Fisher Scientific), which are used in Japan’s police laboratories [3,4]. Kongoh per-
forms a Monte Carlo simulation for deconvoluting the crime stain profile to assign 
the weights of all possible genotype combinations. However, the Monte Carlo sim-
ulation is not efficient in terms of computation and Kongoh cannot continuously 
estimate mixture proportions and degradation parameters for each contributor. In 
addition, Kongoh does not implement the allelic drop-in model.

To address these issues, we developed a new PGS “KongohPlus” based on a 
Markov chain Monte Carlo (MCMC) approach.

Materials and methods

KongohPlus was developed using R language (ver. 4.4.0). We used the Shiny package 
to build an interactive graphical user interface application. The MCMC models were 
written in the Stan codes and the CmdStanR interface was used to run the codes.

KongohPlus has 2 main functions: deconvolution of the crime stain pro-
file and assignment of the likelihood ratio (LR). In the deconvolution, the MCMC 
is performed to assign the weights of all possible genotype combinations includ-
ing the possibility of the allelic drop-out and drop-in. We used the Hamiltonian 
Monte Carlo algorithm as the MCMC method, which is adopted in the Stan. The 
parameters of the MCMC are mixture proportions per contributor, degradation  
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parameters per contributor, total peak height that reflects the total DNA amount, 
and locus-specific amplification efficiencies. These parameters are estimated con-
tinuously. The average allele-specific stutter ratios for back stutters, forward stut-
ters, double-back stutters, and minus 2-nt stutters are fixed during the MCMC and 
determined based on the user-prepared experimental data. All possible genotype 
combinations are considered in each MCMC step based on the method proposed 
by Susik et al [5]; therefore, the number of warm-up steps and sampling steps are 
relatively small. The default numbers of warm-up steps and sampling steps are set 
to 1,200 and 300, respectively. The Rhat values (also known as the Gelman-Rubin 
diagnostics [6]) of the likelihood and each MCMC parameter are used for conver-
gence diagnostics. After the deconvolution has been performed, the LR values can 
be assigned based on the deconvolution results and user-defined prosecution and 
defense hypotheses.

To determine the average allele-specific stutter ratios, 350 single-source 
profiles were prepared experimentally. DNA amounts were 1, 0.5, 0.25, 0.125, 
0.063, 0.031, and 0.016 ng (n = 50 in each). PCR amplification was performed at 30 
cycles using the GlobalFilerTM PCR Amplification Kit (Thermo Fisher Scientific). 
PCR products were then analyzed on an Applied BiosystemsTM SeqStudioTM Genetic 
Analyzer (Thermo Fisher Scientific). The obtained data were analyzed using Gen-
eMapperTM ID-X Software v1.6 (Thermo Fisher Scientific) with a detection thresh-
old of 50 RFU.

We then analyzed 2-person mixtures (n = 24), 3-person mixtures (n = 24), and 
4-person mixtures (n = 1) using KongohPlus as a pre-trial. Mixture ratios and DNA 
amounts of each mixture are shown in Table 1. For each mixed DNA profile, conver-
gence diagnostics were performed based on each deconvolution result, and LR values 
were calculated for true contributors and 100 non-contributors which were random-
ly generated according to Japanese allele frequencies [7]. The computer specifica-
tions were Windows 10 64 bit, Intel Core i9-9900K CPU, 3.6 GHz, 32 GB RAM.

Results

The LR values of true contributors tended to increase as the DNA amount of the 
person of interest (POI) increased (Fig. 1). Except for one minor contributor of the 
19:1 mixture with 0.125 ng DNA, the LR values of the true contributors were great-
er than 100,000, which can be considered as “strong support” for the proposition 
that the POI is a contributor [8].
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The LR values of non-contributors tended to decrease as the DNA amount 
of the POI increased (Fig. 1). 65.4% of the LR values for non-contributors were 
less than 10-30, and 58.7% of the LR values for non-contributors were zero because 
some observed peaks could not be explained under the proposition that the POI is 
a contributor. 0.97% of the LRs for non-contributors were greater than 1 (i.e., false 
positives), and the maximum LR was 239.

Convergence diagnostics were achieved for all experimental mixtures. All 
Rhat values for the likelihood and each MCMC parameter were less than 1.1, which 
typically indicates that the chains have likely converged. The computational time 
was approximate 20 sec in 2-person mixtures, approximate 10 min in 3-person 
mixtures, and approximate 11 hours in a 4-person mixture. The computational 
time of the 4-person mixture was reduced to 6 hours without considering dou-
ble-back stutters.

Discussion

In this study, we developed a PGS “KongohPlus” to improve the previously devel-
oped PGS “Kongoh”. We implemented the Hamiltonian Monte Carlo algorithm 
in KongohPlus to perform the MCMC, which is more efficient for estimating pa-
rameters for complex mixtures than the Monte Carlo simulation used in Kongoh. 
The implementation of MCMC resulted in a continuous estimation of mixture pro-
portions and degradation parameters for each contributor, and convergence diag-
nostics were achieved for all experimental mixtures. The computational time was 
slightly reduced especially in the 4-person mixture comparing to Kongoh (30 sec 
in 2-person mixtures, 11 min in 3-person mixtures, and 17 hours in 4-person mix-
tures [4]). Therefore, KongohPlus is useful for interpreting DNA profiles derived 
from mixtures with small amounts or degraded DNA.

In the future, we will perform the developmental validation of KongohPlus 
preparing the experimental profiles typed by the GlobalFiler, which is generally 
used for actual caseworks in Japan. KongohPlus will be released on a GitHub web 
page.
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Table
Table 1. Experimental DNA profiles

Number of contributors Mixture ratio DNA (ng)

2 1:1 1, 0.5, 0.25, 0.125

3:1

9:1

19:1

3 1:1:1 1, 0.5, 0.25, 0.125

3:2:1

9:9:2

8:1:1

4 4:3:2:1 0.25

Figure caption

Figure 1. Relationship between likelihood ratios (LRs) and DNA amounts of the person of 
interest. Blue circles represent log10(LR) values for true contributors, and red circles represent 
log10(LR) values for non-contributors. LR values < 10-30 are plotted at log10(LR) = -30. The DNA 

amount for non-contributors was taken as the minimum value among the true contributors in 
each profile.
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Abstract
This study highlights the validation of the Search dashboard within the DNA Decision Support 
Tool for casework application. The tool provides reporting officers (ROs) with valuable insights 
into actions taken and outcomes from previous DNA casework. This tool helps ROs to make 
informed decisions in current cases and enables to better substantiate their choices in the DNA 
profile interpretation process.  

Keywords
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Tool

Introduction to the DNA Decision Support Tool

Reporting officers (ROs) make key decisions throughout the process, from the in-
itial DNA profile to the final report. For example, whether to perform actions such 
as to submit or search within the criminal database, or to conduct a weight of 
evidence calculation. Additionally, ROs may choose to apply rework to enhance the 
DNA profiling result, improving the chances of successful outcomes in one of these 
actions. Examples of rework include generating additional PCR replicates, purify-
ing the DNA extract, adjusting PCR input (increasing or diluting), re-analysing the 
DNA profile using lower analytical thresholds, or employing a different STR typing 
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kit. The decisions are influenced by a combination of guidelines, available resourc-
es, expert knowledge and experience, and can impact the time spent on a case, the 
resources used, and the final reported outcome.

To our knowledge, no laboratory systematically utilises historical casework 
data to assist in these decisions. To address this gap, we have developed a DNA Deci-
sion Support Tool [1]. An overview of the components and data in the DNA decision 
support tool is shown in Fig. 1. The user interface contains various dashboards 
and this study focusses on the validation of the Search dashboard. In its current 
version (July 2024), the tool allows users to upload an initial casework DNA profile, 
automatically assign a profile category (e.g. “singular profile”), search for profiles 
with similar characteristics (e.g. peak height, allele count, degradation slope), and 
review the actions taken on these similar profiles and their outcomes in previous 
cases. Additionally, it estimates the number of additional peaks that could be ob-
tained if the initial profile would be analysed using lower analytical thresholds, 
which can help in deciding whether or not to use this type of rework.

Fig. 1. Overview of the components of the DNA Decision support tool.
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Validation results

Validation of the Search dashboard demonstrated that similar profiles are obtained, 
and actions, rework and outcomes are shown. The study approved amongst others 
reproducibility, repeatability, precision (correct information is shown and – when 
searching for similar profiles - the uploaded profile is ranked first with 100% sim-
ilarity), monster tracking (database is up to date with freshly generated data from 
the day before), applicability of the software (tool applies to PowerPlex Fusion 6C 
profiles generated within our institute), accessibility of the software (only accessi-
ble to persons who are allowed to access casework data), inclusion of automated 
software tests (quality control of the database), robustness test (simultaneous use 
of the tool by multiple users is possible). Two features were examined in further 
detail:

1) DNA profile categories
Based on the expected action with a profile, ten profile categories were de-

fined (Table 1A). Categories were automatically assigned to DNA profiles in the 
database based on their profile characteristics (Table 1B). Table 1C shows the dis-
tribution of previous casework data per category and rework performed. Manually 
assigned profile categories were compared to the automatically assigned categories 
(Table 1D).

Results show that most profiles fall into their expected category (>85%, 
except category 7, Table 1D) and follow the expected trends for e.g. rework and 
database submission. For instance, categories 2, 6 and 8 with a low template com-
ponent were, expectedly, most often subjected to rework. 
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No (major) No (major)
No/Yes 

(minor(s))
Yes 

(minor(s))

Inference major No No Only if some 
minor peaks

No Yes Yes No No No No

Yes (major)
No 

(minor(s))
LR based DB search No Yes/No Yes Yes Yes Yes Yes Yes Yes No

Yes (major)
No 

TopDown approach for WoE No No No No No Possibly No No Yes No

PCR input (uL) 7.5 (max)
Maximum allele count (MAC) 2-4 b 3-5 ≥3 5-9 4-9 ≥6 b ≥10 b

Total allele count (TAC) ≤5 ≤46 ≥65 b ≥110 b

TAC+TAC subthreshold ≤10 or ≥80 ≤50 or ≥100
TAC subthreshold ≤5 ≤5 ≥5 ≤9 ≥5
Number of contributors (estimated) 1-2 1 b 2 2-3 ≥2 3-4 2-4 ≥3 b ≥5 b

All Peaks >stochastic threshold (ST) FALSE
Avg. Peak height >ST FALSE FALSE b TRUE TRUE TRUE FALSE
#Type I loci (based on LoCIM d) 0-10 ≤6 ≤5 ≤6
#Type III loci (based on LoCIM) 0-8 ≥10 ≤8 ≤12 ≥8 ≥8
#inferred alleles 20-47 20-47 ≥20
#remaining peaks after inference 0-15 ≥10 ≥3
Degradation slope ≥0.6 ≥0.7
#locus drop-outs (autosomal) 18-23 ≤20 b 0-5 0 0 0-2 0-2 0-2

1637 14174 23721 503 2724 8878 826 7856 946 365
3% 22% 37% 1% 4% 14% 1% 12% 1% 1%
128 2133 1046 6 120 790 26 1607 36 4
2% 33% 16% 0% 2% 12% 0% 25% 1% 0%

D Assigned category as expected 
(subset manually examined)

100% 95% 100% 90% 86% 100% 16% 95% 90% 90%

d LoCIM information in Benschop et al. Forensic Sci. Int. Genet. 11 (2014) 154-165.

Yes

DNA profile category and description a

Rework No Yes No No No Yes No No

No No No No

Weight of evidence (WoE) 
calculation

No Yes/No Yes Yes Yes

DNA database (DB) submission No No Yes Yes

b Category 2, 3, 9 and 10: and/or criteria for these two/three parameters. c Not all profiles are assigned to a category (5% uncategorized). 

B

C

A

Initial profiles per category c

Initial profiles (at stain 
identification level) with rework c

a Profile order as programmed: 1, 3, 2, 4, 5, 6, 8, 7, 9, 10. Profiles that meet the criteria of both category 2 and 3 will be assigned to category 3.

Yes Yes Yes No

Characteristics that define categories for PPF6C DNA profiles

Table 1. Overview of the ten profile categories. A) Expected actions per category. B) 
Characteristics that define categories. C) Number and percentage of casework profiles per 
category and for which rework was performed. D) Percentage of profiles for which manual 

assessment and automated classification yielded the same profile category.

2) Number of subthreshold peaks
Raw DNA profiles are automatically reanalysed using lower analytical thresh-

olds. Automated and manual analysis were compared and show similar trends for 
the subthreshold maximum and total allele count (data not shown). Discrepancies 
are explained based on the data (software version, file availability, etc.). 

Conclusions & future work

The Search dashboard of the DNA Decision Support Tool was found valid as a use-
ful resource for gaining insight into current DNA profiles and previous casework. 
The profile categories assigned to each DNA profile can be used as a predictor for 
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the appropriate action to take. Additionally, the automatically displayed num-
ber of expected subthreshold peaks provides useful information for determining 
whether re-analysis with lower analytical thresholds would be beneficial.

This tool allows for a more data-driven approach to DNA profile interpreta-
tion, ensuring efficient and optimal use of available resources.

Future development of the DNA Decision Support Tool will focus on pre-
dicting success rates of rework for actions such as DNA database submission. The 
tool, along with the underlying database, also facilitates research inquiries aimed 
at monitoring, optimising or automating laboratory processes.
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Abstract
Bio-geographical ancestry (BGA) inference provides valuable information to guide investigators 
when there is no database hit, or no suspects are available for comparison. This approach is usua-
lly carried out through the analysis of panels that collect different ancestry informative markers 
(AIMs), centering on SNPs, but also including microhaplotypes or InDels, as markers showing 
different allele frequencies between populations.
This study aims to explore BGA informativeness for the different STR kits available for human 
identification (HID), including CE and MPS panels. We explore the degree of differentiation at 
continental level achieved by the panels, using the HGDP-CEPH panel as sample set, and perfor-
med a comparative evaluation of the results to understand their limitations as an initial appro-
ximation to BGA, in situations where it is necessary to avoid sample depletion, or all DNA has 
been used.

Keywords
Bio-geographical ancestry, STRs, structure, HID panel

Introduction

The use of STRs for biogeographical ancestry (BGA) analysis is limited due to their 
higher mutation rate and degree of polymorphism, despite being the standard 
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markers in the forensic genetics field. Nowadays, the arrival of massively parallel 
sequencing (MPS) and increasingly sophisticated capillary electrophoresis (CE) 
systems enable larger STR multiplexing capabilities, providing greater discrimi-
natory power and informativeness.

We consider the use of the above kits for a dual purpose: human individual 
identification (HID) and an initial approximation to a continental BGA, which can 
help avoid sample depletion from multiple analyses, or when all DNA has been 
used and only STR profiles are available. Moreover, STRs - as multiallelic markers 
- are easier to deconvolute in comparison to AIM-SNPs, prompting the possibility 
of BGA inference of the major and minor components in simple DNA mixtures. 
Therefore, this study aims to explore BGA informativeness for different STR com-
mercial kits available for human identification, including CE and MPS panels. 

Material studied, methods, techniques

Dataset generation
Genotypes from 578 HGDP-CEPH panel individuals, corresponding to 

five major biogeographical regions and aiming to exemplify the global variation 
of the human populations at a continental level, including 103 SubSaharan Afri-
cans (AFR), 158 Europeans (EUR), 226 East Asians (EAS), 27 Oceanians (OCE) and 
64 Native Americans (NAM); were gathered from previous works [1–3]one of the 
most widely used forensic STR multiplexes, plus five recently introduced European 
Standard Set (ESS in the case of STRs and whole genome sequencing public data 
[4]and relationships between, different populations. We present 929 high-coverage 
genome sequences from 54 diverse human populations, 26 of which are physically 
phased using linked-read sequencing. Analyses of these genomes reveal an excess 
of previously undocumented common genetic variation private to southern Africa, 
central Africa, Oceania, and the Americas, but an absence of such variants fixed 
between major geographical regions. We also find deep and gradual population 
separations within Africa, contrasting population size histories between hunt-
er-gatherer and agriculturalist groups in the past 10,000 years, and a contrast be-
tween single Neanderthal but multiple Denisovan source populations contributing 
to present-day human populations.”,”container-title”:”Science”,”DOI”:”10.1126/
science.aay5012”,”issue”:”6484”,”note”:”publisher: American Association for the 
Advancement of Science”,”page”:”eaay5012”,”source”:”science.org (Atypon in the 
case of SNPs.
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A total of six different panels were considered (Table 1), containing the rep-
resentative set of markers from different MPS and CE HID commercial kits. 

Table1: Generated panels, including their designation code, the commercial name of the kit, 
the type of sequencing technology, and the total number of autosomal markers.

Panel Kit commercial name Technology Number of markers

A ForenSeq SignaturePrep MPS 121 (27 STRs+94 SNPs)

B Precision ID GlobalFiler NGS STR Panel V2 MPS 30 STRs

C IDseek OmniSTR MPS 28 STRs

D ForenSeq MainstAY MPS 27 STRs

E PowerSeq 46GY System MPS 22 STRs

F GlobalFiler PCR Amplification kit CE 21 STRs

Population structure analysis
The different panels were uniformly processed using the systematic Bayes-

ian clustering approach STRUCTURE v.2.3.3 [5]each of which is characterized by 
a set of allele frequencies at each locus. Individuals in the sample are assigned 
(probabilistically. For each panel, a total of 5 iterations at K=5 were performed with 
100,000 burnin steps and 100,000 MCM steps, with correlated allele frequencies 
under the Admixture model and the no POPFLAG option. Ancestry membership 
proportion plots were constructed using CLUMPAK through the StructureSelector 
website [6,7].

Data processing was carried out in the RStudio (v.4.3.2) environment, with 
“dplyr” and “tidyr” packages, and common spreadsheets. During this stage, indi-
viduals with missing values at any marker were excluded to avoid bias and ensure 
consistency of the results.

Results and discussion

Figure  1 represents ancestry membership proportion plots generated using the 
STRUCTURE + StructureSelector pipeline for each panel, sorted in decreasing 
number of autosomal markers. The analysis of HID kits with a larger number of 
markers has a beneficial effect in distinguishing between continental clusters, 
highlighting the effect of the 94 HID-SNPs in panel A. A greater level of noise in 
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the clusters is observed when the number of markers drops below thirty, and this 
decline becomes more appreciable as the number of markers decreases.

Figure 1: STRUCTURE + StructureSelector analyses obtained at K=5 for each of the panels 
used in the study, shown in decreasing number of markers. Clusters are colored according to 

Rosenberg et al. 2002 [8].

From the co-ancestry values obtained, two different criteria for ancestry as-
signment were considered: (i) the individuals belong to a certain population if their 
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membership coefficient exceeds or equals the 0.8 threshold (>0.8), and (ii) the 
individuals belong to the population showing the highest membership coefficient 
(major). Results from both classifications are shown on Table 2, listing percentages 
of correctly classified individuals under both conditions.

Table 2: Percentage of correct classification rates for each panel based on two criteria: (>0.8) 
percentage of individuals with an accurate group membership coefficient greater than 0.8 

and (major) percentage of individuals where the major membership component corresponds 
to their actual population group. x̅ : mean percentage of correct classification values across 

populations.

Panel Criteria AFR EUR EAS OCE NAM x̅

A
>0.8 97.83% 88.81% 93.09% 92.31% 83.72% 91.15%

major 100.00% 99.30% 99.47% 100.00% 97.67% 99.29%

B
>0.8 96.15% 87.97% 79.23% 100.00% 96.67% 92.01%

major 100.00% 98.50% 94.54% 100.00% 100.00% 98.61%

C
>0.8 93.10% 80.31% 67.20% 100.00% 97.14% 87.55%

major 100.00% 92.13% 89.25% 100.00% 97.14% 95.70%

D
>0.8 92.05% 81.89% 65.59% 100.00% 97.14% 87.33%

major 98.86% 96.85% 87.63% 100.00% 97.14% 96.10%

E
>0.8 92.47% 68.28% 49.00% 100.00% 89.47% 79.84%

major 98.92% 89.66% 79.00% 100.00% 97.37% 92.99%

F
>0.8 83.16% 62.76% 33.65% 81.82% 87.80% 69.84%

major 98.95% 85.52% 62.50% 100.00% 97.56% 88.91%

The ForenSeq Signature Prep kit (A) features the highest number of mark-
ers, a total of 121 (27 autosomal STRs and 94 SNPs) and yields the most optimal 
results. When applying the 0.8 threshold, the best outcomes are seen in African, 
East Asian, and Oceanian populations, with the lowest performance observed in 
Native Americans. In terms of the highest membership coefficient, both Africa and 
Oceania stand out with a 100% of accurate classifications, a finding that was also 
replicated in other analysed kits.

The Precision ID GlobalFiler NGS STR Panel V2 (B) ranks second in number 
of markers, with a total of 30 autosomal STRs. For both criteria, the best results are 
found in African, Oceanian and Native American populations.
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In third place, with 28 autosomal STRs, the NimaGen OmniSTR kit (C) fol-
lows the previously established trend of better performance for African, Oceanian, 
and Native American populations under both criteria. However, it shows weaker 
results for Europe and East Asia, where assignment consistency begins to decline.

ForenSeq MainStAY kit (D) comprises 27 autosomal STRs. Similar to the 
NimaGen kit, it demonstrates strong classification performance for African, Oce-
anian, and Native American population data, with slightly better results for the Eu-
ropean population within the 0.8 threshold, despite sharing all markers but SE33 
with the previous panel.

The PowerSeq panel (E) contains 22 autosomal STRs, and its results follow 
the previously established classification trend, with high prediction accuracy for 
African, Oceanian, and Native American populations. In contrast, European and 
East Asian populations yield less conclusive results, particularly East Asian, where 
erroneous predictions exceed the 50% with the 0.8 threshold.

GlobalFiler CE kit (F), which includes 21 autosomal STRs, exhibits the poor-
est HID kit performance overall. While it still provides a relatively good classifica-
tion for African, Oceanian, and Native American populations, the results for Eu-
ropeans and East Asians are weaker, especially for East Asian, as previously noted.

Concluding remarks

The number of markers likely plays an additive role, with more markers leading to 
higher rates of correctly classified individuals. This underscores the advantage of 
MPS kits, which offer a higher multiplex capacity, in contrast to CE, whose capacity 
may not be robust enough for the demands of BGA inference.

African, Oceanian, and Native American populations achieved more reliable 
classification results compared to Europeans or East Asians, especially depending 
on the number of available markers. 

Nevertheless, the results shown by the largest panels indicate a certain level 
of information that can be used for inferring BGA at a continental level for investi-
gative purposes, providing that no extra sample is available and understanding its 
limitations.
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Abstract
Over the last decade, microhaplotypes (MHs) have proven to be a reliable complement or even 
an alternative to other types of genetic markers for several forensic applications, including bio-
geographical ancestry inference. In this study, we developed a new ancestry MH panel, named 
MHappaMundi, to separate 5 metapopulations (Sub-Saharan Africans, Europeans, South Asians, 
East Asians, and Native Americans). The MHs selection involved locus-by-locus AMOVA between 
each pair of population groups, using profiles from the 1000 Genomes database. The final selec-
tion included 100 ancestry MH loci comprising 298 SNPs. Panel validation involved sensitivity 
tests with DNA inputs of 0.2, 0.5, 1, and 5 ng, PCR and library preparation with full and half 
reagent volumes, and PCR with 21 and 24 cycles. All tests were performed in duplicates. Six MH 
loci failed to amplify or exhibited many sequencing errors, and were excluded from analysis. As 
for the remaining loci, using as little as 0.2 ng of DNA input and 21 PCR cycles was enough to 
consistently produce ≥100 reads per locus. 

Keywords
Microhaplotypes, MPS, NGS, biogeographical ancestry inference, forensic genetics, population 
genetics
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Introduction

Microhaplotypes (MHs) are a novel class of genetic markers, that consist in hap-
lotypes defined by two or more polymorphisms (SNPs and/or indels) within a 
fragment of less than 300 bps [1]. Several publications report the performance of 
selected and newly discovered MHs, as well as the development of panels for differ-
ent forensic purposes (see [2] and references therein for examples). However, MH 
panels for biogeographic ancestry inference are scarce and the existing ones were 
selected with the purpose of separating subpopulations within a continent [3], or 
lacked laboratory testing [4,5]. 

Our study details the development of a new ancestry informative MH panel 
named MHappaMundi. The MHs were chosen for their effectiveness in distinguish-
ing five population groups: Sub-Saharan Africans (AFR), Europeans (EUR), South 
Asians (SAS), East Asians (EAS), and Native Americans (NAM). This work involved 
a validation study where the performance of the panel was tested under different 
conditions.

Materials and methods

Selection of MH loci for the ancestry panel
The ancestry informative MHs were selected from the MicroHapDB [6], a 

database containing information for 3053 MHs (assessed on 30 September 2024). 
Genotype data from 2958 profiles from 26 populations were retrieved from the 
1000 Genomes database [7].

The populations were grouped into 5 main groups: AFR, EUR, SAS, EAS, 
and NAM. Pairwise FST values were calculated for each MH through locus-by-locus 
AMOVA in Arlequin ver 3.5.2 software [8]. A ranking of MH loci was created for each 
pair of metapopulations based on the FST values obtained. MHs with the highest 
FST were included in the final panel, ensuring similar overall FST distances be-
tween all population pairs. A total of 100 ancestry informative MHs comprising 298 
SNPs were selected. In silico panel performance was investigated by STRUCTURE 
v.2.3.4 [9] analysis with the 1000 Genomes dataset. STRUCTURE analysis was per-
formed using a burn-in of 100,000 steps and 10,000 MCMC steps applying the ad-
mixture model with correlated allele frequencies.

Methodology
Primers were designed with the online available tool Ion AmpliSeqTM De-

signer (https://ampliseq.com/; ThermoFisher Scientific, TFS, Waltham, MA, USA) 
on ‘Made-to-order’ section for fragments up to 375 bps.

https://ampliseq.com/
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Different DNA inputs (0.2, 0.5, 1, and 5 ng), PCR and library preparation 
reagent volumes [full (FV) and half volume (HV)], and number of PCR cycles (21 
and 24) were tested in duplicates using the control DNA 007. 

Libraries were manually prepared following the manufacturer’s protocol, 
and adjusting DNA input, reagent volume, and the number of PCR cycles when 
necessary. Samples were loaded onto an Ion 530™ sequencing chip (2 chips con-
taining 24 samples each in the validation study, and 2 chips containing 30 samples 
each in the population study) and sequenced on the Ion GeneStudio S5™ system 
(Thermo Fisher Scientific) using the Precision ID S5™ Sequencing Kit (Thermo 
Fisher Scientific) and Ion 530™ Chip Kits (Thermo Fisher Scientific). 

MHinNGS [10] was used to perform noise filtering and genotype calling.

Results

To evaluate the performance of the selected MHs, we performed a STRUCTURE 
analysis using genotype data from populations from the 1000 Genomes Project. 
Populations were grouped in 6 groups: African Americans, Sub-Saharan Africans, 
Europeans, South Asians, East Asians, and Native Americans. This latter group was 
subdivided in two: the first subgroup included individuals from the admixed Amer-
ican populations of Peru and Mexico who exhibited a Native American component 
exceeding 70% [11], and the second subgroup included the remaining individuals 
from both countries, as well as from Puerto Rico and Colombia. The STRUCTURE 
results (Figure 1), assuming K = 5, show a clear discrimination of the populations 
according to geographical regions, suggesting a large potential of the marker set to 
capture ancestry components from the corresponding 5 metapopulations.

Figure 1. STRUCTURE plot, assuming K=5, with all the available profiles in 1000 Genomes 
Project. Individuals from Peru and Mexico, who exhibited more than 70% Native American 

ancestry [11] were categorized distinctly as ‘AME_1’, and all the remaining American individuals 
were categorized as ‘AME_2’.
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Sensitivity test results (Figure 2) showed few differences in the average read 
counts per locus between FV and HV, unless for DNA inputs lower than 1 ng. Over-
all, higher average read counts per locus were obtained with 24 PCR cycles (around 
25% more reads), although locus imbalances in these samples were higher (stand-
ard deviations were 3.6, 3.5, 2.1, and 1.2 times higher for 0.2, 0.5, 1, and 5 ng of 
DNA input, respectively). Based on the sensitivity tests, 0.2 ng DNA and 21 PCR 
cycles generated MH profiles with at least 100 reads per locus. Six of the 100 MH 
loci were excluded from further analyses due to failed amplification or sequencing 
errors.

Figure 2. Average number of reads per locus using the tested conditions (DNA input | PCR 
cycles | Reagent volumes). Standard deviations are shown. Duplicates were merged and 

averaged.

Conclusion

• In silico tests demonstrated good performance of the MHappaMundi pa-
nel in 1000 Genomes samples;

• Sensitivity tests showed that using as little as 0.2 ng of DNA input and 21 
PCR cycles consistently produced ≥100 read counts per locus;

• Further sequencing of samples from different ethnic backgrounds will 
shed light on the ancestry inference ability of the MHappaMundi.
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Abstract
Genetic identification currently relies on comparing unknown DNA samples against reference 
profiles in forensic databases or indubitable individuals. However, when no match is available, 
these cases may remain unsolved. In such circumstances, advances in Forensic DNA Phenoty-
ping (FDP), that seeks to determine externally visible characteristics (EVCs) from DNA, could 
assist in identification efforts. Among EVCs, facial shape is of particular interest. While genome-
wide association studies (GWAS) have identified potential SNPs linked to facial traits, these vary 
between populations and methodology. Addressing this issue, the present study has selected a set 
of candidate SNPs and assessed their correlation with facial phenotype in a Spanish population, 
focusing on the upper facial region, which includes the highly informative ocular area. From a 
collection of 412 individuals, two strategies were performed: one based on traditional anthro-
pometric measurements and indexes with Pearson/Spearman and Chi-squared analyses, and 
another using a mesh of quasi‐landmarks with canonical correlation analyses. Results revealed 
significant associations between several SNPs and upper facial metrics, although the SNPs and 
regions identified differed between the two methods and in part, to previous published results. 
These findings underline the importance of methodology and validation in population groups in 
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facial description when conducting genetic studies, and most notably, when considering forensic 
applications.

Keywords
Forensic DNA Phenotyping, facial morphology, correlation study, candidate SNPs.

Introduction

Genetic identification is a key tool in forensic biology, allowing the identification of 
individuals through genetic profiles comparison. However, unresolved cases may 
arise when no match is found in genetic databases or among persons involved in 
the investigation. Recent advances have led to the development of FDP, which aims 
to predict EVCs from DNA, providing valuable information about an individual’s 
physical appearance for identification purposes [1]. 

The prediction of facial shape is particularly important due to its recogniz-
ability, making it a highly desirable goal for FDP. Despite the complexity of identi-
fying genes involved in facial morphology, recent GWAS have identified potential 
SNPs associated with facial features [2–18]. Nevertheless, findings from these stud-
ies often show inconsistencies, largely due to differences in population samples 
and analytical strategies. However, advancements in 3D imaging systems have fa-
cilitated comprehensive evaluation of global and local variation, enabling different 
approaches to analyze facial morphology and perform association studies between 
genetic markers and facial traits [4, 19, 20]. 

Given the observed variability in results among previous investigations, our 
research focuses on analyzing candidate SNPs within a Spanish population to eval-
uate their correlation with facial traits, particularly in the upper facial region, in-
cluding the highly informative ocular area. We employed two approaches to assess 
the correlation: a traditional physical anthropology method and an innovative qua-
si-landmark mesh technique. By comparing these methods, our research seeks to 
identify the optimal approach for comprehensive analysis, and validate previously 
published SNPs in a Spanish population.

Material studied, methods, techniques

A total of 412 individuals from a Spanish population were studied, with ethical 
approval (M10_2021_143) from the Ethics Committee for Research on Human 
Subjects of the University of the Basque Country. All participants provided writ-
ten informed consent and completed a form detailing variables potentially influ-
encing facial shape (sex, age, weight, height, surgery, and pathologies/traumas).  
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Additionally, saliva samples were collected in triplicate using sterile swabs, and 
3D facial images were obtained using a 3D scanner (Academia 3D/20, Creaform) 
following established protocols [21]. Post-acquisition, 3D images were processed 
using the ACADEMIA Software Bundle.

DNA extraction was performed using the DNA Purification System Pure-
genTM (Gentra System, Inc.). A set of 116 candidate SNPs previously related to facial 
morphology [2–18] was analyzed using Fluidigm (Fluidigm Corp.) and SNaPshot 
minisequencing (Applied Biosystems) technologies. SNPs were coded according to 
the additive genetic model (AA = 0, Aa = 1, aa = 2).

Physical anthropology approach
3D images were imported into Skeleton-ID software [22] to place five ceph-

alometric landmarks (en’, ex’, ft’, fz’, and zy’), used to calculate six linear meas-
urements and three proportionality indices (face width, superior facial width, 
minimum frontal width, intercanthal width, biocular width, eye fissure width, 
forehead-face width index, intercanthal index, and palpebral fissure length index). 
These metrics were analyzed as both continuous and categorical variables. Associ-
ations with continuous variables were evaluated using Pearson or Spearman cor-
relation tests, depending on data normality. For categorical variables, Chi-square 
tests (χ2) were employed. Variables were classified into three categories (smaller, 
normal, increased) based on their mean ± 0.5x standard deviation. All analyses 
were conducted in RStudio [23].

Quasi-landmark mesh approach
A quasi-landmark mesh was aligned to all 3d images using the MeshMonk 

pipeline [19, 24]. Facial scans were symmetrized by averaging each image with its 
reflection, and aligned in space using Procrustes superimposition. Covariate effects 
(sex, age, height, and weight) were removed using partial least-squares regression. 
Faces were then divided into 63 segments following the labels of Sero et al. [25], 
with 15 regions corresponding to the upper face. Each segment underwent gen-
eralized Procrustes Superimposition, followed by principal component (PCA) and 
Horn’s parallel analysis to capture key variance and reduce dimensionality. Asso-
ciations between SNPs and phenotypic variation in each of the 15 facial segments, 
represented as PCs, were evaluated through canonical correlation analysis (CCA). 
Additionally, a false discovery rate according to Benjamin-Hochberg (FDR) thresh-
old of 0.05 was applied. Normal displacement maps were plotted for significant 
SNPs. All code was adapted from prior publications using Matlab 2023b [16, 26].
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Results

Our results identified statistically significant associations for eight out of 116 SNPs 
with the metrics analyzed using traditional physical anthropology methods (Table 
1). These SNPs were selected for their robustness, consistently showing P-values < 
0.05 when analyzed as both continuous and categorical variables. Meanwhile, five 
out of the 116 SNPs showed significant associations (P-value < 0.05) after the FDR 
adjustment with facial segments in the upper face region using the quasi-landmark 
mesh approach (Figure 1). 

Table 1. SNPs showing significant association with the measurements and indices.

Variable SNP P-value Variable SNP P-value

Intercanthal 
width  
(en’- en’)

rs10175706a

Continuous 0.009 Superior facial 
width 
(fz’- fz’)

rs10962767a

Continuous 0.007

2 Categories 0.002 2 Categories 0.001

3 Categories 0.015 3 Categories 0.008

Biocular 
width (ex’- 
ex’)

rs10868138b

Continuous
0.030

Face width (zy’- 
zy’) -

2 Categories 0.032

Intercanthal 
index
(en’- en’ / ex’- ex’ 
x 100)

rs12495832a

Continuous 0.012

3 Categories 0.023 2 Categories 0.001

rs1454072c

Continuous 0.003 3 Categories 0.003

2 Categories 0.020

rs13097965b

Continuous 0.008

3 Categories 0.015 2 Categories 0.016

Eye fissure 
width  
(ex’- en’)

rs6129564c

Continuous 0.007 3 Categories 0.033

2 Categories 0.038

rs62578082a

Continuous 0.024

3 Categories 0.038 2 Categories 0.017

rs62578082a

Continuous 0.001 3 Categories 0.038

2 Categories 0.006 Palpebral fissure 
length index
(en’- ex’ / fz’-fz’ 
x 100)

rs12495832a

Continuous 0.000

3 Categories 0.020 2 Categories 0.000

Minimum 
frontal width 
(ft’- ft’)

rs10175706a

Continuous 0.033 3 Categories 0.001

2 Categories 0.004 Forehead-face 
width index (ft’- 
ft’ / zy’- zy’ x 
100)

-
3 Categories

0.024

a SNPs revealing previously unreported associations with the upper face, previously linked to the chin [13].
b SNPs revealing previously unreported associations with the upper face, previously linked to the nose [13, 17].
c SNPs previously associated with the upper face [7, 15].
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Figure 1. SNPs showing significant association with different facial modules in the upper 
face. Inward and outward movement are represented in blue and red, respectively. (a)SNPs 
previously associated with the upper face [4, 7, 16, 18] and (b)SNPs revealing a previously 

unreported association with the upper face, previously linked to the chin [13].

Discussion

Association analyses in this study revealed significant correlations for several SNPs, 
although these varied depending on the analytical approach employed. 

Using the physical anthropology approach, eight SNPs were found to be sig-
nificantly correlated with facial measurements and indices in our population (Table 
1), with three of these SNPs being associated with more than one facial trait. While 
some SNPs had previously been linked to the upper face, our results identified nov-
el unreported associations with this region (rs10175706, rs62578082, rs10962767, 
and rs12495832 were previously related to chin morphology, and rs10868138 and 
rs13097965 had been related to nasal features in prior studies) [7, 13, 15, 17]. Most 
of these associations were concentrated in the ocular region, affecting intercan-
thal, biocular, and eye fissure width, as well as intercanthal and palpebral fissure 
length indices (Table 1).

In contrast, the quasi-landmark mesh approach identified in our population 
five SNPs with significant correlations to facial segments in the upper face region 
(Figure 1). Similar to the physical anthropology method, some SNPs had known 
associations with the upper face, but our results also uncovered new correlations 
with this region (rs17275866 was previously related to chin morphology) [4, 7, 13, 
16, 18]. The majority of these associations were localized to the forehead area. 
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The differences in SNPs identified between the two methods likely reflect the 
distinct facial traits captured by each analytical approach.

Conclusion

This study supports the existence of genetic markers associated with facial mor-
phology in a Spanish population. Of the 13 identified SNPs, six validate correlations 
with facial regions noted in previous studies, while seven reveal novel associations. 
In our population, physical anthropology methods demonstrated greater associa-
tions with the ocular region, whereas quasi-landmark mesh techniques identified 
correlations primarily in the forehead region. Therefore, these findings highlight 
the variability in significant SNPs depending on the analytical approach employed, 
suggesting that a multifaceted strategy may be necessary for a comprehensive un-
derstanding of the genetic basis of facial morphology.
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Abstract 
The growing popularity of Heat-Not-Burn devices has significantly increased the likelihood of 
finding tobacco sticks as evidence at crime scenes. Similarly, the increasing global trend in nail 
beautification may lead to analyse nails with semi-permanent polish for the identification of 
badly preserved corpses. The aim of this study was to investigate the potential for forensic DNA 
profiling and phenotyping of eye, hair, and skin colour characteristics using an MPS assay consis-
ting of the 41 SNPs included in the HIrisPlex-S system on 22 samples of which 16 tobacco sticks 
and 6 clipped fingernails with semi-permanent nail polish. Genotype data obtained was then 
uploaded on DNA Phenotyping webtool to predict eye, hair, and skin colour. Full STR profiles and 
phenotype prediction were obtained for all the analysed samples and eye, hair and skin traits of 
samples donors were predicted with high accuracy. 

Keywords
Forensic DNA phenotyping, HIrisPlex-S system, Massively Parallel Sequencing (MPS), Heat-Not-
Burn tobacco sticks, Semi-permanent nail polish.

Introduction

In recent years, Forensic DNA phenotyping (FDP) has emerged as a new “DNA 
intelligence approach”. Predicting externally visible characteristics (EVCs) from 
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DNA can provide investigative leads to identify unknown victims and perpetrators 
of crimes, as well as disaster victims and missing persons [1]. The widespread dif-
fusion of heat-not-burn (HNB) tobacco products and new nail enhancement tech-
niques increases the chances of finding evidence in crime scene such as the new 
tobacco sticks and nails embedded with semi-permanent polish useful for human 
identification [2-3]. The present study aims to explore the possibility of forensic 
DNA profiling and prediction of eye, hair, and skin colour prediction by FDP analysis 
of tobacco sticks and clipped fingernails varnished with semi-permanent nail polish.

Material studied, methods, techniques

A total of 117 samples were collected from 37 Italian volunteers and their written 
informed consent was obtained. A questionnaire was administered to all volunteers 
providing basic information on eye, hair and skin colour phenotypes. This study was 
approved by the Bioethical Commitee of the University of Bologna, Italy (Protocol 
n.0175936). DNA purification of these samples was performed using the Maxwell® 
FSC DNA IQ™ Casework Kit (Promega). Quality and quantity of the extracted DNA 
were determined using the PowerQuant System (Promega) on the QuantStudio 5 
Real-Time PCR System for Human Identification (Applied Biosystems), and am-
plified with GlobalFiler™ IQC PCR Amplification Kit (Applied Biosystems) on the 
VeritiPro™ Thermal Cycler 96-well (Applied Biosystems) instrument. 

Twenty-two out of 117 samples, showing a full single source profile match-
ing the volunteer one, were selected for FDP analysis: 16 tobacco sticks and 6 
clipped fingernails with semi-permanent nail polish. The analysis was carried out 
using an MPS assay consisting of 41 SNPs included in the HIrisPlex-S system [4]. 
This assay was designed by the Ion AmpliSeq Designer webtool with amplicon sizes 
<180 bp to allow analysis of degraded DNA [5]. The MPS libraries were performed 
using Precision ID Library kit (Thermo Fisher Scientific) and sequenced using Ion 
GeneStudio S5 System (Thermo Fisher Scientific).

The resulting genotype data were then uploaded on the HIrisPlex-S DNA Phe-
notyping webtool to predict eye (https://hirisplex.erasmusmc.nl/), hair, and skin col-
our. The eyes and hairs colour of the volunteers were categorised into three groups 
for eye colour (blue, intermediate, and brown) and four distinct classes for hair 
colour (red, blond, brown, and black), in accordance with the probability threshold 
established by Walsh et al. [6]. Moreover, the model proposed by Pospiech et al. 
[7] was employed for the purpose of evaluating eye colour prediction. Additionally, 

https://hirisplex.erasmusmc.nl/
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with regard to skin colour, the main HIrisPlex-S prediction may be influenced by 
the second most probable, resulting in a lighter or darker tone than the originally 
predicted colour. The five skin colour categories predicted by this model are based 
on the dermatological Fitzpatrick scale for skin colour and sun sensitivity [8].

Results

The average coverage of sequenced libraries was 2511.5 and the uniformity of cov-
erage of 97% (mean). All samples provide complete genotype profiles in all 41 phe-
notype-informative DNA markers based on the coverage thresholds used.

Accurate predictions of EVCs were achieved for 50% of the 22 sample us-
ing the HirisPlex-S system; this percentage increases to 68% when combining the 
model by Pospiech et al. Detailed results obtained from the HIrisPlex-S Webtool, 
including the exact prediction probabilities are included in Table 1 (click on the 
link to view the image). The assay results showed prediction accuracy for the three 
pigmentation traits, consistent with the performance reported by the original mod-
els [6,8]. The prediction accuracy expressed as Area Under the receiver operating 
characteristic Curve (AUC) values for eye colour were 0.93 for blue, 0.94 for brown, 
and 0.73 for intermediate. Similarly, the AUC values for hair colour prediction were 
0.81 for black, 0.74 for brown, 0.81 for blond, and 0.92 for red. For skin colour pre-
diction were 0.78 for very pale, 0.74 for pale, 0.76 for intermediate, 0.95 for dark, 
and 0.99 for very dark skin. 

Table 1. Prediction results for 22 samples using the HIrisPlex-S system. 

https://drive.google.com/file/d/1J2YdpohHrdhF5wux3S4luvuq_EHDjMpL/view?usp=drive_link
https://drive.google.com/file/d/1J2YdpohHrdhF5wux3S4luvuq_EHDjMpL/view?usp=drive_link
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The prediction success rate was 100% (n = 3/3) for blue eyes and 79% (n = 
11/14) for brown eyes. Nevertheless, three samples (14%) of the 22 were incon-
clusive, with a prediction probability below the established threshold. In 23% (5 
out of 22) of cases, the intermediate eye colour phenotype (green) was incorrectly 
predicted. The majority of these (80%) were predicted as blue, while only one was 
classified as brown (Figure 1.b). In applying Pospiech’s model, it was found that 
four of the five with incorrectly predicted samples showed a green/blue colour, 
while one hazel/brown. Furthermore, the three inconclusive samples were predict-
ed as brown, consistent with the volunteers’ statement. 

A comparison of the predicted results with the volunteers’ actual phenotypic 
data showed that hair colour was correctly predicted in 64% of the samples. The 
prediction success rates were 100% (n = 4/4) for black hair, 61.5% (n = 8/13) for 
brown hair, 40% (n = 2/5) for blond hair. No predictions were made for red hair. 
The most common instances of prediction inconsistency were observed among in-
dividuals with blond and brown hair, where darker hair colours, ranging from dark 
brown to black, were predicted (Figure 1.a). However, in two cases, the incorrect 
predictions for these categories indicated a lighter hair colour than those reported 
by the volunteers. 

Figure 1. a) Distribution of prediction inconsistencies for individuals with blond and brown hair. 
*= two cases reflect incorrect predictions attributed to age-related hair darkening. b) Eye colour 
prediction results for intermediate and brown using the HIrisPlex-S and Pospiech et al. models. 

Volunteer photographs are displayed alongside an example of a discordant prediction. Bold 
p-values indicate the highest probabilities for the predicted eye colour.
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The prediction was successful for 77% of the samples, while two of the 22 
samples yielded inconclusive results. Nine volunteers (41%) exhibited intermedi-
ate Fitzpatrick scale categories, falling between II and III/IV (predicted categories: 
pale/intermediate or intermediate/pale). Two volunteers (9%) were classified as III/
IV and V (intermediate or intermediate/dark), and nine (41%) as Fitzpatrick III/IV 
(intermediate category). In three samples (14%) an intermediate skin colour was 
incorrectly predicted, despite the samples being classified as very pale.

Discussion

This study highlighted the potential of the HIrisPlex-S system to predict pheno-
typic traits with high accuracy from DNA samples, such as tobacco sticks and nails 
with semi-permanent nail polish, demonstrating that these samples are reliable 
sources of DNA also for FDP analysis. Prediction inconsistencies were observed 
for more complex phenotypes, such as intermediate eye colour and hair colour 
ranging from blond to dark brown. This could be attributed to the subjective per-
ceptions of eye and hair colour by the volunteers, the challenges in distinguishing 
between different shades of hair colour, and the sub-categories of intermediate eye 
colour shades [8-9]. In hair samples where the predicted colour was lighter than 
the actual hair colour, further investigation among the volunteers revealed that 
age-related hair darkening during their childhood [9].

The discrepancies observed in the intermediate eye colour predictions by 
HIrisPlex-S and the objective data provided by the volunteers, can be clarified by 
the classification proposed in previous studies [10-11], also supported by photo-
graphs collected for the current study. In this way, intermediate eye colour was 
divided into two categories: light intermediate (often referred to as “green”) and 
dark intermediate (commonly known as “hazel-green”). Indeed, the results showed 
that the majority of individuals with “light intermediate” eyes were predicted to 
have blue eyes, while those with “dark intermediate” eyes were predicted to have 
brown eyes. The eye colour prediction model proposed by Pospiech reduced dis-
cordant predictions and produced results that were consistent with the volunteers’ 
statements [8]. In Figure 1.a, an example of a discordant prediction is shown in the 
case of green eyes, where the HIrisPlex-S model predicted blue eyes. The volunteer 
photo confirmed a light intermediate eye colour, consistent with the prediction by 
Pospiech et al. A similar discrepancy was observed in the sample with brown eyes. 
Therefore, caution should be taken when predicting blue or brown eyes, as individ-
uals may actually have intermediate green or hazel eyes. 
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As commonly observed in populations of European ancestry [8], the pre-
dicted skin colour suggested that the samples analysed in this study belong to the 
light/intermediate skin category, which darkens or tans with sun exposure during 
the summer months. 

Conclusion

In conclusion, the results showed that the EVCs were correctly predicted in more 
than half of the samples, tobacco sticks and fingernails varnished with semi-perma-
nent polish, showing consistency with the volunteers’ information. Despite chal-
lenges in interpreting intermediate eye colour phenotypes, correct predictions were 
achieved by combining the HIrisPlex-S and Pospiech et al. models. Enhancing the 
HIrisPlex-S system with additional DNA markers associated with eye color could 
improve the accuracy of predicting intermediate eye colour categories, which are 
currently detected with significantly lower accuracy than “blue” and “brown” cat-
egories. This approach should reduce potential problems caused by inter-observer 
perceptual differences that may occur in the practical application. 
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Abstract
Hair colour is an external visible phenotypic trait, which is determined by a set of genes that 
are variable among individuals and among populations. It is possible to predict the physical 
appearance of an individual with a certain probability, by genotyping a biological sample, being a 
valuable tool for the identification of persons in the field of forensic genetics. 
Based on previous studies of phenotyping, systems for predicting phenotype using genetic data 
have been developed, such as HIrisPlex-S and Snipper, among others. However, these studies 
have been carried out mainly on populations of European origin, and may not be directly appli-
cable to admixed populations, as is the case of Argentineans, where genotype-phenotype associa-
tion could differ, given their multiple ancestry components (Eurasian, Native, and Sub-Saharan). 
The aim of this work is to describe the genetic variation underlying hair colour in Argentina 
population. We obtained DNA from 158 samples of mouthwash from donors from the province 
of Buenos Aires. Five SNPs were genotyped for MC1R gene, rs11547464, rs1805006, rs1805007, 
rs1805008, rs1805009, and one for SLC45A2 gene rs28777. Samples were visually classified into 
two colour categories, and on the other hand, using Snipper as a bayesian classifier. The coinci-
dence rate was 56.96%, indicating a correlation between the Snipper results and observations in 
that percentage of instances, with a higher incidence among individuals with dark hair (58.9% 
for dark-haired individuals and 41.1% for blondes).
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Our results suggest the need for improving the values of prediction of hair colour from genotype 
information for this admixed population. Given the substantial amount of genetic and pheno-
typic variability of this population, influenced by various ancestry components, it is crucial to 
increase the accuracy and applicability in forensic investigations by continuing these studies 
with more markers and a bigger sample of individuals.

Keywords
External Visible Characteristics, phenotyping, SNPs, Snipper, admixed population.

1. Introduction

Several observable phenotypic characteristics in humans, such as hair colour, eye 
colour, and skin colour, are known as externally visible characteristics (EVCs), and 
exhibit considerable variability both among and within populations. These physical 
traits are influenced not only by environmental factors but also by the expression of 
specific genes, where various polymorphisms have been identified. Their study pro-
vides valuable phenotypic information from biological samples, such as those col-
lected from crime scenes. By analyzing specific Single Nucleotide Polymorphisms 
(SNPs), it is possible to predict with certain probability the physical appearance of 
an individual, which can be particularly useful in forensic contexts for identifying 
missing persons or solving criminal cases [1,2,3]. 

In forensic genetics, phenotyping systems that predict with certain accuracy 
hair, eye, and skin colour from genetic data have been developed, including tools 
such as HIrisPlex-S [1,4] and Snipper [5]. Although these systems can provide cru-
cial information in forensic investigations, they have been validated predominantly 
on populations of European origin. As such, their applicability to admixed popu-
lations with diverse genetic backgrounds, such as Argentineans—who have a par-
ticular admixture of Eurasian, Native American, and Sub-Saharan ancestries—may 
be limited, as genotype-phenotype associations could differ significantly [6,7,8]. 

The aim of this study is to describe the genetic variation underlying hair col-
our in the Argentine population, contributing to the development of more accurate 
phenotyping tools for use in forensic science within diverse genetic contexts.

2. Materials and methods

2.1. DNA samples
DNA was obtained from 158 donors from the province of Buenos Aires (114 

females and 44 males) aged between 18 and 55 years old. The project was approved 
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by the Ethics Committee for Biomedical Research at IMBICE, and donors provided 
individual written informed consent. A buccal rinse with 2 ml of water was collect-
ed to obtain exfoliated cells from the buccal mucosa, mixed with 2 volumes of 96% 
ethanol, and stored at -20°C until processing. DNA extraction followed a standard 
protocol which involved lysis with Proteinase K and extraction using lithium chlo-
ride and chloroform-isoamyl alcohol [9].

2.2. Genotyping and hair colour classification
Specific oligonucleotides were designed for this work, and the target regions 

were PCR-amplified. The polymorphisms (Table 1) were resolved either through 
allele-specific PCR and 2% agarose gel electrophoresis for 1 SNP of SLC45A2 gene, 
or through Sanger sequencing for 5 SNPs of MC1R gene.

Hair colour was determined through comparison by three independent ob-
servers, grouped into two main categories: light/blonde and dark/black.

Additionally, hair colour was predicted from genotype using Snipper as a 
Bayesian classifier.

Table 1. SNPs analyzed in this work; a: GRCh38 38.1/141

SNP Gene Chromosome Positiona

rs11547464 MC1R 16 89919683

rs1805006 MC1R 16 89919510

rs1805007 MC1R 16 89919709

rs1805008 MC1R 16 89919736

rs1805009 MC1R/TUBB3 16 89920138

rs28777 SLC45A2 5 33958854

2.3. Statistical analysis
Hardy-Weinberg equilibrium (HWE) was calculated with Arlequin v3.5.2.2 

[10]. The FST values were calculated with GenAlEx v6.5 [11] for measuring the 
genetic differentiation between pairs of populations. Interpopulation comparisons 
were performed using data from 1000 Genomes [12] for African, American, and Eu-
ropean populations (total from each continent). SNPStats [13] provided additional 
statistical tools for analyzing SNP data and evaluating the association of genetic 
variants with phenotypes [13].
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4. Results

The coincidence rate between the Snipper results and the observational data was 
56.96%, suggesting a possible correlation between prediction and visual assess-
ment. This correlation was more pronounced among individuals with dark/black 
hair, for which the coincidence rate was 58.9%, compared to 41.1% for individuals 
with light/blonde hair. This differential incidence could indicate varying genetic 
influences or environmental factors affecting hair pigmentation across different 
groups. Table 2 illustrates the genotype frequencies observed in this study; they fit 
HWE except for rs1805009.

Table 2. Observed genotype frequencies for the analyzed SNPs

SNP Genotypes Frequencies

rs28777

AA 0.46

AC 0.37

CC 0.17

rs11547464
AG 0.02

GG 0.98

rs1805008

CC 0.96

CT 0.03

TT 0.01

rs1805007

CC 0.97

CG 0.01

CT 0.02

rs1805009

AG 0.01

CC 0.04

CG 0.04

GG 0.91

rs1805006
CC 0.99

CT 0.01

The FST values revealed significant genetic differentiation between the Bue-
nos Aires population and other populations, including African (FST=0.35), Amer-
ican (FST=0.04), and European (FST=0.18) groups. All observed FST values were 
statistically significant (p-values<0.01).



195PREDICTION OF HAIR COLOUR FROM GENOTYPE IN THE ARGENTINE POPULATION: A PRELIMINARY STUDY

Magalí Nowik, Diana M. Hohl, María F. García di Marco, Rebeca González, María G. García, Cecilia I. Catanesi

5. Discussion

SNP-based tools can provide valuable forensic insights, but their accuracy is lim-
ited when they are applied to highly admixed populations. Our results showed a 
moderate prediction accuracy for hair colour, particularly among dark-haired in-
dividuals. This finding is consistent with previous research indicating that sys-
tems like Snipper and HIrisPlex, which are optimized for European ancestry, may 
struggle with the genetic complexity of admixed populations [7,14]. In a Brazilian 
study, for instance, the HIrisPlex system showed reduced sensitivity in predicting 
intermediate phenotypes for individuals with mixed European, African, and Native 
American ancestry [15].

The FST values further contextualize these findings. Specifically, the high-
est differentiation found between Buenos Aires and African populations suggests 
a limited gene flow between them, reflecting historical or evolutionary barriers 
to genetic exchange. In contrast, the moderate genetic differentiation from Eu-
ropeans indicates a more considerable level of genetic exchange and interaction 
between Buenos Aires and European populations. Moreover, the differentiation be-
tween Buenos Aires and Native American populations was the lowest - although 
significant - suggesting a relatively higher degree of genetic similarity and gene 
flow between them. Significant FST values affirm the robustness of these findings 
and the presence of distinct genetic differentiation patterns between the Buenos 
Aires population and the other studied populations.

By examining genetic differentiation across diverse populations, we can better 
understand how historical gene flow has shaped the genetic landscape of Buenos Aires.

 6. Conclusion

Our study gives evidence of the challenges of using forensic genetic tools developed 
for European populations when they are applied to admixed populations. The dis-
tinct genetic differentiation observed for the Buenos Aires population impacts the 
tool´s ability to accurately predict traits of complex genetic background [14], and it 
further underscores the need for refining prediction models.

It is crucial to increase the accuracy and applicability of phenotyping tools in 
forensic investigations by continuing these studies with more markers and a larger 
sample of individuals, thus helping to avoid the potential overlooking of unique 
local adaptations or unknown variations.
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Abstract
Rapid and accurate wildlife species identification is essential for biodiversity conservation, ecolo-
gical research, and wildlife protection enforcement. Traditional identification methods are slow, 
require expert knowledge, and can lead to misidentification. This study introduces a novel, por-
table, and highly sensitive platform designed for fast species identification in field settings. Com-
bining advanced molecular biology techniques with compact, low-power hardware, the system 
can identify a wide range of species using minimally invasive samples like hair, faeces, or blood. 
It uses quantitative isothermal amplification for highly sensitive and species-specific detection. 
Results are generated in under an hour, offering near real-time feedback. Initial validation shows 
high accuracy, comparable to traditional methods. The platform’s portability and ease of use 
make it a scalable and accessible tool for conservation efforts, addressing challenges like poa-
ching and habitat loss in remote or biodiverse regions.
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Introduction

Wildlife preservation is crucial for ecological balance, climate regulation, and sus-
tainable livelihood supporting human well-being and evolution. Wildlife conser-
vation contributes to economic prosperity and holds cultural and spiritual impor-
tance, preserving traditions and connections to the natural world, particularly for 
indigenous communities. Many view wildlife preservation as a moral obligation, 
emphasizing the intrinsic value of all living organisms and the need to minimize 
human-induced suffering and extinction. However, species extinction due to the 
illegal trafficking of endangered animals and animal products is a significant is-
sue worldwide. It has been recognized as one of the UN Sustainable Development 
Goals. Wildlife trafficking poses numerous challenges due to its intricate and di-
verse nature since trafficking networks span international borders [1, 2], compli-
cating law enforcement’s efforts to combat them due to varying legal systems and 
enforcement capacities among countries. The trade is highly lucrative, incentiv-
izing traffickers to persist despite the risks, driven by the demand for rare species 
and their parts [3]. In addition, many countries need more resources for effective 
enforcement and conservation efforts, hindering habitat protection and patrols. 
Hence, a comprehensive approach involving collaboration among governments, 
law enforcement, conservation groups, communities, and international stakehold-
ers is crucial. This approach should focus on enhancing enforcement capacity, 
reducing demand through education and sustainable alternatives, strengthening 
legal frameworks, and addressing underlying issues like poverty and corruption.

One of the significant obstacle in combating illegal wildlife trade is animal 
species identification. Testing field wildlife species presents unique challenges 
compared to laboratory animals or humans (Table 1). High diversity of species, 
complex morphological variations, processed animal tissues, evasive tactics by traf-
fickers added with technological and methodological limitations complicate the 
process of correct animal identification. While technologies like DNA barcoding, 
forensic analysis and high resolution imaging exist, they are not always available 
or used uniformly across different regions and enforcement bodies. Overcoming 
these challenges demands interdisciplinary collaboration and technological ad-
vancements like portability, remote-sensing and non-invasive sampling methods 
to enhance data accuracy and reliability in field wildlife testing [4, 5]. Advances in 
isothermal amplification technologies have led to development of portable devices 
that can potentially be adapted by law enforcement agencies or customs officials 
to rapidly identify trafficked wildlife species at various checkpoints. Isothermal  
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Amplification-based assays can amplify DNA rapidly and efficiently at constant tem-
perature. These assays are simple to perform making them suitable for use in field 
conditions or resource-limited settings  while still providing with high confidence 
results. This study introduces a portable and highly sensitive platform for rapid 
wildlife species identification using minimal biological samples. It provides a scal-
able tool for conservation and law enforcement by enabling on-site DNA analysis 
with near real-time results, facilitating efforts in combating wildlife trafficking and 
habitat loss.

Materials and Methods

A step-by-step flowchart showing the Loop-Mediated Isothermal Amplification 
(LAMP) process, from sample collection (e.g., hair, blood, tissue) to DNA extrac-
tion, amplification, and detection is depicted in Figure 1A.

SaLux19 Device
The SaLux19 device is a portable, real-time DNA analysis tool used in wild-

life and forensic sciences (Figure 1B). Utilizing loop-mediated isothermal ampli-
fication (LAMP), it amplifies specific DNA sequences at a constant temperature of 
64°C without the need for complex thermocycling equipment. Its small size (14.5 
cm × 9.5 cm × 4 cm) and user-friendly interface make it ideal for on-site testing. 
Equipped with fluorescent detection, the device provides rapid and sensitive iden-
tification of DNA from biological specimens, such as Sus scrofa (wild boar), within 
40 minutes, offering both qualitative and quantitative analysis [5].

Reagents
Quick-DNA Miniprep Kit (cat. no. D3024, ZymoResearch, Irvine, CA, USA) 

was used for DNA extraction. iQ Sybr Green Supermix (cat. no. 1708880, Bio-Rad, 
Hercules, CA, USA) was employed for quantifying nuclear DNA (nDNA). TaqMan™ 
Control Genomic DNA (cat. no. 4312660, Thermo Fisher Scientific, Waltham, MA, 
USA) was used as a human DNA control. SYBR Green Gel Stain (cat. no. S7563, 
Thermo Fisher Scientific, Waltham, MA, USA) was used for fluorescence detection 
in the LAMP assay. ZebraShield (cat. no. ZEB-S10, SERATEC, Göttingen, Germany) 
was used to preserve the biological samples during storage and further process-
ing, ensuring sample integrity. Nuclease-Free Water (Thermo Fisher Scientific, 
Waltham, MA, USA) was used as a solvent in all reaction mixtures. DipStick DNA 
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Extraction Kit (Bento Bioworks Ltd., London, UK) was employed for alternative 
DNA extraction via direct lysis. All reagents were prepared and used following the 
manufacturer’s guidelines.

Method
Biological samples from wildlife, such as tissue, blood, or other fluids were 

collected. For forensic and conservation purposes, samples from endangered spe-
cies can also be obtained from non-invasive sources like hair or scat. Samples were 
stored at appropriate temperatures and buffer solutions (ZebraShield) to preserve 
DNA integrity until analysis.

DNA extraction using a kit was optimized for wildlife samples (e.g., Quick-
DNA Miniprep Kit, ZymoResearch) according to the manufacturer’s instructions to 
ensure high-quality DNA suitable for amplification. Elution was performed in 50 
µL of nuclease-free water.

For primer-design species-specific genes (e.g., mitochondrial genes like cy-
tochrome c oxidase I [COI] for species-level identification) were identified. Several 
primer sequences for LAMP assay were designed using bioinformatics tools (e.g., 
NEB LAMP Primer Design Tool) based on the target species’ genetic sequences 
available in public databases (NCBI, GenBank) or adopted from literature.

The LAMP reaction mixture was prepared with DNA template (from extract-
ed samples), primers specific to the target species LAMP reagents (e.g., Bst pol-
ymerase, dNTPs, buffer) and fluorescent dye for real-time detection (e.g., SYBR 
Green). LAMP assay was performed according to the New England Biolabs (NEB, 
Ipswich, MA, USA) LAMP protocol. Reaction was performed at 64°C for 30-40 min-
utes using the SaLux19 device, which allows real-time detection of fluorescence.

Results

The SaLux19 device measured the increase in fluorescence after every amplifica-
tion cycle during amplification period. The amount of fluorescence correlated with 
the presence of species-specific DNA in the sample. Positive detection was indicated 
by a significant increase in fluorescence, and results were available within 40 min-
utes. The device displayed data analogous to Ct values used in qPCR.

Cross-validations were performed using DNA from closely related species 
to test the specificity of the primers and amplification. DNA from multiple spe-
cies were tested ensuring the assay only amplifies the target species’ DNA. No  
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cross-reactivity occurred with non-target species. The output from the SaLux19 
can be visualized in real-time on the device’s display, showing the amplification 
curve (Figure 1C). A report of species identification was generated, which includes 
Ct-like values from the amplification data and a confirmation of the species present 
in the sample ( e.g. Figure 1D). Successful species identification of Sus scrofa using 
this platform and methodology was validated and published by Ruszova et al., 2024 
[5].

Discussion

The development of a rapid and portable DNA analysis system using the SaLux19 
device leverages Loop-Mediated Isothermal Amplification (LAMP) technology for 
species identification. This advancement has significant implications for wildlife 
law enforcement efforts, particularly in the fight against poaching, illegal wildlife 
trade, and food fraud involving animal products.

LAMP technology allows for the rapid, sensitive, and specific identification 
of biological specimens even in minute quantities. The SaLux19 device’s portability 
and real-time DNA amplification capabilities make it a valuable tool for wildlife 
conservation agencies. Traditional species identification methods, such as Poly-
merase Chain Reaction (PCR), require laboratory settings and complex equipment, 
often leading to delays. In contrast, the SaLux19-based LAMP assay enables on-site 
species verification in less than 40 minutes, which can expedite enforcement ac-
tions at crime scenes, such as border checkpoints or markets.

By enabling faster and more accurate species identification, this technol-
ogy strengthens law enforcement’s ability to detect and intercept illegal wildlife 
products. For instance, it allows the identification of endangered species in food 
products or seized animal parts, such as tusks or hides, helping ensure compliance 
with regulations like the Convention on International Trade in Endangered Species 
(CITES). Furthermore, the device’s ability to detect Sus scrofa (wild boar) nucleic 
acids suggests it could be adapted for various species commonly targeted in wildlife 
crimes.

Altogether, the development of such portable DNA analysis tools enhances 
the capability of law enforcement agencies to protect biodiversity by providing a 
reliable means of identifying species in the field, thereby supporting more timely 
and effective prosecution of wildlife-related offenses (Figure 2) .
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Conclusion

The development and validation of the SaLux19 device using loop-mediated iso-
thermal amplification (LAMP) offers a significant advancement in remote, portable 
wildlife species identification. The system’s compact design, rapid results, and ca-
pability for on-site testing make it a valuable tool for wildlife forensics, particularly 
in resource-constrained environments. Its real-time monitoring and dual detec-
tion methods ensure reliable and efficient identification, meeting the growing need 
for mobile, cost-effective forensic tools (Table 2). This innovation has potential 
applications in species conservation, wildlife crime investigation, and expanding 
forensic methodologies.
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Figure 2. Impact of the rapid and efficient animal species identification assay developed on 
the portable SaLux19 device.
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Table 1: The unique challenges of wildlife species identification compared to lab animals or 
humans.
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Table 2: The major advantages of the SaLux19 LAMP technology over traditional PCR-based 
methods, particularly for field-based wildlife identification and conservation efforts.
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Abstract 
The Canine DNA Recovery Project (CDnaRP) is a collaborative forensic project that aims to de-
velop best practice methods for the collection and analysis of dog DNA recovered from attacked 
livestock and wildlife. The project works closely with police and forensic practitioners to optimise 
and standardise methods and also works with special interest groups including vets, rural insu-
rers, farmers, and charities to ensure stakeholder awareness of the research and how it relates to 
livestock and wildlife offences involving canines. Our research to date has developed and valida-
ted a robust qPCR assay for canine DNA quantification. The method acts as an important quality 
control step in the forensic DNA analysis pipeline and has allowed us to assess the effectiveness 
of different DNA recovery techniques such as swabbing, taping, and cutting. Other areas of our 
research have revealed the extent to which PCR inhibitors and livestock DNA prevent PCR am-
plification and canine DNA profile interpretation and has identified mitigation steps leading to 
improved data quality. To build on these findings, our project has developed an Early Evidence 
Kit (EEK) for police and rural stakeholder groups to use in the event of a livestock attack. The 
distribution of these kits will allow a greater number of samples to be collected for the research 
and will begin to understand whether non-enforcement groups such as farmers themselves can 
collect admissible evidence in the future. Our presentation looks at the validation of this kit and 
considers their application in the UK Criminal Justice System.

Keywords
 Canine DNA, qPCR, Sample Recovery, Crime Scene.

Introduction

In the United Kingdom, livestock attacks by dogs are a ‘non-recordable offence’, 
meaning police are not required to record their frequency. The most comprehensive 
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police data to date recorded 1705 incidents between 2013 and 2017, which resulted 
in 1928 livestock killed and 1614 livestock injured [1]. This is likely an underes-
timate as many incidents go unreported to police and data from insurance claims 
suggests thousands of attacks occur each year, costing £2.4 million in 2023 alone 
[2]. Reducing the frequency of dog attacks on livestock is a rural policing concern 
and is managed through initiatives including educational training programs [3], 
targeted police operations [4] and proposed changes to UK legislation [5]. Forensic 
support can aid police investigations by establishing a link between the suspect dog 
and attacked livestock through canine STR profiling, but this approach is not often 
used. Discussion with stakeholders identified issues within the sample collection 
and testing pipeline and led to the creation of the Canine DNA Recovery Project 
(CDnaRP), a multiphase, multi-stakeholder project led by Liverpool John Moores 
University, which aims to develop, promote, and apply best practice methods for 
the collection and analysis of canine DNA from attacked livestock and wildlife.

Methods

a. Community Building and CDnaRP Structure
The UK contains many stakeholders concerned with wildlife and rural crime 

including government, private companies, charities, professional societies, and aca-
demic researchers. The CDnaRP works with these groups to understand their needs, 
with stakeholders sitting on the project Scientific Advisory Board (Figure 1a). 

b. Identifying Knowledge and Research Gaps
Discussion with police and forensic providers highlighted that the canine fo-

rensic DNA testing pipeline is underdeveloped and poorly characterised compared 
to that used in human forensic analysis (Figure 1b). Currently, there is no method 
to localize canine saliva on submitted swabs or samples, and only a single meth-
od (swabbing) recommended to recover DNA from attacked animals [6] despite 
human research suggesting other methods may offer advantages [7]. Issues with 
PCR inhibition during STR amplification have not been assessed despite evidence 
that many submitted samples fail to amplify during PCR. Finally, a standardized 
method for STR profiling for use in livestock attacks is needed, including robust 
STR chemistry that minimizes PCR inhibition and livestock amplification. Such 
laboratory improvements have to be balanced against the fact that police are often 
unable to collect a forensic sample due to limited resources and a statutory duty for 
the livestock keeper to dispose of the animal carcass [8]. 
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Results and Discussion

a. Optimisation of recovery methods
A robust qPCR assay was developed to allow accurate quantification of re-

covered canine DNA [9]. The developed triplex assay amplifies MC1R for autosomal 
detection (Figure 1c), SRY for male canine detection (Figure 1d), and a synthetic 
IPC to detect the presence of inhibitors (Figure 1e). The assay was suitably sensitive 
and specific, and passed all common validation studies [10].

Figure 1. A) Structure of Canine DNA Recovery Project and its remit; B) Canine DNA Pipeline 
showing areas for development. Red = no current standardised method; Yellow = method 

needs assessment. C) qPCR amplification plot of MC1R; D) qPCR amplification plot of SRY; E) 
qPCR amplification plot of Internal positive control.

The qPCR assay was used to compare the amount of canine DNA recovered 
using three methods; a) swabbing, b) mini-taping, c) cutting wool. Recovery from 
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naturally shed wool spiked with canine saliva showed swabbing was the least effec-
tive method with significantly greater canine DNA recovery using scissors (Figure 
2a). The same trend was observed when these methods were applied to real-world 
samples collected from livestock attacks in Spring 2023, although there was a ~20-
fold decrease in DNA yield (Figure 2b) suggesting mock samples were over-spiked. 
Results also revealed that average amounts of DNA recovered by swabbing (~20pg/
µl) was insufficient to generate a STR profile and provides one explanation for the 
observed analytical pipeline failures. 

Figure 2. A) Amount of canine DNA (pg/µl) recovered from mock attack samples; B) Amount of 
canine DNA (pg/µl) recovered from real attack samples. Three different recovery methods and 

their associated materials used in collection; C) Scissor Kit, D) Mini-Tape Kit, E) Swab Kit.
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Data also revealed instances where qPCR detected canine DNA but STR typ-
ing subsequently failed due to PCR inhibition. Assessment of methods to combat 
PCR inhibition, including different DNA extraction kits, sample dilution, and STR 
formulations and panels, is currently being written up as a technical note. Results 
of this research also found substantial amplification of livestock DNA using the Ca-
nine Genotype 2.1 Kit [11], which was much reduced when using CADNAP Panels 
1 and 2 [10, 12], leading to an ongoing collaborative effort to develop a standard-
ised approach for analysis of mixed canine:livestock samples. Guidelines are being 
developed for both Canine Genotype 2.1 Kit and CADNAP Panels 1 and 2 to allow 
analysis flexibility for forensic laboratories. Together these data support changes to 
the existing DNA recovery method and analytical pipeline used by UK police and 
forensic providers in response to livestock attacks. 

b. Widening participation through citizen science
An ambitious citizen science project has been launched to further assess 

and promote the developed sample collection methods by providing free training 
and collection kits to police, vets and livestock keepers. This will i) assess the use 
of methods across a wider group of individuals, ii) derive DNA data to augment 
existing data and assess reproducibility, and iii) serve to validate the methods and 
end-user groups. 

The developed LAW (Livestock And Wildlife) DOG DNA Recovery Kits con-
tain everything needed to successfully recover, preserve, and secure canine biolog-
ical evidence at the scene of a livestock attack (Figure 2c-e). Kit release in Sum-
mer 2024 was well received by stakeholders and the rural community, resulting 
in positive press attention [25, 26]. KA future possibility is where the kits are used 
beyond the scope of the research project, with police, vets and livestock keepers 
undergoing certified training, to collect biological samples alongside digital data 
to submit for forensic analysis. This would require acceptance by the UK criminal 
justice community with the data collected being admissible in court on a case-by-
case basis. While this may necessitate a change to current forensic regulations, it 
would solve issues associated with police response times, meaning evidence was 
collected early by the livestock keeper and/or vet before being transferred to the 
attending police officer when available. 

Prior to wider adoption of new methods data needs to be reviewed, dissem-
inated, and validated following community guidelines. To date, CDnaRP data has 
been distributed through a series of reports, scientific papers, conference presenta-
tions, professional working group meetings, and training events. Ultimately the 
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CDnaRP will host these outputs through an online platform with links to online 
training materials for police, veterinary practitioners, and livestock keepers.

Conclusion

The CDnaRP was established as a forum to develop, promote and apply best prac-
tice guidelines for the collection and analysis of Canine DNA from livestock and 
wildlife attacks. Results have shown the UK Canine DNA analysis pipeline can be 
further optimized with data being confirmed through the distribution of the LAW 
DOG kits. Data resulting from kit use in livestock attacks is pending and will be 
used to further assess different methods and use by end-user groups prior to mak-
ing recommendations for wider adoption of sampling methods in the future.
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Abstract
Species identification has special forensic value in many cases, such as combating wildlife smu-
ggling and tracking food adulteration. The mitochondrial 12S rRNA gene has sequence infor-
mation characteristics of low intra-species variation and high inter-species variation, making 
it suitable for species identification. In the present study, the 12S rRNA gene sequences of over 
100 different species obtained from public database were used to develop an automated nanopo-
re sequencing-based species identification pipeline, called NanoSSID. We sequenced 64 species 
and compared their sequencing results with each other to evaluate sequence similarity, and the 
NanoSSID was used to determine whether the detected species can be correctly assigned to the 
corresponding species. In addition, we assessed the ability of this pipeline to distinguish sam-
ples mixed with different species. Most species exhibited over 80% similarity, and some species 
showed 95% to 99.5% similarity with 1 to 20 base differences. Species with significant differences 
can be correctly assigned to their respective species by the NanoSSID, while species with high 
similarity can only be identified by examining the different bases among these species. Further-
more, this pipeline can successfully identify different components in mixed samples and showed 
the corresponding mixing ratio trend. Overall, the NanoSSID exhibited strong species identifica-
tion capability and can play an effective role in the future.
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Forensic genetics; 12S rRNA gene; Species identification; Nanopore sequencing; NanoSSID
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1. Introduction

Species identification plays an important role in many cases, such as wildlife smug-
gling, animal attacks, and food adulteration [1]. Conventional approaches based on 
morphology or immunology are easy to operate but incapable of precise detection 
on a large scale. With the rapid development of DNA technology, DNA barcoding 
is becoming a preferred method for species identification using the standardized 
regions of DNA sequences [2]. Some mitochondrial genes have been selected as 
DNA barcodes due to the characteristics of multicopies per cell, lack of recombi-
nation, and accelerated evolutionary rate [3]. The mitochondrial 12S rRNA gene 
has sequence information characteristics of low intra-species variation and high 
inter-species variation [4], making it suitable for species identification.

Currently, the gold standard for DNA barcoding is Sanger sequencing, but 
it is difficult to distinguish individual components when faced with mixed or con-
taminated samples [5]. Nanopore sequencing has the advantages of ultra-long read 
length, low cost, portability, and the ability to identify mixed samples [6]. Sev-
eral bioinformatic pipelines for species identification based on Oxford Nanopore 
Technologies’s MinION platform are currently available [7, 8], demonstrating the 
great potential of nanopore sequencing in this field. In addition to MinION, Qitan 
Technology launched its commercial nanopore sequencer QNome-3841 in 2021, 
which has been initially explored in several fields in recent years [9, 10]. Therefore, 
in this study, we developed a species identification bioinformatic pipeline called 
NanoSSID based on the 12S rRNA gene sequences and explored the applicability of 
this pipeline using the QNome nanopore platform.

2. Material studied, methods, techniques

2.1 NanoSSID development
The 12S rRNA gene reference sequences of over 100 different species ob-

tained from public database were used to develop an automated nanopore sequenc-
ing-based species identification pipeline, called NanoSSID (Fig. 1). FastANI was 
utilized to compare the sequence similarity between species.
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Fig. 1. Schematic diagram of a bioinformatics workflow for species identification using QNome 
sequencing data. The corresponding biometric software for each step is shown in parentheses.

2.2 Sample preparation
 This study was approved by the Guangzhou Wildlife Research Center in China 

(ethical license: GZZOO20210903A) and conducted under the ethical principles of the 
“Helsinki Declaration” of the World Medical Association. We selected 64 species as 
test samples and purchased beef, chicken, duck, and pork from the market to prepare 
simulated mixed samples with vary proportions and ingredients. All samples under-
went DNA extraction using the TIANamp Genomic DNA Kit (Tiangen Biotech) and 
subsequently conducted PCR amplification with 12S rRNA universal primers. The PCR 
products were confirmed by agarose gel electrophoresis and quantified using the Qubit 
3.0 fluorometer (Thermo Fisher Scientific).

2.3 QNome nanopore sequencing and Sanger sequencing
The library was prepared using the QDL-E V1.1 kit (Qitan Technology), 

which involved the end-repair process, purification of end-repair products, ligation 
of sequencing adapters, purification of ligation products, and quantification. The 
normalized library was sequenced on the QNome-3841 sequencer (Qitan Technol-
ogy) with the Qcell-384 sequencing chip (Qitan Technology) and the QDS V1.1 kit 
(Qitan Technology). The model “QDSv2.0_QCell384Pv2.0_QDLEv1.0_NTGv” was 
applied for base calling.
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3. Results

3.1 Reference database performance
In general, most species exhibited over 80% similarity, and some species 

showed 95% to 99.5% similarity with 1 to 20 base differences. Based on a 97% 
sequence similarity threshold, reference sequences were clustered into 85 one-spe-
cies clusters and 14 multi-species clusters. The sequences between one-species 
clusters differ widely, and can be directly distinguished based on the alignment 
results. However, within multi-species clusters, the sequence similarity between 
species is extremely high, specific recognition of the differential loci between spe-
cies is required.

3.2 QNome nanopore sequencing performance
The raw sequencing data was filtered by Q-score and read lengths. After that, 

the average number of total reads was 563,993 (minimum: 154,071; maximum: 
1,324,232). The average mapped reads was 562,992 (minimum: 154,049; maxi-
mum: 1,324,109), and the ratios of effective reads (mapped reads/total reads) were 
mostly above 99%, and the lowest was 97.25%. Overall, it presented an adequate 
amount of data and good sequencing quality.

3.3 NanoSSID identified test samples
Among the test samples, 88.33% of samples successfully matched to the 

reference sequences of the same name, whereas 11.67% of samples matched to 
the reference sequences of closely related species for various reasons. The average 
proportion of sequencing reads assigned to the reference sequence was 95.66%, 
with a maximum of 100%. In general, NanoSSID can almost correctly determine 
the origin of the species, even for those with extremely high sequence similarity.

3.4 NanoSSID identified mixed samples
We mix different proportions of chicken, duck, and pork into beef to simu-

late meat fraud. The average proportion sequencing reads assigned to the reference 
sequence was 98.87%, with an average sequence identity of 99.60%. All samples 
with different mixing ratios were successfully detected all expected species and 
could reflect the changing trend of mixing ratios (Fig. 2).
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Fig. 2. Distribution diagram of read ratios for mixed samples. B represents beef; C represents 
chicken; D represents duck; P represents pork.

4. Discussion

Some of the test samples were not successfully matched by NanoSSID to the ref-
erence sequences of the same name, primarily due to several reasons. Some sam-
ples were unable to find a matching reference sequence in the public database and 
could only be compared to closely related species. Several samples demonstrated 
identities significantly below 98% with their corresponding reference sequences, 
suggesting possible mislabeling. Additionally, certain samples may be hybrid spe-
cies or exhibit special intraspecific variations, showing high similarities with more 
than one reference sequence. Moreover, some samples exhibited mixed bases in 
their consensus sequences, which may be related to sequencing errors or mito-
chondrial DNA heterogeneity.

Although simulated mixed samples reflected changes in mixing ratios to a 
certain extent, there were significant differences between the read proportion and 
fresh weight basis of the samples, mainly due to the following biological and tech-
nical factors. First of all, under the same mass, different species and various tissues 
of the same species exhibit variability in both cell size and quantity, as well as 
the variable amount of mitochondria in the cells [11]. Secondly, manual measure-
ment errors may occur during weighing and mixing. In addition, the loss during 
DNA extraction process and the efficiency of PCR amplification can also fluctuate. 
Therefore, the quantitative results obtained through NanoSSID analysis can only 
be regarded as a rough estimate of the relative content of different species. Overall, 
despite some limitations, NanoSSID meets the identification needs of most species 
and mixed samples with a convenient process.
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5. Conclusion

In this study, based on the the 12S rRNA gene sequences of over 100 different spe-
cies, we constructed NanoSSID, an automated nanopore sequencing-based species 
identification pipeline. This pipeline exhibited strong species identification capabil-
ity, which can correctly assigned species with sequence similarity up to 99.5% to 
the corresponding species, and successfully identify different components in mixed 
samples. It can play an effective role for combating wildlife smuggling and tracking 
food adulteration in the future.
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Abstract 
Objetives To develop a rapid and reliable multiplex fluorescence PCR assay for the simultaneous 
identification of ten different animal species (goat, cattle, donkey, chicken, pig, horse, sheep, 
goose, mouse, and duck). Materials and methods Based on the complete mitochondria genome 
sequences of the ten animals in the GenBank database, a comparative genomics analysis strategy 
was used to screen DNA sequences with both intra-species conservation and inter-species spe-
cificity. Species-specific primers were designed to construct a multiplex fluorescence PCR assay 
that can simultaneously identify ten animal species. Subsequently, the performance of the assay, 
including species specificity, sensitivity, reproducibility, and concordance, was validated for use 
in forensic analysis according to the guidelines of the Scientific Working Group on DNA Analysis 
Methods (SWGDAM). In addition, simulated mixed meat samples were also detected using this 
assay. Results and conclusions Ten pairs of species-specific primers were designed to amplify par-
tial regions of the mitochondria genome (D-loop, 16S rRNA, NADH2, Cytb, COI, ATP6, NADH4, 
and NADH6) of the ten animals. The assay was constructed by combining these primers for spe-
cies identification through multiplex fluorescence PCR and capillary electrophoresis. The results 
of developmental validation indicated that this new assay is reproducible, accurate and reliable. 
Specifically, the species specificity study showed no cross-reactivity with a variety of common 
animal species or humans. The sensitivity study demonstrated a detection limit of 31.25 pg for 
the ten species. Furthermore, the assay successfully detected duck components as low as 0.5% in 
mixtures of duck and beef. The developed multiplex fluorescence PCR assay effectively achieves 
species identification for ten common animals, making it a valuable tool for detecting meat fraud 
and adulteration.
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Keywords
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1. Introduction

Meat adulteration has emerged as a global challenge that poses a significant threat 
to food safety and consumer trust [1,2]. Given the gravity of the situation, there is 
an urgent need for the development of rapid and reliable detection methods that 
can accurately identify meat adulteration, ensuring the safety and authenticity of 
meat products and safeguarding consumer health and interests.

In recent years, species-specific multiplex PCR based on the amplification of 
mtDNA genes has received extensive attention, which involves the amplification of 
different fragments of mtDNA genes using multiple pairs of species-specific prim-
ers, followed by electrophoresis [3-6]. 

In the present study, we describe a simple and rapid method for the simulta-
neous identification of ten animal species (goat, cattle, donkey, chicken, pig, horse, 
sheep, goose, mouse, and duck) based on mtDNA genes, using multiplexed flu-
orescent PCR followed by capillary electrophoresis. Subsequently, the assay was 
validated for species specificity, sensitivity, repeatability, and consistency according 
to SWGDAM guidelines. The study aims to provide a reliable detection method and 
solution strategy for identifying adulteration in common meats and their products.

2. Materials and methods

2.1. Sample collections and DNA extraction
Maet samples from ten species (goat, cattle, donkey, chicken, pig, horse, 

sheep, goose, mouse, and duck) used for the construction of a multiplex PCR sys-
tem were collected from local retailers and markets in Shanghai. Maet samples 
from nine species (human, cat, dog, rabbit, monkey, pigeon, snake, frog, and fish) 
used in the species-specific study were collected from local retailers and markets 
in Shanghai, except for the commercial DNA sample 9948 (Promega, Madison, WI, 
USA), which was used as the human reference sample.

DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
Germany) following the manufacturer’s instructions. Quantification of the DNA 
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was performed using the Qubit™ dsDNA HS Assay Kit with the Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Selection of species-specific sequences and primer design
Mitochondrial reference genome sequences for the ten target species were 

downloaded from the GenBank database (http://www.ncbi.nlm.nih.gov/genbank). 
DNA sequences exhibiting intra-species conservation and inter-species specificity 
were identified using MEGAX software (https://www.megasoftware.net/). Specific 
primers were designed with Primer Premier 5.0 software (Premier Biosoft Interna-
tional, Palo Alto, CA, USA).

2.3. Construction of the multiplex fluorescent PCR system 
The primer sets were systematically grouped based on the fragment lengths 

of the amplification products and assigned to one of two fluorescent labeling dyes: 
6-FAM (blue) or HEX (green) at the 5’ end. All primers were synthesized and labe-
led by Sangon Biotech Co. Ltd. (Shanghai, China).

All fluorescent primers were combined, and the final concentration of each 
primer, along with the optimal annealing temperature and cycle number, was op-
timized based on the genotyping results. Notably, both positive and negative con-
trols were included in each PCR reaction.

2.4. Capillary electrophoresis and genotyping
All samples were separated by capillary electrophoresis using an ABI 3500XL 

Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) equipped with POP-4 
polymer and a 36 cm capillary array (Applied Biosystems, Foster City, CA, USA). 
Briefly, the loading samples for capillary electrophoresis consisted of 1 µL of PCR 
product, 8.5 µL of Hi-Di formamide (Applied Biosystems, Foster City, CA, USA), 
and 0.5 µL of the T-500 internal size standard. Genotyping data for all samples were 
analyzed using GeneMapper™ ID-X software (Applied Biosystems, Foster City, CA, 
USA), with a threshold of 50 RFU for peak analysis.

2.5. Species specificity study
DNA samples from nine non-target species (human, cat, dog, rabbit, mon-

key, pigeon, snake, frog, and fish) were tested using the new multiplex assay to 
determine the presence of any cross-reactivity.
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2.6. Sensitivity study
A serial dilution of positive control DNA was amplified in triplicate with 

quantities of 2 ng, 1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg, and 31.5 pg. The mean 
peak heights and percentage of detected alleles were calculated for each DNA tem-
plate.

2.7. Mixture study
Ground duck was mixed with beef at mass ratios of 0.5%, 1%, 5%, and 10%, 

with the total mass of each mixed sample being 100 mg. DNA from each mixed 
sample was then extracted, detected, and analyzed in triplicate.

3. Results

3.1. Construction and Optimization of the multiplex PCR system
In this study, we ultimately selected gene sequences from ten species for 

designing species-specific primers, including the Capra hircus D-loop, Bos taurus 
16S rRNA, Equus asinus NADH2, Gallus gallus Cytb, Sus scrofa COI, Equus ca-
ballus ATP6, Ovis aries NADH4, Anser cygnoides 16S rRNA, Mus musculus NADH4, 
and Anas platyrhynchos NADH6.

Based on the genotyping results of the positive control samples, the con-
centration of each primer in the multiplex assay was optimized. Subsequently, the 
PCR reaction conditions for the multiplex assay were refined. The total volume of 
the PCR system was 15 μL, consisting of 7.5 μL of 2× Multiplex PCR Master Mix 
(Qiagen, Hilden, Germany), 1.5 μL of 5× Q-Solution (Qiagen, Hilden, Germany), 
1 μL of a forward and reverse primer mixture (10 μmol/L), 1 ng of extracted DNA, 
and deionized water to make up the remaining volume. The PCR reaction was 
performed using the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, 
CA, USA) under the following conditions: pre-denaturation at 95°C for 15 minutes, 
denaturation at 94°C for 30 seconds, annealing at 58°C for 90 seconds, and exten-
sion at 72°C for 90 seconds, for a total of 30 cycles, followed by a final extension at 
60°C for 60 minutes. The final genotyping profile is shown in Figure 1.
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Figure 1. Electropherogram of positive control DNA (equal amounts of DNA were mixed from 
each species and then diluted to 1 ng/μL) with the multiplex.

3.2. Species specificity study
In the species specificity study, no reproducible peaks above 50 RFU were 

observed from the human, cat, dog, rabbit, monkey, pigeon, snake, frog, or fish 
DNA templates.

3.3. Sensitivity study
In the sensitivity study, complete genotyping profiles were obtained with 

positive control DNA inputs ranging from 2 ng to 31.25 pg, with average peak 
heights ranging from 6516 RFU to 452 RFU (Figure 2).

3.3 Mixture study
In the mixture study, we prepared four samples with beef and duck mass ra-

tios of 0.5%, 1%, 5%, and 10%. The results showed that duck meat was detectable 
even when its mass was as low as 0.5 mg.
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Figure 2. Sensitivity testing of template DNA ranging from 2 ng to 31.25 pg. The left Y-axis 
represents the average percentage of loci detected, and the right Y-axis represents the average 

peak height. Error bars show the SDs between three replicates.

4. Discussion

In this study, we successfully developed a simple and rapid method for animal spe-
cies identification based on mitochondrial DNA, utilizing multiplex PCR combined 
with capillary electrophoresis. We specifically targeted nine of the most commonly 
consumed food species in China: goat, cow, donkey, chicken, pig, horse, sheep, 
goose, and duck. Additionally, rat meat, which, despite being inedible and asso-
ciated with health risks, was included to further enhance the system’s practical 
applicability.

The design of species-specific primers was based on key mtDNA genes, in-
cluding D-loop, 16S rRNA, NADH2, Cytb, COI, ATP6, NADH4, and NADH6. After 
optimizing primer concentrations, annealing temperatures, and PCR cycling con-
ditions, we established a multiplex fluorescence PCR assay capable of simultane-
ously identifying multiple species in a single reaction. This not only improves the 
efficiency of detection but also provides a streamlined solution for species identifi-
cation in forensic and food safety contexts.

The assay was validated in accordance with the rigorous guidelines set 
by the SWGDAM. In the species specificity study, we confirmed that all primers 
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demonstrated high specificity for their respective species, with no cross-reactivity 
observed between closely related species or other non-target animals. Despite mul-
tiplex PCR generally being 10 to 100 times less sensitive than simplex PCR [7], the 
assay developed in this study was able to detect DNA quantities as low as 31.25 pg, 
a level sufficient for many practical applications.

Moreover, the results of the mixture study showed that the assay could reli-
ably detect positive signals even in samples adulterated with as little as 0.5% duck 
meat, underscoring its robustness and sensitivity in real-world applications. This 
reliable detection of mixed samples highlights the system’s utility for preventing 
meat fraud and ensuring the integrity of food products, where even minimal adul-
teration must be identified.

5. Conclusion

This study describes the development and validation of a new rapid and reliable 
multiplex fluorescent PCR assay for the simultaneous identification of ten different 
animal species: goat, cattle, donkey, chicken, pig, horse, sheep, goose, mouse, and 
duck. Following the guidelines published by SWGDAM, validation studies were con-
ducted, demonstrating that the assay possesses high accuracy, sensitivity, and spe-
cies specificity. Additionally, the new system indicated reliable detection of mixed 
meat samples, making it a valuable tool for detecting meat fraud and adulteration.
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Understanding how soil microbiomes can be used to link objects or individuals to specific lo-
cations could facilitate the development of a new method in forensics. This exploratory study 
investigates how well machine learning can predict the origin of soil and soil stains by analyzing 
microbial composition. Soil was collected from 13 locations in and around the Oslo area, and 
a piece of clothing stained with soil was created for each place. The sampling was performed in 
a manner that included both spatial and temporal variation of the locations in the dataset. The 
soil samples were predicted with 92% accuracy while the soil stain samples were predicted with 
90% accuracy. 
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Introduction

As the sensitivity of human DNA analysis has improved, there has been an increas-
ing need for methods able to provide context for human DNA evidence in forensic 
science. One such method is using the microbiome in soil to link a suspect or an 
object to a specific location, so-called geolocalization. Soil is easily transferable 
and is in use as evidence in some countries today [1]. Microbiomics may be an 
improvement upon traditional soil forensic methods as studies suggest that mi-
crobial composition of soil varies both with geographic distance and ecological and 
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environmental differences [1]. This makes the method not only capable of distin-
guishing between soil types but also between similar soils from different places. In 
addition, the method relies on DNA extraction and sequencing analysis, which is 
becoming methodically established in forensics today, limiting the need for sepa-
rate equipment and experts. 

Several studies have investigated various aspects of this new method, such 
as transferability, temporal variation, and stability over time [2], but more research 
is needed. This study aims to establish if a soil stain with a limited amount of soil 
is still suited for analysis and if machine learning can be used to predict the origin 
of soil and soil stains based on microbial composition. 

Methods

Soil samples were collected from 13 sites in and around Oslo, Norway. At each site sam-
pling was performed 2-3 times on a weekly basis with two samples at each timepoint, 
resulting in a total of 85 samples. The soil samples were collected by placing a sampling 
tube straight into the ground thereby collecting the top few cm of soil. In addition, 
soil stains on fabric (mock clothing samples) were created by rubbing a piece of fabric 
against the ground at the exact sampling site. The participants were instructed to rub 
the fabric through their fingers before sampling, to mimic a worn piece of clothing.  
All the samples were placed in a -20 freezer for storage until further analysis, except 
three of the fabric samples (from locations C, F, and L) that were stored at room 
temperature for around 1.5 months. 

DNA was extracted from approximately 250µl of the collected soil and from 
swab samples of the fabric soil stains, using the MagAttract® PowerSoil® DNA Kit 
(Qiagen). The library preparation was performed according to a protocol described 
by de Muinck et al [3]. It involved two PCR reactions to amplify the V4 region of 
the 16S gene and triple-index the samples. Pair-end sequencing with a read length 
of 300bp was performed on a MiSeq (Illumina) using V3 reagents. 

The raw reads were demultiplexed and trimmed. DADA2 [4] was used to de-
noise the data to amplicon sequence variants (ASVs) and for taxonomy assignment 
using the Silva reference database [5]. All DADA2 work was done on a High-Perfor-
mance Computing cluster (Sigma2). RStudio (version 2024.04.1+748) was used for 
further analysis, including multidimensional Scaling to investigate sample cluster-
ing (NMDS), regression analysis to examine the effect of different factors (PERMANO-
VA), and cross-validation to investigate prediction performance (Random forest). 
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Results

The focus of the analysis was to visualize and understand the variation and compo-
sition of the dataset and then investigate the origin location of the samples using 
machine learning. 
After filtration, 17 059 ASVs distributed amongst 76 samples from 13 locations re-
mained. A total of 9 samples were lost during various filtering steps in the method. 
Thus, there were between four to seven samples from each location. 

Initial data exploration
Differences in the microbial composition between samples were calculated using 
Bray-Curtis dissimilarity. The distance matrix was then plotted using NMDS (Fig-
ure 1), showing that samples from different locations were distinct, though the de-
gree of difference varied. For some locations, the soil stain sample appears relative-
ly different from the soil samples from the same location (for example for locations 
C, K, and Q), but overall it seems like sample type (soil or soil stain on clothing) is 
not a significant driver of clustering. 

Figure 1: An NMDS plot to visualize the relative differences between microbial composition 
in samples as distance in two dimensions. The points in the plot represent different samples 

which are colored after location (A-C, F, H-L, N, P-R) and shaped based on sample type (soil or 
soil stain).
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The effect of sampling location, sampling time, and sample type on the structure 
of the distance matrix was further investigated using Permutational Multivariate 
Analysis of Variance (PERMANOVA). The results revealed that location had a sig-
nificant influence on the clustering of the samples across all pairwise comparisons 
(p-values <0.05), and sample type contributed significantly to differences between 
samples for the pairwise comparisons between locations A and H, A and K as well 
as H and K. However, these results must be interpreted cautiously, as there were 
significant differences in within-group dispersion between some locations and only 
one soil stain sample was collected from each location, reducing the reliability of 
these pairwise comparisons.

Prediction of origin location
The dataset was separated based on sample type (soil or soil stain on cloth-

ing). This was done to first train a model and test the prediction only on soil sam-
ples, and then compare this result to the accuracy of a model trained with soil 
samples predicting the origin location of soil stains. Machine learning was used to 
predict the source location of soil samples based on microbial composition. Ran-
dom Forest was used with 5-fold cross-validation 5 times, each time with a different 
seed. This was done to ensure each sample was predicted with models based on 
different compositions of training data. In total 315 predictions were made (5*63 
samples) and 292 of them were correct, giving a 92% prediction accuracy (figure 
2a). Samples from nine of the 13 locations were predicted with 100% accuracy.  
When training on soil samples and predicting on fabric samples a slightly lower 
prediction accuracy of 90% was achieved (figure 2b). Out of the 13 soil samples on 
fabric, four were predicted wrongly and only one of these (fabric from location Q) 
was predicted wrong by all models.
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Figure 2: Confusion matrix from prediction of soil samples (A) and fabric samples (B). The 
y-axis shows the location of the predicted samples, and the x-axis shows the predicted location 

of the samples.

Discussion

In this study we explored differences in the microbial composition in soil from 
different locations and if we can exploit these differences to predict the origin of 
samples using machine learning. 

Our results indicate that there are significant differences between the mi-
crobiome in soil at different locations, as the soil from the 13 sites we investigated 
showed distinction in the microbiome through PERMANOVA and with NMDS. This 
is supported by other research findings in that the microbiome in soil is very di-
verse and that the diversity is connected to location [1]. 

PERMANOVA and NMDS were also used to investigate if samples from soil 
stains significantly differ from samples from soil in microbial composition. Our 
results indicate that there are some differences in the microbiome, but that overall 
sample type has less impact on the separation of the samples than location. This 
aspect needs more investigation with a larger sample size to determine if observed 
differences stem from outliers or systematic differences because of sample type.  
Soil stain samples were collected on fabric on which participants deposited their 
skin microbiome. A future study to determine if the observed differences between 
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soil samples and soil stain samples stem from the additional skin microbiome 
would be useful. This could also explain some of the inconsistencies in the impact 
of sample type between locations, as participants may deposit different amounts of 
microorganisms on the fabric.

The prediction by Random Forest of origin location for soil and soil stains 
was overall very successful with high accuracy for both predictions of soil and soil 
stains. In a criminal case it is reasonable to assume that the evidence will not be a 
scoop of soil, but rather a soil stain on clothing. The high accuracy achieved when 
predicting the origin of soil samples in this study indicates that these types of sam-
ples can be suited for this analysis. 

Although the high prediction accuracies are encouraging, some of the sam-
ples showed ambiguous prediction results, indicating that some model optimiza-
tion is still possible and needed. Small changes in the shuffling of training data had 
an impact on which samples that were predicted wrong, even for the prediction 
on soil stain samples where the test data was constant. This can be caused by for 
example overlap in microbial composition from different places or noise in the data 
making it hard for the model to find the real underlying microbial compositional 
signatures. In microbial research high dimensionality is often a challenge and var-
iable selection is suggested as part of the best practice [6]. Some studies suggest 
that this could help stabilize the model [7].

Conclusion

In this study we found that soil collected from 13 different locations in and around 
the Oslo area significantly differs in microbial community composition, and that 
machine learning could be used to predict the origin location of the soil based on 
these differences with a 92% accuracy for soil samples and with 90% accuracy for 
fabric samples. The high accuracy of the Random Forest predictions indicates that 
soil and soil stains could be suited for analysis of microbiomes to connect evidence 
to a specific location. However, further research is needed to fully understand the 
possibilities and limitations, including studying influencing factors such as par-
ticipant differences and variation over time, as well as optimizing the prediction 
model, for example, through variant selection.
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Abstract 
Advancements in genetic analyses have been increasingly contributing in our understanding of 
ecological, evolutionary, and phylogenetic aspects of animals. Examples of this progress can be 
seen in the forensic field. In Brazil, wildlife traffic stands out as one of the most prevalent envi-
ronmental crimes, with significant impacts on avian populations. For these animals, obtaining 
genetic material through blood is more advantageous due to the presence of nucleated red blood 
cells. However, this method can induce stress and alter the behavior of these animals, proving 
more challenging for threatened and elusive species. Consequently, non-invasive techniques for 
obtaining genetic material have been increasingly studied. The present study aimed to standar-
dize molecular analysis techniques in bird eggshells. For standardization, incubated eggshells of 
Common Gallinule (Gallinula galeata) were used, from which fragments were collected weekly 
over 30 days post-hatch and separated into three categories (“shell,””membrane,” and “shell + 
membrane”). DNA was extracted and purified using sodium acetate, and the quantity and quality 
of the molecule were evaluated by fluorimetry and 0.8% agarose gel electrophoresis. Polymerase 
chain reaction (PCR) amplifications of the nuclear marker Chromodomain Helicase DNA Binding 
Protein (CHD) and the mitochondrial marker Cytochrome B (CytB) were conducted for genetic 
determinations. Forty-five samples were analyzed, from which DNA extraction was successful in 
91% (n=41). DNA from shells was not detected after the third week post-hatch. The highest DNA 
concentration was obtained in membranes (2.074±2.073 μg/ml). Success rates for markers were 
51.1% for CytB (n=23) and 44.4% for CHD (n=20). No amplification was observed for CytB after 
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three weeks post-hatch (n=9), regardless of the biological material used. The tested methodologi-
cal conditions were suitable for molecular analysis from eggshells with and without membranes, 
with DNA extraction possible even four weeks post-hatch, albeit with a lower success rate for CytB 
amplifications. We hope to conclude this observation for a larger number of samples and markers.

Keywords
DNA extraction, Birds identification, Conservation, Forensics

1. Introduction

Illegal wildlife trade ranks among the five most profitable illicit activities in the 
world [1], and high demand makes the capture and trade of wild animals a signifi-
cant factor in the decline of populations and ecological services of species subjected 
to this pressure [2]. Birds have been used as pets, decoration, and even in tradition-
al medicine [3], representing one of the most coveted groups in the illegal trade, 
with some families being more exploited, such as Thraupidae and Psittacidae. In 
Brazil, birds are the most trafficked group among other taxa, with species like the 
saffron finch (Sicallis flaveola) and the double-collared seedeater (Sporophila caer-
ulescens) being the most trafficked [4].

The use of genetic tools has generated new knowledge about animal ecology 
and evolution, providing important information on population genetics [5], evo-
lutionary history [6], and even insights into extinct species [7]. The most efficient 
way to obtain genetic material from birds is through their blood, as they have nu-
cleated red blood cells [8]. However, obtaining this material can potentially cause 
stress and alter the animal’s behavior [9], which could have even greater conse-
quences for cryptic or endangered species.

Due to this, researchers have been seeking non-invasive methods of obtain-
ing genetic material [10, 11]. Materials such as feathers, eggshells, and even feces 
have been used for various purposes, such as species identification [12], conserva-
tion [13], and forensic studies [14]. The present study aimed to standardize molec-
ular analysis techniques in bird eggs over time.

2. Material studied, methods, techniques

2.1. Gallinula galeata eggshell’s
Five eggs of Gallinula galeata were collected at Rodrigo de Freitas Lagoon 

and later incubated at the UERJ Bird Ecology and Behavior Laboratory until the 
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chicks hatched. Only three chicks hatched from the eggs and were subsequently 
returned to their respective nests.

Eggshells were stored in open boxes, and fragments were collected weekly, 
starting one day after hatching and continuing for four weeks post-hatching (T0-
T4). The fragments were categorized into three groups: fragments of shells without 
membrane, fragments of shells with membrane [15], and fragments of membrane 
(hereafter referred to as shell, shell + membrane, and membrane, respectively). 
Subsequently, the fragments were ground (using a porcelain mortar and pestle) 
and stored in a freezer until further analysis.

2.2. DNA extraction and amplification
DNA extraction was performed using ammonium acetate [16]. To the pow-

dered eggshell, 500 μL of lysis solution (0.5 mL Tris-Cl pH 7.5 1M, 4 mL EDTA pH 
8.0 0.5M, 2 mL NaCl 5M, 40 mL SDS 10%) was added, along with 15 μL of protein-
ase K (0.5 mg/mL) and 15 μL of DTT (30 mM) for digestion at 55ºC, 800 rpm for 
16 hours. The supernatant was extracted and combined with 193 μL of ammonium 
acetate (2M). 500 μL of isopropanol (100%) and 52.5 μL of sodium chloride (0.25M) 
were used for DNA isolation and precipitation. The concentration of the extracted 
DNA was quantified by spectrophotometry using a Qubit. Samples were amplified 
for the markers Cytochrome B (CytB), responsible for species identification, and 
Chromodomain Helicase DNA Binding Protein (CHD), which allows for identifying 
the animal’s sex.

3. Results

DNA was successfully extracted from 91% of the samples (n=41). Among the sam-
ples from which DNA could not be extracted, two were from the third week and two 
from the fourth week after hatching. The samples had an average of 44 mg of shell, 
45 mg of shell + membrane, and 4 mg of membrane. The average concentrations 
for the samples were 0.023μg/mL, 0.618μg/mL, and 2.074μg/mL for shell, shell + 
membrane, and membrane, respectively.

For the CytB marker, amplifications were successful up to the third week 
post-hatching, with a total success rate of 51.1% (n=23), including two from shell 
samples, eleven from shell + membrane, and ten from membrane. The selected 
sequences for sequencing were correctly identified as Gallinula galeata when com-
pared to sequences in GenBank.
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Figure 1: CytB amplifications, one day after eclosion (T0). Controls negative (-), positive (+), 
shell (Sh), membrane (Mb), shell + membrane (S+M) and ladder (LAD).For the CHD marker, 

although samples were amplified at all tested time points, it showed a success rate of 44.4%, 
amplifying only 20 samples, including one from shell, seven from shell + membrane, and 

twelve from membrane. Only one sample was identified as female, while all others were male, 
showing the pattern of a single amplification band.

4. Discussion

Despite having the lowest weight among the samples, the eggshell membrane 
proved to be the best material for obtaining DNA, with a concentration nearly 100 
times greater than the shell and three times greater than the shell + membrane. 
This result may be associated with remnants of blood vessels from the extraem-
bryonic membranes adhered to the eggshell membrane [15]. Interestingly, the 
mixture of shell + membrane showed similar results to samples containing only 
the membrane regarding the amplification efficiency for CytB and CHD. The low 
amplification success for the shell may be linked to the scarcity of cells, as this 
structure is rich in mineral substances [17]. Nevertheless, obtaining DNA from the 
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shell is possible, as parental cells from the brood, through blood remnants, can 
adhere to the outer surface of the eggs after laying [9]. Another possibility for the 
presence of DNA in this structure is the deposition of dead epithelial cells from the 
parents during incubation [9].

The result obtained from the CHD marker indicated that the extracted DNA 
belonged to the chick, as all results identified males. The only sample that yielded 
a female result came from the membrane. In this case, we believe the sample may 
have been contaminated during the separation of the material from the shell, as 
this would be the only possible source for the female material.

5. Conclusion

The results show how these used biological samples can be useful for obtaining 
genetic material from birds. The best samples would be those containing some part 
of the membrane either adhered to or isolated from the egg shell. Although they 
have a lower success rate, shell fragments can also be used for DNA extraction. For 
greater success in species identification, we recommend using the material up to 
two weeks after hatching, as the amplification success rate for CytB is higher dur-
ing this period. The methodological conditions tested were suitable for molecular 
analysis of eggshells with and without membranes, and we hope to conduct further 
observations for a more significant number of species and markers.
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Abstract
The Guiana dolphin, Sotalia guianensis (van Bénéden, 1864) is the most common cetacean 
found in strandings along the Brazilian coast and, as a result, is well-represented in zoological 
collections. This species’ broad distribution, coupled with increasing anthropogenic activities, 
subjects it to various pressures such as habitat degradation, pollution, and accidental/incidental 
captures. Carcasses provide crucial biological data, including sex determination, but the rapid 
decomposition in tropical environments and the absence of pronounced skeletal sexual dimor-
phism complicate this task. Behavioral differences between females and males, juveniles and 
adults, as well as among distinct populations, further suggest that exposure to anthropogenic 
threats may vary due to differential habitat usage. In this study, we aim to develop a forensic 
protocol for DNA extraction from skeletal remains by evaluating the efficacy of various bone 
structures—specifically, the humerus, vertebra, sternum, and periotic-tympanic complex. DNA 
was extracted from these tissues using a phenol-chloroform protocol, and quantification was 
performed using the Qubit® fluorometer. Results indicated that the vertebra and humerus yiel-
ded the highest DNA concentrations, followed by the periotic-tympanic complex and sternum. 
Polymerase chain reaction (PCR) amplification of nuclear and mitochondrial DNA fragments 
was conducted based on established protocols for cetaceans and humans. Among our results, 
we highlight the amplification of mitochondrial DNA for cytochrome b for the vertebra, ster-
num and periotic-tympanic complex. The analysis of bone fragments is crucial, as these tissues 
are commonly available in zoological collections. The molecular data generated from this study 
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contributes to the systematics, taxonomy, and evolutionary understanding of Sotalia guianensis, 
with important conservation implications. Notably, this threatened species, faces significant cha-
llenges across its range, which includes eight of the twelve recognized Management Units along 
the Brazilian coast, as well as throughout Central and South America.

Keyword
DNA extraction, bone, marine mammals, conservation

Introduction

Among the cetaceans that inhabit Brazil’s extensive coastline, the small odonto-
cete, Guiana dolphin Sotalia guianensis (van Bénéden, 1864), is notable for its 
broad distribution in estuarine and coastal waters. Its range extends from the state 
of Amapá to Santa Catarina, including the Amazon estuary [9, 12]. This species 
typically reaches a maximum body length of 230 cm, a weight of up to 150 kg, and 
has a lifespan of approximately 33 years [2]. Its use of coastal habitats, however, 
exposes it to various anthropogenic threats, such as habitat degradation, pollution, 
and by catch in fishing activities [1]. According to the International Union for Con-
servation of Nature (IUCN) Red List of Threatened Species, the Guiana dolphin is 
classified as “Near Threatened” across its entire distribution, which encompasses 
twelve recognized Management Units (MUs), eight of which are located along the 
Brazilian coast [2, 4]. This distribution and the delineation of MUs align with the 
genetic diversity patterns documented in populations along the Brazilian coast [6].

The Guiana dolphin is the most frequently represented odontocete in Bra-
zilian zoological collections, largely due to its high mortality rate and the relative 
ease of recovering stranded carcasses. The examination of skeletal remains from 
these specimens has significantly advanced understanding in various fields, such 
as habitat use, age estimation, taxonomy, evolutionary history, conservation strate-
gies, and health assessments [2, 3, 6, 8]. Genetic studies have revealed higher hap-
lotype and nucleotide diversity in individuals from the northern Brazilian coast, 
particularly in the Amazon estuary, underscoring the genetic complexity within 
this region [6]. 

The overlap between the Guiana dolphin’s distribution and anthropogenic 
activities places significant pressures on the species, including habitat loss, pollu-
tion, and both accidental and incidental captures [1, 2]. The recovery of carcasses 
is critical for documenting certain biological characteristics, such as sex; however, 
rapid decomposition in tropical climates and the lack of pronounced skeletal sexual 
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dimorphism complicate these determinations. In this study, we aim to establish a 
forensic protocol for DNA extraction from the bone tissue of the Guiana dolphin. 
We evaluate the effectiveness of DNA extraction from various bone structures—
namely, the humerus, vertebra, sternum, and periotic-tympanic complex—fol-
lowed by molecular analysis using nuclear and mitochondrial DNA markers on a 
specimen of known sex.

Material and methods

Material
As part of this project, bone tissue samples were collected from the vertebra, 

sternum, humerus, and periotic-tympanic complex of a male Guiana dolphin (So-
talia guianensis), specimen MN83455, housed at the Museu Nacional, Universidade 
Federal do Rio de Janeiro (MN/UFRJ). These tissues were selected for analysis to 
evaluate their suitability for DNA extraction.

Methods
Forensic DNA Extraction
DNA was extracted from the dry-preserved bone fragments - vertebra, ster-

num, humerus, and periotic-tympanic complex - of the specimen. These fragments 
were pulverized at low temperatures, and approximately 40mg of bone powder 
from each structure was digested in a solution containing EDTA and proteinase K. 
The DNA extraction followed the Phenol-Chloroform method as described by Sam-
brook et al. (1989). The extracted and purified DNA samples were quantified using 
a Qubit® 2.0 Fluorometer (Life Technologies). To assess the quality and quantity 
of the DNA, the samples were subjected to electrophoresis on 2% genomic agarose 
gels, composed of Tris base, Acetic acid, and EDTA (TAE). Electrophoresis was per-
formed at 83V for 60 minutes, and the DNA bands were visualized under an ultra-
violet (UV) transilluminator.

Amplification of nuclear X and Y fragments
Nuclear DNA markers from the ZFX, ZFY, and SRY regions were tested for 

sex determination. Gene amplification was carried out using the Polymerase Chain 
Reaction (PCR), following established protocols for odontocetes. The primers used 
were ZFXY582, ZFX923, and ZFY767, producing fragments of approximately 364 
and 230 base pairs, respectively [7]; SRY593 and SRY764, yielding fragments of 
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approximately 170 base pairs; and ZFY1204 and ZFY0097, amplifying fragments of 
about 300 base pairs [10]. To ensure the accuracy of sex determination, two addi-
tional Sotalia guianensis specimens - one female (MN 83438) and one male (MN 
83450) - were used as positive controls.

PCR reactions were conducted in a 20 µL reaction mixture containing 2.0 
µL of DNA, 0.5 µL of each primer (10 µM, forward and reverse), 5 µL of 10× buffer, 
0.2 µL of Platinum™ Taq DNA Polymerase (Invitrogen™), and 12 µL of DNA-grade 
water. The cycling profile and annealing temperatures were based on the protocol 
described by Cunha [5], using a Veriti® 96-Well Thermal Cycler (Applied Biosys-
tems). The cycling conditions were as follows: an initial denaturation step at 94°C 
for 3 minutes, followed by 38 cycles of denaturation at 92°C for 1 minute, anneal-
ing at 50°C for 1 minute, and extension at 72°C for 1 minute. A final extension was 
performed at 72°C for 5 minutes. To verify amplification, 4.0 µL of the PCR product 
(amplicon) was mixed with 2 µL of Safe Dye (Thermo Fisher®) and run on a 2% 
TAE agarose gel at 83V for 30 minutes. A Low Mass DNA Ladder (50 bp, Promega®, 
Madison, USA) was used as the molecular weight marker. 

Amplification of mitochondrial cytochrome b locus
The mitochondrial DNA gene cytochrome b (CytB) was amplified via Pol-

ymerase Chain Reaction (PCR). The primer combinations used were as follows: 
Forward primer L14816 and Reverse primer H15173, producing a fragment of ap-
proximately 300 base pairs [13]. PCR reactions were conducted in a 15 µL reaction 
volume containing 2.0–5.0 µL of DNA, 1.0 µL of each primer (10 µM, forward and 
reverse), 5.0 µL of MasterMix (Invitrogen™), and DNA-grade water to make up the 
final volume. The cycling profile and annealing temperatures followed the protocol 
of Parson et al. (2000) using a Veriti® 96-Well Thermal Cycler (Applied Biosys-
tems). The thermal cycling conditions were as follows: initial denaturation at 95°C 
for 11 minutes, followed by 35 cycles of denaturation at 94°C for 30 seconds, an-
nealing at 50°C for 45 seconds, and extension at 72°C for 45 seconds, with a final 
extension at 72°C for 10 minutes. To verify amplification, an aliquot of 4.0 µL of the 
PCR product (amplicon) was mixed with 2 µL of Safe Dye (Thermo Fisher®) and 
run on a 2% TAE agarose gel at 83V for 30–45 minutes. A Low Mass DNA Ladder (1 
kb, Promega®, Madison, USA) was used as the molecular weight marker. 
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Results

Forensic DNA Extraction
Extraction using the phenol-chloroform protocol provided the following 

concentrations, as measured by the Qubit® fluorometer: the vertebra yielded the 
highest DNA concentration at 1.78 μg/ml, followed by the humerus at 1.10 μg/ml. 
The sternum and periotic-tympanic complex exhibited lower DNA concentrations, 
with 0.43 μg/ml and 0.37 μg/ml, respectively (mean of three samples for each struc-
ture). These results demonstrate that the removal of a small bone fragment can 
effectively facilitate the extraction from various skeletal structures of the Guiana 
dolphin.

The extraction of these bone fragments did not compromise the morphology 
of most of the skeletal elements of this specimen, including the vertebra (~15 x 18 
cm), sternum (~21.5 x 12 cm), and humerus (~7 x 4 cm), as small bone fragments 
were excised from well-defined regions. In contrast, the removal of fragments from 
the periotic-tympanic complex was challenging due to the structural hardness re-
sulting from its mineralization, leading to the disjunction of this small bone struc-
ture (~3.5 x 2 cm).

Sex determination using nuclear markers
The effective primer pair identified for amplifying approximately 364 base 

pairs in females was ZFXY582 and ZFX923. However, the target specimen (MN 
83455) did not yield amplification of its nuclear DNA for sex determination, nor 
did the male positive control (MN 83450). In contrast, the female positive control 
(MN 83438) demonstrated successful amplification of the target fragment. Notably, 
no other primer pairs produced successful results for the target specimen or the 
positive controls.

Amplification of mitochondrial cytochrome b locus
Amplification of mitochondrial DNA for cytochrome b identification of frag-

ments from the bone structures of the Guiana dolphin was possible for vertebra, 
sternum and periotic-tympanic complex (Figure 1), through ‘Polymerase Chain 
Reactions’ (PCR) based on the literature for several species, including mammals 
[13].
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Figure 1. Example of gel with ‘Polymerase Chain Reactions’ (PCR) amplification products 
showing the effectiveness mitochondrial DNA extraction for some bone parts. 

Discussion

DNA extraction from various parts of the skeleton of a specimen—initially found 
stranded on the beach and subsequently stored in a zoological collection—sug-
gests that satisfactory preservation of genetic material has occurred, despite the 
lack of controlled processing conditions for this skeleton. Quantification of the 
DNA extracted using the phenol-chloroform method and measured with a Qubit® 
fluorimeter indicated that the less mineralized bone structures, specifically the 
humerus and vertebra, exhibited higher concentrations of DNA, followed by the 
sternum and periotic-tympanic complex. Among our results, we highlight the am-
plification of mitochondrial DNA for cytochrome b for the vertebra, sternum and 
periotic-tympanic complex using ‘Polymerase Chain Reactions’ (PCR).

The successful use of bone fragments for DNA extraction is particularly rel-
evant for the estuarine-coastal Guiana dolphin, given that skeletons of this species 
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are widely available in zoological collections. Expanding this study, based on the 
forensic protocol established herein, may enhance our understanding of sex and 
population diversity among the Management Units of this dolphin [2, 6].

Differentiated management strategies for this taxon are crucial, as its distri-
bution largely overlaps with human activities leading to environmental degrada-
tion and fishing practices, resulting in significant occurrences of accidental cap-
tures and bycatch [1, 2]. In Brazil, the Guiana dolphin is both the most abundant 
and the most threatened by anthropogenic impacts [4, 12]. The genetic structure 
of this species has revealed greater molecular diversity in the Amazon estuary com-
pared to other regions along its extensive estuarine-coastal distribution [6].

Despite advancements in understanding this odontocete, further studies 
integrating genetic research and conservation efforts are necessary to inform ef-
fective management actions in the Brazilian Management Units [6]. The forensic 
protocol outlined in this study can facilitate effective DNA extraction from skel-
etal remains, contributing to the conservation management of Sotalia guianen-
sis. These remains serve as vital records of biodiversity and environmental health, 
highlighting the importance of this sentinel species within estuarine-coastal eco-
systems, particularly due to its role in bioaccumulation as a top predator in the 
food chain.

Conclusion

In conclusion, studies focused on this ‘Near Threatened’ estuarine-coastal dolphin 
emphasize the importance of utilizing data obtained from recovered carcasses to in-
form management and conservation strategies. By employing forensic techniques 
on the numerous skeletonized specimens available in zoological collections, re-
searchers can enhance our understanding of the species’ biology and ecology, ulti-
mately contributing to more effective conservation actions for the Guiana dolphin 
(Sotalia guianensis).
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Abstract 
The present work aimed to increase our knowledge on the origin and diversity of paternal linea-
ges of Quilombos from Pará (a State in the Amazonian region of Brazil). Therefore, 23 Y-STR 
markers were characterized in 226 individuals using the PowerPlex® Y23 system. A high haplo-
type diversity was observed. A comparative analysis between South American populations revea-
led greater proximity between admixed populations from Brazil, Colombia, and Afro-descendants 
from Brazil and Ecuador, all very close to Iberian populations. To infer continental contributions, 
haplogroups were predicted based on haplotypes. The high frequency of European paternal linea-
ges (>67%) detected in this study was also observed in other studies of admixed populations from 
South America. However, contrary to expectations, given the history of the formation of Quilom-
bos and their supposed isolation, paternal lineages of Indigenous origin were more frequent than 
those from Africa (~21% and >11%, respectively). 
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Introduction

The genetic heterogeneity of current South American populations is the result of 
historical admixture events between Indigenous people, Europeans and Africans. 

30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS
Universidade de Santiago de Compostela, 2025, pp. 257-264
DOI: https://dx.doi.org/10.15304/cc.2025.1869

mailto:julyribeiro18.jr@gmail.com


258 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

Brazil, in particular, was the country that maintained the highest proportion of 
Afro-diasporic population in the world, having received around 4.9 million Africans 
during the slavery period [1-2]. Although most of the current Brazilian population 
is admixed, there are native and Afro-Brazilian communities known as indigenous 
and Quilombos, respectively. Quilombos are communities formed by enslaved Af-
ricans and their descendants who resisted exploitation during slavery. Currently, 
Brazil has more than 2,807 communities legally certified as Quilombos, each with 
a particular history of formation. In recent years, studies using diverse markers 
revealed the high genetic heterogeneity of the Brazilian population, with differ-
ent admixture patterns across country’s regions. Genetic studies in Brazilian Af-
ro-descendant populations can provide further information about the admixture 
processes behind the formation of current populations, and new insights into the 
genetic legacy of the African diaspora [3-6]. 

The present work aimed to contribute to the knowledge about the male lin-
eage composition of South American populations using Y-chromosomal specific 
STR (Y-STRs). Thus, it was intended to provide relevant information to a database 
of Y-STR haplotypes to be used in subsequent population studies, as well as in 
forensic analyzes. Y-chromosomal specific markers are widely used in population 
genetics to infer paternal ancestry, as the non-recombining Y (NRY) portion is 
transmitted unchanged over generations in haplotype form, except in cases where 
mutations occur.

Material and methods

Bloodstain samples from 226 unrelated Afro-descendant males from Pará were col-
lected in Whatman FTA® cards, under written informed consent. The project was 
approved by the ethical committee of the Health Sciences Institute of the Federal 
University of Pará (CAAE: 55906016.6.0000.0018). DNA extraction was performed 
using the Chelex resin [7].

The samples were genotyped using the PowerPlex Y23 kit (PPY23), following 
the manufacturer’s instructions (Promega). 

To predict the most likely haplogroup of each sample, the PPY23 haplotypes 
were submitted into NEVGEN Y DNA Haplogroup predictor (http://www.nevgen.
org/). Haplogroup frequencies were calculated by direct counting.

The haplotype diversity (HD) was computed for the total population sam-
ple. Pairwise comparisons (FST) for 19 Y-STRs were performed between the  
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Afro-descendant (Pará), South American, and reference populations from the three 
main continents that contributed to South American admixture [8-15]. The Arle-
quin software ver. 3.5.1.2 [16] was used for HD and FST analyses. Pairwise genetic 
distances were visualized by Multi-Dimensional Scaling (MDS), as implemented in 
the STATISTICA software ver. 8.0 (www.statsoft.com).

Results 

A high Y-STR haplotype diversity (HD = 0.9952 ± 0.0010) was found in the sam-
ple of 226 Afro-descendants from Pará, with 153 unique haplotypes identified. A 
total of 9 intermediate alleles were observed at the following loci: DYS448 (n = 1), 
DYS549 (n = 1), DYS570 (n = 5), DYS390 (n = 1), DYS458 (n = 13), and DYS385 
(n = 1). These intermediate alleles were previously detected in other populations 
included in the YHRD.

Pairwise FST values were calculated between Pará and other South Ameri-
can, African and European populations, and represented in a MDS plot (Fig. 1). 
The results showed a greater proximity between the Afro-descendants from Pará 
and other admixed populations from Brazil, Argentina, Colombia, and Paraguay 
(FST ≤ 0.013), all genetically close to the Iberian populations (FST = 0.014 and FST = 
0.023, Portugal and Spain, respectively). Significant differences were found when 
comparing Pará with the remaining populations (p < 5E-6), showing the largest 
FST values with the Africans (0.130 ≤ FST ≤ 0.172) and Indigenous (0.052 ≤ FST ≤ 
0.170), followed by the two Afro-descendant populations from Esmeraldas (Ecua-
dor) and Palenque (Colombia) (FST = 0.031 and FST = 0.058, respectively). 
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Fig. 1. MDS plot of pairwise FST between Afro-descendant, admixed and Indigenous populations 
from South America, as well as African and European populations. 

Sample codes: ESM=Esmeraldas, Ecuador; BOL-IN=Indigenous people of Bolivia, 
Bolivia; MA=Manaus, Brazil; SGC=São Gabriel da Cachoeira, Brazil; PE=Pernam-
buco, Brazil; MAR=Maranhão, Brazil; MT=Mato Grosso, Brazil; RJ=Rio de Janeiro, 
Brazil; SP= São Paulo, Brazil. Stress = 0.0749950.

Haplogroups inferred from Y-STR profiles showed a high frequency of Eu-
ropean lineages (65.93%), followed by Indigenous people (20.8%) and African line-
ages (11.5%) (Fig. 2). A single chromosome was found to belong to the Asian hap-
logroup O (0.44%). The most frequent haplogroup was R1b, representing 41.2% of 
the Afro-descendants from Pará.
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Fig. 2. Haplogroup distribution inferred by NEVGEN in the Quilombos of Pará.

Discussion

The high Y-STR haplotype diversity as observed in the Afro-descendants from Pará 
was earlier reported for Afro-descendant populations from Brazil, Colombia and 
Ecuador [5, 8-9]. 

Contrary to the expectations, given the history of the formation of the 
Quilombos and their supposed isolation, paternal lineages of Indigenous origin 
were more frequent than those from Africa. Haplogroups E1b1b-L67 and E1b1b-V22 
lineages could be of either African or European origin. Therefore, the final Euro-
pean and African contributions were proportionally adjusted to 67.1% and 11.7%, 
respectively. In contrast with our findings, previous studies showed a prevalence of 
European and African lineages in most Brazilian Quilombos [17]. 

The R1b haplogroup is the most frequent lineage in Eastern Europe, reach-
ing frequencies greater than 50% in the Iberian Peninsula [18]. It has also been 
reported at high frequencies in admixed South American populations [9, 15, 19]. 
These results are in line with expectations, as the predominance of male European 
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paternal lineages found in the Quilombos from Pará reflects the colonization his-
tory of South America by Europeans, mainly males.

Due to the error rate associated with haplogroup determination based on 
haplotype profiles, the results presented are just an approximation of the actual 
frequency of haplogroups in the studied population. For a more accurate definition 
of the haplogroups and their geographical origin, the results should be confirmed 
through Y-SNP genotyping.

Conclusion

With this study, we contributed to the forensic database of 23 Y-STR haplotypes 
from African-descent communities (Quilombos) from Pará, Brazil. The data gen-
erated provided valuable information about the paternal lineages of current pop-
ulations in South America, allowing for a deeper understanding of the genetic 
composition and regional differences across the country. Contrary to expectations, 
the Quilombos of Pará presented a high European male contribution, followed by 
Indigenous people and African contributions. The results of the population com-
parison revealed a closer proximity between the Pará and other South American 
admixed populations, all very close to the Iberian populations, in agreement with 
the country’s colonization history. 
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Abstract 
A large database on the Qatari population was created for comparison with other databases from 
the Arabian Peninsula and the Middle East. We provide a study of 23 Y-STR loci included in 
PowerPlex Y23 (Promega, USA) that were genotyped to produce haplotypes in 379 unrelated 
males from Qatar, a country at the crossroads of migration patterns. The graph of the population 
Q-matrix was created using Y-STR data from 134 Middle Eastern and African populations (11,305 
individuals), and it revealed a stronger sub-grouping of populations within each ethnic group. 
The estimated migration rate between the Qatari and other Arabian populations was inferred 
using Bayesian coalescence theory in the Migrate-n program. According to the Gene Flow study, 
the main migration route was from Yemen to Kuwait through Qatar. Our research, using the 
PowerPlex Y23 database, shows the importance of gene diversity, as well as regional and social 
structuring, in determining the utility of demographic and forensic databases.

Keywords
Qatar, Middle East, Y-STR, Population genetics, Phylogenetics

Introduction 

Qatar occupies the Qatar Peninsula, which extends northward from the Arabian 
Peninsula’s eastern edge into the Arabian Gulf and covers 11,427 km2 (Fig 1). 
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Doha, the capital city, is located on the peninsula’s eastern edge. Qatar has a pop-
ulation of around 3,005,069 million people, including 300,000 nationals of various 
origins [1]. Qatar has a southern border with Saudi Arabia and a maritime border 
with Bahrain, the United Arab Emirates, and Iran. It is known, like other countries 
in the region, for its distinct population structure, which is characterized by a high 
consanguinity rate [2, 3].

This study aims to investigate the Y-chromosomal genetic diversity of Qa-
tar’s Arab population. We analyze 23 Y-chromosomal short tandem repeat (Y-STR) 
loci using the PowerPlex Y23 system (Promega Corporation, Madison, WI, USA). 
Our objectives are: to elucidate the genetic structure of the Qatari population, to 
assess the genetic relationship between Qatari and other Middle Eastern popula-
tions and finally to shed light on historical human migration patterns across the 
Arabian Peninsula

This research contributes to our understanding of population genetics in 
the Middle East and may provide insights into the region’s demographic history

1. Materials and methods

1.1. Qatari and the Middle Eastern populations samples 
A total of 379 saliva samples were collected anonymously from unrelated in-

digenous Qatari males Arabs from Doha. Ethical approval was granted by the Min-
istry of Interior of Qatar and the University of Central Lancashire “Ref STEM454”. 

1.2. PCR amplification and fragment analysis
The PowerPlex Y23 kit was used to generate 23 loci. DNA amplification Re-

action setup and thermal cycling were performed according to the procedures de-
scribed in the PowerPlex Y23 kit User’s Manual. Thermal cycling was performed 
in Veriti® 96-Well Thermal Cycler as recommended by the manufacturer (Ther-
mo Fisher Scientific). Fragments were electrophoresed in eight capillaries (50-cm 
length) arrays on the ABI 3500 Genetic Analyser using the manufacturer’s recom-
mended protocols (Thermo Fisher Scientific) filled with POP-4™ polymer. GeneM-
apper IDX software V1.4 was used for allele calling and interpretation. 



267QATAR AND THE MIDDLE EAST: INSIGHTS FROM A Y-STR STUDY USING POWERPLEX Y23

Eida Khalaf Almohammed, Abdullah Hadi,Tarek Mghirbi, Khalid Marzook, Ibrahim Elramahi, Hayder Lazim

1.3. Statistical analyses
Molecular data were obtained for the Qatari population using Y-STRs based 

on the PowerPlex Y23 System and compared with the available data on other Mid-
dle Eastern populations [4]. Genetic distances between groups of males were quan-
tified by the multi-dimensional scaling (MDS) plots which was generated by using 
R statistical software version 4.0. The phylogenetic tree was constructed using 
POPTREE2 online tool [5] and FigTree software [6]. 

The genetic structure of the Middle Eastern and different regions of Africa 
was investigated using the programme STRUCTURE version 2.3.7 and an admix-
ture model [7, 8]. The Q-matrix graph of the studied populations was created using 
Y-STR data from 17 markers across 135 populations (11,305 individuals).

This study investigated gene flow between Qatari and other Middle Eastern 
populations. The Migrate software program employs a Bayesian inference frame-
work to estimate several key population parameters, including effective population 
sizes, historical migration rates between varied populations under an asymmetrical 
migration model, and population divergences or admixture [9]. 

2. Results

The 23 Y-STRs profiled with PowerPlex Y23 kit were amplified for 379 Qatari males. 
Data are accessible from YHRD, release 69 (Accession number YA000494). 

The MDS analysis was computed for all populations using the Y-filer 
17-marker panel. The resulting MDS plot revealed five distinct clusters within the 
Middle Eastern population. Notably, the Qatari population did not cluster with oth-
er Arabian Gulf countries as might be expected. Instead, it exhibited greater genetic 
affinity with populations from the northern part of the Arabian Peninsula, the Le-
vant region, and Iraq (Fig 1A). 

Phylogenetic analysis identified four distinct genetic clusters (K=4) within 
the study population. As illustrated in Figure 1B, The Qatari population shared ge-
netic characteristics with the most populated cluster in the region, which included 
16 separate populations.

The Q-matrix graph (Fig 1C) showed eight clusters. Individual clusters in 
the Y-STR belonged to specific geographical regions without overlap, revealing a 
stronger sub-grouping of countries within each region. Clusters 2 and 4 were the 
most varied among Middle Eastern populations. While clusters 1 and 6 were the 
most varied among the African populations.  
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Migration rate analyses revealed two predominant migration routes within 
the Arabian Peninsula. The first route demonstrated significant gene flow origi-
nating from Qatar and extending to multiple destinations. Specifically, the highest 
migration rates were observed from Qatar to Yemen (Log(ml) = -2244.24), Saudi 
Arabia (Log(ml) = -2465.67), Kuwait (Log(ml) = -2384.68), and Iraq (Log(ml) = 
-2496.75). The second prominent migration route identified was originating from 
the UAE and terminating in Qatar (Log(ml) = -2444.35) (Fig 1D).

A

B
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Figure 1. (A) MDS of the Middle Eastern populations (B) Phylogenetic tree of the Middle 
Eastern Populations (C) Q matrix of the Middle Eastern and African populations (D) Gene flow 

and the most dominant migration routes between Qatar and other countries.

4. Discussion

The findings of the Multidimensional Scaling (MDS) analysis indicated that the na-
tions located within the Arabian Peninsula exhibited a distinct clustering pattern. 

C

D



270 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

However, the present investigation has revealed that the Qatari demographic shares 
greater proximity with the Arabian Gulf countries and has formed a separate clus-
ter when distinct from the remaining populations residing within the Middle East. 

The population structure of the Y chromosome in Middle Eastern and Afri-
can populations has been thoroughly analysed in the present study. Two prior inves-
tigations have explored population structure in the Middle East. The first of these 
studies conducted a global analysis of Y-Short Tandem Repeats (Y-STR) across 134 
populations worldwide. This analysis successfully identified nine distinct clusters 
utilizing 19 genetic markers. However, it is noteworthy that only seven populations 
from the Middle East and ten from Africa were examined in comparison to the rest 
of the world [10]. 

The second study investigated 23 Middle Eastern populations, providing in-
sights into four distinct genetic clusters through the analysis of 17 markers [11]. 
While both studies have made valuable contributions to our understanding of Mid-
dle Eastern population genetics, their scope was ultimately limited. These inves-
tigations may not have provided a sufficiently comprehensive or inclusive under-
standing of the genetic composition of Middle Eastern populations.

In the present study, we have addressed the limitations of previous investiga-
tions by conducting a more comprehensive genetic analysis of the Middle Eastern 
region. Our approach incorporates a broader range of populations, thereby provid-
ing a more accurate elucidation of the complex population structure in the Middle 
East. This approach enables us to detect subtle genetic variations and relationships 
that may have been overlooked in earlier studies, thus contributing to a more re-
fined understanding of the region’s genetic makeup.

The present study has yielded substantial insights into the genetic structure 
of Jewish populations, contributing to our understanding of their demographic 
history and population structure. Analysis revealed that, with the exception of the 
Middle Eastern Ashkenazi Jewish community, the examined Jewish populations 
exhibited genetic structures similar to those of non-Jewish Middle Eastern popu-
lations. This finding support the hypothesis of a shared regional ancestry among 
diverse Jewish communities, suggesting a common historical origin in the Middle 
East Furthermore, the results obtained in this study demonstrate strong agree-
ment with previous genome-wide analyses of Jewish populations [12].

Despite encompassing two distinct geographic regions—Africa and the Mid-
dle East—and using 17 markers, the population Q-matrix produced an impres-
sive total of 8 clusters (K=8). This finding indicates a surprisingly high number of 
unique geographic and population relationships. Interestingly, in a previous global 
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study, 9 clusters were identified using 19 markers [10]. This could be attributed to 
the broader scope of the survey’s demographic size and ethnic composition.

The structure analysis of African populations has revealed additional sub-
structure, elucidating distinct genetic architectures across North, East, West, and 
South Africa. These findings support the hypothesis of genetic substructure ex-
isting between populations associated with hunter-gatherer and agriculturalist 
subsistence strategies. The observed genetic differentiation aligns with both geo-
graphical distribution and historical socio-economic practices, suggesting a com-
plex interaction between environmental adaptation and cultural factors in shaping 
the genetic landscape of the African continent [13, 14]. 

The structure of the African populations in this study showed a clusters re-
semblance between the four out of Africa populations and the west and south Afri-
can population 

Analysis of population structure revealed a notable similarity in genetic 
clustering patterns between the four out of Africa populations and those from West 
and South Africa. This observed resemblance suggests a potential shared genetic 
heritage or historical gene flow events connecting these geographically disparate 
populations. 

The observed genetic similarity pattern may be attributed to the historical 
phenomenon of the African slave trade, one of the most significant forced migra-
tion events in human history. The transatlantic slave trade, which persisted for 
approximately five centuries (1400-1900 CE), can be delineated into four major 
phases. Of particular relevance is the final phase, which primarily originated along 
the West African coastline and represents the most extensive in both magnitude 
and duration. During this period, an estimated 12 million Africans were forcibly 
transported across the Atlantic Ocean, resulting in a substantial demographic shift 
and genetic admixture in the Americas [15].

Analysis of gene flow patterns in the Arabian Peninsula provided evidence 
for a model of population divergence from ancestral groups without continuous 
migration, which emerged as the predominant model in this investigation. 

The study showed preferential migration routes, primarily along coastal ar-
eas, with a principal pathway identified from the United Arab Emirates to Kuwait 
and Iraq via Qatar. These results are consistent with previous research examining 
gene flow in the Arabian Peninsula within the context of the Out-of-Africa migra-
tion hypothesis [10]. The observed patterns support the idea of the Arabian Penin-
sula serving as a crucial corridor for human dispersal out of Africa [16].
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5. Conclusion

Y-chromosome short tandem repeat (Y-STR) analysis of the Qatari population has 
emerged as a valuable molecular tool for elucidating the genetic relationships be-
tween Qatari population and other Middle Eastern ethnicities. The present study’s 
findings underscore Qatar’s integral position within the genetic landscape of the 
Middle East, revealing its significant contribution to the genetic composition and 
gene flow patterns across the Arabian Peninsula. Qatar’s geographical location 
within the Arabian Peninsula appears to have facilitated its role as a genetic nexus, 
influencing the broader regional genetic make-up.

6. Acknowledgement

We would like to humbly thank Ministry of Interior of Qatar for enabling grant 
support for this project. We also acknowledge Qatar Defence Attaché in London, 
for supporting this project. We thank Promega company for providing the Kits. 
We wish to thank the two anonymous reviewers for their helpful comments on the 
manuscript.

7. Conflict of interest statement: 

None

Funding

The funding was provide by Ministry of Interior of Qatar (Ref: H.R.D/S.S/D-1/1126).

Declaration of interests

None

References 

[1] Qatar Statistics Authority, <https://www.psa.gov.qa/>, 2023).
[2] L. Al-Gazali, H. Hamamy, S. Al-Arrayad, Genetic disorders in the Arab world, 

Bmj 333(7573) (2006) 831-4.

https://www.psa.gov.qa/


273QATAR AND THE MIDDLE EAST: INSIGHTS FROM A Y-STR STUDY USING POWERPLEX Y23

Eida Khalaf Almohammed, Abdullah Hadi,Tarek Mghirbi, Khalid Marzook, Ibrahim Elramahi, Hayder Lazim

[3] W.A. Anwar, M. Khyatti, K. Hemminki, Consanguinity and genetic diseases in 
North Africa and immigrants to Europe, European Journal of Public Health 
24(suppl_1) (2014) 57-63.

[4] E.K. Almohammed, A. Hadi, M. Al-Asmakh, H. Lazim, The Qatari population’s 
genetic structure and gene flow as revealed by the Y chromosome, PLoS One 
18(9) (2023) e0290844.

[5] N. Takezaki, M. Nei, K. Tamura, POPTREE2: Software for Constructing Popu-
lation Trees from Allele Frequency Data and Computing Other Population Sta-
tistics with Windows Interface, Molecular Biology and Evolution 27(4) (2009) 
747-752.

[6] FigTree. <http://tree.bio.ed.ac.uk/software/figtree/>).
[7] J.K. Pritchard, M. Stephens, P. Donnelly, Inference of population structure using 

multilocus genotype data, Genetics 155(2) (2000) 945-59.
[8] Structure Software. <https://web.stanford.edu/group/pritchardlab/structure.html>).
[9] MIGRATE. <https://peterbeerli.com/migrate-html5/>, (accessed 2023.).
[10] H. Lazim, E.K. Almohammed, S. Hadi, J. Smith, Population genetic diversity 

in an Iraqi population and gene flow across the Arabian Peninsula, Scientific 
Reports 10(1) (2020).

[11] B.M. Albarzinji, F.M. Abdulkarim, S.A. Hussein, D. Rashid, H. Lazim, Population 
genetic study of 17 Y-STR Loci of the Sorani Kurds in the Province of Sulayma-
niyah, Iraq, BMC Genomics 23(1) (2022) 763.

[12] D.M. Behar, B. Yunusbayev, M. Metspalu, E. Metspalu, S. Rosset, J. Parik, S. 
Rootsi, G. Chaubey, I. Kutuev, G. Yudkovsky, E.K. Khusnutdinova, O. Balano-
vsky, O. Semino, L. Pereira, D. Comas, D. Gurwitz, B. Bonne-Tamir, T. Parfitt, 
M.F. Hammer, K. Skorecki, R. Villems, The genome-wide structure of the Jewish 
people, Nature 466(7303) (2010) 238-242.

[13] M.C. Campbell, S.A. Tishkoff, African genetic diversity: implications for human 
demographic history, modern human origins, and complex disease mapping, 
Annu Rev Genomics Hum Genet 9 (2008) 403-33.

[14] F.A. Reed, S.A. Tishkoff, African human diversity, origins and migrations, Cu-
rrent Opinion in Genetics & Development 16(6) (2006) 597-605.

[15] G. Bertocchi, The legacies of slavery in and out of Africa, IZA Journal of Migra-
tion 5(1) (2016) 24.

[16] V. Fernandes, P. Triska, J.B. Pereira, F. Alshamali, T. Rito, A. Machado, Z. 
Fajkošová, B. Cavadas, V. Černý, P. Soares, M.B. Richards, L. Pereira, Gene-
tic stratigraphy of key demographic events in Arabia, PLoS One 10(3) (2015) 
e0118625.

http://tree.bio.ed.ac.uk/software/figtree/
https://web.stanford.edu/group/pritchardlab/structure.html
https://peterbeerli.com/migrate-html5/




Mutation Rates of 23 Y-Chromosome Short Tandem Repeats 
(Y-STRs) in an Ecuadorian Male Population

aníbal gaviriaa,b+*, santiago CadEna-UllaUriC, JUan José bUilEsd,E, CarmEn grUEZoa,  
gissEla fiallosa, ana karina ZambranoC+* 

a Laboratorio De Genética Molecular, Centros Médicos Especializados Cruz Roja Ecuatoriana, 
 Quito, Ecuador.

b Hemocentro Nacional, Cruz Roja Ecuatoriana, Quito, Ecuador.
c Centro de Investigación Genética y Genómica, Facultad de Ciencias de la Salud Eugenio Espejo, 

Universidad UTE, Quito, Ecuador
d Laboratorio Genes SAS, Medellin, Colombia

e Instituto de Biología, Universidad de Antioquia, Medellín, Colombia

* These authors have contributed equally to this work

+Corresponding authors: Ulpiano Becerra. Hemocentro Nacional, Cruz Roja Ecuatoriana, Quito, 

Ecuador, anibalgaviria@hotmail.com, +593 2 202 0252. Mariana de Jesús and Mariscal Sucre. Centro de 

Investigación Genética y Genómica, Facultad de Ciencias de la Salud Eugenio Espejo, Universidad UTE, 

Quito, Ecuador, anazambrano17@hotmail.com, +593 2 299 0800. 

Abstract
Introduction: Y-chromosome short tandem repeats (Y-STRs) are essential for forensic applica-
tions and genetic diversity studies due to their inheritance from father to son without recombi-
nation. In Ecuador, a country characterized by diverse ancestries, understanding Y-STR mutation 
rates is critical for enhancing genetic profiling reliability. This study aims to report the mutation 
rates of 23 Y-STRs in an Ecuadorian sample, addressing gaps in previous research. Materials and 
Methods: Data of a previously reported study was used, a PowerPlex®Y23 dataset of 193 father-
son duos identified as mestizo. The number of mutations was assessed, and mutation rates for 
the 23 markers were estimated using the binomial test in RStudio v4.4.1, with confidence inter-
vals calculated at a 95% confidence level. Discussion: The analysis revealed 19 mutations across 
the Y-STR markers, with mutation rates ranging from 0 to 0,016 for DYS391 and DYS439. These 
findings align with previous studies in various populations, highlighting the significance of these 
markers in enhancing haplotype diversity critical for population genetics and forensic analysis. 
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The study emphasizes the importance of interpreting mutation rates within Ecuador’s demogra-
phic context, where diverse ancestries contribute to genetic variation. Conclusion: This study 
provides crucial insights into Y-STR mutation rates in the Ecuadorian mestizo population, with 
implications for forensic genetics, particularly in identification processes like paternity testing. 
Establishing reliable mutation rates is vital for accurate forensic conclusions and minimizing 
misinterpretations in complex genetic landscapes.

Keywords
Mutation rates, Y-chromosome, Ecuadorian population, admixed population

1. Introduction

Y-chromosome short tandem repeats (Y-STRs), located on the non-recombining 
portion of the Y chromosome, are commonly used in forensic applications and 
for studying genetic diversity within populations [1]. Since Y-STR markers are in-
herited from father to son without recombination, mutations are rate but provide 
valuable information into the genetic variation of specific populations [2].

Ecuador, has a unique demographic composition, characterized by a mix-
ture of Native Americans, African and European ancestries, making it a critical re-
gion for studying Y chromosome diversity [3]. Reporting Y-STRs mutation rates in 
a diverse country such as Ecuador can improve the reliability of genetic profiling. 
Although previous studies have explored Y-STRs mutation rates, they often focused 
on smaller Ecuadorian samples or fewer loci. The present study aims to report the 
mutation rates of 23 Y-STRs in an Ecuadorian sample, contributing to the global 
understanding of Y chromosome variation and enhancing the precision of forensic 
and population analysis in the region. 

2. Materials and methods

2.1 Data Collection 
A partially anonymized dataset from Ecuadorian individuals collected by 

Cruz Roja Ecuatoriana and processed using PowerPlex®Y23 [Promega Corp., 
USA], was used to calculate the mutation rates. This dataset was previously gener-
ated for the study by Toscanini, et al. (2018) [4]. 

The dataset comprised a total of 193 father-son duos from Ecuadorian males 
auto-identified as mestizos. 
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2.2 Data Analysis 
The number of mutations in the Y-STRs was assessed. The mutation rates 

for the 23 markers along with the corresponding confidence intervals (at a 95% 
confidence level) were estimated using the binomial test in RStudio v4.4.1[5]. 

32. Results

Among the 193 father-son duos analyzed, 19 mutations were identified across the 
23 Y-STRs. All observed mutations involved a single mutation step change. Specif-
ically, three mutations were detected at both DYS391 and DYS439, while two mu-
tations were found in the markers DYS576, DYS389 II, DYS570 and DYS458. Addi-
tionally, one mutation was observed for DYS389 I, DYS448, DYS438, DYS635, and 
DYS456. The remaining markers, including DYS19, DYS481, DYS549, DYS533, 
DYS437, DYS390, DYS392, DYS643, DYS393, DYS385, and YGATAH4 did not show 
mutations in the population under study (Table 1).

The mutation rates for the 23 Y-STR markers in the Ecuadorian mestizo 
population varied from 0 for markers with no detected mutations to 0,016 for both 
DYS391 and DYS439. 

Table 1. Mutation rates estimation for 23 Y-STRs, and corresponding confidence intervals (95%). 

  Mutations Allelic Transmission Mutation rates CI (95%)

DYS576 2 193 0,010 0,0013-0,0370

DYS389 I 1 193 0,005 0,00013-0,0290

DYS448 1 193 0,005 0,00013-0,0290

DYS389 II 2 193 0,010 0,0013-0,0370

DYS19 0 193 0,000 0,0000

DYS391 3 193 0,016 0,0032-0,0450

DYS481 0 193 0,000 0,0000

DYS549 0 193 0,000 0,0000

DYS533 0 193 0,000 0,0000

DYS438 1 193 0,005 0,00013-0,0290

DYS437 0 193 0,000 0,0000

DYS570 2 193 0,010 0,0013-0,0370

DYS635 1 193 0,005 0,00013-0,0290
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DYS390 0 193 0,000 0,0000

DYS439 3 193 0,016 0,0032-0,0450

DYS392 0 193 0,000 0,0000

DYS643 0 193 0,000 0,0000

DYS393 0 193 0,000 0,0000

DYS458 2 193 0,010 0,0013-0,0370

DYS385 0 193 0,000 0,0000

DYS456 1 193 0,005 0,00013-0,0290

YGATAH4 0 193 0,000 0,0000

TOTAL 19 4246    

4. Discussion 

The mutation rates observed in this study for the 23 Y-STR markers in the Ecua-
dorian mestizo population contribute valuable data to the existing literature on 
Y-chromosome diversity. The mutation rates ranged from 0 in eleven of the markers 
to a maximum of 0,016 for both DYS391 and DYS439. These findings are consistent 
with previous studies conducted on other population, such as those in Argentina, 
Brazil, Colombia, Portugal, Spain and Venezuela, where they found 9 mutations for 
DYS391 and 8 mutations for DYS439 [6]. The high mutation rates in these markers 
highlight the role increasing the haplotype diversity within the Y-STR marker set, 
which is critical for applications in population genetics and forensic analysis [6, 7]. 
These markers, due to their higher mutation rates, require carful interpretation in 
forensic exclusion scenarios to minimize the risk of misinterpreting genetic evi-
dence, particularly in highly admixed population like Ecuador’s [8]. 

Furthermore, the results of this study emphasize the importance of contex-
tualizing Y-STRs mutation data within Ecuador’s demographic history, which is 
characterized by a mixture of native American, European and African ancestries 
[3]. By establishing precise mutation rates for this population, this study increases 
the accuracy of genetic profiling when combined with autosomal markers, offer-
ing improved reliability for both forensic investigations and population genetics 
studies [9]. The integration of such population-specific data is vital for refining 
exclusion criteria and ensuring that forensic conclusions are drawn with greater 
confidence and accuracy in diverse genetic landscapes.
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5. Conclusion

This study reports the mutation rates of 23 Y-STR markers in the Ecuadorian mes-
tizo population, contributing to the understanding of Y-chromosome diversity 
within an admixed population. The data generated in this research have significant 
implication, especially for forensic genetics, as Y-STR markers are useful in iden-
tification processes such as paternity testing and criminal implications. The study 
highlights the importance of accurately determining mutation rates, especially for 
markers with higher mutation frequencies, as these can critically influence the 
interpretation of genetic evidence. In forensic analysis, the ability to establish clear 
exclusion criteria based on reliable mutation rates is vital to ensure accurate iden-
tification and minimize the risk of misinterpretation. Overall, this study contrib-
utes to the global understanding of Y-STR mutation dynamics, emphasizing the 
need for population specific frequency data for genetic analysis.
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Abstract
Male-specific Y-STR markers are a valuable complement to autosomal STR testing, especially in 
sexual assault cases, but mutation rates can affect interpretations and require careful evaluation. 
The Yfiler™ Plus PCR Amplification Kit, containing 27 Y-STR loci, including 7 rapidly muta-
ting loci (mutation rates > 1x10-2), was assessed using Nigerian samples. Buccal swabs from 
148 father-son pairs underwent DNA extraction with the QIAamp® DNA Mini Kit. Paternity was 
confirmed using the VeriFiler™ Express PCR Amplification Kit with a Combined Paternity Index 
threshold of 10,000. All 148 pairs showed no paternity mismatches. Y-STR profiles were gene-
rated with the Yfiler™ Plus kit, and mutation rates with binomial 95% confidence interval (CI) 
were calculated. Results were compared with mutation rates from the Y Chromosome Haplotype 
Reference Database (YHRD). A total of 29 one-step mutations were identified across 15 mar-
kers, with the highest mutation rates at DYS518 (0.0338, 95% CI: 0.0111-0.0771), DYS458, and 
DYS449 (0.0270, 95% CI: 0.0074-0.0678). Approximately 48% of mutations were repeat gains, 
and 52% were losses. Except for three pairs with two mutations, all mutations appeared once per 
pair. YHRD mutation rates for DYS458 and DYS518 were lower than the 95% CI obtained in the 
Nigerian dataset. Additionally, the rapidly mutating markers; DYS627, DYS570, and DYF387S1 
had mutation rates lower than the 0.01 rate indicated by the manufacturer. Although limited by 
the small sample size, this study highlights the need to expand Y-STR mutation rate evaluations 
and establish population-specific rates for accurate forensic and relationship testing.
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Introduction

The Y chromosome is a male lineage marker that is transmitted almost intact from 
father to son across generations. Variations arise through recombination with the 
X chromosome, which occurs only in two pseudo-autosomal regions outside of the 
male-specific, non-recombining region, and through mutations. Due to the high 
number of mitotic events in spermatogenesis, mutations between father and son 
are expected. However, the mutation rate has been observed to vary dependent on 
the population and the region of the chromosome in which the genetic marker is 
located [1].

The characteristics of the male-specific part of the Y chromosome, inherited 
as a single set of genetic markers (i.e., haplotype), make it ideal for use in various 
forensic scenarios. Analysis of Y-chromosome Short Tandem Repeat (Y-STR) mark-
ers, for example, can enable the identification of Y haplotypes specific to the pater-
nal lineage of a male perpetrator in sexual assault cases. Y-STRs can also be utilised 
in parentage and kinship testing, as well as in identification of missing persons and 
mass disaster victims. Due to their high inter-population variability, Y-STRs can 
additionally be employed to infer biogeographical origins, which can be valuable as 
an investigative lead for unknown individuals and for studying historical migration 
patterns [2-3]. 

Among the commercial kits available for Y-STR typing, the Yfiler™ Plus 
PCR Amplification Kit contains 27 Y-STR loci, including 7 rapidly mutating loci 
(DYS576, DYS627, DYS518, DYS570, DYS449, and DYF387S1a/b) with mutation 
rates reportedly exceeding 1x10-2 [4-5]. This kit incorporates the original 17 loci 
from the Yfiler™ PCR Amplification Kit, along with an additional 10 loci, making 
it one of the most comprehensive options available for forensic and relationship 
testing involving Y-chromosome analysis.

Forensic applications of Y-STR typing require information on haplotype 
frequencies worldwide. To facilitate this, the Y Chromosome Haplotype Reference 
Database (YHRD) was established to generate frequency estimates for quantita-
tive assessments. The database contains extensive data on different populations 
and also provides combined mutation rates for common Y-STRs [6]. Although the 
YHRD website includes a national database for Nigeria, with haplotype counts of 
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497 for Y17 and 358 for Y27 (Release 69), and other studies have been published 
on forensic parameters for Y-STRs in Nigerian populations [7-8], specific data on 
mutation rates for Nigerians are still lacking.

Given the impact that mutations can have on the interpretation of forensic 
cases and the differences observed across population, the objective of this study was 
to evaluate the mutation rate of Y-STRs present in the Yfiler™ Plus kit in Nigerian 
father-son pairs.

Material studied, methods, techniques

Study samples
After obtaining informed consent, buccal swabs were collected from 148 fa-

ther-son pairs with self-declared Nigerian ethnicity.

DNA extraction and Y-STR typing
DNA was extracted using the QIAamp® DNA Mini Kit (Qiagen) and amplified 

with the Yfiler™ Plus PCR Amplification Kit (Applied Biosystems™). The resulting 
profiles were manually reviewed to identify mutations within each father-son pair. 
These mutations were categorised into repeat gains or losses. The mutation rates 
were calculated by dividing the number of observed mutations for each marker 
by the total number of meiotic transfers observed. The binomial 95% confidence 
intervals (CI) of the mutation rates were calculated as previously reported [9]. The 
results were then compared with mutation rates reported on the YHRD website [6] 
(Release 69).

Confirmation of relationships
Paternity of each father-son pair was confirmed using the VeriFiler™ Ex-

press PCR Amplification Kit (Applied Biosystems™) [10], applying a Combined 
Paternity Index (CPI) threshold of 10,000.

Results

Using the results from the VeriFiler™ Express kit, paternity was confirmed for all 
148 father-son pairs, with no mismatches observed. The Yfiler™ Plus Y-STRs typ-
ing results revealed a total of 29 one-step mutations across 15 markers among all 
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the pairs under investigation. As shown in Figure 1, eight of these loci (53%) had 
only one mutation, while DYS518 emerged as the locus with the highest number 
of mutations, followed by DYS458 and DYS449.

Figure 1: Distribution of the 29 mutations observed in the father-son pairs analysed in this 
study.

Overall, the mutations appeared in 26 father-son pairs. Each mutation occurred 
once in different pairs, except in three pairs where two mutations were observed 
(Figure 2a). Most of the mutations were repeat losses (52%), while the remaining 
48% were repeat gains (Figure 2b). 
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Figure 2: a) Alleles observed in father-son (F-S) pairs exhibiting mutations. For each pair, the 
father’s alleles are shown at the top, and the son’s alleles at the bottom. Gain mutations are 

highlighted in green, and loss mutations in orange. b) Pie chart representing the percentage of 
gain and loss mutations.



286 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

Consistent with the observations in Figure 1, the highest mutation rates were found 
at loci DYS518 (0.0338, 95% CI: 0.0111-0.0771), DYS458 and DYS449 (0.0270, 
95% CI: 0.0074-0.0678) (Table 1). When compared to the combined mutation rates 
reported in the YHRD database, the mutation rates for DYS458 and DYS518 were 
found to be lower than the 95% CI obtained in this study. Additionally, in this 
study, the rapidly mutating markers DYS627, DYS570, and DYF387S1 exhibited 
mutation rates lower than the 0.01 rate indicated by the kit manufacturer.

Table 1: Mutation rate and confidence interval obtained from the study samples for each locus 
with mutations. The last column shows the combined mutation rates reported in the YHRD 

database. The loci in bold represent the rapidly mutating markers.

Yfiler™ Plus locus Mutation rate Binomial 95%
confidence interval

YHRD
mutation rate

DYS576 0.0135 0.0016-0.0480 0.0116

DYS389I 0.0068 0.0002-0.0371 0.0024

DYS389II 0.0135 0.0016-0.0480 0.0050

DYS627 0.0068 0.0002-0.0371 0.0139

DYS458 0.0270 0.0074-0.0678 0.0065

YGATAH4 0.0068 0.0002-0.0371 0.0026

DYS390 0.0068 0.0002-0.0371 0.0020

DYS518 0.0338 0.0111-0.0771 0.0106

DYS570 0.0068 0.0002-0.0371 0.0080

DYS385 0.0135 0.0016-0.0480 0.0028

DYS449 0.0270 0.0074-0.0678 0.0096

DYS393 0.0068 0.0002-0.0371 0.0013

DYS439 0.0135 0.0016-0.0480 0.0045

DYS481 0.0068 0.0002-0.0371 0.0038

DYF387S1 0.0068 0.0002-0.0371 0.0065

Overall 0.0131 0.0088-0.0187
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Discussion

Mutations can have a significant impact on the interpretation of forensic evidence. 
A high mutation rate, for example, can lead to false exclusions in paternity testing 
cases and can affect the identification of mass disaster victims [11]. For this reason, 
using accurate mutation rate estimates is essential to avoid misinterpretations. 
The present study indicates that relying on the combined Y-STRs mutation rates 
provided in the YHRD database may be inaccurate for the Nigerian population. In 
fact, some rapidly mutating markers exhibited lower mutation rates than expected, 
while other loci showed increased mutation rates. However, this study was lim-
ited by the small number of father-son pairs analysed, highlighting the need for 
further efforts to establish population-specific databases for Nigerian and other 
understudied populations, using larger and more diverse samples. This applies not 
only to Y-STR frequencies but also to mutation rates. Such databases will have 
significant implications for forensic casework, paternity testing, and population 
genetics, particularly given that mutation rates can influence the interpretation of 
forensic evidence.

Conclusion

The results of this study, including the lower-than-expected mutation rates for cer-
tain rapidly mutating markers and vice versa, suggest that evaluations of Y-STR 
mutation rates should be expanded. Additionally, the importance of establishing 
population-specific mutation rates is emphasised. Greater knowledge of Y-STR mu-
tation rates would enhance the use of the Yfiler™ Plus kit, or any other Y-STR kits, 
in forensic and relationship testing, thereby improving accuracy and reducing the 
likelihood of errors.
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Abstract
The use of uniparental markers such as those located in the non-recombining region of the Y 
chromosome can be very useful to solve some forensic cases. Namely, Y-STRs are relevant in 
investigations of sexual assaults since autosomal markers can be difficult to analyze in evidence 
with mixed contributions from a female victim and a male aggressor. Despite its importance, 
the use of Y-chromosomal markers in Colombia is limited. Colombia is an admixed population 
with a high ancestry variation, where the Native, European, and African contributions vary wi-
dely among population from different regions. Nevertheless, there is a lack of Y-STR haplotypic 
databases representative of most country regions. Moreover, the few haplotypic profiles in the 
YHRD only include 17 Y-STRs, with no data available for the most recent kits. These population 
databases are important for understanding the genetic diversity of the country and its substruc-
ture, as well as to estimate the Y-STR haplotype frequencies in each region. The aim of this study 
was to contribute with data from 97 unrelated individuals born in the department of Santander 
(northeast Colombia), genotyped with the PowerPlex Y23. A total of 95 haplotypes were detected, 
for a haplotype diversity of 0.9998 ± 0.1500. The classification of paternal lineages based on ha-
plogroups showed a predominant European contribution (85.6 %), followed by Amerindian (13.4 
%) and African (1.0 %) contributions. 
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1. Introduction

The analysis of genetic markers located in the non-recombinant region of the Y 
chromosome is very useful to solve forensic cases as a complementary analysis of 
autosomal STRs. Namely, due to its male specificity and uniparental inheritance, 
Y-chromosomal markers can be useful (i) in situations involving samples from sex-
ual assaults containing mixed profiles, (ii) to exclude male suspects involved in a 
crime, or (iii) in kinship cases, when only patrilineal relatives are available [1]. The 
most used Y-chromosomal markers are the Short Tandem Repeats (Y-STRs) be-
cause they have a high mutation rate, which results in a great variability of highly 
discriminative haplotypes in the populations [2].

The genotyping of Y-STRs by capillary electrophoresis remains the gold 
standard in forensic genetics [3]. Since its use as a forensic tool, the development 
of commercial kits with an increasing number of Y-STRs genotyped in a single 
multiplex reaction has been observed. These extended sets of markers allow for 
greater genetic diversity of the haplotypes found in a population and, therefore, 
increase the discrimination power that can be achieved from their analysis [3,4].

 The genetic variability present in different populations makes it necessary 
to determine the haplotype distribution existing in each population, with the crea-
tion of specific databases to be used in solving forensic cases [5].

Colombia is a country located in the northwestern corner of South Amer-
ica, made up of 32 departments, including Santander, located in the northeast of 
the country. Analysis of autosomal genetic markers has shown that the country’s 
current population resulted from the admixture of three continental groups [6,7]. 
Admixture processes occurred among previously existing Native Americans, with 
Europeans who arrived with the conquest in the 15th century, and with Africans 
brought as slaves in the 16th century. However, these studies have revealed that 
the percentage of intercontinental admixture varies across the country’s regions. 
Therefore, it is necessary to analyze each department and build specific databas-
es that allow an objective evaluation of forensic evidence. Although studies with 
Y-chromosomal STRs have been conducted in Colombia, these have included up to 
17 markers, only from populations in some departments [8,9]. This study presents 
the results of the analysis of 23 Y-STRs that will form a database for forensic use in 
Santander (Colombia).
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2. Material and methods

2.1. Samples
Blood samples from 97 unrelated male individuals born in the department 

of Santander were collected in EDTA tubes. An informed consent was signed by all 
participates and this study was approved by the ethics committee of the Universi-
dad Industrial de Santander (CEINCI - 11/08/2023). DNA was extracted with the 
PureLink genomic DNA kit (Invitrogen). Subsequently, 23 Y-STRs included in the 
PowerPlex® Y23 System (Promega) were genotyped, following the manufacturer’s 
protocol. PCR products were separated and detected by capillary electrophoresis 
on an ABI 3500 genetic analyzer (Applied Biosystems). The results were analyzed 
using the GeneMapper™ Software v5.0 (Applied Biosystems). Haplotypes were as-
signed following the ISFG recommendations [10].

2.2. Statistical analyses
Allelic, and haplotype/haplogroup frequencies were calculated by direct 

counting. The Arlequin software v3.5.2.2 was used to calculate haplotype diversity 
(H). The random match probability (MP) and discrimination capacity (DC) were 
calculated according to Purps [4]. Haplogroup predictions based on Y-STR hap-
lotypes’ data were performed using the NEVGEN tool (https://www.nevgen.org/, 
accessed on 20 March 2024). 

3. Results and Discussion

3.1. Single-locus analysis
A total of 158 different alleles were detected in the 23 Y-STRs genotyped in 

97 individuals, with an average of seven alleles per marker, ranging from 3 alleles 
(at DYS389I and DYS393) to 10 alleles at DYS481 (Table 1). At DYS385, a total of 33 
haplotypic combinations were detected (data not shown), with haplotype “11,14” 
showing the highest frequency (32%). 

https://www.nevgen.org/
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Table 1. Allelic frequencies for the 23 Y-STRs 
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6           0.010                              

7                   0.010                      

8                                 0.021        

9           0.041     0.031 0.124             0.093        

10           0.495   0.021 0.041 0.175         0.021   0.577       0.010

11   0.113       0.433   0.052 0.216 0.165         0.268 0.247 0.155       0.392

12   0.639       0.021   0.320 0.639 0.513         0.536 0.052 0.113 0.196   0.010 0.536

13   0.247     0.196     0.485 0.051 0.010         0.155 0.526 0.031 0.680   0.010 0.062

14 0.021       0.567     0.124 0.021   0.381 0.010     0.021 0.144 0.010 0.124 0.021 0.041  

15 0.052     0.062 0.196           0.526 0.031       0.021     0.124 0.545  

16 0.124     0.619 0.041           0.093 0.113       0.010     0.289 0.268  

17 0.268     0.227               0.454             0.309 0.103  

17.2                                     0.010    

18 0.268   0.134 0.072     0.010         0.237             0.175 0.021  

18.2                                     0.010    

19 0.227   0.454 0.021               0.103             0.052    

20 0.041   0.186       0.031         0.031 0.010           0.010    

21     0.155       0.082         0.013 0.216 0.041              

22     0.052       0.402         0.010 0.113 0.062              

23     0.021       0.175           0.546 0.216              

24             0.175           0.093 0.505              

25             0.052           0.010 0.165              

26             0.031           0.010 0.010              

27             0.031                            

29             0.010                            

Intermediate alleles were detected at 2 of the 23 loci (DYS458 and DYS385) and 
no copy number variants were found. The range of alleles detected agree with that 
found by Purps et al. [4]. However, the mean number of alleles per marker was low-
er, as well as the number of intermediate alleles, as expected considering the large 
difference in the number of samples/populations analyzed.

3.2 Forensic parameters
In our sample, 95 unique haplotypes (97.9%) were found and only one hap-

lotype was shared by two individuals. Both MP and DC values were high (1 in 5000 
and 0.9794, respectively). As expected, these values   are higher than those previous-
ly reported for Santander for 11 Y-STRs [8], and for Valle, Cauca and Nariño analyz-
ed for 17 Y-STRs [9], emphasizing the importance of enlarging the set of Y-STRs to 
increase discrimination power. The H, as well as the MP found were very similar to 
those reported in other studies carried out in Latin American populations and the 
discrimination capacity was higher except for the Mexican one, despite having the 
smallest sample size. (Table 2).
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Table 2. Diversity and forensic parameters for PPY23.

Population N K S H MP DC

This study 97 96 95 0.9998 ± 0.1500 1 in 5000 0.9794

Argentina [4] 621 599 579 0.9999 ± 0.0001 1 in 10000 0.9324

Brazil [5] 1319 1231 1230 0.9998 ± 0.0005 1 in 5000 0.9325

Ecuador [9] 269 264 258 0.9998 ± 0.0000 1 in 5000 0.9591

México [10] 307 255 253 ----- --- 0.9870

Paraguay [2] 537 480 441 0.9994 ± 0.0002 1 in 1667 0.8212

N: Sample size; k: Number of different haplotypes; S: Singletons; H: Haplotype diversity; MP: Match probabi-
lity; DC: Discrimination capacity (S/N). 

3.3. Inferred ancestry of Y-chromosomal haplotypes
The haplogroups of the 97 samples were assigned using the NEVGEN predic-

tion tool. A total of 83 samples were assigned to haplogroups of European ancestry 
(85.6%), followed by 13 samples with Native American haplogroups (13.4%) and 
one sample belonging to an African haplogroup (1%). The high frequency of Euro-
pean paternal ancestry corroborates the sex-biased admixture pattern between the 
Colombian ancestors, predominantly European men with Native American women 
[6,7,18]. These results agree with those from other studies carried out in admixed 
populations from South America [5,14,16,17], except for the admixed Mexican 
population, where the Native American haplogroups were the most frequent [15]. 
Finally, both in our population and in other South American populations that have 
been studied so far, African haplogroups were the least frequent [14,15,16,17].

4. Conclusions

This study provides 97 haplotypes from the department of Santander, genotyped for 
23 Y-STRs, which are the only data available for this set of markers in the Colom-
bian population. This work allowed to increase the number of haplotypes available 
for the department of Santander, which together with samples previously typed for 
11 Y-STRs, make up a total of 449 haplotypes, thus improving the detection capac-
ity of the high diversity of haplotypes, and increasing the power of discrimination.
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Abstract
The Yfiler™ Plus PCR Amplification Kit is a Y-chromosome STR kit designed for the specific 
amplification of male DNA samples. This makes it particularly useful in sexual assault cases and 
paternal lineage studies. Additionally, the high inter-population variability of Y-STRs makes the 
kit ideal for investigating biogeographical differences and migration patterns. The aim of this 
study was to investigate the haplogroups of the English, Irish, Welsh, and Scottish populations 
to support the development of population-specific Y-STR databases and advance our unders-
tanding of the genetics of the British Isles. Buccal swabs were collected from 888 unrelated 
male individuals: 461 English, 191 Irish, 124 Welsh, and 112 Scottish. DNA was extracted using 
Prep-n-Go™ Buffer and amplified with the Yfiler™ Plus kit. The resulting data passed the Y 
Chromosome Haplotype Reference Database (YHRD) quality checks and were uploaded to the 
database. Haplogroups were identified using the Y-DNA Haplogroup Predictor - NevGen online 
tool, and haplogroup diversity was calculated. A total of 46 haplogroups were observed, with R1b 
M269 being the most common haplogroup across all populations (64% in English, 85% in Irish, 
92% in Welsh, and 73% in Scottish). I1 was the second most common haplogroup in both the 
English (13%) and Scottish (6%) populations, while I2a2a M223 was the second most common 
in the Welsh (2%) and Irish (6%) populations. R1a M198 and E1b1b > V13 were the other two 
most frequently observed haplogroups, while the remaining 41 haplogroups were found five or 
fewer times across all populations. Although the Scottish population showed a higher number 
of haplogroups relative to the sample size tested, greater diversity was observed in the English 
(0.57) and Scottish (0.46) populations compared to the Irish (0.28) and Welsh (0.14) populations. 
This study highlights genetic differences between the four populations, with the distribution 
of haplogroups supporting previous findings. However, further studies with more markers and 
larger sample sizes are needed to continue populating Y-marker databases.
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Introduction

The Yfiler™ Plus PCR Amplification Kit is a multiplex kit that detects 27 Y-chro-
mosome Short Tandem Repeat (Y-STR) loci [1]. As the Y chromosome is passed 
from father to son across generations and is absent in females, it is particularly 
useful in several forensic applications. For example, in sexual assault cases, Y-STR 
testing can isolate male DNA, identifying the paternal lineage of the perpetrator. It 
is also valuable in relationship testing and in the identification of missing persons 
and victims of mass disasters.

The male-specific region of the Y chromosome is inherited as a linkage 
block without recombination. However, mutations occurring during male gamete 
production accumulate across generations, leading to significant inter-population 
variability. These features make the study of Y markers ideal for investigating bio-
geographical differences and migration patterns [2-3].

Haplogroups, which represent shared paternal lineage and common ancestry, 
are defined by specific markers and named using an alphanumeric notation system. 
They are classified in phylogenetic trees, which are used for demographic studies. 
Y haplogroups are typically defined by Single Nucleotide Polymorphisms (SNPs), 
while Y-STR linkage groups are referred to as haplotypes [4]. Several Y-haplogroup 
predictor tools have been developed to infer haplogroups from Y-STR profiles [5].

Since haplotypes and haplogroups are characterised by multiple linked 
markers, their population frequencies cannot be derived from individual allelic fre-
quencies using the product rule. Therefore, it is essential to continually populate 
databases with data from various populations to identify rare profiles and support 
accurate statistical calculations [6].

This study aimed to investigate the Y haplogroups of English, Irish, Welsh, 
and Scottish populations to aid in the development of population-specific Y-STR 
databases and enhance understanding of the genetic structure of the British Isles.
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Material studied, methods, techniques

Study samples
Following the collection of informed consent, buccal swabs were taken from 

888 unrelated male individuals who self-identified their ethnicity as being from 
various regions of the British Isles: 461 English, 191 Irish, 124 Welsh, and 112 
Scottish.

DNA extraction and Y-STR typing
DNA was extracted using the Prep-n-Go™ Buffer (Applied Biosystems™) [7] 

and amplified with the Yfiler™ Plus PCR Amplification Kit (Applied Biosystems™), 
following the manufacturer’s instructions. Capillary electrophoresis was performed 
on the ABI Prism® 3500xL Genetic Analyzer (Applied Biosystems™), and profiles 
were analysed using GeneMapper® ID-X v1.6 software (Applied Biosystems™).

Data analysis
All obtained Y-STR profiles passed the quality checks of the Y-Chromo-

some STR Haplotype Reference Database (YHRD) [8] and were uploaded to the 
database (submission accession numbers: YA005979-1 for English, YA005879-1 
for Irish, YA006006-1 for Welsh, and YA006005-1 for Scottish). Haplogroups were 
determined using the Y-DNA Haplogroup Predictor - NevGen online tool [9]. Hap-
logroup diversity was calculated in Excel using the formula n(1-∑pi²)/(n-1), where 
pi is the frequency of the ith haplogroup, and n is the total number of samples [10]. 

Results

All samples produced unique Y-STR haplotypes. The NevGen prediction revealed 
a total of 46 haplogroups, with R1b M269 being the most common group across 
all four populations (Figure 1). The second most common haplogroup was I1 in 
the English and Scottish populations, while I2a2a M223 was more frequent in the 
Welsh and Irish samples. I2a2a M223 was also the third most common haplogroup 
in the English dataset. Overall, R1b M269 was observed in 73% of the samples, I1 
in 8%, I2a2a M223 in 5%, followed by R1a M198 (3%) and E1b1b > V13 (2%). The 
remaining 41 haplogroups were found fewer than six times each across all popula-
tions (<0.6%). 
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Figure 1: Pie charts representing the frequency of the main haplogroups identified among the 
English, Irish, Welsh, and Scottish population samples.

The Welsh population, with over 90% of individuals belonging to R1b M269, exhib-
ited the lowest diversity (Table 1). The Irish dataset showed the second lowest hap-
logroup diversity, followed by the Scottish and English populations. In comparison 
to the others, the Scottish population displayed a higher number of haplogroups 
relative to the sample size tested.

Table 1: Sample size, number of observed haplogroups, and haplogroup diversity for each 
population tested.

Population Sample Size Observed Haplogroups Haplogroup Diversity

English 461 34 0.57

Irish 191 12 0.28

Welsh 124 9 0.16

Scottish 112 16 0.46
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Discussion

The results suggest the presence of genetic differences in the Y chromosome across 
the four populations of the British Isles tested. R1b M269, also referred to as R1b1a2 
(R-M269), a subclade of haplogroup R1b, has previously been reported as the major 
lineage in Western Europe [11-12]. There is a gradient of increasing prevalence to-
wards the west, from 12% in eastern Turkey to 85% in Ireland, with approximately 
110 million European men carrying this haplogroup. The time to the most recent 
common ancestor (TMRCA) was also estimated, with the oldest value recorded in 
central Turkey (7,989 years [95% confidence interval (CI): 5,661–11,014]) and the 
youngest in Cornwall (5,460 years [3,764–7,777]) [12]. Some populations in Corn-
wall and Wales have also been observed to be fixed for the R1b haplogroup [13], 
which aligns with the findings of the present study.

The I1 haplogroup, also known as I-M253, has been identified as a native Eu-
ropean haplogroup associated with Germanic migrations, with a higher prevalence 
in England compared to other regions of the British Isles [14]. This haplogroup 
is also found in 37-39% of Swedish [15], Norwegian [16], and Danish [17] males, 
making it a useful marker for “invaders”, such as the Vikings or Anglo-Saxons. As 
observed in this study, previous research has shown a higher frequency of I1 in 
England compared to other parts of the British Isles [13].

Overall, a significant patrilineal population structure has been observed in 
areas influenced by Anglo-Saxon migration [13]. Similarly, genetic data suggests 
that the eastern part of the British Isles, particularly England, has experienced 
increased genetic influence due to multiple migrations and invasions, including 
those of the Anglo-Saxons [18]. Conversely, Ireland, Wales, and Scotland are be-
lieved to have retained a higher proportion of original Celtic DNA. The Welsh gene 
pool, in particular, is thought to be the closest to that of the first settlers who ar-
rived in Britain after the last Ice Age [19]. As expected, this study shows greater Y 
haplogroup diversity in the English dataset compared to other areas of the British 
Isles, while the Welsh population exhibits the lowest diversity, followed by the Irish 
and Scottish populations.

While this study confirms previous findings and highlights the need for 
separate databases to perform statistical calculations related to Y-STRs, some lim-
itations should be noted. Firstly, the small size of the datasets, particularly for 
the Irish, Welsh, and Scottish populations, may have affected the observations and 
skewed the percentages. Secondly, the accuracy of the haplogroup predictions may 
have been impacted by the prediction tool used. Inaccurate estimates have been  
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reported when using 19 Y-STRs to predict haplogroups with various prediction 
tools, including NevGen [5]. A combination of STRs and SNPs, with a higher num-
ber of markers, may yield more accurate haplogroup determinations and should be 
considered for future studies [4].

Conclusion

This study highlights the differences between Y haplogroups in the four popula-
tions of the British Isles, reaffirming the need to establish local Y-STR databases for 
the English, Irish, Welsh, and Scottish populations. While the distribution of hap-
logroups supports previous findings, further studies with more markers and larger 
sample sizes are required to continue populating Y-marker databases and to ensure 
the most accurate results. A population-specific Y-STR database would be inval-
uable in both legal cases (e.g., paternity or criminal cases) and historical studies 
tracing lineage and migration. This would significantly expand the application of Y 
chromosome testing, particularly in forensics, genealogy, and historical research.
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Abstract
Forensic genetic studies of the X-chromosome are limited for the populations of Sub-Saharan 
Africa. In Ghana, there is currently little forensic genetic data available on the X-chromosome for 
forensic applications and population characterisation. The ForenSeq™ Signature Prep kit was 
used in this study to obtain length and sequence-based data from 100 unrelated male samples 
from Ghana’s four main ethnic groups: the Akan, the Ewe, the Mole-Dagomba, and the Ga-
Adangbe. The DXS10074 showed the highest per locus average DoC of 1608.62. The total num-
ber of alleles generated was 179, 211, and 217 for length, repeat, and flanking region sequence 
datasets, respectively, with allele ranges between 7 and 40.2. The DXS10074 and DXS10135 loci 
were the most informative markers, while DXS7423 was the least. For length-based X-STRs, the 
observed number of alleles per locus ranged from 4 for the DXS8378 and DXS7423 loci to 19 for 
DXS10135. The repeat region sequenced data produced alleles ranging from 4 for the markers 
DXS8378 and DXS7423 to 44 for DXS10135. The increase in the number of alleles and hetero-
zygosity impacted and enhanced the power of discrimination from 70% to 90%. The pairwise 
analysis revealed that the Mole-Dagomba, Ewe, and Ga-Adangbe subpopulations, when compa-
red, all had low FST values ranging from 0.02 to 0.03 for both length and sequence-based data; 
all four sub-populations clustered in a PCA. Lastly, the study demonstrated that X-STRs would be 
effective and suitable for complex kinship analysis, complementing the autosomal STR profiling 
for human identification, due to their power of discrimination in the Ghanaian population.
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1. Introduction

The X-chromosome short tandem repeats (STR) makers are a tool that can be used 
in complex kinship and paternity analysis for females when the alleged father(s) 
are absent and in incest, or if autosomal STR testing fails to yield sufficiently in-
formative results [1]. Using between six and twelve X-chromosome STR markers 
along with autosomal STR results can improve the discrimination index [2,3]. This 
is especially useful for ruling out a false father when there is a trio in which the 
child is a female or in maternity testing [4]. The challenge with X-chromosome 
analysis is that, because the X-chromosome map covers 240 cM, the selection of 
more than five unlinked markers may not be possible. This makes it unsound to 
use the product rule in the multi-locus likelihood ratio calculations. However, the 
X-chromosome markers can still be useful in complex kinship testing [5]. This 
study aimed to sequence 100 unrelated male samples from the main ethnic groups 
in Ghana using the ForenSeq™ signature prep kit.

2. Materials and methods

2.1. Sample collection, purification and quantification
A 100 unrelated male DNA samples were collected with informed con-

sent from the four main ethnic groups of Ghana; Akan, Mole-Dagomba, Ewe and 
Ga-Adangbe (25 per subpopulation). Samples were purified using the Qiagen pure-
gene DNA extraction kit and quantified using the Quantifiler Trio kit on the Quant-
Studio 5 Real Time PCR thermal cycler, following the manufacturer’s recommen-
dations. 

2.2. Amplification, sequencing and data analysis
The primer mix A (DPMA) from the ForenSeq™ DNA Signature Prep Kit 

was used to amplify and tag the target genome for 100 samples. This was done in 
six steps, as recommended by the manufacturer. However, the normalised pooled 
library volume added to the Human Sequencing Control (HSC) was increased from 
7 µl to 12 µl, as used by Devesse et al [6]. We denatured and diluted the pooled 
libraries as per the manufacturer’s guide, loaded them into a microchip flow cell, 
and then sequenced them on the MiSeq FGx sequencer to generate data from Prim-
er set A (DPMA; 153 loci) comprises 58 STRs, 94 identity-informative SNPs, and 
amelogenin in a single PCR multiplex reaction [7].
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The ForenSeq™ Universal Analysis Software (UAS) was used to analyse sam-
ples on the MiSeq™ FGx, applying default settings for the analytical and interpre-
tation thresholds. We used Microsoft Excel to retrieve alleles and sequences from 
the UAS data and filter out novel variants. We searched for novel alleles in the 1000 
genome browser using the GRCh37 genome assembly, and the ISFG nomenclature 
system [8,9]. We calculated the depth of coverage (DoC) by summing all effective 
locus reads. We used the Arlequin v3.5.2 software [10] to check linkage disequilib-
rium between all 121 autosomal markers in the ForenSeq™ DNA Signature Prep. 
We analysed the forensic parameters of the X-STRs using an online tool (http://
www.chrx-str.org/) and the STRAF software for population parameters [11].

3. Results

The test yielded a cluster density of 1148 K/mm², with 91.78% passing the Illumina 
chastity filter. The run-metric indicators were within the recommended range of 
400-1650 K/mm², with ≥ 80%, ≤ 0.25%, and ≤ 0.15%. Read 1, index 1, and index 2 
all passed the quality filter, as shown in the run metric report. 

The per locus coverage graph in Figure 1 showed the DXS10074 and the 
DXS10103 loci with the maximum and minimum coverage. The read coverage of 
the DXS10103 locus was however, higher than the minimum analytical, and inter-
pretation thresholds and can thus be used. 

Figure 1. Depth of coverage for the 7 X-STR loci tested for the 100 samples in the four sub-
populations combined in this study. The DXS10103 had the fewest number of read and 

DXS10074 the highest read count. Each box plot represents the depth of coverage for each 
locus for each of the 100 samples. 

http://www.chrx-str.org/
http://www.chrx-str.org/
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We observed a total of 179, 211, and 217 alleles for the length-based, repeat region, 
and repeat and flanking region sequences of the X-STRs, respectively. The X-STR 
allele range was between 7 and 40.2. The highest allele frequencies observed for the 
Akan and Ewe were 0.64 and 0.60, respectively, for DXS7423. The dominant allele 
19 in the Ga-Adangbe produced an allele frequency of 0.60 for the DXS10103 locus, 
and the Mole-Dagomba produced a frequency of 0.52 for the dominant allele 14 in 
the DXS7423 locus. 

We calculated the power of discrimination (PoD) for both the homozygous 
XX and the XY hemizygous scenarios. We compared the PoD of the four subpopu-
lations using the length and sequence-based polymorphic data. The DXS10135 was 
the locus with the highest PoD for both length and sequence-based data in the male 
population. For length-based X-STRs, the observed number of alleles per locus 
ranged from 4 for the DXS8378 and DXS7423 loci to 18 for DXS10135. The repeat 
region sequenced data produced alleles ranging from 4 for the markers DXS8378 
and DXS7423 to 44 for DXS10135. The loci DXS7423 and DXS10135 had an allele 
range of 4 to 45 for the repeat and flanking region sequenced data.

Sequence-based data from the X-STRs led to an increase of 26 alleles in the 
locus DXS10135, which improved the PoD in the XY hemizygous group from 70% 
to 90%. The pairwise FST values on X-STRs ranged from 0.02 to 0.03, as showed in 
Table 1. The increase in sequence-based FST values may be due to rare sequence 
variants rather than the small sample size. Principal Component The analysis of 
the four sub-populations using the X-STRs length, repeat, and flanking region se-
quence-based data revealed that all four subpopulations had a closed genetic struc-
ture, with no significant differentiation between them. 

Table 1. Pairwise FST generated using the STRAF software (http://cmpg.unibe.ch/shiny/STRAF/) 
for the length and sequenced data of the X-STRs for genetic differentiation of the Akan, Ewe, 
Ga-Adangbe and Mole-Dagomba. Using the X-STRs length based and length and sequence-
based data as indicated in brackets in the table, both produced low FST values ranging from 

0.02 to 0.03.

Akan Ewe Ga-Adangbe Mole-Dagomba

Akan *

Ewe 0.02 (0.03) *

Ga-Adangbe 0.03 (0.03) 0.02 (0.02) *

Mole-Dagomba 0.03 (0.03) 0.02 (0.02) 0.02 (0.02) *
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4. Discussion

The number of observed alleles per locus for the length-based dataset ranged from 
4 to 9. The sequence-based data for the observed alleles repeat region ranged be-
tween 4 and 21. The repeat and flanking region sequence-based data observed allele 
range from 4 to 28. Other studies using the ForenSeq™ DNA Signature Prep Kit 
have reported similar results [12,13]. 

The DXS10074 and DXS8378 had a >66% increase in the number of al-
leles, and the DXS10135 locus had an increase of 136.8%. These loci significant-
ly influenced the discrimination power. The DXS10074 and DXS10135 loci were 
the most informative markers, while DXS7423 was the least informative using the 
X-STRs. A study that looked at the datasets by locus showed that the observed 
alleles and heterozygosity of the two multi-loci affected and improved the ability 
to differentiate the two X-STRs [12]. All four subpopulations did not demonstrate 
significant differentiation with their pairwise FST values. The FST values observed 
by the X-STRs ranged between 0.02 and 0.03. The Ewe showed the highest X-STR 
FST of 0.02 against the Ga-Adangbe, and Mole-Dagomba in both the length and se-
quence-based data, but 0.03 against the Akan using the sequenced-data. FST value of 
0.01 for X-STRs have been observed in a Spanish population using the ForenSeq™ 
DNA Signature Prep Kit [12].

Principal component analysis of the X-STRs revealed that all four sub-pop-
ulations were close in genetic structure. The Mole-Dagomba and the Ewe practice 
patrilineal and patrilocal systems, which could explain the mild genetic structure 
in part. Generally, the FST values between the four studied sub-populations were 
low. DNA polymorphisms in the lineage markers are critical in population genet-
ics. Ballantyne [14] use information from the analysis of genetic markers on the 
X-chromosome to infer the evolutionary and genetic genealogy of individuals. In 
particular, the X-chromosome is efficient in population genetics due to its low 
mutation and recombination rate and relatively fast genetic drift. The X-chromo-
some can thus provide a clearer population structure than autosomes [15]. In this 
study, the per locus analysis revealed that the observed alleles and heterozygosity 
enhanced discrimination power. The lineage markers complement the autosomal 
markers in forensic applications. The X-chromosome is useful in complex paterni-
ty cases [16].
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5. Conclusion

The study collected MPS lineage marker data from 100 Ghanaian ethnic groups 
using Primer Mix A and MiSeq FGx Genetic Sequencer. The data showed no signif-
icant differentiation between sub-populations, and sequence-based data improved 
the PoD.
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Abstract
Even today, some 80 years after World War II, children born to Japanese men, such as Japanese 
businessmen, and Filipino women before and after the war (Filipino residual orphans) are still 
alive and reaching old age. In fact, according to a survey conducted by the Ministry of Foreign 
Affairs (FY 2018), there are approximately 1,000 survivors whose Japanese nationality has not 
been restored and who remain stateless, regardless of whether their father’s identity has been 
determined or not. One of them (Mr. A), with the cooperation of a certain NPO, filed a lawsuit 
with the court, but the case was dismissed because there was no particular documentary proof 
such as family register. A company was asked to test the Y-STR haplotype (y-ht) and the Y haplo-
group (y-hg), but the y-ht did not match any possible person in the investigation. We appealed 
to the high court without any new and glaring evidence, but the appeal was dismissed. So, I was 
consulted to see if there was any way to analyze the situation. His y-ht at 15 out of 17 Y-STRs of 
Mr. A’s Yfiler tested by a certain company was used for population genetical analyses. As controls 
for Japanese and Filipinos, data of 1280 and 790 y-hts, respectively, were analyzed by excluding 
y-hts including null and duplicated alleles from the literature and web databases. A total of 2071 
y-hts of data from these 15 loci were used for principal component analysis and network analysis. 
Comparing the y-hts of Mr. A with those of Japanese and Filipinos, the y-hts of Mr. A were cha-
racteristic of Japanese, and the Y-chromosome inherited by Mr. A was considered to be derived 
from Japanese, not Filipinos. The response letter also added that, since the survivor in question 
was elderly, it would be possible to estimate the generation to some extent through genome-wide 
analysis, etc., as long as DNA samples were preserved in the prenatal data. This written response 
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was submitted to the High Court as new evidence and a retrial was requested, which was granted, 
and Mr. A was granted Japanese nationality.

 Keywords
Filipino residual orphans, Japanese nationality, Y-STR haplotype, Population genetics.

Introduction

Even today, about 80 years after World War II, children born to Japanese men, 
such as Japanese businessmen, and Filipino women during the prewar and postwar 
periods are surviving and reaching old age. In fact, a survey by the Ministry of For-
eign Affairs (FY 2018) shows that there are approximately 1,000 survivors whose 
Japanese nationality has not been restored and who remain stateless, regardless 
of whether the father’s identity has been determined not, because there was no 
particular documentary proof such as Japanese nationality by the father’s name 
unknown.

 One of them (Mr. A), with the cooperation of a certain NPO, filed a lawsuit 
with the court, but the case was dismissed because there was no obvious documen-
tary proof. A company was asked to test the Y-STR haplotype (y-ht) and the Y hap-
logroup (y-hg), but the y-ht did not match any possible person in the investigation 
and he could not be estimated as Japanese origin from his y-hg. Nevertheless, they 
appealed to the high court without any new and glaring evidence, but the appeal 
was dismissed. 

Subsequently, the non-profit organization was looking for a researcher who 
might be able to extrapolate the Japanese from that y-ht. I was asked by one of the 
professors if there was any possibility to solve it and attempted a preliminary analy-
sis. The results showed that it could be presumed to be of Japanese origin, and the 
lawyer for that NPO asked me to prepare a formal report.

Material and Methods

Material (Data)

2.2.1 Mr. A’s Y chromosome STRs haplotype
Y-STRs at 17 loci using Yfiler and Y haplogroup (O-P45)
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2.1.2 Y-STRs data at 17 loci in general Japanese males [1]

(1) 25 y-hts using Yfiler plus from 1299 Japanese males in Hokkaido, Hons-
hu, Shikoku, Kyushu and Okinawa.

(2) 1218 out of 1299 y-hts associated with the data of Y-hgs (C-M130*, 
C-M131, D-M174*, D-M57*, D-M125, N-M231, O-M175*, O-M122*, 
O-M134 and Q-P36.2).

(3) A total of 1280 data were used by excluding null alleles at DYS448 and 
duplicate alleles at DYS389.

2.1.3 Y-STRs data for 17 loci in the general Filipino male population

(1) Y-STRs typing results of 169 Filipino men (Philippines [Filipino]) at 23 
loci selected from 19,630 men from 129 populations in 51 countries 
worldwide using the PowerPlex Y23 System [2].

(2) Y-STRs at 23 loci in 629 Filipino males obtained personally from the 
registrant (National Police and Crime Laboratory) registered at YHRD 
(https://yhrd.org/) (Submission Accession Number: YA003892-1) 

(3) A total of 790 names were used by excluding null allele (DYS448), etc.

Population genetical analysis

2.2.1 PCA (Principal Component analysis) using STRAF1.0.5 [3]
15 out of 17 Y-STR used without DYS385a/b and with DYS389 (II-I) and a 

triangle plot was performed using JMP 14.0 software.

2.2.2 Network analysis using Network 10.2.0.0 and Network publisher 
2.1.2.5 [4]

15 out of 17 Y-STR used without DYS385a/b and with DYS389(II-I) and ) The 
networks were constructed with y-hgs and countries by Median-joining method.

Results and discussion

The results of the PCA and the triangular plots using the three PCs showed that the 
groups were broadly classified into two groups: Japanese-only and mixed groups 
from both countries; although Mr. A was in the former group, one Filipino plot was 
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present in close proximity. We therefore examined the haplotypes of that plot and 
found that it differed from Mr. A’s by a total of 15 alleles.

Subsequently, the network analysis with country information (Fig. 1A) and 
y-hgs information (Fig. 1B) revealed a group consisting almost exclusively of Jap-
anese with hg-O-M175*, and Mr. A’s node was in this group. Therefore, we zoomed 
in on the orange dashed line in Fig. 1A (Fig1.C) and observed two Japanese nodes 
(JPN0558 and 0020) and one Filipino node (Filn059) near Mr. A’s node. We exam-
ined their haplotypes and found that they differed from Mr. A by a total of 4, 6, and 
12 alleles, respectively. From these results, we considered that Mr. A was derived 
from a Japanese male and prepared a report.

Fig. 1. The result of Network analysis. The red arrows indicate the plot of Mr. A. A network with 
country. B; A network with haplotypes. C; Enlarged view of the area enclosed by the orange 

dashed line.
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I also stated as an opinion in the report that a genome-wide SNP analysis would 
have yielded clearer results, but due to financial and ethical issues, the project has 
not progressed as far as I would have liked. However, a case like Mr. A’s was dis-
missed by two of his siblings, who are over 80 years old, and a few months ago, the 
same method was used to analyze the case, and the results were considered to be of 
Japanese origin. The case is still pending in court.

Conclusion

Based on this report, a request for a retrial was filed, and Mr. A was admitted as a 
Japanese citizen. Unfortunately, however, Mr. A died about a year after acquiring 
Japanese nationality.

Acknowledgments 

We sincerely thank Dr. Sheila Angustia for sending us these valuable data about 
Y-STR haplotypes of Filipino males.

Conflict of interest statement

No conflict of interest.

References

[1] H. Watahik, K. Fujii, T. Fukagawa, Y. Mita, T. Kitayama,N., Mizuno, Polymor-
phisms and microvariant sequences in the Japanese population for 25 Y-STR 
markers and their relationships to Y-chromosome haplogroups. FSI: Genet 41 
(2019) e1–e7. 

[2] J. Purps, S. Siegert, S. Willuweit, M. Nagy et al. A global analysis of Y-chromoso-
mal haplotype diversity for 23 STR loci, FSI: Genet12 (2014) 12–23. 

[3] STRAF1.0.5, https://straf.fr/ 
[4] Network analysis using Network 10.2.0.0 and Network publisher 2.1.2.5, https://

www.fluxus-engineering.com/sharenet.htm. 

https://straf.fr/
https://www.fluxus-engineering.com/sharenet.htm
https://www.fluxus-engineering.com/sharenet.htm




Characterization of 94 Identity-Informative SNPs in  
a North-Eastern Italian population using ForenSeq™ DNA 

Signature Prep Kit 

Chiara saCCardo1*, franCEsCo aUsania1, giUlia soldati1, domEniCo dE lEo1,  
stEfania tUrrina1

1Department of Diagnostics and Public Health, Section of Forensic Medicine, Forensic Genetics Lab, 
University of Verona, Verona, Italy.

*Corresponding author at: Policlinico G.B. Rossi, P.le L.A. Rossi, 37134 – Verona (Italy),  

chiara.saccardo@univr.it, telephone number: +39 3497021566

Abstract 
Genotyping of identity-informative single nucleotide polymorphisms (iiSNPs) by massively para-
llel sequencing (MPS) provides information on the sequence variations that, characterizing the 
individual populations, may represent a valid support for the analysis of short tandem repeats 
(STRs) with capillary electrophoresis (CE) in some challenging forensic cases, such as complex 
kinship analyses and mixed trace deconvolution. Nonetheless, to date, population data on iiSNPs 
are relatively scarce, especially concerning the Italian population. 
In this study, using the MPS technique, 93 subjects from North-East Italy were genotyped with 
the 94 iiSNPs included in the DNA Primer Mix A of the ForenSeq™ DNA Signature Prep kit (Ve-
rogen) to obtain allele frequencies and relevant forensic statistic parameters based on sequence 
variations revealed in the target and the flanking regions of the iiSNPs.

Keywords 
Massively parallel sequencing (MPS), Identity informative single nucleotide polymorphisms (iiS-
NPs), Microhaplotypes (MHs), MiSeq™ FGx Forensic Genomics System.

Introduction

Massively parallel sequencing (MPS) undoubtedly represents an analytical resource 
to be exploited in the forensic genetics field that, due to its ability to ensure simul-
taneous analysis of the length and sequence of the DNA fragments and typing in 
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a single reaction of a considerable number of different genetic markers, allows to 
optimize the amount of DNA available for the analysis.

Sequence variations revealed by MPS concern both target and flanking re-
gions of the marker, representing the primary source of allelic diversity. Concern-
ing Single Nucleotide Polymorphisms (SNPs), detecting additional SNPs in close 
proximity to the target, i.e., microhaplotypes (MHs) [1], may change their original 
biallelic nature into multiallelic, affecting the number of effective alleles (Ae) and 
those forensic parameters, such as the power of discrimination (PD), that contrib-
ute to better characterize the individual populations [2-4]. 

For the above reasons, in this study, the focus was on the sequence-based 
analysis of 94 identity-informative SNPs (iiSNPs) included in the DNA Primer Mix 
A of the ForenSeq™ DNA Signature Prep Kit (Verogen) for which allele frequen-
cies and forensic parameters were determined for the first time in a population of 
North-East Italy.

Materials and methods

Anonymized saliva samples were collected from 93 unrelated subjects native to 
North-East Italy after receiving their written informed consent and ethical ap-
proval from the University of Verona’s Research Ethics Committee (protocol code: 
CARU-12/2020).

Genomic DNA was extracted using the QIAamp® DNA Mini Kit (Qiagen) 
and quantified using the Qubit® dsDNA HS Assay Kit on Qubit® 2.0 Fluorometer 
(Thermo Fisher Scientific). 

The DNA Primer Mix A from the ForenSeq™ DNA Signature Prep Kit 
(FSSP) (Verogen), which contains primers to amplify 94 iiSNPs [5], was used for 
MPS library preparation. Sequencing was carried out on the MiSeq FGx™ Sys-
tem (Illumina) [6], and data analysis was performed by Universal Analysis Software 
(UAS) v1.2 (Verogen), applying its default parameters and thresholds. This study 
employed a minimum locus threshold of 30 reads to guarantee that the unique 
sequences detected were non-fictitious. 

Considering that version 1.2 of UAS is unable to generate the “Flanking Re-
gion Report”, precluding the possibility of evaluating the presence of any sequence 
variations in the flanking regions of the SNPs, these were exclusively deduced 
based on the analysis of UAS’s FASTQ files with the open-source bioinformatic tool 
STRait Razor v3 (SRv3) [7].
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The comprehensive allelic nomenclature was assigned directly by SRv3, ex-
cept for cases where it was attributed manually due to the detection of sequence 
variations not included in SRv3’s string-matching database. In this instance, the 
rare or not described mutations were identified by aligning the sequences with the 
UCSC Genome Browser’s human reference sequence (GRCh38).

Allele (haplotype) frequencies, effective number of alleles (Ae), heterozygosi-
ty (He), and relevant forensic statistical parameters, including the combined match 
probability (CMP) and combined power of discrimination (CPD), were calculated to 
assess how the presence of MHs affects the genetic variability of the iiSNPs.

Results and Discussion

Compared to the 8,742 expected call genotypes for the 93 subjects typed with the 
94 iiSNPs of the FSSP kit, 8,571 genotypes were observed, corresponding to an 
overall call rate of 98%. The defection of 171 genotypes, due to a locus depth of 
coverage below the minimum threshold used, is mainly manifested as no-called 
genotypes or allelic dropout of a sister allele events in heterozygous genotypes that 
were incorrectly called homozygotes. In particular, low sequencing coverages were 
detected for rs1031825 and rs1736442, which were rightly genotyped in 66 and 60 
subjects, respectively.

No discrepancies in target iiSNP genotype calls were detected when the num-
ber of reads for each iiSNP met the detection thresholds fixed for UAS and SRv3.

Allele frequencies and forensic parameters calculated for iiSNPs, when con-
sidered as biallelic markers, are reported in Table 1. An average heterozygosity of 
0.4593, close to the maximum possible value of 0.5, was found, with CMP and CPD 
values of 5.50857E-38 and 1-5.50857E-38, respectively, in accordance with those 
provided by previous studies [2-4].

The detection of additional SNPs associated in close physical proximity to 
the target iiSNP, inferred by processing FASTQ files through SRv3, permitted the 
recognition, based on the minor allele (haplotype) frequency (MAF), of two SNP 
categories: microhaplotypes (MHs) and minor microhaplotypes (mMHs) [2]. For 
the 94 iiSNPs genotyped, SRv3 was able to perform haplotype calling of 19 MHs 
and 5 mMHs. However, for further 8 mMHs, SRv3 failed to recognize SNPs in the 
flanking regions, tagging them with NA, also considering that 6 of these have never 
been reported in the literature (reported in bold in Table 1); therefore, their no-
menclature was manually assigned.
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Table 1. Microhaplotypes (MHs) and minor microhaplotypes (mMHs) detected for 32 of the 94 
iiSNPs investigated in a North-Eastern Italian Population

iiSNP
Haplo-
type 
category

Comprehensive Nomenclature
Haplo-
type 
frequency

rs1015250 MH rs1015250 [CE C]-GRCh38-Chr9:1823726-1823793 rs6475200-G; rs1015250-C 0,129

rs10776839 MH
rs10776839 [CE G]-GRCh38-Chr9:134525445-134525507 rs7037930-G; rs10776839-G 0,269

rs10776839 [CE T]-GRCh38-Chr9:134525445-134525507 rs7037930-G; rs10776839-T 0,473

rs1109037 MH
rs1109037 [CE G]-GRCh38-Chr2:9945582-9945659 rs1109037-G; rs1109038-A 0,161

rs1109037 [CE A]-GRCh38-Chr2:9945582-9945659 rs1109037-A; rs1109038-A 0,339

rs12997453 mMH
rs12997453 [CE A]-GRCh38-Chr2:181548493-181548547 rs72883670-T; rs12997453-A 0,098

[NA] rs12997453 [CE A]-GRCh38-Chr2:181548493-181548547 rs12997453-A 0,005

rs1336071 mMH rs1336071 [CE C]-GRCh38-Chr6:93827491-93827549 93827520.1T; rs1336071-C 0,006

rs1463729 mMH rs1463729 [CE C]-GRCh38-Chr9:124119138-124119195 rs1463729-C; rs553955089-C 0,005

rs2056277 mMH rs2056277 [CE C]-GRCh38-Chr8:138386821-138386877 rs149318691-T; rs2056277-C 0,005

rs221956 mMH [NA] rs221956 [CE C]-GRCh38-Chr21:42186845-42186896 rs221956-C; 42186894>G 0,005

rs2269355 mMH [NA] rs2269355 [CE C]-GRCh38-Chr12:6836737-6836759 rs2269355-C; rs773954858 0,005

rs2399332 MH
rs2399332 [CE G]-GRCh38-Chr3:110582177-110582286 rs2399334-T; rs2399333-T; 
rs2399332-G

0,604

rs2399332 [CE G]-GRCh38-Chr3:110582177-110582286 rs2399333-T; rs2399332-G 0,027

rs279844 MH rs279844 [CE T]-GRCh38-Chr4:46327592-46327708 rs279844-T; rs279845-A 0,423

rs2830795 MH
rs2830795 [CE A]-GRCh38-Chr21:27235795-27235862 rs12626695-C; rs2830795-A 0,038

rs2830795 [CE G]-GRCh38-Chr21:27235795-27235862 rs12626695-C; rs2830795-G 0,011

rs2920816 MH rs2920816 [CE G]-GRCh38-Chr12:40469199-40469309 rs142684512-G; rs2920816-G 0,056

rs321198 mMH rs321198 [CE T]-GRCh38-Chr7:137344994-137345108 rs321198-T; rs186446125-C 0,005

rs354439 mMH
[NA] rs354439 [CE T]-GRCh38-Chr13:106285996-106286115 rs354439-T; 
rs574448517-C

0,005

rs430046 MH
rs430046 [CE T]-GRCh38-Chr16:77983107-77983174 rs409820-A; rs430044-T; 
rs430046-T

0,435

rs445251 MH rs445251 [CE C]-GRCh38-Chr20:15144244-15144311 rs369438-C; rs445251-C 0,548

rs4530059 MH rs4530059 [CE A]-GRCh38-Chr14:104302784-104302911 rs4530059-A; rs4450333-T 0,403

rs4606077 MH

rs4606077 [CE C]-GRCh38-Chr8:143574562-143574669 rs4606077-C; rs1869434-A 0,775

rs4606077 [CE T]-GRCh38-Chr8:143574562-143574669 rs4606077-T; rs58774517-T 0,066

rs4606077 [CE C]-GRCh38-Chr8:143574562-143574669 143574562-G; rs4606077-C; 
rs1869434-A

0,016

rs6811238 mMH
[NA] rs6811238 [CE G]-GRCh38-Chr4:168742417-168742480 rs6811238-G; 
rs1170846661 0,005

rs6955448 MH rs6955448 [CE T]-GRCh38-Chr7:4270677-4270749 rs6950322-A; rs6955448-T 0,183

rs7041158 MH rs7041158 [CE T]-GRCh38-Chr9:27985930-27986001 rs7041158-T; rs117776421-G 0,011

rs722098 mMH
[NA] rs722098 [CE A]-GRCh38-Chr21:15313267-15313315 rs722098-A; 
rs1036208975 0,005

rs727811 MH
rs727811 [CE G]-GRCh38-Chr6:164624247-164624311 rs1390470-T; rs727811-G 0,478

rs727811 [CE T]-GRCh38-Chr6:164624247-164624311 rs1390470-T; rs727811-T 0,522

rs740910 MH rs740910 [CE A]-GRCh38-Chr17:5803260-5803323 rs60810599-G; rs740910-A 0,082

rs8078417 mMH
rs8078417 [CE T]-GRCh38-Chr17:82503992-82504093 82503995-C; rs8078417-T 0,005

[NA] rs8078417 [CE C]-GRCh38-Chr17:82503992-82504093 rs8078417-C; 
rs1036208975 0,005

rs826472 mMH rs826472 [CE C]-GRCh38-Chr10:2364342-2364443 rs138540224-C; rs826472-C 0,005
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rs876724 MH
rs876724 [CE C]-GRCh38-Chr2:114970-115036 rs876724-C; rs300773-T 0,452

rs876724 [CE T]-GRCh38-Chr2:114970-115036 rs876724-T; rs300773-T 0,349

rs907100 MH rs907100 [CE C]-GRCh38-Chr2:238654924-238654989 rs907100-C; rs11689319-A 0,31

rs987640 MH rs987640 [CE A]-GRCh38-Chr22:33163486-33163560 rs17793354-C; rs987640-A 0,075

rs9905977 mMH

[NA] rs9905977 [CE G]-GRCh38-Chr17:3016058-3016176 rs9905977-G; rs187737298 0,005

rs9905977 [CE G]-GRCh38-Chr17:3016058-3016176 rs9905977-G; rs73298992-T 0,151

rs9905977 [CE G]-GRCh38-Chr17:3016058-3016176 rs9905977-G; rs28582109-A 0,005

rs9951171 MH rs9951171 [CE G]-GRCh38-Chr18:9749816-9749890 rs145524126-C; rs9951171-G 0,022

Overall, for the 32 iiSNPs presenting MHs and mMHs were detected 44 unique 
haplotypes spread in 966 out of 8,571 genotypes called, thus converting more than 
a third of the iiSNPs genotyped from biallelic to multiallelic and significantly af-
fecting the CMP and CPD, that rise from 4.61964E-13 to 2.10942E-15, and from 
0.9999999999995380 to 0.9999999999999980, respectively.

As an expression of genetic variability, it was assessed whether the detection 
of “new alleles” due to MHs and mMHs may influence Ae, He, and PD. The evalua-
tion was performed on the 32 iiSNPs with additional SNPs in the flanking regions, 
assuming the markers as biallelic and multiallelic.

It was possible to observe that the transition from biallelic to multiallelic 
markers involved 81.25% of 32 iiSNPs, for which the number of effective alleles 
increased influencing (based on the type and frequency of the allele (haplotype) 
identified in the population) the He and PD values. 

For instance, at rs727811, two MHs were detected due to the presence of 
rs1390470 in the flanking region of both wild type alleles G and T, but these latter 
were never found in the investigated population, thus Ae (equal to 2.00) remained 
unchanged, not affecting He and PD values. Regarding rs1336071, three alleles 
were revealed: two wild types (C and T) and a further allele due to mMH (SNP in po-
sition 93827520.1T). In this case, the number of effective alleles exceeded 2.00, but 
since the mMH had a frequency of 0.006, the increments in He and PD values were 
very low. Therefore, detecting a new but rare allele (haplotype) with a frequency < 
0.01 does not seem to affect the He and PD values; conversely, significantly higher 
He and PD values were observed only for Ae greater than 2.50 (Table 2).
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Table 2. Relevant forensic parameters for 32 of the 94 iiSNPs investigated (An: number of 
alleles; Ae: number of effective alleles; He: Heterozygosity; MP: Match Probability; PD: Power of 

Discrimination).

iiSNP
Target iiSNPs  MHs and mMHs

An Ae He MP PD An Ae He MP PD

rs1015250 2 1,50 0,331 0,505 0,495 3 1,540 0,352 0,463 0,537

rs10776839 2 1,99 0,499 0,364 0,636 3 2,760 0,637 0,199 0,801

rs1109037 2 1,94 0,483 0,371 0,629 4 3,760 0,734 0,120 0,880

rs12997453 2 1,88 0,469 0,392 0,609 4 2,110 0,526 0,305 0,695

rs1336071 2 2,00 0,499 0,394 0,606 3 2,020 0,505 0,383 0,617

rs1463729 2 1,96 0,489 0,356 0,644 3 1,970 0,493 0,351 0,649

rs2056277 2 1,64 0,391 0,455 0,545 3 1,660 0,399 0,444 0,556

rs221956 2 1,76 0,432 0,417 0,583 3 1,780 0,439 0,408 0,592

rs2269355 2 2,00 0,500 0,378 0,622 3 2,020 0,505 0,373 0,628

rs2399332 2 1,86 0,462 0,396 0,604 4 2,010 0,502 0,344 0,656

rs279844 2 1,95 0,488 0,408 0,592 2 1,950 0,488 0,408 0,592

rs2830795 2 1,78 0,440 0,425 0,575 4 1,980 0,495 0,348 0,652

rs2920816 2 1,94 0,484 0,355 0,645 3 2,100 0,524 0,296 0,704

rs321198 2 1,83 0,454 0,411 0,589 3 1,840 0,457 0,409 0,591

rs354439 2 1,98 0,494 0,390 0,610 3 2,000 0,499 0,386 0,614

rs430046 2 1,97 0,492 0,359 0,641 2 1,970 0,492 0,359 0,641

rs445251 2 1,98 0,495 0,401 0,599 2 1,980 0,495 0,401 0,599

rs4530059 2 1,93 0,481 0,377 0,623 2 1,930 0,481 0,377 0,623

rs4606077 2 1,49 0,330 0,503 0,497 4 1,600 0,375 0,419 0,581

rs6811238 2 1,98 0,495 0,423 0,577 3 2,000 0,500 0,411 0,589

rs6955448 2 1,43 0,299 0,574 0,426 2 1,430 0,299 0,574 0,426

rs7041158 2 1,73 0,422 0,451 0,550 3 1,750 0,428 0,430 0,570

rs722098 2 1,50 0,334 0,499 0,501 3 1,520 0,343 0,492 0,508

rs727811 2 2,00 0,499 0,397 0,603 2 2,000 0,499 0,397 0,603

rs740910 2 1,73 0,422 0,441 0,559 3 2,100 0,523 0,321 0,679

rs8078417 2 1,82 0,450 0,395 0,605 4 1,860 0,461 0,383 0,617

rs826472 2 1,91 0,476 0,380 0,620 3 1,930 0,483 0,372 0,628

rs876724 2 1,83 0,455 0,396 0,604 3 2,730 0,634 0,206 0,794

rs907100 2 1,99 0,498 0,367 0,633 3 2,470 0,596 0,233 0,767

rs987640 2 1,94 0,485 0,418 0,583 3 2,160 0,536 0,321 0,679

rs9905977 2 1,87 0,464 0,432 0,568 5 2,630 0,620 0,244 0,756

rs9951171 2 1,97 0,493 0,429 0,571 3 2,070 0,516 0,388 0,612
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Conclusion

In this study, additional SNPs were detected in the flanking regions of 32 of the 94 
iiSNPs genotyped in a population of 93 subjects from North-East Italy.

Variations in Ae, He, and PD were observed in 81.25% of the 32 iiSNPs, which 
became more significant as the MH and mMH frequencies increased.

However, the finding of a haplotype with a frequency <0.01, despite not sig-
nificantly affecting the forensic parameters of the iiSNP, is not irrelevant, as it con-
tributes to better characterizing the populations and, according to forensic genetic 
investigations needings, could represent crucial evidence in solving the forensic 
casework.
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Abstract
Recent research with Rapidly Mutating Y-STRs (RM Y-STRs) have shown that these loci provide 
substantially higher haplotype diversity and haplotype discrimination capacity in worldwide po-
pulations when compared with the Y-STRs commonly used in genetic forensics. The discovery 
of these markers happened in two stages, first stage was in 2010 when 13 markers were discove-
red, whereas the second stage was the reveal of 12 additional RM Y-STRs in 2021. In our earlier 
studies, we have estimated a mutation rate for 13 RM-YSTR in 85 pairs of male relatives in the 
population of Serbia (74 father-son pairs, and 11 twin pairs) to evaluate the capacity of distinguis-
hing between male subjects within a single lineage. In this study, a total of 210 male individuals’ 
samples from population of Serbia were analyzed using 26 RM-Yplex. The assay was developed 
and validated to amplify 26 markers on Y-Chromosome consisting of 17 single-allelic markers 
and 10 multi-allelic markers, brining the total number of amplified alleles to 40. The same set of 
samples was analysed using previously designed 13 RM Y-STR multiplex assay. Therefore in this 
study we will demonstrate the impact of the additionally released 12 RM Y-STRs compared to the 
previously revealed 13 TM-Y-STRs and also we will be able to assess the efficiency of the newly 
designed 26 RM-Yplex assay in differentiating close male relatives based on the analysis of the 
26 RM Y-STRs simultaneously. Our findings are encouraging and concur with previous studies 
showing that by RM Y-STR typing the discrimination power of close male relatives could be con-
siderably increased in comparison to every Y-STR markers commonly used in forensic genetics. 
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Introduction

Rapidly mutating Y-chromosomal short tandem repeats (RM Y-STRs) were iden-
tified to improve differentiation of unrelated males and also to enable separating 
closely and distantly related males in human identity testing in forensic applica-
tions [1-3]. In 2012, Ballantyne described 13 RM Y‐STRs showing remarkably in-
creased discrimination power between male lineages in 51 worldwide populations 
[2]. In 2015, Alghafri introduced a novel system incorporating all those markers 
in a single multiplex assay kit [4]. Based on the results in our earlier studies [5,6] 
using that kit, the RM Y-STR loci showed remarkable haplotype resolution power 
in the population of Serbia, high genetics diversity and, therefore, demonstrating 
their usefulness in forensic identification cases. In 2020, 12 additional RM Y‐STR 
markers with increased mutation rates were identified by Ralf et al. [7].

Recently, a novel multiplex has been developed and optimized for the simul-
taneous amplification of all 26 RM Y‐STR; 26 RM Yplex [8]. The aim of this novel 
system is to create a tool that possesses the highest discrimination power between 
closely related male individuals through the use of 26 RM Y‐STRs. This kit has been 
validated according to the references on forensic analysis as recommended by the 
International of Forensic Genetics (ISFG) and Scientific Working Group on DNA 
Analysis Methods (SWGDAM). 

In this study, we used this RM-Yplex assay [8] to type 210 unrelated individ-
uals from Serbia. Serbia, with the total surface area of 88.361 km2 and population 
of approximately 7.5 million, is located on the Balkan Peninsula i.e. in southeast 
Europe (around 79% of the territory) and in the Pannonian Plain i.e. Central Eu-
rope (about 20% of the territory). Genetic diversity indexes and haplotype frequen-
cies were evaluated and the data was used to establish forensic parameters for the 
population of Serbia.

Material studied, methods, techniques

DNA Samples and extraction
DNA was obtained from bloodstains from 210 unrelated healthy male indi-

viduals from Serbia, following informed consent. A 0.5mm disc of blood samples 
deposited on FTA™ cards was punched out of each male individual sample. The 
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disc then was washed twice using FTA™ buffer. After the second wash, samples 
were kept to dry at room temperature for 15 minutes before proceeding by adding 
PCR reagents.

PCR amplification and typing
PCR amplification was carried out using Veriti 96‐Well Thermal Cycler 

(Thermo Fisher Scientific). The total reaction volume was set to 10 µl, which in-
cluded 4 µl of Microreader 2.5 × Master Mix I, 2 µl of Microreader RM‐Y 5 × Primer 
Mix, 2 ng of sample DNA, and nuclease‐free water to compensate the total 10 µl 
reaction volume. The parameters for thermal cycling were set as follows: preincu-
bation at 95°C for 5 min, 28 cycles of denaturation at 94°C for 20 s, and annealing 
at 60°C for 90 s, followed by a final extension at 60°C for 1 h and then holding at 
4°C until the amplicons were removed from the thermal cycler instrument. Prior 
to electrophoresis, 1 µl of the amplified products were added to 0.5 µl Microreader 
size standard QD650 (Bejing Microreader Genetics, China) and 8.5 µl of deionized 
Hi-DiTM formamide and denatured for 3 min at 95°C. Amplified DNAs were elec-
trophoresed on an ABI 3500 Genetic Analyzer (Thermo Fisher Scientific) using 36 
cm capillaries and POP-4 polymer (Thermo Fisher Scientific) and the fragment 
analysis was performed with a GeneMapper® IDX v.1.5 (Thermo Fisher Scientific).

Statistical analysis
Forensic parameters were calculated for the 210 typed samples and were 

compared with previously obtained results for a subset of the same samples (203 
samples) [9] for the three former Y-STR marker sets minimal haplotype (MHT, 9 
loci), SWGDAM (11 loci), and Yfiler marker panels (17 loci), Yfiler® Plus kit, re-
spectively (Table 1). 

Haplotype frequencies and allele frequencies were calculated using the 
counting method. The genetic diversities (GD) of the markers were calculated ac-
cording to Nei [11]. The haplotype diversities (HD) were calculated using the for-
mula HD = n(1 - ∑pi2)/(n - 1), where n is the sample size and pi the frequency of 
the i-th haplotype. The match probability (MP) was calculated as the sum of the 
squared haplotype frequencies, and Discrimination Capacity (DC) was calculated 
as the ratio between the number of different haplotypes and the total number of 
haplotypes. All the above diversity indexes were computed using the Arlequin soft-
ware ver. 3.5.1.3 [12]. 
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Results

A total of 213 alleles were detected at 26 Y-STR loci and allele frequencies ranged 
from 0.0048 to 0.4320. The total number of alleles at each locus ranged from 6 
for DYS526a to 51 for DYF1000. Nine RM Y-STR loci (DYF387S1, DYF399S1, DY-
F403S1a, DYF404S1, DYF1001, DYS724, DYR88, DYF1000 and DYF1002) most 
often show multiple alleles (between one and five alleles), and are therefore cate-
gorized as multi copy loci. The inclusion of multi-allelic markers in Y-STR analysis 
always adding discrimination power which helps narrowing suspected individuals 
and help excluding innocent individuals from being contributors to biological sam-
ple in question. 

As previously determined in other populations, the RM Y-STR loci showed 
high genetics diversity (GD) values (>0.72) in the Serbian population. The highest 
GD was observed for the locus DYF1000 (0.993), followed by loci DYF1001 (0.992), 
DYF399S1 (0.990), DYF1002 (0.963) and DYS403S1a (0.956). The lowest GD value 
was detected for DYS576 which is one of the very first discovered RM Y-STR markers.

Microvariant alleles were rarely observed, except in DYF399S1, DYF404S1 
and DYF403S1a. One null allele, in DYF403S1b, was found. Null alleles at this lo-
cus have been previously detected in the Dutch population [13].

 A total of 210 different haplotypes were identified from 210 unrelated male 
individuals. The overall haplotype diversity was 1 with a discrimination capacity of 
100 (Table 1).

Table 1. Forensic parameters for population of Serbia.

Serbia (203 samples)
Serbia (210 
samples)

MHT SWGDAM Yfiler® Yfiler® Plus RM-Yplex RM-Yplex

Number of haplotypes 121 152 186 200 210 210

Sample size 203 203 203 203 209 210

Number of unique ha-
plotypes

102 125 173 197 208 210

HD 0.98922 0.99351 0.99892 0.99985 0.99998 1

DC (%) 77.86 82.24 93.01 98.50 99.01 100

MHT – minimal haplotype (8 loci); SWGDAM – haplotype of the Scientific Working Group for DNA Analysis-
Methods (11 loci); Yfiler–AmpFISTRYfiler (16 loci); YfilerPlus–AmpFISTRYfiler Plus (25 loci); HD - Haplotype  
diversity; DC – Discrimination Capacity
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Discussion

The average gene diversity was high in Serbia (0.86). The gene diversities of all loci 
were following the same pattern found in worldwide populations when compared 
to previously published results [3]. In general, the highest gene diversity among all 
loci was estimated for DYF1000 in the Serbian population. 

In this assay, the DYF403S1 is divided into three segments, which each is 
amplified using different pairs of primers. It was notable that the diversity of total 
segments included in the current research was recorded as 0.984 whereas in previ-
ous research the value of the three alleles detected with one pair of primers is less. 
This is because of the ability of the new approach to detect an overlapping alleles 
which were shaded by single peak in the electropherogram.

All 210 were individualized using only 5 Loci including: DYF1000, DYF1001, 
DYF399S1, DYF1002 and DYS403S1a. Novel abnormal allelic patterns were re-
vealed in Serbian Populations as shown in results.

Conclusion

In this study, we represent the efficiency of Rapidly Mutating Y-STRs markers in 
discriminating male in Serbian population which eventually leads to great power 
for discriminating close male relatives.

The study has shown that locus DYF1000, is the mostly diverse Y-STR mark-
er in the population, although it is a multi-allelic marker, it was still showing high-
er GD value than the highest previously noted Y-STR marker DYF399S1.
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Abstract 
Various databases and tools are currently used to facilitate the identification of unidentified hu-
man remains (UHRs) through direct or kinship DNA matching. M-FISys (Mass-Fatality Identi-
fication System), originally created to identify victims from the 9/11 World Trade Center attack, 
supports both direct and indirect DNA profile matching. In our laboratory, the focus is on identi-
fying victims from the Spanish Civil War (1936–1939) and postwar Andalusian victims, primarily 
through kinship matching using M-FISys. For skeletal remains, kinship matching involves in-
putting a family pedigree, allowing the system to search for samples that match all family mem-
bers and compute a joint probability likelihood ratio (JPLR) to indicate the likelihood of a match.
M-FISys constructs these pedigrees through two different templates: the Basic Family template 
and the Complex Family template. The Basic Family template automatically generates pedigrees 
using pre-established relationships such as parent, sibling, etc., making it straightforward to 
use. However, the Complex Family template requires manual input of specific details, including 
family codes and donor data. Although this method allows for more customised entries, it is 
labour-intensive and prone to human error.
To streamline this process and reduce errors, we integrated a Laboratory Information Manage-
ment System (LIMS) and employed QuickPed software to semi-automate the creation of pedi-
grees, generating customised lab codes for each family group. The optimisation allowed for redu-
cing the time-consuming and prone to critical errors that can affect profile matching, moreover 
the export of files that are ready for direct import into M-FISys, containing all relevant informa-
tion, including genetic profiles. Furthermore, this approach guarantees complete traceability of 

30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS
Universidade de Santiago de Compostela, 2025, pp. 333-339
DOI: https://dx.doi.org/10.15304/cc.2025.1869

mailto:dvinuezaespinosa@ugr.es


334 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

the samples, from the initial DNA extraction to the final genetic profile, a key requirement for 
laboratories working towards ISO/IEC 17025 accreditation.

Keywords 
M-FISys, Kinship, Genetic Identification, Family Complex, QuickPed, Skeletal Remains.

Introduction

Currently, various databases and software tools assist analysts in using reference 
DNA to identify unidentified human remains (UHRs) through Direct or Kinship 
matching. M-FISys (Mass-Fatality Identification System) employs direct and in-
direct profile matching, originally designed for identifying remains from the 9/11 
attack on NYC’s World Trade Center [1]. Our lab specializes in identifying victims 
of the Spanish Civil War (1936–1939) and postwar Andalusian victims. The identi-
fication of skeletal remains from the Spanish Civil War and postwar is conducted 
through kinship matching using M-FISys.

Given a pedigree of family members for one or more missing persons, the 
database can be searched for samples that match all family members, to calculate 
the Joint Probability Likelihood Ratio (JPLR), which indicates the probability that 
the match is related to all family members as presented. M-FISys constructs ped-
igrees using relationships specified from input files. Two templates are used in 
M-FISys: Basic Family and Complex Family (Figure 1). The Basic Family template, 
which requires no effort, automatically draws pedigrees using relationships defined 
in the template, such as father, mother, sibling, etc. The Complex Family template 
involves defining parents for each member, with columns including Family Code, 
Father/Mother Fname, Lname, and Donor Code. Filling out the Complex Family 
template manually is time-consuming and error prone.

We have implemented a semi-automated way to complete the complex tem-
plate with personalized lab codes for pedigrees using a Laboratory Information 
Management System (LIMS) along with the free online software QuickPed [2]. 

Material studied, methods, techniques

A total of 804 pedigrees were created using the QuickPed tool [2] from 16 kinship 
cases. These kinship cases included relationships such as parents, siblings, uncles, 
cousins, second cousins, grandparents, great-grandparents, and great-great-grand-
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parents, where reference family was searching for one or two victims. The pedfile 
(in.txt format) was downloaded from the QuickPed tool; this file contains informa-
tion on all family members, allowing them to be linked together and to establish a 
specific relationship with personalised lab codes (Figure 1). In the LIMS, the data 
for family reference (e.g., 044FAM001-F1, green square) and the victim (e.g., V1-
044, lined square) were registered as items in each case. The family references were 
subsequently uploaded as samples, having been technically analysed to obtaind a 
genetic profile. The family group (pedigree) was also entered into the LIMS, with-
in a pre-designed environment (programming code) that includes fields (such as 
“Father and mother donor code”). to be completed in the family complex template 
in order to construct the pedigree in M-FIsys databases. The information entered 
into LIMS was exported in the family complex template format (.xls format) and 
imported into M-FIsys. Errors were analysed by counting them in two files. 

The first set of errors, found in the export file.xls generated by LIMS, were 
classified as LIMS errors (LEs), and the second set, listed in the validation report 
generated during the import into the database, were classified as M-FIsys errors 
(MEs). The M-FIsys database includes a validator to must be run before importing 
the LIMS xls file (save as txttab) into the M-FIsys database.

The LEs were categorised into two distinct types (Table 1). In LIMS, the 
pedfile information was entered by coping and pasting the family member’s codes 
(green, red and blue highlighted boxes in figure 1), which allows them to be linked 

Figure 1. Example of a pedigree created using the Quickped tool, where the family member is 
searching for one victim (the parental grandfather).  A. graphic representation of the pedigree. 

B. Text representation of the pedigree. 
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to one another in order to establish the specified relationships. If the codes were 
copied and pasted incorrectly or if family members were missing, these errors were 
classified as manual errors (Type of LE: 1). Type of LE:2 included issues arising 
from the exportation of the LIMS software, due to programming code problems or 
warnings that occurred during its development.

Table 1: Types of LIMS errors evaluated in the file to be imported to M-Fisys database

Type of LE Observations

1 manual errors

2 internal of the software

The MEs were categorized into four different types (Table 2). These errors were 
identified through the M-FIsys Validator report and an additional report generated 
during the file import process into the database.

Table 2: Types of M-FIsys errors evaluated in the file before importing into the M-FIsys 
database 

Type of ME Observations

1 file format error

2 warnings

3 data errors

4 code repetition

Results and Discussion

Results indicated that there were generally more manual errors (type 1) than 
LIMS-internal (type 2) (Figure 2A). This fact is likely due to the initial challenges 
faced by analysts in adapting to the copy-and-paste method during the early stages 
of implementing this semi-automated process. Furthermore, the task was initially 
carried out by different analysts, which contributed to the variation in errors. How-
ever, these manual errors were significantly reduced when the task was assigned to 
a single analyst. 

Regarding the MEs, the results showed that there were more warning errors 
(type 2), followed by data errors (type 3), and with the lowest number of errors, type 
1 (file format error) and 4 (code repetition) (Figure 2B). 



337OPTIMIZING TEMPLATE INPUT: COMPLEX FAMILY PEDIGREES M-FISYS WITH LIMS

Diana C. Vinueza-Espinosa, María Isabel Medina-Lozano, María Sáiz Guinaldo,  
Xiomara Gálvez Escolano, Christian Haarkötter Cardoso, José Antonio Lorente, Juan Carlos Álvarez Merino

 Figure 2. (A) Types of LIMS errors-LE. (B) Types of M-FIsys errors evaluated in the file to be 
imported to M-FIsys database.

In the 804 pedigrees evaluated across 16 kinship cases, most errors occurred dur-
ing the file import process into the M-FIsys database. However, the majority of 
these errors were classified as warnings (Figure 3). Warning errors typically arise 
when a particular allele is not present in the frequency table, triggering a warning 
because the minimum frequency is applied. These warnings are not critical and do 
not affect the kinship match in the database.

Another frequently encountered issue was the data error. This occurred 
when the “Assay kit” field in the family complex template contained molecular 
marker information that was not applicable to the selected kit. For example, in a 
sample analysed using the “Global Filer” assay kit, the molecular marker “Penta E” 
was mistakenly assigned a value of “0”in the template. When this file was imported 
into M-FIsys, a data error was flagged. This occurred because, in kits like GlobalFil-
er, cells corresponding to molecular markers not included in the kit should remain 
empty, without a “0” or any other value. This error was easily corrected by updating 
the LIMS programming code to ensure that fields for molecular markers not rele-
vant to the selected assay kit remain blank.

A B
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Figure 3. Errors evaluations of the template input exported from LIMS and imported to M-FIsys 
database in a total de 804 pedigrees from 16 kinship cases. 

Conclusion

In conclusion, the minor and easily detectable errors flagged by the M-Fisys data 
validator do not impact the accurate entry of pedigrees into the database, making 
the process highly efficient and significantly reducing the time required for genetic 
comparison analysis. This automated approach provides a clear advantage over the 
manual method of completing the.xls template, which is both more time-consum-
ing and prone to critical errors that can affect profile matching. Furthermore, this 
optimatisation allows for seamless export of ready-to-import files from LIMS to 
M-FISys, ensuring full traceability of samples from DNA extraction to the genera-
tion of genetic profiles -an essential factor for laboratories pursuing ISO/IEC 17025 
accreditation.
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Abstract
In missing person identification, the statistical power derived from genetic STR profiles of a 
family group is crucial for distinguishing the person of interest from unrelated individuals. Spe-
cifically, in cases involving only second and/or third-degree relatives, the statistical power is sig-
nificantly reduced, and STR markers often fail to provide sufficient discriminatory information. 
Our primary goal is to validate the enhanced discrimination power in complex cases using SNP 
profiles obtained by microarray technology. We accomplish this by first compiling a comprehen-
sive frequency table of the Argentine population based on 3,915 SNPs. Subsequently, we analyze 
the statistical power of identification for missing grandchildren and great-grandchildren utili-
zing these markers. This approach aims to address the challenges posed by incomplete family 
groups in solving complex kinship cases. To assess our aims, we conducted a comprehensive 
analysis of 288 whole-blood samples using the salting-out protocol, adhering to the purity and 
integrity guidelines recommended by the manufacturer. We employed the Illumina Infinium 
Global Screening Array-24 Kit to perform SNP marker typing via microarray technology. From 
the resulting dataset, we selected 3,915 unique SNPs previously associated with known kinship 
relationships. We then utilized this data set to simulate conditional scenarios based on three 
previously resolved STR cases. For this simulation, we applied Merlin software to calculate like-
lihood ratios for various hypotheses, focusing on one and two pedigree members of second and 
third-degree relatives. In the present study, we present the first population frequency table of 
Argentina for kinship SNPs markers obtained by microarrays technology. Furthermore, we de-
monstrated that the selected panel of 3,915 kinship SNPs effectively minimizes false positive and 
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false negative rates and validated this method for complex cases such as cases of crimes against 
humanity, when only one second or third-degree relative of the sought individual is available.

Keywords
Microarray, Kinship SNPs, DVI-MPI, Linkage, Allele Frequency Table, Simulation.

Introduction

In missing person identification, the statistical power of genetic STR profiles from 
family members is essential for distinguishing the person of interest from unrelat-
ed individuals. However, when only second- and third-degree relatives are availa-
ble, the statistical power decreases significantly, and STR markers alone become 
insufficient. Incorporating single nucleotide polymorphism (SNP) analysis proves 
effective in determining distant biological relationships. Advances in technology, 
such as microarray techniques, have made it possible to obtain these results more 
efficiently [1, 2].

The Banco Nacional de Datos Genéticos was a pioneer in conducting genetic 
studies to address crimes against humanity, such as forced disappearances and the 
restoration of identity for children appropriated during the last dictatorial regime 
(1976-1983) that occurred in Argentina. It maintains a searchable database that 
enables large-scale comparisons between individuals of interest (such as grand-
children) and extended family groups, even when genetic information about their 
missing parents is unavailable [3, 4]. 

The objective of this work is to create a frequency table of the Argentine pop-
ulation based on 3,915 SNPs and analyze the statistical power of identification for 
missing grandchildren and great-grandchildren using these SNP markers to solve 
complex cases involving incomplete family groups.

Materials and methods

We analyzed the genotype of 288 blood samples from Argentinian donors. All the 
samples provided were analyzed in the BNDG within Law 26.548 and accompanied 
by a signed consent form accepting the use of their genetic profiles for population 
studies.

DNA from blood samples collected in EDTA tubes was extracted using Salting 
Out protocol and quantified by DS-11 DNA Quantification Spectrophotometer (De-
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novix). DNA sample quality was assessed by reading the absorbances 260/280 and 
260/230. Qubit 4 fluorometer (Thermo Fisher) was used to determine the integrity 
and quantity of the sample obtained [5]. For all samples, a 200 ng of template DNA 
according to the manufacturer’s microarray protocol were obtained. SNP typing 
was performed using microarray technology with the Illumina Infinium Global 
Screening Array-24 Kit (Illumina, San Diego, USA) [6]. 

All genotype assignments met the required read quality parameters associ-
ated with Hardy-Weinberg equilibrium, obtained by using GenomeStudio software, 
following the recommendation of Guo et al. 2014 [7] and the Illumina’s guidelines 
[8]. Based on the FORCE panel designed by Tillmar et al. [9], we selected 3,915 
SNPs that are relevant for kinship analysis. To build the first kinship SNPs fre-
quency table for the Argentine population, 181 samples from unrelated individuals 
were analyzed (Data not shown). For the allelic assignment we use the Illumina 
annotation criteria [10]. Additionally, the 3,915 SNPs selected for the frequency 
table were recalculated by using Bonferroni correction [7], and all were found to be 
in Hardy-Weinberg equilibrium.

Three previously solved cases with STRs were used for conditional simula-
tions based on the SNPs profiles. The statistical analyses were performed using R 
v.4.2.0. Pedigree management and simulations were done with pedsuite packages 
collection [11] and mispitools package (https://cran.r-project.org/web/packages/
mispitools/). For the LR distribution we performed 1000 simulations and calcu-
lations of the likelihood ratios (LRs) for the related and unrelated Missing Person 
(MP) for the tested hypotheses [12]. To do this we selected 1 and 2 pedigree members 
of second and/or third-degree relatives. To calculate the linkage LR, the kinshipLR 
function from the forrel package and simLRgen function from the mispitools pack-
age were adapted to account for the use of the MERLIN software [13].

Results and discussion

To analyze the general statistical power of the selected 3,915 kinship SNP markers, 
we built a generic pedigree and performed simulations based on the genotypes of 
a duo (Fig.1 left). Using our Argentinean SNP frequency table (Data not shown), 
we evaluated the linkage Likelihood Ratio (LR) in a duo comparison between MP 
and second- and third-degree relatives (Fig.1 right). The distribution plots show a 
clear separation between related and unrelated individuals across all tested rela-
tionships, allowing for the confident identification of the MP by minimizing the 

https://cran.r-project.org/web/packages/mispitools/
https://cran.r-project.org/web/packages/mispitools/


344 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

false positive and false negative rates. Therefore, we were able to validate this in our 
family groups’ caseworks. These kinship SNPs, previously described in the FORCE 
Panel [9], allow us to achieve high statistical power in identifying a missing person 
when only a second- or third-degree relative is available, as reported similarly by 
Tillmar et al. [9].

Fig. 1 Generic pedigree plot and linkage LR distribution plot for member’s combination with MP. 

The pedigree plot (left) illustrates the generic family structure, highlighting the 
relatives’ pedigree to simulate. The linkage LR distribution plot for unrelated and 
related individuals (right) where the colors correspond to different pedigree mem-
bers. The simulations were plotted on separate graphs because the density scale on 
the Y-axis impaired the visualization of related individuals.

To test our simulated outcomes with SNP profile data, we genotyped the 
pedigree member’s for two previously solved identifications with STR. FAM1 (Fig. 
2A) have one incomplete generation and are searching for a child who is the MP. 
Therefore, combinations of second- and third-degree relatives were used to per-
form conditional LR simulations and compared them with the true LR (linkage 
and no linkage) value obtained from the inclusion. We observe a clear distinction 
between related and unrelated individuals for all combinations. The true LR value 
(black diamond) for the identified MP lies within the estimated LR values for vari-
ous combinations of pedigree members.

To advance our analysis, we evaluated the possibility of two incomplete gen-
erations by using combinations of third-degree related individuals for condition-
al LR simulations in the case of FAM2 (Fig. 2B), which includes three biological 
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children from the identified MP (the great grandchildren). Under these conditions, 
we observe a good separation between related and unrelated individuals. Despite 
having only third-degree relatives and missing two generations, accurate identi-
fication can still be achieved for all three cases (indicated by the black diamonds).

Fig. 2. Linkage and No Linkage LR Distributions for Pedigree Members. 

Simulation results in absence of one generation FAM1 (A); absence of two genera-
tions FAM2 (B). The pedigree plot (left) illustrates the family structure, highlight-
ing second- and/or third-degree relatives. The scatter plot (right) shows the log10 
LR (Linkage) versus log10 LR (No Linkage) distributions for 1000 simulations, 
categorized by different pedigree member combinations. The clusters indicate the 
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separation of related (blue tones) and unrelated (red tones) individuals based on 
the LR calculations. The black diamond represents the true LR value from different 
pedigree member combinations.

Conclusion

The results obtained from SNP profiles of reference family members in previous-
ly resolved STR cases highlight the panel’s potential for solving complex missing 
person identification cases involving second and third-degree relatives, with clear 
differentiation between related and unrelated individuals. Kinship SNPs markers 
offer a powerful tool for identifying a MP in incomplete family groups in the ab-
sence of information from two generations, thereby enhancing the capabilities of 
traditional STR-based methods.
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Abstract
Researchers at the U.S. National Institute of Standards and Technology (NIST) have conduc-
ted experiments using the ForenSeq Kintelligence-HT kit, a highly multiplexed single nucleo-
tide polymorphism (SNP) panel intended for use in disaster victim identification scenarios. The 
kit works with the MiSeq FGx DNA Sequencing System to assay more than 10000 SNP loci, 
with 9867 SNPs for the primary task of kinship estimation, and 106 X-chromosome SNPs, 85 
Y-chromosome SNPs, 56 ancestry informative SNPs (aiSNPs), 24 phenotype informative SNPs 
(piSNPs), and 94 individual identification SNPs (iiSNPs) for additional functionality. The system 
includes a dedicated Universal Analysis Software (UAS), which offers a local server and an offline 
database for sample comparison and kinship calculations. The Kintelligence-HT kit is designed 
to analyze up to 36 high-quality antemortem reference samples or 12 postmortem-type samples 
per sequencing flowcell, providing throughput needed for disaster scenarios. NIST experimental 
samples included parent-parent-child trios (n = 2) and pairs of alleged brothers (n = 4) as well as 
degraded DNA with degradation index ranging from 2.7 to 43.5, and low-input DNA of 100 pg and 
500 pg. UAS (v2.6) kinship calculations reflected the relationships between first-degree relatives. 
Analysis of challenging degraded DNA yielded a slightly lower average SNP locus call rate of 95.5 
% (± 1.8 %), relative to non-degraded samples (97.9 % ± 0.3 %) in the same sequencing run. Low 
DNA-input samples had lower average SNP locus call rates at 100 pg input (84.8 % ± 3.1 %) than 
samples run with 500 pg input (93.6 % ± 6.5 %) or 1000 pg input (99.3 % ± 0.2 %). Challenging 
degraded or low input samples were successfully searched in the UAS 2.6 database for kinship 
analysis. Multiplexing 36 samples on a single flowcell run resulted in an average SNP locus call 
rate of 88.7 % (± 4.5 %) for kinship markers. Lower SNP call rates may create uncertainty in 
kinship assessment by suppressing the estimate of shared DNA segments.
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Introduction

Within the last decade, the investigative value of public databases containing ge-
netic information from large numbers of individuals has become evident, with 
the identification of genetic relatives enabling the investigation of unidentified 
remains or crime scene evidence with no match in a criminal DNA database. Ini-
tially developed as an aid to traditional genealogical research on family history and 
in anthropology, the use of genetic information (a.k.a. genetic genealogy) has seen 
tremendous popularity, and several companies offer relatively low-cost DNA anal-
ysis for those seeking knowledge about their ancestry and extended family history. 
The result has been the creation of privately owned databases containing millions 
of genetic profiles. As this approach proved applicable to crime scene investigation, 
specific databases were made available to law enforcement (LE) use through the 
adoption of terms and conditions agreements for consent to LE searching, and the 
GEDmatch PRO (QIAGEN) database was created expressly for the use of forensic 
and investigative genetic genealogy (FIGG). The DNA sequencing system described 
here allows a person’s profile of single nucleotide polymorphisms (SNPs) from 
questioned samples to be directly compared with known family reference samples 
in an offline local database. To that end, Verogen (a QIAGEN company) has re-
cently introduced the ForenSeq Kintelligence-HT Kit (QIAGEN, Hilden, Germany), 
which incorporates the SNP marker content from the ForenSeq Kintelligence Kit 
(QIAGEN) [1] with the addition of a PCR enhancer for difficult-to-amplify post-
mortem samples and an analysis module in the Universal Analysis Software (UAS) 
(QIAGEN) which runs a local, offline database for sample comparisons and kinship 
calculations. The intended use of the kit is for confirmation of postmortem sample 
identity through kinship analysis in mass disaster investigation and remains asso-
ciation, which often requires a higher throughput of samples than investigative 
genetic genealogy with crime scene samples. The ForenSeq Kintelligence HT Kit 
allows for the analysis of 12 postmortem samples or 36 antemortem reference sam-
ples in a single sequencing run on the MiSeq FGx Sequencing System (QIAGEN).
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Material studied, methods, techniques

Materials and Sample Preparation
An assessment was performed with the Kintelligence-HT using three se-

quencing runs on the MiSeq FGx Sequencing System. Sequencing Run 1 exam-
ined sequencing yield, SNP call rate, and reproducibility of SNP profiles and kin-
ship statistics using three replicate library preparations of each of three DNA input 
values (100 pg, 500 pg, and 1000 pg) of total genomic DNA extract from cell line 
NA24385 and three no-template controls. Sequencing Run 2 assessed “postmortem 
type sample” performance with 12 DNA samples in the run: six degraded DNA sim-
ulated ‘postmortem’ samples and four reference-quality samples. Degraded DNA 
was created by two methods: 1) Two samples, NIST RM 8392 (Ashkenazi son, “AK 
son”) and NIST RM 8393 (Han son), were treated with ultrasonication in a Covaris 
S2 Focused Ultrasonicator (Covaris, Woburn MA, USA) in a volume of 130 µL using 
microTUBE AFA Fiber Snap-Cap tubes (Covaris) with 60 s treatments (Frequency 
Sweeping mode, duty cycle 10 %, intensity 10, 100 cycles per burst temperature 
≈ 6 °C) repeated for total sonication times of four or 15 min. 2) Two samples from 
NIST Reagent Grade Test Material (RGTM) 10235 (samples two and four) were ir-
radiated by short-wave U.V. light for five min in a PCR enclosure approximately 12 
cm from the light source. Artificially degraded DNA was assessed for concentration 
and degree of degradation by qPCR with the Quantifiler Trio Kit (Thermo Fisher 
Scientific, Waltham MA, USA) on an Applied Biosystems 7500 Real-time PCR Sys-
tem for Human Identification (Thermo Fisher).

Run 3 contained 36 samples of high-quality ‘antemortem’ reference DNA, 
including the parents of degraded samples (AK son and Han son) in Run 2, four al-
leged brothers of the four non-degraded samples in Run 2, and non-degraded ‘self’ 
samples corresponding to the two U.V. treated DNA on Run 2, plus 24 unrelated in-
dividuals. Positive and negative amplification controls were included in Runs 2 and 
3 for quality monitoring. All libraries were constructed per the manufacturer’s rec-
ommended procedure [2]. Performance was assessed through read counts mapped 
per sample, SNP call rates, kinship prediction statistics (kinship coefficient, Kc), 
and estimates of shared DNA (shared centimorgans, cM).

Data Analysis
DNA sequencing output was analyzed using the UAS (v2.6) to map reads to 

individual samples and call SNPs using default analysis parameters. Kinship com-
parisons were performed within the UAS local database, comparing samples with 
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known relationships and/or unrelated samples. Relatedness between samples test-
ed was limited to first-degree relatives (brother-brother, father-son, mother-son) 
and self-self. More distant relationships were not tested in this study. A comparison 
of sequencing metrics was performed using paired t-testing to assess the perfor-
mance of degraded versus non-degraded samples in Run 2.

Results

Artificially degraded DNA was characterized by degradation index (DI) calculat-
ed from Quantifiler Trio, with values ranging from 2.7 to 43.5. Sonication for four 
min produced moderately degraded DNA with DI of 4.8 (AK son) and 3.4 (Han son), 
whereas sonication for 15 min produced highly degraded DNA with DI of 42.5 (AK 
son) and 43.5 (Han son). Treatment with U.V. produced moderately to highly degrad-
ed DNA with DI of 2.7 (RGTM 10235 Sample 2) and 6.4 (RGTM 10235 Sample 4). 

Template gDNA input to the initial amplification (PCR1) was found to be 
correlated with total number of reads mapped per sample, with 100 pg input DNA 
yielding an average of 6.1 x 105 (± 1.0 x 105), which was lower than that of 500 pg 
input, at 19 x 105 (± 9.2 x 105) while 1000 pg DNA input yielded the highest amount 
of sequencing reads per sample at 37 x 105 (± 3.0 x 105). Call rates were similarly af-
fected by DNA input amount, with an average of 84.7 % (± 3.1 %) for 100 pg input, 
93.3 % (± 6.6 %) for 500 pg input, and 99.3 % (± 0.5 %) with 100 pg DNA input. 
One of the three replicates of the 500 pg DNA input samples yielded significantly 
lower sequencing reads for that sample by five orders of magnitude relative to the 
other two replicates, possibly due to a small amount of residual ethanol in the sam-
ple from the bead-based cleanup following the initial PCR amplification, causing 
inhibition of downstream library preparation steps.

SNP profiles from sensitivity testing replicates were compared against each 
other to assess genotyping reproducibility. The number of SNP calls shared be-
tween samples closely mirrored the SNP call rate, with 79.6 % (± 1.8 %) of kinship 
SNPs overlapping in 100 pg DNA input replicates, 89.3 % (± 6.3 %) in replicates of 
500 pg DNA input, and 99.7 % (± 0.2 %) from 1000 pg DNA input samples. 

The degree of sample multiplexing within sequencing a run had an inverse 
effect on the average sequencing coverage mapped per sample. Run 2 consisted of 
12 samples, which had an average of 23 x 105 (± 4.5 x 105) sequencing reads per 
sample in comparison to Run 3 with 36 samples, where the average sequencing 
yield per sample was 11 x 105 (± 1.7 x 105). Negative controls were excluded from 
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calculations of average reads per sample. Sonicated degraded DNA yielded similar 
amounts of sequencing coverage 23 x 105 (± 3.8 x 105) as non-degraded DNA in the 
same run at 26 x 105 (± 2.0 x 105) reads. Paired t-testing showed no statistically sig-
nificant differences in sequencing coverage between sonicated and reference-qual-
ity DNA (p = 0.34). There were not enough replicates of U.V. degraded DNA to 
perform statistical analysis.

Table 1. Average number of reads mapped per category of samples and average kinship call 
rates. The first three rows come from Run 1. Errors are standard deviations.

Coverage per locus exhibited similar trends as overall sequencing coverage. Com-
paring four representative samples from each of Runs 2 and 3, the average coverage 
mapped per SNP locus was 260.2 (± 262.4) and 114.4 (± 121.7), respectively. The 
large standard deviation may be the result of some loci having much higher cover-
age (highest number of reads mapped: Run 2 = 8378, Run 3 = 4395).

SNP call rates were correlated with sample multiplexing; in Run 2 with 12 
samples, 96.6 % (± 1.8 %) of kinship SNPs were successfully genotyped, where in 
Run 3 the average was 91.4 % (± 2.7 %) reflecting the effect of having more sam-
ples in the sequencing run. SNP call rates for sonicated degraded DNA were not 
significantly different from those of reference quality DNA in Run 2 (p = 0.1695) 
using paired t-testing.

Sample to sample comparisons for 1st degree relatives returned consistent 
kinship coefficient values with an average of 0.26 (± 0.01), very near the theoretical 
expectation of 0.25. Self-comparisons (degraded postmortem vs. non-degraded an-
temortem reference) returned kinship coefficients of 0.52 (± 0.00), where Kc above 
0.49 is the expected value. Estimates of shared DNA (in cM) averaged 2672.6 (± 
315.0) for brother pairs. Father-son and mother-son comparisons were less variable 
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at 3210.7 (± 33.6) for the AK son and 3094.0 (± 42.4) for the Han son, where refer-
ence samples were compared with both moderately and highly degraded versions 
of the son samples. 

Discussion

While it was observed that sequencing yield during sensitivity testing was corre-
lated to DNA input, the number of SNP loci called was greater than the required 
6,000 genotypes (corresponding to a 60.8 % call rate of kinship SNPs) to qualify 
for submission to GEDMatch Pro, a large database of genetic profiles consented 
for LE use in investigative genetic genealogy. The UAS v2.6 software contains a 
recommendation of 700000 as a minimum number of sequencing reads per sam-
ple. In this study, meeting that recommendation resulted in a greater than 80 % 
complete profile for sample comparison within the UAS local database. However, 
as the number of successfully genotyped SNP loci decreases, so does the estimate 
of shared centimorgans. It may be assumed that profiles with diminished numbers 
of SNPs may appear to be more distantly related than ground truth relationships.

Conclusion

In this assessment, it was observed that the sequencing yield per sample was pro-
portional to the template gDNA input for PCR amplification and that 100 pg of 
gDNA was sufficient to generate an adequate SNP profile for comparisons. Lower 
DNA input amounts were not tested. The degree of sample multiplexing was also 
inversely correlated to sequencing yield per sample. Artificially degraded DNA ex-
hibiting extreme degradation index values functioned equally as well as reference 
quality DNA, a notable advantage of using SNP markers with compact amplicon 
design. In the framework of disaster victim identification, where environmental 
conditions may produce very challenging samples, utility with degraded DNA can 
offer significant advantages over archetypal capillary electrophoresis-based meth-
ods using short tandem repeat markers.

Acknowledgments 

Sincere gratitude to QIAGEN R&D, Melissa Kotkin, and Rebecca Schütt for their 
invaluable assistance in facilitating this work.  This project was supported in part 
by the NIST Special Programs Office: Forensic Genetics  and by an interagency 



355ASSESSING A HIGH THROUGHPUT SNP ASSAY FOR CLOSED SCENARIO KINSHIP INVESTIGATION

Kevin M. Kiesler, Carolyn R. Steffen, Lauren E. Mullen, Katherine B. Gettings, and Peter M. Vallone

agreement with the U.S. Federal Bureau of Investigation: DNA as a biometric. All 
work presented in this paper has been reviewed and approved by the NIST Research 
Protections Office under protocol # MML-16-0080.

Conflict of interest statement

The authors have no conflicts of interest to declare. Points of view in this docu-
ment are those of the authors and do not necessarily represent the official position 
or policies of the U.S. Department of Commerce. Certain commercial software, in-
struments, and materials are identified to specify experimental procedures as com-
pletely as possible. In no case does such identification imply a recommendation or 
endorsement by NIST, nor does it imply that any of the materials, instruments, or 
equipment identified are necessarily the best available for the purpose. 

All work has been reviewed and approved by the National Institute of Stand-
ards and Technology Research Protections Office. This study was determined to be 
“not human subjects research” (often referred to as research not involving human 
subjects) as defined in U. S. Department of Commerce Regulations, 15 CFR 27, also 
known as the Common Rule (45 CFR 46, Subpart A), for the Protection of Human 
Subjects and therefore not subject to oversight by the NIST Institutional Review 
Board. 

References

[1] J. Antunes, P. Walichiewicz, E. Forouzmand, R. Barta, M. Didier, Y. Han, J. C. 
Perez, J. Snedecor, C. Zlatkov, G. Padmabandu, L. Devesse, S. Radecke, C. L. 
Holt, S. A. Kumar, B. Budowle, K. M. Stephens, Developmental validation of the 
ForenSeq Kintelligence kit, MiSeq FGx sequencing system and ForenSeq Uni-
versal Analysis Software, Forensic Sci Int Genet, 71(2024), 103055, https://doi.
org/10.1016/j.fsigen.2024.103055.

[2] ForenSeq Kintelligence HT Kit Handbook (Rev 03/2024 HB3549-001) https://
www.qiagen.com/de-us/products/human-id-and-forensics/nextgeneration-se-
quencing/forenseq-kintelligence-ht-kit?catno=V16000190 (accessed October 7, 
2024).

https://doi.org/10.1016/j.fsigen.2024.103055
https://doi.org/10.1016/j.fsigen.2024.103055
https://www.qiagen.com/de-us/products/human-id-and-forensics/nextgeneration-sequencing/forenseq-kintelligence-ht-kit?catno=V16000190
https://www.qiagen.com/de-us/products/human-id-and-forensics/nextgeneration-sequencing/forenseq-kintelligence-ht-kit?catno=V16000190
https://www.qiagen.com/de-us/products/human-id-and-forensics/nextgeneration-sequencing/forenseq-kintelligence-ht-kit?catno=V16000190




Impact of additional STR loci and maternal inclusion on the 
accuracy of duo and trio paternity tests: A comparative study

hannah fontanil1, tasnim mUnshi1, thomas haiZEl2, sasitaran iyavoo1,2*

1 University of Lincoln, Lincoln, United Kingdom.
2 AttoLife Limited, Norwich, United Kingdom.

* Corresponding author at: Corresponding author at: School of Natural Sciences, University of Lincoln, 

Brayford Pool, Lincoln LN6 7TS, United Kingdom, siyavoo@lincoln.ac.uk. 

Abstract
Paternity testing is a critical tool in forensic science, often utilised to resolve disputes, establish 
familial relationships in criminal investigations, and provide evidence in cases of inheritance, 
custody, or immigration. This study evaluates the impact of using additional STR markers and 
the inclusion of maternal DNA on the accuracy of paternity testing. The Verifiler™ and Identifi-
ler™ kits were compared in duo (child and putative father) and trio (child, mother, and putative 
father) paternity tests. Findings indicate that the use of additional markers and the inclusion of 
maternal DNA significantly enhance the accuracy of paternity testing, reducing the likelihood of 
false inclusions and exclusions, particularly in duo scenarios. Results show that duo tests, which 
omit maternal DNA, are more susceptible to errors, especially when fewer markers are analysed. 
Including the mother and utilising a comprehensive marker set, such as those provided by Veri-
filer™, improves the reliability of paternity outcomes and minimises the risk of incorrect con-
clusions. This study recommends duo testing only when absolutely necessary, with the highest 
possible number of markers employed to ensure reliable results. These findings contribute to the 
ongoing improvement of paternity testing methodologies, particularly for complex relationships 
and high-stakes legal cases.
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1. Introduction

Paternity testing is crucial in forensic applications, resolving legal disputes, iden-
tifying familial relationships in criminal investigations, and providing evidence in 
inheritance, custody, or immigration cases [1]. Early paternity testing used ABO 
blood group variations, polymorphic proteins, and enzymes, followed by advances 
with human lymphocyte antigens (HLA). The discovery of hypervariable short tan-
dem repeats (STRs) revolutionised genetic analysis accuracy, a capability that has 
grown with expanding multiplex PCR kits [2].

DNA paternity testing ideally analyses the mother’s and father’s alleles at 
specific STR regions to determine the parental origin of a child’s alleles, based on 
Mendel’s laws of inheritance. Duo paternity tests involve only the child and puta-
tive father, whereas trio tests include the mother’s DNA. With increased demand for 
duo (motherless) tests, reduced specificity arises since maternal alleles cannot be 
confirmed without her DNA [3]. Mutations further complicate the interpretation, 
increasing the likelihood of errors.

Previous studies have explored false inclusions in duo tests [4-5], but false 
exclusions have received less attention. Given the significant impact of paternity 
testing, such as in custody cases, false inclusions can be catastrophic. While re-
search has examined the effects of using fewer markers in paternity testing [6-7], 
this study aims to evaluate the impact of additional STR markers and maternal 
DNA inclusion on the accuracy of paternity testing. Specifically, it compares the 
Verifiler™ and Identifiler™ kits in duo and trio tests, assessing differences in Com-
bined Paternity Index (CPI) values, false inclusions, and false exclusions.

2. Material studied, methods, techniques

2.1 DNA profiling
Buccal swabs were collected from 213 cases (156 paternity inclusions and 

57 paternity exclusions) previously identified through trio paternity testing. DNA 
was extracted from all buccal swabs using the Prep-n-Go™ Buffer (Applied Bio-
systems™) [8]. STR profiling was conducted using the validated reduced-volume 
PCR method with both the AmpFℓSTR™ Identifiler™ PCR Amplification Kit (Ap-
plied Biosystems™), which targets 15 STR loci [9], and the Verifiler™ Express PCR 
Amplification Kit (Applied Biosystems™), which targets 23 STR loci [10]. Capil-
lary electrophoresis was performed on the ABI Prism® 3500xL Genetic Analyzer 
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(Applied Biosystems™) according to the manufacturer’s instructions, and profile 
confirmation was conducted using GeneMapper® ID-X v1.6 software (Applied Bi-
osystems™). 

2.2 Statistical analysis
The CPI was calculated for both duo and trio paternity scenarios using both 

kits, with calculations performed on Converge™ Software (Applied Biosystems™), 
with an internal inclusion acceptance threshold of 10,000 CPI for Verifiler™, and 
1,000 CPI for Identifiler™. Significant differences were assessed using a paired 
t-test, with a p-value threshold set at 0.05.

3. Results

3.1 Inclusion cases
As expected, a positive correlation was identified between the number of loci 

tested and the CPI in both duo and trio paternity inclusion tests (Figure 1). The 
paired t-test revealed no significant difference (p-value = 0.067) between the trio 
paternity tests carried out with both kits. However, a notable difference (p-value = 
0.031) was found between the duo paternity tests when additional loci were ana-
lysed. 

Figure 1: A violin plot presenting the distribution of CPIs in duo and trio tests using both 
Verifiler™ and Identifiler™ kits.
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Using the Verifiler™ kit, the number of cases with CPIs below the acceptance 
threshold increased from zero to two when the mother was not included. Both of 
these cases involved mutations, as discussed below. The Identifiler™ kit showed 
a more pronounced effect, with one case below the threshold in trio tests and a 
significant rise to eight cases below the threshold in duo tests. Of these, the trio 
case involved a mutation, whereas only three of the eight duo cases had mutations.

3.2 Exclusion cases
In the exclusion cases, a notable difference was observed between the two 

kits in duo paternity tests (Figure 2). One of the cases presented only one mismatch 
with Identifiler™ in a duo test, but this increased to three mismatches with Verifil-
er™. By including the mother’s DNA in a trio test for this case, three mismatches 
were found with Identifiler™, and seven mismatches with Verifiler™. This demon-
strates the importance of including the mother in paternity tests and also the value 
of additional markers in confidently excluding a putative father. Additionally, when 
comparing duo paternity tests using Verifiler™ to those using Identifiler™, the 
average reduction in the number of incompatible loci was 4.4 loci.

Figure 2: A bar chart displaying the frequency of mismatches in excluded cases in duo tests 
using both Verifiler™ and Identifiler™ kits.
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3.3 Mutations
In paternity testing using STR markers, a mutation refers to a genetic 

change where the number of repeat units at an STR locus differs between a child 
and their biological parent. It is considered good practice to assign a mutation 
when both parents are tested, as testing only one parent could lead to misidentify-
ing a mismatch as an inconsistent allele rather than a mutation, especially in cases 
involving closely related parents or when a close relative of the putative parent is 
the biological parent [11]. This can be clarified by including both parents or adding 
more markers.

In this study, nine mutations were identified: five from the father, two from 
the mother, and two of undetermined origin. All cases involving paternal mutations 
produced the lowest CPIs in all types of paternity tests. Considering mismatches as 
mutations, duo tests using Verifiler™ resulted in CPIs below the inclusion thresh-
old of 10,000 CPI in two cases (392.23 with a one-step deletion at D18S51, and 
5,115.94 with a one-step insertion at FGA). This effect was amplified with fewer 
markers analysed using Identifiler™, where three duo tests fell below the 1,000 
CPI threshold, with CPIs of 1.14, 20.80, and 20.21 (the latter involving a one-step 
mutation of unknown origin at vWA).

Discussion

The significant difference between the duo tests using Verifiler™ and Identifiler™ 
kits highlights the impact of additional markers on the CPI of these tests. When 
fewer STRs are analysed, there is a reduction in incompatible loci from excluded 
cases, with an average reduction of 4.4 loci in this study. Without the mother’s 
DNA, this reduction increases the possibility of wrongful inclusion and exclusion, 
and this risk is further increased when fewer loci are analysed. This could also be 
an issue when the mother and father of a child are related, which is common in 
South Asia through consanguineous marriages between cousins [12]. Such situa-
tions could cause issues in immigration cases, where, without the inclusion of the 
mother and with fewer STRs analysed, there could be a possibility of false inclusion 
of the putative father, even if he is related to the child but is not the biological fa-
ther [13]. As shown in this study, adding extra markers to the testing reduces the 
likelihood of such errors.

Furthermore, the number of cases dropping below each kit’s threshold pro-
vides valuable insight into the probability of a case being reported as inconclusive 
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or wrongfully excluded. The fact that the percentage of cases below the threshold in 
duos decreased from 5.13% with Identifiler™ to 1.28% with Verifiler™ highlights 
the advantage of additional markers. While not as pronounced, this effect is also 
mirrored in the trios, with no cases below the threshold with Verifiler™, while 
0.64% of cases below the threshold with Identifiler™. In both cases, the increase 
in cases below the threshold when the mother was not included in the test reveals 
a key downside of duo paternity tests. While the difference is not drastic between 
the Verifiler™ trios and duos or between the Verifiler™ trios and the Identifiler™ 
trios, it remains true that only the Verifiler™ trios experienced no cases dropping 
below the assigned threshold.

Additionally, when Identifiler™ was used in a duo test on a previously ex-
cluded case, only one incompatible locus was identified, increasing the risk of in-
correctly attributing this incompatibility to a mutation. The additional markers 
provided by the Verifiler™ kit increased the number of incompatible loci in this 
case to three, a number that would prompt further investigation, including statis-
tical evaluation, the addition of more markers, or including the mother in the test, 
before making a decision on inclusion or exclusion.

While all the data in this study suggest that using more markers and includ-
ing both parents in the test produces the ideal results, compromising on just one 
of these variables, if necessary, would not significantly increase the likelihood of a 
false result. However, as supported by Zhang et al. [14] and Gao et al. [15], using 
fewer markers and excluding the mother from the test is not recommended.

Conclusion

This study highlights the impact of additional STR markers and maternal DNA 
inclusion in paternity testing, emphasising the importance of comprehensive ap-
proaches for accuracy. Comparing Verifiler™ and Identifiler™ kits shows that ex-
tra markers significantly reduce false inclusions or exclusions, particularly in duo 
tests, which are more error-prone without maternal DNA.

Including both parents and using comprehensive marker sets, like Verifil-
er™, enhances confidence by reducing ambiguity and minimising errors. This is 
crucial in cases involving related parents or complex immigration scenarios, where 
mistakes can have serious consequences.

The study supports duo testing only when necessary, recommending the 
use of as many markers as possible for reliability. Further research into marker 
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count, family relationships, and mutation rates will improve paternity testing and 
mitigate risks. 
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Abstract 
This study evaluated the long-term DNA stability on buccal 4N6FLOQSwabs® stored at room 
temperature for over five years in six simulated paternity cases. A traditional workflow and the 
microFLOQ® direct amplification method were assessed, each allowing to effectively establish 
the eventual paternity attribution.

Keywords 
Stability, paternity, 4N6FLOQSwabs®, microFLOQ®, subsampling.

Introduction

Paternity testing is conducted to determine whether an individual is the biological 
father or mother of a child. DNA parentage testing is the most reliable method for 
establishing or excluding biological parentage [1]. This involves the comparison 
of STR profiles, considering that biological parents share half of their alleles with 
the child. A likelihood ratio (LR) exceeding the nominal threshold of 10,000 is con-
ventionally required to support the genetic evidence and establish paternity with a 
high degree of biostatistical certainty [2].

A common approach to postnatal paternity testing involves the analysis 
of genetic information obtained from buccal swabs [3]. 4N6FLOQSwabs® (Co-
pan Italia) (4N6FS) are flocked nylon swabs, certified free of amplifiable human 
DNA, that are widely used for crime scene [4,5] and buccal sample collection [3].  
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This study aimed to explore the long-term DNA stability on buccal 4N6FS with 
active drying system, stored at RT for over 5 years, in six simulated paternity cases. 
Verifying the stability of DNA on the device over years addresses contexts where 
delays in testing can occur or when extensive legal review and validation are nec-
essary.

In addition to the standard analysis of 4N6FS, which includes DNA extrac-
tion, quantification, and STR profiling (standard workflow), an alternative workflow 
utilizing microFLOQ® direct (Copan Italia) (MF) was evaluated (direct workflow). 
MF allows for direct amplification because its tip is treated with a lysing agent 
eliminating the need for DNA extraction and quantification [6,7] and enabling the 
collection of a small portion of the sample, thus preserving it for additional testing 
[6,8]. By using MF, 4N6FS were subsampled to expedite the analytical process.

Material studied, methods, techniques

Sample collection and preparation
Starting from 2018, six simulated paternity cases have been set-up collect-

ing two buccal 4N6FS from each individual of interest. One 4N6FS was analyzed 
immediately after collection (T0), while the second following long-term storage at 
RT, after the time-to-analysis (TTA) interval detailed below:    

— Case 1 (T0:07/2018–TTA:5 years and 8 months): Daughter, Mother; 

— Case 2 (T0:11/2019–TTA:4 years and 4 months): Son, Mother, Father;

— Case 3 (T0:01/2020–TTA:4 years and 2 months): Son, Mother, Father;

— Case 4 (T0:09/2020–TTA:3 years and 6 months): Son, Mother, Father;

— Case 5 (T0:07/2021–TTA:2 years and 8 months): Daughter, Father;

— Case 6 (T0:10/2021–TTA:2 years and 4 months): Son, Father.

At TTA, before the analysis, each 4N6FS was subsampled using a MF pre-wet-
ted with 1µl of PCR grade water.

Standard workflow 
The standard (Std) workflow included automated extraction of DNA us-

ing QIAcube (Qiagen) from each 4N6FS, utilizing the QIAamp® DNA Investiga-
tor Kit (Qiagen) according to the manufacturer’s instructions, with the following  
modifications: after 4N6FS lysis (Isolation of DNA from surface and buccal swabs, 



367EXPLORING THE LONG-TERM DNA STABILITY ON BUCCAL 4N6FLOQSWABS® IN SIMULATED  
PATERNITY CASES USING A TRADITIONAL AND AN ALTERNATIVE FORENSIC WORKFLOW

Michele Rosso, Anna Franzoni

Part A, V2, May 2008), the swab tip was placed in a NAO® Basket (Copan Italia) and 
centrifuged at maximum speed for 1 minute. The residual volume was added to the 
lysate for the subsequent purification protocol (Isolation of DNA from surface and 
buccal swabs, Part B, V2, May 2008), with a final elution volume of 100 µl.

DNA quantification was carried out using real-time PCR with the Quantifil-
er® Trio DNA Quantification kit on the AB7500 Real-Time PCR System (Thermo 
Fisher Scientific). The reactions and thermal cycling were set up in the HID Re-
al-Time PCR Analysis software v1.2, following the manufacturer’s instructions.

The optimal 1ng DNA input was amplified using the GlobalFilerTM PCR 
Amplification Kit on VeritiTM 96-well, as per manufacturer’s instructions for 29 
PCR cycles (Thermo Fisher Scientific). Capillary electrophoresis for STR typing 
was run on AB3500 Genetic Analyzer (Thermo Fisher Scientific), based on the 
kit’s user manual indications, utilizing an internally validated injection setting 
of 1.2kV for 15 seconds. STR profiles were analyzed with GeneMapper ID-X v1.6 
software (Thermo Fisher Scientific), applying internally validated analytical and 
stochastic thresholds at 135 RFU and 675 RFU, respectively.

Direct workflow
Each MF tip was broken into a PCR reaction tube for direct amplification 

using the GlobalFilerTM Express PCR Amplification Kit at 28 PCR cycles on a Ver-
itiTM 96-well thermal cycler (ThermoFisher Scientific). Capillary electrophoresis 
for STR typing was run on AB3500 Genetic Analyzer (Thermo Fisher Scientific), 
following the kit’s user manual instructions, with an internally validated injection 
setting of 1.2 kV for 8 seconds. STR profiles were analyzed with GeneMapper ID-X 
v1.6 software (Thermo Fisher Scientific), applying internally validated analytical 
and stochastic thresholds at 235 RFU and 700 RFU, respectively.

STR profiling and statistical analyses
Obtained STR profiles were assessed based on:

— Average peak heights (PH) of all allelic calls, expressed in RFU;

— Average peak height ratio (PHR), expressed as a percentage and calcu-
lated for each heterozygous locus as the ratio between the lower to the 
higher peak height;

— Average intra-color balance (ICB), calculated as the ratio between the 
minimum PH value in a fluorescent dye channel to the average PH of all 
alleles in the same fluorescent dye channel.
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Statistical analysis was conducted using Minitab v21 software, utilizing de-
scriptive statistics and a two-sided Student’s t-test to analyze the grouped variables 
of interest.

Results

This study analyzed 15 buccal 4N6FS with Std and direct workflows. 
Results of Quantifiler® Trio DNA Quantification kit on 4N6FS extracted at 

the TTA showed variability in the quantity of DNA, with the lowest amount detected 
in sample from the son of case 2 (Table 1). 

Table 1. Average quantity of DNA (ng/μl) and degradation index + Standard Deviation of 
4N6FS extracted at TTA.

Complete and concordant STR profiles from the same individuals were obtained at 
TTA versus T0 analysis, using both standard and direct workflows, except for two 
MF profiles: one showed a missing locus, and the other displayed allele drop-out at 
two different markers (Table 2).
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Table 2. Results of STR profiling with number of comparable markers and alleles obtained with 
Std and direct workflows versus T0 analysis.

a = TPOX locus drop-out;  
b = 2 allelic drop-out in different loci: missing allele “7” in TH01 and allele “12” in D7S820.

Variability was detected in average PH (Std workflow: 6567 RFU; direct 
workflow: 4275 RFU, considering only complete MF profiles), average heterozy-
gous PHR (Std workflow: 83,57; direct workflow: 81,75 considering only complete 
MF profiles), and average ICB (Std workflow: B:0,56; G:0,49; Y:0,67; R:0,61; P:0,61; 
direct workflow: B:0,51; G:0,45; Y:0,58; R:0,44; P:0,38 considering only complete 
MF profiles) (Figure 1).
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Fig. 1. Boxplots comparing STR profiles obtained from 4N6FS samples (crossed boxes) 
and their respective MF subsamples (empty boxes):

A: Average PH (RFU) grouped by fluorescent dye and swabbing method;
B: Average heterozygous PHR (%) grouped by fluorescent dye and swabbing method;
C: Average ICB grouped by fluorescent dye and swabbing method.
(NS) when p-value is >0,05; (*) when p-value is <0,05; (**) when p-value is <0,01; (***) when p-value is <0,001.
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Discussion

Regarding the Std workflow, despite the variability in the amount of DNA extracted 
from buccal 4N6FS, which sometimes resulted in low yields, the optimal input for 
the STR typing PCR was always achieved. Even when degradation index exceeded 
1, complete profiles were still generated. The comparable alleles obtained from the 
STR profiling kits used at T0 and TTA were consistent for all individuals. 

Although there was variability in PH, PHR, and ICB, STR profiles were com-
plete for all the individuals when using the Std workflow, while incomplete profiles 
from MF in case 2 and case 5 were likely due to low DNA yield of initial buccal 4N6FS 
samples (Table 1). The comparable alleles obtained from the STR profiling kits used 
at T0 and TTA were consistent for all individuals also when using the direct workflow.  
The cumulative PH averages obtained using the direct workflow were significantly 
lower than the respective values generated with the standard workflow across all the 
fluorescence dye channels (Figure 1A). Instead, the cumulative PHR and ICB averages 
obtained with both workflows were comparable, except for significant differences in 
red and purple fluorescence dye channels, with worse results obtained with MF (Fig-
ure 1B, 1C). The lower quality results generated by MF can be attributed to the direct 
amplification, along with the low amount of subsampled DNA after long-term storage.  
Despite this, the STR profiles obtained at TTA using both workflows allowed for 
the same conclusions regarding the kinship hypotheses defined at T0 for all cases. 
Indeed, although the direct workflow resulted in the exclusion of one locus from 
the profile of case 2 and two loci in case 5, paternity attribution was still established 
with the LR threshold above 10,000.

Conclusion

Results demonstrated that after prolonged RT storage for over 5 years, buccal 
4N6FS allowed for successful generation of complete STR profiles.

The direct workflow including MF has the potential to expedite the paternity 
testing process while preserving the original sample for further analysis.
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Abstract 
As prominent genetic markers, microhaplotypes (MHs) offer several advantages over short tan-
dem repeats (STRs), such as lower mutation, non-preferential amplification, no stutter, and short 
amplicon fragments. MHs have been utilized in individual identification, DNA mixture analysis, 
complex kinship inference, ancestral information provision, and non-invasive prenatal relation-
ship testing. Kinship identification is essential for investigating crimes, finding lost individuals, 
recognizing victims of disasters, and resolving inheritance conflicts. In the absence of other re-
latives, determining the kinship relationships between distant relatives can be quite challenging. 
Therefore, increasing the number of genetic markers is essential for improving the system power 
of kinship inferences. The influence of linkage between loci should be considered in kinship 
analysis. In this study, four panels (STR + Panel A, STR + Panel B, Panel A & B, and STR + Panel 
A & B) were constructed. Then, 198 samples from unrelated families to evaluate the efficiency of 
various kinship relationship types were collected. As a result, the samples were all successfully 
genotyped. STR + Panel A & B demonstrated the highest system power among the four panels. 
For STR + Panel A & B, when |t| was 4 or 5, the sensitivity, specificity, and effectiveness clocked 
up 1 with no error in full-siblings (FS). The sensitivity, specificity, and effectiveness were above 
0.96 with no error in 2nd-degree relatives of half-siblings (HS), uncle/aunt-nephew/niece (UN), 
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and grandparents-grandson/granddaughter (GS). However, the sensitivity, specificity, and effec-
tiveness of 3rd-degree relatives were inferior compared with FS and 2nd-degree relatives. 

Keywords 
Kinship identification, linkage, microhaplotypes, short tandem repeats.

Introduction

Microhaplotypes (MHs), recognized as powerful genetic markers, are defined as a 
combination of alleles that contains two or more spaced single nucleotide polymor-
phisms (SNPs) within a short distance and has a fragment length of less than 300 
bp, which initially propounded by Prof. Kidd in 2013 [1]. MHs have the advantages 
of short tandem repeats (STRs) and SNPs, such as a lower mutation rate, non- pref-
erential amplification, no stutter products, short amplicon fragments, and higher 
levels of polymorphism, which effectively perform individual identification, analyze 
DNA mixtures, identify complex kinship inferences, provide ancestral information, 
and conduct non-invasive prenatal relationship testing [2]. Kinship identification, 
as an important component of forensic genetics, confirms the existence of genetic 
relationships among different individuals by detecting genetic markers. Moreover, 
kinship identification plays a crucial role in criminal investigations, locating miss-
ing persons, identifying disaster victims, and resolving inheritance disputes [3-5]. 
Linkage refers to the tendency of genes located on the same chromosome to be 
co-inherited, a phenomenon that arises from recombination events within a pedi-
gree. In this study, we conducted four panels: STR + Panel A, STR + Panel B, Panel 
A & B, and STR + Panel A & B, and gathered 198 samples from unrelated families 
to evaluate the efficiency of various real and simulated kinship relationship pairs 
with fully accounting for linkage. 

Materials and methods

In this study, a total of 198 samples from 14 unrelated extended families of South-
west Chinese Han individuals were collected and sequenced for both MH panels (53 
loci of Panel A and 67 loci of Panel B), with 19 STRs genotyped by Capillary electro-
phoresis. The average effective numbers of alleles (Ae) of Panel A and Panel B were 
7.43 and 5.34, respectively. No linkage disequilibrium (LD) was found among those 
markers. Amongst these samples, 133 individuals were collected and sequenced for 
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MH panels based on next-generation sequencing (NGS) results from previous stud-
ies [6]. The samples contained 80 full-siblings (FS); 128 uncle/aunt-nephew/niece 
(UN), 89 grandparents-grandson/granddaughter (GS), and 8 half-siblings (HS); 131 
3rd-degree, 70 4th-degree, 39 5th-degree, and 25,137 unrelated duos. Simulations 
were conducted for both related and unrelated cases of each kinship hypothesis of 
1000 times. Moreover, Merlin v1.1.2 software was used for pairwise kinship analysis 
with linked markers across four panels (STR + Panel A, STR + Panel B, Panel A & 
B, and STR + Panel A & B) based on simulated and real family data.

Results

All samples were successfully genotyped. The discrimination power of the kinship 
inferences of the four panels (STR + Panel A, STR + Panel B, Panel A & B, and STR 
+ Panel A & B) is shown as Log10 of the likelihood ratio (Log10LR). STR + Panel 
A & B (Table 1) exhibited the highest system power among four panels, followed by 
Panel A & B, STR + Panel A, and STR + Panel B.

In FS, the average values of log10LR respectively were 27.16 ± 0.98, 27.20 ± 
0.94, 43.81 ± 1.50, and 50.19 ± 1.70 for STR + Panel A, STR + Panel B, Panel A & B 
and STR + Panel A & B. And when |t| was equal to 4 or 5, the sensitivity clocked up 1, 
while both specificity and effectiveness exceeded 0.999 with no error for all panels.

In 2nd-degree relatives, the average log10LR values were 8.13 ± 0.35, 7.88 ± 
0.39, and 9.05 ± 1.07 in UN, GS, and HS for STR + Panel A, 7.58 ± 0.30, 7.79 ± 0.40, 
and 8.21 ± 0.96 for STR + Panel B, 12.58 ± 0.46, 13.57 ± 0.58, and 12.93 ± 1.43 for 
Panel A & B, and 14.47 ± 0.52, 15.42 ± 0.63, and 15.93 ± 0.63 for STR + Panel A & 
B, respectively. With a log10LR threshold set at 3, the sensitivity, specificity, and 
effectiveness were above 0.88 (error rate below 0.0004) for STR + Panel A and STR 
+ Panel B, and above 0.96 (error rate below 0.00004) for Panel A & B and STR + 
Panel A & B. 

In 3rd-degree relatives, the average value of log10LR was 4 ± 0.26 for STR 
+ Panel A & B. For STR + Panel A and STR + Panel B, the sensitivity, specificity, 
and effectiveness were even below 0.8 (error rate 0.00638) at |t| = 1, and below 0.5 
(error rate above 0.0005) at |t| =2. In addition, the specificity and effectiveness were 
over 0.92 for Panel A & B, while above 0.93 for STR + Panel A & B at |t| = 1 (error 
rate below 0.002). When |t| was 2, the sensitivity, specificity, and effectiveness were 
above 0.67 (error rate 0.0002) and 0.72 (error rate 0.00024) for Panel A & B and 
STR + Panel A & B, respectively.
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Table 1. The system power of STR + Panel A & B to discriminate between full-siblings (FS), 2nd-
degree relatives (UN, GS, and HS), and 3rd-degree relatives from unrelated in real data. 

Panel Relationship t1(log10) t2(log10) Sensitivity Specificity PPV NPV Error rate Inconclusive Effectiveness

STR + 
Panel A 
& B

FS 4 −4 1 1 1 1 0 0 1

5 −5 1 1 1 1 0 0 1

GS 1 −1 1 0.9994 1 1 0 0.00059 0.99941

2 −2 0.98876 0.99753 1 1 0 0.0025 0.9975

3 −3 0.97753 0.98962 1 1 0 0.01043 0.98957

4 −4 0.97753 0.96392 1 1 0 0.03603 0.96397

UN 1 −1 0.99219 0.99976 0.99219 1 0.00004 0.00024 0.99972

2 −2 0.99219 0.99869 1 1 0 0.00135 0.99865

3 −3 0.99219 0.99527 1 1 0 0.00475 0.99525

4 −4 0.98438 0.98417 1 1 0 0.01583 0.98417

HS 1 −1 1 0.99972 1 1 0 0.00028 0.99972

2 −2 1 0.99829 1 1 0 0.00171 0.99829

3 −3 1 0.99443 1 1 0 0.00557 0.99443

4 −4 1 0.9817 1 1 0 0.01829 0.98171

3rd-degree 1 −1 0.86598 0.93297 0.67742 0.99983 0.00174 0.06555 0.93271

2 −2 0.72165 0.76891 0.93333 0.99995 0.00024 0.23104 0.76872

FS: full-sibling; HS: half-sibling; GS: grandparents-grandson/granddaughter; UN uncle/aunt-nephew/niece; 
PPV: positive predictive value; NPV: negative predictive value.

Discussion

With the relationships among multiple individuals remaining unknown, deter-
mining the kinship relationships between distant relatives is quite challenging, 
as distant relatives do not have same alleles at certain loci, while unrelated indi-
viduals may happen to possess the same alleles at certain loci. Therefore, increas-
ing the number of genetic markers is crucial for improving the system power 
of kinship inferences. In this study, four panels (STR + Panel A, STR + Panel B, 
Panel A & B, and STR + Panel A & B) were analyzed. The STR + Panel A & B com-
bination exhibited the highest system power among four panels. Furthermore, 
the effectiveness of the panel declines with an increase in the degree of kinship. 
These findings indicated the critical importance of increasing the number of loci 
and selecting appropriate genotype markers for kinship identification. In addition, 
LD can influence the transmission of genetic information across different loci, 
which helps explain differences in systemic power in some kinship identification. 
In summary, the results not only validated the differential effectiveness of various 



377FORENSIC COMPLEX KINSHIP INFERENCES WITH A COMBINATION OF  
STRs AND MHs ACCOUNTING FOR LINKAGE

Shanshan Wei, Jiaming Xue, Qiushuo Wu, Mengyu Tan, Yazi Zheng, Guihong Liu,  
Ranran Zhang, Yuanyuan Xiao, Haoyan Jiang, Meili Lv, Shengqiu Qu, Lin Zhang , Weibo Liang

genotype combinations in kinship inference, but also emphasized the necessity 
of considering the hierarchy and complexity of the kinship identification in the 
following research.

Conclusions

In conclusion, we successfully evaluated the system power of four panels (STR + 
Panel A, STR + Panel B, Panel A & B, and STR + Panel A & B) in kinship infer-
ences. STR + Panel A & B demonstrated the highest system power among four 
panels with the average log10LR values of 50.19 ± 1.70, 14.47 ± 0.52, 15.42 ± 0.63, 
15.93 ± 0.63, and 4 ± 0.26 in FS, UN, GS, HS and 3rd-degree relatives, respectively. 
This provides a significant support and guidance for further research in kinship  
identification.
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Abstract
X-chromosome Short Tandem Repeat (X-STR) markers are valuable supplements to autosomal 
STR testing in complex kinship cases, such as deficiency paternity and incest. The Investiga-
tor® Argus X-12 QS Kit enables multiplex typing of twelve X-STRs, clustered into four linkage 
groups, producing three-allele mini-haplotypes from male samples. This study evaluated the 
kit for kinship testing in a Tamil pedigree, involving eight males from three sets of full siblings 
who shared maternal grandparents, resulting in eight full sibling pairs and twenty first cousin 
pairs. Mothers’ samples were included to confirm maternity and full sibling relationships. Buccal 
swabs were processed using Prep-n-Go™ Buffer and amplified with the Argus X-12 QS Kit. The 
VeriFiler™ Express PCR Amplification Kit was used to successfully confirm all relationships. The 
X-STR results showed full male siblings shared one or two linkage groups. Among first cousins, 
five pairs shared no linkage groups, eight shared one, four shared two, and three shared three. 
The study demonstrates that first cousins with the same maternal grandparents can share more 
linkage groups than full siblings. Additionally, two rare events were observed: a recombination 
within a linkage group and a mutation. This study underscores the need for careful evaluation 
when using the Argus X-12 QS Kit for pedigree resolution involving first cousins, while recogni-
sing the potential for rare events.

Keywords
Investigator® Argus X-12 QS Kit, X-STRs, linkage groups, kinship testing, recombination, mutation.

Introduction

Short Tandem Repeat (STR) markers located on the X chromosome (X-STRs) can 
supplement other genetic markers in kinship testing and complex forensic cases. 
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Their utility is particularly evident in deficiency paternity cases, where the puta-
tive father is unavailable for testing, and DNA profiles from sisters or stepsisters 
are sufficient to exclude paternity. X-STR testing is also valuable in incest cases, 
especially when the potential fathers are related, such as father and son. In these 
scenarios, the power of X-STRs can be considerably higher than that of autosomal 
markers [1-2]. This is due to the specific inheritance pattern of the X chromosome: 
females inherit one X chromosome from each parent, while males inherit only one 
from their mother. Recombination occurs only in females, meaning that sisters 
who share the same father inherit the same paternal X chromosome, while the ma-
ternally inherited X chromosome results from the recombination of their mother’s 
two X chromosomes.

However, because of the limited length of the X chromosome, the number of 
genetic markers that are independently transmitted to offspring is restricted. Only 
four linkage groups have been identified in which recombination is not expected 
[1,3-4]. The Investigator® Argus X-12 QS Kit, developed by Qiagen, offers multi-
plex typing of twelve X-STRs clustered into these four linkage groups, producing 
mini-haplotypes of three alleles from male samples [5]. Research into the use and 
characteristics of X-STRs is essential to fully support their application in forensic 
cases. To promote the utilisation of X-STRs, the utility of the Argus X-12 QS Kit for 
kinship testing was evaluated in a Tamil pedigree.

Material studied, methods, techniques

Study samples
After obtaining informed consent, samples were collected from eight Malay-

sian Indian (Tamil) male individuals, grouped into three sets of full siblings (Figure 
1). The siblings shared the same maternal grandparents, resulting in eight pairs 
of full siblings and twenty pairs of first cousins. Samples were also collected from 
their mothers.
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Figure 1: Tamil family pedigree.

DNA extraction and STR typing
Buccal swabs were processed using Prep-n-Go™ Buffer (Applied Biosys-

tems™) [6] and amplified with the Investigator® Argus X-12 QS Kit (Qiagen), 
following the manufacturer’s recommendations. Capillary electrophoresis was per-
formed on an ABI Prism® 3500xL Genetic Analyzer, and DNA profiles were gener-
ated using GeneMapper® ID-X v1.6 software.

Confirmation of relationships

Confirmatory relationship tests were conducted using the VeriFiler™ Express PCR 
Amplification Kit (Applied Biosystems™) [7], applying maternity and full sibling 
probability thresholds of 99.99% and 95%, respectively.

Results

Maternity and full sibling relationships were all confirmed. Typing of the moth-
ers’ profiles revealed two rare events: a recombination between DXS10148 
and DXS10135 within linkage group 1, and a one-step repeat-loss mutation at 
DXS10134. As highlighted in Figure 2, each pair of full siblings shared a minimum 
of one and a maximum of two linkage groups. Conversely, while five pairs of first 
cousins shared no linkage groups, eight pairs shared one, four pairs shared two, 
and three pairs shared three linkage groups. 
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Figure 2: Number of shared linkage groups between the tested individuals.

Discussion

X-STRs have proven to be informative markers for determining complex relation-
ships, providing stronger statistical support when used in combination with au-
tosomal markers, compared to autosomal testing alone. For instance, in a pater-
nity case involving the mother, daughter, and the mother of the putative father, 
the Likelihood Ratio (LR) calculated from autosomal markers increased by almost 
5x10⁸ when the Argus X-12 X-STRs were added. As a result, the probability of pa-
ternity increased from 93% to 99.99999%, significantly enhancing the power of 
the test [4]. Additionally, X-STR analysis has shown potential in distinguishing 
certain second-degree relationships, which autosomal markers are unable to do. In 
attempts to differentiate between grandparental, avuncular, and half-sibling rela-
tionships, satisfactory LRs were obtained from the analysis of Argus X-12 markers 
only in cases where genetic incompatibilities were present. In other cases, low LRs 
were observed. Based on these findings, caution is recommended when using Ar-
gus X-12 markers alone to resolve pedigrees [8].

The results of this study emphasise the need for careful evaluation when 
using X-STRs and linkage groups for kinship assessment. It was found that first 
cousins with the same maternal grandparents could share more linkage groups 
than full siblings. This underscores the fact that analysing X-STR linkage groups 
alone is not always reliable for inferring biological relationships and should be 
approached with caution.

Furthermore, two rare events were observed in this study: a mutation and 
a recombination within a linkage group. A deficiency paternity case involving two 
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sisters and their mother had previously been reported, in which three rare events 
occurred [9]. Genetic mapping of X-STR loci has highlighted the presence of 
non-negligible recombination both within and between linkage groups, emphasis-
ing the importance of considering recombination rates when using these markers 
[10]. Accurate estimation of mutation rates is crucial for reliable interpretation of 
genetic evidence, as it can determine whether hypotheses are accepted or rejected. 
However, more research is needed to increase the amount of available data for 
different populations. While some kinship issues may not require consideration of 
linkage, in others ignoring it could result in either over- or under-quantification 
of the genetic evidence. Therefore, further efforts should be made to address these 
challenges and improve practice [11].

This study was conducted using a Tamil pedigree from the Malaysian Indian 
minority. A recent study examined X-STR frequencies in Malaysian Malay and Ma-
laysian Chinese individuals, highlighting the importance of evaluating population 
data for ethnic minorities and admixed populations. However, the Indian minority, 
which represents approximately 6.6% of the Malaysian population, was not includ-
ed in that study [12].

To ensure continued progress and support for the use of Argus X-12 kit 
markers, it is essential to evaluate population data, including mutation and recom-
bination rates, to guarantee fair representation of all ethnicities.

Conclusion

This study highlights the importance of careful evaluation when using the Argus 
X-12 QS Kit for pedigree resolution. While X-STR testing is a valuable tool in vari-
ous forensic scenarios, its application in kinship testing involving first cousins with 
the same maternal grandparents should account for the possibility that cousins, by 
chance, may share more linkage groups than full brothers. The resolution of rela-
tionship cases should also consider the potential co-occurrence of rare events, such 
as recombination between closely located markers within the same linkage group.

Further studies should continue to investigate the characteristics of X-STRs, 
including mutation and recombination rates, to support their use in routine foren-
sic cases. Larger and more diverse populations should also be explored to enhance 
databases, ensuring that data is available for a wide range of case scenarios. This 
will help ensure best practices and maximise the accuracy of results.
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Abstract 
Rapid DNA integrates sample analysis workflow from extraction to capillary electrophoresis, ge-
nerating autosomal STR profiles in as little as 90 minutes without the need for a DNA laboratory. 
With the ability to utlize this technology forthcoming (e.g. by early 2025), the purpose of the 
current work was to evaluate simplified off-instruments methods for processing sexual assault 
(SA) evidence for subsequenct use with the RapidHITTM ID system allowing investigative leads for 
law enforcement to be generated in shorter amount of time tan standard SA evidence processing 
workflows. Here we report the use of a simplified differential extraction (DE) method that pro-
vides a sperm-enriched fraction that can be run on the RapidHITTM system. We demonstrate the 
successful recovery of single source male (i.e. sperm donor) profiles from mock semen-epithelial 
(buccal and vaginal, to simulate both oral and sexual assaults) mixtures with as little as 1 ml of 
semen and from bona fide volunteer provided cervicovaginal post-coital and drainage samples 
collected 12 – 60 hours after intercourse. 

Keywords 
Rapid DNA, RapidHITTM ID, sexual assault evidence, differential extraction.

1. Introduction

Rapid DNA integrates sample analysis workflow from extraction to capillary elec-
trophoresis, generating autosomal STR profiles in as little as 90 minutes without 
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the need for a DNA laboratory. Currently, the FBI allows profiles developed from 
reference samples on rapid DNA instruments to be uploaded to CODIS, but not 
from crime scene samples [1]. Reference samples collected from qualifying ar-
restees during booking are enrolled and automatically searched against unsolved 
crimes. This is expanding nationwide due to its ability to link arrestees to unrelated 
crimes while still in custody. 

Although the FBI does not currently allow DNA profiles generated from 
crime scene samples on rapid DNA instruments to be uploaded to CODIS, they are 
working with vendors to enable this capability in early 2025.   In the meantime, 
many law enforcement agencies have been using rapid DNA outside of CODIS to 
substantially impact criminal investigations, human trafficking, and the identifi-
cation of human remains [2,3]. While most of this work has been done with blood 
and saliva cases, rapid DNA is rarely used for sexual assault cases because rapid 
DNA  instruments do not perform differential extraction [4,5]. We sought to de-
velop an off-instrument differential extraction method that was compatible with 
non-technical users and rapid DNA instruments to enable law enforcement to take 
advantage of the speed of rapid DNA in sexual assault cases. 

The outcome is a simple workflow that utilizes a 1-hour differential lysis 
to preferentially lyse epithelial cells leaving sperm cells intact. After a few brief 
washes, the epithelial cell fraction is separated, and the remaining sperm pellet is 
briefly incubated with 1-thioglycerol. Five microliters of the 30 ml sperm fraction 
is added to a HydraFlock® swab and run on the RapidHITTM ID system (low lysis 
volume protocol). Single source male DNA profiles were obtained from as little as 
1 ml of semen, with an in-depth evaluation of the method’s sensitivity still being 
evaluated. Mock mixtures using both buccal and vaginal epithelial cells were tested 
representing possible casework scenarios of vaginal and oral assaults. Successful 
results were also obtained from volunteer donated 12-60 hr post coital simples in 
addition to a post-coital drainge(i.e. underwear) sample. 

2. Material studied, methods, techniques

2.1. Body fluid sample preparation
All body fluid samples were collected in accordance with the procedures ap-

proved by the University’s Institutional Review Board. Buccal swabs were collected 
from male and female volunteers by swabbing the inside of the cheek. Single source 
semen samples were purchased from a commercial source (BioIVT, Westbury, NY). 
Mock mixture samples were prepared using a buccal or vaginal secretions swab 
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and pipetting liquid semen onto the swab in specified volumes. Post-coital cer-
vico-vaginal swabs (x2 for each time point) were collected by a female volunteer 
who recovered the samples after separate acts of sexual intercourse at various time 
points (12, 24, 48 and 60 hours). The volunteers were instructed to take the sam-
ples from the cervix by swabbing multiple times for 20-30 sec at each specific time 
interval. All volunteers were asked to abstain from intercourse at least 2 to 3 days 
prior to sample collection. A post-coital drainage sample was collected 13 hours 
after vaginal intercourse by collecting the volunteer’s underwear. All samples were 
dried overnight and stored at -20oC until analysis. 

2,2. Simplified differential extraction (DE)
A whole cotton swab (i.e. swab head) was placed in a PrepfilerTM LySepTM sam-

ple tube to which 400 ml of stain extraction buffer (50mM NaCl, 10mM Tris-HCl, 
10mM EDTA, 2% SDS) and 10 ml proteinase K (10 mg/mL) was added. A Prepfil-
errTM LySepTM column was placed in the sample tube and the sample was incubated 
at 56oC for 1 hour (900 rpm). The swab head was then placed inside the LySepTM 
column, placed into the original sample tube and centrifuged at 13,000 rpm for 5 
min. The supernatant (nsp; non-sperm fraction) was transferred to a new sterile 
1.5 mL tube and stored at -20oC. The remaining sperm pellet was washed (2x) with 
250 ml stain extraction buffer. The washed sperm pellet was resolubilized in 30 ml 
stain extraction buffer. One microliter of 1-thioglycerol was added and the sample 
was incubated at room temperature for 5 minutes. Samples were used immediately 
for analysis or stored at 4oC until needed. 

3.1. Rapid DNA analysis
Five microliters of the prepare sperm fraction (see section 2.2) were pipetted 

onto a HydraFlock® sterile swab (Puritan®). The swab was placed into a RapidIN-
TELTM Plus sample cartridge. Swabs were prepared immediately prior to analysis, 
however in some instances the swab head was placed inside a 1.5 mL tube, dried 
at room temperature overnight and stored at 4oC until needed. All samples were 
run on the RapidHITTM system (AB RapidHITTM ID v2.0) using the low lysis volume 
protocol. All profiles were analyzed using RapidLinkTM v2.0 software. 

3. Results

Mock mixtures utilizing buccal and vaginal epithelial cells mixed with semen (1 
ml) were prepared to simulate both oral and sexual assaults. The admixed samples 
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were analyzed using the developed simplified DE method. Full single source male 
profiles were obtained for all samples with no female allele carry over or male al-
lele-drop out. 

Successful results were also obtained from volunteer donated 12 – 60 hr 
cervicovaginal samples as well as from a post-coital drainage underwear sample 
collected 13 hrs after intercourse. For the 18 hr post-coital sample a full male 
profile was obtained with only four alleles attributable to the female donor. For the 
36 hr post-coital sample, a full male profile was also obtained with no alleles attrib-
utable to the female donor present. The second swab from each of these post-coital 
samples was extracted using a non-differential PrepFiler ExpressTM extraction (30 
ml elution) and quantitated with the QuantifilerTM Trio kit in order to obtain an ap-
proximate F/M (female/male) ratio for the samples. A F/M ratio of ~16:1 and ~37:1 
was obtained for the 18 and 36 hr samples, respectively. Using the simplified DE 
rapid DNA approach developed here, a full single source male profile was obtained 
even with a ~37:1 F/M ratio. 

For the 36 hr post coital sample, a full male profile was obtained with only 
two alleles attributable to the female donor observed (Fig 1A). A pair of under-
wear worn by the female participant was collected 13 hours after intercourse and 
a small cutting from the underwear was evaluated using the developed simplified 
DE method. As can be seen in Figure 1B, a full single source male DNA profile was 
obtained with no alleles attributable to the female observed. All other post-coital 
samples tested were cervicovaginal samples collected using sterile cotton swabs. 
The post-coital drainage sample demonstrates the ability to obtain results from 
cloth as well as swab samples. 

A 60 hr post coital sample was also tested. A probative male profile was ob-
tained from the 60 hr sample with drop-out of only two male alleles observed. How-
ever, an increased number of alleles (8 in this instance) attributable to the female 
donor were observed in this sample. We are currently working to develop protocol 
modifications that may further improve removal of residual non-sperm alleles pri-
or to rapid DNA analysis. With 25 of the 30 ml sperm fraction remaining there is 
sufficient sample for additional steps or further sample purification. 

4. Discussion

While rapid DNA is currently being utilized by law enforcement to develop inves-
tigative leads in criminal investigations, human trafficking and identification of 
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human remains, in a forensic lab personnel can also utilize this technology to pro-
cess urgent samples more efficiently. One example of this would be the analysis of 
sexual assault evidence in order to identify a potential perpetrator in a more timely 
manner. With the ability to upload crime scene samples to CODIS expected in 2025, 
it will be important to have protocols in place to ensure the successful processing 
of this type of evidence. The results of this study demonstrate the ability to rela-
tively seamlessly integrate rapid DNA into existing workflows while leveraging the 
speed of analysis to permit rapid profile recovery. 

In the developed simplified DE method, not only is sufficient male DNA ob-
tained to generate full single source autosomal STR profiles, sufficient sample is 
retained in several stages of the process to permit additional sample re-analysis 
using both rapid DNA and standard laboratory workflows. For standard two-swab 
evidence collection, one full swab would be retained for future analysis. The second 
swab would be used in the developed simplified DE protocol. From this process, a 
full non-sperm fraction as well as the original swab substrate, which often contains 
residual sperm that were not eluted from the cotton during initial processing, are 
collected and stored. Only 5 of 30 ml of sperm fraction is used in the initial sample 
run, leaving over 80% of the sperm fraction available for future analysis. Addition-
ally, in many instances the original swab analyzed by rapid DNA analysis can be 
re-tested in a second rapid DNA cartridge or re-tested using standard DNA extrac-
tion workflows with probative information still obtained. 

Currently the developed protocol is intended for use by laboratory person-
nel. The goal of future work would be to continue to optimize the protocol to 
permit transition from a lab setting to a point-of-collection site to further increase 
timeliness and generate investigative leads potentially while a sexual assault exam 
is still being performed. 

5. Conclusion

Initial studies have successfully demonstrated the ability to utilize a simplified 
off-instrument differential extraction (DE) method to process sexual assault evi-
dence prior to use of rapid DNA analysis. The results shown here demonstrate the 
potential of this approach to aid law enforcement in faster development of investi-
gative leads and possible identification of perpetrators. Future work will be focused 
on obtaining additional volunteer donor couples to further evaluate the developed 
protocols. A possible collaborative study with other agencies and universities will 
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even further expand the validation testing of this approach and to facilitate imple-
mentation of these protocols into other laboratories. 
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Figure 1. Single source male autosomal STR profiles obtained from post-coital samples 
using a simplified DE method for analysis of sexual assault evidence on the RapidHITTM ID 
system. A) A cervicovaginal sample collected 36 hours after intercourse was analyzed with the 
developed simplified differential extraction method and was run on the RapidHITTM ID system 

using a RapidINTELTM Plus cartridge. A full male profile was obtained with no female allele carry-
over. B) A post-coital drainage sample was obtained from volunteer collected underwear 13 hours 
after intercourse. Using the same simplified DE method, a full male profile was also obtained with 
no female allele carry-over. For both samples, profile accuracy was determined by comparison to 

reference profiles. X-axis: size, in base pairs (bp). Y-axis: relative fluorescence units (RFUs).
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Abstract 
Efficient, high-throughput methods are essential for processing sexual assault kits (SAKs), which 
typically contain a mixture of female epithelial cells and male spermatozoa. This study tested 
sperm-specific antibodies conjugated to magnetic beads for isolating sperm. Immunocytoche-
mistry confirmed the expression of target proteins and antibody binding; however, the magnetic 
beads also showed binding affinity for both sperm and vaginal epithelial (VE) cells, even without 
antibodies and despite the use of blocking agents. These non-specific interactions increased with 
longer incubation times. While previous studies have reported mixed success with immunomag-
netic isolation, this work highlights the need to address non-specific binding and cross-reactivity 
to fully realize the potential of antibody-conjugated beads in differential cell isolation. While im-
munological techniques are employed in forensic laboratories for screening, caution is warran-
ted when considering their broader application for cell isolation in SAK processing.

Keywords 
Sexual assault, Spermatozoa, Differential Extraction, Antibodies, Forensic DNA

Introduction

Forensic DNA laboratories often process sexual assault kits, containing intimate 
swabs that predominantly contain female epithelial cells and few sperm cells from 
male perpetrators. Separating these cell types for DNA extraction is labor-intensive 
and time-consuming, and not always effective. 
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Current methods for testing SAK evidence, including differential lysis ex-
traction, separate sperm from epithelial cells but can result in a significant loss 
of male DNA during processing. Alternative techniques, such as laser microdis-
section, acoustic cell trapping, and flow cytometry, face challenges related to cost 
and implementation in forensic laboratories. This study investigates the effective-
ness of magnetic beads conjugated to sperm-specific antibodies (SPAM1, SPACA1, 
ZPBP1) for isolating sperm cells from mixtures [1–3]the most common evidence 
gathered comes in the form of intimate swabs. These swabs contain cells from both 
the female and male. In these cases the most common cell present is epithelial 
cells from the female with relatively few spermatozoa from the male. To produce 
an STR DNA profile suitable for an investigation, separation of the cell types is re-
quired to prevent a mixed profile that may complicate interpretation. While there 
are methods that can achieve this separation, they are labour intensive and have 
no guarantee of complete separation of the spermatozoa. Immunomagnetic bead 
separation techniques are being adapted from other scientific fields to be used in 
forensic biology to separate spermatozoa from mixed substrates. This study tested 
the binding of a Hyaluronidase PH-20 (SPAM1. By optimizing conditions for sperm 
isolation, the research aims to enhance the processing of SAK evidence and im-
prove the detection of sperm DNA in complex samples.

Material studied, methods, techniques

Samples
Samples were collected from informed and consenting volunteers using the 

approved Sam Houston State University Institutional Review Board protocol IRB-
2020-248. Reference buccal swabs were collected from all volunteers. Vaginal swabs 
from four female donors and seminal fluid from four male donors were collected.

VE cells and sperm cells were counted using a hemacytometer [4]. Cell sus-
pensions were prepared at various concentrations (103, 104, 105, 106 cells per 
assay) to test assay specificity and sensitivity.

Immunocytochemistry
Sperm cell suspensions (106 cells/mL) were spotted onto glass slides, dried at 

60°C for 30 seconds, and then fixed using 4% formaldehyde for 15 minutes at room 
temperature. After washing three times with PBS, the fixed cells were blocked with 
5% normal goat serum (Jackson ImmunoResearch Laboratories Inc., West Grove, 
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PA, USA) for 2 hours at room temperature. Sperm cells were then incubated over-
night at 4°C in a humidity chamber with 1:200 anti-SPAM1 antibody, 1:500 an-
ti-SPACA1 antibody, 1:200 anti-ZPBP1 antibody, or a cocktail of all three antibodies 
(Thermo Fisher Scientific, Waltham, MA, USA). After three PBS washes, the slides 
were incubated with Alexa Fluor 488 conjugated goat anti-rabbit secondary anti-
body (Invitrogen, Carlsbad, CA, USA) diluted 1:500 for 1 hour at room temperature. 
Nuclei were stained with DAPI (Thermo Fisher Scientific) for 10 minutes at room 
temperature. Slides were mounted with Entellan™ (Sigma-Aldrich, St. Louis, MO, 
USA), and negative controls were processed without primary antibodies. Slides 
were examined with a Leica FS CB compound microscope at 100x magnification 
(Leica Microsystems, Wetzlar, Germany). 

Ligand-Bead Coupling
Dynabeads™ M-450 Epoxy
Dynabeads® M-450 Epoxy (Thermo Fisher Scientific) were prepared accord-

ing to the manufacturer’s guidelines and blocked with 0.1% BSA. Antibody-bead 
coupling was performed using Buffer 1 (0.1 M sodium phosphate buffer, pH 7.4), 
while Buffer 2 (Ca2+ and Mg2+ free PBS supplemented with 0.1% BSA and 2 mM 
EDTA) was used for washing cells and cell isolation. The antibody cocktail was cou-
pled onto the beads at 0.025 mg/mL anti-SPAM1, 0.020 mg/mL anti-SPACA1, and 
0.002 mg/mL anti-ZPBP. No antibodies were added to the control beads to assess 
non-specific isolation. The antibodies and beads were incubated together for 24 
hours at room temperature while rotating at 15 rpm using the HulaMixer Sample 
Mixer (Thermo Fisher Scientific).

Dynabeads™ M-270 Carboxylic Acid
Dynabeads™ M-270 Carboxylic Acid (Thermo Fisher Scientific) were pre-

pared following the manufacturer’s two-step procedure with N-hydroxyl succin-
imide. To characterize the potential cell-binding properties of the beads without 
antibody conjugation, M-270 beads were either activated and quenched or activated 
and coated with 0.1% bovine serum albumin (BSA) (Thermo Fisher Scientific) for 
blocking.

Antibody Quantification
The antibody concentration in the supernatant washes from the preparation 

of antibody-coated M-450 Epoxy beads were quantified by Pierce™ BCA Protein 
Assay kit (Thermo Fisher Scientific) to assess the efficiency of the bead-antibody 
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conjugation. Reactions were measured using a BioTek Epoch microplate spectro-
photometer (Agilent Technologies, Inc., Santa Clara, CA, USA).

Cell Isolation
Cell Isolation with Dynabeads™ M-450 Epoxy
For cell isolation with the M-450 Epoxy beads, 105 of sperm cells or VE cells 

were incubated with either antibody-conjugated or BSA control beads for 15, 30, 
60, or 120 minutes with 15 rpm rotation at 4°C. The samples were applied to a 
magnet for 2 minutes. The supernatant fraction was collected for extraction, and 
the bead-cell complexes were washed four times with Buffer 2 to remove unbound 
cells prior to extraction. To determine the sensitivity of the antibody cocktail beads, 
sperm cells were applied to either antibody-conjugated or BSA control beads for 30 
minutes at different amounts (103, 104, 105, 106). As with the incubation time study, 
both bead and supernatant fractions were collected for extraction.

Cell Isolation with Dynabeads™ M-270 Carboxylic Acid
To isolate sperm cells and VE cells from single source samples, cell suspen-

sions were counted and applied to the prepared M-270 Carboxylic Acid beads for 
1 hour at room temperature with 15 rpm rotation. The samples were applied to a 
magnet (Invitrogen) for 2 minutes. The supernatant fraction was collected for ex-
traction, and the bead-cell complexes were washed three times with PBS.

DNA Extraction and Quantification
Supernatant and bead fractions from cell isolation were lysed, purified, and 

eluted in 50 µL using the QIAamp® DNA Investigator kit (QIAGEN, Hilden, Ger-
many) following the manufacturer’s protocol for total DNA isolation from sexual 
assault specimens. Following lysis, bead fractions were placed on a magnet for 2 
minutes, and the lysis supernatants were collected and purified.

DNA extracts were quantified using Quantifiler Trio DNA Quantification kit 
(Thermo Fisher Scientific) on an Applied Biosystems 7500 real-time PCR instru-
ment (Thermo Fisher Scientific) following the manufacturer’s recommendations. 

Results and Discussion

Visualization of antibody detection for the target proteins indicated that signals for 
SPAM1 and SPACA1 were more intense than those of ZPBP (Figure 1). Additionally, 
the antibody cocktail effectively detected protein expression.
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Figure 1. Immunocytochemistry characterization of spermatozoa SPAM1, SPACA1, and ZPBP 
expression. Arrows indicate spermatozoa with detected signal from secondary antibody in 

SPAM1, SPACA1, and antibody cocktail samples. All slides were stained with DAPI to identify 
cell nuclei, shown in blue. All primary antibodies were detected with the secondary antibody 

conjugated with Alexa Fluor 488, shown in green. The negative control slide was prepared 
without primary antibody. 

A cocktail of anti-SPAM1, anti-SPACA1, and anti-ZPBP antibodies was conjugated 
to M-450 beads to evaluate potential additive effects in sperm cell isolation. Anti-
body quantification by BCA assay determined that in the cocktail antibodies, an 
average of 35% of the antibodies added during the bead preparation were retained 
on the bead surfaces. When incubated with both sperm and VE cells, DNA extracted 
from the bead fractions increased with incubation time (Figure 2A). This trend in 
both antibody cocktail and BSA beads suggests the increase in extracted DNA could 
be attributed to higher amounts of non-specific binding. 

Sensitivity tests showed that the incorporation of a sperm-targeted anti-
body cocktail did not enhance spermatozoa binding compared to beads treated 
with only BSA (Figure 2B). Although antibody binding to the M-450 Epoxy beads 
was confirmed, potential issues with the conformation of the coupled antibodies 
may have hindered effective sperm isolation. Addressing these challenges will be 
crucial for optimizing immunomagnetic isolation techniques in future research.

This study identified non-specific binding of both spermatozoa and VE cells 
to magnetic beads as a significant challenge in immunomagnetic isolation-based 
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differential extraction. Using Dynabeads™ M-450 Epoxy, designed for cell isola-
tion, demonstrated non-specific binding. As spermatozoa are smaller than the epi-
thelial or blood cells typically targeted by bead-based methods, using smaller mag-
netic beads, such as nanoparticles with higher binding capacities, may enhance 
aggregation to sperm cells and improve isolation outcomes [5].

Figure 2. A) Total DNA extracted from 0.1% BSA or antibody cocktail-conjugated M-450 
magnetic beads increased with incubation time for both spermatozoa and VE cell types. B) 
Total DNA extracted from 0.1% BSA or antibody cocktail bead and supernatant fractions. 
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As an alternative to the M-450 Epoxy beads, the smaller M-270 Carboxylic Acid 
beads, shown previously to isolate sperm cells from mixtures, were tested for 
non-specific binding to spermatozoa and VE [6]which is a glycosylphosphatidy-
linositol-anchored hyaluronidase located on the head of sperm, has important 
functions in fertilization. Here we describe a newly developed method for sperm 
isolation using anti-PH-20 antibody-coupled immunomagnetic beads (anti-PH-20 
IMBs. Without antibodies, DNA recovery was 12.5% for spermatozoa and 18.4% for 
VE cells. With 0.1% BSA as a blocking agent, recovery from spermatozoa dropped 
to 2.1%, but non-specific binding to VE cells increased, with DNA recovery rising 
to 25.5%. Although a previous study has reported success in isolating spermato-
zoa from cell mixtures [6]which is a glycosylphosphatidylinositol-anchored hya-
luronidase located on the head of sperm, has important functions in fertilization. 
Here we describe a newly developed method for sperm isolation using anti-PH-20 
antibody-coupled immunomagnetic beads (anti-PH-20 IMBs, the use of a blocking 
agent did not mitigate the non-specific binding of VE cells to the Dynabeads™ 
M-270 Carboxylic Acid in our study. 

While several studies have demonstrated varying degrees of success with 
immunomagnetic spermatozoa isolation, the intrinsic properties of magnetic 
beads that contribute to non-specific binding have been largely overlooked [6–9]
which is a glycosylphosphatidylinositol-anchored hyaluronidase located on the 
head of sperm, has important functions in fertilization. Here we describe a newly 
developed method for sperm isolation using anti-PH-20 antibody-coupled immu-
nomagnetic beads (anti-PH-20 IMBs. However, one sperm isolation study by Becks 
did report similar findings of non-specific interactions [10]. Moreover, BSA, com-
monly used as a blocking agent, has been shown to exhibit cross-reactivity with 
target proteins, including antibodies [11]we found nonspecific binding of VCP to 
BSA and identify a BSA preparation that did not result in non-specific binding. 
This work draws attention to the fact that not all BSA preparations are alike. It 
also highlights the need to perform critical controls to ensure that ELISA reac-
tants do not inappropriately bind to the blocking agent.”,”container-title”:”Jour-
nal of immunological methods”,”DOI”:”10.1016/j.jim.2012.06.009”,”ISSN”:”0022
-1759”,”issue”:”1-2”,”journalAbbreviation”:”J Immunol Methods”,”note”:”PMID: 
22732194\nPMCID: PMC3432671”,”page”:”148-151”,”source”:”PubMed Central”,”-
title”:”Enzyme-Linked Immunosorbent Assay (ELISA. To address this, alternative 
blocking agents such as serum, gelatin, or non-protein reagents could be explored 
to minimize non-specific interactions and clarify the extent of BSA’s cross-reac-
tivity.
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Conclusion

This study sought to advance magnetic bead-based spermatozoa isolation but un-
derscores the need for a more thorough understanding of the interactions between 
beads, antibodies, and target cells before these techniques can be applied in fo-
rensic settings. To make immunomagnetic isolation viable for analyzing SAK evi-
dence, significant progress is needed in enhancing the specificity of the bead-anti-
body complexes and optimizing isolation protocols. Continued research is essential 
to overcome these limitations and fully realize the potential of immunomagnetic 
sperm isolation in forensic science.
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Abstract 
A vital aspect in the identification of sexual assault offenders often entails the detection and 
separation of spermatozoa in samples collected from the victim. Differential lysis is the conven-
tional method for the isolation of spermatozoa, though is time-consuming and often inadequate 
to produce male DNA profiles in samples containing an unfavourable sperm/epithelial cell ratio. 
The aim of this study was to develop a methodology for analysing samples with a low number of 
spermatozoa, such as in cases where there is a long interval between the alleged sexual assault 
and sample collection. Fluorescence-activated cell sorting (FACS) is a well-established techno-
logy often used in the clinical setting to enrich rare target cells from a mixed cell populations 
based on phenotypical characteristics detected by flow cytometry. Although its application in 
forensics has previously been reported on a limited basis, reliable validation is fundamental for 
its implementation and use in forensic casework. With this research, a methodology has there-
fore been established to sort sperm from epithelial cells by means of FACS, which is followed by 
a direct lysis and PCR protocol for subsequent DNA profiling. The performance of this method 
was then assessed and compared with standard differential lysis through parallel testing of sam-
ples with different sperm/epithelial cell ratios and post-coital swabs. These analyses indicate an 
improved separation efficiency and a higher DNA profile quality for the new method, making 
it a viable alternative to differential lysis. Upon completion of the validation, this methodology 
will be implemented for the analysis of casework samples where differential lysis is expected to 
fail. As such, the implementation of more sensitive methods could improve the success rate of 
identifying perpetrators and therefore potentially have a major impact on the conviction rate of 
sexual offenders. 
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1. Introduction

Differential lysis (DL) is the conventional method for the isolation of spermato-
zoa in sexual assault casework. However, several drawbacks are associated with 
this technique, including the inability to produce male DNA profiles in samples 
containing an unfavourable sperm/epithelial cell (SC/EC) ratio. With as much as 
90% of male DNA lost in a typical DL process [1], alternative approaches for the 
enrichment of sperm cells have been widely investigated [2]. One such alternative 
is by means of fluorescence-activated cell sorting (FACS), which relies on the flow 
cytometric detection of cellular phenotypical characteristics. Despite its extensive 
application in the clinical setting, only a handful of research articles are available 
on its use in forensics (e.g., [3,4]). In particular, a thorough comparison of DL and 
FACS employing the most recent technologies is missing. However, such bench-
marking studies are fundamental to explore the full potential of new methods. 
Following the promising results of our preliminary study in which a sperm sorting 
procedure was established [5], its performance was compared with DL through par-
allel testing of assembled mixtures and post coital (PC) samples. A positive evalua-
tion of this comparison will form the basis for a systematic validation considering 
the sensitivity, specificity, reproducibility, and repeatability of the assay.

2. Material studied, methods, techniques

To compare the sensitivity of the FACS sorting method with DL, cell suspensions 
constituted of 500,000 vaginal EC and a declining number of SC were analysed 
in triplicate using both methods. In addition, six couples volunteered to donate 
PC swabs collected in duplicate up to 72 hours following intercourse. For sperm 
sorting, the samples were stained using the Sperm Hy-LiterTM SOS kit and sorted 
using a Sony MA900 Multi-Application cell sorter (Sony Biotechnology Inc.). Posi-
tive events were sorted in a 96 well plate containing 5 µl of lysis buffer (0.1 mg/ml 
proteinase K, 5 mM DTT) per well and subjected to DNA amplification (30 cycles) 
using the PowerPlex® Fusion system (Promega). DNA amplicons were separated 
using an ABI 3730xl instrument (Applied Biosystems) and the resulting STR pro-
files analysed with GeneMarker® HID software (SoftGenetics, 3.0.0). 
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Promega’s Tissue and Hair Extraction kit was used for DL. Briefly, the sam-
ples were centrifuged (12,000 rpm, 10 minutes), the supernatant removed and the 
pellet resuspended in 100 µl incubation buffer/proteinase K solution. Following a 
2-hour incubation step at 56 °C, 300 µl lysis buffer was added prior to a second cen-
trifugation step (13,000 rpm, 5 minutes). The resulting supernatant (= female frac-
tion) was transferred to another tube. One hundred µl incubation buffer/proteinase 
K/DTT solution was then added to the remaining cell pellet (= male fraction) for 
the second incubation step (56 °C, 1 hour), followed by the addition of 300 µl lysis 
buffer/DTT solution. The DNA IQTM Casework Pro kit and PowerQuant® System 
were used for subsequent DNA extraction and quantification. Five µl purified DNA 
was used for PCR and capillary electrophoresis as described previously.

3. Results

3.1 Sensitivity cell separation
In order to evaluate the sensitivity of the cell separation technique, cell sus-

pensions with an increasing ratio of SC/EC were analysed in triplicate using both 
methods. The average percentage of the detected male alleles was calculated to de-
termine the success rate of STR profiling (Figure 1). Informative male DNA profiles 
(i.e., alleles of male origin called in ≥10 autosomal loci, excluding alleles shared 
with the female donor) could be obtained up to a ratio of 1/1000 and 1/5000 using 
DL and FACS, respectively. Single male DNA profiles could consistently be pro-
duced following FACS up to a ratio of 1/100 SC/EC, after which the risk of female 
contamination of the sperm fraction increased with higher ratios. In contrast, no 
single male DNA profiles could be produced following DL.
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Figure 1. Average male STR profile completeness of samples constituted of 500,000 EC and 
a declining number of SC. Each ratio was analysed in triplicate using both methods. The pie 

charts below the bar chart indicate whether the acquired DNA profiles were of single or mixed 
origin for each respective ratio. Note that alleles shared with the female donor were excluded 

from these analyses to avoid bias in mixed profiles. 

3.2 Mock casework samples – post-coital swabs
To assess the impact of the interval between intercourse and sampling on the 

efficiency of both methods to produce male DNA profiles, PC swabs were self-col-
lected in duplicate by volunteers (n = 6 couples) at different predetermined time-
points. Complete male DNA profiles were obtained at all timepoints using FACS, 
whereas allele and locus dropouts increasingly occurred after 48 hours using DL 
(Figure 2). All DNA profiles obtained using FACS were of single male origin or with 
minor contamination of the female donor. Conversely, single male profiles could 
only be acquired with DL within one hour following intercourse. 
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Figure 2. Average male STR profile completeness of PC swabs self-collected by volunteers (n 
= 6 couples). The pie charts below the bar chart indicate whether the acquired DNA profiles 

were of single or mixed origin of each timepoint respectively. Note that alleles shared with the 
female donor were excluded from these analyses to avoid bias in mixed profiles. 

Discussion

Male DNA profiles were acquired at a higher SC/EC ratio with FACS than with 
DL. In addition, less contamination of the male fraction by DNA of the female 
donor was observed. Although these results are favourable, it has previously been 
demonstrated that techniques that can process self-assembled samples do not nec-
essarily perform well with true PC samples [6]. Analysing PC swabs was therefore 
considered an essential component in this study, confirming the improved separa-
tion efficiency of FACS. Although figures may vary between different laboratories, 
approximately 20% of vaginal samples are collected after 24 hours following an 
alleged offence [7,8]. As this interval also coincides with the timepoint after which 
DL becomes less efficient, the proposed sperm sorting method would be especially 
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beneficial in such samples. Since full male DNA profiles could still be acquired at 
72 hours following intercourse, samples collected at timepoints exceeding this in-
terval will be tested in future research.

Conclusion

Both with the assembled mixtures and PC samples, sperm sorting outperformed 
DL in terms of male profile completeness and contamination of the male fraction 
by female DNA. These findings form a firm foundation for the further validation 
of the cell sorting method according to the ENFSI guidelines [9] in order to test 
casework samples.

Acknowledgments 

The authors acknowledge the KU Leuven Flow and Mass Cytometry core fa-
cility for cell sorting support. This research was funded by a KU Leuven grant 
no. C3/22/046 – μForensiCell. First author K. Fokias was supported by a Fonds 
Wetenschappelijk Onderzoek (FWO) grant no. 1S38623N.

Conflict of interest statement

The authors declare no conflict of interest.

References

[1] S. Vuichard, U. Borer, M. Bottinelli, C. Cossu, N. Malik, V. Meier, C. Gehrig, A. 
Sulzer, M.-L. Morerod, V. Castella, Differential DNA extraction of challenging 
simulated sexual-assault samples: a Swiss collaborative study, (2011). https://
doi.org/10.1186/2041-2223-2-11.

[2] H.R. Dash, Advancements in differentiation between sperm cells and epithelial 
cells for efficient forensic DNA analysis in sexual assault cases, Int J Legal Med 
(123AD). https://doi.org/10.1007/s00414-024-03285-1.

https://doi.org/10.1186/2041-2223-2-11
https://doi.org/10.1186/2041-2223-2-11
https://doi.org/10.1007/s00414-024-03285-1


409SINGLE CELL SORTING OF SPERMATOZOA: A COMPARATIVE STUDY  
WITH DIFFERENTIAL LYSIS FOR INTEGRATION IN FORENSIC CASEWORK

Kristina Fokias, Iene Rutten, Jeroen Lammertyn, Bram Bekaert

[3] W.M.J. Schoell, M. Klintschar, R. Mirhashemi, D. Strunk, A. Giuliani, G. Bo-
gensberger, B. Pertl, Separation of Sperm and Vaginal Cells Based on Ploidy, 
MHC Class I-, CD45-, and Cytokeratin Expression for Enhancement of DNA 
Typing After Sexual Assault, (1999). https://doi.org/10.1002/(SICI)1097-
0320(19990801)36:4.

[4] A. Nakamura, T. Shinozuka, A. Sonoda, K. Kurosaki, K. Saito, A. Takada, Separa-
tion of sperm from mixed samples using ultra-high-speed cell sorter followed by 
DNA typing, 45 45 法科学技術， 19 (2014) 45–55.

[5] K. Fokias, B. Bekaert, Separation of sperm and epithelial cells based on fluores-
cence-activated cell sorting, Forensic Sci Int Genet Suppl Ser 8 (2022) 239–241. 
https://doi.org/10.1016/J.FSIGSS.2022.10.048.

[6] A.J. Hopwood, K. Elliott, Forensic DNA research: keeping it real, Int J Legal Med 
126 (2012) 343–344. https://doi.org/10.1007/S00414-011-0636-8.

[7] A.E. Fonneløp, H. Johannessen, G. Heen, K. Molland, P. Gill, A retrospective 
study on the transfer, persistence and recovery of sperm and epithelial cells in 
samples collected in sexual assault casework, Forensic Sci Int Genet 43 (2019). 
https://doi.org/10.1016/J.FSIGEN.2019.102153.

[8] D.G. Casey, K. Domijan, S. MacNeill, D. Rizet, D. O’Connell, J. Ryan, The Per-
sistence of Sperm and the Development of Time Since Intercourse (TSI) Gui-
delines in Sexual Assault Cases at Forensic Science Ireland, Dublin, Ireland, J 
Forensic Sci 62 (2017) 585–592. https://doi.org/10.1111/1556-4029.13325.

[9] Guideline for internal validation / verification of various aspects of the dna pro-
filing process, (2023). https://doi.org/10.05.2023.

https://doi.org/10.1002/(SICI)1097-0320(19990801)36:4
https://doi.org/10.1002/(SICI)1097-0320(19990801)36:4
https://doi.org/10.1016/J.FSIGSS.2022.10.048
https://doi.org/10.1007/S00414-011-0636-8
https://doi.org/10.1016/J.FSIGEN.2019.102153
https://doi.org/10.1111/1556-4029.13325
https://doi.org/10.05.2023




Test of the Hy-liter system for the identification of spermatozoa in 
sexual assault cases

frédériC grosJEan1,* and vinCEnt CastElla1

1 Unit of Forensic Genetics, University Center of Legal Medicine, Lausanne - Geneva, Lausanne 
University Hospital and University of Lausanne, Chemin de la Vulliette 4, 1000 Lausanne 25, 

Switzerland

* Corresponding author address:   Unit of Forensic Genetics, University Center of Legal Medicine, Lau-
sanne - Geneva, Lausanne University Hospital and University of Lausanne, Chemin de la Vulliette 4, 1000 

Lausanne 25, Switzerland. Email : Frederic.Grosjean@gmail.com

Abstract
The detection of spermatozoa in forensic samples, such as vaginal swabs, provides critical infor-
mation regarding the presence of sperm. Immunochromatographic tests, like PSA, are prone 
to both false positives and false negatives. In contrast, the visual observation of multiple sper-
matozoa strongly indicates the presence of semen. In this study, we compared the fluorescent 
detection of spermatozoa using the Hy-Liter system with the Christmas tree staining routinely 
employed in our laboratory. Sets of mock and real samples were used to compare these methods 
in terms of ease of staining, time required to prepare and analyze entire slides, specificity of sper-
matozoa staining in mixed biological materials, reproducibility, as well as reagent handling and 
cost. Based on these comparisons, Christmas tree staining was retained in our laboratory as the 
preferred method for the time being.

Keywords
Christmas Tree staining, antibody, fluorescence

Introduction

The Sperm Hy-Liter system by Independent Forensics (IFI) utilizes fluorescent an-
tibodies to detect spermatozoa [1,2]. Theoretically, it should facilitate spermatozoa 
identification compared to the Christmas Tree staining method [3] routinely used 
in our laboratory. We compared these two methods in terms of ease of staining, 

30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS
Universidade de Santiago de Compostela, 2025, pp. 411-416
DOI: https://dx.doi.org/10.15304/cc.2025.1869

mailto: Frederic.Grosjean@gmail.com


412 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

time required to prepare and analyze entire slides, specificity of spermatozoa stain-
ing in mixed biological materials, reproducibility, as well as reagent handling and 
cost, with the goal of potentially adopting this method.

Material and Methods

Gynecological swabs (4N6FLOQSwabs, COPAN) from volunteers were loaded with 
20 µL of sperm dilutions (1:20, 1:100, or 1:1000) or mixtures of 20 µL (1:100) 
sperm with 20 µL of undiluted blood, 20 µL of undiluted saliva, or in the presence 
of bacteria (Lactobacilli) or yeast (Candida albicans, ATCC 10231 2611). Volunteers 
who provided biological samples signed informed consent forms. Sample recovery, 
fixation, and staining were carried out as described in IFI’s protocol, but with the 
Universal Buffer (RSID™), which is used for presumptive tests in our lab [4], to 
resuspend cells from the swabs instead of PBS. Preliminary tests indicated that the 
performance of the Hy-Liter system was comparable with both buffers. IFI-supplied 
slides and SuperFrost slides (Epredia) were tested for material fixation and stain-
ing. Fluorescence Axioscope 5 (Zeiss) and Olympus BX41 microscopes were used to 
visualize the Hy-Liter and Christmas Tree slides, respectively.

Results and discussions

During our initial tests with the Hy-Liter system, cells were lost from the IFI-sup-
plied slides during the wash step following fixation, regardless of the buffer (PBS 
or Universal Buffer) used for material resuspension (Figure 1). This issue persisted 
even after allowing the material to dry for 2 hours. The problem was resolved by 
using SuperFrost slides, which feature a positively charged poly-L-lysine coating.

Figure 1. The majority of the material did not adhere to the IFI-supplied slides and was lost 
during the wash steps. Images of the same slide before (left) and after (right) the wash step 

(red arrow) are shown. No magnification.
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The entire recovery and staining procedure for a single sample was significantly 
longer with the Hy-Liter system (~ 60 minutes) compared to Christmas Tree stain-
ing (~ 20 minutes). Slide screening time was similar for both methods (~ 60 min-
utes for 6 slides). The reading time with the Hy-Liter system can likely be reduced 
with increased practice. 

The selectivity of the Hy-Liter system was good, with only the spermatozoa 
being labeled in the presence of the other cell types tested (see the list in the Meth-
ods), including yeast and bacteria (Figure 2). As long as the cell density did prevent 
the formation of aggregates, the Christmas Tree approach performed as well as the 
Hy-Liter system. 

Figure 2. Hy-Liter and Christmas Tree detection of spermatozoa (red arrows) on gynecological 
swabs loaded with 1:100 diluted semen in the presence of yeast (upper images) or bacteria 

(lower images). Fluorescent channels are indicated for antibody and DAPI detection, as well as 
bright field. All images are at the same magnification (as indicated).

Using the Hy-Liter system, variations in staining intensities were observed, as well 
as ring-staining effects (Figure 3.A) and inhomogeneous staining (Figure 3.B), 
making the detection of spermatozoa more difficult than expected. We hypothe-
sized that either the relative quantity of DTT used and/or the quantity of specific 
antibody per spermatozoon was too low. We were unable to find a DTT concentra-
tion that would yield similar results in terms of fluorescent intensity between slides 
prepared from samples with similar characteristics. Non-homogeneous staining 
was also observed between the center of the staining zone and its periphery for 
most of the samples when there were large numbers of epithelial cells.
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Figure 3. Ring-staining effects (A) of spermatozoa observed with the Hy-Liter system. 
Inhomogeneous staining of a spermatozoon (B).

The detection of spermatozoa within cellular aggregates is facilitated by fluores-
cence [1,2]; however, it is not possible to confirm morphologically in the bright 
field that these are indeed spermatozoa. The same visualization is virtually im-
possible within aggregates using the Christmas Tree staining (Figure 4.A). More-
over, the autofluorescence of some substrates (for instance, a bath towel) makes 
the identification of a possible spermatozoon very difficult (Figure 4.B) with the 
Hy-Liter system.

Figure 4. A. Possible spermatozoa detection (red arrows) with the Hy-Liter system (first three 
images) and absence of such detection with the Christmas Tree staining (fourth image), both in 
the presence of cellular aggregates (1:100 diluted semen on gynecological swabs). All images 
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are at the same magnification (as indicated). B. A bath towel where the presence of semen is 
suspected. Detection is made difficult by the strong autofluorescence of the towel, both in the 
antibody (left image) and DAPI (right image) fluorescence channels. It’s difficult to say whether 

a spermatozoon is present or not using bright field (middle image, red arrow).

Conclusion

Despite a good selectivity, we haven’t retained the Hy-Liter in its current form in 
our laboratory. This is due to the non-uniformity of the staining, the toxicity of one 
of the reagents (DAPI), the difficulties in confirming the presence of spermatozoa 
in some samples, the difference in reagent costs per sample (Hy-Liter ≈ 20-25 €; 
Christmas Tree ≈ 0.5 €), and the lack of all-in-one conditions that would work with 
all sample types.
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Abstract 
A new sexual assault sample processing kit has been developed to address the need for fast proces-
sing and generation of distinct male profiles, which is often insufficient with traditional routine 
methods. The new kit enhances sperm DNA recovery and separation from mixed samples. It 
operates on the EZ2 Connect Fx platform, offering improved throughput and user-friendliness, 
with just 30 minutes of hands-on time for up to 24 samples.
The method delivers fast, reproducible results, addressing the need for timely analysis and bac-
klog reduction. Sperm fractions are ready-to-use without further purification and compatible 
with common kits for downstream applications like qPCR and STR profiling on CE and NGS.
Particularly effective for challenging samples, like 66-hour post-coital swabs, the prototype has 
shown significant improvements over existing methods. Alpha-field tests conducted across four 
laboratories revealed that the prototype generated sperm fractions with fewer alleles that origi-
nated from the female donor, compared to the QIAcube workflow. The prototype also recovered 
a higher number of male alleles, often with higher RFUs than those from the QIAcube method. 
This effective separation of male DNA from mixed samples resulted in single-person STR profi-
les or mixed profiles with distinct male components, with no need for probabilistic genotyping 
software for interpretation.
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In conclusion, the EZ2 Connect Fx prototype offers significant advancements in forensic DNA 
analysis, especially for complex cases, enabling faster, more precise processing of sexual assault 
evidence.

Keywords
Sexual assault, semen, sperm, spermatozoa, rape.

1. Introduction

Analysis of sexual assault samples often faces challenges due to insufficient sepa-
ration of genetic information from the victim and perpetrator, resulting in mixed 
profiles. A new sample processing kit has been developed to efficiently lyse non-
sperm cells (e.g., epithelial cells) while improving sperm DNA recovery and precise 
separation between sperm-derived DNA and DNA coming from non-sperm cells. 

The kit offers automated processing on the EZ2 Connect Fx with increased 
throughput and ease of use. With just 30 minutes of hands-on time for 24 samples, 
it delivers fast, reproducible results, addressing the need for timely analysis and 
backlog reduction in sexual assault cases.

Data from current development of the new EZ2 sexual assault sample pro-
cessing prototype kit is shown, as well as alpha-field test results generated by four 
laboratories, using various sample types.

2. Material studied, methods, techniques

2.1. Samples
A range of sexual assault samples was used (Tab. 1). Vaginal swabs spiked 

with 1:50 and 1:400 semen dilutions were used in all four laboratories. Additionally, 
three external forensic laboratories tested a wide range of specific samples. 

Table 1. Overview of samples used for alpha-field test in all four laboratories.

 
QIAGEN + NCDOJ + 
LSPCL + ILM Halle NCDOJ (North Carolina, USA) LSPCL (Louisiana, USA) ILM (Halle, Germany)

Sample  1:50 1:400 PC 24 h PC 36 h Sheet 1:150 1:400 1:600 PC 10 h PC 66 h Oral wash

Sample 
type

Vaginal swabs, spiked 
with semen dilutions 
(1:50; 1:400)

24 h post-
coital        (7 
years)

36 h 
post-coital         
(7 years)

Used 
sheet + 
semen 
stains

Buccal swabs, spiked se-
men dilutions: 1:150 (<2 
years), 1:400 (10 years), 
1:600 (4 years)
(3 months)
(1 month)

10 h post-
coital

66 h 
post-
coital

Mouth-
wash + 
semen

STR kit 24plex QS PowerPlex Fusion 6C; Y23 PowerPlex Fusion 6C ESX17 Fast
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2.2. Methods
Samples were processed using the automated EZ2 Connect Fx prototype 

kit and compared to the differential wash workflow on the QIAcube® instrument. 
Sample preparation for the prototype involved an off-deck process (1 hour, 10 min) 
including lysis, centrifugation with a spin basket, removal of solid components 
and loading onto the EZ2 Connect Fx. The automated process (1 hour, 5 min) 
removed the epithelial fraction (EPI), separated and purified the sperm fraction 
in three steps. After sperm cell lysis, an inactivation step (15 min) was performed. 
This method processed up to 24 sperm fraction eluates in 2.5 hours. The epithelial 
fraction was purified using the EZ1&2 DNA Investigator Kit or similar methods.

The final kit will be fully automated on the EZ2 Connect Fx with a run time 
of 1 hour, 10 minutes, including inactivation. 

DNA quantification and STR profile generation followed standard laboratory 
procedures (Tab. 1). An analytical threshold of 200 RFU was used for STR interpre-
tation (except for NCDOJ samples: 50 RFU), with an internally used locus-specific 
threshold of ≥9% RFU of the highest allele within the STR locus. For concordance 
studies, reference STR profiles were used, where each allele of the STR profiles was 
assigned to the correct donor. No reference profile was available for sample ‘Sheet’ 
(NCDOJ).

3. Results & Discussion

3.1. Reduced number of STR alleles of the female donor of the sperm fraction
STR results from sperm fractions generated with the prototype showed sig-

nificantly fewer female donor alleles compared to the QIAcube workflow (Fig. 1). 
The prototype demonstrated good reproducibility across various mixed samples. 
For challenging samples, like 10 µL of 1:400 diluted semen on vaginal swabs or 
66-hour post-coital swabs, the prototype detected more alleles that originated from 
the female donor compared to routine samples. However, even with these challeng-
ing samples, it exhibited a significantly reduced number of alleles that originated 
from the female donor, compared to the QIAcube method, resulting in male sin-
gle-person profiles or mixed profiles with a distinct male major component.
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Fig. 1 Comparison of female allele counts of the sperm fraction between different 
methods and laboratories. Using reference STR profiles, each allele of the STR profiles was 

assigned to the correct donor. The number inside the cells indicates the number of STR alleles 
of the female donor. Each cell is one biological replicate. *Number of female donor alleles in 

the STR kit; †Number of male donor alleles in the STR kit.

3.2. Precise separation and distinct profiles even with challenging samples
The prototype produced profiles with fewer alleles and significantly lower 

RFUs of alleles that originated from the female donor, while male donor alleles 
showed higher RFUs, compared to the QIAcube differential wash. This was particu-
larly effective for challenging samples with high DNA of the female donor and low 
sperm quantities (Fig. 2A). 

The prototype accurately separated sperm DNA from mixed samples, yield-
ing male single-person profiles or mixed profiles with a distinct male component. 
In contrast, the QIAcube method worked well with high male DNA but showed 
mixed profiles with challenging samples. 
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Fig. 2 Representative examples of the comparison between the QIAcube method and the 
prototype method. (A) Using the respective reference profiles of the DNA donors, each allele 

of the STR profiles was assigned to the correct donor and highlighted according to origin: 
Female donor (orange dot), or male donor including shared alleles (blue dot). One strip = one 
sample, i.e., one specific sperm fraction STR profile (coming from one biological replicate). (B) 
Representative parts of electropherograms (one channel). All profiles of the sperm fractions 

(SF) were tested against the reference profiles of female and male donors. The epithelial 
fraction (EPI) always shows the profile of the female donor.

The effective separation of distinct male STR profiles from mixed samples is 
demonstrated in two examples (Fig. 2B). In a mock sample with 10 µL of 1:400 
diluted semen on buccal swabs (left), the QIAcube produced a mixed profile, while 
the prototype generated a single-person male profile from the same sample. For 
66-hour post-coital swabs (right), both methods produced mixed profiles. How-
ever, the QIAcube showed a female major component, while the prototype yielded 
a distinct male major profile. No probabilistic genotyping software was needed to 
interpret the prototype results in either case.
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4. Conclusion

The new automated EZ2 Connect Fx sexual assault sample processing prototype kit 
demonstrated enhanced precision and reliability, especially in complex scenarios 
where traditional methods struggle to provide distinct profiles. 

The prototype kit improves separation between sperm-derived DNA and non-
sperm DNA, enabling efficient processing of various sexual assault sample types. It 
is particularly beneficial for challenging cases, such as post-coital samples that 
show low sperm quantity and high victim DNA amount. Proven performance in 
benchmarking experiments across four laboratories has shown high reproducibili-
ty across a wide range of mixed samples. Key advantages include reduced hands-on 
time, ease-of-use, and increased throughput, allowing faster processing and ad-
dressing large backlogs. Additionally, the workflow enables direct use of sperm 
fractions without further purification and is fully compatible with commercial kits 
such as qPCR, STR, and NGS.
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Abstract 
Differential extraction is typically used for forensic sexual assault samples in order to separate 
sperm cells (from the perpetrator) from other cells (predominantly from the victim). Sperm cells 
are more robust compared to e.g. white blood cells and epithelial cells and therefore require 
more stringent lysis conditions. Traditionally, the reducing agent DTT in combination with Pro-
teinase K is used in the digestion of sperm cells in forensic samples. Since DTT may inhibit the 
downstream PCR process, the extracts must be purified. Purification may be performed using 
e.g. phenol/chloroform, magnetic bead-based chemistries or filter devices. Application of any of 
these methods increases time and cost and leads to DNA loss. In this study, we evaluated alkaline 
lysis as an alternative to the traditional lysis using DTT and Proteinase K. In the alkaline lysis 
protocol, NaOH is used to disrupt the cell and nucleus membranes and denature nucleases. This 
is followed by the addition of Tris-HCl to neutralize the lysate. The effect on DNA yield of different 
molar concentrations of NaOH and Tris-HCl was evaluated to determine the optimal lysis con-
ditions. Overall, the chosen alkaline protocol showed a higher DNA recovery compared to lysis 
using DTT/Proteinase K (mean values of 0.075 vs. 0.035 ng/µL, p=0.025). The quality of the STR 
profiling results was equivalent for the two lysis principles. STR typing showed no indication of 
degradation after storage in the refrigerator or freezer for up to two weeks. In addition, there was 
no need for a purification step following alkaline sperm cell lysis, reducing the cost, hands-on 
time and total processing time. 
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Introduction

Differential extraction is used for forensic sexual assault samples in order to sep-
arate sperm cells (typically from the perpetrator) from other cells (predominantly 
from the victim). Sperm cells are more robust compared to e.g. white blood cells 
and epithelial cells and therefore require more stringent lysis conditions. Tradi-
tionally, the reducing agent dithiothreitol (DTT) in combination with Proteinase K 
is used in the digestion of sperm cells in forensic samples. The DNA in the sperm 
nucleus is mainly bond to protamines. Covalent disulfide bonds between the pro-
tamines allow the DNA to be tightly packed and protected against damage (Figure 
1) [1,2]. DTT is used to break the disulfide bonds to make the DNA available for 
PCR. Since DTT may inhibit the downstream PCR process, the extracts must be 
purified. Purification may be performed using e.g. phenol/chloroform, magnetic 
bead-based chemistries or filter devices. Application of any of these methods in-
creases time and cost and leads to DNA loss. 

In order to circumvent time-consuming incubation and purification steps 
we investigated an alternative lysis of sperm cells by an alkaline lysis protocol. 
There, NaOH is used to disrupt the cell and nucleus membranes and denature 
nucleases [3,4], followed by the addition of Tris-HCl to neutralize the lysate. The 
effect on DNA yield of different concentrations of NaOH and Tris-HCl was evaluated 
to determine the optimal lysis conditions.

Material and methods

A semen sample (provided by a volunteer donor) was diluted with physiological 
saline and a volume corresponding to 0.05 µL of semen was added to microfuge 
tubes. All samples were extracted using the epithelial cell lysis steps of an opti-
mized differential lysis protocol based on reference [5]. Alkaline lysis was then per-
formed by adding 10 or 25 µL of 0.1 M, 0.2 M or 0.5 M NaOH (Merck Sigma-Aldrich, 
Darmstadt, Germany) to the sperm pellet. After incubation in a thermomixer at 
75°C for 5 minutes an equivalent amount of Tris-HCl (10 or 25 µL of 0.1 M, 0.2 M or 
0.5 M Tris-HCl, Thermo Fisher Scientific, Waltham, MA, USA) was added. TE buffer 
(10 mM Tris, 0.1 mM EDTA, pH 8.0, Medicago AB, Uppsala, Sweden) was used to 
reach a final volume of 100 µL. The stability of the DNA extracts was evaluated by 
keeping the samples in the refrigerator or freezer for up to 14 days. 
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As reference method, sperm pellets were also extracted by adding 170 µL of 
5% Chelex in Milli-Q water (Bio-Rad Laboratories, Hercules, CA, USA), 40 mM DTT 
and 0.4 mg/mL Proteinase K (Merck Sigma-Aldrich). After incubation in a heating 
incubator (56°C for 30 minutes and 100°C for 20 minutes) the extracts were pu-
rified using Amicon Ultra-2 filter devices (Merck Millipore, Darmstadt, Germany) 
and TE buffer, with a final volume of 100 µL. 

The samples were quantified with PowerQuant System (Promega Corpora-
tion, Madison, WI, USA) on a 7500 real-time PCR system (Thermo Fisher Scien-
tific), amplified with the STR kit PowerPlex Fusion 6C System (Promega) on a 
Veriti Thermal Cycler, injected on a 3500xL Genetic Analyzer and analysed using 
GeneMapper ID-X v.1.6 (Thermo Fisher Scientific). 

Results and discussion

All tested concentrations and volumes of NaOH gave higher DNA yields compared to 
the reference method (p<0.05) as shown in Figure 2. The PowerQuant Internal PCR 
Control did not show any signs of inhibition. The quality of the STR profiling results 
was equivalent for the two lysis principles (DTT and Proteinase K vs. alkaline lysis) 
when using 0.1 M (10 and 25 µL) or 0.2 M (10 µL) NaOH (apart from a few replicates 
with NaOH showing slightly lower peak heights for Amelogenin). The addition of 
higher concentrations of NaOH lead to impaired amplification for the longer STR 
markers (data not shown). Thus, 10 µL of 0.2 M NaOH was chosen for further testing. 

STR typing showed no indication of DNA degradation after storage in the re-
frigerator or freezer for up to 14 days. After keeping the samples in the refrigerator 
for 14 days the mean DNA concentration was somewhat lowered (0.062 ng/µL vs. 
0.046 ng/µL), but the difference was not significant (p=0.08) (Table 1). 

Conclusion

The chosen alkaline protocol showed a higher DNA recovery compared to lysis us-
ing DTT/Proteinase K (mean DNA concentrations 0.075 vs. 0.035 ng/µL, p=0.025). 
STR typing showed no indication of DNA degradation after storage in the refrig-
erator or freezer for up to 14 days. There was no need for a purification step when 
using alkaline sperm cell lysis, thereby reducing the cost, hands-on time and the 
total processing time.
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Figure 1. Spermatozoon cell structure (created with BioRender.com).

Figure 2. Mean DNA concentrations (ng/µL) when adding different molarities and volumes 
of NaOH to the sperm fractions compared with the reference method, n=3. Error bars show 

standard deviation.
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Table 1. Mean DNA concentrations (ng/µL) and coefficient of variation (CV, %) directly after 
DNA extraction and after keeping the extracts from alkaline lysis (10 µL of 0.2 M NaOH) in 

freezer or refrigerator for 7 or 14 days, n=5.

Day Storage DNA concentration (ng/µL) CV (%)

0 - 0.062 13

7 Refrigerator 0.062 16

7 Freezer 0.062 16

14 Refrigerator 0.046 30

14 Freezer 0.064 19
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Abstract
DNA profiles from biological traces that are uploaded to forensic DNA databases (DNADB) must 
generally meet specified criteria to lower the risk of adventitious associations. For example, in 
Switzerland, only single-source DNA profiles with a minimum of 6 loci and two-person mixtures 
with a minimum of 8 loci can be transmitted to the national DNADB. Interpretable DNA profiles 
that do not meet these criteria represent about 14% of the ~15’000 trace DNA profiles analyzed 
each year in Western Switzerland. These profiles can be manually compared with candidates 
upon request from police services. Alternatively, they can be compared once within the national 
DNADB without being stored (i.e., one-off search). In this study, we reviewed the one-off searches 
performed in Western Switzerland between 2014 and 2023. The number of requests for one-off 
searches increased significantly during this period, particularly since the introduction of proba-
bilistic genotyping in our laboratory in 2019. Since then, 66 compatibilities with LR > 1 were 
observed out of 298 requests, representing investigation leads for more than 20% of the requests. 
The usefulness of one-off searches, as well as their limitations, are discussed.
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1. Introduction

Forensic DNA databases (DNADB) are effective in providing investigation leads (1). 
Generally, DNADBs compare two groups of samples: one consisting of DNA profiles 
recovered from forensic traces and a second composed of DNA profiles from known 
persons. Comparisons between these two groups of profiles can result in the associ-
ation of DNA profiles from traces with those from their potential sources. The risks 
of adventitious associations increase with DNA profiles having common alleles, the 
number of contributors, and the size of the DNADB. Therefore, trace DNA profiles 
need to meet various criteria to be uploaded into a DNADB (2). These criteria vary 
among countries, but DNA profiles usually must include a minimum number of 
validated alleles or loci, and a maximum number of contributors (3, 4). In Switzer-
land, for example, only profiles from one contributor (single or major contributor) 
involving at least six validated loci (out of 16), and mixture DNA profiles from a 
maximum of two contributors with at least eight validated loci can be sent to the 
national DNADB. In contrast, interpretable profiles such as mixtures from more 
than two contributors, partial DNA profiles, and minor fractions of DNA mixtures 
cannot be sent to the national DNADB. We refer to these profiles as complex DNA 
profiles in this article.

Touch DNA samples, also called trace DNA samples, represent a large propor-
tion of crime scene samples currently analyzed. They often contain low quantities 
of DNA, possibly from several individuals, and resulting DNA profiles are often par-
tial and/or mixed. Thus, many of these profiles cannot be transmitted to a DNADB. 
For example, about 55% of the ~15,000 traces analyzed in Western Switzerland 
in 2023 generated interpretable DNA profiles, whereas about 45% generated DNA 
profiles that couldn’t be used because of their poor quality or complexity (i.e., no 
DNA profile, unreproducible replicates, and/or involving more than five contribu-
tors). The 55% of interpretable DNA profiles can be sub-divided into those that met 
the criteria for uploading into the Swiss national DNADB (i.e., one or two contribu-
tors, accounting for 45% of the traces analyzed) and the DNA profiles that couldn’t 
be transmitted to the DNADB, mainly because they involved 3 to 5 contributors 
(accounting for the remaining 10% of the interpretable traces). In addition, 4% of 
the DNA profiles uploaded to the national DNADB contain a minor fraction with 
sufficient information to allow for comparisons with known DNA profiles. These 
complex DNA profiles can be manually compared with candidates upon request 
from the police services. Alternatively, these DNA profiles can be compared once 
(without being stored) with the national DNADB using information selected by 



431USEFULNESS OF ONE-OFF DNA DATABASE SEARCHES IN WESTERN SWITZERLAND

Patrick Basset, Lydie Samie, Frédéric Grosjean and Vincent Castella

the DNA scientist. This process is called a one-off search (5). The aim of this study 
was to determine the usefulness and limitations of one-off searches in Western 
Switzerland.

2. Material and methods

All one-off search cases performed in Western Switzerland between 2014 
and 2023 were reviewed. This region was chosen because very few one-off 
searches were requested in other parts of Switzerland. For instance, 107 of 
the 112 one-off searches performed in Switzerland in 2023 came from West-
ern Switzerland. The situation was similar throughout the study period. 
One-off searches were considered successful when the DNA profile of at least one 
candidate was visually considered “compatible” before 2019, or when a likelihood 
ratio (LR) higher than 1 was assigned using STRmix™ (6) for at least one candi-
date from 2019. The DNA profile of a candidate was considered compatible when 
its alleles were observed in the DNA mixture profile and when the alleles’ heights 
matched expectations. In the case of discrepancies, these had to be explained by 
possible artifacts such as drop-outs or allele imbalances.

3. Results

One-off searches were carried out for 421 trace DNA profiles analyzed in Western 
Switzerland between 2014 and 2023. This represents less than 10% of the complex 
DNA profiles generated during this period. The number of candidates proposed 
following each one-off search varied between 0 and 1,242 (mean candidate num-
ber = 6 and median = 1). Interestingly, the number of requests increased during 
the study period, particularly since the introduction of probabilistic genotyping 
(PG) in our laboratory in 2019 (Figure 1). Over the years, the success rate of these 
searches varied between 9% and 36%, with a mean of 23% (Figure 2).
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Figure 1. Number of one−off searches performed in Western Switzerland between 2014 and 
2023. The red arrow indicates the introduction of probabilistic genotyping in the laboratory.

Figure 2. Success rate of one−off searches during the study period defined as visual 
compatibilities before 2019 and with LR > 1 from 2019.
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4. Discussion

Our study showed that one-off searches within the Swiss DNADB are effective, as 
compatibilities, and therefore investigation leads, were obtained in 23% of the cas-
es reviewed. The number of candidates proposed by the searches was generally low, 
as the median number of candidates per search was one. This number can be easily 
managed by investigators. Nevertheless, some searches might result in long lists 
of candidates, for example, up to 1,242 in a given case. Several parameters, such as 
the size of the DNADB or the information contained in the DNA profile (rarity of 
the observed alleles, number of contributors, relative quantity of each DNA, etc.), 
can affect the number of candidates proposed as well as the success rate. Depending 
on these parameters, the search criteria should be adapted, considering the risk of 
adventitious links and the risk of missing real contributors. Generally, only part 
of the information contained in DNA mixture profiles is used for one-off searches, 
which may result in partial DNA profiles. Often, the number of candidates can be 
reduced by using all the information contained in the DNA profiles, either visually 
or using probabilistic genotyping (PG) software (7). PG software can be used to 
prioritize among candidates based on the likelihood ratio (LR). The benefit of PG is 
illustrated by the increase in the number of requests since its introduction in our 
laboratory in 2019. Before PG, DNA profiles from candidates could only be declared 
as visually compatible/incompatible, without any quantitative information on the 
weight of this comparison result. Using PG, it is possible to assign a LR to deter-
mine the value of the compatibilities. Since 2019 and the introduction of PG in our 
laboratory, 66 compatibilities with LR > 1 were obtained out of 298 requests. High 
LRs, in the order of billions, were obtained for DNA profiles with up to 5 contribu-
tors. This highlights the value of these investigation leads, even for complex DNA 
profiles. It is, however, important to consider these compatibilities in conjunction 
with other information related to the case (8).

Yet, one-off searches have some limitations. First, trace DNA profiles used 
for one-off searches are not stored in the DNADB. Therefore, if the DNA profile 
of a contributor is introduced into the DNADB after the search, the link will be 
missed. If necessary, searches can be resubmitted periodically when the DNA 
profiles of new individuals have been uploaded into the DNADB. Second, the 
searches are generally performed with only part of the DNA profile to reduce 
the number of candidates. It is therefore possible to miss an association with 
the DNA profile of a contributor currently in the DNADB if the corresponding 
alleles were not used for the search. This means that an absence of association 
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does not necessarily mean that none of the contributors’ profiles are present 
in the DNADB. This limitation can be partially overcome by comparing the 
full profile using specialized PG software (9, 10). Finally, assessing candidates 
is time-consuming, especially in situations with long lists of candidates. This 
probably explains why one-off searches were requested for less than 10% of 
the complex DNA profiles. The selection of DNA profiles for one-off searches 
should, therefore, be based on a cost-benefit analysis considering the type of 
DNA profiles involved, the severity of the case, as well as the resources available.

5. Conclusion

Complex DNA profiles, comprising DNA mixtures of 3, 4, and 5 contributors, as 
well as minor fractions of DNA profiles, represent a non-negligible part of the 
DNA profiles analyzed. Our data show that these currently underused DNA profiles 
should not be discarded. Similarly to single source DNA profiles, they can be effi-
ciently compared to databases of potential offenders using one-off searches. Cur-
rently, CODIS is used to compare DNA profiles at a national level, and we use PG 
to assign likelihood ratios for associations involving DNA mixtures. In the future, 
we hope that complex DNA profiles can be directly compared with DNADB using 
specialized PG software (9, 10).
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Abstract
STRBase (strbase.nist.gov) was launched in late 1997 to collect and organize information in one 
location about Short Tandem Repeats (STR), the new emerging forensic marker type at the time. 
Over the next twenty-plus years, data related to STR markers was collected from the community 
and incorporated into STRBase. More recently, this has included adding the STR sequencing 
information from the STRSeq project, which is a curated set of sequences collected from the 
forensic community housed at the National Center for Biotechnology Information (NCBI) in the 
form of GenBank records organized into BioProjects. STRBase and STRSeq continue to evolve 
and grow, with additional functionality and information continuously added.

Keywords
Short Tandem Repeat (STR), Sequence, STRSeq, STRBase

Past

The original STRBase website was developed as a collection of individual web pag-
es. These pages included fact sheets about loci and, if available, the sequence of 
STR alleles as performed at the National Institute of Standards and Technology 
(NIST) or reported in the literature by Sanger sequencing methods. The reported 
information on the site was the bracketed repeat and the length-based allele call. 
These hard-coded tables on the locus fact sheet webpages can still be viewed on the 
archived site [1].
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In 2017, the development of a STRBase site based on.NET and C# with a 
backend database began. The result of this effort is the publicly available STRBase 
site [2]. During the development, the content of the HTML pages was evaluated, 
and it was determined that the sequence tables from the fact sheet pages would 
not be pulled into the database, nor would the information be ported over into the 
new site.

Also, in 2017, the STRSeq project was started [3]. STR sequence data from 
several large population studies [4-7] using commercially available kits was col-
lected, processed, and submitted to GenBank. STRSeq GenBank records contain 
additional information geared toward the human identification community and 
are not normally found in GenBank records. The format and content of the modi-
fied records were the results of a collaborative effort between NIST and NCBI. The 
records are organized in nested BioProjects at NCBI to facilitate access. Flat files 
of the records can be downloaded individually, by locus, or by group: common 
autosomal, alternate autosomal, Y chromosome, X chromosome, or the entire set.

Present

In the last year, STRBase has undergone major publicly visible changes. The web-
site has been reorganized and made more user-friendly. The updated STRBase con-
tinues to evolve by adding new projects (e.g., RGTM 10235, Forensic DNA Resource 
Samples -https://strbase.nist.gov/Information/RGTM_10235) and information 
(e.g., targeted STR locus sequences).

In addition, in the last year, the STRSeq records have also undergone their 
own format and content updates, incorporating the 2024 International Society for 
Forensic Genetics (ISFG) nomenclature recommendations [8]. These updates to 
the human identification section of the GenBank records include bracketing con-
sistent with STRNaming [9], indication of the ISFG minimum reporting range, and 
incorporation of a sequence identification (SID) code [10]. As of the publication of 
this document, all the autosomal and X STR loci records have been updated to the 
new format of the STRSeq record, and Y STR record updates are ongoing.

The GenBank records can be downloaded as flat text files that are easily 
manipulated computationally but are not easily accessible for an overall review of 
multiple sequences at once. STRBase provides an ideal platform to include STR 
sequences in locus-specific sets. The new Sequences tab, which has been added to 

https://strbase.nist.gov/Information/RGTM_10235
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the locus information (Figure 1), has been developed to include nomenclature and 
sequence information in an easy-to-search and view structure. Table 1 describes 
the information contained in the new Sequences tab on STRBase. The columns can 
be sorted or filtered. The data in these tables are being pulled from the database, 
which was expanded to incorporate this new data.

Figure 1. The new STRBase tab can be accessed through the locus information side menu (1). 
The newly added Sequences tab (2) location is also shown.

Table 1. Description of the content of the sequencing table in STRBase. The example is from 
the CSF1PO Sequences table.

Column Name Content Example

Accession NCBI GenBank record accession MK295183

Allele Length-based allele call 6

Kit Codes Kit names abbreviated; a legend is provided for conversion FSa

STRNaming Bracketed sequence TCTA[6]ATCT[3]

Sequences Sequence string TA A G TA C T T C C TAT C -
TATC…

SID Code Sequence Identification code for the minimum range [8] FEGJK

Coordinates Reference genome GRCh38 coordinates chr5:150076312..150076389

FS – ForenSeq DNA Signature Prep Kit

Future

The newly added sequence table has basic functionality, including sorting and 
filtering of records. Future work will incorporate alignment and highlighting of  
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sequences to better visualize the differences between the sequences in each table. 
Additional links to external information (i.e., GenBank records) will also be incor-
porated into the table. The database also holds additional information about these 
sequences, which could be provided in the table by request or default.

The identification of sequences will also be incorporated into the STRBase 
site using a STRSeq sequence search function. The goal is to allow users to submit 
a sequence string or FASTA file of sequences, along with additional information, 
such as the locus and the sequencing kit. The search function will return informa-
tion about the sequences, such as the GenBank accession number (if one exists), 
sequence bracketing according to current recommendations, and the SID code for 
the minimum range, among other information. It will also identify sequences not 
contained in the STRSeq BioProject. This could open communication between the 
STRSeq project and the user to submit these new sequences to STRSeq, if appro-
priate.

The future plans for both STRBase and STRSeq are to maintain and expand, 
incorporating STRSeq information into STRBase to maximize usefulness for the 
human identification community. Feedback from the community is always wel-
come and can be sent to either strbase@nist.gov or strseq@nist.gov. 

Disclaimer

Points of view in this document are those of the authors and do not necessarily 
represent the official position or policies of the U.S. Department of Commerce. 
Certain commercial software, instruments, and materials are identified in order 
to specify experimental procedures as completely as possible. In no case does such 
identification imply a recommendation or endorsement by NIST, nor does it imply 
that any of the materials, instruments, or equipment identified are necessarily the 
best available for the purpose.

Research Protections Declaration

All work performed at NIST has been reviewed and approved by the National In-
stitute of Standards and Technology Research Protections Office. This study was 
determined to be “not human subjects research” (often referred to as research not 
involving human subjects) as defined in U. S. Department of Commerce Regulations, 
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Abstract 
The Portuguese DNA profile database for civil and criminal investigation was approved in 2008 
and by the end of 2023, had a total of 23775 genetic profiles. Around 30% of the profiles were 
from samples collected as evidence for criminal investigation purposes and 2% were staff profiles. 
The primary objective of DNA databases is to help criminal investigations, by detecting matches 
between profiles from samples collected at crime scenes and profiles from convicted offenders 
allowing the identification of the perpetrator who left biological traces at a crime scene. 
Nearly 1% of the national matches in the Portuguese DNA database resulted between crimes 
scene samples and staff. 
The aim of this work is to emphasize the importance of the inclusion of the staff profiles in the 
national DNA database, leading to identify possible cross-contaminations.

Keywords 
Elimination DNA database; staff profiles.

Introduction

The Portuguese DNA Database Law was approved in 12th of February of 2008, for 
civil identification and criminal investigation purposes. The first DNA profile was 
imported in 2010 and by 31st of December of 2023 the DNA Database had a total of 
23775 genetic profiles, 15900 of which were from convicted offenders, around 7212 
profiles were from samples collected for criminal investigation and 564 from staff. 
The remaining 99 profiles are for civil identification purposes as well as volunteers.
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The primary objective of DNA databases is to help criminal investigations, by 
detecting matches that may allow the identification of profiles from samples col-
lected at crime scene as evidence, and to help civil identification through matches 
between profiles of unidentified human remains and profiles obtained from person-
al belongings of missing persons or relatives of missing persons. 

Until the 31st of December of 2023, the Portuguese DNA database had pro-
duced 989 matches at national level, of which 60% were between profiles from 
crime scene evidence with convicted offenders, 39% were between profiles obtained 
from evidence samples of criminal investigation, and 1% were between profiles of 
collected evidence and staff profiles.

Methods

To carry out this study, all the matches occurred with staff profiles were considered 
since the Portuguese DNA Database went into production until 31st of December 
of 2023. Subsequently, using Excel software, the data were analyzed. 

Results

Until 31st of December of 2023, the Portuguese DNA database counted with 564 
staff profiles (Figure 1a). Since the first match with a staff profile in 2017, almost 
every year 1 match has occurred with staff profiles, leading to a total of 8 matches 
in the DNA database to this date (Figure 1b), representing nearly 1% of the nation-
al matches. All of these matches occurred with profiles from samples collected in 
different crime scenes, three of these were single profiles, two of which with the 
same staff profile, and the other five were mixture profiles. One of the mixture pro-
files matched perfectly with the combination of two different staff profiles.
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Figure 1. a) Number of staff profiles included in the DNA Database along the years; b) Number 
of matches registered with staff profiles along the years.

Discussion

Since the beginning of the Portuguese DNA database, 8 matches were detected be-
tween staff profiles and genetic profiles obtained from crime scene samples, which 
were assumed as evidence. However, because the profiles of staff that had contam-
inated these samples were already been entered into the DNA database, these evi-
dence profiles were removed from the DNA database and no longer were considered 
for investigation purposes. 

A higher number of staff profiles in the DNA database improves the detection 
of cross-contamination between staff profiles and profiles from samples collected 
in crime scenes.

Conclusion

To assure the integrity of an evidence and the reliability of the DNA profile obtained, 
every person who could introduce cross-contamination, whether they are respon-
sible for collecting evidence at crime scenes or manipulating samples in the lab-
oratory, must scrupulously comply with all contamination prevention guidelines. 
Contaminations can occur inadvertently, however, in accordance with ENFSI’s 
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recommended guidelines, laboratories should have all their staff profiles inserted 
in a laboratory elimination DNA database and also in the national DNA database. 
Profiles of staff external to the laboratories who may in some way come into contact 
with the samples, should also be included in the national DNA database, enabling 
to detection of cross-contaminations which otherwise would not be detected [1]. 
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Abstract 
The Y-chromosome serves as a valuable indicator of paternal kinships in forensic DNA investiga-
tions. To reconstruct genealogies, the time to the most recent common ancestor (tMRCA) among 
paternal relatives can be estimated through in-depth analysis of Y-chromosomal short tandem 
repeats (Y-STRs). The previously developed ‘YMrCA’ calculator showed to be a remarkable advan-
cement by including individual and haplogroup-specific Y-STR mutation rates, while accounting 
for multi-step changes and hidden, back, or parallel mutations. However, computational demands 
leading to lengthy runtimes (30 minutes per genealogical pair) and the absence of sequencing 
data integration, motivated us to enhance the existing calculator. A novel kinship estimating tool 
was developed, named ‘oYSTeR’ (Objective Y-Simulator To Estimate Relations). This advanced 
prediction model integrates the ability to include hundreds of Y-STRs, allele-specific mutation 
rates as well as Y-STR motif-specific mutation rates, and even Y-STR sequence data. Despite the 
integration of these additional Y-characteristics, oYSTeR is capable of estimating kinships for 
hundreds of generations without requiring a supercomputer. To do so, the calculator uses dis-
crete convolutions, automatically accounting for parallel mutations. The oYSTeR prediction tool 
was validated using our extended CSY-database containing 1,120 biologically related males con-
firmed by 46 Y-STRs (capillary electrophoresis) covering 18,109 generations in total. Promising 
results showed that oYSTeR estimates 36,000 times faster than YMrCA with a runtime of 0.05 
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seconds per genealogical pair providing tMRCA estimations for all genealogical pairs. Currently, 
in terms of tMRCA estimation accuracy, we observed little difference with the YMrCA calculator. 
Given its dynamic, rapid, and user-friendly nature, oYSTeR stands as a future-proof calculator, 
ready to integrate additional Y-STR mutation rate data as they become available. With more accu-
rate knowledge, for example on allele-specific mutation rates and complex Y-STR motif mutation 
rates, oYSTeR will be able to estimate kinships closer to reality. Therefore, oYSTeR offers the next 
step towards more objective tMRCA estimation for forensic DNA kinship investigations.

Keywords
tMRCA, MPS, Y-chromosome, Y-STR, Paternal kinships.

Introduction

The Y-chromosome is a useful marker for identifying paternal relationships in fo-
rensic DNA analysis. By examining Y-chromosomal short tandem repeats (Y-STRs), 
it is possible to estimate the time to the most recent common ancestor (tMRCA) 
among individuals related through the paternal line, aiding in the reconstruction 
of genealogies. The previously developed ‘YMrCA’ calculator led to an advancement 
by including individual and haplogroup-specific Y-STR mutation rates, while ac-
counting for multi-step changes and hidden, back, or parallel mutations. After 
validation, the YMrCA demonstrated a significantly improved success rate and re-
duced generation error compared to state-of-the-art kinship models [1]. However, 
computational demands leading to lengthy runtimes (30 minutes per genealogical 
pair) and the absence of sequencing data integration, motivated us to enhance 
the existing calculator to be able to process data of large Y-STR (sequence) panels 
such as the CSYseq [2].

A collaboration between CSY-Belgium (KU Leuven) and the Netherlands 
Forensic Institute (NFI), has resulted in the development of a novel kinship esti-
mating tool, named ‘oYSTeR’ (Objective Y-Simulator To Estimate Relations). This 
advanced prediction model seamlessly integrates the ability to include hundreds 
of Y-STRs, allele-specific mutation rates as well as Y-STR motif-specific mutation 
rates, and even Y-STR sequence data by using a discrete convolution rather than a 
limited (due to computational limits) number of simulations. 

In this study, oYSTeR performance was tested on available data from 1,120 
biologically related males confirmed by 46 Y-STRs covering 18,109 generations in 
total and compared to existing YMrCA predictions [3].
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Material studied, methods, techniques

Implemented mathematical principles
oYSTeR was developed in Python (with an alternative faster version pro-

grammed in Julia). To decrease computational demand and increase analysis speed, 
a discrete convolution [4] was implemented instead of a fixed number of simu-
lations as used in the YMrCA. The basic principle of the discrete convolution is 
displayed in figure 1. For readability, the visualization in figure 1 is limited to only 
a few options, including -1, 0 and +1 as starting repeat length of alleles at a given 
locus and -1, ‘X’ (no mutation) and +1 for mutation rates. However, the mutation 
options in the incorporated convolution can be extended for any mutation (e.g. 
multistep mutations, back or parallel mutations) while encountering multiple mu-
tation characteristics (e.g. CE length based mutation rates or rates defined per 
sequence repeat block).

Figure 1. Illustration of the basic principle behind the implemented discrete convolution. For 
each allele length of each meiosis distance, the probability of occurrence is calculated based on 

the starting variation of the previous meiosis (left top) and the mutation rates (right top). The 
probabilities of each separate length are summed up to determine the final probabilities of each 

length after the next meiosis and is repeated for each meiosis step.
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Credibility interval
After predicting the probabilities for each meiosis distance (absolute and 

relative, with relative meaning all calculated meiosis probabilities scaled to a total 
of one), 95%, 75% and 50% credibility intervals (CI) are determined. These define 
the range of meioses with the highest relative probabilities summing up to either 
95%, 75% and 50% (see figure 2 for a prediction curve example).

Input and output formats
For the genotypes, a tab-separated input file is required containing a header 

row with Y-STR marker names and two lines with the Y-haplotypes of the individu-
als for which the tMRCA needs to be calculated (multiple pairs can be included by 
separating each pair by an empty row). The contents of the library file (mutation 
rates) and resulting output file are displayed in table 1 (each line in the table is a 
column of the tab separated file). 

Table 1. Contents of library and output file for oYSTeR analysis.

Library file Sample file (with header of Y-STR names)

Marker name, for MPS with the addition ‘[repeat 
unit]_[repeat occurrence]’

Follow up number of genotype pair

CE/MPS (data type category per marker) 95% CI

Mutation interval boundary (for example ‘10’) 75% CI

Minimum and maximum length (for example 
‘1;100’ if the minimum length of the unit is 1 repeat 
and the maximum length is 100 repeats)

50% CI

Mutation rate before interval boundary (for example 
‘0.0001’ meaning 1 mutation in every 10,000 
meioses when the allele length was ≤10 repeats)

Mode

Mutation rate after interval boundary (for example 
‘0.0002’ meaning 1 mutation in every 5,000 meioses 
when the allele length was >10 repeats)

Relative probabilities for each meiosis distance 
(displayed as ‘[prob meiosis 1, prob meiosis 2, prob 
meisosis 3, …]’

Absolute probabilities for each meiosis distance 
(displayed as ‘[prob meiosis 1, prob meiosis 2, prob 
meiosis 3, …]

Output visualizations
In addition to the predictions, several visualizations are created from the prob-

abilities as displayed in figure 2. The visualization file (html-format) also displays sep-
arate probabilities for a meiosis distance of ≤1, ≤2, ≤3, ≤4, ≤5 and ≤10 that can indicate 
whether close relatedness can be (almost) excluded or not (not displayed in figure).
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Figure 2. oYSTeR visualizations that are created for each sample pair. The prediction curve is 
displayed for a closely related pair and the prediction pedigree for a more distantly related pair.

Results / Discussion

The oYSTeR prediction tool was verified using our enlarged CSY-database, com-
prising 1,120 biologically related males identified through 46 Y-STR markers (via 
capillary electrophoresis), encompassing a total of 18,109 generations. The encour-
aging findings revealed that oYSTeR computes 36,000 times quicker than YMr-
CA [1], with a processing duration of only 0.05 seconds per genealogical pair. It 
successfully generated tMRCA predictions for every genealogical pair, showcasing 
its capability to accurately determine relationships between males, even in cases 
involving numerous Y-mutations or larger multi-step variations. Regarding tM-
RCA estimation precision, we noticed minimal discrepancies when compared to 
the YMrCA calculator. Nevertheless, further comprehensive investigation of Y-STR 
mutation rate dynamics and the inclusion of genealogical pair Y-STR sequence data 
remains necessary to assess its impact on tMRCA prediction accuracy.

Visualizations of the oYSTeR predictions serve multiple purposes. First, the 
shape of the prediction curve helps to understand that for a broad curve, chances 
can be similar for multiple meioses distances (as is often the case) to focus more on 
CI ranges rather than just the mode of the curve. The pedigree displays the most 
obvious candidates from a family tree (relative to the first profile) for which the 
probability of the compared profile is the most obvious. For predictions that point 
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to a more distant relatedness, it can be informative to use the table with probabil-
ities for close relatedness to indicate if these can actually be (almost) excluded or 
not or if there is still a small chance for close relatedness as well. 

It should be noted that the probabilities are relative to the number of meio-
ses that were included in the calculation. Especially for more distant relatedness, 
probabilities and CI ranges will only be reliable if a sufficient number of meioses 
are included in the calculation (this can be configured to preference) as can easily 
be recognized from the outer probabilities of the prediction curve.

Conclusion

oYSTeR is a future proof Y-kinship estimation tool given its dynamic, rapid, and 
user-friendly nature, enabling fast and accurate analysis of larger Y-STR datasets 
suited for both CE as well as sequence data. 
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Abstract 
Wide application of massively parallel sequencing (MPS) in forensic DNA profiling has been ham-
pered by limited knowledge on the possible information gain compared to the established capi-
llary electrophoresis (CE) methods. MPS analysis of short tandem repeats (STRs) offers increased 
discriminatory power due to the inclusion of sequence variants in addition to the often higher 
number of STR markers. In this study, the Mainstay SE sequencing kit (28 autosomal STRs, Qia-
gen) was compared to the CE assay PowerPlex Fusion 6C (23 autosomal STRs, Promega), with 
respect to likelihood ratios (LR) following analysis of mixtures. Specifically, a set of 19 complex 
mixtures with two to four contributors in various proportions (1:9, 1:1:8, 1:1:18, 1:1:2:8 and 
1:1:2:18) were analyzed with both methods. LR calculations were performed using the conti-
nuous model EuroForMix for both sequencing and CE results while applying various filters. This 
study contributes with knowledge regarding when sequencing is preferable over CE analysis, 
thus aiding forensic laboratories in the decision to implement STR sequencing.

Keywords 
MPS, Mixtures, Probabilistic genotyping, STR, Likelihood ratio.

Introduction

Massively parallel sequencing (MPS) of short tandem repeats (STRs) offers in-
creased discriminatory power due to sequence variants. Together with the possi-
bility of analyzing higher numbers of STR markers, this may generate increased 
weights of evidence for true contributors compared to the established capillary 
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electrophoresis (CE) methods [1]. However, the wide application of MPS STR anal-
ysis has been hampered by the limited knowledge on the possible information gain 
compared to CE. In this study, we compared the likelihood ratios for a set of com-
plex mixtures obtained with either MPS or CE with the aim to contribute with 
knowledge regarding when sequencing is preferable over CE.

Methodology

The Mainstay SE sequencing kit with the ePCR1 buffer (28 autosomal STRs, Qia-
gen) was compared to the CE assay PowerPlex Fusion 6C (23 autosomal STRs, 
Promega), with respect to likelihood ratios (LR) following analysis of mixtures. 
Specifically, a set of 19 complex mixtures with two, three or four contributors in 
various proportions (1:9, 1:1:8, 1:1:18, 1:1:2:8 and 1:1:2:18) and the minor contrib-
utor DNA amount at 32.5-167 pg was analyzed with both assays in triplicate.       

LR calculations were performed using the continuous model EuroForMix 
(EFM) v. 4.0.8 for both CE and MPS results, applying various filters and settings 
(one for CE and two for MPS) (Table 1). For CE, in-house routine analysis settings 
and thresholds were used. Additionally, a provisional analysis using MPSProto v. 
0.9.5 was performed for MPS results [2]. The hypotheses used were H1: DNA is 
from Person of Interest + K unknowns and H2: DNA is from K+1 unknowns. In 
total, 240 true contributor LR calculations per method were performed for the 19 
mixtures, considering two or three replicates and with or without conditioning on 
the major.

Table 1. Overview of the applied STR typing assays, analysis settings and thresholds.

Assay
Fusion Mainstay SE

CE - EFM Stringent - EFM Minus2 
- EFM

MPSproto

Analysis 
instrument

ABI3500xL MiSeq FGx MiSeq 
FGx

MiSeq FGx

Software GeneMapper UASa UASa UASa

Analytical 
threshold

85-140 RFUsb 1.5% of total 
reads per locus 
and ≥ 30 reads

≥ 30 
reads

≥ 11 reads
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Stutter filter Yesc Yesd Only 
n-2 
stutter

No

Stutter model 
(EFM/MPSproto)

No No Yes Yes

No. of STR markers 23 28 28 27 (excluding SE33)

Allele designation Nr. of repeats LUS+ [3] LUS+ 

[3]
Forward bracket [2]

Allele frequency NIST 1036 Caucasian (n=361) with lowest allele frequency of 0.5%

a Universal Analysis Software (Qiagen)
b Relative Fluorescence Units
c according to manufacturer recommendations, but using four standard deviations instead of three
d according to manufacturer recommendations for ePCR buffer

Results and Discussion

We expected that the sequencing results would yield higher LRs than CE for the 
complex mixtures given the advantage of a higher number of markers and more 
possible alleles. However, when using low analytical thresholds (below 30 reads) 
together with the EFM stutter model in initial test, MPS analysis gave no usable re-
sults (data not shown). This was due to that the model does not handle n-2 stutters 
or other minor artefacts. Instead, more stringent thresholds were required. Thus, 
the methods called “Stringent” and “Minus2” were applied (Table 1). Unfortunately, 
these interpretation methods resulted in impaired limits of detection for minor 
contributor alleles (Figure 1). Most of the lost information was due to the high 
stutter filter and the proportional analytical threshold of 1.5% in the “Stringent” 
method, as the “Minus2” method resulted in lower proportions of allele dropouts 
for all numbers of contributors (NOCs).
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Figure 1. Proportion of allele drop-outs for minor contributors in DNA mixtures when using 
filters applied as described in Table 1. Each datapoint represents the proportion of missing 
alleles for respective minor contributor in each mixture, grouped into either two-, three- or 

four contributors (NOC 2-4).

Nevertheless, the LR values were similar for CE and sequencing for two and three 
contributor mixtures (Figure 2). For NOC:2 and the “Minus2” method, although 
more alleles were detected, there were some calculations that yielded lower LRs 
compared to the other methods. This was most likely due to compound stutter 
artefacts that could not be explained by the EFM stutter model. With the more 
complex four contributor mixtures, there was a slight advantage for the sequenc-
ing results since CE resulted in more false negative LR values (Figure 2). Note that 
these CE results would have been manually reported as inconclusive in casework. 
Despite having stringent filter settings for MPS results, we thus observed similar 
LRs for both CE and MPS, which is in line with the findings of Benschop et. al [4].
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Figure 2. Likelihood ratios (log10) grouped according to the NOC for each method with 
analysis settings as presented in Table 1. Values above 0 support H1 (true hypothesis) and 

values below 0 support H2 (false hypothesis). Calculations were performed with either two or 
three replicates and with or without conditioning on the major contributor.

Since a quite stringent filter was necessary for the sequencing data, we hypothe-
sized that an improvement could be made by using models developed specifically 
for sequencing, such as MPSproto [2]. Here, we used a limited dataset for calibra-
tion and therefore this should be viewed as a provisional evaluation. Very promis-
ing results were achieved with MPSproto, yielding LRs above 106 for even the most 
challenging NOC:4 mixtures (Figure 2 and Figure 3).
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Figure 3. Proportion of Log10 LR values that fall into the intervals delimited by -6, -3, 0, 3, 6 for 
either two, three or four contributors. Values of Log10 LR above 0 support H1 (true hypothesis) 

and values of Log10 LR below 0 support H2 (false hypothesis).

Conclusion

Our results suggest that for STR sequencing to add value in weight of evidence cal-
culations for mixtures there is a need for advanced modeling of sequencing specific 
artefacts and noise. Very promising results were obtained with MPSproto. 
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Abstract
In this study we investigated the resolution power of the GlobalFiler™ PCR Amplification kit in 
31 kinship scenarios. We performed 50.000 simulations for each scenario and visualized the re-
sults by plotting the log of the likelihood ratio values for the true hypotheses, the null hypothesis 
(H0) and the alternative hypothesis (H1). The scenarios were categorized as either conclusive, 
intermediate or inconclusive. Improved resolution was observed when additional relatives were 
introduced to the tested scenarios. This work underlines the importance of simulation studies 
when handling deficiency cases.

Keywords
Likelihood ratio, simulation studies, deficiency cases 

Introduction

Most currently used autosomal STR kits are well-suited for simple kinship inves-
tigations (i.e.: parent/child duos or trios), where high likelihood ratio (LR) values 
(above 100.000 to 1) are usually achieved. For deficiency cases however, LR values 
obtained with autosomal STR kits alone are often in a much lower range. In this 
study, we aimed to investigate within which LR ranges the results ought to be 
considered as inconclusive for the kinship scenarios most often requested to our 
laboratory.
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Techniques

Simulated pedigrees for 31 kinship scenarios, listed in Table 1, were generated us-
ing Familias software v. 3.3.1 (www.familias.no) [1-2]. The simulations were based 
on an allele frequency database for the Danish population for the 21 autosomal 
STRs included in the GlobalFiler™ kit (Thermo Fisher Scientific). For each kin-
ship scenario 50.000 simulations were performed. The logarithm of the LR values 
for each scenario were plotted in two density curves, for true H0 and for true H1, 
respectively. The inconclusive area was defined as the region with more than 0.1 % 
true H0 and true H1 with overlapping LRs, from now on referred to as “the over-
lapping LR range”.

Table 1. Overview and classification of the 31 kinship scenarios with simulated pedigrees. 
Following values are shown, percentage of LR values of each true hypothesis within the 
overlapping region, median LR values for true H0 and true H1. Color coding: Green for 

conclusive, Yellow for intermediate, Red for inconclusive. The scenarios are listed in order of 
most to least informative.

http://www.familias.no/
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Results and Discussion

The 31 scenarios (Table 1) were classified as conclusive, intermediate or incon-
clusive based on the following three parameters: the percentage of true H0 and 
true H1 within the overlapping LR range, the median LR value of true H0 and the 
median LR value of true H1 (see Table 2).

Eight scenarios (numbered 1 to 8 in Table 1) fell in the conclusive category. 
The percentage of true H0 and true H1 in the overlapping LR range for all scenarios 
was below 1% (i.e.: the risk of making a false conclusion based on the LR values 
obtained from 21 autosomal STRs alone is less than 1%). The median LR values for 
the true H0 hypotheses were all above 100.000 to 1 and for the true H1 hypotheses 
were below 1 to 100.000. 

Ten of the 31 scenarios (numbered 9 to 18 in Table 1) fell in the intermediate 
category. For eight of them, the percentage of true H0 and true H1 in the overlap-
ping LR range varied between 1% and 25%. The median LR values for the true H0 
hypotheses for scenarios in this category ranged between 100.000 to 1 and 1.000 
to 1 (in 9 out of the 10 scenarios). In all cases, true H1 hypotheses were below 1 to 
10.000. The three scenarios (9, 10 and 18 in Table 1) were included in the interme-
diate category, despite borderline values.

The remaining 13 scenarios (19 to 31 in Table 1) fell in the inconclusive 
category with a percentage of true H0 and true H1 in the overlapping LR range 
above 50%. The median LR values for the true H0 hypotheses for all scenarios in 
the inconclusive category were below 1.000 to 1 and for true H1 above 1 to 1.000. 

Table 2. On overview of the parameters used to classify the 31 kinship scenarios with 
simulated pedigrees listed in Table 1. Color coding: Green for conclusive, Yellow for 

intermediate, Red for inconclusive. 

We observed improvements of resolution, when one or more additional relatives 
were introduced to the tested scenarios. Three examples are illustrated in Figure 1, 
in top, middle and bottom row, respectively.: 

Classification
% H0 and H1 within 

overlapping LR range Median H0 Median H1

Conclusive < 1 > 1,0E+5 < 1,0E-5
Intermediate 1 to 25 1,0E+5 to 1,0E+3 1,0E-5 to 1,0E-3
Inconclusive > 25 < 1,0E+3 >1,0E-3
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1. When the child’s biological mother is added to the scenario where the 
alleged paternal grandparents are tested (scenarios numbered 9 and 4 in 
Table 1)

2. When additional siblings of the child are included (scenarios numbered 
22, 11 and 6 in Table 1)

3. When additional full siblings of the alleged father are introduced (scena-
rios numbered 21, 13 and 7 in Table 1).

As shown in Figure 1, adding a relevant individual to the scenario reduces 
the percentage of true H0 and true H1 in the overlapping LR range (illustrated 
with the area “1”). Also, an increase in the difference between the median values of 
the true hypotheses, and in the percentage of true H0 with LR values higher than 
100.000 to 1 was observed. In summary, testing additional relatives, reduces the 
risk of making a false call and increases the expected LR values.

Figure 1: Density curves for log LR values (true H0 on the right, and true H1 on the left) 
calculated for simulated scenarios (numbered according to Tabel 1). The following is shown: 

The proportion of LR values of each true hypothesis within the overlapping area (1), proportion 
of LR values >100.000 to 1 (2), median LR values for true H0 and true H1 (3), and the pedigrees 

for true H0 and true H1 (see top left of the figure for more detailed explanation). 
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Conclusion

The 8 scenarios in the conclusive category can be recommended for kinship testing 
in our laboratory, using our standard autosomal STR kit alone. The 10 scenarios in 
the intermediate category can also be recommended, although, depending on the 
constellation, supplementary markers (Y-STRs, X-STRs, autosomal SNPs) might be 
needed. The remaining 13 scenarios, which are in the inconclusive range, need to 
be carefully evaluated. For some of these scenarios, our recently implemented MPS 
kit for microhaplotypes [3] could reduce the expected inconclusive range. Another 
way to reduce the inconclusive range is to include additional relevant relatives, 
if available. With this knowledge, we have a better picture of what to expect in a 
certain scenario and we can better guide and inform our costumers beforehand. 
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Abstract
The missing persons search is a complex process that requires the integration of both genetic 
and non-genetic information. The search involves comparing data from two entities, the Mis-
sing Persons (MPs), that have known identities but unknown whereabouts, and the Unidentified 
Persons (UPs) that may be individuals with unknown identities or unidentified remains. We in-
troduce a mathematical framework that combines genetic data, such as short tandem repeats 
(STRs), with non-genetic traits like pigmentation characteristics (hair, skin, and eye color). This 
approach utilizes Likelihood Ratio (LR) models to evaluate different hypotheses (whether the 
UP is the MP or unrelated). By integrating both types of data, the method enhances the search 
process, thereby reducing the chances of false positives and negatives in LR based classification 
during database searches. Despite current challenges, such as the need for accurate population 
databases and potential correlations between genetic and non-genetic data, this integrated model 
offers a more reliable solution than other approaches, such as filtering, paving the way for fur-
ther refinement and broader application in real-world applications.

Keywords 
Forensic identification, Likelihood ratio, Pigmentation traits, Missing person identification, Ge-
netic and non-genetic evidence.

1. Introduction

Forensic investigations into missing persons cases present complex challenges that 
demand the integration of both genetic and non-genetic data [1]. A Missing Person 
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(MP) is an individual with a known identity but unknown whereabouts, while an 
Unidentified Person (UP) may be a living individual with unknown identity or uni-
dentified human remains. The search for MPs involves gathering testimonies, legal 
documents, family interviews, social media information, and medical records. For 
UPs, the focus is on analyzing remains and their context of discovery. Recent ad-
vancements in DNA analysis have enhanced forensic capabilities by allowing the 
inference of phenotypic characteristics such as skin, eye, and hair color, as well as 
age, among others [2].

Interpreting forensic evidence relies heavily on statistical methods such as 
the Likelihood Ratio (LR) approach, which quantify the weight of the evidence 
under different hypotheses (typically whether the UP is the MP or is unrelated). 
DNA evidence plays a crucial role, often involving the analysis of samples from UPs 
and genetic material from relatives of MPs, requiring accurate knowledge of fam-
ily relationships represented by pedigrees. Complex scenarios like Disaster Victim 
Identifications (DVI) and large-scale Missing Person Identifications (MPI) present 
additional challenges, such as low statistical power due to scarce genetic data and 
the need to analyze multiple pedigrees simultaneously, leading to potential false 
positives [3]. To address these issues, we applied a recently developed mathemat-
ical framework [4, 5] that evaluates the statistical weight of different non-genetic 
sources of evidence. For example, it allows analyzing pigmentation trait evidence 
using a likelihood-ratio approach that accounts for conditional dependencies 
among traits. Recognizing that characteristics like eye color, hair color, and skin 
color are interrelated, the model presents a step forward compared to previous 
methods that assumed independence among these variables. Here, we show the 
impact of adding these models into the search in cases where few or only distant 
relatives of the missing person are available for genotyping. Furthermore, we dis-
cuss unsolved challenges for future developments.

2. Methods

2.1 Data
The presented methodology integrates both genetic and non-genetic data 

collected during the search process in missing person cases. Non-genetic data in-
clude physical traits such as biological sex, age, and pigmentation characteristics 
(hair color, skin color, and eye color). These data are obtained from various sources 
like DNA phenotyping, legal documents, testimonies from relatives and witnesses, 
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social media, and direct observation. These traits are represented as variables for 
sex (S), age (A), and a composite variable C for pigmentation traits. Genetic data 
are collected from UPs and relatives of MPs, involving genetic profiles analyzed 
through 23 STRs markers. Both types of data are organized into databases for UPs 
and MPs, allowing comparisons and analyses.

2.2 Likelihood Ratio models
To statistically evaluate the weight of the non-genetic evidence, we employed 

LR models previously developed [4, 5] that quantify the probability of observing the 
data under two competing hypotheses: the UP is the MP (H₁), and the UP is unre-
lated to the MP (H₂). The general formulation of the LR is the ratio of these prob-
abilities. For multiple pigmentation traits, we used an extended model to account 
for the conditional dependencies among hair color, skin color, and eye color [5]. 
By using the chain rule of conditional probabilities, we calculate the joint proba-
bility of these interrelated traits, leading to a more accurate LR that reflects their 
combined effect on the identification process. All these models are implemented in 
the mispitools package [6], freely available on CRAN. For genetic evidence, we used 
the forrel package [7], that facilitates  computation of LRs in missing person cases.

2.3 Computational simulations and performance evaluation
We performed computational simulations to assess the performance of our 

LR models, using mispitools [6]. These simulations involve generating synthetic 
datasets under both H₁ and H₂ scenarios to estimate error rates and evaluate met-
rics such as true-positive and false-positive rates. By simulating a large number of 
cases, we were able to evaluate the performance of the search, analyzing the LRs 
distribution under the different scenarios. We computed the Matthews Correlation 
Coefficient (MCC), for an LR threshold of 1 in order to evaluate the performance. 

3. Results

In this section, we present the application of the LR models that combine genetic 
and non-genetic data to improve the search for missing persons.

3.1 Statistical power of DNA-based identification
We first analyzed a case where only one relative, a first cousin, was available 

for genotyping (Figure 1A). Using 23 STRs and conducting 10,000 simulations, we 
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observed overlapping Log10(LR) distributions for H₁ (UP is the MP) and H₂ (UP is 
not the MP). This overlap indicates that similar Log10(LR) values were obtained 
whether the UP was actually the MP or not when compared to the pedigree. Based 
on these distributions, MCC = 0.62, indicating low discrimination capability.

3.2 Addressing Pigmentation traits 
Figure 1B illustrates the probability distributions of the combined pigmen-

tation traits under H₁ for each characteristic. We considered a case where MP pig-
mentation traits are: Skin tone 3, with brown hair (color code 2) and brown eye 
color (code 2). 

Higher probabilities are obtained when the pigmentation traits between 
the UP and MP coincide. However, errors such as misclassifications, data entry 
mistakes, and uncertainties in testimonies can lead to a non-zero probability to 
observe different traits between UP and MP even when H₁ is true. For LR compu-
tations, probability distribution considering H₂ as true, is obtained from the refer-
ence population. In this case, a synthetic simulated population was considered as a 
toy example. Having the probability distributions for H₁ and H₂ allowed computing 
the LR for each combination of traits (Supplementary Figure 1).

3.3 Combining genetic and non-genetic data
We applied our combined LR approach to analyze both genetic and non-ge-

netic data. In cases where only distant relatives were available (e.g., second cous-
ins), the genetic evidence alone was insufficient, resulting in overlapping LR dis-
tributions under both hypotheses. When pigmentation traits were included, the 
LR distributions became more distinct, allowing for better differentiation between 
matching and non-matching individuals (Figure 1C).

By integrating genetic and non-genetic evidence, we observed a clearer sep-
aration between the LR distributions under the two hypotheses. This integration 
reduces the risk of false positives (high LR values when H₂ is true) and false neg-
atives (low LR values when H₁ is true), thereby enhancing the performance of the 
identification process, with a MCC = 0.91.
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Figure 1. A. LR distributions considering H1 and H2 as true for a case where just one cousin is 
available for genotyping. B. Probability distributions of non-genetic traits under hypotheses 

H₁ (UP is MP) The probability for a complete match of characteristics between UP and MP 
is denoted in blue. Color codes are the following - Hair: blonde (1), brown (2), black (3), red 

(4), Skin: from 1 being the palest to 5 the darkest, Eye: black (1), brown (2), green-blue (3). C. 
LR distributions resulted from integrating genetic and non-genetic LRs. This enhances the 

separation between the LR distributions under the two hypotheses, reducing the chances of 
false positives and false negatives.
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4. Discussion

In this study, we applied mathematical models recently developed [4, 5] to compute 
the statistical weight of evidence for non-genetic variables, specifically focusing on 
pigmentation traits like hair, skin, and eye color. By integrating these non-genetic 
characteristics with genetic data, we aimed to improve the identification process 
in missing person investigations, especially in cases where genetic information is 
limited or underpowered and large scale database searches are carried out. Our 
results demonstrated that combining genetic and pigmentation trait evidence sig-
nificantly improves the discrimination between matching and non-matching indi-
viduals. This integrated approach provides a more robust framework for evidence 
evaluation, moving beyond previous methods by accounting for the conditional de-
pendencies among pigmentation traits and avoiding filtering strategies that do not 
consider the possibility of errors, such as data entry or interpretation problems [4].

However, several limitations need to be addressed. The reliability of the 
models heavily depends on the availability and accuracy of reference population 
databases for pigmentation traits, which can vary significantly across different bi-
ogeographic ancestries. Additionally, our assumption of independence between ge-
netic and non-genetic evidence may not hold true in all cases, as both types of data 
can be correlated due to shared ancestral backgrounds. Error rates for non-genetic 
data sources, such as testimonies or DNA phenotyping methods, also introduce 
uncertainties that can impact on the reliability of the LR calculations.In many cas-
es such error rates are difficult to estimate or specify. Addressing these challenges 
requires further refinement of the models, incorporation of more comprehensive 
population data, and consideration of potential dependencies between evidence 
types. Future work should focus on expanding these models to accommodate a 
wider range of forensic scenarios and on developing guidelines for their practical 
application in real-world investigations.

5. Conclusion

This paper applies recently developed models for calculating likelihood ratios us-
ing a set of phenotypic variables, particularly pigmentation traits. Moreover, we 
have shown the impact of incorporating these likelihood ratios in database search 
performance through computational simulations. The calculation algorithm and 
functions are implemented in mispitools, freely available on CRAN.
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Abstract 
The informativity a posteriori from real kinship cases offers a worthy landscape for paternity tes-
ting casework. This is important for auxiliary and more recently implemented genetic systems, 
such as the Investigator ArgusX-12 system (Qiagen) and the 7-XSTRs analyzed by MPS of the 
ForenSeq™ DNA Signature Prep Kit (Verogen). The 7 X-STRs of the ForenSeq kit are a subset 
of the ArgusX-12 kit; thus, most of the available population databases for Argus X-12 (https://
famlink.se/fx_download.html) can be used to create databases for the interpretation of 7 X-STR 
profiles from Forenseq kit, but at capillary electrophoresis (CE) level. This study aims to des-
cribe the a posteriori informativity from complex kinship cases and to compare 12 X-STRs and 
7 X-STRs. For this purpose, we analyzed 24 complex kinship cases including 11 grandmother-
granddaughters, eight full sisters, and five paternal half-sisters. Exact likelihood ratios (LRs) 
were estimated with an updated version of the Mexican database (n=1115) for the FamlinkX soft-
ware, which were created for 12 X-STRs and 7 X-STRs. For each type of kinship case, X-STR set, 
and linkage group (LG), we estimated the average and range of LR values. For some X-STR loci, 
some extreme LR values (large and discrete) were observed in different cases, particularly bet-
ween full sisters (e.g. LR-DXS10101= 1.2E+03), which increased the average LR for these cases 
(LR= 7.0E+04). Based on 12 X-STRs, the LR was larger for full-sister cases (5.1E+11), followed 
by grandmother-granddaughter (1.1E+08), and paternal half-sisters (6.4E+04). Conversely, con-
sidering an LR ˃1000 (W ≥ 99.9%) as a conclusive result, full sisters showed the lowest success 
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rate 75% (6/8), whereas 100% of the paternal half-sister and grandmother-granddaughter cases 
were conclusive. On the other hand, a considerable LR decrease was observed using only 7 X-
STRs concerning 12 X-STRs (p˃0.05). This is evident with the low success rate based on conclu-
sive results (average LR= 38%): 37.5% (3/8) for full sisters, 40% (2/5) for paternal half-sisters, 
and 36.4% (4/11) for grandmother-granddaughter cases.  In brief, the largest LR values were 
observed in full-sister cases, followed by paternal half-sister, and grandmother-granddaughter 
cases. Conversely, with 7 X-STRs, LR values and the proportion of conclusive results diminished 
significantly.

Keywords
ForenSeq, X-STRs, Kinship cases, FamlinkX, LR

Introduction

Due to their peculiar inheritance pattern, short tandem repeats in the X chromo-
some (X-STRs) allow obtaining conclusive results of some complex kinship cases 
where autosomal STRs use to fail, such as those involving half-siblings or grand-
mother-granddaughter. Among the available X-STR systems, the usefulness of the 
Investigator Argus X-12 system (Qiagen) has been demonstrated in real complex 
kinship cases [1]. For this reason, massively parallel sequencing (MPS) platforms 
have incorporated X-STRs into forensic practice, such as the ForenSeq™ DNA Sig-
nature Prep Kit (Verogen). Particularly, the ForenSeq kit analyzes seven of the 
12 X-STRs of the Argus X-12 kit, including three two-loci linkage groups (LG): 
DXS10135-DXS8378 (LG1), DXS7131-DXS10074 (LG2), DXS10103-HPRT (LG3), 
plus DXS7423 of the LG4 [2]. 

Although the informativity a posteriori offered by ForenSeq kit in real foren-
sic cases has been scarcely reported [3,4], there is no data about the forensic per-
formance of their 7-X-STRs. In fact, the Forenseq ability to solve pairwise 2nd-de-
gree kinships has been evaluated, but X-STRs were excluded from the analysis [3]. 
This is probably due to the scarce worldwide population databases for this MPS 
kit, which contrasts with the number of ArgusX-12 population databases (https://
famlink.se/fx_download.html). Interestingly, because X-STR profiles of these two 
kits are compatible at the capillary electrophoresis (CE) level, it is possible to cre-
ate robust length-based (LB) population databases for these 7 X-STRs from those 
available for the ArgusX-12 kit. These provisional databases will allow immediate 
interpretation of forensic cases involving 7 X-STRs, until robust sequence-based 
(SB) population databases from MPS are available. For this purpose, we updated 
the Mexican population database for ArgusX-12 kit (from 933 to 1115), and we 
created a subset for the 7 X-STRs of the Forenseq kit (Cortes-Trujillo et al., in prep). 

https://famlink.se/fx_download.html
https://famlink.se/fx_download.html
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We aimed to assess the forensic performance of 7 and 12 X-STRs by means 
of the a posteriori informativity obtained from the biostatistical interpretation of 
three sets of complex kinship cases commonly solved with X-STRs. 

Material studied, methods, techniques

Sample
We included 24 complex kinship cases: 11 grandmother-granddaughter, 8 

full sisters, and 5 paternal half-sisters. Participants signed an informed consent let-
ter approved by the Ethical Research Committee at the Instituto de Investigación 
de Genética Molecular of the CUCiénega, University of Guadalajara (CUCiene-
ga-UdeG). This study follows the regulations of the General Health Law on research 
involving human subjects (Mexico) and the Helsinki Declaration. The anonymity of 
the volunteers was preserved at all times.

Genotyping
DNA was obtained from blood stain samples on FTA paper or saliva swabs, 

after washing with the Whatman® FTA® Purification Reagent. The PCR amplifi-
cation was carried out with the Investigator Argus X-12 QS kit (Qiagen, Hilden, 
Germany), followed by capillary electrophoresis (CE) in an ABI-Prism 3130 genetic 
analyzer (Applied Biosystems®, Foster City, USA) according to the manufacturer 
recommendations. For allele calling, we used the software Genemapper version 3.2 
(Applied Biosystems® Foster City, USA) helped by the corresponding allelic ladder. 
Our laboratory participates in the quality control proficiency test annually organ-
ized by the Spanish and Portuguese-Speaking Working Group of the International 
Society for Forensic Genetics (www.ghep-isfg.org), with the Argus X-12 QS system.

Statistical analysis
Exact LRs (Likelihood ratios) were estimated with the FamlinkX software 

[5], using the default lambda value of the database ( l= 1000). We used an updated 
version of the Mexican database for 12-XSTRs (from 933 to 1155) [6] (Cortés-Tru-
jillo et al. in prep), and a subset of this database created for the 7 X-STRs of the 
Forenseq kit. For each type of kinship case, we estimated the range and average LR 
by X-STR, linkage group (LG), and X-STR system. Finally, taking as reference LR= 
1000 as a conclusive result, we calculated the proportion of conclusive results by 
type of kinship case, both for 12 X-STRs and 7 X-STRs.
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Results

The exact LRs by different sets of kinship cases is presented in Table 1. Based on 
12 X-STRs (Argus X-12), the average of combined LR was larger for full-sister cas-
es (5.1E+11), followed by grandmother-granddaughter (1.1E+08), and paternal 
half-sisters (6.4E+04). On the other hand, based on 7-XSTRs (Forenseq), the LR 
reduced drastically in all these complex kinship cases. The highest average LR was 
observed in the full-sister cases (7.0E+04), followed by grandmother-granddaugh-
ter (5.9E+03), and paternal half-sisters (1.5E+03). 

The highest combined LRs in the full-sister cases result of extreme LR val-
ues at individual loci: DXS10134 (LR= 599) and DXS10134 (LR= 3320). These find-
ings can be explained because these full-sisters shared the same genotypes for both 
loci (DXS10142: 29,36; DXS10134: 21,23.1), and because alleles with the lowest 
frequency were implied (0.0017 for alleles 36 and 23.1, respectively). 

Considering an LR ≥1000 as a conclusive result (W ≥ 99.9%), we estimated 
the percentage of conclusive cases obtained with 12 XSTRs and 7 X-STRs. For 12 
X-STRs, full sisters showed the lowest success rate 6/8 (75%) by the presence of 
two inconclusive cases (LR= 84.56 and 165.46). On the other hand, 100% of the 
paternal half-sister and grandmother-granddaughter cases reached conclusive re-
sults with 12-XSTRs (Table 1). 

Finally, for 7-XSTRs a low success rate based on conclusive results was ob-
served: 37.5% (3/8) for full sisters, 40% (2/5) for paternal half-sisters, and 36.4% 
(4/11) for grandmother-granddaughter cases.

Discussion

In this work, we report the a posteriori informativeness of two X-STR kits: In-
vestigator Argus X-12 and 7-XSTRs included in the ForenSeq™ DNA Signature 
Prep Kit. Recently it was reported some complex kinship forensic cases solved with 
X-STRs in Colombia [7]. However, to our knowledge, this is the first report assess-
ing the forensic performance of two X-STR kits to solve some three sets of complex 
kinship cases (n= 24), particularly because one X-STR set is analyzed by MPS. In 
addition, to our knowledge, this is the first time that one LB population database is 
used for interpreting real kinship cases that -theoretically- can be originated from 
a forensic genomics kit. The provisional nature of this proposal must be stated, be-
cause the sequence based (SB) allele diversity for these 7 X-STRs has been reported 
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that increase to 66% compared to LB alleles in Mexican population [8]. Therefore, 
the proper forensic assessing of SB alleles for interpreting kinship cases will be 
done until robust population databases are available. 

Both X-STR kits showed the same LR pattern of among kinship cases; the 
largest average LR was consistently observed among full-sister cases, followed 
by grandmother-granddaughter, and paternal half-sisters, respectively. However, 
among these kinship cases, half-sisters displayed -unexpectedly- the lowest con-
clusive results rate with 12 X-STRs (75%) (Table 1). This finding is explained by 
the presence of high frequency alleles and haplotypes shared between the alleged 
relatives. This is worthy because advice to geneticists about the possibility of obtain 
no conclusive results in full-sister cases with 12 X-STRs, and the possible necessity 
to add more markers to reach robust results [9,10]. We also must state about the 
arbitrary criterion to define “conclusive results”, because LR= 10,000 (W= 99.99%) 
could also be taken into account, which would modify our discussion. In brief, a 
high rate of conclusive results was observed in these complex kinship cases from 
12 X-STRs (91.6%) (Table 1), which confirms its convenience due to relatives share 
IBD (identical-by-descent) alleles leading to powerful statistical results [11]. 

As could be expected, decreasing the number of loci from 12 X-STRs to 7 
X-STRs diminished the combined informativeness in all kinship cases (Table 1). 
This reduction was critical for the linkage group 4 (LG4), which diminished from 
three to only one X-STR (DXS7423). Although with 7-XSTRs a drastic LR decrease 
was observed in all cases (Table 1), and the proportion of conclusive results was 
limited (38%). These results highlight the complementary nature of this set of 
7 X-STRs regarding the remaining loci included in the primer set A of the Fo-
renSeq™: 27 autosomal STRs, 24 Y-chromosomal STRs and 94 identity-informa-
tive SNPs [12]. 

Conclusion

We evaluated the forensic performance on 12 X-STRs and 7 X-STRs, the last ob-
tained from MPS, by means of evaluation of three sets of complex kinship cases. We 
demonstrated how a population database of LB alleles can be used for this purpose. 
For both STR kits, the full-sister cases showed the largest LR values, followed by 
grandmother-granddaughter and paternal half-sister cases. A large proportion of 
conclusive results was observed with 12-X-STRs, but this proportion diminished 
significantly with 7 X-STRs.
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Table 1. LR values from three kind of complex kinship cases analyzed with 12 and 7 X-STRs, 
including range and average among loci, linkage group (LG), and combined exact LR, plus the 

proportion of conclusive results (LR >1000).

Kinship case   Range Average  

12 X-STRs Average
LR 
maximum

LR 
minimum LG 1 LG 2 LG 3 LG 4

Combined 
exact LR 

LR> 
1000 
(%)

Full-sisters 51.03 3.32E+03 0.18 6.2E+04 5.1E+02 1.7E+02 1.7E+04 5.1E+11
6/8 
(75%)

Paternal half-
sisters 4.29 46.46 0.01 2.7E+01 3.3E+01 9.6E+00 2.5E+02 6.4E+04

5/5 
(100%)

Grandmother-
granddaughter 8.69 360.31 0.24 1.7E+02 3.9E+02 3.2E+01 8.7E+01 1.1E+08

11/11 
(100%)

Kinship case   Range Average  

7 X-STRs Average
LR 
maximum

LR 
minimum LG 1 LG 2 LG 3 DXS7423 LR exact

LR> 
1000 
(%)

Full-sisters 25.17 1.2+03 0.3 3.6E+02 2.5E+01 8.5E+00 2.4E+00 7.0E+04
3/8 
(37.5%)

Paternal half-
sisters 4.0 29.7 0.1 2.9E+01 2.1E+01 3.4E+00 3.6E+00 1.5E+03

2/5 
(40%)

Grandmother-
granddaughter 11.6 401.5 0.2 1.0E+02 1.3E+02 6.1E+00 2.8E+00 5.9E+03

4/11 
(36.4%)

The corresponding FamlinkX software database was employed for 12 X-STRs or 7 X-STRs.
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Abstract 
In low template DNA (LT-DNA) samples, the interpretation of STR profiles by calculation of like-
lihood ratio (LR) must consider the possibility of stochastic artefacts. Several probabilistic ge-
notyping software were developed for this purpose with main focus on the direct identification 
of stain contributors. Less attention has been given to kinship cases requiring the analysis of 
LT-DNA specimens. 
We evaluated the performances of three software -Familias, EuroForMix (EFM) and EFMrep- 
in 25 paternity cases that required the analysis of LT-DNA samples, including formalin-fixed, 
paraffin-embedded archival tissues, bone specimens, and personal items. Tested pedigrees con-
sisted of both trios and duos (missing maternal information). LT-DNA samples were classified as 
“highly” (HD) or “mildly” (MD) degraded, based on the quality of STR profiles (risk of drop-out, 
estimated through a logistic model). Calculations were performed using two PCR results from 
each LT-DNA sample (two PCR replicates of the same STR kit for Familias and EFM, and two 
different STR kits for EFMrep). 
It was observed that in MD-duo and HD-duo cases average LR values obtained with EFMrep were 
significantly higher compared to Familias and EFM. When maternal information was available 
(trios), Familias generated significantly higher LRs compared to EFM and EFMrep (MD samples), 
whereas Familias and EFMrep were equivalent in maximizing LR values in HD samples. Howe-
ver, the proportion of HD-trio cases with LR values passing a 10,000 threshold was higher for 
EFMrep (60%) compared to Familias (40%)
These preliminary results can represent the basis for the development of a standardized analyti-
cal and interpretative flow chart in kinship cases involving LT-DNA samples.

Keywords 
Kinship testing, LT-DNA, probabilistic genotyping.
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Introduction

In the last 15 years probabilistic genotyping software has seen a remarkable de-
velopment, with a special focus on personal identification of low template DNA 
(LT-DNA) casework samples. Application of such software, like EuroForMix (EFM) 
[1]the peak height properties, stutter proportion and degradation. In addition, Eu-
roForMix includes models for allele drop-out, allele drop-in and sub-population 
structure. EuroForMix supports two inference approaches for likelihood ratio cal-
culations. The first approach uses maximum likelihood estimation of the unknown 
parameters. The second approach is Bayesian based which requires prior distribu-
tions to be specified for the parameters involved. The user may specify any number 
of known and unknown contributors in the model, however we find that there is a 
practical computing time limit which restricts the model to a maximum of four un-
known contributors. EuroForMix is the first freely open source, continuous model 
(accommodating peak height, stutter, drop-in, drop-out, population substructure 
and degradation or EFMrep [2], to LT-DNA samples from paternity cases has po-
tentialities and limitations, compared to standard paternity analysis software (e.g. 
Familias [3]) (Table 1). EFM and EFMrep can deal with quantitative data and the 
whole spectrum of PCR artefacts related to LT-DNA. On the other hand, Familias 
considers mutation and takes advantage of maternal information in trio cases. The 
three software also differ regarding the possibility of accommodating PCR replicate 
data, with Familias only processing profiles obtained through consensus. With this 
in mind, we evaluated the performances of Familias, EFM and EFMrep in a set of 
paternity cases that required the analysis of LT-DNA samples. 

Table 1: Strengths and limitations in the use of the three different software considered for this 
study in presence of LT-DNA paternity cases.

Familias EFM EFMrep

Drop out Yes Yes Yes

Drop in No Yes Yes

Stutter No Yes Yes

Mutation Yes No No

Maternal information Yes No No

Peak height No Yes Yes

PCR replicas (single STR kit) No (consensus) Yes Yes

PCR replicas (multiple STR kits) No (consensus) No Yes
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Material studied, methods, techniques

Samples
25 paternity cases each including a LT-DNA sample were selected: forma-

lin-fixed, paraffin-embedded (FFPE) archival tissue (28%), bone specimens (52%), 
personal items (20%). Of these, 68% of the cases were trios and 32% were duos 
(motherless cases).

Genotyping
Samples were amplified with the PowerPlex ESI 17 Fast (Promega) (ESI) 

and/or PowerPlex ESX 17 Fast (Promega) (ESX) STR kits; PCR products were run 
on the SeqStudio Genetic Analyzer and genotyped with GeneMapper software v 5.1 
(ThermoFisher Scientific). 

LT-DNA samples were classified as highly (HD) or mildly (MD) degraded de-
pending on bp length below/above 200 bp of the longest STR amplicon with peak 
height above stochastic threshold associated to < 5% risk of drop out determined 
through a logistic model [4]and thus different concentrations, in the presence of 
degradation. The possibility of deriving information on DNA degradation was eval-
uated in a forensic qPCR assay not specifically designed to detect DNA fragmenta-
tion, the Plexor HY (Promega. 

Biostatistical analysis
Likelihood ratio (LR) calculations were performed using:
— Allelic frequencies observed in the Italian population [5,6]except for locus 

SE33 [7]
— Mutation rates reported at https://strbase.nist.gov/
— FST =0.01 [8]
— For EFM/EFMrep, drop-in and lambda parameters calculated with the 

EFM “Fit-in drop-in data” function based on internal validation data 

Familias (version 3.3.1)
From 2 PCR replicates of a single STR kit (ESI or ESX) a “consensus” profile 

was obtained for the LT-DNA sample; in loci where only a single allele was present 
above the stochastic threshold in both replicates, the genotype was assumed to be 
homozygous with drop out probability calculated according to logistic regression 
[9]. In trio cases calculations were done both using and disregarding maternal 
information. 
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EFM (version 4.0.8)
LT-DNA samples underwent 2 PCR replicates with a single STR kit (ESI or 

ESX). The two alternative hypotheses used in the calculations were: 
— Hp: sample comes from an unknown individual; 
— Hd: sample comes from the parent/child of the person for which a refe-

rence (non-LT-DNA) sample was available in the paternity case.
The reciprocal of the obtained LR value was then used for comparisons be-

tween software. 

EFMrep (version 1.1.0)
Each LT-DNA sample was subjected to amplification using two different STR 

kits (ESI and ESX). The two alternative hypotheses were as in EFM, but with in-
verted numerator/denominator. 

Statistical analysis
LRs were compared by t- or Wilcoxon test depending on normality (as-

sessed with Shapiro-Wilk test) using jamovi (Version 2.5) software. 

Results

LR calculation results are summarized in Figure 1. 

Figure 1. Boxplot showing LR values calculated by each software divided by degree of 
degradation of LT-DNA samples. Familias LR values were obtained either using maternal 

information when available (“trio”) or disregarding it (“duo”).
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It can be seen that, in duo cases, EFMrep LR values were significantly higher than 
those of Familias (HD, p < 0.05; MD, p < 0.01) and EFM (HD and MD, p < 0.01). No 
significant difference existed between Familias and EFM. 

When maternal information was available (trios), Familias LR values were 
significantly higher than those of EFM (HD and MD, p < 0.05). Familias also showed 
significantly higher LRs than EFMrep (p < 0.05) in MD samples. In HD-trio sam-
ples LR results of Familias and EFMrep did not differ significantly. 

The proportion of cases passing the LR > 10,000 paternity threshold recommend-
ed by current Italian guidelines (http://www.gefi-isfg.org/temp/20112018100854.
pdf), depending on the type of pedigree, DNA degradation status and type of software 
used for calculations are shown in Table 2. 

Table 2. Proportion of paternity tests with final LR value > 10,000.

Familias EFM EFMrep

HD-duo 20% 20% 50%

MD-duo 55% 91% 91%

HD-trio 40% 20% 60%

MD-trio 89% 89% 89%
It can be seen that, despite the higher average LR values obtained with Familias in MD-trios, the proportion 
of cases reaching the paternity threshold of 10,000 did not differ between the three software (89%). On 
the other hand, although Familias and EFMrep average LRs were comparable in HD-trios, the proportion of 
cases showing LR values > 10,000 was higher for EFMrep (60%) compared to Familias (40%).

Discussion

There is a current shortage of dedicated probabilistic genotyping software for kin-
ship testing of LT-DNA samples [10]for example determining whether two persons 
are second cousins or unrelated, can be done by comparing their genotypes at 
a selection of genetic markers. When the data for one or more of the persons is 
from low-coverage next generation sequencing (lcNGS. Standard software, such as 
Familias, can model dropout. However, it lacks the whole range of functionalities 
associated with continuous probabilistic software used for the interpretation of 
individual contributions to stains. We took advantage of the ability of such software 
(EFM, EFMrep) to deal with hypotheses including related contributors to test their 
performance in paternity cases with LT-DNA, as an alternative to Familias. The ob-
tained results indicate that, independently from the typology of pedigree (with or 

http://www.gefi-isfg.org/temp/20112018100854.pdf
http://www.gefi-isfg.org/temp/20112018100854.pdf
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without maternal information) and from the degree of degradation of the sample, 
EFMrep was the software that maximized LR values, due to its ability to analyse 
data derived from the combination of STR kits with different primer design, thus 
increasing the number of fully informative loci [2]. The only exception was seen in 
cases where DNA degradation was only mild and maternal information was avail-
able. In such conditions, standard analysis with Familias generated significantly 
higher LR values compared to EFM and EFMrep, but no difference between the 
three software in the percentage of cases passing a set paternity threshold of LR > 
10,000 was seen. 

Conclusion

This preliminary study enabled us to define a flow chart for the selection of pref-
erential amplification and interpretation strategies in paternity cases that may 
require the analysis of LT-DNA, such as that derived from FFPE tissue, bone spec-
imens, or personal items used as reference samples. To strengthen current find-
ings, analysis of further LT-DNA paternity cases and investigation of the impact on 
software performance of additional replicates and combinations of STR kits will be 
needed in the future.
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Abstract 
The purpose of the Ge.F.I. recommendations update is to guide the intervention of healthcare 
professionals involved in the collection of biological samples from victims of sexual violence 
and/or abuse for forensic genetic testing purposes, considering the new DNA technologies and 
the increase of analysis sensitivity. The sample collection procedure is crucial for ensuring that 
biological stains from victims of sexual violence are properly and effectively collected to avoid 
DNA contamination or degradation as well as the assessment of the chain of custody to maintain 
evidence integrity.
The recommendations serve as the “minimum standards” that can be included in the practices of 
healthcare providers and response units to sexual violence and abuse.
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Informed consent from victims of sexual violence and/or abuse must be properly recorded before 
receiving medical care or participating in any body sampling activity. Healthcare professionals—
even those appointed by the Judicial Authority— must ensure that individuals seeking assistance 
in cases of sexual violence and/or abuse receive comprehensive and unambiguous information 
about the protocols for the collection of biological specimens for forensic genetic testing. Gui-
ding criteria for handling, sampling, and storage of forensic evidence, including samples from 
body and clothing or other material of interest of the sexual assault victim, are described in a 
table format, which is easy to consult also in the emergency room. In addition, some photos 
showing the proper techniques for collection of skin samples and subungual material are inclu-
ded. Finally standard forms for informed consent, sample collection, chain of custody, and a list 
of materials/supplies useful for the collection of forensic evidence in emergency departments are 
provided. These forms can greatly assist the documentation process. 

Keywords
Sexual violence, biological samples, collection, DNA, chain of custody

1. Introduction

The Ge.F.I., Italian working group of the Internation Society for Forensic Genetics 
(ISFG), updated the previous published recommendations on the collection of bio-
logical samples for forensic genetic testing in the forensic care of victims of sexual 
violence and/or abuse. The purpose of the Ge.F.I. updated recommendations is to 
guide the intervention of healthcare professionals considering the new DNA tech-
nologies and the increase in their analytical sensitivity. These recommendations 
have the following main objectives:

— outline standard medical procedures for sampling of biological speci-
mens from survivors of sexual assault and/or abuse and which can be 
accessible to judicial authority for the proper forensic examination/tes-
ting;

— ensure the evidentiary value of biological specimens by properly main-
taining the integrity and continuity of the chain of custody for handling, 
sampling, and storage of forensic evidence;

— provide adequate medical forensic examination procedures in instances 
involving victims of sexual assault and/or abuse.

2. Material studied, methods, techniques

Members of the Ge.F.I. working group revised the scientific literature and the in-
ternational recommendations and guidelines. Group meetings were organized to 
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evaluate each regional healthcare settings to adapt the procedures to the local fa-
cilities and health professionals training. Standard forms for informed consent, 
samples collection, chain of custody, and a list of materials/supplies useful in the 
collection of forensic evidence in hospital emergency departments were recom-
mended based on the Italian law and code of penal procedure.

3. Results

3.1 Informed consent
Informed consent from victims of sexual violence and/or abuse must be 

properly recorded before receiving medical care or participating in any body sam-
pling activity. Healthcare professionals—even those appointed by the Judicial Au-
thority—must ensure that individuals seeking assistance in cases of sexual vio-
lence and/or abuse receive comprehensive and unambiguous information about 
the protocols for the collection of biological specimens for forensic genetic testing. 
They also have to ensure that the person receiving medical care is given proper 
attention to any question about the reasons and procedures of the sampling pro-
cess. Both acceptance and refusal of consent should be formally documented in the 
medical history records. If, after being fully informed, the person does not consent, 
healthcare professionals should record the victim’s disagreement and not proceed 
further with sampling. For minors, individuals exercising parental responsibility 
or legal guardianship must provide or refuse their informed consent to any medi-
cal treatment the minor receives taking into account the will of the child in light 
of his/her age and maturity. Medical practitioners are formally required to inform 
those with parental responsibility or the legal representative that, in the event of 
a refusal to give consent, the case will be reported to the Judicial Authority if ex 
officio crime prosecution is involved. This notification must be provided after they 
have been duly informed about the diagnostic hypothesis of violence and/or sexual 
abuse against the minor and the procedure for sampling on the minor’s body sites.

3.2 Samples collection
A detailed examination of the circumstances surrounding the violent event 

is necessary before collecting any biological specimens. When feasible, it is impor-
tant to take into account the following factors: the length of time elapsed between 
the violent event and the sample collection, how the violent act was committed, the 
actions performed by the survivor after the assault (such as cleaning the affected 
anatomical parts, changing clothes, ingesting liquids, etc.), and the psychophysical 
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state of the victim. It is recommended to collect biological specimens from the vic-
tim for forensic DNA testing as soon as possible, as the probability of collecting use-
ful evidentiary material decreases over time. It is also advisable to collect samples 
on the person receiving assistance and obtain clothing and personal items in cases 
of prolonged mechanical immobility as a result of the victim’s impairment, or if 
there is no specific information available regardless the time since the aggression. 

It is preferable to consult a forensic genetics expert whenever possible for 
guidance on the handling, collection, and preservation of biological evidence given 
the unique nature of forensic DNA testing. Biological specimens (blood, semen, 
and saliva stains, hairs, sweat and epidermal cells) can be collected on different 
body sites including swabs from oral, skin, external genital, vaginal, cervical, per-
ianal, rectal and penile areas. Hairs and sub-ungueal material must be collected. 

Other biological specimens could also be found at the place where the vio-
lent event occurred: these are special situations that involve the intervention of the 
Judicial Authority and/or law enforcement agency. The healthcare practitioner re-
sponsible for gathering the circumstantial data must notify the Judicial Authority 
and/or law enforcement agency of this possibility based on the narrative disclosed.

Biological specimens on clothing are not always visible to the naked eye. All 
clothing worn at the time of the event should therefore be collected, with particu-
lar regard to underwear and any intimate pads, diapers, or whatever is in contact 
with the intimate regions, which, if found attached to the garment, should not be 
detached. If the person receiving assistance claims to have changed clothes, it is 
preferable to obtain clothing currently wearing, especially the underwear, and ad-
vise to preserve (without washing) the items worn at the time of the violent event to 
be turned in either directly to law enforcement or indirectly through medical staff.

Items such as handkerchiefs, condoms (including female condoms), and 
speculum should be collected, placed in appropriately sized containers (e.g., dispos-
able falcons, Petri dishes, jars), and stored in the freezer at -20°C. In the instance of 
condoms, in particular, it is instructed to seal their end to prevent the leakage of any 
seminal fluid. It is mandatory to change gloves after this operation. Since it is also 
possible to generate genetic profiles in the absence of sperm cells from swabs (vag-
inal, rectal, etc.), setting up microscope slides for sperm detection is not necessary 
for forensic genetic testing. As microscope slides used for genetic analysis can also 
be set up for other diagnostic purposes, samples should be stored in suitable con-
tainers to avoid contamination and maintain the integrity of the chain of custody.

In case of voluntary termination of pregnancy, miscarriage, or childbirth 
related to violent events, healthcare personnel (gynecologist/obstetrician) must  
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collect abortion material, placenta, fetal funiculus, and neonatal blood. Abortion 
material/placenta/fetal funiculus should be stored in separate and sterile containers 
as dry as possible, avoiding excess blood, without preservative liquid (e.g., formalin 
or saline), and frozen at -20°C. In case of childbirth it is recommended to take a few 
drops of neonatal blood to be affixed on a specific paper (e.g., Guthrie card).

3.3 Protective devices
All healthcare practitioners must mandatory wear personal protective 

equipment, adopt all procedures aimed at avoiding contamination events (per-
sonnel-specimen contamination, specimen-specimen contamination, environ-
ment-specimen contamination), and ensure the integrity and proper handling, 
storage, and traceability of the evidentiary material collected.

A health care provider is responsible for the material collected during the 
collection stages; thus, it is recommended to avoid leaving the victim unattended 
at the outpatient clinic while samples are being taken. In the case of injury, such 
as a bite or wound, it is crucial to discuss with the clinician whether samples of 
forensic genetic relevance can be obtained before the wound is healed, and if that is 
possible, proceed with taking metric-referenced photographic images.

Oral swabbing should be considered in the event of oral penetration, and this 
should be discussed with the clinician as soon as the anamnestic data is obtained 
and before the victim ingests any oral fluids.

The collected items must be placed in tamper-evident, sealed bags to main-
tain the integrity of the chain of custody.

It is recommended, according to the internal policies of each healthcare 
provider facility, to:

1. Draft the collection form and outline all procedures related to the sam-
pling of relevant body samples and clothing/other material of interest;

2. Include the following sentence in the medical records of the sexual assault 
victim (ER report, medical record, or outpatient certificate): “A collec-
tion list including evidence samples has been created in case forensic 
genetic testing will be required.”

3. Prepare a chain-of-custody form, allowing traceability of the evidence 
(delivery-custody), which must be countersigned by the healthcare pro-
vider responsible of victim care. This record must contain the identi-
fying information of the case, date of the tasks completed, and details of 
the healthcare provider. The documentation must follow the evidentiary 
items and must be updated with subsequent handover actions. 
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Discussion

International guidelines and scientific literature suggest that individuals who have 
experienced sexual violence often seek medical assistance, even if they may fail to 
disclose the event itself. As reported by WHO, health workers are also well placed to 
collect and document the evidence necessary for corroborating the circumstances 
of the sexual assault, and for identifying the perpetrator and the health conse-
quences of the event. Such evidence is often crucial to the prosecution of sexual 
violence cases [1]. Since 2013, the Ge.F.I. group published on https://www.gefi-isfg.
org the first version of the recommendations on the collection of biological sam-
ples for forensic genetic testing in the contest of medical legal care of victims of 
sexual violence and/or abuse and the document was attached to the Italian National 
guidelines for health services and hospitals for the social-healthcare assistance to 
women victims of violence. 

Following the international recommendations and dedicated toolkit [2-5], the 
standard protocol guiding the process of forensic evidence collection has been updat-
ed considering the new DNA technologies and their increasing analysis sensitivity. 
Considering that the sample collection procedure is crucial to avoid DNA contami-
nation or degradation as well as the assessment of the chain of custody to maintain 
evidence integrity, our recommendations serve as the “minimum standards” that 
should be included in the practices of healthcare providers and response units to sex-
ual violence and abuse ensuring also the evidentiary value of biological specimens.

For a rapid consultation by health care providers during the physical ex-
amination of the persons who report having been sexually assaulted, a quick con-
sultation table was prepared containing the issues on procedures used to collect 
biological specimens from a sexual assault victim’s body, subdivided in: body site of 
collection, maximum time interval after offense, method of sample collection, and 
method of intimate sample storage. A summary table on the procedures used to 
collect the victim’s clothing and other material of interest was also set up.

We agree with WHO [1] that health workers should be aware of the capabil-
ities and requirements of their forensic laboratory and we think that that the rec-
ommendations can also be used for training of health care practitioners dedicated 
to preventing and responding to all forms of violence against women and girls. 
The training, as reported by WHO [6], is crucial to improve the health system’s 
response to violence against women.

https://www.gefi-isfg.org
https://www.gefi-isfg.org
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Conclusion

The recommendations are available at https://www.gefi-isfg.org and will be incor-
porated into healthcare practices to provide care and support to survivors of sexual 
assault Feedback on these guidelines are welcome. As reported on ISFG website, 
the Ge.F.I. group is inviting anyone who may wish to contribute to the revision of 
this document, by sending their comments to the Coordinator of the Sexual Vio-
lence Working Group, Susi Pelotti at susi.pelotti@unibo.it.
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Abstract
The present work aimed to assess postmortem changes at the cellular level over time, as a po-
tential tool to improve Postmortem Interval (PMI) estimates. To address this, RNA was isolated 
from buccal swab samples from human subjects of postmortem intervals from 1 to 22 days af-
ter death under natural environmental decomposition conditions. Based on the molecular cell 
death signaling processes, we studied the expression patterns of 18 genes involved in cell death 
by quantitative Polymerase Chain Reaction (qPCR). Remarkably, we observed expression of both 
housekeeping (GAPDH), and key genes involved both in apoptosis and necrosis processes up to 
22 days after death. Additionally, a constant downregulation of the expression of FasL, FasR, 
DR4, DR5, and Caspase-9 genes was observed for all timepoints compared to day 1 after death, 
along with similarity in their expression patterns from 2-10 days after death. Furthermore, Bcl-2, 
RIPK-1 and NF-κβ genes éxpression was found to be upregulated for all timepoints compared to 
day 1 after death, together with similar expression patterns from 2 to 10 days after death. Further 
research is needed to validate these genes as PMI estimation biomarkers by evaluating them in a 
larger number of individuals and conditions.
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Introduction

Postmortem interval (PMI) determination is an important and, at the same time, a 
challenging issue in forensics sciences [1]. Over the years, innovative approaches 
have been tried, from physical evaluation to molecular methods, without being 
validated as successful for accurate PMI estimation [2]. Postmortem interval es-
timation relies on the assessment of the effect of various processes occurring in 
the body after death. Traditionally, postmortem interval has been classified into 
early and late PMI. Early PMI (up to 3 days after death) has been most frequently 
estimated using physical postmortem changes. Late PMI (more than 3 days after 
death), when the decomposition begins, is a more challenging task as environmen-
tal factors and the presence of insects and scavengers can accelerate or slow down 
these processes; consequently, other methods different to physical evaluation have 
been developed [3]. The present work aimed to assess postmortem gene expression 
changes at the cellular level over time as a potential tool to improve PMI estimates. 
To address this, RNA was isolated from buccal swab samples from human subjects 
of postmortem intervals from 1 to 22 days after death under natural environmental 
decomposition conditions.

Material studied, methods, techniques

Sample obtention
The experiment was carried out at the Forensic Osteology Research Station 

(FOREST) facilities in Cullowhee, North Carolina. Buccal swab samples were taken 
from human subjects from 1 to 22 days after death under natural environmental 
decomposition conditions.

RNA isolation and qPCR 
DNA/RNA co-isolation was performed using the Quick DNA/RNA Miniprep 

Plus Kit (Zymo Research. Irvine, CA, USA) from all buccal swab samples using 
and cDNA was synthesized using the qScript Ultra SuperMix (Quantabio. Beverly, 
MA, USA) and RT-PCR was conducted using the PerfeCTa SYBR® Green FastMix 
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(Quantabio. Beverly, MA, USA) for 18 genes involved in cell death processes plus 
one housekeeping gene (GAPDH), according to manufacturer’s recommendations.

Results

Gene expression was found in all samples from 1 to 22 days after death, both for 
the housekeeping gene and for the rest of the analyzed genes in the present work. 
During the early PMI (up to 3 days after death) period the expression of genes FasR, 
FasL, DR4, DR5, TRAIL, and Caspases 3 and 9, all of them involved in the apoptosis 
pathway, was downregulated compared to day 1 after death. On the other hand, 
genes PTEN, Akt, Jnk, Bcl-2, Bad, NF-κβ, and Caspase 8, also involved in apoptosis 
and other regulatory pathways, and the RIPK-1 gene involved in necroptosis, were 
observed to be upregulated during the early PMI period (Figure 1). 

Figure 1. Schematic representation of apoptotic and necroptotic gene expression during early 
PMI. The genes highlighted in green color represent upregulation, and the genes highlighted 

in red color represent downregulation during early postmortem interval (PMI).
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For late PMI (more than 3 days after death) we observed genes FasR, FasL, DR4, 
DR5, TRAIL, and Caspases 3 and 9 but also Caspase 8 to present a lower expression 
compared related to day 1 after death. In regard necroptosis pathway genes, RIPK-
1 continued presenting a higher expression in comparison to day 1 after death 
(Figure 2). 

Figure 2. Schematic representation of apoptotic and necroptotic gene expression during late 
PMI. The genes highlighted in green color represent upregulation, and the genes highlighted 

in red color represent downregulation during late postmortem interval (PMI).

 Discussion

Higher expression, compared to day 1 after death, was found for genes involved in 
apoptosis inhibition such as Akt (Ak strain transforming), Bcl-2 (B cell lymphoma/
leukemia 2), and NF-κβ (Nuclear factor κβ), and both in early and late PMI samples. 
The expression level of apoptotic inhibitors might be explained as a late attempt of 
the cell to survive by halting programmed cell death and promoting the activation 
of survival genes. For example, NF-kB protein has been reported to exert pro-sur-
vival activity by inducing the transcription of several antiapoptotic genes (i.e. Bcl-2 
family members) in certain tissues under certain biological contexts [4-6]. Some 
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pro-apoptotic genes: PTEN (Phosphatase and tensin homolog deleted on chromo-
some 10), Bad (Bcl-2 associated agonist cell death), and Jnk (c-Jun N-terminal 
kinase), were also observed to be upregulated both in early and late PMI samples. 
The increase in the expression of genes encoding pro- and antiapoptotic proteins 
seems to respond to an inter-regulation between them, as it has been observed for 
other animals such as zebrafish and mice [7].

Furthermore, from the whole set of genes studied in the present work, 
Caspase-8 was the only one we detected to substantially change its gene expression 
pattern between early and late postmortem interval as in terms of its expression 
compared to day 1 after death. Caspase-8 has been reported to trigger the extrinsic 
apoptotic pathway in response to the activation of cell surface Death Receptors 
(DRs) such as Fas, TRAIL, and TNF, and it can also trigger the intrinsic apoptotic 
pathway under certain conditions [8]. Besides, Caspase-8 also plays key roles in 
autophagy, and pyroptosis as well as playing a crucial function on inhibition of 
necroptosis [9]. By reducing the expression of the Caspase-8 gene in the late post-
mortem interval the cell may be making a late attempt to stay alive. 

Finally, it is also worth mentioning that during the early and late PMI peri-
ods, the expression level of the RIPK1 gene remained higher than on day 1 postmor-
tem, together with the high expression of the anti-apoptotic genes and inhibition 
of anti-necroptosis/pro-apoptosis Caspase-8 gene in late PMI samples, which might 
be pointing to the cell moving on from an apoptosis process to a necrosis process.

Conclusion

We observed expression of both housekeeping (GAPDH), and key genes involved 
both in apoptosis and necrosis pathways up to 22 days after death. A constant 
downregulation of the expression of FasL, FasR, DR4, DR5, and Caspase-9 genes 
was observed for all timepoints compared to day 1 after death, along with similarity 
in their expression patterns from 2-10 days after death; while Bcl-2, RIPK-1 and 
NF-κβ expression was found to be upregulated for all timepoints compared to day 
1 after death, together with similar expression patterns from 2 to 10 days after 
death. Remarkably, Caspase-8 was the only one we detected to change its gene 
expression pattern between early and late postmortem interval, upregulated and 
downregulated, respectively. Further research is needed to validate these genes as 
PMI estimation biomarkers by evaluating them in a larger number of individuals 
and conditions. 
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Abstract
Sudden unexplained death (SUD) refers to sudden death in which the cause of death could not 
be established after a comprehensive medico-legal investigation, including pathological/toxico-
logical assessment and forensic investigation of the circumstances of death. In the past decade, 
molecular autopsy has proved to be an efficient diagnostic tool in the multidisciplinary ma-
nagement of SUD. Though numerous pathogenic/likely pathogenic (P/LP) variants have been 
identified, there is still a large proportion of SUD cases without clear molecular autopsy findings, 
suggesting that the genetic predisposition contributing to SUD might be more complicated than 
expected. In this study, we analyzed published datasets to characterize the distribution pattern of 
rare P/LP variants. Enrichment analyses were subsequently conducted to identify the most affec-
ted canonical pathways/biological processes and phenotypes/cell types with strongest correlation 
to SUD. In addition, the constraint metrics of genes harboring P/LP variants were also assessed 
to investigate the role of selective pressure in shaping the genetic features of SUD.

Keywords
Sudden unexplained death (SUD), molecular autopsy, genetic constraint, pathogenic variants.

Introduction

Sudden unexplained death (SUD) constitutes a considerable portion of unexpect-
ed sudden natural death in children and young adults. Though primary arrhythmia  
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syndromes have been proposed as the most important risk factor for SUD, its 
pathophysiology and genetic background need to be further elucidated. Molecular 
autopsy has proved to be an efficient diagnostic tool in disclosing the genetic back-
ground of SUD. By post-mortem genetic testing, pathogenic/likely pathogenic (P/
LP) variants in cardiovascular and metabolic genes were shown to exist in about 
one-third of the SUD cases. Based on published datasets, we aim to identify the 
genetic constraint characteristics and biological correlates of SUD susceptibility 
genes.

Material studied, methods, techniques

Our analysis included 12 studies focusing on the genetics of SUD, sudden arrhyth-
mic death syndrome (SADS), or sudden infant death syndrome (SIDS) [1-12]. 
Enrichment analyses were conducted using Metascape [13] to identify the most 
affected canonical pathways/biological processes and correlated phenotypes/cell 
types. In addition, a comprehensive assessment of the constraint metrics and in-
tolerance scores of genes harboring P/LP variants was performed to investigate the 
role of selective pressure in shaping the genetic features of SUD. Specifically, the 
Loss-of-function Observed/Expected Upper bound Fraction (LOEUF) [14], Residual 
Variation Intolerance Score (RVIS) percentile [15], protein-coding and non-cod-
ing Genomic Evolutionary Rate Profiling (pcGERP/ncGERP) percentile [16] was 
respectively evaluated. Continuous variables were presented as mean ± standard 
error of the mean (SEM). Comparisons between two groups were made using the 
Mann-Whitney U test. Pairwise multiple comparisons were made using the one-
way ANOVA test and Dunn’s multiple comparison post-test. All statistical tests were 
two-sided and a P value < 0.05 was considered statistically significant. 

Results and discussion

In brief, 251 rare P/LP variants distributed in 113 different genes were identi-
fied from a total of 1272 cases. As shown in Figure 1A, RYR2 was found to be 
the most frequently affected gene (37 P/LP variants), followed by SCN5A (12 P/LP 
variants), TTN (12 P/LP variants), KCNH2 (10 P/LP variants) and KCNQ1 (8 P/LP 
variants). Previous studies already concluded that dysfunction of the critical calci-
um/sodium/potassium channel encoding genes could lead to ion channelopathies  
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manifested as severe inherited cardiac arrhythmias, including long QT syndrome, 
short QT syndrome, and Brugada syndrome [17]. In addition, the giant muscle 
filament titin encoding gene, TTN, was reported to be associated with different 
subtypes of cardiomyopathies [18]. 

Figure 1. Gene-based distribution of P/LP variants and enrichment analysis results.

Among enriched pathways and processes, striated muscle contraction (GO: 
0006941) was identified as the most relevant biological process (Figure 1B), fol-
lowed by heart development (GO: 0007507) and regulation of striated muscle con-
traction (GO: 0006942). In terms of gene-disease association, hypertrophic car-
diomyopathy was identified as the most common disease phenotype, followed by 
sudden cardiac death and cardiac arrhythmia (Figure 1C). These findings further 
confirmed that cardiac dysfunction is the most important pathologic basis of SUD. 
In addition, an enrichment analysis in Cell Type Signatures revealed that a majori-
ty of the 113 candidate genes were abundantly expressed in cardiac fibroblasts, car-
diomyocytes, and fetal eye skeletal muscle cells (Figure 1D). These findings suggest 
that except for cell types known to be involved in cardiac dysfunction, disorders of 
other muscular organs might also be observed. Therefore, during the investigation 
of suspicious SUD, a thorough review of the medical history is recommended to 
obtain suggestive evidences supportive of molecular autopsy findings.

Regarding constraint metrics and intolerance scores, the 113 candidate 
genes harboring P/LP variants have consistently lower LOEUF, RVIS percentile, pc-
GERP percentile, and ncGERP percentile values compared with 113 random genes 
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from GENCODE Human Release 31 (Figure 2). Moreover, a stepwise comparison 
among genes that harbor different amount of variants (Group A: 1 variant; Group 
B: 2-4 variants; Group C: more than 5 variants) showed genes harboring more P/
LP variants have lower LOEUF, RVIS percentile, pcGERP percentile, and ncGERP 
percentile values (Figure 3). Low LOEUF scores indicate strong selection against 
predicted loss-of-function (pLoF) variants in a given gene, while high LOEUF 
scores suggest a relatively higher tolerance to inactivation. Similarly, genes with 
lower RVIS percentile values are more intolerant to sequence variation compared 
to genes with higher RVIS percentile values. In addition, lower pcGERP percentile 
and ncGERP percentile values indicate that the genes have relatively strong dos-
age sensitivities due to their highly conserved protein-coding and non-coding se-
quences compared to the rest of the genome. Taken together, our findings suggest 
that genes reported to harbor substantial P/LP variants are relatively intolerant to 
deleterious genetic variants in either coding or non-coding region. Due to selec-
tive pressure, variants with functional effects in these genes have higher risks of 
leading to severe phenotypes before reproductive age. Correspondingly, the genetic 
constraint characteristics could be used as an important index for the interpre-
tation of molecular autopsy findings, especially when there is a lack of evidence 
regarding the genotype-phenotype correlations.

Figure 2. The 113 candidate genes have lower LOEUF, RVIS percentile, pcGERP and ncGERP 
percentile values compared with 113 random genes (**P ≤ 0.01; ***P ≤ 0.001).
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Figure 3. Genes harboring more P/LP variants have relatively lower LOEUF, RVIS percentile, 
pcGERP and ncGERP percentile values (*P≤0.05).

Conclusion

By analyzing published datasets from SUD/SADS/SIDS studies where a molecular 
autopsy was performed, the distribution pattern of 251 rare P/LP variants was char-
acterized. Within the 113 genes harboring P/LP variants, ion channel encoding 
genes were found to be the most frequently affected genes. Among enriched path-
ways and processes, striated muscle contraction was identified as the most relevant 
biological process, while hypertrophic cardiomyopathy was identified as the most 
common disease phenotype. In addition to cardiac fibroblasts and cardiomyocytes, 
a majority of the candidate genes were also abundantly expressed in other cell 
types. More importantly, genes harboring more P/LP variants generally have lower 
LOEUF, RVIS percentile, pcGERP and ncGERP percentile values, suggesting that 
the genetic constraint characteristics might be used as an index when evaluating 
molecular autopsy results. In conclusion, our study provides insights into a better 
way of interpreting molecular autopsy findings.
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Abstract 
Short Tandem Repeat (STR) in DNA comparison testing is used to link evidence to evidence or 
evidence to a person. The current testing loci, according to CODIS 2017, are 20 loci. For human 
DNA testing, the laboratory performs the commercial “A” reagent kit that has 24 testing loci: 
Amelogenin X, Amelogenin Y, DYS391, D1S1656, D2S441, D2S1338, D3S1358, D5S818, D7S820, 
D8S1179, D10S1248, D12S391, D13S317, D16S539, D18S51, D19S433, D21S11, D22S1045, CS-
F1PO, FGA, SE33, TH01, TPOX, and vWA. Those testing loci are stored in the DNA database 
system. Unusual phenomena, such as the occurrence of additional alleles and the disappearance 
of alleles, can occur in each DNA test. Therefore, the researcher is interested in the unusual 
phenomena using the commercial “A” test kit, and the purpose of this research is to determine 
the number of unusual phenomena occurring with the commercial “A” reagent kit. The research 
was conducted by testing the DNA of 12,058 persons during databasing by the Biology and DNA 
Subdivision, a laboratory of the Central Police Forensic Science Division under the Royal Thai 
Police. The test results found that there were two unusual phenomena. The first phenomenon 
detected in 114 DNA profiles (80 Thai and 34 Myanmar, 0.95%), was that one or two alleles had 
disappeared, but there was mystifying appearance of an additional allele in the adjacent locus 
DYS391. The other phenomenon detected in 12 DNA profiles (11 Thai and 1 Myanmar, 0.10%), 
was that the allele of locus DYS391 was missing, but an additional allele was displayed at locus 
TPOX. These phenomena may occur due to the lack of a supporting bin. The research findings 
show that it is necessary to be precautious when interpreting DNA using commercial kits.
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Introduction

The Biology and DNA Subdivision laboratory investigates biological stains and DNA 
on evidence, collecting STR DNA profiles using 24-loci commercial “A” test kit. 
These profiles are entered into a DNA database. Alleles of each locus were identified 
by converting DNA product sizes to STR alleles using genotyping allele bins.[1]. 
Unusual peaks, such as off-ladder peaks, arise from the absence of allele bins in the 
genotyping process, potentially resulting from the presence of variant alleles or 
extremely small alleles [1-3]. Unusual phenomena in the collected profiles, such as 
the occurrence of additional alleles or the absence of certain alleles, were observed 
during the analysis with the 24-loci commercial “A” test kit. 

Therefore, the aim of this research is to determine the occurrence of unusu-
al phenomena in the collected profiles using the 24-loci commercial “A” kit.

Material studied, methods, techniques

Collection of STR DNA Profiles
A total of 12,058 buccal swab samples were collected from consenting Thai 

and other national individuals.

Direct PCR
Lysis buffer and PCR reagents were used from the commercial “A” kit. For 

samples exhibiting unusual phenomena, analyses were repeated using commercial 
kit B or commercial kit C.

DNA Analysis
The DNA fragments were analyzed using the Genetic Analyzer 3500XL, and 

DNA profiles were generated using the program GeneMapper-IDX v.1.4.

Results

Among the 12,058 STR DNA profiles analyzed, we identified 126 profiles exhibiting 
two main unusual phenomena:
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Disappearing Allele at D1S1656 and Appearance at DYS391:
We observed that the allele of locus D1S1656 had disappeared, but it was 

shown in locus DYS391 (Figure 1) in 114 STR DNA profiles (0.95% of 12,058 pro-
files, including 80 Thai and 34 Myanmar individuals).

Figure 1. Shows alleles of both loci D1S1656 and DYS391 in the first phenomenon using 
Commercial A kit. An additional OL peak of DYS391 in DNA results male DNA sources, Sample 
72097 (Figure 1a) and Sample 82122 (Figure 1b), and a female DNA source Sample 77677 (1c); 

causing the first phenomenon. 

We re-amplified the aforementioned samples using commercial B kit and detected 
the presence of additional alleles 8 and 9 at the D1S1656 locus (Figure 2).

Figure 2. Shows alleles of locus D1S1656 in DNA results of Sample 72097 and Sample 82122 
using Commercial B kit. A well-balanced heterozygous peak of locus D1S1656 of both Sample 

72097 (Figure 2a) and Sample 82122 (Figure 2b).

Missing Allele at DYS391 and Appearance at TPOX:
We found that the allele of locus DYS391 was missing while it was displayed 

as an additional allele at locus TPOX (Figure 3) in 12 STR DNA profiles including 
11 Thai and 1 Myanmar (0.10% of 12,058 profiles).
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Figure 3. Shows alleles of both loci DYS391 and TPOX in the second phenomenon using 
Commercial A kit. Figure 3a shows a tri-allele occurrence at locus TPOX of Sample 77642 (male). 
Figure 3b shows a pseudo-heterozygous peak at locus TPOX of Sample 81134 (male), while the 

allele of DYS391 was missing.

A total of 12 STR DNA profiles were re-amplified using commercial C kit. The re-
sults revealed the absence of allele 15 at the TPOX locus, while allele 8 was identi-
fied at the DYS391 locus (Figure 4).

Figure 4. Shows alleles of both loci DYS391 and TPOX in the second phenomenon using 
Commercial A kit. Figure 3a shows a tri-allele occurrence at locus TPOX of Sample 77642 (male). 
Figure 3b shows a pseudo-heterozygous peak at locus TPOX of Sample 81134 (male), while the 

allele of DYS391 was missing.

Discussion

The first phenomenon may occur due to the lack of a genotyping allele bins 
for D1S1656, as 8 and 9 are found to be relatively rare (Table 1) [3-6], causing  
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displacement of an allele to an adjacent locus DYS391 in the same panel. Simi-
larly, a missing allele from locus DYS391 of a male DNA source observed in the 
second phenomenon was shifted to locus TPOX causing an unusual tri-allele or 
pseudo-heterozygous peak. Both phenomena are “inter-loci shift” that may lead to 
misinterpretation of DNA result (Figure 5). An inter-loci shift was also identified as 
being associated with an extremely short allele of D1S1656 utilized in the Power-
Plex® 16 ESI and ESX kits [3].

Figure 5. shows “inter-loci shift” phenomena between loci TPOX, DYS391 and D1S1656 using 
Commercial A; Arrows in figure 5a represent the direction of “inter-loci shift” found in this research. 

Table 1. Allele frequencies of rare alleles [4-7]

Locus Allele Frequency

D1S1656

Thailanda Europeb

8 9 8 9

0.0042 0.0012 No data 0.0000707

DYS391

Thailandc YHRD databased

6 6

0.0049 0.0023
a. Autosomal STR allele frequencies from Thai population [4]
b. Autosomal STR allele frequencies from European populations [5]
c. Y STR allele frequencies from Thai population [6]
d. Y STR allele frequencies from YHRD database [7]

Conclusion

We identified unusual phenomena in 126 of 12,058 profiles from Thai and Myan-
mar individuals using the commercial “A” kit (approximately 1%). Therefore, it is 
necessary to be cautious when interpreting DNA results using the kit with DNA 
profiles in Thailand and Myanmar population, especially when interpreting DNA 
results of an unknown DNA sources lacking information on gender.
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Abstract 
The Colombian town of San Basilio de Palenque, established as a refuge for enslaved Africans 
more than 400 years ago, has maintained an African culture and traditions that include the Afro-
Spanish Creole language. It was previously discovered that the Creole language of the Palenque 
population has a single African substrate: the Yombe language of the Pointe-Noire region in the 
Republic of the Congo (Ansari-Pour, N. et al., 2016). We characterized the African subcontinental 
origins of Palenque individuals, through fine-scale analysis of WGS data from Palenque donors 
along with African reference samples using Chromopainter v2. While individuals from Palenque 
show the highest levels of Bantu (Loango Coast) ancestry, it is also clear that they have substan-
tial contributions from the three African regions that participated in the transatlantic slave trade 
to Colombia (51% Bantu, Loango Coast, ancestry), 35% of Ensenada Benin ancestry and 14% of 
Senegambia ancestry). Palenque also shows substantial genetic diversity within the Bantu gene-
tic ancestry component. The Yombe language corresponds to the Kongo-like population group 
that constitutes 25% of the Palenque ancestry, while the remaining Bantu population groups 
represent 26% of the Palenque ancestry. With our results, we could conclude that the African 
substrate of Palenquero language is actually more complex than previously imagined, with con-
tributions from multiple African languages. 

Keywords 
Afro descendant population, creole language, WGS, ancestry.
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Introduction

Widespread cimarronaje during the colonial period led to the formation of autono-
mous communities of enslaved Africans and their descendants (maroons) through-
out the Americas [1]. Maroon communities took refuge in fortified villages known 
as palenques, which were strategically located in inhospitable and hard to reach 
regions during the 16th and 17th centuries [2]. The town of San Basilio de Palenque 
is the only such community that exists to this day, more than 400 years after it was 
established [2-3]. Palenque is located in the Montes de Maria region, just over 40 
miles southeast of the port city of Cartagena in Colombia’s Bolivar department. To 
this day, the residents of Palenque speak a creole language known as Palenque-
ro, which combines Spanish and African linguistic elements [4,5]. Linguists have 
characterized a single African substrate for Palenquero – the Kikongo language, 
which is a member of the Bantu language family spoken in the Republic of the 
Congo, the Democratic Republic of Congo, and Angola [4-6] The Yombe language, 
from the Pointe-Noire area of the Republic of the Congo, is considered to be the 
specific source of Palenquero [7,8]. Previous studies on the genetic ancestry of 
Palenque have a limited resolution on the African ancestry of Palenque [9, 10-15]. 
For this study, we performed a whole genome sequence (WGS) analysis to more 
deeply understand the African genetic origins of Palenque and considered genetic 
ancestry in the context of African linguistic groups.

Material studied, methods, techniques.

Material I
DNA sample donors were enrolled by the Institute of Immunological Re-

search of the University of Cartagena. All donors provided written informed consent. 
Whole genome sequencing of 34 Palenque samples to 30x coverage was performed 
on the Illumina HiSeq 2000, as part of the Consortium on Asthma among African 
Ancestry Populations in the Americas (CAAPA) project (https://www.caapa-project.
org/), and variants were called as previously described [16]. 

Material II
The program Chromopainter version 2 was used to infer subcontinental an-

cestry admixed American genomes using ancestry-specific haplotypes compared to 
ancestry group-specific reference samples [17]. Chromopainter was run on RFMix 
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masked genomic data to characterize each continental ancestry component of ad-
mixed genomes – African, European, and Native American – separately.

Results

We characterized subcontinental African genetic ancestry in the context of the 
geographic distribution of African language groups making the fine-scale genetic 
ancestry of 35 African populations coming from the three main regions that par-
ticipated in the transatlantic slave trade to Colombia: Senegambia (West Africa), 
the Bight of Benin (West Central Africa), and the Loango Coast (Southwest Africa) 
(Figure 1A). Additional Rain Forest Hunter Gatherer (RFHG) and East Bantu pop-
ulations were included for comparison. The major axis of genetic diversity revealed 
by PCA divides the Senegambia and the Bight of Benin population groups from 
the Loango Coast group, which corresponds to the distinction between non-Bantu 
and Bantu African language groups, respectively (Figure 1B). The results of Chro-
mopainter analysis show largely coherent patterns of genetic ancestry within the 
non-Bantu populations from Senegambia and the Bight of Benin; whereas the 
Loango Coast populations show substantial population structure with five distinct 
Bantu sub-groups (Figure 1C). Palenque show 51% of Bantu (Loango Coast) an-
cestry, 35% of Ensenada Benin ancestry and 14% of Senegambia ancestry (Figure 
1D). Palenque also shows substantial genetic diversity within the Bantu genetic an-
cestry component (Figure 1E). The Yombe language corresponds to the Kongo-like 
population group analyzed here, which makes up 25% of Palenque ancestry, while 
the remaining Bantu population groups make up 26% of Palenque ancestry. 

Discussion

For this study, we were most interested to ask about the sub-continental African 
origins of Palenqueros. We hypothesized that Palenque should show a mix of ge-
netic ancestry from different regions of Africa with high levels of genetic diversity. 
Our results show that Palenque have a majority of Bantu African ancestry, they 
also have substantial ancestry contributions from Senegambia and the Bight of 
Benin. Furthermore, within the Bantu ancestry component, Palenque shows evi-
dence of contributions from numerous groups beyond the single Kongo-like group 
that corresponds to the source of the African language substrate. Altogether, the  
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population of Palenque shows ancestral affinities to African populations that speak 
a wide variety of languages from the diverse Niger-Congo language family. These 
results highlight a striking dissonance between the African genetic origins of Palen-
que and the cultural dominance of a single African language substrate for the cre-
ole Palenquero language. The Kikongo language that forms the African substrate 
for Palenquero was spoken in the African kingdom of Kongo, which dominated 
much of southwestern Africa from the late 14th to the early 20th centuries [18]. 
By far, the largest number of enslaved Africans, close to 5.9 million, were taken to 
the Americas from this region (Loango Coast) during the transatlantic slave trade 
(https://www.slavevoyages.org/). Kikongo was, and remains to this day, the main 
base of a number of creole dialects spoken in adjacent African regions [19]. Once 
established as the dominant African language substrate by the founders of Palen-
que, later arrivals may have been compelled to adopt Palenquero, including both its 
African and Spanish strata, irrespective of their native African tongue.

Conclusion

With our results, we could conclude that the African substrate of Palenquero is ac-
tually more complex than previously imagined, with contributions from multiple 
African languages. Nevertheless, our results could also be used to motivate further 
studies and potentially new discoveries about the African substrate of Palenque.
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African genetic ancestry and language groups. (A) Locations of African reference 
populations among the three main sampling regions: West African (Senegambia, light blue), 

West Central Africa (Bight of Benin, dark blue), and Southwest Africa (Loango Coast, green). (B) 
PCA showing genetic relationships among African reference populations (colored as shown 
in panel A). (C) Chromopainter analysis showing genetic structure among African reference 

populations, grouped according to broad geographic regions and population groups. 
Individual level NNLS ancestry estimates are shown along with population average estimates. 

(D) Individual level and population average NNLS ancestry estimates for the three main African 
sampling regions: Senegambia (light blue), Bight of Benin (dark blue), and Loango Coast 

(purple). (E) Individual level and population average NNLS ancestry estimates for the Loango 
Coast (Bantu) component of African genetic ancestry. 
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Abstract 
Short tandem repeats (STRs) continue to be the golden standard used in forensic genetics. While 
many population studies have been published, data on sub-Saharan African populations is limi-
ted. In Ghana there are 75 recognized ethnic groups; the largest ethnic group is the Akan, who 
make up nearly 50% of the population.
This study involved sampling two populations of the Akan population, one from the Ashanti 
region and one from the Eastern region, with a total of 196 samples from unrelated males and 
females. These were extracted and analysed using the GlobalFiler™ Amplification kit. Data were 
analysed to test Hardy-Weinberg equilibrium (HWE) using Arlequin and population differentia-
tion using STRUCTURE, 
STRUCTURE analysis did not detect any significant differences between the two subpopulations 
and FST between the two populations was 0.00145, indicating a negligible level of genetic diffe-
rentiation.

Keywords 
STRs, GlobalFiler Amplification Kit, Ghana, Akan, Population genetics.

1. Introduction

Ghana is situated in west Africa bordered by Burkina Faso, Togo and Côte d’Ivoire, 
and on its southern boarder the Atlantic Ocean. The land area is approximately 
238,000 km2 and the population is estimated to be just over 32,000,000. Historical 
geographers and cultural anthropologists have categorised the Ghanaian popula-
tion into five primary groups: Akan, Ewe, Mole-Dagbani, Guan, and Ga-Dangbe, 
based on cultural and linguistic criteria [1]. The principal ethnic groups in Ghana 
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comprise Akan at 45.7% of the population, Mole-Dagomba at 18.5%, Ewe at 12.8%, 
Ga-Dangme at 7.1%, Gurma at 5.7%, Guan at 3.2%, Grusi at 2.7%, Konkomba at 
3.5%, and Kusaasi at 1.2%. Approximately 70 percent of the entire population re-
sides in the southern region of the country [1].

Limited forensic studies have been undertaken in Ghana. Wepeba et al. [2] 
performed a population genetic analysis of the four principal ethnic groups in 
Ghana, utilising the 21 loci GlobalFiler PCR amplification kit.

The study sought to analyse two populations of the Akan demographic: one 
from the Ashanti region and another from the Eastern region, comprising a total of 
196 samples from unrelated males and females (98 samples each) to assess genetic 
diversity within the Akan ethnic group in Ghana.

2. Material studied, methods, techniques

2.1. Sample collection, DNA extraction and Quantification
A total of 196 buccal swabs were collected from 2 Akan sub-populations with 

informed consent from participants. Ethical approval for the study was granted by 
the University of Central Lancashire’s Ethics review panel and from the College 
of Health Sciences, School of Medicine and Dentistry and the Committee on Hu-
man Research, Publications and Ethics of Kwame Nkrumah University of Science 
and Technology (KNUST), Ghana. DNA was extracted using the Puregene® DNA 
Extraction Kit (Qiagen UK) following the manufacturer’s protocol. The Qubit 3.0 
fluorometer was used to quantify DNA using the high sensitivity dsDNA Qubit Kit 
(Thermofisher Scientific, USA). Agarose gel electrophoresis was used to evaluate 
the purity, and the molecular weight of the DNA extracted.

2.2 .PCR Amplification and Fragment Analysis
PCR amplification was performed using the GlobalFiler™ amplification kit 

according to manufacturer’s protocol with a reduced volume of 7.5 µl with 1 µl (0.5 
ng) of template DNA. The Applied Biosystems 3500 Genetic Analyzer was used for 
capillary electrophoresis and profiles were analysed using GeneMapper I-DX v. 1. 4.

2.3. Data Analysis
Genetic distance, Hardy-Weinberg equilibrium (HWE) and p-values were 

tested using the Arlequin software v 3.5 [3] and STRUCTURE 2.0 software [4] was 
utilised to do the population cluster analysis.
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3. Results

3.1 Hardy Weinberg Equilibrium
Arlequin software calculated the p-values for the 21 STR loci assessed in 

the two sub-populations. The loci that deviated from Hardy-Weinberg equilibrium 
are marked in red; however, no deviations were observed following the Bonferroni 
correction (0.002).

Table 1. Shows the p-values for the exact of the 21 STR loci tested in the two sub-populations 
generated using Arlequin software.

Locus Akan (Ashanti)P-Values Akan (Eastern)P-Values

CSF1PO 0.1746 0.3185

D10S1248 0.7961 0.226

D12S391 0.0792 0.5155

D13S317 0.4378 0.4519

D16S539 0.9617 0.4914

D18S51 0.0449 0.6862

D19S433 0.0428 0.0993

D1S1656 0.9875 0.0758

D21S11 0.4882 0.0049

D22S1045 0.2983 0.2725

D2S1338 0.5796 0.7951

D2S441 0.3844 0.3846

D3S1358 0.8335 0.9834

D5S818 0.2917 0.6771

D7S820 0.3651 0.8634

D8S1179 0.0747 0.156

FGA 0.7157 0.335

SE33 0.3762 0.8395

TH01 0.8556 0.5361

TPOX 0.2813 0.4395

vWA 0.383 0.4065

FST between the two Akan populations was calculated using Arlequin to be 0.00145.
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3.2 Cluster Analysis
The study utilized Structure analysis software to evaluate population clusters 

for the studied subpopulation, a published Akan population [2] and Saudi Arabian 
population [5] determining K between 2 and 4 using the admixture and correlated 
allele frequencies model. A Saudi Arabian population was used as a non-African 
population in the analysis. The results (Figure 1) did not detect significant levels of 
sub-structure between the Akan populations 

Figure 1. The CLUMPAK software has enhanced the Structure cluster image of the two studied 
populations, and a previously published Akan population. The distinct K clusters are shown for 

K-2 to K-4.

Discussion 

The GlobalFiler™ has demonstrated suitability for forensic analysis in the exam-
ined Akan subpopulation, due to the statistical independence of the 21 loci in the 
GlobalFiler™ Amplification kit.

D18S51, D19S433, D21S11 of the 21 GlobalFiler PCR loci deviated from 
HWE, no significant deviation was seen following the use of the Bonferroni cor-
rection (0.002).

STRUCTURE analysis study revealed no substantial differences between the 
two Akan sub-populations studied here or another previously studies Akan popu-
lation. Genetic pairwise FST value of 0.00145 between the Ashanti Akan and East-
ern Akan populations within Ghana, indicated a negligible genetic differentiation. 
Akan’s practice matrilineal system, however, in the present-day Ghana intermar-
riages are very common among all ethnic groups and subgroups including Akan 
Ashanti and Akan Eastern. 
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Conclusion

The evaluation of autosomal STRs in the Ghanaian population using the GlobalFil-
er PCR amplification kits specifically the two Akan sub-population for kinship and 
forensic testing has yielded robust results. This will serve as a reference data to use 
for forensic casework and general human identification in Ghana. 
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Abstract
In the present investigation, we aim at estimate African, European, Native American and Asian 
ancestry proportions in Peruvian mestizo populations, using 46 ancestry informative Insertion/
Deletion polymorphisms (AIM-INDELs). A total of 172 unrelated mestizos from the 3 main geo-
graphic regions of Peru (Coastal, Amazon rainforest and Andes highlands) were analyzed and 
compared with data from 273 African, 346 European, 64 Native American, and 291 Asian indivi-
duals. All samples were genotyped for the 46 AIM-INDELs in a single PCR multiplex. Based on 
the results from admixture analyses, it was possible to observe a predominance in the Native 
Americans ancestry in the overall Peruvian mestizo population, as well as in each country region. 
A non-differentiation analyses based on pairwise FST genetic distances showed significant diffe-
rences between the population samples from the costal area and the Andes highlands. 

Keywords
Insertion–deletion polymorphisms, mestizo, Native American.

1. Introduction

Peru is a country with high population diversity. According to the census con-
ducted in 2017 by the National Institute of Statistics and Informatics [1], a total 
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of 55 indigenous peoples were identified (51 from the Amazon and 4 from the 
Andes highlands). This population diversity has been investigated using autosomal 
and Y-chromosomal STR markers in mestizo, Aymara, and jungle populations of 
Peru [2-11]. Due to their high mutation rates, the STRs tend to present a high 
variation inside rather than within populations. Therefore, they are not the most 
suitable markers to estimate the different proportions of continental contribution 
in admixed populations. Genetic studies using other type of markers carried out 
in Peruvian population are still a scarce. Therefore, the objective of the present 
investigation was to estimate African, European, Native American, and Asian an-
cestry proportions in Peruvian mestizo populations, using a panel of 46 Insertion/
Deletion polymorphisms (AIM-INDELs), which was design to estimate European, 
African, Native American, and East Asian ancestry proportions [12].

2. Material studied, methods, techniques

This study was approved by the ethics committee of the Institute of Tropical Medi-
cine “Daniel Alcides Carrion” from the Universidad Nacional Mayor de San Marcos 
(Certificate of Approval CIEI-2018-015), and all participants freely and voluntarily 
signed an informed consent. In the present investigation, 172 unrelated mestizos 
from the 3 main geographic regions of Peru (36 from the Coastal area, 8 from the 
Amazon rainforest and 128 from the Andes highlands) were analyzed and com-
pared with data from 273 African, 346 European, 64 Native American and 291 Asian 
individuals. A blood sample was taken by finger puncture from each donor and 
placed on Nucleid Cards (Copan). Then, a two 3.0mm punch was taken from each 
card and genomic DNA was extracted using 5% Chelex resin. The DNA concentra-
tions in each sample was quantified using the Qubit. All samples were genotyped 
for 46 AIM-INDELs in a single PCR multiplex described by Pereira et al. [11], after 
adjusting the total reaction volume to 5 μL, and using 2 ng of template DNA. The 
following PCR thermocycling conditions were used: an initial step of 15 min at 95 
ºC, followed by 28 cycles at 94 ºC for 30 s, 60 ºC for 90 s, 72 ºC for 45 s and a final ex-
tension at 72 ºC for 60 min. The amplified products were separated and detected in 
an Applied Biosystem ™ 3500XL Genetic Analyzer (Life Technologies). Genotyping 
was performed using the GeneMapper® ID-X v1.5 software. Ancestry proportions 
were estimated for each individual with the Structure Software [13], for k=4, and 
using reference population data from 273 African, 346 European, 64 Native Amer-
ican and 291 Asian individuals. The software Arlequin ver 3.5.2.2 [14] was used to 
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perform population pairwise comparisons using FST values, and to calculate the 
corresponding non-differentiation p-values. 

3. Results and Discussion

The estimates of different continental contributions are indicated in Table 1. In 
the overall mestizo Peruvian population, the main contribution was from Native 
America, followed by European, and, to a lesser extent, African and East Asian 
contributions. The Native American ancestry predominate in the three studied re-
gions, although being lower in the Coastal area. The European ancestry showed the 
second-highest proportion values in individuals from the Coastal area and Andes 
highlands. Meanwhile, Asian proportion presented the lowest values in the Coastal 
area and Andes highlands, and African proportion was the lowest in the Amazon 
rainforest. The Asian proportion was higher in the Amazon rainforest than in the 
other two regions (Table 1). Pairwise population comparisons between the three 
Peruvian population groups, and European, African, Native America, and East 
Asian populations showed significant FST values in all comparisons, except be-
tween the Amazon rainforest and the other two regions of Peru. It is important to 
note, however, that the Amazon sample only has 8 individuals, so this result should 
be analyzed with caution and new tests should be carried out on a larger sample 
(Table 2).

Table 1. Estimates of ancestry proportions in mestizo Peruvian population. The ancestry 
proportions of the mestizo population of Peru, from the Coastal area, Andes highland, and 

Amazon rainforest, were estimated considering reference populations from Africa (AFR), 
Europe (EUR), East Asia (EAS) and Native America (NAM).

SAMPLES AFR EUR NAM EAS

Costal area 0.078 0.369 0.484 0.069

Andes highlands 0.044 0.201 0.713 0.041

Amazon rainforest 0.042 0.190 0.663 0.106

Peru mestizo 0.051 0.236 0.663 0.050
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Table 2. Pairwise comparisons between populations from the three geographical regions of 
Peru, and Europe, Africa, Native America, East Asia. The FST values are represented below the 

diagonal, and the corresponding p-values are presented above the diagonal. 

EUR NAM AFR EAS Costal 
area

Amazon 
rainforest 

Andes 
highlands

Europe * <5E-6 <5E-6 <5E-6 <5E-6 <5E-6 <5E-6

Native America 0.2859 * <5E-6 <5E-6 <5E-6 0.0011 <5E-6

Africa 0.3243 0.4197 * <5E-6 <5E-6 <5E-6 <5E-6

East Asia 0.3035 0.2513 0.3977 * <5E-6 <5E-6 <5E-6

Costal area 0.1193 0.0828 0.3318 0.2165 * 0.4399 <5E-6

Amazon rainforest 0.1852 0.0430 0.3706 0.2193 0.0012 * 0.8235

Andes highlands 0.1919 0.0343 0.3725 0.2257 0.0172 0.0071 *

Number of permutations: 50175; s.e. ≤ 0.0021

4. Conclusion

Based on the results, the proportion of Native Americans predominates in the Pe-
ruvian mestizo population, indicating that despite the migrations Peru has expe-
rienced (from Europe, Africa and Asia), it still maintains a high proportion of the 
Native American component. Furthermore, it was possible to observe differences 
between the 3 regions, with the Andes and coastal regions showing statistically 
significant differences. 
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Abstract 
Human trafficking across the Atlantic Ocean left an immeasurable mark in South America’s 
history. In Brazil, similar to what happened in other countries, enslaved Afro-descendants began 
rebellion movements to escape from exploitation by creating and fleeing to isolated communi-
ties, the quilombos. Because people from quilombos aimed to remain isolated, their populations 
tend to preserve higher African genetic inheritance. The African ethnolinguistic and geographic 
origin of the maternal lineages of five quilombos from the State of Alagoas, Brazil, was investi-
gated in the present study. The genetic composition of these communities was analyzed through 
mitochondrial DNA control region sequencing. From a total of 227 lineages, 141 were from 
the African haplogroup L. Statistically significant differences were found among all quilombos, 
although located in the same Brazilian State. However, shared haplotypes among the commu-
nities indicate either a common background or inter-community flux of people over time. The 
detection of lineages with different geographic incidences within Africa suggests a diverse origin 
of quilombos’ ancestors. 

Keywords 
Afro-descendant communities, quilombo, Brazil, mitochondrial DNA. 

Introduction

Like many countries in America, Brazil carries a complex history of admixture 
among the original native American people, European colonizers and enslaved  
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Africans. Currently, most urban populations in Brazil present a high European 
genetic input, with a variable proportion of native ancestry in different regions 
throughout the country, due to the massive extermination of the original people 
during colonial times. Brazilian population also has a significant African back-
ground, and 56.1% of the Brazilians self-identified as Black or of African descent 
[1]. Part of this population resides in communities (quilombos) formed by groups 
of Afro-descendants that escaped from slavery during colonial times, or who settled 
in these places after abolition. It is estimated that there are around 5.972 quilom-
bos scattered through Brazilian territory, with 63,5% being in the Northeast re-
gion, where Alagoas State is located [1]. 

Since their establishment, the quilombos have remained isolated, so it is 
expected that African genetic and cultural traits have been preserved in these com-
munities. However, it is known that, apart from Africans and their descendants, 
quilombos also harbored escapees, fugitive soldiers, outlaws, and white and indige-
nous minorities, all fleeing European exploitation [3, 4]. In that manner, a non-Af-
rican genetic input can also be expected. 

To infer to what extent African maternal ancestry was preserved in these 
groups, the mitochondrial DNA (mtDNA) of five quilombos from Alagoas was ana-
lyzed. The ethnolinguistic or geographic origins of the African maternal lineages 
was inferred through phylogenetic analyses, including previously published data 
from African populations. 

Material and methods

This study was performed under informed consent and approved by the CEP 
1.753.418 (Ethical Committee from the Federal University of Alagoas). A total of 
227 samples were included, from the following communities: Pau D’Arco (n = 59), 
Bom Despacho (n = 59), Quilombo (n = 42), Tabuleiro dos Negros (n = 42) and 
Vila Santo Antonio (n = 25) (Fig. 1A). Saliva samples were collected with buccal 
swab and DNA was extracted by Chelex method (modified from Walsh et al. [5]). 
The control region sequences were obtained after an initial amplification using the 
Qiagen Multiplex Kit (Qiagen), followed by a purification with ExoSAP (Applied Bi-
osystems), and the purified PCR products were sequenced with BigDye v3.1 Cycle 
Sequencing kit (Applied Biosystems). Separation and detection of the sequencing 
products were performed on an ABI 3500 Genetic analyzer (Applied Biosystems).
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The mtDNA haplotypes were determined with the SeqScape v2.7 software 
(Thermo Fisher Scientific) in comparison to the Revised Cambridge Reference Se-
quence (rCRS) [6]. Haplogroups were assigned on EMPOP [7]. Genetic distances 
(FST) and non-differentiation probabilities (significance level of 0.005, by applying 
Bonferroni correction) between the quilombo communities were calculated using 
the Arlequin ver. 3.5.1.2 software [8]. To infer the most probable African origin 
of L-haplotypes, median-joining networks were constructed using the Network 
v10.1.0.0 software (Fluxos Technology Ltd., Colchester, UK). Available data from 
African populations were included in the results analyses [9-17].

Results

The haplotype diversity values found for the quilombos were variable (0.8722≤ HD 

≥ 0.9895). All 5 communities maintain high levels of maternal African ancestry 
(45.8% to 78.6%), with the most frequent African haplogroups being L0a (8%), 
L1b (25%), L2 (11%), and L3e (10%). The main non-African contribution is of 
Native American origin (16.7% to 52.5%), and only eight sequences (considering 
the total data) were attributed to Eurasian haplogroups. Bom Despacho was the 
only quilombo where African maternal ancestry was not the highest but rather Na-
tive-American. Pairwise FST genetic distances between the five communities were 
high (0.027≤ FST ≥ 0.187), showing statistically significant differences (p≤0.0002), 
except in Pau D’Arco vs. Quilombo (p=0.0077) and Bom Despacho vs. Quilombo 
(p=0.0072) comparisons. 

When only considering the African L-lineages, genetic distances increased 
in all pairwise comparisons, except between Quilombo and Bom Despacho, which 
showed genetic similarities (FST = -0.013; p=0.779). Shared haplotypes among 
L-lineages were found in comparisons between (1) Pau D’Arco and Tabuleiro dos 
Negros, (2) Bom Despacho, Tabuleiro dos Negros and Quilombo, and (3) Pau D’ar-
co and Bom Despacho. 

A search for shared haplotypes with populations from Africa showed diverse 
matches for specific lineages, in samples from regions such as: Central-West (Chad, 
Ghana, Ivory Coast, Niger, Nigeria and Togo), Southwest (Angola), East (Rwanda) 
and Southeast (Mozambique) (Fig. 1).
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Figure 1. Maps presenting the location of the communities (A) and the number of shared 
haplotypes between African populations and quilombos from Alagoas (B). All the countries 

used in this analysis were included in Figure 1B, even the ones with no haplotype matches. The 
lineages present in each Quilombo that were found in Africa are shown in each box (bellow). 

Notes: The abbreviations stands for: PD – Pau D’Arco; BD – Bom Despacho; SA – Vila Santo 
Antonio; QB – Quilombo; TN – Tabuleiro dos Negros;
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Network analyses were performed (data not shown) to infer the most likely origin 
of the most representative African lineages found in the quilombos (Table 1).

Table 1. Results from phylogenetic analyses (Network) based on the mtDNA entire control 
region of the most frequent African lineages found in the quilombos and their possible origin 

in Africa. 

Quilombola Community

Lineages Pau D’Arco Bom 
Despacho Quilombo Tabuleiro dos 

Negros
Vila Santo 
Antônio

L0a1b -
Rwanda and 
Zambia

- Mozambique 

Angola, 
Zambia, 
Mozambique 
and Rwanda

L1b
Nigeria, Togo, 
Ghana and 
Ivory Coast

Nigeria and 
Zambia 

Nigeria, 
Ghana, Togo 
and Zambia

Nigeria, 
Ghana, Togo 
and Ivory 
Coast

Probably 
derived from 
a Pau D’Arco 
lineage 

L2a1/
L2a1+16189+(16192)

Ivory Coast, 
Niger and 
Mozambique

Angola, 
Zambia, 
Ghana, Ivory 
Coast and 
Nigeria

Ghana, 
Burkina Faso, 
Ivory Coast, 
Niger and 
Gambia 

Angola, 
Zambia, 
Ghana, Ivory 
Coast, Chad 
and Nigeria

-

L3e1a
Zambia and 
Angola

Zambia and 
Angola

Zambia, 
Angola, 
Mozambique 
and Rwanda

- -

Note: Analyses were performed disregarding the InDels: 16193.xC, 309.xC, 315.xC, 522-524 insertions/dele-
tions and 573.xC.

Discussion

The geographical isolation of quilombos is reflected in their low maternal genetic 
diversity, when comparing to the high diversity levels commonly found in admixed 
populations in Brazil (ranging between 0.96-0.98). Although shared haplotypes 
were found among quilombos, most pairwise comparisons showed that their ma-
ternal composition is distinct. The statistically significant differences were rein-
forced when only the African lineages were analyzed. Such results could be indica-
tive that quilombos with similar origins have differentiated over time, as they were 
successful in getting isolated in separate regions of the Alagoas state.
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The presence of shared haplotypes of specific lineages between quilombos 
and populations from Africa (Fig. 1) showed that the maternal lineages came most-
ly from the Central-West and Southwest regions. However, most lineages in the 
quilombos had a broad distribution within Africa, preventing their tracking to a 
specific geographic region. Surprisingly, Rwanda was the second country with 
most matches with the quilombos being only behind Nigeria. This is an unexpect-
ed result since the country was not on the Transatlantic route of traffic of enslaved 
people to South America. 

When digging deeper into the maternal origins of the most frequent African 
lineages in the quilombos, the networks constructed evidenced once again the high 
influence of countries from the Central-West and Southwest regions on Brazilian 
quilombos. Despite being disseminated across the continent, L2a and L3e lineages 
in quilombos could be traced to a specific African regional origin (Table 1), where 
similar haplotypes were found. A regional pattern of origin was also found in the 
L0a1b and L1b lineages, for Bom Despacho, Pau D’Arco and Tabuleiro dos Negros. 
However, it was not possible to define the ethnic origin of most lineages, due to the 
lack of information on ethnolinguistic affiliation of the reference samples. 

Conclusion

Despite the statistically significant differences in the maternal genetic composition 
among quilombos, the presence of shared haplotypes suggests a common genetic 
background in their establishment. The haplotype sharing can also be the result 
of gene flow during or after the establishment of these communities. Nonetheless, 
such event does not appear to have been strong enough to erase genetic differenti-
ation, most likely driven by founder events and genetic drift due to low population 
size.

The detection of lineages from different African regions points to a broad 
rather than a single geographic origin of the quilombos’ genetic background. Dur-
ing the enslavement of Africans through the Atlantic, people from different eth-
nicities were deliberately brought together to difficult communication and avoid 
revolts during the crossings. Although the presence of lineages from across various 
regions of the African continent is plausible, it was not possible to attribute an eth-
nic affiliation to these lineages. 
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Abstract
Commercially there are several A-STRs kits that share many of their markers. In this work we 
studied the concordance of the profiles obtained with A-STRs kits from different commercial 
companies in 31,309 cases of biological paternity research from Genes SAS Laboratory (Colom-
bia) and from the Laboratory of Molecular Genetics of the Ecuadorian Red Cross (Ecuador), from 
July 2019 to February 2024. We found 96 discordances distributed in 13 markers among the 
genetic profiles obtained with the different commercial kits, D19S433 (23), D16S539 (21) and 
D8S1179 (20) presented more events. The other hand, 18 cases presented markers whit alleles 
outside the range of their allelic ladder. It is concluded that both laboratories that investigate 
paternity tests, complex biological relationships and forensic cases using this type of STR kits, 
as well as commercial companies, are obliged to know and communicate the behaviour of the 
genetic markers used in these kits, thus avoiding erroneous interpretations of this type of events. 
Likewise, commercial companies are recommended to make adjustments in the formulation of 
the kits in order to achieve perfect concordance of genetic profiles in individuals. Besides it is 
important to include the polymorphisms found in different populations to make the kits more 
inclusive.
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Introduction

Laboratory Genes SAS and the Laboratory of Molecular Genetics of the Ecuadorian 
Red Cross are leaders in Colombia and Ecuador, respectively, in human identifica-
tion and the establishment of Biological Relationships using DNA markers, mainly 
in the study of Biological Paternity. Both laboratories are ISO 9001:2015 certi-
fied and accredited by ISO/IEC 17025:2017. To investigate paternity testing both 
laboratories use A-STRs markers, which is the currently accepted methodology. 
Commercially there are several kits of A-STRs, which share many of their markers 
with each other. Genes and the Laboratory of Molecular Genetics of the Ecuadorian 
Red Cross use the VeriFiler Express kit (Thermo Fisher) to initially analyze pater-
nities cases, and the PowerPlex Fusion kit (Promega) to perform confirmations of 
exclusion cases; either paternity or biological relationships and in cases with the 
presence of apparent mutations. In the daily activity of these verifications, incon-
sistencies have been detected in some markers between the VeriFlier and the Pow-
erPlex, which led us to a more detailed analysis of the performance of these kits. 
The objective of this work was to evaluate the concordance of the genetic profiles of 
the Genes SAS laboratory and the Laboratory of Molecular Genetics of the Ecuado-
rian Red Cross obtained with A-STRs kits from two different commercial houses, to 
establish possible technical-legal implications and suggest some recommendations 
for the non concordant results.

Materials and Methods

In this work we studied the concordance of the profiles obtained with A-STRs kits 
from different commercial companies in 22.114 cases of biological paternity re-
search from Genes SAS and 9,195 cases from the Laboratory of Molecular Genetics 
of the Ecuadorian Red Cross.

Genetic profiles of 11.560 cases from 31.309 paternity tests attended in both 
laboratories from July 2019 to February 2024, initially studied with the VeriFiler 
Express kit (Thermo Fisher) and subsequently verified with their counter-samples 
using the PowerPlex Fusion kit (Promega), were comparatively analyzed to con-
firm paternity exclusion or verify any new paternal and/or maternal mutation.
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Results and Discussion

We found 96 discordances distributed in 13 markers among the genetic profiles ob-
tained with the different commercial kits in the 11,560 cases verified, 94 cases pre-
sented absence of an allele in a marker for one of the kits, D19S433 (23), D8S1179 
(20) and D16s539 (19) presented more events, and two markers presented different 
genotypes. The other hand, 18 cases presented markers whit alleles outside the 
range of their allelic ladder (Fig. 1-2).

According to the literature [1-6], these findings may be due to differences in 
primer sequences between kits for the same marker, which are complementary to 
the flanking regions of the DNA segment to be amplified, together with a possible 
mutation in these complementary sequences preventing the total or partial ampli-
fication of the sequence of interest. These events are conventionally referred to as 
null or silent alleles, for these particular cases we have called them only as absent, 
since it has been possible to establish the real alleles with an alternate case.

Figure 1. Classification and number of inconsistencies per marker

Figure 2. Examples of allelic inconsistencies found in this study: a) and b) missing alleles; c) 
different genotypes and d) alleles outside their allelic ladder 

Conclusion

Laboratories that investigate paternity tests, complex biological relationships and 
forensic cases using these types of STR kits, as well as commercial companies, are 
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obliged to know and communicate the behaviour of the genetic markers used in 
these kits, thus avoiding erroneous interpretations of this type of events. Likewise, 
commercial companies are recommended to make adjustments in the formulation 
of the kits in order to achieve perfect concordance of genetic profiles in individuals. 
Besides it is important to include the polymorphisms found in different popula-
tions to make the kits more inclusive. This work shows the importance of estab-
lishing the frequency of silent or null alleles for each marker in all kits based on the 
reference population where it is being used.
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Abstract 
The inability to share between capillary electrophoresis (CE) and massively parallel sequencing 
(MPS) of some short tandem repeats (STRs) included exclusively in the MPS kits, associated with 
the limited availability of MPS technology in forensic genetics laboratories, does not allow to 
have for these STRs an adequate allele frequency database, precluding the possibility of perfor-
ming appropriate statistical calculations and the use of these loci as additional markers in the 
different forensic casework.
To contribute to overcoming this issue, in this study, DNA samples of 255 individuals native 
to North-East Italy were genotyped for the first time, with the five additional autosomal STRs 
(auSTRs) (D4S2408, D6S1043, D9S1122, D17S1301, and D20S482) included in the ForenSeq™ 
DNA Signature Prep Kit.
When data analysis moved from length-based to sequence-based alleles, it was observed for the 
five auSTRs an overall increment in the number of alleles from 42 to 55. In particular, sequence 
variations affected forensic statistical parameters for D4S2408, D9S1122, and D20S482.
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Introduction

For over a decade, the MPS has been introduced in forensic genetics due to its in-
formative potential on genetic markers. 

One of the forensic kits used for MPS is the ForenSeqTM DNA Signature Prep 
Kit (FSSP), for which various validation studies have been conducted that evidence 
its potential advantages in forensic applications arising from the detection of se-
quence variations in the target STRs and SNPs as well as in their flanking regions 
that affect positively the forensic parameters of these markers [1-5]. 

Out of the 27 autosomal STRs (auSTRs) comprised in DNA primer Mix A 
(DPMA) of the FSSP kit, five of them (D4S2408, D6S1043, D9S1122, D17S1301, 
and D20S482) are additional autosomal STRs that are not commonly included in 
the STR kits analyzed by capillary electrophoresis (CE). To enable their use as ad-
ditional markers and include them in biostatistical calculations, it is necessary to 
acquire extensive data on allele frequencies and forensic parameters in different 
populations in order to provide valid support in solving various forensic contexts. 

Here are reported sequence variations, allele frequencies, and forensic pa-
rameters for these five auSTRs evaluated in North-Eastern Italian subjects.

Materials and methods

Anonymized buccal swab samples were collected from 255 unrelated autochtho-
nous individuals from North-East Italy after obtaining informed consent and ethi-
cal approval from the University of Verona’s Research Ethics Committee (protocol 
code: CARU-12/2020).

DNA was extracted using the QIAamp® DNA Mini Kit (Qiagen) and quan-
tified with the Qubit® dsDNA HS Assay Kit on Qubit® 2.0 Fluorometer (Thermo 
Fisher Scientific) and normalized to 1 ng/µl. 

The DNA Primer Mix A (DPMA) of the ForenSeq™ DNA Signature Prep Kit 
(FSSP) (Verogen) [6] was used for MPS library preparation. Sequencing was per-
formed on the MiSeq FGx™ Forensic Genomics System [7], and data analysis was 
carried out by Universal Analysis Software (UAS) v1.2 (Verogen), applying default 
parameters. Each DNA sample was sequenced twice, and only the genetic profiles 
with a total read count equal to or greater than 85,000 were considered to ensure 
the reproducibility of the data. 
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The FASTQ files automatically generated by UAS were reanalyzed using the 
STRait Razor v3.0 (SRv3) pipeline [8] in its default configuration (ForenSeqv1.27.
config) to compare STR genotypes and isoalleles calls with UAS’s ones. Further-
more, SRv3 has been used to reveal sequence variations at the single allele in the 
heterozygous genotype and in the flanking regions of target STRs, which were not 
detectable by the available UAS version. 

For sequence variations not identified by UAS, the comprehensive allelic 
nomenclature was assigned directly by SRv3. However, when also SRv3 did not rec-
ognize the sequence variation because it was not included in its string-matching 
database since it was rare or not yet described, the nomenclature was attributed 
manually after having aligned the sequence string with the human reference se-
quence reported by the UCSC Genome Browser (GRCh38) to identify the chromo-
somal location of the mutation and the involved SNP.

Regarding population genetics analysis, allele frequencies, observed hete-
rozygosity (Ho) and expected heterozygosity (He), match probability (MP), typical 
paternity index, power of exclusion (PE), and power of discrimination (PD), were 
determined based on length and sequence of each allele detected for each of five 
auSTRs. Moreover, the Hardy-Weinberg equilibrium (HWE) test was performed on 
length- and sequence-based alleles.

Results and Discussion

Both bioinformatic pipelines identified the presence of isoalleles in homozygous 
genotypes (alleles with same length but different sequences) at loci D4S2408 (three 
isoalleles 9), D9S1122 (three isoalleles 11, nineteen isoalleles 12, and nineteen 
isoalleles 13), and D20S482 (one isoallele 13, nine isoalleles 14 and one isoallele 
16) (Table 1).

Furthermore, SRv3 revealed the presence of a sequence mutated compared 
to the reference one shared by the two alleles of some homozygous genotypes at 
the D6S1043 (6 genotypes), D9S112 (21 genotypes) and D20S482 (1 genotype) loci. 
SRv3 also detected sequence variations compared to the reference sequence for a 
single allele in several heterozygous genotypes at D4S2408 (5 sequence variations), 
D6S1043 (131 sequence variations), D9S112 (184 sequence variations), D17S1301 
(1 sequence variation), and D20S482 (24 sequence variations). A total of 456 se-
quence variations were detected, of which 401 were only revealed by SRv3, which 
assigned a correct nomenclature to 395 of these already reported in the literature 
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[1-5]. For the remaining six sequence variations, SRv3 was unable to provide the 
allelic nomenclature tagging them with NA, probably because they were not pres-
ent in its sequence string-matching database due to the rarity (<0.01).

In particular, three of the six sequence variations, never described before this 
study was performed, have been concerned D6S1043 where the SNP rs1251963869 
was identified in the reverse flanking region of an allele 12, and D9S1122 where 
the SNPs rs4281164 and rs1020194359, were identified in the repeat motif of an 
allele 8 and an allele 12, respectively (Table 1). Overall, for the five auSTRs, moving 
from the length-based to sequence-based allele calls, it was observed a rise in the 
number of typologies of detected alleles from 42 to 55, where the higher increases 
were found for D9S1122 (from 9 to 14), D20S482 (from 8 to 12), and D6S1043 
(from 12 to 15).

None of the five auSTRs deviated from the expected value (p>0.05) for the 
Hardy-Weinberg equilibrium when the tests were performed based on alleles length 
and sequence.

Concerning the forensic parameters determined for the five auSTRs, it was 
possible to observe how parameters’ values are positively influenced by the de-
tection of isoalleles compared to the estimation based only on amplicons’ length, 
which becomes even more significant due to the detection of a mutated sequence 
shared by the two alleles in homozygous genotypes and of a sequence variation 
involving one of the two alleles in heterozygous genotypes (Table2). 

In particular, regarding the PD values, although it was observed that for the 
population studied, these are already high for all five auSTRs when determined 
based on the length of the alleles, more significant increases were found when the 
values   were calculated based on allelic sequence variations. For example, for the 
loci D20S482 and D9S1122, a greater number of sequence variations were found 
that led to an increase in the number of alleles of the two loci and, as a conse-
quence, of their PD values   that became 0.903 and 0.946, respectively.
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Table1. Detected allele sequences variations

auSTR Allele
Comprehensive Nomenclature

SNP Chromosomal 
location rsID number

Sequence variations Rare sequence variations 
(<0.01)

Never described sequence 
variations

D4S2408 9
D4S2408 [CE 9]-GRCh38-
chr4:31302792-31302841 ATCT GTCT 
[ATCT]7

   
Chr4:31302802 
A>G

rs12501500

D6S1043

8

[NA] D6S1043 
[CE 8]-GRCh38-
chr6:91740160-91740292 
[ATCT]8 

12

[NA] D6S1043 
[CE 12]-GRCh38-
chr6:91740160-91740292 
[ATCT]12

Chr6:91740278 
A>C

rs1251963869

15
D6S1043 [CE 15]-GRCh38-
chr6:91740160-91740292 ATCT ATGT 
[ATCT]13  

Chr6:91740231 
C>G

rs546148333

17
D6S1043 [CE 17]-GRCh38-
chr6:91740160-91740292 [ATCT]5 ATGT 
[ATCT]11 

Chr6:91740247 
C>G

rs11965429

18
D6S1043 [CE 18]-GRCh38-
chr6:91740160-91740292 [ATCT]5 ATGT 
[ATCT]12 

Chr6:91740247 
C>G

rs11965429

19
D6S1043 [CE 19]-GRCh38-
chr6:91740160-91740292 [ATCT]5 ATGT 
[ATCT]13

Chr6:91740247 
C>G

rs11965429

20
D6S1043 [CE 20]-GRCh38-
chr6:91740160-91740292 [ATCT]5 ATGT 
[ATCT]14 

Chr6:91740247 
C>G

rs11965429

21
D6S1043 [CE 21]-GRCh38-
chr6:91740160-91740292 [ATCT]5 ATGT 
[ATCT]15 

Chr6:91740247 
C>G

rs11965429

21
D6S1043 [CE 21]-GRCh38-
chr6:91740160-91740292 [ATCT]6 ATGT 
[ATCT]14 

   
Chr6:91740251 
C>G

rs191127136

D9S1122

7

[NA] D9S1122 
[CE 7]-GRCh38-
chr9:77073809-77073880 
[TAGA]7

8

[NA] D9S1122 
[CE 8]-GRCh38-
chr9:77073809-77073880 
TAGA TCGA [TAGA]6

Chr9:77073831 
A>C

rs4281164

9
D9S1122 [CE 9]-GRCh38-
chr9:77073809-77073880 TAGA TCGA 
[TAGA]7 

Chr9:77073831 
A>C

rs4281164

11
D9S1122 [CE 11]-GRCh38-
chr9:77073809-77073880 TAGA TCGA 
[TAGA]9 

Chr9:77073831 
A>C

rs4281164

12
D9S1122 [CE 12]-GRCh38-
chr9:77073809-77073880 TAGA TCGA 
[TAGA]10 

Chr9:77073831 
A>C

rs4281164

12

[NA] D9S1122 
[CE 12]-GRCh38-
chr9:77073809-77073880 
TAGG [TAGA]11

Chr9:77073829 
A>G

rs1020194359

13
D9S1122 [CE 13]-GRCh38-
chr9:77073809-77073880 TAGA TCGA 
[TAGA]11 

Chr9:77073831 
A>C

rs4281164

14
D9S1122 [CE 14]-GRCh38-
chr9:77073809-77073880 TAGA TCGA 
[TAGA]12

   
Chr9:77073831 
A>C

rs4281164

D17S1301 8  

[NA] D17S1301 
[CE 8]-GRCh38-
chr17:74684846-74684918 
[AGAT]8

 

D20S482

13
D20S482 [CE 13]-GRCh38-
chr20:4525674-4525771 [AGAT]13 
4525680-T

Chr20:4525680 
C>T

rs77560248

14
D20S482 [CE 14]-GRCh38-
chr20:4525674-4525771 [AGAT]14 
4525680-T

Chr20:4525680 
C>T

rs77560248

15
D20S482 [CE 15]-GRCh38-
chr20:4525674-4525771 [AGAT]15 
4525680-T

Chr20:4525680 
C>T

rs77560248

16
D20S482 [CE 16]-GRCh38-
chr20:4525674-4525771 [AGAT]16 
4525680-T

   
Chr20:4525680 
C>T

rs77560248
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Table 2. Population forensic parameters for auSTRs included in ForenSeq™ DNA Signature Prep Kit 

auSTR Typing

Number 
of
Alleles

Typical 
Paternity 
Index

Match Probability
Power of 
Exclusion

Power of 
Discrimination

Hobs

D4S2408

length-based    6 0,758 2,361 0,111 0,577 0,889

sequence-
based 

UAS 7 0,761 2,500 0,109 0,599 0,891

SRv3 7 0,766 2,500 0,104 0,599 0,896

D6S1043

length-based    12 0,804 2,452 0,065 0,592 0,935

sequence-
based 

UAS 12 0,804 2,452 0,065 0,592 0,935

SRv3 15 0,805 2,452 0,065 0,592 0,935

D9S1122

length-based    9 0,693 1,656 0,150 0,425 0,850

sequence-
based 

UAS 12 0,744 3,542 0,130 0,712 0,870

SRv3 14 0,835 3,542 0,054 0,712 0,946

D17S1301

length-based    7 0,643 1,262 0,187 0,296 0,813

sequence-
based 

UAS 7 0,643 1,262 0,187 0,296 0,813

SRv3 7 0,643 1,262 0,187 0,296 0,813

D20S482

length-based    8 0,700 1,433 0,131 0,357 0,869

sequence-
based 

UAS 11 0,718 1,635 0,116 0,419 0,884

SRv3 12 0,742 1,656 0,097 0,425 0,903

Conclusion

Although several validation studies have been carried out to promote its use, pop-
ulation data on some markers included exclusively in MPS kits is still insufficient 
to allow their application as additional markers in some forensic circumstances.

In this study, were estimated, for the first time in a population from North 
East Italy, allelic frequencies and forensic parameters based on the allele length 
and sequence of five auSTRs (D4S2408, D6S1043, D9S1122, D17S1301 e D20S482) 
included in ForenSeq™ DNA Signature Prep Kit. 

Based on the findings provided by alleles’ length analysis, it can be inferred 
that the five auSTRs are characterized by high PD values that further increase 
when the estimation is made on sequence-based allelic variations.

However, it should be noted that UAS tends to underestimate the presence 
of allele sequence variations to the detriment of forensic parameters, failing to 
highlight them when manifested as a mutated sequence shared by both alleles 
of homozygous genotypes and when affecting alleles of heterozygous genotypes, 
making it necessary to process the raw data with another bioinformatic system to 
compensate for this lack.
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Abstract 
Population samples from three regions in Peru were analyzed for 23 autosomal STR markers to 
develop allele frequency data, to assess the significance of forensic genetic results, and to sup-
port forensic practices. The STR profiles of 524 unrelated Peruvian mestizo individuals (coastal 
(n=309), sierra (n=181) and jungle (n=34)) were generated and analyzed. The Arlequin v3.5.2.2 
software was used to determine the genetic distances (Fst) of the studied populations. No de-
tectable population genetic subdivision was observed among the population sample of Peruvian 
mestizo compared with populations from Ecuador, Bolivia, the Aymara people and the macro-
regions of Peru. In contrast, when comparing the populations of the coast, sierra and jungle of 
Peru with other Peruvian populations, there were differences with the sample populations of the 
departments of Amazonas, Madre de Dios, and the Ashaninkas and the populations of the coast 
and sierra of Peru with the population of Loreto.
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Introduction

The Andes Mountain range divides Peru into three regions - coastal, sierra and 
jungle. Climate changes, high altitude and interaction with other ethnic groups 
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have sculpted genetic variation and genetic expression in Peruvians. The history 
and migration of the Peruvian population show a predominantly Native American 
ancestry, followed by admixture with European and African ancestry. In contrast, 
there are some isolated Native American populations that experienced minimal 
external gene flow. Therefore, it is important to study the genetic profiles of these 
modern mestizo populations to better understand their underlying genetic varia-
tion in order to increase current studies [1-12]. The objective of this study was to 
analyze 23 autosomal STR markers and obtain allele frequency data on populations 
residing in three regions of Peruvian, assess the significance of forensic genetic 
results, and to support forensic practices.

Material studied, methods, techniques

This research has been approved by the Ethics Committee N°042-2023-CBE-FCB-
UNMSM of the Universidad Nacional Mayor de San Marcos (Peru), the samples of 
524 unrelated Peruvian mestizo individuals (coastal (n=309), sierra (n=181) and 
jungle (n=34) were collected. The samples ranged from blood, saliva, semen, sweat, 
feces, or urine, body parts like hair, bone, or teeth, and substrates such as sterile 
swabs or FTA cards containing blood or saliva samples. For DNA extraction from 
blood samples on FTA cards and filter paper, the FTA method was used. For samples 
collected on saliva, semen, sweat, feces, or urine, body parts like hair, bone, or teeth, 
and substrates such as sterile swabs the DNA extraction was performed using the 
PrepFiler Express™ Kit on the automated AutoMate Express Forensic DNA Extrac-
tion System following the manufacturer’s instructions. Quantification of DNA was 
carried out using the Quantifiler™ Trio DNA kit according to the manufacturer’s 
instructions. The genetic markers were amplified by PCR multiplex using the Ver-
ifiler Kit (Thermo Fisher Scientific), with 2 ng input DNA per sample in a reaction 
volume of 25 μL. The amplifiied products were separated and detected by capillary 
electrophoresis on the Applied Biosystems™ 3500 Genetic Analyzer. Subsequently, 
the data were imported into the GeneMapper™ ID-X v1.6 genetic typing software 
(Thermo Fisher Scientific). Discrimination power (PD), polymorphic information 
content (PIC), exclusion probability (PE), and observed heterozygosity (Ho) were 
calculated with the Power Stats V1.2 software [13]. The Arlequin v3.5.2.2 software 
was used to determine the genetic distances (Fst) of the studied populations [14]. 
The genetic distances were used to generate a UPGMA tree using the MEGA 6.06 
program [15].
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Results and Discussion

In the combined Peruvian, as well as the individual coastal, sierra and jungle Peru-
vian populations, the highest PIC values were for PENTA E (0.8875, 0.8881, 0.8907, 
and 0.8339, respectively) and FGA (0.8498, 0.8592, 0.8513 and 0.8390, respective-
ly). In general, all markers for the combined Peruvian population and the individ-
ual populations from the coastal, sierra and jungle regions of Peru had PIC values 
>0.5, with the exception of the D2S441 marker for the combined Peruvian, sierra 
and jungle populations. The highest PD values for the combined Peruvian, coastal 
and sierra populations were observed in the markers PENTA E (0.9680, 0.9756 and 
0.9787, respectively), FGA (0.9576, 0.9673 and 0.9608 respectively) and D6S1043 
(0.9494, 0.9642 and 0.9618 respectively), while the jungle population had the high-
est PD in the markers D19S433 (0.9325), FGA (0.9446) and PENTA E (0.9498). The 
STRs that did not meet Hardy Weinberg expectations were D1S1656, PENTA D and 
in the combined Peruvian population, D1S1656, D2S441 and TPOX in the coast-
al population, D7S820 in the sierra population and D3S1358, D2S1338, D21S11, 
D13S317 and D1S1656 in the jungle population. After applying the Bonferroni 
correction (significance value p=0.0022) only the D1S1656 marker still significant-
ly departed from expectations in the combined Peruvian population and coastal 
population (Table 1).

Analyzing the Reynolds distance values (Fst), the combined population 
sample of Peru yielded Fst values <0.01 when compared with the populations of 
Ecuador [16], Bolivia [17], departments located in the macroregions of northern, 
central, southern, eastern Peru, Lima – Callao [11] and the Aymara population of 
Peru [8]. On the other hand, the combined population sample of Peru yielded Fst 
values >0.01 when compared with the populations of Mexico [18], Hispanic Amer-
ican population [19], Loreto, Amazonas [6] and Ashaninka from Peru [12], demon-
strating that there is detectable population substructure between the population 
sample of Peru and the indicated populations (Figure 1 and Table 2).
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MESTIZO PERUVIAN POPULATION

Genetic 
parameters

D3S1358 vWA D16S539 CSF1PO TPOX D8S1179 D21S11 D18S51 D2S441 D19S433 TH01 FGA D22S1045 D5S818 D13S317 D7S820 D10S1248 D1S1656 D12S391 D2S1338 PENTA E D6S1043 PENTA D

PD 0,8376 0,8488 0,8772 0,8643 0,7979 0,9091 0,9373 0,9034 0,7418 0,9325 0,8267 0,9576 0,7665 0,8267 0,9313 0,8695 0,8421 0,9448 0,9217 0,8483 0,9680 0,9494 0,9308

PIC
0,6379 0,6376 0,7043 0,6593 0,5701 0,7464 0,8117 0,7645 0,4955 0,7860 0,6069 0,8498 0,5279 0,6169 0,7832 0,6745 0,6239 0,8299 0,7638 0,6579 0,8875 0,8273 0,7805

PE
0,3756 0,4504 0,5317 0,4095 0,2965 0,5497 0,6328 0,5813 0,2358 0,6504 0,3024 0,6722 0,2792 0,3503 0,6102 0,4374 0,3535 0,6658 0,5678 0,3695 0,7876 0,5713 0,5097

Het
0,6405 0,7104 0,7556 0,6871 0,6038 0,7713 0,8167 0,7664 0,5484 0,8248 0,6050 0,8379 0,5889 0,6459 0,8056 0,7054 0,6470 0,8350 0,7818 0,6373 0,8960 0,7804 0,7449

P-Value
0,0123 0,6620 0,2686 0,5665 0,0085 0,2582 0,1803 0,8277 0,0939 0,5116 0,0179 0,1192 0,0471 0,0676 0,6253 0,5876 0,3891 0,0000 0,9415 0,1376 0,1188 0,1145 0,0049

PM
0,1624 0,1512 0,1228 0,1357 0,2021 0,0909 0,0627 0,0966 0,2582 0,0675 0,1733 0,0424 0,2335 0,1733 0,0687 0,1305 0,1579 0,0552 0,0783 0,1517 0,0320 0,0506 0,0692

Het(exp)
0,6460 0,6971 0,7876 0,7003 0,6121 0,7874 0,8377 0,8613 0,9000 0,5647 0,8139 0,6562 0,8713 0,6143 0,6480 0,8130 0,7194 0,8598 0,6811 0,8530 0,7978 0,8319 0,8121

Het(obs)
0,6221 0,6794 0,8149 0,6851 0,6050 0,7748 0,7901 0,8760 0,8779 0,5553 0,7958 0,6412 0,8550 0,6069 0,6527 0,8168 0,6947 0,8263 0,6679 0,8359 0,7996 0,8168 0,7920

COASTAL POPULATION

Genetic 
parameters

D3S1358 vWA D16S539 CSF1PO TPOX D8S1179 D21S11 D18S51 D2S441 D19S433 TH01 FGA D22S1045 D5S818 D13S317 D7S820 D10S1248 D1S1656 D12S391 D2S1338 PENTA E D6S1043 PENTA D

PD
0,8322 0,8664 0,9170 0,8670 0,7839 0,9208 0,9545 0,9622 0,8010 0,9450 0,8449 0,9673 0,7594 0,8510 0,9366 0,8841 0,8578 0,9616 0,9284 0,9491 0,9756 0,9642 0,9391

PIC
0,6068 0,6617 0,7525 0,6568 0,5595 0,7493 0,8162 0,8459 0,5565 0,8072 0,6237 0,8592 0,5397 0,6255 0,7894 0,6800 0,6490 0,8394 0,7845 0,8125 0,8881 0,8489 0,7948

PE
0,3298 0,3974 0,6282 0,3786 0,3214 0,5001 0,5682 0,7553 0,2779 0,6099 0,3786 0,7099 0,3256 0,3833 0,6717 0,4218 0,4268 0,6467 0,6654 0,6099 0,7422 0,6888 0,6467

Het
0,6311 0,6796 0,8155 0,6667 0,6246 0,7443 0,7832 0,8803 0,5890 0,8058 0,6667 0,8576 0,6278 0,6699 0,8382 0,6958 0,6990 0,8252 0,8350 0,8058 0,8738 0,8469 0,8252

P-Value
0,2807 0,3443 0,4670 0,3212 0,0056 0,2159 0,5117 0,6294 0,0044 0,4299 0,0113 0,3774 0,0547 0,0210 0,7632 0,4713 0,9039 0,0003 0,8001 0,3941 0,0105 0,0332 0,1622

PM
0,1678 0,1336 0,0830 0,1330 0,2161 0,0792 0,0455 0,0378 0,1990 0,0550 0,1551 0,0327 0,2406 0,1490 0,0634 0,1159 0,1422 0,0384 0,0716 0,0509 0,0244 0,0358 0,0609

Het(exp)
0,6623 0,7099 0,7880 0,7070 0,6103 0,7807 0,8380 0,8623 0,8977 0,6051 0,8289 0,6739 0,8739 0,6163 0,6606 0,8155 0,7264 0,8630 0,7005 0,8573 0,8108 0,8339 0,8206

Het(obs)
0,6311 0,6796 0,8155 0,6667 0,6246 0,7443 0,7832 0,8803 0,8738 0,5890 0,8058 0,6667 0,8576 0,6278 0,6699 0,8382 0,6958 0,8479 0,6990 0,8252 0,8350 0,8058 0,8252

SIERRA POPULATION

Genetic 
parameters

D3S1358 vWA D16S539 CSF1PO TPOX D8S1179 D21S11 D18S51 D2S441 D19S433 TH01 FGA D22S1045 D5S818 D13S317 D7S820 D10S1248 D1S1656 D12S391 D2S1338 PENTA E D6S1043 PENTA D

PD
0,7879 0,8375 0,9082 0,8384 0,7811 0,9241 0,9439 0,9592 0,7031 0,9200 0,7823 0,9608 0,7790 0,8210 0,9298 0,8629 0,8052 0,9471 0,9111 0,7879 0,9787 0,9618 0,9225

PIC
0,5512 0,6113 0,7453 0,6254 0,5439 0,7671 0,8007 0,8452 0,4554 0,7515 0,5571 0,8513 0,5343 0,5879 0,7786 0,6530 0,5736 0,8199 0,7356 0,5512 0,8907 0,8436 0,7605

PE
0,3355 0,3656 0,6218 0,4570 0,2554 0,6641 0,5707 0,7740 0,1851 0,5217 0,3140 0,7184 0,2677 0,3503 0,5707 0,4056 0,3211 0,7074 0,5027 0,3355 0,7405 0,6323 0,5313

Het
0,6354 0,6575 0,8122 0,7182 0,5691 0,8343 0,7845 0,8895 0,4972 0,7569 0,6188 0,8619 0,5801 0,6464 0,7845 0,6851 0,6243 0,8564 0,7459 0,6354 0,8729 0,8177 0,7624

P-Value
0,5101 0,4291 0,0626 0,2708 0,2022 0,5555 0,1968 0,2641 0,5248 0,7801 0,4890 0,1471 0,2561 0,6059 0,2326 0,0242 0,1855 0,0777 0,7127 0,1495 0,5109 0,4161 0,0594

PM
0,2121 0,1625 0,0918 0,1616 0,2189 0,0759 0,0561 0,0408 0,2969 0,0800 0,2177 0,0392 0,2210 0,1790 0,0702 0,1371 0,1948 0,0529 0,0889 0,2121 0,0213 0,0382 0,0775

Het(exp)
0,6107 0,6719 0,7834 0,6808 0,6000 0,7986 0,8250 0,8632 0,9013 0,4952 0,7810 0,6173 0,8681 0,6130 0,6242 0,8053 0,7039 0,8591 0,6315 0,8417 0,7714 0,8288 0,7926

Het(obs)
0,6354 0,6575 0,8122 0,7182 0,5691 0,8343 0,7845 0,8895 0,8729 0,4972 0,7569 0,6188 0,8619 0,5801 0,6464 0,7845 0,6851 0,8177 0,6243 0,8564 0,7459 0,8508 0,7624

JUNGLE POPULATION

Genetic 
parameters

D3S1358 vWA D16S539 CSF1PO TPOX D8S1179 D21S11 D18S51 D2S441 D19S433 TH01 FGA D22S1045 D5S818 D13S317 D7S820 D10S1248 D1S1656 D12S391 D2S1338 PENTA E D6S1043 PENTA D

PD
0,8080 0,8426 0,8910 0,8875 0,8287 0,8824 0,9135 0,7889 0,7215 0,9325 0,8529 0,9446 0,7612 0,8082 0,9273 0,8616 0,8633 0,9256 0,9256 0,8080 0,9498 0,9221 0,9308

PIC
0,6100 0,6399 0,7609 0,6956 0,6069 0,7229 0,8181 0,6023 0,4747 0,7991 0,6400 0,8390 0,5097 0,6373 0,7817 0,6906 0,6491 0,8303 0,7714 0,6100 0,8839 0,7894 0,7862

PE
0,1630 0,5882 0,6434 0,3928 0,3126 0,4849 0,7595 0,2146 0,2444 0,8195 0,2146 0,5882 0,2444 0,3173 0,5882 0,4849 0,3126 0,6434 0,5353 0,1630 0,8800 0,3928 0,3512

Het
0,4706 0,7941 0,8235 0,6765 0,6176 0,7353 0,8824 0,5294 0,5588 0,9118 0,5294 0,7941 0,5588 0,6214 0,7941 0,7353 0,6176 0,8235 0,7647 0,4706 0,9412 0,6765 0,6471

P-Value
0,0031 0,9890 0,1811 0,8351 0,4659 0,0515 0,0340 0,2180 0,2999 0,7172 0,9327 0,0591 0,4946 0,2486 0,0392 0,7312 0,0857 0,0395 0,4694 0,0177 0,8216 0,0687 0,1923

PM
0,1920 0,1574 0,1090 0,1125 0,1713 0,1176 0,0865 0,2111 0,2785 0,0675 0,1471 0,0554 0,2388 0,1918 0,0727 0,1384 0,1367 0,0744 0,0744 0,1920 0,0502 0,0779 0,0692

Het(exp)
0,6686 0,6980 0,8042 0,7489 0,6800 0,7665 0,8508 0,8411 0,9065 0,5237 0,8328 0,6980 0,8670 0,5953 0,6457 0,8196 0,7463 0,8196 0,7142 0,8600 0,8112 0,8266 0,8253

Het(obs)
0,4706 0,7941 0,8235 0,6765 0,6177 0,7353 0,8824 0,7647 0,9412 0,5588 0,9118 0,5294 0,7941 0,5588 0,5294 0,7941 0,7353 0,6765 0,6177 0,8235 0,7647 0,7353 0,6471

Table 1. Genetic parameters of the mestizo peruvian sample population, coastal, sierra and 
jungle population
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Table 2. Average Fst values obtained between pairs of populations for 15 STR markers in common 
between 14 populations

  PERU Mexico Ecuador Bolivia Hispano 
america

Aymaras 
Peru

Ashaninkas 
Peru

Loreto 
Peru

Amazonas 
Peru

Norte 
Peru

Sur Peru Centro 
Peru

Oriente 
Peru

Lima_
Callao 
Peru

PERU 0,0000

Mexico 0,0114 0,0000

Ecuador 0,0037 0,00929 0,0000

Bolivia 0,0029 0,01717 0,00841 0,0000

Hispanoamerica 0,0162 0,01519 0,01039 0,02387 0,0000

Aymaras_Peru 0,0059 0,0225 0,01388 0,00136 0,03259 0,0000

Ashaninkas_
Peru

0,0264 0,03146 0,02342 0,03392 0,04442 0,03942 0,0000

Loreto_Peru 0,0110 0,0201 0,01265 0,0153 0,03187 0,01688 0,01663 0,0000

Amazonas_Peru 0,0358 0,03947 0,03565 0,0411 0,04454 0,04311 0,04812 0,02691 0,0000

Norte_Peru 0,0002 0,01139 0,00252 0,00384 0,01567 0,00733 0,02418 0,00953 0,03345 0,0000

Sur_Peru 0,0010 0,01402 0,0055 0,00058 0,02101 0,00266 0,02816 0,00988 0,03403 0,00153 0,0000

Centro_Peru 0,0009 0,01595 0,00709 0,00235 0,02264 0,00459 0,03114 0,01332 0,03808 0,00165 0,00099 0,0000

Oriente_Peru 0,0018 0,01111 0,00359 0,00739 0,01699 0,01095 0,01807 0,00446 0,02786 0,00098 0,00319 0,00368 0,0000

Lima_Callao_
Peru

0,0001 0,01232 0,0042 0,0021 0,01648 0,00555 0,02888 0,01284 0,03799 0,00064 0,00126 0,00081 0,0027 0,0000

Table 3. Average Fst values obtained between pairs of populations for 15 STR markers in common 
between 12 peruvian populations

  Ashanincas 
Peru

Loreto  
Peru

Amazonas 
Peru

Madre 
de Dios 
Peru

Norte  
Peru

Sur 
Peru

Centro  
Peru

Oriente 
Peru

Lima_
Callao 
Peru

COASTAL 
PERU

SIERRA 
PERU

JUNGLE 
PERU

Ashanincas_Peru 0.00000

Loreto_Peru 0.01663 0.00000

Amazonas_Peru 0.04812 0.02691 0.00000

Madre_de_Dios_
Peru

0.11652 0.08911 0.12808 0.00000

Norte_Peru 0.02418 0.00953 0.03345 0.08373 0.00000

Sur_Peru 0.02816 0.00988 0.03403 0.08066 0.00153 0.00000

Centro_Peru 0.03114 0.01332 0.03808 0.07857 0.00165 0.00099 0.00000

Oriente_Peru 0.01807 0.00446 0.02786 0.08503 0.00098 0.00319 0.00368 0.00000

Lima_Callao_
Peru

0.02888 0.01284 0.03799 0.07552 0.00064 0.00126 0.00081 0.00270 0.00000

COASTAL_PERU 0.02732 0.01143 0.03554 0.08300 0.00011 0.00222 0.00195 0.00153 0.00025 0.00000

SIERRA_PERU 0.02825 0.01292 0.03869 0.08301 0.00156 0.00026 0.00017 0.00409 0.00076 0.00206 0.00000

JUNGLE_PERU 0.02116 0.00565 0.03365 0.09034 0.00099 0.00069 0.00225 0.00139 0.00188 0.00013 0.00202 0.00000
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Comparisons of the individual population samples from the coastal, sierra and jun-
gle regions of Peru with the population of the macroregions of northern, central, 
southern, eastern Peru, Lima – Callao [11] and the population of the jungle of Peru 
with the population of Loreto [6] generated Fst vales <0.01. The comparisons of the 
coastal, sierra and jungle regions of Peru with the populations of the Amazonas, 
Madre de Dios [6] and the Ashaninka indigenous people [12] and only the popula-
tions of the coastal and highland regions of Peru with the population of Loreto [6] 
generated Fst values >0.01 (Figure 1 and Table 3).

Figure 1. UPGMA tree based on 15 STR markers in common among the fourteen populations 
(A) and the twelve peruvian populations (B) and on Reynolds distances
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Conclusion

Little or no detectable population genetic subdivision was observed with the com-
bined Peruvian population compared with Ecuador, Bolivia, the Aymara people and 
the macroregions of Peru. However, there are differences with the population sam-
ple of Peruvian mestizo compared and population samples from Mexico, Hispanic 
America, the Ashaninka people, and the departments of Loreto and Amazonas in 
Peru. When comparing the populations of the coast, sierra and jungle of Peru with 
other Peruvian populations, there are differences with the population samples of 
the departments of Amazonas, Madre de Dios, and the Ashaninkas and only the 
populations of the coast and sierra of Peru with the population of Loreto. A da-
tabase of allele frequencies for 23 autosomal STR markers further describing the 
Peruvian population(s) is presented.
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Abstract
Morocco has long been a subject of interest in genetic research because of its high heterogeneity 
manifested through various ethnic groups (Arabs, Berbers, and Sahraouis). This study descri-
bes, for the first time, the genetic profile of the mixed population located in center of Morocco. 
Twenty three (23) STR was explored on a random sample of 750 unrelated healthy individuals 
from different regions in Morocco. Based on Nei genetic distance, a Neighbor-Joining tree and a 
Principal coordinate analysis (PCoA) were implemented. For a more detailed approach, a locus 
by locus pairwise genetic distance (Fst) was calculated. After Bonferroni’s correction, only two 
loci (TH01 and D18S51)deviated from Hardy–Weinberg equilibrium. The Moroccan population 
was clustered with Northwest African populations. It was the closest to the Berber population 
of Azrou. It shared close genetic affinities with all North African populations, with a west to east 
gradient emphasizing varying degrees of Berber or Arab ancestry contributions, as well as with 
Sub-Saharan populations and Iran. The genetic affinity with Arabian populations was weak and 
no clear evidence of significant genetic contribution from European population.The Moroccan 
population seems to embody major North African characteristics, strongly related to a Berber an-
cestry, with a relatively minor influence from an Arabian origin, as well as a close genetic affinity 
with Sub-Saharan populations and, surprisingly, with Iran. 
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1. Introduction

STRs (Short tandem repeats) are widespread in the genomes of all living organ-
isms, from bacteria to humans [1; 2]. Many scientists have studied the history of 
human evolution and migration using STR loci [3; 4].Because of their high level 
of polymorphism. In Morocco, multiple studies based on STRs were conducted to 
study the genetic structure of this population [5; 6]. Morocco is one of the ancient 
countries whose history goes back to the mists of time.It has attracted the atten-
tion of different civilizations (Phoenicians, Romans, Vandals, Arabs, Portuguese, 
Spain and French) because of its strategic geographical location and its wealth. The 
documented history of Morocco begins with the Phoenician civilization that col-
onized the coasts of Morocco between the 8th and 6th centuries BC [7]. Through 
some fossils and the remains of Homo sapiens, found in Jebel Irhoud (western 
Morocco), the origin of Homo sapiens goes back more than 315,000 years instead 
of 200,000 years ago as recognized by the scientific community [8].

2. Material and methods

2.1. Sample collection and DNA preparation
Buccal swabs were collected from 750 randomly selected, unrelated healthy 

individuals of both genders from different regions in Morocco with ancestry traced 
back at least three generations. All samples were obtained with the participants’ 
informed consent. DNA was extracted using Chelex® 100 (Bio-Rad Laboratories, 
USA) method [9].

2.2. PCR amplification and genotyping by capillary electrophoresis
Multiplexed PCR amplification of 23 short tandem repeat (STR) loci 

(D3S1358,VWA, CSF1PO, D16S539, TPOX, D8S1179, D21S11, D18S51, D2S441, 
D19S433, THO1, FGA, D22S1045, D13S317, D5S818, D7S820, SE22, D2S1338, 
D10S1248, D1S1656, D12S391, Y indel and DYS391 ) was performed using the 
AmpFlSTR® Globalfiler® kit in PCR System 9700 ABI 96-Well Thermal Cycler 
according to the manufacturer’s specifications. Electrophoresis and typing were 
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carried out in the ABI 3130xl genetic analyzer. Genotypes were assigned using the 
GeneMapper® ID-X v1.1 software by comparison with reference allelic ladders.

2. 3 Phylogenetic tree
The phylogenetic tree (UPGMA) was constructed based on DA genetic distance 

[10].These calculations were performed using the web version of POPTREE [11].

3. Results

3.1. STRs Markers characterization

Figure 1: UPGMA tree showing the phylogenetic relationships of the Moroccanpopulation 
among 21 worldwide populations.

Populations studied: Morocco (present study);AS: Berber-speaking from Asni (High 
Atlas Mountains of Morocco);RZ: Arabic-speaking population of Rabat-Sale-Zem-
mour-Zaer;AZ: Berber-speaking population of Azrou;SO: Southern Morocco pop-
ulation;DZ: Berber population of Bejaia (Algeria);LY: Libya; EG: Egypt; UG: Kar-
amoja population (Uganda);NA: Ovambo population (Namibia);TZ: Tanzania;KW: 
Kuwait;QA: Qatar;SA: Central Region of Saudi Arabia;ID: Indonesia;CN: China Han 
in Jilin Province (China);NP: Tibetan population (Nepal);ES: Andalusians from 
Huelva (Spain);BY: Belarus;BE: Belgium;IT: Sardinia island (Italy);SE: Sweden.
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3.2Principal component analysis (PCA) 

Figure 2: Principal components analysis (PCA) based on Nei’s standard genetic distances at the 
23 autosomal STR loci between the Moroccan population and 21worldwide populations.

Populations studied: Morocco (present study); AS: Berber-speaking from Asni 
(High Atlas Mountains of Morocco);RZ: Arabic-speaking population of Rabat-Sale-
Zemmour-Zaer;AZ: Berber-speaking population of Azrou;SO: Southern Morocco 
population;DZ: Berber population of Bejaia (Algeria);LY: Libya; EG: Egypt; UG: Kar-
amoja population (Uganda);NA: Ovambo population (Namibia);TZ: Tanzania;KW: 
Kuwait;QA: Qatar;SA: Central Region of Saudi Arabia;ID: Indonesia;CN: China Han 
in Jilin Province (China);NP: Tibetan population (Nepal);ES: Andalusians from 
Huelva (Spain);BY: Belarus;BE: Belgium;IT: Sardinia island (Italy);SE: Sweden.

4. Discussion

A comparison of genetic distance indices was made by using Arlequin v3.5.2.2 soft-
ware, based on the P-values of Wright’s F-statistic (fixation index - FST) between 
(Morocco) and 21 worldwide populations. The tests revealed that no significant dif-
ference (P<0.05) was observed between the study population and the North African 
populations (Arabic-speaking population of Rabat-Sale-Zemmour-Zaer, Southern 
Morocco population, Berber-speaking population of Azrou, Berber-speaking from 
Asni from High Atlas Mountains of Morocco, Berber population of Bejaia from  
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Algeria, Libyan population) at all loci; except for the Egyptian population, the dif-
ference was detected in 2 out of 23 STR loci. This difference seems to be due to 
the geographical distance between Egypt population (Northeast Africa) and the 
study population (Northwest Africa). In fact, geographically close populations are 
also genetically similar and when the geographical distance increases, the genetic 
diversity between groups becomes more important [10]. Whereas a significant dif-
ferences were found between Morocco and Andalusians from Huelva (Spain) at 3 
loci; Sardinia island (Italy) at 3 loci; Qatar population at 4 loci; Kuwait population 
at 5 loci; Saudi Arabia population at 5 loci; Sweden population at 5 loci; Belgium 
population at 6 loci; Belarus population at 6 loci; Karamoja population (Uganda) 
at 9 loci; Indonesia population at 9 loci; China Han in Jilin population at 11 loci; 
Ovambo population (Namibia) at 12 loci; Tanzania population at 12 loci; Tibetan 
population (Nepal) at 13 loci.

The figure 1 shows the result of the phylogenetic tree (UPGMA) performed 
after the allelic frequencies of eight North African populations, three Sub-Saharan 
populations, three Arabian Peninsula populations, five European populations and 
three East Asian populations were included in the analysis as part of a global study. 
As could be seen from the phylogenetic tree (Figure), the Moroccan population is 
grouped with Arabic-speaking population of Rabat-Sale-Zemmour-Zaer (Morocco), 
Southern Morocco population and Berber-speaking population of Azrou (Moroc-
co), Berber-speaking from Asni in High Atlas Mountains (Morocco), Berber pop-
ulation of Bejaia (Algeria), Libya, Egypt; and appears to form a sister cluster to 
the group containing the Arabian Peninsula populations (Qatar, Central Region of 
Saudi Arabia and Kuwait).

Principal component analysis (PCA) (Figure 2) revealed that the North Af-
rican populations appear to be heterogeneous compared to the other populations 
included in this analysis, which reflects an important genetic affinity expressing at 
the same time the geographical, socio-cultural and historical closeness. The Mo-
roccan population was grouped with North African populations (Arabic-speaking 
population of Rabat-Sale-Zemmour-Zaer in Morocco, Southern Morocco popula-
tion, Berber-speaking population of Azrou in Morocco, Berber population of Bejaia 
in Algeria, Berber-speaking from Asni in High Atlas Mountains of Morocco and 
Egyptian population). However, the populations of the Arabian Peninsula (Kuwait, 
Qatar and Central Region of Saudi Arabia) are not far from the North African pop-
ulations. Andalusians from Huelva (Spain) and Belgium form a group with Sar-
dinia Island (Italy), Sweden and Belarus in the upper left quadrant, which shows a 
great similarity among the European populations. While the East Asian countries  
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(China Han in Jilin province, Indonesia and Tibetan population) cluster in the up-
per right. The populations of Sub-Saharan Africa (Uganda, Tanzania and Namibia) 
are grouped in the lower right quadrant.

5. Conclusion

The phylogenetic tree, PCA plots and population comparison tests revealed a sig-
nificant affinity between the Morocco population and North African populations. 
In fact, the 23 STRs loci in this study were highly informative, thus proving their 
usefulness for forensics and population genetic studies.
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Abstract 
Genetic variation was determined for 23 autosomal STR markers in the Chanca population re-
siding in the province of Abancay-Peru. The STR profiles of 150 unrelated Chancas individuals 
from Chincheros (n= 93), Andahuaylas (n= 49), Abancay (n=6), Antabamba (n= 1) and Aymaraes 
(n= 1) were generated and analyzed. The Arlequin v3.5.2.2 software was used to determine the 
genetic distances (Fst) of the studied populations. Little or no detectable population genetic 
subdivision was observed between the population sample of Peruvian mestizo compared with 
populations from Mexico, Ecuador, Bolivia, Aymara from Peru, North from Peru, South from 
Peru, Center from Peru, East from Peru and Lima-Callao from Peru. 

Keywords
Autosomal STR, Chancas, human identification, genetic distance.

Introduction

The genetic heritage of native populations of South America has been affected by 
the Inca and Spanish conquests, and studies with various genetic markers show 
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substantial evidence of population substructure in different Peruvian populations 
[1]. Additionally, multicultural variety of Peru can impact genetic variation of Pe-
ruvians and/or isolated populations [2]. Based on genomic analyses, Native Ameri-
cans in Peru show greater affinities with the Andean indigenous peoples, both Que-
chua and Aymara [3]. Despite the growing number of studies on different Peruvian 
populations [4-13], there still are populations for which there are no genetic data. 
One such population is the Chanca, which is one of the most notable in ancient 
Peru. The Chanca originate from the Quechuas and were divided into Anansaya 
and Urinsaya. In an attempt to annex other ethnic groups, they were defeated by 
the Incas of Cusco in the decade of 1430. The population continued as a wamani of 
the Tahuantinsuyu and then as a corregimiento of the viceroyalty, persisting until 
today with the category of province of the department and region of Apurímac [14]. 
Due to the historical importance of the Chanca, the present research aimed to ana-
lyze the genetic variation of 23 autosomal STR markers in the Chanca population 
residing in Peru. 

Material studied, methods, techniques

This study was approved by the Ethics Committee N°042-2023-CBE-FCB-UNMSM 
of the Faculty of Biological Sciences of the Universidad Nacional Mayor de San 
Marcos (Peru), and all participants freely and voluntarily signed their informed 
consent. Blood samples were collected from 150 Chancas residing in the provinces 
of Chincheros (n= 93), Andahuaylas (n= 49), Abancay (n= 6), Antabamba (n= 1) 
and Aymaraes (n= 1) in the department of Apurimac and stored on FTA cards. 
DNA was extracted from five 1.2mm punches using the Chelex-100 method and 
quantified using a Qubit fluorometer (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. The genetic markers were amplified by PCR multiplex 
using the Verifiler Kit (Thermo Fisher Scientific), with 2 ng input DNA per sample 
in a reaction volume of 25 μL. The amplified products were subjected to capillary 
electrophoresis on the ABI 3500XL, and the results were analyzed with the GeneM-
apper® ID-X v1.5 software (Thermo Fisher Scientific). Discrimination power (PD), 
polymorphic information content (PIC), exclusion probability (PE), and observed 
heterozygosity (Ho) were calculated with the Power Stats V1.2 software [15]. The 
Arlequin v3.5.2.2 software was used to determine the genetic distances (Fst) of the 
studied populations [16]. The genetic distances were used to generate a UPGMA 
tree using the MEGA 6.06 program [17].
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Results and Discussion

In the Chanca population sample all markers had PIC values ≥0.50 with the high-
est PIC values observed for the markers D6S1043 (0.8385), D18S51 (0.8471) and 
PENTA E (0.8795). The highest PD values were observed in the markers D6S1043 
(0.9567), D18S51 (0.9622) and PENTA E (0.9732). The most informative marker 
for PE was FGA (0.7413) and the lowest was TPOX (0.2601). Only one marker, 
D6S1043 (0.0431), did not meet Hardy-Weinberg expectations but after applying 
the Bonferroni correction (significance value p=0.0022) this maker was no longer 
considered significantly departing from expectations. (Table 1).

The pairwise population comparisons with the Chanca that resulted in an 
Fst <0.01 were the populations of Mexico [18], Ecuador [19], Bolivia [20], Aymara 
from Peru [10], Noth from Peru, South from Peru, Center from Peru, East from 
Peru, and Lima-Callao from Peru [13]. The Ashanincas [21], Loreto and Amazonas 
(peruvians populations) [8] comparisons resulted in Fst values >0.01, which is in-
dicative of notable population substructure (Table 2). In the UPGMA tree (Figure 
1) the Chanca population is close to the Aymara population [10], while the Loreto 
population is close to the Amazonas population [8] and both were well separated 
from the Ashaninka population [21] (Figure 1).
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Table 1. Genetic parameters of the Chancas sample population
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Table 2. Average Fst values obtained between pairs of populations for 15 STR markers in common 
between 13 populations

  Mexico Ecuador Bolivia CHANCAS 
PERU

Aymaras 
Peru

Ashanincas 
Peru

Loreto  
Peru

Amazonas 
Peru

Norte   PeruSur     Peru Centro 
Peru

Oriente 
 Peru

Lima_
CallaoPeru

Mexico 0.00000

Ecuador 0.00929 0.00000

Bolivia 0.01717 0.00841 0.00000

CHANCAS_
PERU

0.01609 0.00716 0.00270 0.00000

Aymaras_
Peru

0.02250 0.01388 0.00136 0.00490 0.00000

Ashanincas_
Peru

0.03146 0.02342 0.03392 0.03269 0.03942 0.00000

Loreto_Peru 0.02010 0.01265 0.01530 0.01466 0.01688 0.01663 0.00000

Amazonas_
Peru

0.03947 0.03565 0.04110 0.04069 0.04311 0.04812 0.02691 0.00000

Norte_Peru 0.01139 0.00252 0.00384 0.00167 0.00733 0.02418 0.00953 0.03345 0.00000

Sur_Peru 0.01402 0.00550 0.00058 0.00140 0.00266 0.02816 0.00988 0.03403 0.00153 0.00000

Centro_Peru 0.01595 0.00709 0.00235 0.00027 0.00459 0.03114 0.01332 0.03808 0.00165 0.00099 0.00000

Oriente_Peru 0.01111 0.00359 0.00739 0.00546 0.01095 0.01807 0.00446 0.02786 0.00098 0.00319 0.00368 0.00000

Lima_Callao_
Peru

0.01232 0.00420 0.00210 0.00130 0.00555 0.02888 0.01284 0.03799 0.00064 0.00126 0.00081 0.00270 0.00000

Figure 1. UPGMA tree based on 15 STR markers in common among the thirteen populations 
and on Reynolds distances
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Conclusion

This study provides STR population data from the Chanca population, one of 
the ethnic groups of Peru, distinct from the mestizo populations of Peru (North, 
South, Center, East and Lima-Callao of Peru) and closer to the native populations 
(Ashanincas, Loreto and Amazonas of Peru). The results provide additional popula-
tion data for statistical calculations in human identity testing cases in Peru.
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Abstract
In forensic practice, human identification is generally performed by capillary electrophoresis tar-
geting short tandem repeats (STRs). As an alternative, a single nucleotide polymorphism (SNP)-
STR system has been reported that uses an amplification refractory mutation system to identi-
fy STRs and adjacent SNPs simultaneously [1,2]. This system has better discriminatory power 
than the traditional system and advantageously does not require expensive massively parallel 
sequencing (MPS) equipment. We have tried to develop a specific SNP-STR system targeting nine 
loci (rs4347015-D1S1656, rs74640515-D2S441, rs149466976-D3S4529, rs12187142-D5S2800, 
rs25768-D5S818, rs16887642-D7S820, rs75219269-vWA, rs9546005-D13S317 and rs11642858-
D16S539) for common SNPs in Japanese people [3]. 
Eight out of nine loci, except for rs149466976-D3S4529, were successfully genotyped although 
stutter alleles were detected at two loci (rs4347015-D1S1656 and rs25768-D5S818). For 
rs149466976-D3S4529, no mutant allele was detected, so that adjustments of primer concentra-
tions and PCR conditions were required to establish this SNP-STR system. We plan to continue 
development to improve the accuracy of DNA typing.

Keywords
Human identification, Compound marker, SNP-STR.

Introduction

In forensic practice, DNA typing is mainly performed targeting highly polymor-
phic short tandem repeats (STRs). However, it is expected that the discrimination  
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ability can be improved by adding information on single nucleotide polymorphisms 
(SNPs) adjacent to STRs. In this study, we targeted nine STR loci and their adjacent 
SNPs based on DNA polymorphism information of Japanese [3] and attempted to 
construct a reaction system using the widely used capillary electrophoresis (CE) 
method [1,2].

2. Material studied, methods

2.1. Material
From a dataset of Japanese people [3], nine SNP-STR loci were selected as 

targets (Table 1). Two fluorophore labeled allele-specific SNP primers (wild-type 
and mutant) and one reverse (or forward) primer were designed according to a 
previous report [1]. DNA extracts from the blood of four volunteers with known 
SNP-STR types were used as test samples. This study was approved by the Ethics 
Committee of Tohoku University Graduate School of Medicine (No. 2020-1-902).

Table 1. Target loci in this study

STR Loci Chromosome rsIDa Reference
allele

Alternative
allele

Distance from
STR region (bp)b

D1S1656 1 rs4847015 C T 6

D2S441 2 rs74640515 G A -25

D3S4529c 3 rs149466976 G A 10

D5S2800c 5 rs12187142 C T 12
D5S818 5 rs25768 A G 16
D7S820 7 rs16887642 G A 9

vWA 12 rs75219269 A G -7
D13S317 13 rs9546005 A T 1
D16S539 16 rs11642858 A C 19

a) SNP ID assigned by NCBI (National Center for Biotechnology Information). b) Plus and
minus signs show the upstream and downstream direction from each STR region,
respectively. c) STR loci not included in the GlobalFiler™ PCR Amplification Kit (Thermo
Fisher Scientific).
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2.2. Methods
In this study, two primer sets were prepared (set_A and B) (Fig. 1). Multiplex 

PCR was performed in 20 μL reactions containing 10 μL Platinum Multiplex PCR 
Master Mix (Thermo Fisher Scientific), 2.4 μL GC enhuncer, 0.6 μL primer mix 

(one forward primer and one reverse primer, 3 μM of each), 5.4 μL nuclease-free 
water, and 1 μL genomic DNA (1 ng/μL). Thermocycling was performed in a Ploflex 
PCR System (Thermo Fisher Scientific) under the following conditions: initial de-
naturation at 95°C for 2 min; 30 cycles of 95 °C for 30 s, 58 °C for 90 s, 72 °C for 30 
s; followed by a final extension step of 72 °C for 10 min. Electrophoresis was carried 
out using a genetic analyzer (SeqStudio, Thermo Fisher Scientific). Analysis was 
performed using Gene Mapper ID-X (version 1.6, Thermo Fisher Scientific).

Results

Eight out of nine loci, except for rs149466976-D3S4529, were successfully geno-
typed although stutter alleles were detected at two loci (rs4347015-D1S1656 and 
rs25768-D5S818) (Fig. 2a, b). For rs149466976-D3S4529, no mutant allele was 
detected (Fig. 2c).
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Discussion

As a result of attempting to develop a SNP-STR system using CE for Japanese, 
the following two issues were found out. Firstly, re-design of the primer for 
rs149466976-D3S4529 and adjustment of PCR conditions were needed to establish 
this SNP-STR system. Secondly, in addition to increasing the number of samples to 
ensure that typing is performed correctly, it is necessary to set appropriate stutter 
filter values.

Conclusion

This study demonstrated that eight of the nine SNP-STR loci commonly found in 
Japanese people can be identified by CE methods. It was suggested that this method 
could contribute to improving the accuracy of DNA typing without MPS. We plan 
to continue development this SNP-STR system to improve the accuracy of DNA 
typing.
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Abstract
Multiplex kits are made commercially available post publication of validation studies as per SWG-
DAM guidelines, for the purpose of forensic DNA examination. Such available multiplex kits 
are used in resolving criminal cases and also in population based genetic studies. Prior to their 
use these kits are not tested specifically on the populations where these kits are being used. In 
this study an attempt is made to test the most recent asSTRs and Y-STR multiplex systems on 
Indian population, to evaluate their forensic efficacy and to decipher best set of asSTR and Y-STR 
markers in Indian population. The study has shed light on what we coined to term as the Indian 
Standard DNA Marker System (ISDMS) that draws relevance for application on forensic DNA 
analysis, data basing and population genetic studies.

Keywords 
Forensic, STRs, Indian Standard DNA Marker System (ISDMS), Database

Introduction

Short Tandem Repeat (STR) markers are well established and have historically 
been the gold standard for forensic DNA applications across the world [1]. Over the 
three and half decades, forensic DNA technology seen an exponential development 
with regards to the marker selection and the methods of analysis, fostered by an 
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ever-growing requirements in the development of competent, efficient, resources 
with high discriminative power and turn-around time [2], [3], [4].Various studies 
have reported application of diverse multiplex kits being used for forensic analy-
sis[5], [6], [7]. Despite the much-needed validation of these multiplex kits, before 
their forensic DNA application, they should also be tested specifically on the pop-
ulations on which these kits are being used, this would generate more meaningful 
scientific interpretations of the experimental outcomes[8]. 

It is highly welcomed that the kits have to be validated under the SWGDAM 
guidelines and manufactured under forensic grade (such as ISO 18385), which en-
sures confident use of these solutions in forensic casework. Combined DNA Index 
System (CODIS), Core Loci Working Group, the European Network of Forensic 
Science Institutes (ENFSI), and the European DNA Profiling Group (EDNAP), Na-
tional DNA Index System (NDIS), European Standard Set (ESS) etc., are recom-
mended set of polymorphic STR loci for the USA, European population for forensic 
DNA application and DNA data basing purposes. However, the above-mentioned 
standard set of loci should not be considered as mandatory for application on Indi-
an population forensic sample analysis, and have been prompted by various studies 
to be not completely sufficient in case work analysis. As it is well documented that 
Indian population with over 1.5 billion people is diverse and limiting DNA analy-
sis only to a defined set of CODIS/EDNAP/NDIS/ESS based markers might not be 
sufficient. Thus, it is highly important and is the need of hour to develop an Indian 
Standard DNA Marker System (ISDMS) which includes the best informative set of 
STR markers that cater to effective DNA analysis as well as data basing applications 
suiting the Indian scenario.

This report is prompted by the vast diversity in the genetic structure of Indi-
an populations, with 4693 documented population groups that include 2205 major 
communities, 589 segmented units and 1900 territorial units India is a world in 
itself [9], [10]. Despite this wide range of genetic diversity in Indian population, till 
date there are no specific set of polymorphic loci that have be determined to define 
Indian population. This gap, drew our attention to be find best set of polymorphic 
loci for the Indian population, present study was conducted using all the recently 
used new generation STR based multiplex systems available in India. 
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Material studied, methods, techniques

Participants, Sample collection and genotyping
Randomly selected one thousand nine hundred and seventy (1970) individuals be-
longing to highly diverse Indian population were selected for sample collection. 
Volunteers’ self-declared and written informed consent were obtained and periph-
eral blood samples were collected in EDTA blood vial following the Declaration of 
Helsinki, [11]. 

Genomic DNA was extracted by, using organic, automated approaches and 
direct amplification. The quantity and quality of the extracted DNA was checked 
by RT-PCR methods of PowerQuantTM (Promega Inc,USA) and Quantifiler®Trio 
quantification kit (Thermo Fisher Scientific, USA) as per manufacturer’s protocol. 

The Studied new generation autosomal STR loci markers were amplified 
via polymerase chain reaction (PCR) using multiple STR amplification systems, 
namely, PowerPlex Fusion 6CTM (374 samples)[12], VersaPlex™ 27PY (147 samples)
[13], GlobalFilerTM (508 samples)[14], Verifiler PlusTM(200 samples)[15], PowerPlex 
Y23 (202 Samples), Yfiler™ Plus (539 samples), on VeritiTM and ABI9700TM ther-
mal cyclers (Thermo Fisher Scientific, USA) and as per the manufacturer’s recom-
mended protocol. The amplicons were separated using capillary electrophoresis on 
3500XLTM Genetic Analyzer (Thermo Fisher Scientific, USA). The Data was analyz-
ed using Gene Mapper ID-XTM versions1.5 and 1.6 software (Thermo Fisher Scien-
tific, USA) as per developers ‘settings.

ANALYSIS OF DATA: Allele frequency of the studied STR loci was calculated 
by using GenAlEx 6.5 software[16]. Forensic parameters viz., polymorphic infor-
mation content (PIC), the power of discrimination (PD), the power of exclusion 
(PE), matching probability (Pm) and paternity index (PI),Observed heterozygosity 
(Hobs),were calculated by using the FORSTAT online tool[17]. 

Results

New generation autosomal STR loci viz.,D1S1656, D2S1338, D2S441, D3S1358, 
D5S818, D6S1043,D7S820, D8S1179, D10S1248, D12S391, D13S317, D16S539, 
D18S51, D19S433, D21S11, D22S1045, CSF1PO, FGA, TH01, TPOX, vWA, Penta 
D, Penta E, and SE33 along with sex determination genetic marker Amelogenin, 
which are available in most recent amplification kits (Table 1); 
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Table 1. Commercially available most recent and advanced new STR marker based multiplex 
systems

Sr. No. Locus 

Global 
Filer® PCR 
multiplex 
kit

VeriFiler™ 
Plus PCR 
Amplification 
Kit

PowerPlex® 
Fusion 6C 
System

VersaPlex™ 
27PY 
System 

Investigator 
24plex QS 
Kit

Ingenomics™ 
AutoProFiler

1 D3S1358 ☑ ☑ ☑ ☑ ☑ ☑

2 TH01 ☑ ☑ ☑ ☑ ☑ ☑

3 D21S11 ☑ ☑ ☑ ☑ ☑ ☑

4 D18S51 ☑ ☑ ☑ ☑ ☑ ☑

5 Penta E X ☑ ☑ ☑ X ☑

6 D12S391 ☑ ☑ ☑ ☑ ☑ ☑

7 D6S1043 X ☑ X ☑ X ☑

8 D2S1338 ☑ ☑ ☑ ☑ ☑ ☑

9 D1S1656      ☑ ☑ ☑ ☑ ☑ ☑

10 D5S818 ☑ ☑ ☑ ☑ ☑ ☑

11 D13S317 ☑ ☑ ☑ ☑ ☑ ☑

12 D7S820 ☑ ☑ ☑ ☑ ☑ ☑

13 D19S433 ☑ ☑ ☑ ☑ ☑ ☑

14 CSF1PO ☑ ☑ ☑ ☑ ☑ ☑

15 Penta D X ☑ ☑ ☑ X ☑

16 D2S441 ☑ ☑ ☑ ☑ ☑ ☑

17 vWA ☑ ☑ ☑ ☑ ☑ ☑

18 D8S1179 ☑ ☑ ☑ ☑ ☑ ☑

19 TPOX ☑ ☑ ☑ ☑ ☑ ☑

20 FGA ☑ ☑ ☑ ☑ ☑ ☑

21 D16S539 ☑ ☑ ☑ ☑ ☑ ☑

22 D22S1045 ☑ ☑ ☑ ☑ ☑ ☑

23 SE33 ☑ ☑ ☑ X ☑ ☑

24 D10S1248 ☑ ☑ ☑ ☑ ☑ ☑

and Y STR loci viz., DYS19, DYS385 a/b, DYF387S1 a/b, DYS389 I/II, DYS390, 
DYS391, DYS392, DYS393, DYS437, DYS438, DYS439, DYS448, DYS449, DYS456, 
DYS458, DYS460, DYS481, DYS518, DYS533, DYS549, DYS570, DYS576, DYS627, 
DYS635 (Y GATA C4), DYS643 and Y GATA H4 were included in this study.The 
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allele frequency of the genetic data was statistically evaluated for the forensic effi-
cacy parameters. The locus SE33 and Penta E were found as markers with highest 
degree of forensic efficiency among all the tested loci. The loci D1S1656, Penta 
E, D18S51, D2S1338, D21S11, D8S1179, D12S391, SE33, and FGA of PowerPlex 
Fusion 6CTM system kit, were found to be more than 0.8 polymorphic information 
contents (PIC). The loci D1S1656, Penta E, D18S51, D2S1338, D21S11, D8S1179, 
D12S391, and FGA of VersaPlex™ 27PY kit, were found to be more than 0.8 pol-
ymorphic information contents (PIC). The loci D1S1656, D18S51, D2S1338, 
D21S11, D8S1179, D12S391, SE33 and FGA of GlobalFilerTM PCR multiplex kit, 
were found to be more than 0.8 polymorphic information contents (PIC). The loci 
D1S1656, D18S51, D2S1338, D21S11, D8S1179, D12S391, D13S317, Penta E and 
FGA of Verifiler PlusTM PCR multiplex kit, were found to be more than 0.8 polymor-
phic information contents (PIC). All the other forensic efficacy parameters also 
found to show similar pattern for these markers (Table 2).

Table 2. Forensic efficacy parameters of tested new generation autosomal STR Kits

Forensic efficacy of PowerPlex Fusion 6C system kit (N=374) Forensic efficacy of VersaPlex™ system (N=147).

Locus PD  PIC PE PI Pm Ho P-value locus PD PIC PE PI PM Ho P-value

D3S1358 0.883 0.700 0.545 2.174 0.117 0.770 0.017 D3S1358 0.881 0.705 0.519 2.042 0.119 0.755 0.170

D1S1656 0.968 0.858 0.664 3.016 0.032 0.832 0.123 D1S1656 0.963 0.866 0.861 7.350 0.037 0.932 0.149

D2S441 0.868 0.649 0.377 1.496 0.132 0.634 0.247 D2S441 0.865 0.665 0.429 1.670 0.135 0.701 0.232

D10S1248 0.907 0.733 0.554 2.226 0.093 0.775 0.164 D10S1248 0.906 0.727 0.519 2.042 0.094 0.755 0.711

D13S317 0.939 0.793 0.569 2.309 0.061 0.783 0.000 D13S317 0.941 0.788 0.495 1.934 0.059 0.741 0.279

Penta E 0.980 0.894 0.674 3.117 0.020 0.840 0.002 Penta E 0.981 0.899 0.777 4.594 0.019 0.891 0.718

D16S539 0.932 0.774 0.588 2.429 0.068 0.791 0.032 D16S539 0.940 0.795 0.604 2.534 0.060 0.803 0.428

D18S51 0.956 0.826 0.669 3.066 0.044 0.837 0.002 D18S51 0.953 0.818 0.630 2.722 0.047 0.816 0.404

D2S1338 0.967 0.859 0.633 2.750 0.033 0.818 0.000 D2S1338 0.967 0.861 0.696 3.341 0.033 0.850 0.371

CSF1PO 0.875 0.665 0.355 1.427 0.125 0.644 0.009 CSF1PO 0.883 0.682 0.440 1.709 0.117 0.707 0.701

Penta D 0.939 0.788 0.503 1.968 0.061 0.746 0.001 Penta D 0.937 0.787 0.484 1.885 0.063 0.735 0.198

THO1 0.910 0.729 0.429 1.670 0.090 0.578 0.001 TH01 0.902 0.726 0.462 1.793 0.098 0.721 0.066

vWA 0.940 0.790 0.545 2.174 0.060 0.770 0.032 vWA 0.930 0.770 0.554 2.227 0.070 0.776 0.819

D21S11 0.959 0.829 0.613 2.597 0.041 0.778 0.691 D21S11 0.947 0.823 0.736 3.868 0.053 0.871 0.176

D7S820 0.924 0.762 0.564 2.280 0.076 0.781 0.349 D7S820 0.927 0.763 0.530 2.100 0.073 0.762 0.376

D5S818 0.868 0.673 0.485 1.889 0.132 0.735 0.042 D5S818 0.866 0.668 0.440 1.709 0.134 0.707 0.407

TPOX 0.843 0.619 0.393 1.545 0.157 0.676 0.403 TPOX 0.864 0.652 0.306 1.289 0.136 0.612 0.062
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D8S1179 0.956 0.829 0.613 2.597 0.044 0.807 0.010 D8S1179 0.948 0.813 0.630 2.722 0.052 0.816 0.764

D12S391 0.961 0.838 0.623 2.671 0.039 0.805 0.005 D12S391 0.957 0.841 0.669 3.063 0.043 0.837 0.311

D19S433 0.939 0.781 0.554 2.226 0.061 0.722 0.000 D19S433 0.936 0.780 0.554 2.227 0.064 0.776 0.636

SE33 0.990 0.940 0.770 4.452 0.010 0.877 0.000 D6S1043 0.934 0.775 0.591 2.450 0.066 0.796 0.686

D22S1045 0.881 0.673 0.313 1.308 0.119 0.618 0.000 D22S1045 0.877 0.675 0.440 1.709 0.123 0.707 0.415

FGA 0.974 0.873 0.649 2.877 0.026 0.821 0.108 FGA 0.968 0.864 0.709 3.500 0.032 0.857 0.509

Forensic efficacy of GlobalFiler PCR kit (N=508) Forensic efficacy parameters of of VeriFiler Plus (N=200)

Locus PD  PIC PE PI Pm Ho P-value Locus PD  PIC PE PI Pm Ho P-value

D3S1358 0.887 0.696 0.470 1.827 0.113 0.726 0.406 D3S1358 0.886 0.699 0.510 2.000 0.114 0.750 0.372

vWA 0.939 0.794 0.653 2.920 0.061 0.829 0.490 vWA 0.934 0.775 0.599 2.500 0.066 0.800 0.897

D16S539 0.934 0.772 0.583 2.396 0.066 0.791 0.282 D16S539 0.920 0.756 0.581 2.381 0.080 0.790 0.706

CSF1PO 0.867 0.662 0.439 1.705 0.133 0.707 0.228 CSF1PO 0.878 0.683 0.484 1.887 0.122 0.735 0.101

TPOX 0.865 0.652 0.397 1.558 0.135 0.679 0.010 D6S1043 0.937 0.788 0.646 2.857 0.063 0.825 0.081

D8S1179 0.950 0.818 0.707 3.479 0.050 0.856 0.255 D8S1179 0.956 0.838 0.715 3.571 0.044 0.860 0.185

D21S11 0.957 0.833 0.771 4.456 0.043 0.888 0.471 D21S11 0.955 0.833 0.675 3.125 0.045 0.840 0.014

D18S51 0.956 0.826 0.731 3.791 0.044 0.868 0.750 D18S51 0.950 0.819 0.675 3.125 0.050 0.840 0.362

D2S441 0.863 0.686 0.583 2.396 0.137 0.791 0.013 D5S818 0.873 0.679 0.493 1.923 0.127 0.740 0.707

D19S433 0.929 0.778 0.676 3.136 0.071 0.841 0.400 D2S441 0.899 0.708 0.527 2.083 0.101 0.760 0.710

TH01 0.905 0.730 0.587 2.419 0.095 0.793 0.168 D19S433 0.931 0.775 0.590 2.439 0.069 0.795 0.751

FGA 0.960 0.846 0.803 5.184 0.040 0.904 0.012 FGA 0.958 0.840 0.745 4.000 0.042 0.875 0.494

D22S1045 0.879 0.684 0.500 1.954 0.121 0.744 0.730 D10S1248 0.913 0.744 0.590 2.439 0.087 0.795 0.732

D5S818 0.878 0.692 0.527 2.082 0.122 0.760 0.272 D22S1045 0.885 0.691 0.413 1.613 0.115 0.690 0.206

D13S317 0.935 0.780 0.587 2.419 0.065 0.793 0.061 D1S1656 0.973 0.880 0.816 5.556 0.027 0.910 0.301

D7S820 0.930 0.768 0.594 2.466 0.070 0.797 0.788 D13S317 0.946 0.805 0.581 2.381 0.054 0.790 0.284

SE33 0.991 0.939 0.847 6.684 0.009 0.925 0.014 D7S820 0.929 0.769 0.562 2.273 0.071 0.780 0.318

D10S1248 0.904 0.740 0.665 3.024 0.096 0.835 0.087 Penta E 0.982 0.908 0.795 5.000 0.018 0.900 0.185

D1S1656 0.967 0.853 0.680 3.175 0.033 0.843 0.212 Penta D 0.935 0.785 0.627 2.703 0.065 0.815 0.870

D12S391 0.957 0.830 0.696 3.342 0.043 0.850 0.493 TH01 0.921 0.756 0.562 2.273 0.079 0.780 0.970

D2S1338 0.964 0.849 0.711 3.528 0.036 0.858 0.085 D12S391 0.959 0.840 0.627 2.703 0.041 0.815 0.255

*Abbreviations:  PD – power of discrimination; PIC – polymorphic information 
content;  PE – power of exclusion; PI – paternity index; PM – matching probability; 
Ho - observed heterozygosity; P-value- deviation from Hardy–Weinberg equilibrium
TPOX
0.849
0.656
0.468
1.818
0.151
0.725

D2S1338 0.968 0.867 0.775 4.545 0.032 0.890 0.536

0.026
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The results of present study reveal following genetic marker namely SE33, Penta 
E, FGA,D1S1656, D18S51, D2S1338, D21S11, D8S1179, D12S391 and D13S317 
must be included in the multiplex system used for forensic DNA application for the 
Indian population. Studied Y chromosomal STR markers showed significant ge-
netic diversity among the analyzed male populations. Therefore, 23 or more Y-STR 
genetic markers are sufficient for the forensic application. 

Discussion

Since the advent of Indian forensic set-up in the late 1980s application of DNA 
based approaches in forensic analysis have taken center stage. Marker analysis and 
choice of markers for analysis of DNA samples on Indian population relied heavily 
on the American or European standards, this has limited to a certain degree the 
analysis and population forensic study aspects. Scattered scientific reports, com-
ing out of research from Indian scientific community, have slowly started to shed 
light on certain Autosomal STR and Y chromosomal STRs and their significance 
in sample analysis. The present study prompted to look at these markers in greater 
depth to further draw their statistical relevance and mandatory selection in DNA 
profiling. The study elaborated on application of almost 25 Autosomal STR mark-
ers and ~23 or more Y chromosomal STR markers. Analysis has vividly indicated 
the short falls in choosing exclusively either CODIS loci or ENFSS loci. A broader 
look at the statistically driven data on the STR markers relevant to Indian Popu-
lation indicated that SE33, Penta E, FGA, D1S1656, D18S51, D2S1338, D21S11, 
D8S1179, D12S391 and D13S317 play a significant role is case work analysis with 
a very high degree of forensic efficacy. These outcomes categorically point to the 
need of scientific community to give careful consideration in selecting multiplex 
systems that include these markers (ISDMS) for their studies related to forensic 
DNA testing, DNA Data basing and Population Genetics. The NDIS (National DNA 
Index System) is developed solely for the American database development and so 
does the CODIS (Combined DNA Index System). Also, the European DNA Profiling 
Group (EDNAP), and European Standard Set (ESS) are developed with importance 
in the populations related to the continent of Europe. Lack of concrete analysis on 
Indian marker set drew this study to initiate the development of Indian Standard 
DNA marker System (ISDMS), a much-needed system to help Indian forensic com-
munity. 
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Conclusion

While selecting the Multiplex systems for Forensic DNA analysis it becomes im-
perative that laboratories chose kits that include the above listed markers viz., 
SE33, Penta E, FGA, D1S1656, D18S51, D2S1338, D21S11, D8S1179, D12S391 and 
D13S317, that bear relevance in Indian population. With a diverse population as 
Indian, choosing marker systems that are unrelated may lead analysts to miss-out 
on critical information which otherwise would serve beneficially in solving com-
plex forensic cases. In this study we also for the first time introduced the acronym 
“ISDMS (Indian Standard DNA marker System)” which can be further quoted while 
discussing about these and any additional markers that will be added to the list of 
markers specific to Indian Population.
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Table Legends:

Table 1. Commercially available most recent and advanced new STR marker based mul-
tiplex systems 

Table 2. Forensic efficacy parameters of tested new generation autosomal STR Kits
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Abstract 
The Highland Ecuadorian Creole horse (HECH), also known as Paramero, originated from the 
introduction of European equines by the Spanish in the 16th century. These horses have since 
adapted to the high-altitude environments of the Ecuadorian Andes, particularly in areas known 
as “paramos” at elevations above 3300 meters. In this study, we aimed to genotype and analyze 
the genetic diversity of feral HECH populations from four provinces in Ecuador using 29 STR 
molecular markers. DNA was extracted from 182 horses across the provinces of Carchi, Pichin-
cha, Cotopaxi, and Chimborazo, and genetic diversity parameters, F-statistics, and population 
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structure were assessed. The results revealed high levels of genetic diversity across all popula-
tions, with little genetic differentiation (FST=0.01007) between subpopulations. Bayesian clus-
tering analysis indicated that HECH grouped with Creole and Iberian breeds, and at K=11, they 
formed a distinct cluster. The genetic affinity of HECH with other Creole and Iberian populations 
suggests a common origin from southern Spain, likely introduced to Ecuador through Central 
America. These findings highlight the genetic richness of HECH and provide a foundation for 
future conservation and breeding programs.

Keywords
Horse, Ecuadorian, Paramero-Creole, STRs, Genetic diversity, Feral-subpopulation.

Introduction

Highland Ecuadorian Creole horses (HECH), also known as Paramero, originated 
from the introduction of European equines by the Spanish in the 16th century [1]. 
In the Ecuadorian Andes, HECH adapted to conditions from high altitude areas 
known as “paramos” located at elevations of approximately 3300 meters above sea 
level [2]. HECH is deeply rooted in Andean communities´s lives and traditions, 
consider HECH as part of their culture. Semi-wild herds of HECH roam the para-
mo and are regularly managed by horse riders of local communities [3]. This study 
aimed to genotype and compare feral populations of HECH horses from four Ande-
an provinces of Ecuador using microsatellite markers to assess their diversity and 
relationships and give valuable information for their conservation.

Material studied, methods, techniques

Material & Methods
DNA was extracted from the blood of 182 feral horses from herds in the par-

amos of the provinces of Carchi (n=40), Pichincha (n=61), Cotopaxi (n=50), and 
Chimborazo (n=33). STR genotypes were obtained using 29 molecular markers, 
following the protocols described in [4,5]. PCR products were run on an ABI 3500 
Genetic analyzer and genotypes were edited in GeneMapperTM v6, including two 
independent lectures.

Genetic analysis
Allelic frequencies and other diversity parameters were computed using Ge-

nAlEx 6.5 [6], forensic parameters using Powerstats software, [7] and F-statistics 
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were estimated using Genetix 4.05.2 [8]. HW disequilibrium was assessed by an ex-
act test in GENEPOP 7 [9]. Nei’s standard genetic distance was calculated with ref-
erence population data from the BIOHORSE consortium using Populations 1.2.32 
software [10] and an unrooted Neighbor-Joining tree was plotted with TreeViewer 
2.2.0 [11]. Analysis for population structuration was made using Structure v2.3.4 
software [12]. 

Results

All four populations exhibited high genetic diversity and heterozygosity values. 
F-Statistics indicated small variability between HECH populations (FIT=0.05927; 
CI:0.02828-0.11244), and the horse subpopulations were relatively homogeneous 
(FIS=0.04970; CI:0,01835-0,10354), with no significant genetic differentiation ob-
served (FST=0.01007; CI:0,00714-0,01310). This result suggests that the HECH 
populations studied are genetically similar, which is consistent with the historical 
spread of horses across Eurasia before their introduction to the Americas during 
the European conquest [13–15].

Among the markers analyzed, T333, CA425, T312, ASB17, HTG10, T297, 
T394, ASB23, T343, and T325 were identified as the most efficient. In contrast, 
HMS6 and LEX33 showed Hardy-Weinberg disequilibrium and were the least effi-
cient markers in the studied populations (Table a).
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Table a. Diversity and forensic parameters of Paramero Horses as a single population.
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T2
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T3
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T3
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T3
21

T3
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T3
33

T3
37

T3
41

Na 10 8 9 8 10 17 11 9 11 10 8 9 11 7 11 8 11 10 11 10 7 10

Ne 5,523 3,157 5,959 3,636 5,100 7,199 3,530 5,157 6,166 6,247 5,777 6,177 3,865 3,150 6,728 3,862 6,268 3,739 7,067 7,007 3,988 4,297

oHe 0,777 0,707 0,772 0,685 0,745 0,842 0,663 0,804 0,832 0,842 0,766 0,299 0,738 0,661 0,835 0,732 0,857 0,720 0,809 0,857 0,665 0,747

uHe 0,821 0,685 0,834 0,727 0,806 0,863 0,719 0,808 0,840 0,842 0,829 0,840 0,743 0,684 0,854 0,743 0,843 0,735 0,861 0,860 0,751 0,769

PIC 0,795 0,652 0,813 0,698 0,777 0,848 0,683 0,780 0,817 0,822 0,805 0,819 0,704 0,629 0,834 0,708 0,825 0,706 0,843 0,841 0,716 0,737

CP 0,056 0,134 0,048 0,107 0,070 0,035 0,121 0,063 0,051 0,048 0,056 0,089 0,108 0,160 0,042 0,109 0,044 0,102 0,040 0,042 0,099 0,092

PD 0,944 0,866 0,952 0,893 0,930 0,965 0,879 0,937 0,949 0,953 0,944 0,911 0,892 0,840 0,958 0,891 0,956 0,898 0,960 0,958 0,901 0,908

PE 0,557 0,438 0,548 0,405 0,501 0,680 0,373 0,607 0,659 0,680 0,538 0,063 0,489 0,371 0,666 0,480 0,709 0,460 0,615 0,709 0,376 0,505

TPI 2,244 1,704 2,191 1,586 1,957 3,172 1,484 2,556 2,968 3,172 2,140 0,713 1,906 1,476 3,033 1,867 3,500 1,784 2,614 3,500 1,492 1,978

MAF 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007

HWE 0,560 0,684 0,163 0,683 0,037 0,604 0,001a 0,812 0,465 0,527 0,013 0,000a 0,755 0,062 0,482 0,013 0,204 0,660 0,064 0,226 0,008 0,054

Na= Number of Alelles; Ne= number of effective Alelles; oHe= Observed Heterozygosity; uHe= Unbiased Expected Heterozygosity; PIC= Polymorphism Informative 
Content; CP= Coincidence Probability; PD= Power of discrimination; PE= Power of Exclusion; TPI= Typical Paternity Index; MAF= Minimal Allele Frequency; HWE= 
Hardy-Weinberg Equilibrium by exact text; a = Significative after Bonferroni correction p-value=0.001724.

The Neighbor-Joining dendrogram, based on Nei’s standard genetic distance, re-
vealed a close genetic relationship between HECH and other Creole breeds, such 
as the Colombian and Peruvian “Paso Fino,” Salvadoran Creole, Pantaneiro from 
Brazil (with Andalusian ancestry), and Panamanian Creole. The short branch length 
of HECH in the dendrogram suggests limited evidence of directed selection com-
pared to other breeds such as Thoroughbred, Retuertas, and Argentinian Creole 
(Figure 1).
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Figure 1. Neighbor-joining dendrogram based on Nei’s Standard genetic distances of 20 horse 
populations. 

Bayesian genetic structure analysis showed that HECH clusters with other Creole 
and Iberian breeds (K = 2, K = 3). At K = 11, HECH populations formed a distinct, 
uniform group, even when compared with the other Creole Ecuadorian popula-
tions from the BioHorse Consortium (Figure 2).

Figure 2. Bayesian clustering for population structuration for 20 breeds of populations.
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Discussion

The high genetic diversity and heterozygosity observed across all four HECH pop-
ulations are consistent with findings in other Creole horse breeds, which are often 
not subject to intense selective breeding. These high diversity values are crucial for 
the long-term viability of the population, providing a broad genetic pool that may 
help these horses adapt to environmental changes, such as those associated with 
high-altitude paramo conditions.

The low levels of genetic differentiation between the populations (FST = 
0.01007) suggest a lack of significant barriers to gene flow among the HECH popu-
lations in the four provinces. This finding aligns with the historical context of horse 
migration and population admixture following their introduction to the Americas. 
The relatively homogeneous structure seen in the HECH population supports the 
idea that these horses share a common ancestry and can be treated as a single ge-
netic unit in conservation and breeding programs.

The identification of efficient and inefficient markers has important impli-
cations for future genetic studies in these populations. The markers that showed 
Hardy-Weinberg disequilibrium, HMS6, and LEX33, should be revisited or poten-
tially excluded in future analyses to avoid misleading interpretations of genetic 
variability.

The close genetic relationship between HECH and other Creole breeds, such 
as those from Colombia, Peru, El Salvador, Brazil, and Panama, highlights the 
shared Iberian ancestry of these horses. The short branch length of HECH in the 
dendrogram indicates a lack of intense artificial selection, distinguishing HECH 
from more heavily selected breeds like Thoroughbred, Retuertas, and Argentinian 
Creole. This lack of directed selection could contribute to the preservation of ge-
netic diversity in the HECH population, further supporting its conservation.

The Bayesian clustering analysis reinforces these conclusions by showing a 
strong genetic grouping of HECH with Creole and Iberian breeds at lower K values 
(K = 2, K = 3). The formation of a distinct group at K = 11 suggests that HECH has 
retained a unique genetic signature within the broader Creole horse population, 
emphasizing the need to manage HECH as a distinct genetic resource. Additional-
ly, the Chimborazo population’s slight genetic isolation, as shown in the clustering 
at higher K values, could indicate the beginning of localized genetic differentia-
tion, warranting further investigation.
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Conclusion

HECH or Paramero populations exhibit high genetic diversity. In addition, in these 
populations, the set of markers is highly polymorphic and powerful for parentage 
testing. 

F-statistics results indicate that the four populations are not genetically dif-
ferent, the Bayesian clustering in Structure can be confirmed this, and therefore, 
can be considered as one population.

Structure and NJ tree results demonstrate a genetic affinity between HECH 
and certain Creole and Iberian breeds, supporting their arrival to Ecuador through 
Central America and originating mainly from southern Spain.
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Abstract
Age prediction remains one of the foremost pursuit tools in forensic DNA phenotyping. The 
current standard methods detect cytosine methylation via pyrosequencing or massively parallel 
sequencing after bisulfite conversion, whose harsh and destructive nature poses limitations in 
low quality and/or quantity DNA analyses. The absence of a universally accepted method for 
evaluating the quality of bisulfite conversion presents a challenge, as incomplete conversion can 
significantly distort downstream results.
We opted to employ the BisQuE method, a multiplex quantitative real-time PCR
technique for bisulfite conversion quality control developed by Hong and Shin, and to develop 
an age prediction model for semen samples in the Czech population based on massively parallel 
sequencing. 
Our age prediction model for semen samples utilizes six CpGs in six genes (SH2B2, SYT7, NOX4, 
TTC7B, TBX4, and GALR2) and reaches mean absolute error (MAE) 2.62 years. This model was 
constructed using a dataset comprising 46 samples (35 volunteers from a fertility clinic and 11 
healthy volunteers, 19-52 years old). Given the comparatively low number of samples, we tested 
the possibility to include sperm samples exposed to cryoprotectives. We also focus on possible 
differences of methylation profile between ejaculate and its fractions.
Here, we present our results of the BisQuE workflow, including modification of the original pro-
tocol by incorporation of salmon sperm DNA. 
We also present the performance characteristics of age prediction model MethAge for sperm 
samples, along with the results of testing the effect of cryoprotective medium and differences 
between the methylation profiles from sperm and non-sperm fractions of ejaculate in the pilot 
sample set (n = 5).
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Introduction

The MethAge is a massively parallel sequencing method for age prediction from 
semen samples, suitable for sexual assault cases, developed for the Czech popu-
lation. MethAge was primarily developed for use with full ejaculate samples. Still, 
as ejaculate is a highly heterogenous material (both between individuals and in 
time), we also tested its performance with separate sperm and non-sperm fractions 
after differential extraction (Differex IQ system, Promega). Differential extraction 
is often necessary (to eliminate female DNA in vaginal swabs) but can be redundant 
(e.g., semen stains on fabric) and the performance of the model can be different for 
both materials. 

Semen is also considered very private material, limiting sample availability. 
Using samples frozen in a cryoprotective medium could significantly expand the 
sample pool, but some studies suggest that cryoprotectives disrupt methylation 
signals, though results are sometimes contradictory based on the used cryoprotect-
ant agents, analyzed loci, and tested species [1].

MethAge method includes bisulfite conversion (EZ Methylation Gold, Zymo), 
qPCR, library preparation (Nextera XT, Illumina), massively parallel sequencing 
(MiSeq/NovaSeq Illumina), and bioinformatic analysis (Bismarck and SeqMonk). 
Bisulfite conversion step seems to be a bottleneck of the method that potentially 
distorts results by induced DNA degradation and loss. Without a universally ac-
cepted method for evaluating conversion quality (quantifying conversion efficien-
cy, DNA degradation, and DNA loss), we decided to implement the BisQuE method, 
a multiplex quantitative real-time PCR technique developed by Hong and Shin [2].

This study aims to assess the MethAge performance for semen samples and 
compare the age prediction results from whole semen, sperm and non-sperm DNA 
fractions after differential extraction and DNA stored in cryoprotective medium 
PreservCyt. Concurrently, we also aim to implement the BisQuE method, includ-
ing verification of its ability to identify incomplete bisulfite conversion and to test 
the conversion efficiency of our MethAge workflow.
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Material studied, methods, techniques

Samples
The MethAge model was developed using 46 samples with informed consent 

(35 samples from the Fertility Clinic of University Hospital Olomouc and 11 sam-
ples from healthy volunteers from general population). 

Upon arrival, all samples were stored in -20 °C without any additives. For 11 
samples with sufficient volume, 150-600 ml of sample was aliquoted and stored for 
two years in -20 °C with addition of 500 ml of cryoprotective medium PreservCyt.  

DNA extraction
DNA extraction from full semen was performed using Genomic Mini kit 

(A&A Biosystems) from 100 ml of semen according to manufacturer instruction. 
Prior to extraction, samples were allowed to thaw in the room temperature and 
mixed by pipetting. 

Differential extraction was performed using Differex system (Promega) from 
100 ml of semen according to manufacturer instruction for differential extraction 
using the Differex magnet. DNA extraction from individual fractions was subse-
quently performed using DNA IQ system (Promega). For the DNA extraction from 
non-sperm cell fraction, 300 ml was used. 

MethAge
The MethAge prediction workflow can be seen on the figure 1. Specifications 

of individual steps are beyond the scope of this short communication. They are 
currently being prepared for independent publication and are available from the 
authors upon request. 

Figure 1. MethAge workflow.
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During the development of the MethAge model, we tested 41 CpG loci in 11 genes 
associated with chronological ageing in semen samples according to literature. 
Using LASSO selection, stepwise selection, and Bayes modelling, we selected 6 CpG 
loci in 6 genes (SH2B2, SYT7, NOX4, TTC7B, TBX4, and GALR2) for the final model. 

BisQuE
The BisQuE method incorporates 3 sets of primers for amplicons of various 

lenghts and 4 fluorescent probes. Short amplicon (CCDC29 gene, 104 bp) incor-
porates the C base. Its conversion status is detected using short-C and short-T 
probes (FAM and VIC/HEX, respectively). Long amplicon (FHJ39739 gene, 238 bp) 
that does not contain any C base is amplified regardless of conversion status and 
fluorescent signal from long C-free probe (NED/ROX) is used for fragmentation 
assessment. Artificially prepared amplicon (147 bp) and its detection probe (Cy5) 
are used as internal control of qPCR reaction.

For calibration of results, the dilution series of genomic DNA standard and 
dilution series of synthetic C- and T- indicator containing degenerate base Y needs 
to be included in each BisQuE run. For each sample, gDNA and bisulfite-converted 
DNA (BK-DNA) are recommended to run in duplicate. 

Results

During the implementation phase of the BisQuE method, we tested three different 
polymerase-buffer systems and achieved the highest probe specificity using Plati-
num II Hot-Start PCR Master Mix (Invitrogen).

We experienced repeated failures of dilution series of DNA standards and 
indicators, that made the whole BisQuE run unanalyzable. The same dilution se-
ries samples were simultaneously tested using another qPCR system (GAPHD gene 
and SYBR Green I probe, routinely used in our lab) with satisfactory results, so the 
failure was attributed to the BisQuE workflow. The addition of salmon sperm DNA 
and letting prepared dilution series sit in a fridge for 24 hours before the run low-
ered but not eliminated the number of failed reactions (see table 1). On the other 
hand, the addition of salmon sperm DNA limited the unspecific reactions in the 
non-template control.
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Table 1. R2 values of short C, long and T->C transforming qPCR curve constructed using 
dilution series of DNA standards and C and T indicators. Values come from independent 

experiments with addition of salmon sperm DNA. T0 values were obtained from run that was 
started immediately after preparation of dilution series, for T24 values, dilution series were 

allowed to sit in the fridge for 24 hours. Optimal value should be > 0.99. 

  Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

  T0 T24 T0 T24 T0 T24 T0 T24 T0 T24

Short C 0.993 0.988 0.998 0.996 N/A N/A N/A N/A 0.951 0.867

Long 0.997 0.998 0.992 0.990 0.940 0.977 0.994 0.982 0.937 0.943

T->C 1.000 0.982 0.992 0.994 0.870 0.813 0.971 N/A 0.988 0.799

Two samples with artificially inefficient conversion (mixture of gDNA and convert-
ed DNA) were tested to assess the capacity of BisQuE to detect incomplete bisulfite 
conversion. All our tested samples (n = 20) show 100% conversion efficiency and 
artificially inefficient conversion was identified as such (see the figure 2)

Figure 2. Results of BisQuE conversion efficiency testing in samples with incomplete 
conversion. 

The fragmentation analysis results showed no correlation with digital electro-
phoresis (D1000 Screen Tape system, Agilent and 2100 Bioanalyzer, Agilent). The 
original formula for DNA recovery value resulted in values exceeding 100% [2]. 
Alternative formula suggested by authors determined the recovery values for two 
illustrative samples as 16.3% and 9.3%, compared with recovery assessed by Qubit 
as 73.0% and 83.6%, respectively. 
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Age prediction from the full semen samples (n = 46) using the MethAge 
model resulted in the 82.6% of samples in the range of ± 4 years and in the 89.1% 
of samples in the range of ± 5 years with the MAE of 2.62 years. 

Preliminary testing of 5 samples after differential extraction show that the 
errors of sperm fraction are higher than the errors of non-sperm fraction (see ta-
ble 2). We can also see that cryoprotective medium did not affect the prediction 
accuracy.

Table 2. Mean errors of age prediction from the whole semen, from fractions after differential 
extraction, and from sperm stored in cryoprotective medium. 

S1 S2 S3 S4 S5

Whole semen 2.46 6.34 6.14 3.02 7.24

Sperm fraction 1.20 12.19 7.21 5.23 6.00

Non-sperm fraction 0.04 0.20 2.88 4.70 6.72

PreservCyt stored 1.80 6.05 6.56 5.33 6.52

Discussion

We developed an epigenetic-based age prediction model called MethAge applicable 
to the semen samples with mean absolute error of prediction 2.62 years. We do not 
have an independent validation sample set for semen-DNA based MethAge model so 
far, so the fair comparison is with the training sets in other publications.

The comparison of our results with a training set by Pisarek et al., MAE = 
4.3 years [3] or training set by Xiao et al., MAE = 3.89 years [4] is favorable. Result 
of training set of the model developed by Jenkins et al. was better than ours (MAE 
= 2.04 years and 2.62 years, respectively), but it used much bigger array of CpG 
loci [5].

Within our sample set, non-sperm cell fraction after a differential extraction 
provided more precise age prediction than sperm fraction, and, surprisingly, also 
more precise prediction than the whole sperm. The number of sperm cells in ejacu-
late is highly heterogenous, varying from zero to hundreds of million per milliliter 
interindividually, as well as varying in one individual in different time and phases 
of intercourse. Non-sperm cell fraction is probably less variable, consisting mostly 
of epithelial cells and leukocytes [6], that are commonly used for age prediction. 
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Contradictory with our results, both models developed by Xiao et al. (two 
SNaPshot assays containing 11 non-overlapping CpGs each) were more precise for 
sperm cell than the whole semen samples [4]. This should be attributed mainly to 
the CpG selection, as Xiao et al. were specifically focused on sperm-specific markers.

Preliminary results of testing samples stored in cryoprotective medium 
PreservCyt suggest, that in the specific loci used by MethAge model, methylation is 
not considerably influenced. 

The main limitation of our epigenetic age prediction model is the small sam-
ple set. 

Conclusion

The MethAge method is capable of predicting the age of an unknown semen donor 
for 89.1% of samples in the error range ± 5 years and a mean absolute error of 2.62 
years.

Pilot data from differential extraction suggest that the determining factor 
for age prediction from semen is not the sperm fraction but the non-sperm frac-
tion. Pilot data also suggest that the cryoprotective medium PreservCyt does not 
significantly alter age prediction results. More samples will be tested in the future.

BisQuE is a method capable of distinguishing incomplete bisulfite conver-
sion. All tested samples converted in our lab using EZ Methylation Gold kit (Zymo) 
were converted with 100% efficiency. Yet, due to inconsistent performance and 
repeated dilution series failure, BisQuE is not the robust method for bisulfitation 
assessment in our hands.
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Abstract 
Biological traces play a critical role in DNA casework; however, despite the significance of DNA 
profiling, its efficacy is often hampered by the limited availability of DNA. Standard DNA analysis 
has predominantly focused on nuclear DNA and has overlooked other potential biological traces, 
such as microbiome signatures. Hair samples pose a challenge as they may offer limited nu-
clear DNA information. This study investigated a novel approach for the analysis of hair samples, 
integrating traditional nuclear DNA identification with microbial forensic analysis to obtain a 
comprehensive profile for identification.
This research employed the emerging technologies RapidHIT™ ID for nuclear DNA detection 
and a SeqStudio® Genetic Analyzer for processing biological traces. Initially, DNA-containing 
material on hair samples was detected using Diamond™ Nucleic Acid Dye (DD) and real-time 
Extended Depth of Field (EDF) imaging to visualize and count nuclei. Detection of DNA con-
taining material was an integral step to determine hair suitability for DNA analysis. Hair sam-
ples, both shed and plucked, were imaged using the Optico N300F LED Fluorescent Microscope 
and a MIchrome 5 Pro camera. Subsequently, the samples underwent processing through the 
RapidHIT™ID platform, recollected and processed through standard DNA analysis.
This study explored microbial signatures in follicle tissue to gauge their discriminatory poten-
tial for hairs with limited nuclear DNA and STR profiling results. Bacterial isolates were PCR-
amplified and sequenced using the 16S rRNA gene, analysed via MicrobeBridge™ software for 
forensic relevance. The SeqStudio® platform enabled combined sequencing and STR profiling 
on a single plate. These findings could significantly impact casework by enhancing hair exami-
nation for forensic purposes.
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1. Introduction 

Biological traces are crucial in DNA casework, but the limited availability of DNA 
on some sample types often hampers DNA profiling efficacy. Standard DNA anal-
ysis has primarily focused on nuclear DNA, overlooking other potential biological 
traces like microbiome signatures [1]. Hair samples can be challenging due to their 
limited nuclear DNA information, however, are prevalent at crime scenes due to 
the high number of hairs a person is likely to shed every day (50-100) [2]. 

This study used the RapidHIT™ ID (RHID) for nuclear DNA detection and a 
SeqStudio® Genetic Analyzer for processing other biological traces. DNA-contain-
ing material on hair samples can initially be detected using Diamond™ Nucleic 
Acid Dye (DD) and real-time Extended Depth of Field (EDF) imaging, previous 
studies have shown that detection of DNA material was crucial to assess hair suit-
ability for DNA analysis [3, 4]. Hair samples, including shed and plucked, were 
imaged using the Optico N300F LED Fluorescent Microscope and a MIchrome 5 
Pro camera. The samples then underwent processing through the RHID platform 
before being subjected to standard DNA analysis.

In addition to the RHID platform this study explored microbial signatures in 
follicle tissue to assess their potential for hairs with limited nuclear DNA and STR 
profiling results. The use of 16S gene is considered the gold standard for identifica-
tion at species level with numerous established protocols being available [5]. This 
study evaluated the 16S Direct Workflow [5] and the SeqStudio® platform which can 
combine sequencing and fragment length analysis (STR profiling) on a single plate. 

2. Material studied, methods, techniques

Human Ethics approval number: H15115

2.1 Human identification using RHID workflow
The processing of hair samples through the RHID platform followed the 

method previously described [3], however, one step further was investigated 
by extracting the remaining hair sample that was collected post-RHID. Hairs 
were extracted using the PrepFiler™ BTA kit, followed by quantification using  
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Quantifiler® Trio half reaction volume and amplified using GlobalFiler™ (GF) 
Amplification PCR kit (Thermo Fisher Scientific) also at half reaction volume. Am-
plified products were analysed on a SeqStudio™ Genetic Analyser, following man-
ufacturer’s protocol. See Figure 1 for schematic workflow.   

Figure 1. Standard and RHID workflow for the analysis of hair samples

2.2 Microbiome identification using SeqStudio™ workflow

2.2.1 Bacterial isolates: Hair samples freshly plucked from scalp were placed 
into 10 mL of brain, heart, infusion (BHI) broth or nutrient broth (NB), enriched 
overnight at 37 °C, then streaked on agar. Isolated colonies were grown overnight 
at 37 °C in respective broths. Bacterial isolates were extracted using the DNeasy 
PowerSoil Pro Kit (Qiagen) following manufacturer’s protocol. 

2.2.2 16S workflow sequencing samples were produced following the 16S 
Direct workflow specifically for the SeqStudio™ [5], see Figure 2 for schematic 
workflow. This included using the BigDye™ Direct Cycle sequencing kit (Thermo 
Fisher Scientific) for the amplification of 16S A and B fragments [5] and then for 
the sequencing, following the manufacturer’s protocol. Sequences were analysed 
using the MicrobeBridge (Applied Biosystems) software and searched using Mi-
crobeNet a CDC Virtual Reference Laboratory.

Figure 2. Microbiome workflow for hair analysis
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3. Results

3.1 RHID workflow
Hairs that were collected post-RHID analysis were put through standard 

DNA extraction, quantification, amplification with detection on the SeqStudio™ 
Genetic Analyser. Hairs were stained with DD and imaged post-RHID, a noticeable 
amount of cellular material was removed during the RHID process. RHID uses a 
crude extraction process, which results in hairs not being consumed during the 
process and can be recollected for standard DNA analysis [3]. Average allele per-
centage recovered using RHID for shed hairs was ~4.5% which increased to 17% 
when processed through standard DNA analysis. This may in part be due to the 
full breakdown of the hair sample during the standard DNA analysis process. DNA 
profiles were successfully obtained from these hair samples that were recollected, 
with concordant results.  

3.2 Microbiome identification
There was a 70.8% fail rate of the sequencing runs (48 total runs) through 

the SeqStudio™ platform. Either due to, no sample being detected or basecalling 
failed due to poor quality data. Only partial sequencing results were able to be ob-
tained due to the fail rate. However, the partial sequencing result was able to be an-
alysed using the MicrobeBridge software, the aligned sequence was then searched 
through the BLAST function in MicrobeNet and was identified as Staphylococcus.

4. Discussion

4.1 RHID and Standard DNA analysis:
The recollection of hair samples from the RHID cartridge and processed 

through standard DNA analysis was successful in this study. Full profiles were ob-
tained from plucked hairs that were concordant with the RHID results. 

4.2 Microbiome identification:
Further method optimization is required, the protocol outlined in the 16S 

Direct workflow [5], was quite labour intensive and expensive. For this workflow to 
be useable in a casework environment within forensic science, there needs to be a 
higher reliability of the protocol and success in the results.
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5. Conclusion

Standard DNA analysis on hairs collected post-RHID generally resulted in improved 
DNA profiling results, compared to the RHID profiles. Demonstrating the ability to 
obtain a DNA profile through standard DNA workflow. 

Further investigation is required on whether 16S sequencing using the Se-
qStudio™ Platform and BigDye™ Direct chemistry, is possible from hair samples 
extracted for Human Identification purposes, not just bacterial isolates.
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Abstract 
The RapidHIT™ ID is an automated system which can generate a DNA profile in 90 minutes from 
sample insertion. This study compares the performance of the newly released RapidINTEL™ 
Plus (INTEL+) cartridge against the ACE GlobalFiler™ Express (ACE) cartridge. Both cartridge 
types yielded full profiles from buccal swabs. However, peak heights of samples processed with 
INTEL+ were generally two times higher, suggesting greater sensitivity. This study also asses-
sed the analysis of swabs retrieved from expended cartridges. Full profiles were recovered when 
buccal swabs retrieved from both cartridge types were reprocessed with the standard laboratory 
workflow. We also evaluated a hitherto unknown approach of retrieving waste pads from ex-
pended cartridges for DNA analysis and full profiles were successfully recovered. Interestingly, 
quantitation data showed that the DNA recovered from the retrieved swabs was approximately 8 
to 10 times more than the DNA recovered from the waste pads, which indicated that the extrac-
tion efficiency of RapidHIT was limited. In conclusion, our study has demonstrated the improved 
sensitivity of the INTEL+ cartridge, and also demonstrated two possible approaches of repeat 
analysis using either swabs or waste pads retrieved from expended cartridges. 

Keywords 
ACE GlobalFiler™ Express, RapidINTEL™ Plus, buccal swab.

Introduction

The standard laboratory workflow for DNA analysis involves multiple hands-on 
procedures and generally takes at least 6 hours to generate a DNA profile. In con-
trast, the RapidHIT™ ID system is an automated instrument that requires min-
imal human intervention and only 90 minutes to generate a DNA profile from 
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sample insertion [1-3]. As this system can only process one sample at a time, its 
main use would be in the analysis of a limited number of urgent, critical samples 
for investigators to receive investigative leads and detain suspects based on DNA 
evidence. The RapidHIT™ ID system utilizes two types of sample cartridges, which 
are (i) the RapidHIT™ ID ACE GlobalFiler™ Express (ACE) cartridge meant for 
high DNA samples, and (ii) the recently launched RapidINTEL™ Plus (INTEL+) 
cartridge with higher sensitivity, capable of analyzing lower amounts of DNA [4]. 
Data on the performance of the INTEL+ cartridge is currently limited. 

It was reported previously that buccal swabs retrieved from expended sam-
ple cartridges can be processed via the standard laboratory workflow to obtain full 
profiles [3]. Other than the retrieved swabs, we theorized that waste pads from the 
waste chamber in expended cartridges could also be an alternative source of DNA 
for analysis. This is because during RapidHIT analysis, 500 µL of lysate is produced 
in the sample chamber [4]. However, the volume of the PCR chamber is only about 
12 µL [1]. As such, the remaining lysate will have to be moved to the waste cham-
ber, which makes the waste pad a possible source of DNA.

Our study therefore aims to (i) perform a comparison on the performance 
of ACE and INTEL+ cartridges using buccal swabs, and (ii) assess the potential of 
recovering DNA from swabs and waste pads retrieved from expended cartridges. 

Material studied, methods, techniques

Sample collection
Buccal cells were collected from three volunteers by performing 5 swipes on 

the buccal surface using cotton swabs. 
Waste pads were excised from waste chambers of expended sample cartridg-

es using scalpels. 

RapidHIT™ ID workflow
Buccal swabs were processed with either ACE (n=6) or INTEL+ (n=6) with 

General Protocol selected, on the RapidHIT™ ID system (Thermo Fisher Scientif-
ic, USA) with RapidLINK™ v2.0 software. Electrophoresis data was analyzed with 
GeneMarker® HID v2.95. 

Standard laboratory workflow
Buccal swabs and waste pads (measuring ~2.5 cm × 1 cm) retrieved from ex-

pended cartridges were processed in whole as follows: DNA extraction was performed 
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with the DNA IQ™ kit on the Maxwell® FSC instrument (Promega Corporation, 
USA) with a constant DNA elution volume of 56 µL. Quantitation was performed 
with the Quantifiler™ Trio Kit on the QuantStudio™ 7 Flex Real-Time PCR Sys-
tem (Applied Biosystems, USA). Amplification was performed with 1 ng of DNA 
template using the GlobalFiler™ Amplification Kit. DNA separation and detection 
were performed using the 3500xL Genetic Analyzer (Applied Biosystems, USA), 
with injection parameters of 3 µL DNA, 1.2 kV, 24 s. Electrophoresis data was ana-
lyzed using GeneMapper™ ID-X v1.6. 

Data analysis
For the analysis of allele peak heights, the height of each homozygous 

peak was divided by 2. Heterozygote peak height ratio was calculated by dividing 
the height of the shorter peak by the height of the taller peak in a heterozygous 
locus. 

Results

Allele recovery: To compare the performance of the ACE and INTEL+ cartridges, 
buccal swabs were analyzed with both cartridges. Our results showed that Rapi-
dHIT analysis using both cartridge types achieved full allele recovery from buccal 
swabs. Subsequently, the swabs were retrieved from the cartridges and were pro-
cessed via the standard laboratory workflow. We achieved full allele recovery from 
all swabs retrieved from the expended ACE and INTEL+ cartridges. We also inves-
tigated the feasibility of recovering alleles from waste pads excised from expended 
cartridges using the standard laboratory workflow. Our results showed that full 
allele recovery was achieved from the waste pads, with the exception of two waste 
pads retrieved from INTEL+ cartridges where there was one allelic dropout in 
each waste pad profile. Using buccal swabs, we demonstrated that full profiles can 
be generated from swab reprocessing and waste pad processing via the standard 
laboratory workflow.

We also compared the DNA yield from swabs and waste pads retrieved from 
expended cartridges. Our quantitation data showed that the mean DNA concentra-
tion in swabs retrieved from ACE and from INTEL+ were 9.12 ±2.04 ng/µL and 8.03 
±1.70 ng/µL, respectively. The mean DNA concentration in waste pads retrieved 
from ACE and from INTEL+ were 1.09 ±0.73 ng/µL and 0.76 ±0.28 ng/µL, respec-
tively. The amount of DNA in INTEL+ waste pads was marginally lower than that in 
ACE waste pads. This observation is consistent with INTEL+ having an additional 
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paper punch in the PCR chamber for lysate capture, thereby resulting in less lysate 
entering the waste chamber. 

Allele peak heights: Next, allele peak heights generated from the ACE and 
INTEL+ cartridges were compared. Comparison of allele peak heights showed that 
buccal swabs processed with ACE and INTEL+ yielded a mean peak height of 756 
±422 RFU and 1,702 ±730 RFU, respectively (Fig. 1). Swabs and waste pads re-
trieved from expended cartridges processed via the standard laboratory workflow 
yielded similar peak heights. No comparison was made between peak heights from 
RapidHIT analysis against peak heights from reprocessed swabs or waste pads due 
to inherent differences in PCR chemistry and detection system of the two work-
flows. 

Figure 1. Distribution of peak height of every allele from RapidHIT processing, swab 
reprocessing via standard laboratory workflow, and waste pad processing via standard 

laboratory workflow. N=6 for each box. Horizontal line in box indicates the median. Bottom of 
box indicates first quartile. Top of box indicates third quartile. Extremes of whiskers indicate 

minimum and maximum values. Cross in box indicates the mean. Circles indicate outliers. RH 
ACE: Buccal swabs processed with ACE cartridge, RH INTEL+: Buccal swabs processed with 
INTEL+ cartridge, RE ACE: Reprocessed swabs from ACE cartridge, RE INTEL+: Reprocessed 

swabs from INTEL+ cartridge, WP ACE: Waste pads from ACE cartridge, WP INTEL+: Waste pads 
from INTEL+ cartridge. 

Heterozygote peak height balance: Similar peak height ratios were obtained from 
buccal swabs analyzed using ACE and INTEL+, with most values above 0.8 (Fig. 
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2). This result was also observed from the buccal swabs as well as the waste pads 
retrieved from ACE and INTEL+ and processed with the standard laboratory work-
flow. 

Figure 2. Distribution of peak height ratio of every heterozygous locus from RapidHIT 
processing, swab reprocessing via standard laboratory workflow, and waste pad processing 

via standard laboratory workflow. N=6 for each box. Horizontal line in box indicates the 
median. Bottom of box indicates first quartile. Top of box indicates third quartile. Extremes 

of whiskers indicate minimum and maximum values. Cross in box indicates the mean. Circles 
indicate outliers. RH ACE: Buccal swabs processed with ACE cartridge, RH INTEL+: Buccal swabs 

processed with INTEL+ cartridge, RE ACE: Reprocessed swabs from ACE cartridge, RE INTEL+: 
Reprocessed swabs from INTEL+ cartridge, WP ACE: Waste pads from ACE cartridge, WP 

INTEL+: Waste pads from INTEL+ cartridge. 

Discussion

Our comparison of the performance of the ACE and INTEL+ cartridges showed that 
the mean peak height from buccal swabs processed with INTEL+ was more than 
twice of that from using ACE. This observation is likely due to (i) INTEL+ cartridge 
having an additional paper punch for lysate capture in the PCR chamber, and (ii) 
having two additional PCR cycles in the INTEL+ protocol [4]. In this respect, the 
INTEL+ cartridge may be the cartridge of choice when processing samples of lower 
DNA quantity. 
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Our study demonstrated that swabs retrieved from expended ACE and IN-
TEL+ cartridges can be reprocessed to yield high quality profiles, corroborating 
results reported by Cihlar et al. [3]. Laurin et al. had previously suggested that the 
efficiency of RapidHIT was limited, as samples processed by RapidHIT and their un-
processed controls yielded comparable DNA quantities [5]. Our quantitation data 
showing that retrieved swabs yielded about 8 to 10 times higher DNA concentra-
tion than waste pads supported this conclusion. Given this finding, laboratories 
have the option of using RapidHIT for quick DNA leads. The same swab can subse-
quently be retrieved for reprocessing via standard laboratory workflows for official 
reporting.

Our study also provided the first report (to our knowledge) that DNA profiles 
can be obtained by processing waste pads via the standard laboratory workflow. 
This approach confers two main advantages. First, the waste pad may be the only 
sample source available when the original sample in the sample chamber disinte-
grates during RapidHIT analysis. Second, the expended cartridge can be readily 
stored at 4°C, and the waste pad remains preserved in a sealed, enclosed chamber 
thereby ensuring sample integrity. The latter may be of particular relevance if the 
results are challenged and independent result verification is required by, for ex-
ample, defense experts as any sign of cartridge tampering would be clearly visible.

Conclusion

Our study demonstrated that RapidHIT analysis of buccal swabs using INTEL+ 
yielded approximately twice the peak heights when compared to using ACE. This 
result indicates that INTEL+ may be the cartridge of choice over ACE when low-
DNA samples need to be analyzed. We also showed that using the standard workflow, 
full profiles can be obtained from swabs and waste pads retrieved from expended 
cartridges, making them viable alternatives in the event that result confirmation 
is needed. 
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Abstract 
QueSTR probes provide a feasible alternative for implementing forensic Short Tandem 
Repeat (STR) genotyping on lab-on-a-chip (LoC) devices. Unlike capillary electrophoresis 
(CE), which poses challenges for LoC implementation, QueSTR probes have been demonstrated 
to accurately genotype STRs in a hybridization curve assay after PCR amplification. In this 
study, we modified the QueSTR probe assay for use as a hydrolysis probe assay during qPCR. 
An asymmetric real-time PCR was performed with QueSTR probes and RNase H2 in the master 
mix, during which the fluorescence was recorded. Designed to hybridize with specific STR 
alleles, QueSTR probes con-tain a fluorescent dye and quencher molecule, enabling detection of 
probe hybridization through RNase H2-mediated cleavage of the RNA:DNA duplex, which 
releases the quencher. Matching probes yielded lower threshold cycle values and steeper 
incline of fluorescence curves compared to non-matching probes, indicating accurate 
genotype. The QueSTR qPCR assay was used to successfully genotype four CODIS core loci 
(D16S539, D7S820, TPOX, and TH01) in 12 samples, with one exception. The integration of 
amplification and detection in a single reaction supports the use of QueSTR probes for 
miniaturizing STR genotyping, thereby complementing CE-based analyses in centralized labs.

Keywords
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Introduction

Short tandem repeats (STRs) are genomic regions where 2-6 nucleotides are re-
peated in a head-to-tail fashion. The number of repeats at a given locus varies 
among individuals, making them useful for kinship analysis and identification of 
individuals (1). Typically, STR profiling involves PCR amplicon sizing via capillary 
electrophoresis (CE) or next-generation sequencing, which requires bulky equip-
ment and trained personnel, resulting in high upfront costs (2). As a result, there 
is a growing demand for portable STR genotyping devices for use in the field, par-
ticularly in police stations, crime scenes and mass disasters. Lab-on-a-chip (LoC) 
technology has the potential to overcome the limitations of the conventional STR 
genotyping process, while providing rapid and accurate information on-site (3). 
Small reaction volumes of LoCs allow faster thermocycling, resulting in a faster 
analysis as well as lower reagent consumption (4)(5). Several probe-based assays 
have been developed as an approach for the STR genotyping assay miniaturization 
and application a LoC, two of which were developed by our research group: STRide 
probe melting curve assay (6) and the QueSTR probe hybridization curve assay 
(7). In the current study, the QueSTR probe assay is modified as a hydrolysis probe 
assay during a qPCR reaction instead of in a hybridization curve analysis after PCR, 
resulting in a much-simplified process.

The QueSTR probes (Figure 1) are synthetically manufactured oligonucle-
otides consisting of three regions: an anchor region (blue), a repeat region (yel-
low-orange), and a sensor region (green). The repeat region is modified with a 
6-carboxyfluorescein (FAM) fluorophore, while the sensor region is modified with 
a quencher. The sensor region also contains an RNA moiety, separating the fluoro-
phore and the quencher (7). The QueSTR probe assay utilizes the ability of RNase 
H2 to cleave the RNA:DNA duplex, which is formed when the sensor region hybrid-
izes with the sample. This releases the quencher and allows for fluorescence to be 
emitted. This study introduces a new method for real-time PCR genotyping of fo-
rensic STRs, in which the QueSTR probes and RNase H2 are added to the PCR mas-
ter mix, and the QueSTR probes are used as hydrolysis probes. This approach offers 
greater convenience for LoC applications than the previously published QueSTR 
hybridization curve assay (7), allowing amplification and detection in a single reac-
tion in a single cavity. We describe the implementation of QueSTR probes in qPCR 
for forensic STR genotyping of four CODIS core loci with a relatively low number 
of common alleles (TH01, D7S820, D16S539, and TPOX).
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Figure 1. A) QueSTR probe design. The probes consist of three regions: an anchor region (blue), 
a repeat region (yellow-orange), and a sensor region (green). The sensor is separated from the 

repeat region by one RNA moiety. The repeat region is labelled with a FAM-fluorophore, while the 
quencher is attached to the terminus of a sensor region. B) Asymmetric amplification. Primer 
that is priming the strand complementary to the probe is added in excess, which results in single-

stranded PCR product complementary to the probe. C) qPCR. Probes are added to the master mix 
of the reaction, and fluorescence is recorded in real-time during the amplification. Sigmoidal curves 

of the matching probes appear at the lower Ct and have steeper incline.
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Material studied, methods, techniques

Sample collection and DNA extraction
Four loci were tested on a total of 12 samples: two commercially available 

reference DNA samples (9947a, 9948) obtained from Promega (Madison, WI, USA), 
five DNA samples extracted from saliva (samples 1-5), and five DNA samples ex-
tracted from blood (samples 6-10). DNA was extracted from saliva by simple DNA 
extraction using chelex resin purchased from Bio-Rad (Bio-Rad Laboratories, CA, 
USA ) by the protocol outlined by Sweet et al. (8)preservation and analysis of body 
fluid stains is an important aspect of forensic science, PCR-based typing of DNA 
extracted from recovered stains is often a crucial method to identify a perpetra-
tor or exclude an innocent suspect. This paper reports an improved method of 
extracting genomic DNA from saliva stains deposited on human skin in simulated 
bite mark situations. Results of organic (phenol-chloroform with an input of 1000 
µL of whole saliva. The extraction of DNA from the blood samples was performed 
following the manufacturer’s protocol, using the DNeasy® Blood and Tissue kit 
(Qiagen, Helden, Germany).

CE genotyping
CE was used as a reference genotyping method for the collected samples. 

Extracted DNA was amplified by PCR using the AmpFlSTR® Identifiler® Plus 
PCR amplification kit (Thermo Fisher Scientific, Waltham, MA, USA) following the 
manufacturer’s protocol. CE was performed using the ABI3130xl Genetic Analyz-
er (Thermo Fisher Scientific, Waltham, MA, USA). Obtained electropherograms 
were analyzed using the GeneMapper ID-x 1.2 software (Thermo Fisher Scientific, 
Waltham, MA, USA).

Asymmetric qPCR probe assay
An asymmetric locus-specific qPCR starting from 1 ng of DNA input in a total 

reaction volume of 10 µl was performed. A lower concentration of one primer was 
used compared to the other, resulting in an excess of a DNA strand complementary 
to the probe. The master mix comprised of KAPA2G reaction buffer at 1X (Roche, 
Basel, Switzerland), MgCl2 at 1.5 mM, dNTPs (Thermo Fisher Scientific, Waltham, 
MA, USA) at 0.2 mM each, and 1 U of KAPA2G Fast HotStart polymerase (Roche, 
Basel, Switzerland). For all loci, in each reaction, the excess primer was present 
at a concentration of 1.5 µM. The limiting primer was present at a concentration 
of 0.1 µM for locus TH01 and 0.2 µM for loci D7S820, D16S539, and TPOX. RNase 
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H2 (Integrated DNA Technologies, Newark, NJ, USA) and allele-specific QueSTR 
probes were added directly to the master mix at concentrations of 0.005 U/µL and 
0.1 µM, respectively. Temperature cycling consisted of an initial denaturation step 
of 2 minutes at 95 °C followed by 60 cycles consisting of a denaturation step for 30 
s at 95 °C followed by 60 s of annealing/elongation at respective temperatures for 
each locus. Fluorescence was recorded at the annealing/elongation step of each cy-
cle. The fluorescence curve with the lowest Ct value, steepest incline, and highest 
plateau fluorescence was called as corresponding to an allele being present in the 
sample. If the difference between the curve with the lowest Ct value and the follow-
ing ones was large, the sample was called homozygous for the allele corresponding 
to the curve with the lowest Ct value.

Results

Accuracy and replicability assessment
Genotyping accuracy was assessed for all four loci (D7S820, D16S539, TH01, 

and TPOX) by testing 12 DNA samples in triplicate, including 5 DNA samples iso-
lated from blood, 5 DNA samples isolated from saliva, and 2 commercially available 
forensic reference samples. All samples were correctly genotyped across all four 
loci, except for a sample with true genotype 8:8 for locus D7S820.

Figure 2. qPCR graphs for three different samples. Locus and true genotype are indicated 
in the chart title. Fluorescence curves of matching probes are indicated in full lines, while 

mismatch curves are represented as dashed lines.

Sensitivity assessment
To test the sensitivity of the assay, one sample for each locus was serially di-

luted, resulting in inputs ranging from 31 pg to 500 pg. Correct genotypes could be 
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called for the loci D16S539, TH01, TPOX at 31 pg, equivalent to the DNA content 
of 6 cells. The correct genotype for D7S820 locus was established at 62 pg of input 
DNA, while an input of 31 pg resulted in a dropout

Discussion

Figure 2 shows representative results for alleles and allele combinations that can 
be expected to be challenging in probe-based STR genotyping. Figure 2A shows an 
example of a sample with true TH01 genotypes 9 and 9.3. The exponential phase 
of probe 9 and 9.3 curves starts at virtually the same Ct, while the Ct value of the 
probe 10 curve, which is only one nucleotide longer, is noticeably higher. The in-
cline of the probe 10 curve is also less steep than for the curves corresponding to 
the true alleles. Figure 2B shows an example of a sample with a homozygous TPOX 
allele 8:8 genotype. Theoretically, the homozygous samples are challenging to call 
due to stutter amplification. However, homozygous samples were called correctly 
in all cases except for the 8:8 genotype for the D7S820 locus. Figure 2C shows an 
example of a sample with true D16S539 genotypes 9 and 13. Samples containing 
two alleles with a large repeat number difference between them are challenging 
due to the significant difference in probe hybridization temperatures caused by the 
difference in length between them. We were able to genotype such samples correct-
ly, an example of which is shown in Figure 2C.

All loci were genotyped correctly with and input of 31 pg of DNA except 
D7S820 which was genotyped correctly at 62 pg of DNA input. This difference in 
sensitivity can probably be attributed to differences in PCR efficiency between loci. 
The relatively high annealing temperature used in this assay requires longer prim-
ers. These primer lengths can cause issues such as the formation of secondary 
structures and primer dimers that may impact PCR efficiency. Nevertheless, the 
assay demonstrated high sensitivity, making it suitable for applications with only a 
limited amount of input DNA.

Conclusion

In this study, the previously published QueSTR probes were used in a qPCR assay. 
The probes are labelled with a fluorophore and a quencher, separated from each 
other by an RNA moiety. The assay utilizes RNase H2 to cleave DNA:RNA duplexes, 
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resulting in fluorescence emission from the fluorophore. A match between the 
probe and the sample resulted in fluorescence curves with the lowest Ct values and 
the steepest inclines. All except one of 12 samples were correctly genotyped across 
four loci, including challenging genotypes of nearest repeat neighbours, homozy-
gous samples, and samples with large differences in repeat number between the 
present alleles. The assay showed high replicability and high sensitivity, with the 
ability to correctly genotype samples with input as low as 31 pg for TH01, TPOX 
and D16S539 loci and 62 pg for D7S820 locus. While the proof-of-concept study 
demonstrated the accuracy and sensitivity of the QueSTR probes qPCR assay, fur-
ther optimization is required to maximize its potential. This could involve refining 
the probe anchor length, primer length, and fine-tuning the annealing/elongation 
temperatures. In addition, an automated data interpretation method should be de-
veloped for automated, straightforward genotyping
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Abstract
DNA traces recovered from firearms can provide valuable information for identifying individuals 
involved in firearm-related events. This study consisted of the experimental reproduction of a 
real shooting incident during which a private semi-automatic handgun was discharged by its 
owner and a second, unrelated individual. The objective was to determine the most informative 
areas for identifying the last user of a handgun, provided that they did not own the firearm nor 
load it prior to firing. Contact traces were collected from the surface of seven private semi-auto-
matic handguns at ten sampling locations in two experimental phases. Phase A investigated the 
amount and composition of traces recovered from guns handled solely by their owners. In Phase 
B, the shooting scenario was simulated. The traces’ quantitative and qualitative characteristics 
were evaluated per each sampling area. The last individual to discharge a semi-automatic hand-
gun was successfully retrieved from the firearm’s body. The greatest quantity of DNA and the 
most probative STR profiles for the last shooter were recovered from the grip panels. Scarce and 
less informative traces were obtained from the trigger. Nonetheless, the owner was consistently 
identified as a major contributor, and despite the weapon’s exclusive ownership and use, non-
prevalent DNA was frequently recovered. In conclusion, the characteristics of traces recovered 
from firearms appear to be predominantly determined by the deposition of DNA over time rather 
than by the last use of the item. 
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1. Introduction

DNA traces recovered from firearms can provide valuable information for identi-
fying individuals involved in firearm-related events. However, there is a paucity of 
empirical data on the transfer, prevalence, persistence, and recovery of touch DNA 
traces from firearms under realistic case-work conditions [1-3]. To evaluate touch 
DNA transfer, the circumstances of a real shooting incident involving two individ-
uals were reproduced in an experimental setting.

The case: During a physical altercation between two individuals, one of them 
loaded his semi-automatic handgun and discharged it multiple times. The second 
individual then allegedly took possession of the weapon and fired two shots at the 
owner. The gun was dropped to the ground, where it was recovered. Our labora-
tory was tasked with analysing the firearm to reconstruct the event dynamic and 
assess whether the second individual could have been the last person to use the 
gun. Partial profiles attributable to the last shooter were recovered only from the 
gun’s body while the gun owner’s DNA was retrieved in substantial amounts from 
all sampled areas.

The study aimed to determine which sections of a handgun’s surface could 
yield probative results for identifying the last individual to discharge it, provided 
that they did not own nor load the weapon. 

2. Materials and methods

The study was approved by the University of Perugia Ethics Committee (n. 
1051062/2022). Seven expert shooters participated in the study and provided their 
private semi-automatic handguns. The surface of each handgun was divided into 
ten sampling areas (Figure 1).
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Figure 1. Sampling areas. A) Back strap; B) Front strap; C) Right and left grip panels; D) External 
trigger guard; E) Internal trigger guard; F) Trigger, G) Right slide; H) Left slide; I) Upper surface 

of the slide; L) Magazine.

The traces were collected in two phases:
— Phase A investigated the amount and composition of traces recovered 

from guns handled solely by their owners (O). Reference samples of the 
participants were also collected after they provided informed consent.

— A two-month period followed in which the owners were asked to use their 
guns according to their habits to allow for self DNA deposition. To pre-
serve realistic case-work conditions, no restrictions were imposed on the 
participants.

— Phase B took place at a nationally accredited shooting range and simula-
ted the shooting scenario. O loaded the gun and discharged it five times. 
For safety reasons, the physical altercation was not re-enacted and O pla-
ced the loaded gun on a sterile piece of paper. A second individual, labe-
lled as Occasional Shooter (OS), picked up the gun and fired two shots.

Contact traces were collected by double-swabbing the area with sterile cotton 
swabs (MEUS srl, Piove di Sacco, Italy). An additional collection step was carried 
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out for knurled surfaces by tape-lifting the area with previously UV-sterilised clear 
Scotch® Tape. Samples were extracted using the phenol/chloroform organic meth-
od [4] and resuspended in 30 μL of sterile water. Extracts were quantified using the 
PowerQuant® System (Promega) and typed in replicates using the PowerPlex® 
ESX17 Fast System (Promega). CE was performed on the SeqStudio™ Genetic 
Analyzer (Thermo Fisher Scientific) and data was collected with the GeneMapper™ 
ID-X software (v 1.6, Thermo Fisher Scientific).

Samples with 10 or more consolidated loci were deemed suitable for com-
parison (in accordance with Ge.F.I. guidelines [5]) and were thus statistically eval-
uated using EuroForMix [6]. Otherwise, manual calculations were performed. The 
qualitative and quantitative characteristics of the traces were evaluated, including 
DNA yield, relative mixture proportion, the strength of the evidence (Likelihood 
Ratio, LR), and profile completeness.

3. Results

In general, a lower DNA recovery was observed for Phase B samples, which is likely 
due to O’s use of the gun in the two-month interval being insufficient to re-estab-
lish the amount of DNA deposited prior to Phase A. The results are illustrated in 
Figure 2. 
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Figure 2. The height of the bar plots falls at the mean DNA amount recovered from 
each sampling location, the error bar represents the standard deviation, and the relative 
contribution to the trace is illustrated through colour-coded partitioning of the bar plot.

— Phase A: The highest total DNA amount was recovered from sampling 
areas C, L, B, and A, while the lowest quantities were obtained from area 
F. Despite the participants being the sole owners and users of the guns, 
64% of the traces presented one or more unknown contributors. The 
partner of one participant was identified as a recurrent contributor to the 
participant’s gun.

— Phase B: The highest total DNA amount was recovered from sampling 
areas H, G, C, L, B, and A, while the lowest quantities were obtained from 
area F. The highest O contribution was found in sampling areas G, H, L, 
and C. The highest OS contribution was recovered from areas C, B, E, A, 
and F. The results of the statistical analysis performed for these sampling 
areas are presented in Table 1. In particular, OS was identified as a major 
contributor in two traces collected from area C. Lastly, 47% of the traces 
presented one or more unknown contributors. 
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Table 1. Statistical analysis of the traces recovered from the areas with greater OS contribution, 
presented in descending order. The following values are reported: percentage of traces 
suitable for comparison, percentage of traces that returned an LR for OS contribution 

lower than 106 and equal to or greater than 106, OS profile completeness, and OS relative 
contribution to the trace.

Sampling Area Suitable 1 < LROS <106 LROS ≥106 OS profile 
completeness

OS mixture 
proportion

C 100% 28.6% 14.3% 25 - 81% 0.10 - 0.63

B 71.4% 28.6% 14.3% 63 - 88% 0.11 - 0.28

E 28.6% 28.6% 0% 66 - 69% 0.16 - 0.45

A 57.1% 14.3% 14.3% 47 - 75% 0.10 - 0.45

F 28.6% 14.3% 14.3% 50 - 69% 0.26 - 0.27

4. Discussion

The findings are in accordance with the simulated shooting scenario and serve to 
corroborate the case-work results. The greatest quantity of the gun owner’s DNA 
can be retrieved from the barrel (areas G and H) and the magazine (area L), which 
is consistent with O loading the firearm prior to the shooting. 

The OS can be successfully retrieved from the firearm’s body (areas A, B, and 
C). The trigger/internal trigger guard (areas E and F) yield a lower DNA amount 
and less probative STR profiles. The Occasional Shooter rarely contributes more 
than the Owner to the trace: the Occasional Shooter was found to be the major 
contributor in only two traces, both of which were collected from the grip panels 
(area C) - the greatest area of hand-to-gun contact.

Despite the personal use of the gun, non-prevalent DNA was recovered from 
at least half of the traces. It is possible that the foreign DNA resulted from a sec-
ondary or higher-degree transfer, as evidenced by the identification of the partner 
of one participant as a contributor. 

5. Conclusions

Provided that they are not the owner, the last individual to discharge a semi-au-
tomatic handgun can be successfully retrieved from the firearm’s body. The grip 
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panels in particular exhibit the highest amount of deposited DNA. The last shooter 
was identified as a major contributor to the grip panels in 28.6% of the sampled 
firearms. Nonetheless, the owner is consistently the major contributor to the trac-
es. Additionally, despite the firearm being exclusively owned and used by a single 
individual, non-prevalent DNA is frequently recovered. In conclusion, the charac-
teristics of traces recovered from firearms appear to be predominantly determined 
by the deposition of DNA over time rather than by the last use of the item. 
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Abstract
Little is known of the DNA quantities and relative proportions of self and non-self DNA on diffe-
rent areas of the dorsal side of hands compared to the palmar side. Further, there is little known 
regarding the bidirectional transfer when a hand grabs an arm, slaps a face with the palmar side 
of a hand, or punches a face with the dorsal side of a hand. Here we undertake two preliminary 
studies to start addressing these knowledge gaps. Study 1 compared the DNA quantities and pro-
files of samples collected from four areas on the palmar side and four areas of the dorsal side of 
the left and right hands of four participants. Study 2 considered the profiles collected from areas 
of an arm after being grabbed, areas of a face after being slapped by the palmar side of a hand and 
being punched by the dorsal side of a hand, as well as the extent and location of any DNA trans-
ferred to the hands during these actions. Study 1 showed that the quantity and proportion of self 
and non-self DNA vary among the different palmar and dorsal areas of hands. Study 2 showed 
that DNA can transfer bidirectionally between contacting areas of hands and another individual’s 
body during grabbing, slapping and punching activities. More data is required to substantiate 
these initial findings and to generate probabilities of profile types generated from samples taken 
from areas of contact during grabbing, slapping and punching to assist investigations of alleged 
incidents of such activities.
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Introduction

Touch DNA is often collected to assist investigations of alleged criminal activities, 
often from surfaces contacted by hands. While most hand contacts of interest relate 
to the palmar side of a hand, there are some where the dorsal side is of relevance, 
such as during investigation of a coward’s punch, also known as a sucker punch, 
king hit or one-punch attack.

There is awareness of the quantities of DNA, the proportional presence of self 
versus non-self DNA, present on different areas of the palmar side of hands [1,2], 
and what is transferred from and to the palmar side of hands when contacting a 
surface, e.g.: [3-8]. However, there is a lack of this information in respect to the 
dorsal side. Further, while there are a few studies focused on the transfer, persis-
tence and recovery of DNA from touched areas of skin other than the hand [9-13], 
there is also a general lack of information regarding skin-to-skin DNA transfer. 
We’ve conducted two preliminary studies to start filling this knowledge gap. One 
study focused on the quantities and origins of DNA on different zones of the pal-
mar and dorsal sides of hands (study 1) and another study focused of the bi-di-
rectional transfer between hands and grabbed arms as well as between hands and 
face after a slap with the palmer side of a hand, and after a punch with the dorsal 
side of a hand (study 2).

Materials and methods

Four individuals participated in both studies. Sampling from zones 1 to 8 of hands 
(Figure 1), biceps of arms and the face was conducted using viscose swabs apply-
ing a wet/dry double swabbing method. In study 2, prior to the contact activities, 
samples were collected from areas adjacent to the areas of the arm and face to be 
contacted, i.e., anterior forearm and lower jaw (left and right side), respectively. 
After the sequential contact of the arms and face (Figure 3), samples were collected 
from the contacted areas of the arms and face as well as zones 1 to 8 of the con-
tacting hands.

DNA was extracted from the swabs, quantified, amplified, profiled and de-
convoluted as per standard casework procedures previously described [8]. An inclu-
sion LR cut-off of 1000 was used, calculated without correcting for θ (co-ancestry 
co-efficient) or population substructure.
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Figure 1. Zones 1-8 of a hand targeted for DNA sampling.

Results

Study 1
An investigation of the quantity of DNA, and composition of the profiles 

generated, from samples taken from Zones 1–8 of the left and right hand of four 
participants, showed that most DNA was collected from zones 1, 7 and 6; and the 
least DNA was collected from zones 2, 8 and 3 (Figure 2). Profiles were generated 
from 60 of 64 (94%) samples: the donor was sole or major contributor in 55 of 60 
(92%) profiles; 48 of 60 (80%) profiles included an unknown; unknown individuals 
were the sole contributors in 5 samples – all on dorsal side (P1 4x, P3 1x).

Figure 2. DNA quantities per zone of hand.



652 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

Study 2
An investigation of the detectability of direct, indirect, and bidirectional 

transfer of DNA during a mock assault (the grabbing of biceps followed by slapping 
or punching of a face) (Figure 3).

Pre-contact control samples were collected from areas adjacent to contact-
ed areas of P2, P3, P4. Only self and unknown source DNA was detected in these 
samples.

Post-contact samples were collected from areas of contact from P2, P3, P4 
and hand zones 1 to 8 of P1. Figure 3 shows the profile contributions detected in 
these samples. Direct DNA transfer was observed: from ‘victim’s’ face to ‘offender’s’ 
hands in 2 slap (zones 5+6) and 1 punch (zone 2) experiments; from ‘offender’ to 
‘victim’s’ face in 1 punch experiment; from ‘offender’ to 1st biceps 3 of 4 times; 
from ‘offender’ to 2nd biceps 1 of 4 times; from 2nd biceps to ‘offender’s’ hands 3 
of 4 times (zones 5,6,7,8). Indirect DNA transfer by the ‘offender’ was not observed.

Figure 3. Sequence of contacts of hands grabbing biceps and slapping or punching a face and 
profile information of sample recovered from biceps, face and zones 1-8 of hands, for two test 

sets involving four individuals. Each of the four individuals (color coded) were in a different 
position within the sequence of contacts in set 1 and set 2.
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Discussion

Study 1 shows that there is variation in the quantity and composition of DNA pres-
ent in different areas of the palmar and dorsal sides of a hand.

Study 2 shows that detectable levels of DNA were transferred bidirectionally 
during a grab of an arm, a slap to a face and a punch to a face. These transfers were 
specific to particular parts of the hand. Further, no indirect transfer of P2 to P3 or 
P4, or of P3 to P4, by P1 was detected within this small study.

This information may assist investigators of particular alleged skin-to-skin 
assaults, in respect to sample targeting and activity level evaluations. These were 
preliminary studies with outcomes warranting additional studies of this kind to be 
conducted to gain further insights into the variation of DNA quantities and origins 
on different parts of the hand and the bidirectional transfer during their contact 
with areas of another individual’s body. Further studies are also needed to generate 
probabilities of profile types generated from samples recovered from hands and 
body areas after particular types of skin to skin contacts.

Conclusion

The quantity and proportion of self and non-self DNA vary among the different 
palmar and dorsal areas of hands. DNA can transfer bidirectionally between con-
tacting areas of hands and another individual’s body during grabbing, slapping 
and punching activities. Awareness of this may offer opportunities to identify 
persons of interest by targeted sampling of particular areas of hands and bodies 
after particular types of alleged activities of interest. However, further studies are 
required to generate probabilities of profile types generated from samples taken 
from areas of contact during grabbing, slapping and punching to assist investiga-
tions of alleged incidents of grabbing, slapping and punching activities.
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Abstract
Different studies have shown the existence of DNA transfers in washing machines. Transfer can 
be direct or through a vector, which will be indirect.
This study aims to analyse the effect of detergents with different pHs on direct and indirect 
transfer in washing machine washes. For this purpose, blood samples were taken intrave-
nously in a tube without anticoagulants from two individuals, a man and a woman of similar 
ages. A 2x2 centimeters cotton cloth was added to 50ml of this blood, which was placed in 
the washing machine with a clean cloth with the same characteristics. All the fabrics had 
previously been irradiated for 48 hours with UV and then were impregnated with blood on the 
same day. The washing time has been considered variable, so T0 corresponded to the first 
wash and T6 to the sixth washing day. After washing the fabrics were left to dry for 48 hours.
A total of 80 washes were performed, 40 with Ariel detergent (pH 7.4) and 40 with Kiriko (pH 
8-9), using for both a fast cycle (1 hour) at 60ºC and with a total of 160 tissues, two for each wash 
(with blood and clean), for a total of 40 tissues per individual. Subsequently, DNA was extracted 
from the tissues by the FTA BioScience protocol (2022); (Whatman BioScience) and quantified 
by qPCR (Applied Biosystems™ Quantifiler™ Human DNA Quantification Kit). Finally, the data 
obtained were analysed with the SPSS v.29 program.
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Significant differences in DNA concentrations were obtained between the detergents used (Ariel-
Kiriko) and between stained and clean fabrics. The absence of quantification results with Ariel 
allows us to assume that there is some PCR inhibitory molecule among its components. It cannot 
be determined whether it also has a DNA-degrading effect. With Kiriko detergent, we obtained 
high DNA concentrations in both fabrics, although much higher in the stained fabrics.

Keywords 
Transfers, detergents, blood, washing machines, fabrics, pH.

Introduction

When we put the clothes in the washing machine, you might think that it will 
eliminate any trace of dirt and matter that may have remained in the fabric of the 
garment. But, as it has been seen in different studies, [1,2,3,4] this could not be the 
case. In our case, we investigate blood stains that may appear on fabrics due to a 
crime. This blood can be detected after washing with chemicals such as luminol [1] 
or DNA from the blood can remain, making it possible to obtain a genetic profile 
[5]. Furthermore, this genetic material can pass between different clothes in the 
washing machine due to transfer [6].

DNA transfer is a process by which an individual’s genetic material appears 
on an object or other person, through a possible vector, usually a third person. The 
issue arises from the fact the donor of the genetic material never had direct contact 
with the object in question (direct transfer). Instead, an intermediary, or vector, 
was involved, resulting in an indirect transfer [7,8,9,10]. 

These transfers can cause a DNA sample to appear at a crime scene and in 
our research, we will focus on the existence of washing machine DNA transfers, 
work that has already been demonstrated in different studies [2,3,4].

Specifically, our objective is to analyze the effect of detergents with different 
pH on the direct and indirect transfer in washing machines.

Material studied, methods, techniques

Samples
The blood samples were obtained from a man and a woman. Blood was ex-

tracted without additives from a vein, which was used simultaneously to stain the 
fabrics with 50 microliters. Blood sampling was done twice, on two Wednesdays in 
a row. The first week to stain the 40 fabrics that were washed with a specific detergent, 
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Ariel® (Procter & Gamble), and the following Wednesday blood was drawn again to 
stain the 40 fabrics that were washed with another detergent Kiriko® (Blue Liquid 
Detergent).

Variables
The variables considered in this study, which were compared with each oth-

er using the quantification data obtained, were:
— Type of fabric: We differentiate between clean and blood-stained fabrics in 

this group.
— Type of detergent: Compare the data of the fabrics that were washed with 

the Ariel® detergent, which had a pH of 7.4, versus those washed with 
the Kiriko® detergent, which had a pH of 8-9.

— Time that the fabric was stained until it was washed: The fabrics were 
stained on a Wednesday, if they were washed that same day, they were 
named T0, if they were washed on Thursday, they were named T1 (after 
the stained fabric had passed a day) and so on. the rest of the days; Friday 
= T2, Monday = T5 and Tuesday = T6.

Material and Methods
This research was carried out using 160 cotton fabrics. These were divided 

into two groups of 80, some would be used as clean cloths, and the others would 
be stained with 50 microliters of blood. From each group of 80, two groups of 
40 would be made again, some would be washed with Ariel® detergent and oth-
ers with Kiriko® detergent. Finally, of the group of 40 stained fabrics (both those 
washed with Ariel® and Kiriko®), 20 were a woman’s blood and the other 20 were 
a man’s blood. This explanation can be seen more schematically in Figure 1.
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Figure 1. Scheme of the organization of fabrics used in the study. Image created by 
the author

A total of 80 washes were carried out. These were organized into 20 Ariel® washes 
with the man’s blood samples, 20 Ariel washes with the woman’s blood sample, 20 
Kiriko washes with the man’s blood sample, and another 20 Kiriko washes with 
the woman’s blood sample. Each group of 20 with different detergents and blood 
sample were divided into 5 groups depending on the time the fabrics were stained 
with blood (T0, T1, T2, T2, T5, and T6). In this way, 4 replicates were obtained for 
each of the times.

The procedure that was carried out began with cutting out the 160 2X2 
centimeter cotton fabrics. Before starting the research, these were exposed to 48 
hours of ultraviolet light in a laminar flow hood. In this way, we ensured that any 
remaining exogenous DNA was eliminated.

After 48 hours, the fabrics that were stained with blood were selected as 
explained above and 50 microliters of blood were poured onto the fabrics. These 
clothes would be recognized by having a cut in one corner if it was the woman’s 
blood and cuts in two corners if it was the man’s blood. No corners were cut from 
the clean fabrics.

Next, they started with the washes in which a clean fabric was added along 
with a stained fabric in the washing machine. A rapid one-hour wash cycle at 60ºC 
was used for all washes. Between washes, it was interspersed with the same cycle 
with bleach. The detergents used were:
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— Ariel PODS+ in capsules which contained: > 30% anionic surfactant, 
5-15% soap, <5% non-ionic, phosphonates, enzymes, optical brightener, 
perfumes, benzyl salicylate, citral, hexyl cinnamal, limonene, linalool.

— Kiriko basic, linen which contained: <5% anionic surfactants, nonionic 
surfactants, amphoteric surfactants, soap, polycarboxylates, contains op-
tical white enzymes, perfume (HEXYL CINAMAL), and Methylisothiazo-
linone, methylchloroisothiazolinone.

Once the washing was completed, the fabrics were left to dry for 24 hours, and the 
DNA was extracted from the fabrics. For this, the FTA BioScience protocol (2022) 
was used; (Whatman BioScience). A cutout from the center of the fabric was used 
for this protocol.

Finally, with the DNA extractions completed, the quantification of all sam-
ples was carried out using qPCR (Applied Biosystems™ Quantifiler™ Human DNA 
Quantification Kit).

The statistical analysis carried out involved calculating significance using 
the ANOVA test. The statistical analyses were conducted using IBM SPSS Statistics 
22 software. The significance level was set at p <0.05.

Results

Significant results have been obtained by comparing DNA quantifications between 
stained fabrics and clean fabrics with a value of p<0.001 and between fabrics washed 
with Ariel detergent versus those washed with Kiriko detergent with a value of 
p<0.001. In Tables 1 and 2 you can see the quantification data and the differences 
between detergents and fabrics.

No significant differences were found in the time variables, obtaining a value 
of p<0.775 in the comparison between the quantifications of the fabrics that spent 
more time with the blood versus those that spent less time.
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Table 1. Quantification of clean fabrics washed with Kiriko and Ariel detergents. Legend: 
L1,2... refers to the order of washing. PL refers to clean fabric, I1 to individual 1 (man), and I2 
to individual 2 (woman). Finally, T0 and T6 refer to the number of days that the fabrics were 

stained with blood.

Name Kiriko® qPCR (ng/μL) Ariel® qPCR (ng/μL)

L1 PL T0 Undetermined Undetermined

L1 PL T6 0,000797 Undetermined

L2 PL T0 Undetermined Undetermined

L2 PL T6 0,001733 Undetermined

L4 PL T0 Undetermined Undetermined

L4 PL T6 0,000902 Undetermined

Table 2. Quantification of stain fabrics washed with Kiriko and Ariel detergents. Legend: L1,2... 
refers to the order of washing. PL refers to clean fabric, I1 to individual 1, and I2 to individual 2. 

Finally, T0 and T6 refer to the number of days that the fabrics were stained with blood.

Name Kiriko qPCR (ng/μL) Ariel qPCR (ng/μL)

L1 I1 T0 0,470526 Undetermined

L1 I1 T6 1,329528 0,000795

L2 I2 T0 0,649014 Undetermined

L2 I2 T6 0,258205 Undetermined

L4 I2 T0 0,176519 Undetermined

L4 I2 T6 0,236353 0,001465

Discussion

As can be seen in the results (Tables 1 and 2), washing a fabric does not elimi-
nate the blood although not visually. Furthermore, as expected, there is a greater 
amount of DNA in fabrics that are stained by blood than in clean fabrics, although 
it has been proven that there is DNA transfer due to the presence of genetic mate-
rial on clean fabrics 

Regarding the types of detergents, according to the data it could be said that 
Ariel® detergent is much more effective when washing fabrics than Kiriko® de-
tergent because the quantifications are much lower in fabrics washed with Ariel®. 
However, observing an agarose gel with genetic material from samples washed with 
Ariel® (figure 2), a different color of the bands can be seen. These samples look  
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intense blue, compared to the positive control that is found bottom right which 
has a greener color. This made us think that perhaps Ariel® was not so good at 
degrading and removing DNA, but rather had some type of PCR inhibitor. For this 
reason, it cannot be determined if it has a degrading effect on samples with DNA.

Figure 2. Agarose gel from samples washed with Ariel®. Blue fluorescence is seen in the 
samples and green is the positive control. This gel shows us the possibility of PCR inhibition in 

the samples.

Conclusion

In conclusion, the cases of genetic material transfer between fabrics in the washing 
cycles can be confirmed although a much more representative sample is needed, 
considering that some individuals “donate” more material genetic than others, due 
to dandruff, flaking, and  skin problems, among others. On the other hand, the 
influence of the detergents’ pH on the DNA degradation cannot be affirmed, since 
further research is needed on the possible inhibition in the PCR in the cases of 
fabrics washed with Ariel® detergent.
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Abstract 
In 2021, firearms were implicated in 85.7% of homicide cases, highlighting the critical need for 
law enforcement to enhance forensic investigative capabilities regarding touch DNA evidence 
recovered from firearms. Forensic DNA laboratories routinely gather touch DNA from various 
parts of firearms, such as grips, slide serrations, magazines, triggers, and other components, to 
facilitate the identification of individuals involved in criminal activities. However, the impact of 
inhibitory compounds from gunshot residue (GSR) on DNA analysis using modern technologies 
remains inadequately understood. Firearms-related samples often yield complex DNA profiles, 
posing challenges for forensic analysts. These profiles frequently manifest as mixtures involving 
three or more individuals, yet little is known about the potential effects of co-eluting metallic 
compounds from DNA extraction on polymerase chain reaction (PCR) efficiency and/or inhibi-
tion levels. This lack of understanding extends to the physical location on the firearm (grips vs. 
slide serrations, etc.) and the presence of GSR during DNA collection, which may vary in dosage 
and inhibit PCR reactions to varying degrees.
Our current study addresses these gaps by examining the varying levels of PCR enhancement 
and/or inhibition associated with touch DNA collections from firearms. We aim to illustrate 
how the quantity of GSR-related inhibition varies based on the site of sample collection and 
the analytical methodology employed for DNA profiling. While advancements in DNA typing 
technologies have improved sensitivity, these systems are still susceptible to limitations imposed 
by inhibitory substances co-eluting with DNA during extraction and purification. By identifying 
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and quantifying metallic species from the primer, cartridge cases, bullet construction, and other 
potential GSR combustion products present in samples collected from firearms, forensic prac-
titioners can refine DNA sampling techniques and biochemical testing methods. This approach 
aims to enhance the quality and reliability of touch DNA profiles recovered from firearms, there-
by aiding law enforcement agencies in criminal investigations.

Keywords
DNA; Firearms; Forensic Science; Touch DNA, PCR

1. Introduction

In 2021, firearms were involved in 85.7% of homicide cases, underscoring the ur-
gent need for law enforcement to strengthen forensic investigative capabilities, 
particularly concerning the recovery and analysis of touch DNA evidence from fire-
arms. Recent advancements in the sensitivity of modern DNA technologies have 
significantly enhanced the feasibility of collecting trace DNA from firearms and 
ammunition, garnering considerable interest among forensic scientists [1-3]. Nu-
merous studies have been conducted to evaluate optimal sample collection sites, 
DNA quantity and yield, as well as more effective methods for DNA collection [4-
8]. However, the impact of DNA degradation and the inhibitory effects of gunshot 
residue (GSR) on DNA analysis using current technologies remains insufficiently 
explored [9-11]. Forensic analysts frequently encounter complex DNA profiles from 
firearms-related samples, often presenting as mixtures involving three or more in-
dividuals [12-16]. Despite this, the potential influence of co-eluting metallic com-
pounds from DNA extraction on polymerase chain reaction (PCR) efficiency and in-
hibition levels remains poorly understood and warrants further investigation [17].

2. Material studied, methods, and techniques

2.1 Firearms and ammunition sample preparation
Gunshot residue (GSR) samples were generated using two distinct firearms 

frequently encountered in law enforcement applications both domestically and in-
ternationally: the Glock 17 (9mm) and the Heckler & Koch USP9 (9mm). Prior to 
firing, both firearms underwent a thorough cleaning process using a commercial 
solvent, Hoppe’s No. 9 solvent in order to minimize traces of contamination. Fol-
lowing the cleaning, each firearm was used to discharge 50 rounds of Winchester 
9mm 115-grain full metal jacket ammunition. Background GSR samples were sub-
sequently collected using the conventional double-swab method with Puritan spun 
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cotton swabs (wooden shaft). Samples were taken from two specific locations on 
the firearms: 1) the front of the slide, from the area forward of the ejection port 
extending to the muzzle, and 2) the interior of the barrel. The collection process 
utilized a 2% sodium dodecyl sulfate (SDS) solution to aid in the efficient retrieval 
of GSR and trace DNA.

2.2 DNA Analysis – Extraction and Quantification
Swabs containing GSR collected from both firearms were carefully divided 

into equal halves to facilitate duplicate analysis (data not shown). For the initial 
analysis, the PrepFiler BTA™ Forensic DNA Extraction Kit (Thermo Fisher Scien-
tific, Waltham, MA) was utilized to extract DNA from the samples. Following the 
extraction process, the DNA quantity was measured using the QuantiFiler Trio kit 
(Thermo Fisher Scientific, Waltham, MA) on the 7500 Real-time PCR System (Ther-
mo Fisher Scientific). Before proceeding to amplification, all quantified samples 
underwent normalization to ensure consistent DNA content across the analyses.

2.3 DNA Analysis – STR Amplification, Detection, and Analysis
Data sets were generated using high-quality DNA, such as 63 pg of DNA from 

buccal swabs, combined with varying volumes of “GSR extract.” In these experi-
ments, between 1 and 14 μL of GSR extract was used in place of water to adjust the 
PCR reactions to their full volume. Each batch of samples was analyzed alongside 
a comprehensive set of controls, including positive controls, negative controls, and 
extraction blanks, to ensure the reliability of the data. Amplification of the DNA 
samples was performed using the GlobalFiler PCR Amplification Kit (Thermo Fish-
er Scientific, Waltham, MA). The amplified products were then analyzed through 
capillary electrophoresis on the Applied Biosystems 3500 Genetic Analyzer at the 
specified target injection times. STR profiles were visualized and interpreted using 
GeneMapper ID-X and OSIRIS genotyping software prior to further downstream 
analyses.

Results

To assess the impact of DNA extracts containing trace amounts of gunshot residue 
(GSR) on downstream PCR applications, four sets of swabs were processed using 
routine DNA STR analysis, similar to standard casework samples. Contrary to ex-
pectations, DNA extracts containing GSR, even when unquantified, did not exhibit 
any volumetric enhancement or inhibitory effects on PCR, as previously observed 
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in the author’s laboratory. A more detailed locus-specific analysis (Figure 2) did not 
reveal any consistent cases of locus-specific inhibition, regardless of the firearm 
used or the volume of extract amplified. Furthermore, these effects were not more 
pronounced in low template samples (63 pg) compared to the stochastic amplifica-
tion typically observed in samples containing less than 100 pg of DNA (Figure 3). 
This suggests that any amplification variations may align more with the inherent 
challenges of amplifying low template DNA rather than the presence of GSR in the 
extracts.

Discussion

Interestingly, the inhibitory effects previously observed with increasing volumes 
of GSR extract in other routine methods and chemistries were not detected in this 
study. Earlier results had shown an initial “boost” in PCR amplification when small 
volumes of GSR extract were added, compared to the control group, eventually 
leading to complete PCR inhibition with larger volumes of GSR (data not shown). 
The initial increase in amplification efficiency may indicate the presence of higher 
concentrations of metallic species such as Mg2+ [18-19], which is known to en-
hance PCR efficiency in small amounts. However, under higher concentrations of 
Mg2+, complete PCR inhibition has also been documented. The absence of any re-
producible inhibitory effects from varying GSR extract volumes in this study raises 
several intriguing questions.

Do the new generation DNA extraction technologies more effectively remove 
PCR inhibitors that previously co-eluted with DNA? Alternatively, are the newer 
STR amplification kits better equipped to manage the potential inhibitory effects 
of GSR? Some insight into this issue is provided by studies conducted by Czado et 
al. (2022), which reported low levels of metallic contaminants, such as copper and 
zinc, following DNA extraction. Despite these findings, further research is required 
to fully understand the influence of GSR and metallic species—whether originat-
ing from GSR itself or from metallic cartridge casings—on downstream PCR ap-
plications. These questions remain crucial for advancing forensic DNA analysis in 
cases involving firearms.

Conclusion

Firearms are frequently submitted to forensic crime laboratories for DNA analysis, 
a process that has become highly standardized. However, a variety of collection 
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techniques, DNA extraction methods, and STR chemistries are routinely employed 
across different labs. In this study, we aimed to investigate the potential inhibitory 
effects of gunshot residue (GSR) on STR analysis. Previous research using DNA ex-
traction techniques such as phenol-chloroform-isoamyl alcohol (PCIA) and various 
paramagnetic DNA isolation methods demonstrated a volume-dependent increase 
in PCR inhibition or enhancement due to GSR, which, in some cases, resulted in 
complete PCR inhibition.

In contrast, the current study did not observe the same patterns of PCR 
enhancement or inhibition with low template (63 pg) samples using modern STR 
chemistries. On both firearms, additional alleles beyond those matching the oper-
ator were detected. Notably, these firearms were new and had not been previously 
handled or fired by anyone other than the operator prior to cleaning and use for 
this study. Interestingly, DNA was successfully recovered from the interior of the 
barrel, matching the DNA profile of the individual who loaded the magazine be-
fore firing. This finding suggests that DNA can be transferred to internal firearm 
components during loading, potentially influencing forensic DNA analysis in fire-
arms-related cases.
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Figure 1. DNA quantitation results from swabs collected from CW1 – forward half of slide of 
Glock 17, CW2 – inside barrel of Glock 17, CW3 – forward half of H&K USP9, CW4 - inside barrel 

of H&K USP9, and CW – 5, reference buccal swab from test subject. DNA concentrations on 
both firearms were comparable across test sites (e.g. front of G17 and USP9 pistol, 13pg and 

12pg respectively) after rigorous cleaning using commercial firearm solution (Hopes#9). NOTE: 
In both sets of barrel swabs, detectable quantities of human DNA were observed after firing.
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Figure 2. DNA extracts containing GSR were tested at varying input quantities (by volume) to 
determine the potential impact of GSR on PCR amplification inhibition for a) locus specific effects, 
and b) GSR quantity specific effects. Substantive difference were neither see for locus specific and 
GSR inhibition were noted in DNA samples ranging from low concentrations of GSR extract (1ul) 

to high concentrations (14ul) for samples amplified with 63pg of input DNA. For comparison, 
63pg of “Reference” type DNA were amplified in triplicate (see Avg Ref data) at 63pg as well.

 Figure 3. Amplification of DNA samples extracted by phenol chloroform isoamyl alcohol 
employing a previous generation STR kit (e.g. Promega PowerPlex16HS) demonstrated 

substantive volume dependent inhibition with greater and greater volumes of DNA extract when 
compared to comparable samples sans GSR. While the exact mechanism behind this inhibition 
remains elusive, it was not observed in the current study when employing a paramagnetic DNA 

isolation technique (PrepFiler) and the GlobalFiler STR chemistry. Future studies will further 
explore the reproducibility of these findings.
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Abstract 
During forensic investigations, “Touch DNA”, invisible traces transferred through physical con-
tact, is a challenge. At the Institut de Recherche Criminelle de la Gendarmernie Nationale in 
France, Touch DNA represented 80% collected samples but 50% genetic profiles were unex-
ploitable. A better understanding of the dynamics of their transfer is crucial to optimize their 
management. We have explored the potential of cell-derived lipids as markers of residual cell-
fragments susceptible to contain DNA, to track “touch DNA” traces. Lipid dyes enabled the detec-
tion of residual cell-fragments from in vitro models of human keratinocytes and calibrated fin-
germarks using microscopy or Crime-lite®Auto. This method allows for monitoring cell-derived 
fragments transfer during swabbing, opening the way to an adaptable technique for both traces’ 
detection and transfer tracking. The labelling strategy did not interfere with genetic analysis; it 
could be a new application in forensic techniques. 

Keywords 
Touch DNA, fingermarks, keratinocytes, lipids markers, biological traces transfer
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1. Introduction

Forensic sciences have always had a crucial role in criminal investigations. Bio-
logical traces were essential for investigation due to their potential for DNA pro-
filing[1]. However, to obtain genetic profiles from specific biological traces, known 
as “Touch DNA,” is a real challenge for investigators[2]. These traces, transferred 
through physical contact, may be invisible and /or contain limited amounts of bi-
ological material [3]. A better understanding of transfer dynamic mechanisms may 
enable an improvement detection of touch DNA and thus may increase yield of 
exploitable genetic profiles. Recent studies have shown that cell-derived markers 
persist for over 3 months on fragmented and/or dead corneocytes, the main type 
cells found in contact deposition [4]. This suggests that they could serve as effective 
targets for tracking deposits [5]. Lipids are a potential target because they are found 
especially in the epidermis as an integral component of cellular membranes. They 
constitute a reservoir of markers surrounding corneocytes [6]. The application of 
lipid markers in forensic science offers several advantages such as lower toxicity 
compared to DNA markers; and they can be detected using non-destructive tech-
niques, such as fluorescence microscopy [7].

This work proposes to use Nile Blue, Nile Red lipid dyes, known for their 
applications in fingerprints detection, to visualize smaller deposits in both in vitro 
and fingermarks models [8]. By combining this approach with traditional DNA anal-
ysis, we aim to contribute to a more comprehensive understanding of “touch DNA” 
transfer mechanisms.

2. Materials and methods

2.1. Models of “touch DNA” 
For in vitro models, 25,000 keratinocytes (KH) from human skin cell line 

(CRL-2309™, ATCC) were seeded on coverslip (Epredia™, Thermo Fisher Scien-
tific) in serum-free keratinocyte medium (Thermo Fisher Scientific) containing 
L-glutamine, supplemented with recombinant human epidermal growth factor 
and bovine pituitary extract. After 4 hours allowing cell adhesion, the medium 
was removed and the cells were dried at room temperature (RT) during 1 hour. 
For fingermarks, we develop a device, allowing volunteers (all samples were 
obtained with the informed consent of the volunteers and the approval of the 
ethics committee of the Pôle Judiciaire de la Gendarmerie Nationale (PJGN), in 
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accordance with the Helsinki Accords (1975) and the French National Charter 
of Research Integrity) to apply their finger on a microscope glass (Epredia™, 
Thermo Fisher Scientific) with a calibrated pressure, for 10 seconds. Samples 
were then left to dry 30 minutes at RT. In some experiments, samples were 
swabbed 15 seconds after the swab was moistened (milliQ water). Swabs were 
stored at -20°C prior to analysis.

2.2. Lipid labelling 
Nile Red (NR, Invitrogen) was prepared at 500 µg/mL in acetone. Nile Blue 

(NB, Thermo Fisher Scientific) was prepared at 1 mg/mL in milliQ water. For ex-
periments, NR and NB solutions were diluted respectively in PBS. Then, traces 
models were incubated with 500 µL of solution during 10 or 20 minutes for NR 
and NB respectively. Samples were washed three times with 500 µL of PBS and 
counterstained with Hoechst (33342, Thermo Fisher Scientific) at 1:3000. Samples 
were mounted with Prolong Gold Antifade (P36930, Thermo Fisher Scientific) and 
imaged using a confocal laser scanning microscope (LSM900, Zeiss). Moreover, the 
Crime-lite® Auto (Foster + Freeman Ltd) was used in a darkroom.

2.3. Compatibility of labelling with genetic analyses
Cells were collected using 4N6FLOQ genetic swab (4504C, Copan). DNA was 

extracted using the Crime Prep Adem-kit®, Automag solution (Ademtech). The 
lysate was purified using KingFisher Duo Prime® (Thermo Fisher Scientific). DNA 
genotyping was carried out using the GlobalFiler IQC PCR Amplification kit (Ther-
mo Fisher Scientific). 15 µL of samples was added to the multiplex PCR reaction 
mix. Positive control for PCR was DNA at 0.1 ng/µL and negative control was ex-
tra pure water. Amplification was performed in an Applied Biosystems™ Veriti™ 
Thermal Cycler, 96-well (Thermo Fisher Scientific) according to manufacturer’s 
program. The multiplex PCR targets 21 autosomal STRs, a Y chromosome STR, 
a polymorphic insertion/deletion marker on the Y chromosome, the amelogenin 
gene and includes an Internal Quality Control (IQC). 

For genotyping, samples were analyzed using ABI 3500 XL Genetic Analyzer 
for Human Identification sequencer (Applied Biosystem). Obtained results were 
analyzed using GeneMapper ID-X v1.6 software. Peaks with a fluorescence lower 
than 50 rfu, minor “off-ladder” (OL) peaks, stutters lower than 150 rfu and lower 
than 15% of the main peak and “drop-ins” lower than 400 rfu were removed from 
the profile. The number of peaks for each genetic profile was recorded and com-
pared to that of the controls. The quality sensors ratio was calculated. If the value 
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obtained exceeded 1, the sample was considered degraded and/or inhibited. If the 
value was lower, the sample was considered unaltered. For each allele independent-
ly, the average of the replicates was calculated. The Welch T test was applied to 
compare the total average of labeled samples versus that of the controls. The con-
fidence interval was set at 95%.

3. Results

3.1. Validation of lipid markers

(a) and (b) represented two different fingermarks. Scale bar: 20 µm. (1) and (2) represented one fingermark 
made by middle finger successively. Scale bar: 2cm.

Figure 1. Visualization of lipids labelling on in vitro keratinocyte cells model (A) or calibrated 
fingermarks (B) with confocal microscopy. Observation of lipids labelling on calibrated 

fingermarks with Crime-lite® Auto (C).

Using microscopy, lipids labelling efficiently enabled the detection of in vitro ke-
ratinocyte cells model (Fig. 1A). For fingermarks, corneocytes were well labeled 
with lipid dyes. This labelling was heterogeneous and punctiform (Fig. 1B). Using 
Crime-lite®Auto (Fig. 1C), the Hoechst alone (DNA marker) did not allow for the 
distinction of cell-derived elements within fingermarks. However, lipids staining 
has revealed punctuate elements in fingermarks apposition. Thus, lipids are good 
candidate for tracking cell-derived fragments within deposits, especially Nile Blue 
which can highlight cell-fragments using Crime-lite®.
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3.2. Interests of lipids staining for tracking traces

For (2A): Unlabeled (Ctl) or Nile Blue (NB) or Nile Red (NR) labelled keratinocyte cells were collected with the 
4N6FLOQ Swab®. The average fluorescence for each profile was reported and analyzed with a Welch’s t-test. 
The black squares, triangles and circles represent the experimental replicates and the red line represents the 
average of the experiments. For (2B): Labelled cells on a glass slide were swabbed and remaining cells were 
counted. Scale bar: 1cm. Red lines represented different collected areas. 

Figure 2. Study of the influence of lipid markers on genetic analysis (A) and the benefits of 
lipid staining for counting cells after collect (B).

The impact of the lipid markers on the PCR was assessed by calculating the quality 
sensors ratios of each profile. Out of the 60 profiles, none had a ratio higher than 1 
indicating neither inhibition of the PCR (data not show). The average fluorescence 
of the profiles obtained with or without lipid probes (NB, NR) fells within a range 
of emission suitable with genetic profiling. Additionally, there was no decrease of 
fluorescence with probes compared to the control, indicating no interference with 
genetic analysis (Fig. 2A). A slight increase of the fluorescence emission of the 
genetic profiles was observed with NB, and should be considered in further exper-
iments (Fig. 2A). Finally, applying lipid staining to deposits of cells on supports 
could allow monitoring their sampling and evaluating the number of collected cell 
fragments (Fig. 2B).

4. Discussion

This work has presented a strategy for biological traces investigation using lipids 
markers revealing and tracking cell-derived fragments within contact deposition. 
This method has offered the advantage of fast (less than 1h), cost-effective, and less 
toxic process compared to direct DNA detection which could be toxic. Moreover, 
it allows for targeting cell fragments that are larger than DNA molecule, and thus 



678 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

improving the chances of collect biological traces. Finally, it could serve as a val-
uable non-invasive and less destructive method that could preserve the integrity 
of the biological trace for subsequent DNA analysis [7]. In the future, the influence 
of the physicochemical properties of surfaces where traces are deposited should be 
explored, as these could affect detection [9]. Furthermore, the persistence of lipids 
stains on cell fragments has to be studied to use them as tracker to follow traces 
transfer. 

5. Conclusion

Lipid labelling could be used to highlight elements of cellular origin in the biolog-
ical traces and to track them in order to better understand their dynamics. Finally, 
this staining is of real interest to users in the field, as it is completely safe.
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Abstract
In this paper we present what we believe to be the mechanisms for success in the acquisition 
skills and competence in evaluation and reporting. We discuss the different means of online 
and certifying education we developed to tailor the curriculum to the role of the learner. At one 
extreme, there are Massive Open Online Courses (MOOC) or short single-topic video clips to 
raise awareness among scientists and the public. At the other end of the spectrum are certifying, 
in-depth, longer learning courses with individual feedback and tutoring. The latter type of cour-
se prepares DNA scientists for the challenges of forensic interpretation in casework, including 
reporting and testimony, and research. 
As practical examples of problems best addressed by the latter type of education, we present theo-
retical and practical concepts that can help scientists formulate more meaningful propositions. 
We also discuss problematic examples of reporting that are often observed in the context of alle-
ged activities. More generally, we illustrate the similarities in the challenges DNA scientists face 
in reporting the value of their findings, regardless of the hierarchical level of the propositions.
Although much progress has been made in recent years with the use of specialised software 
(particularly probabilistic genotyping), publications and court transcripts indicate that the con-
cept of likelihood ratio used in and produced by such software is still misunderstood by many 
forensic scientists. This illustrates that education in forensic DNA interpretation by academics 
specialising in the field is both necessary and timely. We argue that the continuing education of 
DNA scientists/researchers and the training of key players (investigators, prosecutors, defence 
lawyers, judges) through the creation of flexible learning pathways should be a central part of 
tomorrow’s forensic science landscape.
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Introduction

It is now widely accepted that forensic scientists should reason in the face of uncer-
tainty using a robust framework of logic. Much effort has been devoted to the de-
velopment of research [1-11] and guidelines/recommendations [12-15] to promote 
an approach to interpretation that is based on a scientific measure of uncertainty, 
considers the views of both parties, sustains scrutiny and results in transparent 
reporting. However, the guidelines are difficult to implement because they require 
in-depth knowledge and understanding. 

In this paper we present our work on different ways to acquire skills and 
competences in evaluation and reporting that we believe can help to implement 
current recommendations and guidelines. Our learning opportunities are based on 
flexible pathways that allow participants to learn at their own pace, depending on 
their personal and professional constraints. In addition, to meet the needs of the 
community, different types of courses have been developed so that the curriculum 
can be tailored according to one’s role. At one end of the spectrum, we offer a 
Massive Open Online Course (MOOC) to raise awareness of the importance of DNA 
evidence in court. At the other end of the spectrum, we offer in-depth, longer learn-
ing courses with individual feedback and tutoring. The latter type of course can 
prepare DNA scientists for the challenges of forensic interpretation in casework, 
including reporting and testimony, and research. 

A first example of online training: MOOC “Challenging forensic science; how 
science should speak to court”

The aim of our MOOC “Challenging forensic science; how science should 
speak to court”1 is to promote critical thinking about forensic science. It is de-
signed to alert (without alarming) investigators, prosecutors, defence lawyers, 
judges, scientists and the public (e.g., journalists) to the limitations of forensic 
science methods and techniques to promote the sound administration of forensic 
science in the criminal justice system. Through videos about famous cases (caus-
es célèbres), the course emphasises the importance of probabilistic reasoning in 
forensic science. This 16-hour MOOC is freely available on the Coursera platform 

1 https://www.coursera.org/learn/challenging-forensic-science
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and is offered in both in English and French, with subtitles in 21 languages. Since 
its launch in January 2019, more than 17’000 individuals from all over the world 
have enrolled. 

This MOOC is divided into five modules (e.g., weeks). In the first week, en-
titled “What is the “DNA” of a good forensic report?”, learners explore the criteria 
that an inferential framework should meet when reasoning in the face of uncertain-
ty. The module highlights the differences between evaluative statements and other 
types of forensic reports (e.g., technical reports), while introducing the principles 
of forensic evaluation [e.g., 1-5] and how to assign the value (i.e., LR) of forensic 
observations and findings. The second week, “Elementary: source is not activity!”, 
covers the distinction between assessing the value of forensic results (e.g., DNA, 
gunshot residues) when the issue is not only the source of the material but also 
the activities from which it potentially resulted. Week three, “DNA is not the magic 
bullet”, focuses on DNA-related cases where the meaning of the results has been 
misunderstood. In week four, “Statistics in Court”, participants study cases such 
as Dreyfus, Clark and Collins, where statistics were misapplied. The course con-
cludes with week five, “The Wonderland of Certainty”, which examines cases such 
as Dallagher (earmarks), Mayfield and McKie (fingermarks). It also discusses what 
is at stake when an expert decides to conclude to an identification/individualisation 
(i.e., source attribution determination). 

The MOOC is built around high-profile cases and includes interviews with 
scientists, lawyers and individuals directly involved in these cases. 

University-based certifying online courses for reporting forensic scientists
Competence in forensic evaluation and reporting is difficult to acquire. At-

tending workshops or MOOCs is useful to alert forensic DNA scientists to what to 
avoid and how to improve. However, exercises and individual tutorials are needed 
to fully master concepts such as probabilities, likelihood ratios or the formulation 
of propositions. Over the past 15 years, the University of Lausanne has developed 
online courses on the evaluation of DNA results given propositions at different 
hierarchical levels (i.e., at sub-source level and activity level). Since 2009, some 
200 students from all continents (Africa, Asia, Europe, North and South Ameri-
ca and Oceania) have enrolled. In these courses, participants practise formulating 
propositions, learn how to evaluate results in complex situations (also with proba-
bilistic graphical models), and how to report their conclusions. Some examples of 
interpretation and reporting challenges are discussed below.

Why training matters: examples of recurrent interpretation challenges.
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a. Formulating propositions
In our experience, DNA forensic scientists often find it difficult to distin-

guish between propositions and explanations, although there have been many pub-
lications on that topic [3,9,11-13]. The key point is that propositions are based on 
case information and must be formulated so that DNA results can help the court 
resolve a key issue (e.g., whether Mr Smith is the source of the DNA or if it is an 
unknown person). In contrast, explanations are based on the results and are appro-
priate for exploring potential reasons for specific observations (e.g., investigating 
who could be the source of the DNA). When evaluating YSTR DNA profiles, a com-
mon problem is the formulation of propositions such as “The male DNA is from 
Mr Smith or someone from his paternal line” versus “The male DNA is from an 
unrelated person”. It would be fine to rely on the DNA analysis results and methods 
to explain the results and provide investigative leads. But if the investigation shows 
that there is no alternative source of the DNA in the paternal line, then there is 
no case information to justify this proposition. Also, if one alternate source is a 
paternal relative, then this should appear in the alternative proposition, not in 
the main proposition. Propositions are not determined by the method: they are 
dictated by the (key) issue(s) which in turn direct(s) the choice of method(s). The 
fact that individuals in the same paternal line can be expected to have certain sim-
ilarities in their YDNA profile is part of general knowledge. It is worth disclosing 
and explaining to close (or not) investigation avenues. If the investigation shows 
that a relative is a viable alternative, then new methods ideally need to be devised 
(e.g., RM-YSTR). If it is not possible, then one should take into consideration this 
possibility in the alternative proposition. But, this should not interfere with the 
formulation of the proposition considering that Mr Smith is the source of the male 
DNA. Indeed, it is not the paternal line that is on trial, but Mr Smith.

Formulating propositions, when there is disagreement about how or when 
the DNA was transferred, is also difficult. In such a situation, again, it is often 
tempting to “explain” the findings ex post (i.e., after knowing the typing results) by 
saying, for example, that the DNA was (in)directly deposited by a particular mech-
anism. However, with such a formulation, it is difficult to evaluate the DNA re-
sults, and the probability of the results will be one, if they are perfectly “explained”. 
Moreover, as outlined in [16], if the event “transfer” or “DNA deposition” is woven 
into the proposition, because the factfinder assesses the probability of propositions 
(usually informally), this means that the factfinder is left with the task of account-
ing for the phenomenon of DNA transfer (i.e., they will need to assess the proba-
bility of DNA being (in)directly deposited by a particular mechanism). We do not 
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think that laypersons have the knowledge to manage this complex issue. Scientific 
aspects such as transfer, prevalence, or background, are factors that are part of 
the evaluation of the results and as such should not be part of the proposition. It 
follows that a proposition must not explicitly state that DNA was deposited (e.g., 
“The person of interest discarded the knife and that’s how his/her DNA got on the 
knife”). A more meaningful proposition is one that includes only the alleged activi-
ties, for example “stabbing” and not the alleged transfer mechanisms. This also has 
the advantage of allowing to assess all results, absence of DNA included. 

b. Joint evaluation of autosomal and non-autosomal results
It is sometimes thought that DNA forensic scientists should not perform 

a joint evaluation of autosomal and non-autosomal results. However, it is ques-
tionable whether this task should be left to the fact finder. It has been shown that 
laypersons do not know how to combine probabilities or likelihood ratios obtained 
from different evaluative reports. Combining different types of forensic biological 
findings is not trivial and requires special knowledge and skills. Therefore, this task 
should be the domain of forensic DNA scientists. A meaningful couple of proposi-
tions that would allow examiners to jointly evaluate autosomal and non-autosomal 
DNA results could be: “Mr Smith is the source of the DNA”, “An unknown unrelat-
ed person is the source of the DNA”. As previously outlined, the alternative source 
(an unrelated person or not) would be based on the available case information. 

c. What a likelihood ratio is and what it is not
Publications and court transcripts indicate that the concept of likelihood 

ratio is still misunderstood by many forensic scientists. It is not uncommon to read 
confusing statements such as “the LR is basically a division; the likelihood ratio 
equals proposition one divided by proposition two”.2 However, although it is a ratio, 
a likelihood ratio (or Bayes Factor) is, in the simplest case, obtained by dividing 
the probability of the results given one proposition by the probability of the results 
given the alternative. It is the probability of the findings or results that scientists 
are concerned with, not the propositions nor their probabilities [6]. 

At present, many scientists, speak of “sub-source LR” or “activity LR”. While 
this might be seen as a convenient shortcut in informal conversations, it does not 
help communication. Indeed, if we want to communicate that we can give a pro-

2 All examples of problematic statements in this paper are paraphrased from actual examples encountered 
by the authors in their teaching, casework and research.
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fessional opinion on our results, but not on the propositions themselves, then it 
is confusing, if not misleading, to use language that suggests that the scientist is 
describing the value of the propositions (e.g., “activity LR”), rather than the results 
or findings. 

Asserting that a likelihood ratio “supports one proposition more than the 
other” is another example of misrepresenting the value of the evidence. While it is 
true that LRs are numbers, it is the results, not the LRs, that support one proposi-
tion over the other (assuming the LR is different from one). 

Another common error, even among experienced forensic scientists, is to 
say, for example: “The probability of observing this DNA profile is at least a bil-
lion times more likely if the DNA mixture is from Mr Smith and three unknown, 
unrelated individuals than if it is from four unknown, unrelated individuals.” The 
problem with this sentence is that it qualifies a probability as “likely”, which is con-
fusing. It amounts to placing a probability on a probability. One way to avoid this 
confusion is to say: “The DNA comparison result is of the order of a billion times 
more probable if the DNA mixture is from Mr Smith and three unknown, unrelated 
individuals than if it is from four unknown, unrelated individuals.”

Conclusions

In this paper we have reviewed various educational frameworks and highlighted 
challenges in interpretation and reporting that we believe reflect a lack of special-
ised education on this topic. 

With our MOOC, we aim to make the recipient of forensic information aware 
that uncertainty should be managed by using probabilities and applying the prin-
ciples of interpretation. The “Essentials of DNA Interpretation” course aims to 
provide DNA forensic scientists with an appropriate theoretical and practical back-
ground in probabilistic and statistical reasoning so that they can tackle challenging 
DNA casework (e.g., formulation of propositions, comparisons of a DNA profile 
mixture to multiple persons of interest, assess complex DNA profiles) and report 
the value of their results in a robust manner, taking into account recent publica-
tions in DNA interpretation. The course “Advanced DNA Interpretation” enables 
participants to acquire specialised and up-to-date knowledge in the evaluation of 
forensic biological results when accounting for transfer, persistence, prevalence 
and recovery (TPPR) of biological trace material in the context of alleged activities.
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Abstract 
The ReAct (Recovery, Activity) project is an ENFSI (European Network of Forensic Science Ins-
titutes) supported initiative comprising a large consortium of laboratories. Here, the results 
from more than 23 laboratories are presented. The primary purpose was to design experiments 
simulating typical casework circumstances; collect data and to implement Bayesian networks to 
calculate likelihood ratios given activity level propositions. Two different experimental designs 
were used to simulate a robbery, where a screwdriver was used to force a door or window. The 
experiments were designed following laboratory feedback listing typical casework circumstances.
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Introduction

Over recent years, there has been much more awareness about reporting given ac-
tivity issues, and court-attending scientists often give evidence to help address this. 
Scientists will resort to the body of literature to make generalisations, and there 
are many examples of this - for reviews see [1, 2]. 

However, there has been very limited work to investigate reproducibility of 
tests between laboratories, although [3, 4] examined this across 2-4 laboratories.

The difficulty is compounded by lack of data available for independent scruti-
ny; the receiver of the information must rely upon isolated peer reviewed material.

However, published papers primarily speak to experiences of a particular lab-
oratory. This does not mean that these same experiences are applicable to different 
laboratories, especially those that run different systems and processes.

The ReAct project, was instigated as a collaborative exercise to generate a 
body of data from at least 23 laboratories with the following objectives:

a. To identify two kinds of cases, typically encountered in casework and agree 
on a common experimental protocol to be conducted by all participating 
labs.

b. To generate an open-access database of results.  
c. To produce open-source software that can form the basis of a repository 

for a collection of Bayesian Networks.   
d. To examine reproducibility between different laboratories. 
e. To gain experience with coordinating large projects with multiple partici-

pant laboratories. 
f. To describe the associated challenges. 

Material studied, methods, techniques

Experiments undertaken
Data were collected for cases that simulated a burglary using a screwdriver. 

Three separate experiments were undertaken (sampling to profiling carried out 
according to per lab routine protocol): 
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a. The first was a control experiment, where a screwdriver was grasped, and 
the laboratory carried out tests to determine recovery of DNA from the 
handler, along with unknown contributors.  

b. An individual (A) used screwdriver for 5 minutes as the first handler. It 
was then used by a second individual (B) as the second handler (direct 
transfer) for 2 minutes. DNA recovery of first, second and unknown con-
tributors was studied (note that same timings were used in subsequent 
experiments). It should be noted that the disputed activities are very si-
milar. 

c. Individual A shook hands with individual B, individual B used a screw-
driver, and the DNA recovery of A (handshaker), along with contributor 
B (last handler) and unknown contributor DNA was calculated. These 
experiments involved recovery of DNA from contributor B given an ac-
tivity involving possible direct transfer, from contributor A given possi-
ble secondary transfer, and from unknown contributor(s) due to possible 
background (i.e., DNA present for unknown reasons). These experiments 
were repeated at three different time intervals relative to the shaking 
hands activity: 0, 1, 2 hours (experiments 3.0, 3.1 and 3.2, respectively). 
In the interim period, individual B resumed normal activities. There is 
a prior expectation that the contribution of contributor A will decrease 
over time.

Each experiment was replicated 20 or more times with different volunteers.

Software and databases
The results were collated and analysed with an R application, ShinyRFU(), 

that utilises EuroForMix [5], to assign mixture proportions (Mx) of contributors. 
Each laboratory determined quantity of DNA recovered; combined with Mx per con-
tributor, the probability of DNA recovery for each contributor was calculated. These 
values were used directly in Bayesian networks to compute likelihood ratios. A 
package written in Shiny called ShinyReact() has been made available, along with 
all data collected from 23 laboratories. These data were used to inform Bayesian 
networks for the latter two experiments 2 and 3. Users of the software can choose 
a dataset to analyse, define the input Bayesian network parameters and calculate 
likelihood ratios for their findings, along with bootstrap derived confidence inter-
vals. A user manual is available. Results are also compared to a qualitative method 
based on mixture proportions without DNA recovery attribution. A huge amount 
of data has been collected. In fact, a total of 2,700 DNA profiles have been analysed 
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and all these data are available for independent scrutiny. This work represents a 
massive undertaking without any parallel in the literature. The main purpose is 
to summarise the current work and to describe resources available (see Resources 
section below). 

Results and Discussion

A large difference in the quantities of DNA recovered by the different laboratories, 
for all experiments, was observed (between 0.2 and 5 ng), depending on the sam-
pling and recovery protocol.

Experiment 2
a. If an individual handles a screwdriver, then there is approximately 95% 

probability of DNA transfer, persistence and recovery (abbreviated to re-
covery in subsequent text). If two individuals handle a screwdriver, then 
the probability of recovery of the first handler drops to 88% (mean values 
across all laboratories are quoted throughout). 

b. In approximately 43% of cases, the last handler aligned with the ’Major’ 
(Mx>0.7), compared to 8% of cases for the first handler. Likelihood ratios 
were calculated where propositions addressed first or last handler. When 
a person aligns with the ’Major’ contributor are low (LR≈1). However, ob-
serving a single DNA profile aligning with the person of interest (which 
happened in 8% of the ground truth experiments for the last handler, 
and less than 1% for the first handler), usually supports the view that the 
person of interest is the last handler rather than the first.

Experiment 3
a. As with experiments 1 and 2, there is approximately 95% probability of 

DNA recovery from the last handler.
b. DNA recovery from the handshaker in experiments involving indirect 

transfer was observed in c.69% of cases provided that the screwdriver was 
held immediately after handshake, otherwise it dropped to c.48% percent 
one hour after hand shaking: incidences were usually low level (only 4% 
aligned with ‘Major’ at time zero; dropping to less than 1% for one or two 
hours since handshake).

c. Incidences of results not supporting ground truth were restricted to sin-
gle examples in experiments 3.1 and 3.2 where the former was a major  
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profile with low LR given activity level propositions. Because of the num-
ber of experiments undertaken and the magnitude of the LR, this is ex-
pected [6, 7]. Consequently, if the alternative proposition implies some 
form of social activity at least one hour previously between the person 
of interest and an alternative offender, a ’Major’ (mixed) or ’Single’ DNA 
profile aligning with the person of interest will usually support the pro-
position that the person is the handler, rather than an unknown person 
with whom he/she has socialised.

Resources

The main online resource is https://sites.google.com/view/altrap/enfsi-react-pro-
ject. This website has links to all of the online resources which includes:

a. A summary of the ReAct project
b. Links to the ShinyReact() program and user manual
c. ShinyRFU() program access and user manual available at: https://sites.

google.com/view/altrap/average-rfu-method
d. Links to excel spreadsheet databases:
e. Grand_compilation.xlsx of all data compiled into a single excel spreadsheet
f. Laboratory specific folders containing data and the complete analysis 

using the ShinyReact() program
g. All resources copied to GitHub: https://github.com/peterdgill/ShinyReact

An example of the output from ShinyReact() is shown in Table 1.

Table 1. Tabulated likelihood ratios : Example from experiment 3, showing LRs for a single 
contributor model where recovery ranges from 0.01 – 3ng DNA, compared to recovery 

where a mixture of POI and unknown(s) are found. Note LRs are much greater where single 
contributors are recovered.

https://sites.google.com/view/altrap/enfsi-react-project
https://sites.google.com/view/altrap/enfsi-react-project
https://github.com/peterdgill/ShinyReact
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Conclusion

There was huge variation in DNA recovery across laboratories – some recovered c. 
200pg, whereas others recovered c. 5ng. We can generalise that, in experiment 2 
ground truth experiments, a ‘Single’ DNA profile aligning with the POI leads to LRs 
>1 when they are the only handler rather than the first and unknown person being 
the last handler. In experiment 3, LRs>1 are recovered if the person aligns with the 
‘Major’ contributor when they are the handler, rather than having socialised with 
the true handler under the defence proposition. However, further work is needed 
if laboratory A wants to fully adopt the findings of laboratory B as the quantities 
between laboratories vary. To forward this aim, the focus of ReAct II is to study 
recovery efficiency, in addition to transfer and persistence, so that evaluation can 
incorporate the former as a laboratory dependent factor which can be incorporated 
into Bayesian Networks.
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Abstract 
Blood deposit at crime scenes can be significantly impacted by local environmental factors such 
as UV radiation, temperature, and humidity. While it is well-established that environmental in-
sults affect the efficacy of both presumptive and confirmatory tests there is limited published 
data on their empirical effects specifically related to blood samples.
A series of experiments were conducted using blood samples deposited on cotton, glass, and me-
tal, which were then exposed to direct sunlight in Ras Al Khaimah (RAK), United Arab Emirates, 
over a 48-day period during spring. Samples were collected at intervals of 48 to 72 hours and 
subjected to two presumptive tests (Kastle-Mayer and Hemastix®) and two confirmatory tests 
(Hexagon® OBTI and RSID™-Blood). DNA quantity was assessed using RT-PCR and analysed 
with a 310 Genetic sequencer. The cumulative effects of temperature and time were measured 
using Accumulated Degree Days (ADD).
Presumptive tests consistently showed positive or weak positive results, while confirmatory tests 
began to fail, with the OBTI yielding negative results at 1215.5 ADD and the RSID at 693.5 ADD. 
DNA quantity decreased rapidly during the initial 475 ADD, followed by a gradual decline until 
1425.5 ADD. Notably, blood samples on cloth and glass continued to produce full profiles in STR 
analysis using Identifiler® Plus. In contrast, blood samples on metal exhibited allele dropout 
starting at 943 ADD
Overall, comparing the results of presumptive and confirmatory tests with STR analysis revealed 
that presumptive tests can yield positive results even when DNA is insufficient for analysis. In 
contrast, confirmatory tests may return negative results despite the presence of amplifiable DNA 
but generally align more closely with downstream DNA analysis outcomes.

30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS
Universidade de Santiago de Compostela, 2025, pp. 697-704
DOI: https://dx.doi.org/10.15304/cc.2025.1869

mailto:Busher.idris@aurak.ac.ae


698 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

Keywords 
Presumptive tests, confirmatory tests, bloodstains, STR analysis, DNA Degradation

Introduction

Blood is commonly encountered at crime scenes and correct identification is an 
integral part of the forensic analysis process. The presence of blood at a crime scene 
can significantly influence the outcome of a case, providing essential information 
for criminal investigations. 

Environmental insults can hinder the identification of blood using both pre-
sumptive and confirmatory tests, as well as impact the quality and quantity of am-
plifiable DNA. Research has examined how factors such as temperature [1], humid-
ity [2], soil composition [3], and ultraviolet radiation [4] influence DNA recovery 
from forensic samples. However, these investigations often occur in controlled lab-
oratory settings, which may not accurately reflect the complex interactions found 
in natural environments.

While some studies have examined DNA persistence in biological samples 
[5], there is limited research on environments routinely exposed to extreme tem-
peratures and UV radiation. Although it is acknowledged that environmental fac-
tors affect the effectiveness of presumptive and confirmatory tests, detailed empir-
ical data on their specific impacts is limited.

We present a series of experiments investigating the effects of environmen-
tal insults on blood identification using both presumptive and confirmatory tests. 
Additionally, we compare these findings with the recoverable quantity of DNA in 
correlation to STR analysis.

Materials and methods

Experiment design
The experiment spanned 48 days outdoors, with sampling conducted every 

three days. A 50x50 cm white roof tile held three materials: glass microscope slides, 
100% cotton cloth, and a stainless-steel kitchen knife. Each material featured 
marked 1 cm² grids, onto which 5 µl of blood was applied to five grids in each row, 
leaving a sixth grid empty as a negative control.

Prior to assembly, all materials were cleaned with 70% ethanol and rinsed 
with deionized water. For sampling, each 1 cm² grid area was either swabbed with 
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a wet cotton swab (for glass and metal) or cut out with a sterile scalpel for cloth. 
The collected samples were then placed in sterile 1.5 ml tubes and stored at -20 °C.

Accumulated Degree-Days (ADD)
Accumulated degree-days (ADD) were calculated from the daily hourly read-

ings from RAK airport weather station 15 km away from the samples set up site 
[6]. ADD was calculated using the formula ADD = (Maximum + Minimum temper-
ature)/2.

Presumptive and confirmatory testing
Blood samples were air-dried indoors for 2 hours before being moved to the 

experiment site. Samples from two grids for each material were collected immedi-
ately (Day 0) for positive controls. The Hemastix® and Kastle-Meyer (phenolphtha-
lein) tests were performed as per manufacturer’s instructions. Confirmatory tests 
RSID™-blood and Hexagon® OBTI were conducted following their procedures. 
Every 3 days, four samples from each material were collected and stored at -20 °C.

DNA extraction and quantification
Samples were collected from the 5th grid and DNA extraction was carried 

out using the Chelex-100 [7]. However, the incubation time at 56 °C was increased 
to 2 hours. Samples were then concentrated to 50 μl using microcon® filters (Mil-
liPore®- Germany). Quantification was carried out using the Quantifiler™ Human 
DNA Quantification kit on an ABI 7500 real-time PCR machine, following the man-
ufacturer’s recommendations.

STR analysis
Samples from day 0, 17, 33, and 48 were selected to examine the effect of 

environmental insults on DNA profiles generated using the AmpFlSTR® Identifil-
er® kit (Applied Biosystems) using a 310 Genetic Analyzer with GeneMapper™ ID 
version 3.2.

Results

Sample collection
Samples were collected every 3rd day from all material types. Some samples 

on metal and glass began to flake due to dehydration a few days into the experi-
ment. In rows with such samples, the most intact grid was kept for DNA extraction.
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Presumptive and confirmatory tests
The Hemastix® strips detected blood on all materials until Day 48, though 

results weakened over time. The phenolphthalein test showed similar trends, with 
weaker and slower results after Day 41.

In contrast, the OBTI test showed weak positives starting on Day 37 for met-
al, Day 41 for cloth, and Day 45 for glass. By Day 45, metal and cloth were negative, 
while glass had a very weak positive. The RSID test showed weak positives as early 
as Day 17 for metal and Day 29 for glass, and negative results by Day 29 for metal 
and Day 33 for glass. Blood samples on cotton remained positive until Day 41. All 
tests were positive up to Day 13 (Table 1).

Table 1: A table summarising the effect of environmental insults on the ability of presumptive 
and confirmatory tests on the identification of blood samples deposited on glass,  

metal and cloth.

DAY ADD HEMASTIX p.phathaline OBTI RSID

G M C G M C G M C G M C

13 368.5

17 475

21 582

25 693.5

29 809

33 943

37 1080

41 1215.5

45 1357

48 1425.5

*Dark shading (+v)  Medium shading (weak +ve) Light shading (-ve)
*G= glass, M= metal and C= cloth.

DNA Quantification
A total of 42 samples were collected over the 48-day experiment. DNA con-

tent was compared for blood samples on metal, glass, and cotton in relation to 
ADD. Cotton had the highest DNA content, starting at 2.482 ng/μl on Day 0 and 
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decreasing to 0.252 ng/μl by Day 48. Glass samples started at 1.255 ng/μl and ended 
at 0.144 ng/μl, while metal samples showed the most significant drop, from 0.997 
ng/μl to 0.054 ng/μl.

Metal samples experienced the fastest degradation, losing over 95% of the 
original DNA at an average rate of 2.1% per day. Glass samples followed with an 
88.6% degradation rate, averaging 1.97% per day. Cotton retained DNA best, with 
only 82% depletion by Day 48, decreasing at a rate of 1.82% per day.

STR analysis
The STR profiles from blood samples on cloth showed a gradual decrease 

in DNA quantity, with a complete profile still visible at ADD 1425.5 (Day 48). The 
combined allele peak height (CPH) dropped from 41,916 at ADD 0 to 21,045 at ADD 
1425.5.

Blood samples on glass also maintained a full profile at ADD 1425.5, though 
they showed slight peak imbalance at the FGA locus. The CPH decreased from 
21,301 at ADD 0 to 14,576 at ADD 1425.5, lower than that of cloth samples.

In contrast, metal samples were most affected by environmental conditions. 
At ADD 1425.5, there was complete dropout of loci CSF and FGA, along with one 
allele dropout at loci vWA and D18. The CPH for metal samples plummeted from 
43,694 at ADD 0 to just 4,358 at ADD 1425.5, indicating significant degradation 
compared to cloth and glass (Figure 1).
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Figure 1. a graph showing a schematic representation of the DNA depletion pattern  
in relation to ADD

Discussion

Both Hemastix® strips and the Phenolphthalein test consistently provided positive 
results, with weak positives appearing at 1357 ADD for Hemastix® and 1215.5 ADD 
for Phenolphthalein. These presumptive tests rely on the peroxidase-like activity 
of haemoglobin, which degrades to hemichrome when exposed to environmental 
factors like temperature and humidity.

In contrast, confirmatory tests—RSID and Hexagon® OBTI—use immuno-
logical methods to identify specific blood components. The RSID kit targets Gly-
cophorin A, while OBTI detects human haemoglobin. RSID was less effective with 
degraded samples, showing negative results first for metal (809 ADD on Day 29), 
then for glass (943 ADD on Day 33) and cloth (1215.5 ADD on Day 41). The OBTI 
test failed to yield positive results only for metal and cloth before the final sampling 
day (1357 ADD on Day 45).

Two key factors likely enhance the OBTI kit’s performance. First, Glycophor-
in A, the target for RSID, undergoes significant biophysical changes; red blood 
cell membranes can deform within five days, while the oxidation of hemoglobin to 
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hemichrome occurs more slowly, allowing OBTI to better withstand environmental 
exposure. Second, haemoglobin constitutes 97% of the blood’s dry content, making 
it more abundant than Glycophorin A. This abundance, along with hemoglobin’s 
slow denaturation, supports OBTI’s effectiveness for aged and degraded samples.

The experiment’s findings demonstrated the substantial impact of environ-
mental insults on both the quantity and quality of DNA, contradicting previous 
studies that indicated stability until exposure to extreme conditions such as 100% 
humidity [8] or temperatures exceeding 150 °C [9]. STR analysis revealed that, ex-
cept for cloth samples, DNA degradation led to partial profiles, unbalanced peaks, 
and allelic dropout as ADD approached 1425.5, indicating that controlled envi-
ronmental changes do not accurately model the effects of natural insults on DNA 
integrity [10, 2].

Alaeddini and co-authors categorized factors affecting DNA degradation into 
enzymatic and non-enzymatic processes influenced by environmental conditions. 
Among the endonucleases involved in DNA degradation during cell death, two sub-
groups are cation-dependent (Mg²⁺ and Ca²⁺) [11]. Early in the experiment, desic-
cation and high temperatures likely inactivated these enzymes, allowing non-en-
zymatic degradation processes—such as oxidation and hydrolytic reactions— in 
addition to UV irradiation to dominate, resulting in slow and continuous DNA deg-
radation over time [12].

Conclusion

Presumptive tests demonstrated greater resilience to environmental insults than 
confirmatory tests for blood. When combined with DNA analysis, confirmatory 
tests correlated more closely with the ability to obtain STR profiles. While cloth 
offers effective protection against environmental factors, excessive temperatures 
may have caused immediate enzymatic inactivation, leading to a slower rate of 
DNA degradation.
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Abstract 
Ecuador retains European and African genetic contributions from the colonial period alongside 
its Native American ancestry. Mestizos, individuals with Native, European, and African inheri-
tance, are currently distributed across various regions of the country. This study assessed the 
maternal genetic composition of Mestizos from the Ecuadorian Andes to understand the impact 
of historical migration. Complete mtDNA control region sequences were analyzed from 214 indi-
viduals across three subregions: North, Center, and South Andes. High haplotype diversity values 
were observed in all regions, with Native American haplogroups prevailing across the sample. 
Differences in the proportions of certain lineages were found among regions. African and Eura-
sian haplogroups were detected at low frequencies in North and South Andes but were absent in 
Central Andes, where most Native American communities are established. Despite some varia-
tion in haplogroup distribution among Andean sub-regions, there were no significant differences 
in haplotype composition. In a South American context, our Ecuadorian samples showed genetic 
similarity to West Andean populations, driven by elevated haplogroup B frequency, suggesting a 
distinct evolutionary path to the populations from the Eastern South American regions.

Keywords 
Ecuador, Andean region, Mestizo, mtDNA, maternal diversity

Introduction

South American human populations experienced a series of complex admixture 
events that shaped their genetic makeup. The Ecuadorian territory was invaded by 
the Incas in the XV century and by the Spanish in the XVI century [1]. Currently, 
the Ecuadorian population is a reflection of admixture processes resulting from 
the coexistence of several Native ethnic groups, European settlers, and enslaved 
Africans. According to the last census in 2022, 77.5% of the population self-iden-
tified as Mestizos, individuals that retained Native, European, and African genetic 
inheritances [2]. However, the admixture events occurred differently across the 
three Ecuadorian regions (Coast, Andes, and Amazon) [3].

Until now, the variability of maternal lineages between and within Ecuado-
rian regions is unknown, especially in the Andes, which was the home of several 
Native American groups. In this study, the maternal genetic inheritance of the 
Andean region of Ecuador was assessed, with the aim of evaluating how historical 
events have shaped the genetic composition along the Andes and how it may have 
affected the diversity of the mestizo population in the country.
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Material studied, methods, techniques

Population samples and DNA extraction
Blood or mouth swab samples were collected from 214 self-identified Mestizo 

individuals across three Ecuadorian Andean regions: North (n=76), Center (n=66), 
and South (n=72). DNA extraction was performed using a salting-out method for 
blood and phenol-chloroform for swabs. DNA quantification was conducted using a 
NanoDrop™ 2000/2000c spectrophotometer (Thermo Fisher Scientific).

Mitochondrial DNA analysis 
The mtDNA control region (16024-576) was amplified by PCR in a single 

amplicon. PCR product was confirmed by gel electrophoresis, and products were 
purified using Alkaline phosphatase (FastAP) and Exonuclease I enzymes (Thermo 
Fisher Scientific). Cycle sequencing was performed using the Big-Dye Terminator 
v3.1 kit (Thermo Fisher Scientific). After sequencing, products were purified with 
Sephadex™ G-50 size exclusion resin at 10% (GE Healthcare). Fragments were 
separated and detected via capillary electrophoresis on an ABI 3500 Genetic Ana-
lyzer (Applied Biosystems®).

Data Analysis
Sequences were aligned with the rCRS [5] using the SeqScape® Software 3 

(Applied Biosystems®) to determine haplotypes. Haplogroups were assigned using 
the EMPOP database, and the Haplosearch tool [6] was employed to convert haplo-
types to DNA sequences for further analysis. Arlequin v3.5 [7] was used to calculate 
genetic diversity parameters and perform analyses of molecular variance (AMOVA). 
Multi-Dimensional Scaling (MDS) and Principal Component Analysis (PCA) were 
computed in STATISTICA 10 software (TIBCO Software Inc.).

Results 

a. Genetic Diversity and Haplogroup Composition
High haplotype diversity values were found in the three Andean regions 

studied (>0.9960). The majority of the mtDNA haplogroups found in our sample 
were of Native American origin (A2, B2, B4, C1, D1, and D4) with differences in the 
proportion of some lineages among regions (Figure 1). African (L1, L2, L3) and 
Eurasian haplogroups (U4c1, HV, R) were only encountered at low frequencies in 
North and South Andean regions. 
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Figure 1. Representation of mtDNA haplogroups and sub-haplogroups found in each Andean 
population from Ecuador.

b. Population Structure
Although some differences can be detected between Andean populations 

based on haplogroup frequencies (Figure1), pairwise FST genetic distances based 
on haplotype frequencies showed no statistically significant differences (data not 
shown). Analysis of molecular variance showed that 99.73% of the variation is en-
countered within populations and only 0.27% is attributed to differences between 
populations (P=0.22535±0.00411). 

c. Ecuadorian Andes in a South American Context
An analysis of pairwise genetic distances was carried out to assess the im-

pact of geography on the genetic composition of South American populations. In 
addition, a map of haplogroup distributions was also created to correlate genetic 
distances and ancestry proportions. 

Although displaying similarities regarding major maternal Native American 
heritage and minor African and Eurasian contributions, Western South American 
populations showed some genetic differentiation in the maternal background, 
which is clear by the absence of a well-defined cluster in the MDS plot (Figure 2A). 
Contrarily, similar haplogroup distributions were observed among Andean Ecuado-
rean and Peruvian populations (Figure 2B). 
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Figure 2. A) MDS plot based on haplotype FST genetic distances (Stress=0.08). B) Maternal 
lineages found in several admixed populations from South America. 

To gain a deeper understanding of the genetic structure and relationships among 
these populations, new analyses were performed by focusing exclusively on the 
mtDNA lineages of Native American origin (A, B, C, D), excluding all lineages of 
European or African origin. A PCA was performed using only the Native component 
to identify the haplogroups that played a role in the differentiation of South Amer-
ican populations.

The PCA (data not shown) revealed clear differences between populations 
from the Western and Eastern Andes, particularly marked by the higher frequency 
of haplogroup B in the Western Andes. 

Discussion

High haplotype diversity values are expected in admixed populations. However, our 
studied sample showed a value higher than reported for neighboring countries 
such as Colombia (0.9932 ± 0.0039) [8]. The prevalence of Native American line-
ages in the Central Andes was expected, considering that it is in this area that most 
Native American communities are established. African haplogroups detected in An-
des can most likely be traced to the colonial period [9,10], although their presence 
due to more recent migrations cannot be discarded, especially in the South where 
evidence of African settlements is lacking. Similarly, deciphering the time of origin 
of Eurasian haplogroups in Andean populations is a challenging task, as they may 
be remnants from colonial times, Jewish migrations during World War II, or more 
recent migrations [11].
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The absence of discernible differences among the three Andean populations 
may be attributed to gene flow that occurred over time. Factors such as intermar-
riage and domestic migration could contribute to a genetic homogenization of the 
populations, potentially erasing distinct genetic signatures that might have once 
characterized specific Native groups. Moreover, despite the occurrence of non-Na-
tive haplogroups in different proportions among populations in the Northern and 
Southern regions, and their absence in the central region (Figure 1), the differenc-
es observed are not high enough to detect a statistically significant differentiation 
between three regions (P≥0.05).

Considering all South America, Western populations exhibited genetic dif-
ferentiation primarily due to variations in the proportions of specific Native line-
ages. For instance, populations in the Northwestern regions of Colombia and Ven-
ezuela display a greater genetic distance from Peruvian or Ecuadorian populations 
(Figure 2), likely due to the high frequency of the Native haplogroup A, in contrast 
to the prevalence of the Native haplogroup B in Central West Andean populations 
[12]. The genetic proximity between Ecuadorean Andes and Peru might be attrib-
uted to historical population interactions facilitated by their geographical prox-
imity [13]. The predominance of haplogroup B in Andean populations could be 
traced back to the earliest Native inhabitants. Andean nations were part of the Inca 
Empire, whose rapid territorial expansion and population growth led to the disap-
pearance of smaller population groups. Rodriguez-Delfin et al. (2001) suggest that 
the distribution of haplogroup B in these populations could be explained by its pre-
dominance in a possible small initial Inca population. According to these authors, 
genetic drift could have been the cause of the prevalence of this haplogroup, and its 
current distribution pattern observed across the Andes [12,14,15,16].

Conclusion

Andean populations in Ecuador showed a strong preservation of Native American 
genetic inheritance, with minimal European and African maternal lineages, in con-
trast to regions in Eastern South America. The absence of statistically significant 
differences among the Andean regions indicates limited maternal population sub-
structure. The genetic variations in mtDNA suggest a unique evolutionary history 
and genetic composition for Ecuadorian Andean populations, highlighting com-
plex ancestral contributions and supporting a separate evolutionary path compared 
to their Eastern South American counterparts.
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Abstract
The analysis of mtDNA SNPs has become a widely used method in disease analysis, forensic ge-
netics, molecular anthropology, but also in population genetic studies. While routine procedures 
for mtDNA analysis is by sequencing the control region, in recent years there have also been 
used several other techniques to analyse single nucleotide polymorphisms (SNPs) on the mtDNA 
genome, for example pyrosequencing and the most common used method SNaPshot techniques. 
Mitochondrial DNA haplogroups are mainly discriminated by coding region SNPs, but covering 
the whole mtDNA genome provides more comprehensive understanding of the genetic variation 
including subclades within major haplogroups. 
Here we present the results of the analysis of 1765 mtDNA SNPs throughout the whole mito-
chondrial genome which are part of SNP microarray - Global Screening Array (GSA) v3 microa-
rray, (Illumina, USA), that also covers nuclear DNA SNPs which primarily are used for detection 
of variants in different health conditions. 
The size of the sample group for determination of the mtDNA haplogroup frequencies was 100 
individuals from the Macedonian ethnic group from the Republic of North Macedonia. Raw data 
from the SNParray were analyzed by Plink v1.90b7.2. The mitochondrial sequences were im-
ported in the mthap software Data Version 17.9 – (2016-02-18), and annotated variants were 
imported in EMPOP database (v4/R13) for haplogroup identification. 
The obtained results were in concordance with previously published data for mtDNA haplo-
groups in the Republic of Macedonia. In our study the most common haplogroup was H with 
37%, followed by haplogroup U with 24%, and intermediate frequencies of haplogroups J (9%),  
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K (7%), N (5%) and T (4%). Within haplogroups, subclades were determined among which 3 sub-
clades from the L macrohaplogroup. Microarray SNPs covering the whole mtDNA genome allow 
determination of the subclades of haplogroups and also give a possibility to enrich the population 
data of the country with additional information.

Keywords
mtDNA SNPs, microarray, haplogroups, population study

1. Introduction

Except for the Sanger sequencing of the control region [1], there have recently 
been used several other techniques for mtDNA sequence analysis such as analyses 
of single nucleotide polymorphisms (SNPs) on the whole mtDNA genome using 
SNaPshot techniques [2] or microarray system by pyrosequencing [3]. Mitochon-
drial DNA haplogroups are mainly determined by coding region SNPs, but cover-
ing the whole mtDNA genome provides a more comprehensive understanding of 
the genetic variation including subclades within major haplogroups. The mtDNA 
SNPs analysis has become a widely used method in disease analysis [4], forensic 
genetics [5], molecular anthropology [6], and in population genetic studies [7,8]. 
Mitochondrial DNA haplogroups are mainly discriminated by coding region SNPs, 
but covering whole mtDNA genome provides more comprehensive understanding 
of the genetic variation allowing determination of the subclades within major hap-
logroups. 

2. Materials and Methodes

2.1. Sample collection and preparation
The size of the sample group for determination of the mtDNA haplogroup 

frequencies was 100 individuals of Macedonian ethnicity from North Macedonia. 
Consent was obtained from all 100 individuals for genetic testing after which a 
buccal swab was taken and analysed. DNA was extracted using the QIAamp mini 
kit (Qiagen, Hilden, Germany) following the manufacturer’s recommendations. 
Samples were prepared for SNP genotyping using Illumina’s Infinium HTS assay 
reference guide and manual protocol on the Infinium Global Screening Array-24 
BeadChip, v3. 
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2.2. Analysis of mtDNA SNPs
We analyzed 1765 mtDNA SNPs from the whole mitochondrial genome, per 

sample, which are part of SNP microarray - Global Screening Array BeadChips that 
contains 700 000 SNPs (Illumina, USA). 

Analyses were performed on Illumina Infinium using Illumina global screen-
ing array BeadChips and analysed with Illumina iScan System using GenomeStu-
dio® 2.0 software [9]. 

Raw data was analyzed by Plink software v1.90b7.2. [10]. The mitochondrial 
DNA sequence was imported in the Mthap software Data Version 17.9 – (2016-
02-18) for automatic variants detection according to the PhyloTree build 17 [11], 
and annotated variants were imported in EMPOP database (v4/R13) for haplogroup 
identification [12,13].

3. Results 

The obtained results of the polymorphic sites of mtDNA in 100 unrelated Mace-
donian individuals and established mtDNA haplogroups showed that haplogroup 
cluster HV is the most common with 39%, including haplogroups HV0 (2%) and 
haplogroup H with its subhaplogroups (37%). Haplogroups observed at intermedi-
ate frequencies included clusters U (24%), J (9%), K (7%), N (5%) and T (4%). The 
haplogroups observed less frequently have included haplogroup L (3%) and hap-
logroups R, V, W and X with 2% prevalence. Observed polymorphic sites in analyz-
ed 100 unrelated Macedonian individuals and established mtDNA haplogroups are 
presented in table 1. Percentages of these haplogroups are presented in figure 1. 

Table 1. Identified polymorphisms and determined mtDNA haplogroups in 100 samples

Sample number Haplogroup Genotype

428665MT D4j8 C5178a T16362C G3010A C8414T C14668T G11696A C16174T 

247959MT H12a G2706A T7028C C3936T C16287T 

328574MT H G2706A T7028C

892620-MT H G2706A T7028C

904312-MT H G2706A T7028C

775276-MT H G2706A T7028C 

351130MT H12a G2706A T7028C C3936T C16287T  
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389881MT H G2706A T7028C 

530223MT H G2706A T7028C 

568889MT H G2706A T7028C 

597211MT H15 G2706A T7028C T6253C  

466297MT H1 G2706A T7028C G3010A     

511089MT H1 G2706A T7028C G3010A     

963782-MT H11 G2706A T7028C T8448C G13759A T16311C! 

433367MT H13b1 G2706A T7028C C14872T T11485C C16261T A200G 

314642MT H17 G2706A T7028C G3915A

466479MT H17 G2706A T7028C G3915A 

263673MT H1b  G2706A T7028C G3010A T16356C

831640-MT H1b1 G2706A T7028C G3010A T16356C A3796G 

520897MT H1c G2706A T7028C G3010A T477C 

255568MT H1e  G2706A T7028C G3010A G5460A

353707MT H1t G2706A T7028C G3010A G9986A 

862509-MT H1u2 G2706A T7028C G3010A C9923T G3483A C16320T 

528844MT H12 G2706A T7028C C3936T 

186354MT H2a2a1 G2706A T7028C G1438A G4769A G750A G8860A G15326A

201998 H2a2a1 G2706A T7028C G1438A G4769A G750A G8860A G15326A

133673MT H3 G2706A T7028C T6776C

232974MT H3  G2706A T7028C T6776C

755384-MT H4 G2706A T7028C C3992T T5004C G9123A 

348237MT H48 G2706A T7028C G11016A 

204114 H5  G2706A T7028C T16304C

201900116-MT H55 G2706A T7028C G10646A 

187896 H55  G2706A T7028C G10646A

162636MT H55b G2706A T7028C G10646A T16189C!

238918MT H55b  G2706A T7028C G10646A T16189C!

261338MT H55b  G2706A T7028C G10646A T16189C!

241015MT H5b  G2706A T7028C T16304C G5471A

959248-MT H5b G2706A T7028C T16304C G5471A 

201900107-MT HV T14766C
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195329MT HV0  T14766C T72C T16298C

817489-MT J1b1a1
A10398G! A12612G G13708A C16069T C462T G3010A G8269A G16145A C16261T 
G5460A T13879C 

140857MT J1c T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C

186603MT J1c T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C

285804 J1c T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C

189935MT J1c2 T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C A188G

702478-MT J1c2 T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C A188G 

360325MT J1c2 T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C A188G 

664239MT J1c2e
T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C A188G 
C16366T 

664269 J1c2e
T489C A10398G! A12612G G13708A C16069T C462T G3010A T14798C A188G 
C16366T 

798238-MT K1 A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! 

826456-MT K1a A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! C497T

627088MT K1a15 A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! C497T G8155A 

407952MT K1a4 A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! C497T T11485C     

661601MT K1c1
A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! T146C! T152C! 
C498d A9093G G11377A

612604MT K1c2
A10550G T11299C T14798C T16224C T16311C! T1189C A10398G! T146C! T152C! 
C498d A14002G G14040A C16320T 

291050MT K2b1a1
A10550G T11299C T14798C T16224C T16311C! T146C! T9716C C2217T G5231A 
C11869a G13135A C16270T

590374MT L0a1a G263A C146T G5231A G5460A C16320T T3866C

510472MT L1b1a16

G3666A A7055G T7389C T13789C T14178C G14560A G185t A357G T710C G1438A 
T1738C T2352C A2768G T3308C G3693A C6548T T6827C C7867T T12519C 
A14769G T15115C T16126C A16129G C16270T A5036G G5046A C13880a A14203G 
T5393C 

300656MT L2a1  T150C! T7175C T182C! A12693G T15784C A16309G

277648MT N1a  C9540T G10398A A15301G! T10238C G12501A T204C A13780G

559389MT N1a1 C9540T A15301G! T10238C G12501A T204C A13780G A10398G! G15043A 

239800MT N1b
C9540T G10398A A15301G! G1719A T10238C G12501A G1598A C2639T G5471A 
G8251A G16390A

931102-MT N1b
C9540T G10398A A15301G! T10238C G12501A G1598A C2639T G5471A G8251A 
C16176g G16390A

499034 N1b1
C9540T G10398A A15301G! T10238C G12501A G1598A C2639T G5471A G8251A 
C16176g G16390A C1703T C3921a C8472T A12822G G16145A 

144783MT R0 T12705C T16223C G73A A11719G

201900113-MT R0 T12705C T16223C G73A A11719G 
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666419MT T2 G709A G1888A A4917G T10463C A15607G G15928A A11812G A14233G

146358MT T2b
G709A G1888A A4917G T10463C A15607G G15928A C16294T A11812G A14233G 
C16296T G930A G5147A T16304C

184987MT T2b
 G709A G1888A A4917G T10463C A15607G G15928A C16294T A11812G A14233G 
C16296T G930A G5147A T16304C

639822MT T2f
G709A G1888A A4917G T10463C A15607G G15928A C16294T A11812G A14233G 
C8270T 8281-8289d 

269102MT U1a
A11467G A12308G G12372A C285T T12879C A13104G G15148A A15954c T16249C 
C2218T G14364A T16189C!

181283-MT U1a
A11467G A12308G G12372A C285T T12879C A13104G G15148A A15954c T16249C 
C2218T G14364A T16189C!

121237MT U2  A11467G A12308G G12372A A16051G

704159-MT U2e1
A11467G A12308G G12372A A16051G A508G A3720G A5390G T5426C C6045T 
A10876G T13020C A15907G G16129c T16189C! C340T

267299MT U2e2
A11467G A12308G G12372A A16051G A508G A3720G A5390G T5426C C6045T 
T6152C A10876G T13020C T13734C A15907G G16129C T16189C! T16362C T8473C 

390678MT U2e2
A11467G A12308G G12372A A16051G A508G A3720G A5390G T5426C C6045T 
T6152C A10876G T13020C T13734C A15907G G16129C T16189C! T16362C T8473C

224404MT U3a1a
 A11467G A12308G G12372A C150T A14139G T15454C A16343G C6518T A10506G 
C13934T G16390A G3010A G7521A!

484818MT U4 A11467G A12308G G12372A T4646C A6047G T15693C T16356C 

882601-MT U4a A11467G A12308G G12372A T4646C T15693C T16356C C8818T 

331536MT u4a1
 A11467G A12308G G12372A T4646C A6047G T15693C T16356C C8818T T152C! 
A12937G C16134T

297173MT U4c1
 A11467G A12308G G12372A T4646C A6047G T15693C T16356C A4811G T9070g 
T11009C C16179T

710045-MT U4c1
A11467G A12308G G12372A T4646C A6047G T15693C T16356C A4811G T9070g 
T11009C C16179T 

298801MT U5a1  A11467G A12308G G12372A C16270T A14793G A15218G A16399G

180291MT U5a1a1
 A11467G A12308G G12372A C16270T A14793G A15218G A16399G T1700C 
T5495C A15924G

995658-MT U5a1a2a
A11467G A12308G G12372A C16270T A14793G A15218G A16399G C12346T 
A5319G T6719C 

802900-MT U5a1a2a
A11467G A12308G G12372A C16270T A14793G A15218G A16399G C12346T 
A5319G T6719C 

496901MT U5a1a2a
A11467G A12308G G12372A C16270T A14793G A15218G A16399G C12346T 
A5319G T6719C

360272MT U5a1b
A11467G A12308G G12372A C16192T C16270T A14793G C16256T A15218G 
A16399G 

776630-MT U5a2a1b A11467G A12308G G12372A C16270T A14793G G16526A G13928c T13015C 

219605MT U5b  A11467G A12308G G12372A C16270T C150T A7768G T14182C

537478MT U5b A11467G A12308G G12372A C16270T C150T A7768G T14182C 

572530MT U5b A11467G A12308G G12372A C16270T C150T A7768G T14182C 
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733821-MT U5b2a A11467G A12308G G12372A C16270T C150T A7768G T14182C C1721T A13637G 

202770MT U8b1
 A11467G A12308G G12372A A1811G  A3480G  C14167T  T16189C! 
C16234T  

989475-MT V1 G4580A, A8869G

694797-MT V1 G4580A, A8869G

673218MT W1e1a
T195C! T204C T1243C A3505G G5460A A11947G C16292T C7864T A8659G 
C16295T 

791860-MT W3 T195C! T204C T1243C A3505G G5460A A11947G C16292T T1406C 

788524-MT X2b T6221C C6371T A13966G T14470C T16189C! C16278T! G1719A C8393T G15927A 

414048MT X2m’n T6221C C6371T A13966G T14470C T16189C! C16278T! G1719A T226C

Figure 1. Pie chart showing the percentage of major haplogroups identified within the 
analyzed individuals. 
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Figure 2. shows the distribution of all established mtDNA subhaplogroups. 

Figure 2 Bar chart showing subhaplogroups diversity. Bars below are the established 
subhaplogroups, whereas numbers on the left are percentages of their presence

As shown in figure 2, except for diversity in H subhaplogroups, high diver-
sity of U haplogroup is observed in Macedonian samples. There are 6 determined U 
subhaplogroups in ethnic Macedonians out of 9 known U haplogroups. Except for 
haplogroup I, eight European haplogroups are present in Macedonian population 
among nine major European haplogroups. 

4. Discussion

As expected, the obtained results are in concordance with previously published 
data for mtDNA haplogroup frequencies in Macedonian population [14]. Also, the 
basic phylogenetic structure of presented Macedonian sample is in accordance with 
other West-Eurasian populations. 

The presence of three African subhaplogroups L0, L1 and L2 was less ex-
pected, even though there is previously published data about presence of L0a hap-
logroup in one orthodox Macedonian individual [15]. Haplogroup L is generally 
found with low frequency in Europe, but there are some varieties in different coun-
tries. Presence of African L subhaplogroup in the territory of south-eastern Euro-
pean country such as Macedonia could be connected to recent historical events 
as much as ancient events. Various historical interactions can be explained with 
ancient human migrations from Africa to Europe including regions that are now 
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part of North Macedonia, but also modern migrations in more recent times, includ-
ing movements during and after the World Wars, which could have contributed to 
the introduction of African mtDNA haplogroups into North Macedonia. Also, the 
period of Ottoman Empire which controlled the Balkans from 14th century until 
the early 20th century, included territories in North Africa that might led to inflow 
of African genetic markers into southeastern Europe.

High diversity of mtDNA U haplogroup in the territory of North Macedonia 
can be explained by combination of geographical, historical and demographic fac-
tors that have shaped the genetic characteristics of the region. The area of North 
Macedonia as part of the Balkan Peninsula has been a crossroads for various human 
populations and has been settled since prehistoric times, allowing for the establish-
ment of diverse mitochondrial lineages including those from the U haplogroup. 
Later on, the incoming agriculturalists likely contributed to this diversity. Also, 
historical events such as war, plagues and migrations could have led to population 
bottlenecks, influencing genetic diversity. 

5. Conclusion

Microarray SNPs analyses covering the whole mtDNA genome allow the determi-
nation of the subclades of haplogroups increasing the phylogenetic resolution. 
Obtained results enrich our country with additional information of the mtDNA 
population data which is useful in forensic as well as in population studies.
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Abstract
Introduction: Forensic genetics significantly depends on precise and reliable techniques to de-
termine paternity, which is often crucial in legal proceedings. The prediction of fetal sex also 
plays a vital role in various forensic investigations, especially in cases involving crimes against 
women or infants. Cell-free fetal DNA (cffDNA), circulating in maternal blood, provides a non-
invasive method for paternity analysis and fetal sex determination. Objective: the objective of 
this study was to evaluate various techniques for fetal DNA extraction, assessing the advantages 
and limitations of each method and focusing on DNA concentration and quality to ensure the 
certainty and precision of forensic genetic analyses, particularly in determining paternity and 
predicting fetal sex. Material and methods: the methods evaluated for fetal DNA extraction in-
cluded the use of Phenol-Chloroform techniques, a Quick-cfDNA™ Serum & Plasma Kit (Zymo 
Research, USA), and a QIAamp MinElute ccfDNA Mini Kit (Qiagen, Hilden, Germany). Results 
and Conclusions: The study revealed that the QIAamp MinElute ccfDNA Mini Kit exhibited the 
highest DNA concentration; however, by performing capillary electrophoresis, only the cffDNA 
extracted using the Quick-cfDNA™ Serum & Plasma Kit was detected. This indicates that the 
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Quick-cfDNA™ Kit may provide a higher DNA quality or integrity that could be better suited for 
detection. Therefore, the choice of cffDNA extraction kit should consider not only yield but also 
the suitability for downstream applications. The concentration of cffDNA in maternal plasma 
samples was a key consideration, with optimal results obtained using 4 ml of plasma. Plasma 
processing before DNA extraction was also addressed, emphasizing the importance of immediate 
processing or appropriate storage conditions, such as -80°C. The concentration of cffDNA in 
maternal plasma samples, plasma volume, and extraction method emerged as critical factors in-
fluencing the quality and viability of extracted DNA. In conclusion, careful attention to these fac-
tors is essential for obtaining fetal DNA of sufficient quality and concentration, thereby ensuring 
the reliability of forensic genetic analyses, particularly in cases involving paternity determination 
and fetal sex prediction.

Keywords 
Forensic genetics, cell-free fetal DNA, Paternity testing, Fetal sex determination.

Introduction

Nowadays, the field of forensic genetics has been increasingly key in legal proceed-
ings, DNA evidence is considered the gold standard for forensic techniques, leading 
to a greater effect on verdicts in comparison with other non-DNA forensic evidence 
[1, 2]. For instance, the analysis of short tandem repeats (STRs) is one of the most 
used techniques for forensic purposes [3]. Furthermore, forensic genetics relies on 
the accuracy and precision of the techniques employed and its continuous scien-
tific strengthening [4]. 

DNA paternity testing is decisive in forensic genetics, aiding in the establish-
ment of kinship in legal disputes and by allowing the identification of family mem-
bers, suspects, victims, or missing persons [5, 6]. Similarly, fetal sex determination 
could also play a vital role in forensic investigations, given that it can provide key 
evidence in cases involving crimes against women, and aid in legal disputes over 
prenatal decisions [7, 8]. Overall, it offers valuable insights into pregnancy-related 
crimes.

Generally, paternity and fetal sex determination require invasive procedures 
[7]. Nevertheless, the discovery of cell-free fetal DNA (cffDNA) has allowed the di-
rect analyses of fetal genetic material extracted from a maternal blood sample, this 
technique holds the potential to refine forensic methodologies [9, 10].

The objective of this study was to evaluate various techniques for fetal DNA 
extraction, assessing the advantages and disadvantages of each method and focusing 
on DNA concentration and quality to ensure the certainty and precision of forensic 
genetic analyses, particularly in determining paternity and predicting fetal sex.
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Material studied, methods, techniques

Collection of Maternal Blood and Plasma Preparation 
Peripheral maternal blood samples were collected in EDTA tubes from preg-

nant women within the first 32 weeks of gestation. To maintain sample integrity, 
processing was completed within 2 hours of collection. Plasma separation began 
with an initial centrifugation step of 1,900g for 10 minutes at 4°C, which was mod-
ified based on the extraction kit methodology. A second centrifugation at 16,000g 
for 10 minutes was conducted to eliminate any residual cellular debris, ensuring 
plasma was adequately prepared for subsequent DNA extraction. In cases where 
immediate processing was not feasible, samples were stored at -80°C to preserve 
plasma quality.

cffDNA extraction
For the cffDNA extraction, three methods were used. The first method was 

a modified Phenol-chloroform protocol [11]. The second method was with the 
Quick-cfDNA™ Serum & Plasma Kit (Zymo Research, USA), and the third method 
was with the QIAamp MinElute ccfDNA Mini Kit (Qiagen, Hilden, Germany). For 
the second and third protocols, the manufacturer’s recommendations were fol-
lowed.

cffDNA quantification
For cffDNA concentration quantification, a fluorometry method was used on 

a Qubit instrument following the manufacturer’s protocol. 

Capillary electrophoresis
To determine the suitability of the cffDNA for allele detection, capillary 

electrophoresis was carried out using a 3500 Genetic analyzer with the Y-filer and 
GlobalFiler PCR amplification kits according to the manufacturer’s protocol. 

Results

cffDNA concentration
Each cffDNA extraction method was evaluated using various plasma volumes 

to determine its effectiveness. The cffDNA extraction method using Phenol-chloro-
form failed to yield results across all tested plasma volumes. In contrast, both the 
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Quick-cfDNA™ Serum & Plasma Kit and the QIAamp MinElute ccfDNA Mini Kit 
showed increasing cffDNA concentrations proportional to plasma volumes. Nota-
bly, the QIAamp MinElute ccfDNA Mini Kit outperformed the other methods by 
achieving a higher cffDNA concentration, making it the most efficient cffDNA ex-
traction method in this study (Figure 1). 

Figure 1. Comparison of cffDNA concentrations using three extraction protocols.

Capillary electrophoresis
During capillary electrophoresis, cffDNA was detected only from the extrac-

tion using the Quick-cfDNA™ Serum & Plasma Kit. As shown in Figure 2A, the 
electropherogram reveals the detection of 23 markers out of 25 (Y-filer). Figure 
2B, indicates a mixture of maternal and fetal alleles (GlobalFiler), indicating the 
presence of both DNA sources.
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Figure 2. Electropherograms product of the analyses of the extracted

cffDNA. A) cffDNA analyzed using the Y-filer PCR amplification kit. B) cffDNA
analyzed using the GlobalFiler PCR amplification kit.

Discussion 

DNA evidence has been vital in forensic investigations for over three decades. Dur-
ing this period, major technological advancements have been made, enhancing 
the accuracy, validity of the results, and their applications [12]. Therefore, as this 
field progresses, developing new technologies remains crucial to enhance forensic 
analysis. 

In this context, the use of cffDNA emerges as a potential new methodology in 
forensic applications as it can be used as a non-invasive prenatal test for paternity 
and fetal sex determination, which previously required invasive procedures such as 
amniocentesis [9].

The phenol-chloroform method is commonly used in DNA extraction [13, 
14]. However, this technique has various limitations, including a lower recovery 
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rate than other cffDNA extraction methods, which is critical when working with 
cffDNA in maternal blood [15, 16]. In this study, no cffDNA was recovered using 
the phenol-chloroform extraction method. This result could be associated with the 
method’s low recovery rate, making it unable to isolate cffDNA from the maternal 
blood samples. 

The Quick-cfDNA™ Serum & Plasma Kit and the QIAamp MinElute cffDNA 
Mini Kit utilize specialized designed columns and reagents for cffDNA extraction, 
with the latter incorporating magnetic beads for enhanced isolation [17–20]. In the 
present study, both methods effectively extracted cffDNA but the QIAamp MinElute 
cffDNA Mini Kit yielded a higher cffDNA concentration, achieving up to 2.5 ng/µL 
of cffDNA from a starting plasma volume of 4 mL, outperforming the other meth-
ods in comparison.

The QIAamp MinElute ccfDNA Mini Kit yielded a higher DNA concentration. 
However, only the cffDNA extracted using the Quick-cfDNA™ Serum & Plasma Kit 
was detected via capillary electrophoresis. The authors suggest that the higher cffD-
NA yield from the QIAamp MinElute Kit may primarily consist of maternal DNA, 
which could explain the elevated concentration. Since the Y-filer PCR amplification 
kit exclusively targets Y-STRs, the lower proportion of fetal DNA in the QIAamp 
MinElute ccfDNA Mini Kit extracts may lead to inadequate Y-chromosome-specific 
signals, preventing detection. In contrast, the Quick-cfDNA™ Serum & Plasma Kit 
samples likely contain a higher proportion of cffDNA, facilitating successful Y-STR 
detection by the Y-filer PCR amplification kit.

These results highlight the importance of selecting an appropriate cffDNA 
extraction kit, given that the chosen method may not be suitable for specific down-
stream application. 

Conclusion

The Quick-cfDNA™ Serum & Plasma Kit and the QIAamp MinElute cffDNA Mini 
Kit can effectively extract cell-free fetal DNA. However, despite the QIAamp Min-
Elute ccfDNA Mini Kit yielding higher cffDNA concentrations, only the cffDNA 
extracted using the Quick-cfDNA™ Serum & Plasma Kit could be detected during 
capillary electrophoresis. This indicates that the Quick-cfDNA™ Kit may provide 
a higher DNA quality or integrity that could be better suited for detection. There-
fore, the choice of cffDNA extraction kit should consider not only yield but also the 
suitability for downstream applications.
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Abstract
The Montubios constitute about 7.4% of the Ecuadorian population. They were officially recog-
nized based on their ethnography in the 2010 census but are between the least studied ethnic 
groups. Montubios are genetically like the Mestizos group as they also have admixed origin from 
Native American, European, and African contributors. However, they are settled around the cen-
tral area of the Pacific coast. In this work, we examine the autosomal genetic ancestry of Montu-
bios rural communities in the Santa Elena province of Ecuador.
53 individuals were analyzed using 46 autosomal ancestry-informative markers (AIM-indels) 
through multiplex PCR followed by capillary electrophoresis. We then compared Montubio’s ge-
netic profiles with four reference populations representing possible main sources of ancestry: 
African, European, East Asian, and Native American. We performed Bayesian clustering analyses 
using the STRUCTURE software with the admixture model, to estimate the individual and global 
ancestry proportions for each population group. 
Our results show that the Montubios have a predominantly Native American ancestry (87.1%), fo-
llowed by European (5.6%), East Asian (5.4%), and African (1.9%) contributions. These findings 
are consistent with the essentially tri-hybrid admixture model known for most Latin-American 
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populations, while also showing a noticeable East Asian input in these rural communities from 
Santa Elena province. Our study is the first to describe the genetic makeup of the Montubios 
population and contributes to the understanding of the complex genetic diversity of Ecuador 
and Latin America.

Key Words
Autosomal ancestry, AIMs, rural Montubios, East Asian contribution.

1. Introduction

In Ecuador, as in other regions of Latin America, different historical events oc-
curred that influenced the genetic structure of human populations [1]. The con-
quest and colonization of the 16th century facilitated the encounter between Native 
Americans, European settlers, and African slaves, giving rise to an intense process 
of miscegenation that generated diverse ethnic groups [2], [3]. These groups were 
officially defined in the 2010 Ecuadorian census as Afro-Ecuadorian, Indigenous, 
White, Mestizo, and Montubio [4].

The Montubio group is among the least studied and constitutes about 7.4% of 
the population since their self-recognition based on their ethnography [5]. Although 
genetically considered like mestizos, as they share African, European, and Native 
American ancestry, the Montubios settled in southern areas of the Pacific coast [6]. 
Despite their historical and cultural contribution to the country, information on 
their ancestry is limited. Therefore, this study proposes an initial approximation to 
the autosomal ancestry of the rural communities of this ethnic group, which con-
trasts with urban admixture trends that generally dilute original ancestries.

2. Materials and Methods

2.1. DNA sampling and extraction
53 unrelated self-identified Montubio of rural areas samples were collected 

in different villages from Santa Elena province, Ecuador. All individuals provided 
signed informed consent. Saliva samples were extracted using a phenol-chloroform 
procedure. DNA was then quantified by spectrophotometry (Nanodrop 2000®). 

2.2. Amplification and genotyping
PCR amplification of the 46 AIM-InDels was performed through a multiplex 

reaction [7]. Fragment separation and detection were executed on the ABI 3500 
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Genetic Analyzer (Applied Biosystems). Genotyping was then assessed with Gen-
eMapper v6 (Applied Biosystems).

2.3. Statistical analysis
Ancestry inferences were performed using STRUCTURE v2.3.4 software [8], 

from K = 1 up to K = 6, with the Admixture model (while updating allele fre-
quencies using only individuals of putative contributor reference populations with 
POPFLAG=1 data in an advanced parameter set, namely Native American (n=161), 
European (n=152), African (n=101) and East Asian (n=229)) to estimate individual 
and global ancestry proportions for each population group. Each K was tested in six 
replicate runs consisting of a burn-in length of 100 000 followed by 100000 Markov 
Chain Monte Carlo (MCMC) interactions. Results were then considered following 
the best Ln probability of data [7].

4. Results

In this study, we assessed the substructure of the Montubian population with auto-
somal Ancestry-Informative Markers (AIMs). By showing high divergence between 
ancestral or geographically distant populations, autosomal AIMs were useful for 
estimating the distribution of ancestry components of the study population at the 
continental level [7].

Having explored replicate STRUCTURE analyses from K = 1 up to K = 6, K = 
4 emerged as the most appropriate number of clusters in the dataset, considering 
the plateau reached at that stage for the estimated log-likelihood of the data while 
corresponding to four human major continental groups.

Our results reveal that Montubios have a predominantly Native American 
(87.1%) ancestry, followed by European (5.6%), East Asian (5.4%), and African 
(1.9%) contributions. Additionally, the East Asian ancestry in the population varied 
across individuals, ranging from 0.2% to 38.4%, with a population mean of 5.4%. 
This represents a unique ancestral component not previously described in rural 
Montubio communities. 

5. Discussion

These findings were consistent with the essentially trihybrid admixture pattern 
reported previously. But notably, they present the first report showing a East Asian 
contribution in a Mestizos-like rural communities in the country.
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In Ecuador, genetic analyses using bi-allelic markers such as AIM-InDels or 
SNPs have been used mainly to study the mestizo population, Afro-Ecuadorians, 
and specific ethnic groups such as the Kichwas, Shuar, and Cayapas, among others 
[9], [10], [11]. Previous studies on the Montubio group employing SNPs reported a 
predominantly Native American contribution followed by European, with a minor 
African influence, and very low East Asian [4]. Historically, this is consistent with 
the arrival of Spanish settlers during the conquest of the Native Americans on the 
Pacific coast, especially in the provinces of Guayas, Manabí, Los Ríos, El Oro, and 
the southern part of Esmeraldas[6]; bringing African slaves, whose ancestral in-
fluence on the Montubio population is observed mainly in the center-north of the 
pacific coast.

The high percentage of Native American ancestry in rural Montubios is like 
that of the rest of the country. However, the difference in ancestry concerning 
urban Montubios is notable, especially because of the significant contribution of 
East Asian ancestry (0.2% to 38.4% in individuals, with a population mean of 5.4%) 
when considering four contributing populations (Fig. 1). The ancestral differenc-
es observed between rural Montubio, and urban communities may be attributed 
to the lack of exposure to new migratory events in rural areas. A similar genetic 
landscape has been observed in other Latin American countries, where native com-
munities, such as the Brazilian Terenas, showed lower genetic diversity concerning 
urban populations. This reduction in diversity was also observed in the rural popu-
lation of Santa Isabel, which has been less exposed to European or African influxes 
than urban populations [12]. Also, in Argentina, studies have indicated a higher 
presence of European ancestry in urban samples compared to a higher percentage 
of Native American ancestry in rural samples [13].

The 2022 Ecuadorian Census indicated that 63.1% of the general population 
is located in urban areas, while in the province of Santa Elena, 43.39% reside in 
rural areas [5]. These data highlight the demographic, ethnic, and genetic diversity 
of the country, and emphasize the importance of considering different groups and 
regions when analyzing the genetic composition of the Ecuadorian population. 
Studies must not focus exclusively on densely populated urban centers but cover as 
many populations as possible within a region to ensure representativeness. In this 
context, rural areas where ancestry is more purely preserved compared to urban 
counterparts, are crucial for understanding the ancestral origins of a population 
[14], [15].

Moreover, expanding beyond urban areas is important since mestizos with a 
higher proportion of indigenous ancestry are found in areas with historically large 
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native populations, such as the Andean and Mesoamerican regions, while mestizos 
with higher European ancestry come from areas with low native population density.

Figure 1. Individual ancestry estimates in ancestral populations (reference) and rural 
Montubian population (K = 4).

5. Conclusion

The Montubios of rural Ecuador show significant Native American ancestry in their 
autosomal genetics, reflecting the historical influence of indigenous populations. 
In addition, they show a notable autosomal contribution of East Asian origin, sug-
gesting historical events of genetic admixture. Accurate data collection in rural ar-
eas is essential for obtaining a precise understanding of population demographics 
and evolutionary history. By intensifying sampling efforts in rural regions of Latin 
America, we can gain a deeper insight into the genetic diversity and evolutionary 
dynamics of these under-studied populations.
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Abstract
Paternity test results may evidence genetic incompatibilities in the allelic transmission from pa-
rents to children, when the expected alleles that the child should have received in a genetic mar-
ker do not match to any of the identified alleles in the alleged father and/or biological mother. 
This exclusion may result from a genetic mutation or other factors as null or silent alleles.
Capillary electrophoresis (CE) is the traditional method used in forensic genetics to analyze 
STRs (Short Tandem Repeats) for different applications, but Next-Generation Sequencing (NGS) 
technology may provide additional information, since it allows to detect and sequence simulta-
neously SNPs (Single Nucleotide Polymorphisms) present in the flanking regions and also dis-
tinguish isometric alleles with the same length but different sequences, that were misinterpreted 
as homozygous.
In this study, a set of reference samples, previously amplified with the GlobalFiler™ PCR Am-
plification Kit and sequenced by CE on the 3500 Genetic Analyzer, were selected from paternity 
cases with a single exclusion, reported after GeneMapper ID-X Software analysis. All samples 
were automatically prepared with the Precision ID GlobalFiler™ NGS STR Panel v2 on the Ion 
Chef™ System, followed by sequencing on the Ion S5™ System and finally Converge™ Software 
analysis, according to the manufacturer’s instructions. 
The aim was to verify if the NGS methodology contributes to identify the parental origin of a 
mutant allele through sequence data analysis. 
The NGS results were in concordance with those obtained by CE. In addition, this methodology 
demonstrated to be useful to clarify the paternity cases, because it enables a higher power of 
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discrimination through 9 additional multi-allelic STRs, in a total of 35 markers instead of 24 
markers of the GlobalFiler™ PCR Amplification Kit used in the traditional method. Therefore, 
the Precision ID GlobalFiler™ NGS STR Panel v2 shows to be a powerful method for kinship 
analyses and typing reference samples.

Keywords
Paternity trios, single exclusion, NGS.

Introduction

In paternity investigations involving the study of the trio composed of the alleged 
father, mother and child, it is concluded that paternity is excluded only in the 
presence of 3 or more genetic incompatibilities. However, the analysis of paternity 
results may reveal the presence of one or even two genetic incompatibilities in the 
allelic transmission from parents to children, requiring particular attention in the 
analysis of genetic profiles and also considering the mutation rate of the locus for 
the statistical calculations [1–3].

Different types of mutations can be observed such as insertion or deletion 
of a repeat unit and single-base point substitution. Insertion or deletion mutations 
are usually located in the repeat motif and lead to the detection of the +1 allele 
or the -1 allele. A point substitution mutation is hardly detected when it occurs 
in the repeat motif, because it does not lead to a change in the size of the product 
detected by Capillary electrophoresis (CE), but it is usually detected when it occurs 
in the primer binding zone. Failure to bind one of the primers means that this 
allele is not amplified, showing a homozygous genotype of the other allele that was 
detected. These mutations can result in a discrepancy between the child and one of 
the parents, due to an alteration in the number of repeats of an allele or they can 
lead to a lack of sharing of the allele that is not detected in either of the biological 
parents [1–3].

Null or silent alleles can also be found, which is an allele that is present in 
the sample, yet is not amplified. A primer-binding site mutation can inhibit amplifi-
cation for that allele and result in discrepant DNA types at a particular locus [1–3].

The implementation of Next-Generation Sequencing (NGS) technology in 
the field of forensic genetics may provide additional information when compared to 
traditional Short Tandem Repeats (STRs) analysis performed by CE. Although the 
number of genetic markers studied is already high, it is not possible to know the 
exact allele number variation due to the lack of sequence data and, when necessary, 
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it is important to consider the study of other genetic markers to investigate the 
existence of more exclusions. NGS allows to detect and sequence simultaneously 
SNPs (Single Nucleotide Polymorphisms) present in the flanking regions and also 
distinguish isometric alleles with the same length but different sequences, that 
were misinterpreted as homozygous. By identifying repeat motif variation within 
STRs based on their sequence and not length as in the CE, NGS may be very use-
ful to infer the origin of the genetic mutation and to increase the discrimination 
power [1–5].

The Precision ID GlobalFiler™ NGS STR Panel v2 is composed by 35 mark-
ers, including the same 20 autosomal STRs found in the GlobalFiler™ PCR Am-
plification Kit used in the CE, along with Y chromosome markers, amelogenin sex 
marker and additional multiallelic STRs markers [6–7].

The aim of this study was to verify if the NGS methodology using Precision 
ID GlobalFiler™ NGS STR Panel v2 provides valuable information in paternity 
cases with a single exclusion in a genetic marker and also to identify the parental 
origin of a mutant allele.

Material studied, methods, techniques

A total of 45 reference samples (buccal swabs and blood stains), previously am-
plified with the GlobalFiler™ PCR Amplification Kit and sequenced by CE on the 
3500 Genetic Analyzer, were selected from 15 paternity trio cases with a single 
exclusion, reported after GeneMapper ID-X Software analysis. 

As recommended in the user guide, all samples were extracted with the 
PrepFiler Express™ Kit followed by purification on the AutoMate Express™ Sys-
tem. The extracted samples were quantified with the Quantifiler™ Trio Kit on the 
7500 Real-time PCR System and, according to the quantification results, the sam-
ples were diluted to 67 pg/µL with nuclease-free water to prepare 15 µL of each 
diluted sample. Library preparation was automatically prepared with the Precision 
ID GlobalFiler™ NGS STR Panel v2 using Precision ID DL8 Kit on the Ion Chef™ 
System. Next, libraries were quantified with the Ion Library TaqMan™ Quantita-
tion Kit on the 7500 Real-time PCR System. All barcoded libraries were diluted 
to 50 pM and then combined in a super-pool to ensure equal contribution in the 
sequencing run. Template preparation was performed on the Ion Chef™ System 
using the Ion S5™ Precision ID Chef & Sequencing Kit and the loaded Ion 530™ 
chips were sequenced on the Ion S5™ System, as described by manufacturer. 
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Finally, the results were analyzed with the Converge™ Software and then 
compared to the results obtained previously with CE.

Results

The NGS results were in concordance with those obtained by CE for all 15 paternity 
trios (Table 1). For the analysis, it was considered that the allele that the child has 
in common with the biological parent always comes from maternal origin, as it is 
the paternity that is being investigated.

Trios 1 to 4 revealed an exclusion at the FGA marker, in which there was a 
gain or loss of a CTTT repeat in father-child transmission. 

Regarding trios 5 and 6, the exclusion was observed in the vWA marker with 
a mutation resulting from the gain of a TCTA repeat at the final sequence.

In trios 7 and 8, the exclusion occurred at the D12S391 marker. In trio 7, 
the father’s allele 23 mutated to 24 with the gain of an AGAT repeat. For trio 8, the 
genotype of the child is the same as the mother, which does not allow to distinguish 
which allele was mutated from the father to the child and there may have been a 
gain or loss of an AGAT repeat in the initial sequence.

In trio 9, the mutation at the D2S1338 marker was associated with the loss 
of a TTCC repeat, while for trio 10 with an exclusion at the D7S820 marker, the 
mutation was the result of the loss of a GATA repeat.

Trio 11 was a particular case, since considering that one of the alleles 13 at 
the D19S433 marker was necessarily inherited from the mother, there are two pos-
sibilities of father-child transmission in which the gain or loss of an AAGG repeat 
may have occurred. 

For trio 12, a mutation was observed in mother-child transmission at the 
D2S441 marker, in which the child received allele 11 from the father and the allele 
12 from the mother mutated to 11 with the loss of a TCTA repeat.

Trios 13 and 14 showed the same flanking SNP rs25768 (A/G) at the D5S818 
marker, with the father’s allele 12 being mutated to 13 with the gain of an AGAT 
repeat.

In the case of trio 15 with an exclusion at the CSF1PO marker, a silent or 
null allele was found, since the allele 8 was not detected in any of the parents in 
both the CE and NGS methodologies.
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Table 1. Summary of NGS results for 15 paternity trios with a single exclusion. 

Legend: F – Father; M – Mother; C – Child.

Trio
Allele 
1

NGS Sequence Allele 1
Allele 
2

NGS Sequence Allele 2

1
FGA

F 23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

25
[TTTC]3 TTTT TTCT [CTTT]17 CTCC 
[TTCC]2

M 23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

27
[TTTC]3 TTTT TTCT [CTTT]19 CTCC 
[TTCC]2

C 22
[TTTC]3 TTTT TTCT [CTTT]14 CTCC 
[TTCC]2

23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

2
FGA

F 20
[TTTC]3 TTTT TTCT [CTTT]12 CTCC 
[TTCC]2

26
[TTTC]3 TTTT TTCT [CTTT]18 CTCC 
[TTCC]2

M 22
[TTTC]3 TTTT TTCT [CTTT]14 CTCC 
[TTCC]2

24
[TTTC]3 TTTT TTCT [CTTT]16 CTCC 
[TTCC]2

C 22
[TTTC]3 TTTT TTCT [CTTT]14 CTCC 
[TTCC]2

27
[TTTC]3 TTTT TTCT [CTTT]19 CTCC 
[TTCC]2

3
FGA

F 21
[TTTC]3 TTTT TTCT [CTTT]13 CTCC 
[TTCC]2

24
[TTTC]3 TTTT TTCT [CTTT]16 CTCC 
[TTCC]2

M 21
[TTTC]3 TTTT TTCT [CTTT]13 CTCC 
[TTCC]2

23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

C 23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

23
[TTTC]3 TTTT TTCT [CTTT]15 CTCC 
[TTCC]2

4
FGA

F 19
[TTTC]3 TTTT TTCT [CTTT]11 CTCC 
[TTCC]2

25
[TTTC]3 TTTT TTCT [CTTT]17 CTCC 
[TTCC]2

M 22
[TTTC]3 TTTT TTCT [CTTT]14 CTCC 
[TTCC]2

23.2
[TTTC]3 TTTT TT[CTTT]16 CTCC 
[TTCC]2

C 20
[TTTC]3 TTTT TTCT [CTTT]12 CTCC 
[TTCC]2

22
[TTTC]3 TTTT TTCT [CTTT]14 CTCC 
[TTCC]2

5
vWA

F 18 [TCTA]1 [TCTG]4 [TCTA]13 18 [TCTA]1 [TCTG]4 [TCTA]13

M 17 [TCTA]1 [TCTG]4 [TCTA]12 18 [TCTA]1 [TCTG]4 [TCTA]13

C 17 [TCTA]1 [TCTG]4 [TCTA]12 19 [TCTA]1 [TCTG]4 [TCTA]14

6
vWA

F 15 [TCTA]1 [TCTG]4 [TCTA]10 18 [TCTA]1 [TCTG]4 [TCTA]13

M 17 [TCTA]1 [TCTG]4 [TCTA]12 19 [TCTA]1 [TCTG]4 [TCTA]14

C 19 [TCTA]1 [TCTG]4 [TCTA]14 19 [TCTA]1 [TCTG]4 [TCTA]14

7
D12S391

F 18 [AGAT]11 [AGAC]6 [AGAT]1 23 [AGAT]14 [AGAC]9

M 18 [AGAT]11 [AGAC]6 [AGAT]1 19 [AGAT]12 [AGAC]6 [AGAT]1

C 19 [AGAT]12 [AGAC]6 [AGAT]1 24 [AGAT]15 [AGAC]9

8
D12S391

F 17 [AGAT]10 [AGAC]6 [AGAT]1 21 [AGAT]14 [AGAC]6 [AGAT]1

M 18 [AGAT]11 [AGAC]6 [AGAT]1 20 [AGAT]13 [AGAC]6 [AGAT]1

C 18 [AGAT]11 [AGAC]6 [AGAT]1 20 [AGAT]13 [AGAC]6 [AGAT]1

9
D2S1338

F 23 [TGCC]7 [TTCC]13 GTCC[TTCC]2 26 [TGCC]8 [TTCC]15 GTCC[TTCC]2

M 17 [TGCC]5 [TTCC]12 25 [TGCC]7 [TTCC]15 GTCC[TTCC]2

C 17 [TGCC]5 [TTCC]12 25 [TGCC]8 [TTCC]14 GTCC[TTCC]2
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10
D7S820

F 10 [GATA]10 13 [GATA]13

M 11 [GATA]11 11 [GATA]11

C 11 [GATA]11 12 [GATA]12

11
D19S433

F 12 AAGGTAGG [AAGG]10 14 AAGGTAGG [AAGG]12

M 13 AAGGTAGG [AAGG]11 15 AAGGTAGG [AAGG]13

C 13 AAGGTAGG [AAGG]11 13 AAGGTAGG [AAGG]11

12
D2S441

F 11 [TCTA]11 16 [TCTA]13 TTTA[TCTA]2

M 12 [TCTA]12 rs74640515 (G/A) 12 [TCTA]12 rs74640515 (G/A)

C 11 [TCTA]11 11 [TCTA]11

13
D5S818

F 12 [AGAT]12 rs25768 (A/G) 12 [AGAT]12 rs25768 (A/G)

M 11 [AGAT]11 rs25768 (A/G) 12 [AGAT]12 rs25768 (A/G)

C 11 [AGAT]11 rs25768 (A/G) 13 [AGAT]13 rs25768 (A/G)

14
D5S818

F 12 [AGAT]12 rs25768 (A/G) 12 [AGAT]12 rs25768 (A/G)

M 12 [AGAT]12 rs25768 (A/G) 12 [AGAT]12 rs25768 (A/G)

C 12 [AGAT]12 rs25768 (A/G) 13 [AGAT]13 rs25768 (A/G)

15
CSF1PO

F 10 [AGAT]10 11 [AGAT]11

M 12 [AGAT]12 12 [AGAT]12

C 8 [AGAT]8 12 [AGAT]12

Discussion

The NGS technology allowed to obtain a concordant result with those by CE sys-
tem, showing the reliability of both methods. This methodology combined with the 
use of the Precision ID GlobalFiler™ NGS STR Panel v2 demonstrated to be useful 
to clarify the single exclusion, since it was possible to confirm the origin of the mu-
tation by interpreting the sequence of the alleles for the majority of paternity trios. 

Regardless of the trio, it was possible to verify that for mutations in the same 
genetic marker (FGA, vWA, D12S391 and D5S818), the repeat motif mutated was 
always the same, associated with the presence of an insertion or deletion.

For the D5S818 marker, it was observed the presence of the same SNP in the 
flanking region in both trios.

Finally, for the trio case with the silent or null allele, the discrepancy in al-
lele inheritance may be due to a primer binding site mutation rather than a repeat 
mutation, since it was not detected in both parents or in any of the methodologies.
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Conclusion

With the NGS methodology, it was possible to evaluate what type of mutation had oc-
curred in the allelic transmission by analyzing the sequence data of the alleles, with 
the most frequent mutation being the insertion or deletion of a specific repeat unit.

Also, NGS provides additional information about the STR repeat motif se-
quence, which could increase the discrimination power of several genetic markers. 
The presence of 9 additional multi-allelic STRs in the NGS panel compared to the 
traditional CE method may be an important tool in paternity cases with more than 
one allelic transmission mismatch. In a future research, it will be important to 
include the allele frequencies of these additional markers to calculate the paternity 
index, in order to improve the statistical values. Therefore, the Precision ID Global-
Filer™ NGS STR Panel v2 shows to be a powerful method for kinship analyses and 
typing reference samples through a sequence-based analysis.
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Abstract
NGS (Next Generation Sequencing) is being validated for human identification to address li-
mitations of Capillary Electrophoresis (CE), allowing for a detailed analysis of STR sequences, 
isoalleles, and flanking regions. However, no reports exist on using STR genotyping with NGS 
to differentiate monozygotic (MZ) twins, who are indistinguishable via CE. This study aimed 
to evaluate the potential of distinguishing MZ twins using the Precision ID GlobalFilerTM NGS 
STR Panel v2 by analyzing STRs and flanking regions. CE and NGS profiles of 32 MZ pairs were 
compared, and NGS results analyzed with different software. Our data showed that allele lengths 
were consistent between CE and NGS, except for one case with allele dropout in NGS. Isoalleles 
were identified in eight markers but did not differentiate twins. Flanking region analysis sugges-
ted unbalanced SNPs in two pairs, but further validation revealed these were sequencing errors. 
While unable to differentiate MZ twins, the NGS kit effectively identified isoalleles, enhancing 
discrimination power. Routine analysis with multiple software is recommended to avoid errors 
and confirm results.
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1. Introduction

While STRs (Short Tandem Repeats) are the gold standard in human identification, 
NGS (Next Generation Sequencing) technologies offer advantages by analyzing 
thousands of markers in a single reaction and these strategies are currently un-
der validation in the field of human identification for forensic purposes, aiming to 
overcome some limitations of Capillary Electrophoresis (CE), allowing a compre-
hensive evaluation of STRs’ sequences, their isoalleles and flanking regions [1–4].

Despite these advancements, there is limited data on their effectiveness in 
differentiating monozygotic (MZ) twins, who arise from a single fertilized egg. In 
these cases, minor genetic differences may emerge depending on the timing of 
embryo division [5–7]. 

Since the birth rate of twins has increased worldwide due to factors such as 
the use of in vitro fertilization techniques and advanced maternal ages, improve-
ments in this field are particularly important [8,9]. In Brazil, from 2005 to 2023, 
approximately 80 legal cases involving identical twins (both suspects and victims) 
were reported. This study aimed to evaluated the possibility to distinguish MZ us-
ing the Precision ID GlobalFilerTM NGS STR Panel v2 by analyzing STRs and their 
flanking regions.

2. Material and Methods

Peripheral blood was collected from 32 healthy MZ pairs, aged 18 to 65. DNA ex-
traction was performed using the Salting-out technique, and quantification with 
the Nanodrop 2000 (ThermoFisher). All volunteers signed an informed consent, 
and the research protocol was approved by the Ethics Committee of the Clinical 
Hospital, University of São Paulo (CAEE 81950617.7.0000.0065).

Zygosity was confirmed by STR profiling using the Power Plex® Fusion Sys-
tem kit (Promega). Amplified products were analyzed via CE on the ABI 3130 (Ap-
plied Biosystems) with genotypes processed in GeneMapper ID v3.2.

For NGS, library construction, template preparation, sequencing, and data anal-
ysis were performed using the Precision ID GlobalFiler™ NGS STR Panel v2 kit (Ther-
moFisher) on Ion Chef and Ion S5 Gene Studio equipment. Raw NGS data were ana-
lyzed with Converge™ v2.1 software and validated using Integrative Genomics Viewer 
(IGV) v2.12.3. In a secondary analysis, FastQ files were processed with STRait Razor v3 
software. Sequencing error rates were analyzed in Microsoft Excel (Office 365).



749STR ALLELE DROPOUT AND FLANKING SNP ANALYSIS WITH THE PRECISION  
ID GLOBALFILERTM NGS STR PANEL V2 KIT IN MONOZYGOTIC TWINS

Cintia Fridman, Renata Inzinna Bernardo Fonseca, Guilherme Valle-Silva, Celso Teixeira

To confirm the SNP in TPOX and D6S1043 markers, specific primers were 
designed using Primer3 and sequencing reactions were conducted using BigDye 
Terminator Cycle Sequencing Kit (Applied Biosystems) and analyzed via capillary 
electrophoresis on ABI3130, with results compared in BioEdit Sequence Align-
ment Editor v7.7.1 to NGS data.

3. Results

The CE and NGS profiles were compared for all volunteers and the allele results 
were concordant, except for one dropout allele on Penta D sequencing data ana-
lyzed with Converge software, in which CE results of G037 pair showed allele 10 
and 13 for Penta D marker, but Converge only showed allele 10 for G037B individ-
ual. Despite NGS results, IGV and STRait Razor software were able to detect both 
alleles, 10 and 13, even with low coverage (19 reads in allele 13 on STRait Razor 
results). 

Isoalleles were observed in ten pairs of MZ twins, with genotypes that were 
initially described as homozygous by CE: G021 (D2S441 marker), G040 (D12S391 
marker), G041 (D4S2408 marker), G054 (D12S391 and D3S1358 markers), G065 
(D3S1358 and D8S1179 markers), G068 (D3S1358 marker), G069 (D21S11 and 
D3S1358 markers), G076 (D3S1358 marker), G087 (D3S1358 marker), and G097 
(D12ATA63 and vWA). Those isometric alleles were also found by other published pa-
pers with different populations, as Brazilian, Indian, Spanish, and Chinese [4,10–14].

Finally, we have previously observed and published [15] data regarding 
Converge results analysis showing two flanking unbalanced heterozygous SNP 
genotypes in these sample, each one in a pair, in only one individual of the pair: 
rs560609904 on allele 8 in TPOX (G016A) and rs569521603 on allele 13 in D6S1043 
(G027B). However, to further comprehend this finding, we extended the analysis 
by examining these positions in detail using IGV. This new evaluation revealed 
that only 6.09% of the sequences displayed the G>A substitution at rs560609904 
(TPOX), and only 2.43% of the reads exhibited the G>T substitution at rs569521603 
(D6S1043) in individuals G016A and G027B, respectively. Next, we also analyzed 
these possible SNP with STRait Razor, in which for TPOX, the coverage of reads 
containing the Guanine base was 1073, while those with alteration to Adenine were 
only 77, representing only 7.17% of the total number of reads. For D6S1043, the 
coverage of the sequences with Guanine was 4149, while the coverage of the ones 
with Timine was only 102 reads, representing 2,45% of the total number of reds.
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To determine whether these observations detected by the three software 
tools (Converge, IGV and STRait Razor) were the result of sequencing errors rather 
than true somatic events, Sanger sequencing was performed to verify the findings. 
By the analysis of forward strand in TPOX and reverse strand in D6S1043, no signs 
of alternative bases at the investigated positions were detected, indicating that the 
initial observations by Converge were likely due to sequencing errors rather than 
somatic mutations.

Since the SNPs pointed out by Converge were not confirmed, we evaluated 
the error rates in NGS for these two markers. Regarding TPOX, allele 8 on individ-
ual G016A presented an error rate of 31.70%, while the error rate for this allele on 
G016B was 7.69%. The D6S1043 allele 13 sequencing error rate was 13.78% and 
11.36% for individuals G027B and G027A, respectively. Taken together, the elevat-
ed sequencing error rates highlight the high probability of sequencing errors being 
misinterpreted as somatic mutations.

4. Discussion

The comparison of the CE and NGS results  of the 32 pairs of MZ twins showed con-
cordance between them, except for one allele dropout on Penta D marker, which 
occurred probably because its low coverage on NGS, affecting the experiment qual-
ity. Studies have shown low-performance values parameters of allele coverage for 
Penta D marker, highlighting the need of improvement of these markers for future 
versions of the kits [4,16].

We also found 22 isoalleles, in 8 different markers, that did not differentiate 
monozygotic twins. This data corroborates NGS as an excellent technique for de-
tecting variations found in the internal sequences of isometric alleles. Other stud-
ies have found the same isoalleles as ours [4,10–13,16], but there is no consensus 
regarding the nomenclature of these variations, so we believe that it is necessary to 
create and standardize a database for existing variations, making their use feasible. 
The presence of isoalleles in our sample highlight the possibility of using them to 
increase the power of discrimination in population analyses. 

Two flanking SNPs were observed in NGS results in only one of the twins in 
each of the pairs in our study [15], but after additional analysis with other software 
and Sanger sequencing, these data were not confirmed, suggesting that the alter-
native bases observed was due to sequencing errors.
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5. Conclusion

Despite being unsuccessful in differentiating monozygotic twins in this current 
sample, we have observed that the Precision ID GlobalFilerTM NGS STR Panel 
v2 kit is indeed effective at identifying isoalleles, which increases the combined 
discrimination power. Notwithstanding, we strongly recommend routine analysis 
of NGS data with more than one genotype calling software in order to avoid allele 
dropout events and to confirm the results, taking extreme care to tell apart se-
quencing errors from actual genetic variability.
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Abstract 
Sweden was in 2019, the first country outside of North America in solving a crime case using 
forensic investigative genetic genealogy (FIGG), but further use of the method was inhibited by 
the Privacy Protection Authority (IMY) in 2021 during a mandatory pre-counselling process, due 
to considered lack of legislative support and issues regarding transfer of sensitive data to a third 
country. Subsequently, method implementation was set on halt awaiting necessary legal review 
and amendments. In July 2024, the Swedish Justice Department presented a legal bill on the 
police use of FIGG, following the outcome of a national biometric committee presenting their 
assessments in June 2023. This paper describes the proposed legislation on the use of FIGG, pre-
senting the proposed legal amendments and discussing some underlying considerations.
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Introduction

Sweden was, outside of North America, first in using forensic investigative genetic 
genealogy (FIGG), to try identify human remains in a 2003 murder case in late 
2018 [1], and early 2019 in a formalised pilot case to obtain leads on the culprit in 
an unsolved 2004 double murder case [2-4]. The double murder case was success-
fully solved in midst of 2020, while the identification of the victim was not success-
ful and the case remains unsolved. 
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In 2021, following a mandatory pre-counselling process, the ongoing imple-
mentation of the method within Swedish police, establishing practical routines and 
national guidelines on the use of FIGG, was inhibited by the supervisory authority 
IMY (Integritetskyddsmyndigheten: Swedish Authority for Privacy Protection) [4]. 
Main issues addressed by IMY were lack of legal support for third-party database 
searches and processing of sensitive personal data, as well as issues around the 
transfer of sensitive data to a “third country”. 

In parallel, a national committee on modernizing and harmonizing legisla-
tion for law enforcement use of different biometrics modalities had, for completely 
other reasons, been launched. Early 2022, the Justice Department added to the 
committee the task to perform an overview on the use of FIGG, to consider and 
present legislative changes required to allow for its use by the Swedish Police Au-
thority. Notable is that the task did not cover the use of FIGG in identifying uni-
dentified victims of crime or human remains but only the use of crime scene DNA 
to identify a perpetrator. Repeated attempts to include identification cases were not 
successful. 

The committee presented their outcome in June 2023 [5]. Subsequently, 
Justice Department processed a legal bill presented in July 2024 [6], proposing a 
legislation on the use of FIGG. The bill is expected to pass a parliament vote, but 
has to pass through the Council of Legislation (Lagrådet) for review prior to final-
izing the bill and passing a vote. The legal bill mirrors in most parts the national 
committee report, which in turn adopted most conclusions drawn from the pilot 
case report [3,5,6]. 

In the following the proposed legislation and the essence of the legal bill - 
shaping the landscape for the use of FIGG in Sweden - is presented and discussed.

Material

The material used for this work is the legal bill with paragraphs and constitutional 
comments: “Lagrådsremiss - Biometri i brottsbekämpningen” [6].

Results

Proposed legislation
Excerpt of the legal bill proposal for amending present legislation “Law 

(2018:1693) on the police’s processing of personal data in the area of the Criminal 
Data Act”:
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6 Ch. Processing of personal data at the Police Authority for forensic pur-
poses

§1 At the National Forensic Centre, personal data may be processed if it is 
necessary to

… …
 7. use a DNA-based genealogy database to perform comparisons according 

to Ch. 6b.

6b Ch. Processing of data in DNA-based genealogy databases
§1 The National Forensic Centre may, after a decision by the prosecutor, use 

a DNA-based genealogy database to compare information about DNA from traces 
with information in the database.

§2 A decision to use a DNA-based genealogy database can be made during a 
preliminary investigation in murder according to Ch. 3. Section 1 of the Criminal 
Code and aggravated rape or aggravated rape against a child according to Ch. 6 
Section 1, third paragraph or Section 4, third paragraph of the Criminal Code if

 1. there is special reason to assume that the DNA trace comes from the 
perpetrator, 

 2. the measure is of particular importance to the investigation and it is 
clear that its purpose cannot be achieved with less invasive measures.

§3 In order for a DNA-based genealogy database to be used, the Police Au-
thority must ensure that

 1. the provider of the genealogy database does not process the data for 
other purposes,

 2. the comparison only includes data on DNA from persons who have 
agreed that their data is processed to investigate crimes, 

 3. the provider of the genealogy database deletes the data when the Police 
Authority requests it.

§4 The search ban in Ch. 2 Section 14 of the Criminal Data Act (2018:1177) 
does not prevent searches according to this chapter for the purpose of obtaining a 
selection of persons based on genetic or biometric data.

The requirements set out in the third paragraph apply in addition to what 
otherwise follows from the Data Protection Regulation, including the require-
ments in Ch. 3. the Criminal Data Act (2018:1177) on the obligations of the person 
responsible for handling of personal data and Ch. 8 (the same law) on the transfer 
of personal data to a third country.
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Table 1. Timeline with the major steps towards implementing FIGG in Sweden. Activities in 
italics are ongoing or coming. (IMY - Integritetsskyddsmyndigheten: Swedish Authority for 

Privacy Protection).

Activity

Legal inquiry  2018-2019

Method set-up 2018-2019

Police Ethics Board 2018

Pilot case (Crime scene sample) 2019-2020

Pilot case court verdict a 2020

Pilot evaluation 2020-2021

Pre-counselling at IMY 2021

Biometric committee 2022-2023

Draft legal bill (Lagrådsremiss) 2023-2024

Council on Legislation 2024

Legal bill (Proposition) 2024

Parliament vote 2024

Pre-counselling at IMY 2025

Legislation in force 2025

Implementation 2020 -
a The verdict was not appealed.

Discussion

The proposed legislation provides provision lifting the search ban on the police use 
of third party DNA-based genealogy databases for some of the most severe crimes, in 
order to obtain a selection of individuals based on genetic data to be used for further 
processing. The suggested legislation and underlying proceedings (“constitutional 
comments”) are written with clear limitations aiming at restrictiveness in its use.

Due to its sensitive nature the lawmakers have shaped paragraphs that are 
specific for the use of FIGG. Using FIGG is argued as being exceptional and presup-
poses both “absolute necessity” and that other investigative measures have been 



759ON THE USE OF FORENSIC INVESTIGATIVE GENETIC GENEALOGY IN CRIMINAL CASES IN SWEDEN

Ricky Ansell, Siri Aili Fagerholm

exhausted without success, including extensive use of DNA (familial searches3, phe-
notyping & ancestry etc.). 

Transfer to a private actor in third country (and not to a mandated author-
ity) is doable but only if fulfilling requirements set in the Criminal Data Act. Also, 
a decision on using FIGG is to be taken on a case-by-case basis. In the legal bill it 
is stated that “Investigative genetic genealogy constitutes forensic activity, which 
NFC (National Forensic Centre) is tasked with carrying out”. The background is 
that within the Police Authority genetic data is only allowed to be processed by the 
NFC. As genealogy will make use of DNA data, the work performed by a genealogist 
is thus concluded to be performed under the umbrella of NFC. If genealogists are 
to be employed, contracted or both remains to be seen.

One major difference appearing in the legal bill, compared with the pilot 
study, regards the involvement of a prosecutor to decide on the use of the method. 
Many of the cases in question will be police-led (as there is no suspect at the time), 
which means that a prosecutor now must be enrolled, at least temporarily in decid-
ing the use of FIGG. This is a clear statement from the lawmakers on restrictive-
ness: Some consultation bodies reviewing the committee report suggested an even 
stricter process involving a court decision for each specific case. 

Furthermore, the prosecutor will need to seek advice “high within the Police 
Authority” prior to a decision on using FIGG. This to assure that all criteria and 
obligations set on the police are met. Also, prioritization in between cases will be 
handled within the police. At this stage it is still unclear how this advisory function 
will be formed, but it is obvious that different expertise’s will need to be involved, 
apart from prosecutors and highly ranked police officers. 

Even with a legal framework present, national policy documents on the use 
of FIGG will need to be developed. Of special relevance is describing the interface 
at which the prosecutor enters the stage and the required consultation with the 
police, prior to a decision on using FIGG. 

One major limitation and drawback with the proposed legislation is that the 
provisions do not allow a third-party DNA-based database to be used for the pur-
pose of identifying a deceased victim or human remains.

The proposed legislation is suggested to come active July 1st 2025.

3 The initial aim with the pilot case was in fact to handle two unsolved cases using FIGG to find the perpe-
trator, though only one crime case ended up being used. The second crime was a severe rape case against 
a child in 1995, and this case was solved early 2019, following new legislation allowing familial searches in 
the police DNA databases – thereby adding arguments on using existing “DNA tools” before the use of FIGG.
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Conclusion

As outlined in Table 1, the road towards legislation is long and takes considerable 
time. In Sweden, the only way forward was by introducing new legislation as the 
police use of third-party databases was not covered by present legislation. The pro-
posed legislation is restrictive mirroring the view that the use of FIGG is regarded 
as sensitive and considered only to be a tool of last resort. In most parts, statutes 
as well as constitutional comments and considerations follow the suggestions and 
arguments described already in the pilot case report and later by the Biometric 
inquiry. Our view is that a transparent pilot study did pave the way and have been 
subsequently used in forming the proposed legislation.
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Abstract 
In forensic criminal investigations, a DNA result may not be sufficiently informative unless there 
is additional information about the body tissue or cell type/body fluid from which the extracted 
DNA originates. Especially in criminal cases, in which the suspect and victim has had social or 
physical contact before the assault, it can be of vital importance for the case to investigate the 
nature or possible source of the DNA findings. One method that may be used is DNA analysis fo-
llowed by cell type specific mRNA analysis. For the past years the Netherlands Forensic Institute 
(NFI) has performed DNA/mRNA analysis on request by the Swedish National Forensic Centre 
(NFC). In total, samples from more than 60 sexual assault cases were analyzed between 2015 to 
2023. In the vast majority of cases, swabs from the suspects fingers/nail scrapings were analy-
zed in order to detect possible presence of DNA from the victim. If relevant DNA was detected a 
subset of the samples was further analyzed with mRNA typing for the possible presence of pre-
dominantly vaginal cells and/or menstrual secretion. In approximately half of the criminal cases, 
DNA of interest was detected and samples subjected to RNA typing analysis. Approximately in 
half of these cases, an indication of the presence of RNA for a specific cell type were found. For a 
number of cases the findings were of significant value for the prosecutors claims. In conclusion, 
combined DNA/mRNA analysis has been successfully performed on samples from predominately 
sexual crime cases in which social and/or physical contact preceded the assault. When DNA/
mRNA findings were later presented as evidence in Swedish courts, they were regarded as mode-
rate to strong evidence.
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Introduction

In recent years the possibility to perform identification of cell types/body fluids or 
organ tissues using mRNA typing has emerged as a useful tool in forensic crimi-
nal investigations. Using cell type specific RNA markers it may be possible to link 
extracted DNA to a certain cell type such as vaginal secretion or saliva. In criminal 
cases in which the suspect and victim has had social or physical contact prior to 
an assault it can be of vital importance for the case to investigate the nature or 
possible source of the DNA findings as DNA may have transferred during the legal 
contact only and not during the assault. 

For the past years the Netherlands Forensic Institute (NFI) has performed 
DNA analysis followed by mRNA analysis on request by the Swedish National Fo-
rensic Centre (NFC). In this paper, the outcome and experienced gained will be 
discussed.

Material studied 

Case reports from the NFI for all criminal cases in which material has been subject-
ed to DNA/mRNA examination during the years 2015-2023 were examined. Case 
verdicts from the District Courts and the Courts of Appeal, has been accessed from 
the online database Juno.

Results

During a period of nine years (2015-2023) requested analyses has been performed 
at the NFI in 65 cases and, when relevant DNA was detected a subset (if applicable) 
of samples were subjected to mRNA typing using NFI’s methods [1]. With mRNA 
typing the presence of vaginal cells, menstrual secretion, saliva, blood, semen and 
nasal mucosa has been analyzed. Positive findings were reported as an indication 
of presence of a certain cell type. During the last years (since 2021), the weight of 
evidence of the mRNA findings of vaginal/menstrual secretion has been calculated 
and presented in verbal terms in the case reports. In one case, DNA analysis was 
instead combined with mRNA organ tissue typing [2,3] and the possible presence 
of adipose tissue, central nervous system, lung, liver, skeletal muscle, heart and 
kidney tissue were examined.
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Some inclusion criteria were used before samples were submitted for DNA/
mRNA analysis and these included that the crime had to be a serious offence, such 
as sexual assault or murder. All cases but one were classified as sexual assaults and 
the possible presence of vaginal/menstrual secretion, saliva or semen was in ques-
tion. The exception was a murder case (gun violence) in which DNA/organ tissue 
typing (as mentioned above) was performed on a swab with biological material 
from the crime scene, in an attempt to position the shooting incident to a specific 
location.

Trace recovery was recommended to have been performed within 24 hours 
of the alleged crime for swabs from a person’s body, such as fingernails or penile 
swabs. In some cases, samples taken after 24 hours were still submitted on request 
by the prosecutor and in a few of these samples relevant DNA was detected, though 
none produced any relevant RNA result.

In each case the investigation team and prosecutor were informed of the 
cost of the investigation (as it is substantially higher than regular DNA analysis), 
expected delivery time (longer than for regular DNA analysis) as well as possible 
outcomes and reporting procedures. The investigation leader thereafter had to 
make an informed decision of submitting material for DNA/mRNA analysis.

Samples ranged from finger/nail scrapings (68% of total numbers of ex-
aminations), underwear, lip and penile swabs from suspect (11%), underwear and 
vaginal swabs from victim (6%), different objects such as sex toys and other items 
used for vaginal penetration (6%), condoms (3%) and other items such as swabs 
from a steering wheel, stains on a pillow case and a napkin (6%). When possible, a 
pre-screening procedure of samples for relevant donor DNA was performed at NFC. 
This enabled us to exclude samples for further analysis that did not display DNA 
from the relevant person. 

In approximately 50% (42/78) of the examinations relevant DNA, from the 
victim or suspect depending on case circumstances, were found (Table 1). Both 
relevant DNA and mRNA was detected in about 30% (26/78) of the examinations. 
Note: more than one item may have been analyzed per examination and case (e.g. 
five swabs from suspects right hand is counted as one examination). Also, a se-
lection procedure was used by the NFI on samples with relevant DNA for which a 
subset was further analyzed for mRNA expression. 

Positive likelihood ratios (LR) for mRNA originating from vaginal cells and/
or menstrual secretion and possible other types of cell(s) (with the alternative 
proposition that a sample contained only other types of cell(s)) ranged between LR 
1 – 10,000.
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Table 1. Overview of samples analyzed and results. Sample type, total number of examinations 
(more than one item may have been analyzed per examination), number of examinations in 
which no relevant DNA was detected, relevant DNA and no relevant mRNA, or relevant DNA/

mRNA results.

Of investigative reasons, not all DNA or DNA/mRNA findings were later used and 
presented as evidence in court. In the court verdicts findings were summarized and 
discussed. In common, the court reasoned that the findings constitute one piece of 
evidence and that it provides a support to other evidence such as the victim´s state-
ment. In the verdicts it is reasoned that the findings range from providing “some 
support” to “strong support” for the prosecutors claims. 

To address the findings presented in court, it is clear from the verdicts that 
the defendants provided different explanations to the results. The explanations 
mainly followed the outlined scenarios given by defendants in Dutch court cas-
es [1]. First, the defense provided an innocent explanation to explain DNA/mRNA 
findings, e.g. suspect claimed to only have been making out with the victim. Sec-
ond, the results where explained by possible secondary transfer of DNA, e.g. suspect 
claimed to only have massaged the woman’s feet, and denied vaginal penetration 
with fingers. Third, the defense referred the results as a consequence of a time of 
deposition mechanism, e.g. suspect having previous sex with another woman or 
having sex at a previous time point with the same woman. 

Investigators and prosecutors were asked about their opinion of the exam-
inations and perceived value in court. As a new method for most, the perception 
was that it took a long time to grasp the method and findings, and discussions were 
often initiated between the investigation team and reporting officers at NFC and/
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or NFI. Though in general, prosecutors and investigators responded that they had 
found the conclusions to have been of great importance in the investigation of the 
alleged crime and in the court proceedings. 

Discussion

It is obvious that DNA in combination with mRNA/cell type results can provide added 
value to an investigation compared to a DNA result only. Especially in sexual assault 
cases in which the victim and suspect spent time together before the assault and in 
which DNA results may be explained by DNA transfer during the legal undisputed 
contact. For these cases, the benefit of performing a DNA/mRNA analysis is well 
motivated even when considering the higher cost and increased turnaround time.

In the future, possibilities to link mRNA results to a specific individual will 
add value and increase usefulness of the method. At present the method cannot 
help to distinguish between scenarios such as from whom of several women mRNA/
vaginal secretion may be derived, or from which donor in a DNA mixture detected 
saliva may be derived. Potentially, coding region SNP-assays (cSNPs) for cell types/
body fluids can be used to link a cell type to a specific donor [4]. 

With the focus on sexual assault cases, it would be desirable to increase the 
panel for mRNA typing to include markers also for e.g. rectal mucosa. To detect 
rectal mucosa would be of importance in sexual assaults with alleged anal pene-
tration. Although markers for rectal mRNA have been explored [5-7], issues with 
cross-reactivity have been detected [6,7].

Conclusion

Combined DNA/mRNA analysis has been successfully performed in a number of 
samples from predominately sexual assault cases in which social and/or physical 
contact preceded the assault. When DNA/mRNA findings were later presented as 
evidence in Swedish courts, the findings were found to have high evidentiary value. 
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Abstract 
RNA typing to infer which body fluids or organs reside in an evidentiary stain, has been applied 
routinely in casework at our institute since 2012. Here, we regard verdicts in 33 cases that con-
sidered RNA results in the trials as described in the Dutch registry of verdicts [1]. We focused 
on the core of the alternative scenario put forward by the defense as this may feed our research.

Keywords
Forensic, mRNA, body fluid, organ, court decision

Introduction

The process of RNA typing starts with co-extracting DNA and RNA from the same 
sample: when the DNA is bound to a silica-containing column, the RNA goes to the 
flow-through and can be extracted separately. The RNA molecules remain stable 
for years when RNA extracts (or flow-through fractions) are stored at -80°C. This 
allows for the selection of the most informative samplings based on the DNA-profil-
ing results or for securing RNA when it is not yet decided that RNA typing is useful 
in a case. RNA typing may relate either to body fluid or organ type inference, which 
are two different assays in our laboratory. Since 2012, we have processed 3252 
samples in 921 cases; 61.6% of the RNA samples were stored, 26.6% were taken to 
body fluid typing and 11.9% to organ typing (for cases the percentages are: storage 
in 50.1%, body fluid typing in 36.5%, organ typing in 12.5% and both organ and 
body fluid typing in 1.0% of the cases).
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Methodology

In the Netherlands, around 40% of the ~26,000 criminal cases that are yearly han-
dled by courts are published (anonymously) online in the Dutch registry of ver-
dicts. These court decisions were searched with the term ‘RNA’ and the contents 
were screened for the role of the RNA results in the ruling as a follow-up of [2]. 
With appeals in a case, the most recent ruling was taken.

Results

Thirty-three court decisions were found, as summarized in Table 1. In 27 cases 
(numbers 1-27), the RNA result was used in the decision by the judge; in six cases 
(numbers 28-33) not, which could either be because there was no RNA result (cases 
31-33) or because the RNA typing was not informative for the question central in 
the court case (see cases 28-30), even though the RNA typing results may have been 
useful in formulating hypotheses in the police investigations. The defense raises 
various alternative scenarios that can be grouped into four main categories: 1) time 
of deposition (three cases); 2) secondary transfer (seven cases, all sexual assaults); 
3) an innocent (or less invasive) explanation (11 cases) and 4) another person per-
formed the crime (10 cases, all violent crimes). No alternative was presented in two 
cases. Two cases involved acquittal: the sexual abuse component in case 10, as it 
was unclear who is the donor of the saliva on the penis, and case 18 where it cannot 
be established that the suspect performed the stabbing although blood and muscle 
and a DNA match to the victim were found on the knife.

Discussion

For case 10, in which there was acquittal for the sexual abuse component, the 
association of donor and cell type would have been helpful. SNPs residing in tran-
scribed regions (5’/3’ UTR or coding region) of tissue-specific genes can facilitate 
this: the DNA will tell whether a donor (suspect or victim) carries the SNP; the RNA 
will inform whose body fluid (in case 10 saliva) was present in the evidentiary stain 
(the penile sampling) [5].



771A DECADE OF MRNA BODY FLUID AND ORGAN TYPING  
IN CASEWORK: OUTCOMES OF DUTCH COURT DECISIONS

Titia Sijen and Margreet van den Berge

Table 1. Brief summary of court rulings found in Dutch registry of verdicts that  
mention RNA typing.

# C: Case scenario 
A: Alternative scenario put forward by defense 

RNA results1, 2 European Case 
Law Identifier

Verdict

1 C: Sexual assault on Friday, consensual intercourse on Monday before, 
period started on Tuesday 
A: Not clear WHEN cell material was deposited

Menstrual on penis ECLI:NL:RBZLY:
2012:BW7487

Convicted

2 C: Homicide of elderly couple on boat
A: Suspect visited boat and saw victims the DAY AFTER the crime 

Blood, nasal on trousers 
suspect; pattern of 
expirated blood

ECLI:NL:GHARL:
2015:4875

Convicted

3 C: Murder husband by 70-yrs old wife, stabbed in heart, wounds hidden 
by clothing (wife phones ‘he was stabbed’), towel nearby (used to clean 
knife?) 
A: Unclear WHEN the blood was deposited as a towel is a moveable object 
so relation crime unclear

Muscle, blood (match 
victim) on towel. Also, 
DNA matching suspect 
and fibers clothing 
victim on towel

ECLI:NL:GHARL:
2021:11501

Convicted

4 C: Sexual assault of unconscious granddaughter 
A: Assisted victim feeling unwell, then TRANSFER of her cell material to 
penis/underpants after urinating

Vaginal in underpants 
male suspect

ECLI:NL:GHARL:
2014:5505

Convicted

5 C: Sexual assault 16-yrs old daughter
A: There are alternative ways like indirect TRANSFER how vaginal could 
get on fingers 

Vaginal on fingers male 
suspect

ECLI:NL:RBNNE:
2015:2145

Convicted

6 C: Sexual assault by 2 men in bar: anal, vaginal, oral
A: The suspect has touched object carrying vaginal cell material victim 
and TRANSFERRED this to penis

Vaginal, semen, saliva 
on penis suspect 1

ECLI:NL:RBROT:
2019:3840

Convicted

7 C: Sexual assault 13-yrs old daughter
A: Suspect touched an area close to vagina victim and then 
TRANSFERRED vaginal cells to penis

Vaginal, semen, skin on 
penis suspect

ECLI:NL:RBAMS:
2020:3128

Convicted

8 C: Kidnapping from playground and sexual assault 5-yrs old girl, 
penetration of labia with penis
A: TRANSFER vaginal to penis from touching (court: unlikely as no 
vaginal on hands suspect)

Vaginal on penis 
suspect (presumptive 
test indicates seminal 
fluid on labia victim)

ECLI:NL:RBOVE:
2021:1370

Convicted

9 C: Sexual assault 13-yrs old stepdaughter
A: Vaginal on fingers, TRANSFERRED when suspect collected laundry of 
victim; underneath nails as he next moistened his hands, then to penis

Vaginal on penis and 
fingers suspect

ECLI:NL:RBGEL:
2023:2667

Convicted

10 C: Forced oral sex, violent blows on the face victim
A: TRANSFER from changing balloons during shared nitrous oxide 
laughing gas use (admits violence)

Saliva on penis suspect; 
low amounts DNA 
matching victim

ECLI:NL:RBDHA:
2022:14059

Conviction 
violence; 
acquittal 
sexual 
abuse

11 C: Sexual assault of 13-yrs old daughter
A: Watched porno using a condom, unclear if vaginal cells are from 
daughter as the mother is not in DNA comparison (INNOCENT 
EXPLANATION)

Vaginal on outer side 
condom; semen on 
inner side condom

ECLI:NL:RBOBR:
2016:4724

Convicted

12 C: Sexual assault in asylum seeker center
A: Consensual touching (INNOCENT EXPLANATION), and suspect did 
not touch vagina with his finger

Vaginal on fingers 
suspect

ECLI:NL:RBGEL:
2020:4108

Convicted

13 C: Sexual assaults after knocking victims down on street, RNA typing for 
case of one victim
A: Consensual intercourse (INNOCENT EXPLANATION), violence by 
somebody else 

Vaginal in nail dirt 
suspect

ECLI:NL:RBMNE:
2021:4553

Convicted

14 C: Sexual assault at a train station (digital penetration and touching 
breasts/ upper body)
A: The suspect lifted the victim on a bench (INNOCENT EXPLANATION) 

Vaginal on fingers (and 
DNA suspect on upper 
body victim)

ECLI:NL:RBNHO:
2023:4897

Convicted

15 C: Attempted murder by shooting multiple bullets
A: Suspect did not shoot at victim but shot to the ground and car 
(INNOCENT EXPLANATION)

Blood on bullet that 
went through body with 
DNA-match victim

ECLI:NL:RBNNE:
2013:5558

Convicted

16 C: Homicide mentally disabled stepdaughter by hitting with baseball bat 
after repeated violence 
A: Victim fell from stairs onto baseball bat (INNOCENT EXPLANATION)

Blood on baseball 
bat 

ECLI:NL:RBNNE:
2015:656

Convicted
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17 C: Murder of business partner by fatal head injuries 
A: Victim found by suspect who touched him, blood on suspect’s clothing 
from leaning against blooded stair railing (INNOCENT EXPLANATION)

Blood, CNS, muscle 
on clothing suspect; 
impact pattern 
bloodstains

ECLI:NL:PHR:
2024:90

Convicted

18 C: Fatal stabbing in pub after fighting
A: Self-defense, without knife (INNOCENT EXPLANATION)

Blood, muscle on 
knives; no DNA-match 
suspect on knives

ECLI:NL:GHARL:
2021:2893

Acquittal: 
not certain 
who 
stabbed

19 C: Murder partner after inflicting fatal head injuries
A: Suspect lifted victim from couch and resuscitated her (INNOCENT 
EXPLANATION)

Blood, muscle, CNS on 
sweater suspect; impact 
over contact pattern

ECLI:NL:GHDHA:
2021:2295

Convicted

20 C: Fatal shooting with 2 victims
A: SOMEONE ELSE delivered the fatal shots

Blood, liver, muscle 
on bullet

ECLI:NL:HR:
2022:1591

Convicted

21 C: Suspect shot victim with 6-8 bullets sitting in a car
A: It was possible that SOMEONE ELSE was wearing the coat (although 
no statement of lending coat)

CNS on coat suspect 
(DNA match suspect 
collar/cuffs coat)

ECLI:NL:GHSHE:
2014:4029

Convicted

22 C: Victim beaten on head and died
A: SOMEONE ELSE wore the clothing 

Blood, CNS, muscle on 
clothing in trash bin

ECLI:NL:RBMNE:
2015:7603

Convicted

23 C: Woman in bed attacked by husband, head injuries
A: Wounds are self-inflicted, blood pattern is faked by VICTIM HERSELF 
from menstrual/animal blood

Blood on bedding 
(multiple samples), no 
menstrual markers

ECLI:NL:GHSHE:
2017:2006

Convicted

24 C: Fatal injuries to the head by her partner
A: ANOTHER PERSON entered the home whilst the suspect was out and 
killed the victim

Pattern of blood 
traces on sweater also 
presence CNS, muscle

ECLI:NL:RBROT:
2019:498

Convicted

25 C: Victim is stabbed to death by suspect and expensive watch is taken, 
found with suspect
A: Suspect is not involved, 2 UNKNOWN MEN framed him: took his knife 
and left watch in his car

Muscle and blood on 
knife blade, mixed DNA 
profile on knife handle

ECLI:NL:GHARL:
2019:2508

Convicted

26 C: Murder by 5 shots in head
A: ANOTHER PERSON shot; blood on shoes as victim visited suspect and 
spat to floor with bleeding gums (see ECLI:NL:RBOBR:2019:5920)

Blood, CNS on shoes 
suspect (and gunshot 
residues)

ECLI:NL:GHSHE:
2023:1845

Convicted

27 C: Forceful insertion ginger as punishment of daughter for inappropriate 
behavior 
A: NO ALTERNATIVE, daughter is unreliable

Vaginal and blood on 
pieces of ginger

ECLI:NL:GHAMS:
2018:2656

Convicted

28 C: Man found 6-weeks death in bed: suspect confesses homicide: murder 
or manslaughter 
A: NO ALTERNATIVE, no role other suspect

Blood spatters around 
bed that fit impact 
pattern

ECLI:NL:RBOBR:
2023:5538

Convicted, 
no use 
BPA or 
RNA data

29 C: Son murdered father by 28 stabbings, they co-habited, no traces of 
another person
A: Possibly ANOTHER PERSON performed the crime

Blood matching victim 
on slippers suspect; 
contact blood trace

ECLI:NL:RBAMS:
2016:1839

Convicted, 
no use 
RNA data

30 C: Murder of husband, no DNA other person than wife on body and 
clothing victim (17 locations)
A: ANOTHER PERSON is involved

Vaginal on penis ECLI:NL:GHARL:
2020:9865

Convicted, 
co-
habiting: 
not regard 
DNA-RNA

31 C: Digital penetration ±10-yrs girl by 82-yrs taxi driver special care 
transport 
A: Admits touching body superficially above vagina, no penetration 
(LESS INVASIVE EXPLANATION)

No indication vaginal 
on fingers suspect

ECLI:NL:GHSHE:
2024:677

Convicted 
(touching 
regarded 
penetration)

32 C: Exploiting adolescent girls for sex; testing them by digital penetration
A: Consensual (INNOCENT EXPLANATION)

No indication vaginal 
on fingers suspect

ECLI:NL:RBGEL:
2019:2778

Convicted, 
no 
vaginal¹ no 
penetration

33 C: Sexual abuse 13-yrs vulnerable girl (multiple times including luring 
her away from parents) 
A: Consensual (INNOCENT EXPLANATION)

No RNA results outer 
side condom, but DNA 
matching victim

ECLI:NL:RBDHA:
2021:353

Convicted, 
DNA result 
suffices

1RNA result is reported as ‘indication for’ [3]. Since April 2022 based on LR when reporting on vaginal/mens-
trual [4]
2DNA results match victim except for case 31 in which clothing of the victim was analyzed for DNA matching 
suspect
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Conclusion

RNA typing results can impact court decisions, although when cell type inference 
does not reflect the central question (e.g. case 28, murder or manslaughter) RNA 
results are not considered.
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Abstract 
In crime scene investigations, the identification of body fluids using (m)RNA is crucial to provide 
details about the crime. While DNA profiling gives information on the identity of the donor of 
a biological stain (by confirming or excluding the donor), RNA analysis, on the contrary, allows 
for the detection of expressed genes by different cell types. This way the identification of the 
tissue from which the sample originated, without compromising further DNA analysis (due to 
co-extraction of RNA and DNA from the same sample), is possible. In the specific context o f 
sexual violence, semen is one of the most relevant fluids. In a scenario where an ejaculation has 
occurred, the investigation depends mainly on the cytological detection/ visualization of sperm. 
However, the absence of sperm does not always indicate the absence of semen. The main goal of 
the present study was to validate four recently and newly described mRNA markers for potential 
identification of semen in forensic settings. For this, a multiplex system containing the mRNAs 
(ODF1, SMCP, TcP11 and TNP1) as well as two commonly used markers (PRM1 and SEMG1) was 
developed. The potential application of this multiplex in samples from forensic backgrounds was 
evaluated through testing of: i) sensitivity using RNA concentration inputs ranging from 5ng/
µl to 0.02 ng/µl; ii) specificity by cross reactivity assessment on vaginal secretions, saliva and 
menstrual blood samples; and iii) degradation assessment on semen samples up to 18 months old 
since collection. The preliminary data obtained support the use of the new four mRNA markers 
in cases of sexual assault. The proposed markers, ODF1, SMCP, TcP11 and TNP1, can serve as a 
possible molecular alternative for semen identification to the traditional techniques since high 
sensitivity, high specificity as well as detection in aged samples was confirmed.

mailto:igomes@i3s.up.pt
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Introduction

In a forensic scenario it is common to find biological stains derived from different 
or mixed body fluids. Therefore, it is important, not only to identify the donor 
through DNA profiling, but also to know the source of the sample by identifying 
the body fluid/ tissue that originated the stain [1-3]. Seminal fluid is one of the 
most relevant body fluids in the context of sexual violence. In an ejaculation sce-
nario, the investigation depends mainly on the cytological detection of sperm; but 
the absence of sperm does not necessarily indicate the absence of semen [4]. Also, 
enzymatic reactions such as the immunochromatographic testing of PSA may lead 
to a high rate of false positives [5]. The expression of specific messenger RNAs (mR-
NAs) differ depending on the cell type, so with an mRNA-based assay it is possible 
to identify the type of biological fluids or cells that make up the tissue using RNA 
profiling [3]. A biological sample recovered from a crime scene allows, not only for 
DNA analysis of a genetic profile of an individual, but simultaneously for the iden-
tification of the source using RNA analysis [3, 6]. Additionally, reports of high sta-
bility of RNA markers with tissue-specific expression patterns have been described, 
allowing the identification of relevant human cell types in small amounts of sam-
ples, as well as in degraded material [7, 8]. This collection of information is crucial 
to help reconstruct the events of a crime scene and thus for casework conduction 
since it may offer details about case circumstances [3]. 

In this study, a hexaplex system was developed for the amplification of six 
mRNA semen-specific markers in a single PCR reaction which included four novel 
genes ODF1, SMCP, TcP11 and TNP1 [9], as well as, two commonly used markers, 
PRM1 [1] and SEMG1 [2].

The application of these markers, particularly, in the investigation of evi-
dence from sexual assaults was evaluated through sensitivity and specificity test-
ing. The stability of the selected markers was also assessed in scenarios of (poten-
tially) degraded samples (approximately up to 18 months of age after collection). 

Material and methods

Semen samples: collection, RNA extraction and storage 
Fourteen semen samples from male volunteers were collected from healthy, 

unrelated individuals with ages between 20 and 60 years, under informed signed 
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consent, and stored at -80ºC. RNA extractions were performed as described in a 
previous study [10] using the commercial kit ExtractME RNA & DNA (ExtractME, 
BLIRT S.A., Poland) and manufacturer’s recommendations. 

Primer design and cDNA synthesis 
Gene name, primer sequences, fragment sizes and other relevant informa-

tion are listed in Table 1. Primer sequences were designed with Primer3 software 
[11] for the new selected markers (Table 1). The reverse transcription reaction (RT) 
of the RNA was performed for each sample. cDNA synthesis was performed with 
the commercial SensiFAST cDNA Synthesis kit (BLIRT S.A., Poland) following the 
manufacturer’s protocol. All cDNA reaction products were diluted in a concentra-
tion ratio of 1:10 for subsequent applications.

Table 1. Selected mRNA markers and the respective primer sequences, melting temperatures 
(Tm), 5´ Fluorocrome and expected amplicon sizes (bps). 6-FAM and YelYak= FreedomTM Dyes 

(IDT-Integrated DNA Technologies).

Gene Primer Sequences Tm* Lable 5’ Size (bp) References

SMCP
F: AGGCTGCTGAGGAAGATCAAT 59.17

6-FAM 105 This study
R: GAACACTTGGAGGTACTGGTC 57.96

TcP11
F: TCACAGGTCTGACAGAAACCG 59.93

YelYak 117 This study
R: CCTTGCCTTCCAGACTGCTT 60.25

ODF1
F: TGCGGCCTGTGTGATCTCTA 60.97

YelYak 143 This study
R: GTTGTTCTTCTCAGTTTGGCAAG 58.65

TNP1
F: AAGCCCCTCATTTTGGCAGA 59.89

6-FAM 180 This study
R: GTAATTGCGATTGGCGTCAT 57.24

PRM1
F: GCCAGGTACAGTGCTGTCGCAG 65.86

6-FAM 152 [1]
R: TTAGTGTCTTCTACATCTCGGTCT 58.50

SEMG1
F: TCGGTAACCATGTGAAAGGA 56.47

6-FAM 120 [2]
R: GTGTCATCCATGGACCAAGA 57.21

Multiplex development and optimization: PCR and CE 
The multiplex development and optimization resulted in the following op-

timal PCR conditions in a final volume of 8 μl: 1 μl of primer mix (each primer at 
0.25 μM), 4 μl of HotStarTaq Master Mix (Qiagen, Germany) and 2 μl H2O and 1 
μl cDNA (1:10). Thermocycling conditions were: 95°C for 15 minutes; 35 cycles 
of 94°C for 20 s, 60°C for 30 s, 72°C for 40s; and 72°C for 15 minutes. Capillary  
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electrophoresis (CE) was performed using GeneScan 500 LIZ dye size internal 
standard and HiDi formamide in an ABI 3500 Genetic analyzer (AB, Thermo Fisher 
Scientific, USA). Detection of products was performed using Genemapper v5 (AB, 
Thermo Fisher Scientific, USA).

Sensibility, specificity and robustness 
To address the suitability of the novel semen markers for forensic settings, 

an RNA sample demonstrating good quality control parameters (high concentra-
tion, absence of inhibitors and proteins using the NanoDrop One microvolume 
UV-Vis spectrophotometer -Thermo Scientific Scientific, USA) was selected. The 
sample was diluted in a series of 1:4 ratio at a starting point of 5 ng/μl down to 0.02 
ng/μl, resulting in five dilution inputs for cDNA synthesis: 5 ng/μl, 1.25 ng/μl, 0.31 
ng/μl, 0.08 ng/μl and 0.02 ng/μl.

For the specificity assessment, the six semen-specific markers were also sub-
jected to amplification in different, relevant fluids for forensic casework (particu-
larly sexual assaults) such as (one sample of each body fluid): vaginal secretions, 
menstrual blood, saliva and a positive control (a semen sample). PCR amplifica-
tions of the hexaplex were performed in triplicates.

To infer on robustness and stability of mRNA markers, six semen swab sam-
ples were also tested that had been collected at different time points. When RNA 
extractions were performed, the “age” of the swabs ranged from 502 to 542 days.

Results

a. Multiplex development and optimization 
To ensure primer performance, prior to multiplex development, all primer 

sets were tested in single PCR reactions using standard amplification conditions as 
in [10]. For the multiplex set-up comprising all six mRNA markers, several optimi-
zation procedures were undertaken. The final PCR conditions can be found in the 
material and methods section and results are shown in Figure 1. 

The electropherogram results highlighted the markers expression detecting 
peaks in a range of approximately 100 bp to 180 bp as expected (example Figure 1). 
All markers amplified successfully with all six peaks detected in the 14 RNA semen 
samples tested. 
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Figure 1. Representative capillary electrophoresis electropherogram of the mRNA semen-
specific hexaplex system amplified in one male sample.

b. Sensitivity, specificity and degradation
Regarding the sensitivity results, and as expected, a decrease in peak sizes 

was observed as the RNA input concentrations decreased. First dropouts started at 
a dilution point of 0.31 ng/μl for TcP11, for one of the replicas, demonstrating some 
instability in amplification performance. At 0.08 ng/μl TNP1 and ODF1, in addition 
to TcP11, also failed to amplify in some of the replicas. At the lowest concentration 
tested (0.02 ng/μl), no peaks were detected at SEMG1 and TNP1 revealing to be the 
most sensitive markers. On the other hand, SMCP and PRM1 proved to be more 
robust due to positive (and still high) detections at 0.02 ng/μl of RNA input in all 
three PCR replicas tested. 

For the specificity testing, no amplification signals were noticed in all of the 
tested RNA samples from different body fluids, meaning that most likely markers 
are specific for semen, avoiding cross-reactivity among different tissues. As posi-
tive control, a semen sample previously tested was included in the analyses and all 
six semen-specific markers amplified. These preliminary results show that when 
analyzing a sample with mixture of body fluids, which is a very common scenario 
in samples resulting from sexual assaults, the selected six semen-specific markers 
will only identify semen.

The performance of the hexaplex on potentially degraded samples over 
time was assessed wherein the collection of samples at time point 1 was 502 days 
(~17 months) and the older sample was time point 6, 40 days apart, 542 days (~18 
months). Time of degradation corresponds to the time since samples were collect-
ed till RNA extraction. All markers were still detected even after ~18 months and 
a decrease of peaks size intensities as well as the presence of a downward slope 
across the electropherogram (as larger fragments have a lower probability of being 
amplified) was not observed, confirming the robustness of the studied markers as 
well as the stability of RNA for forensic settings. 
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Conclusion

The PCR multiplex was successfully developed based on the expected product sizes 
for each primer of each mRNA marker that resulted from the “in silico” design. 
After multiplex optimization, final results showed that the six markers amplified 
in all samples and a reasonable balance among peaks between all markers was ob-
served. Sensitivity and specificity testing were performed to evaluate the robust-
ness of the mRNA markers for the forensic field. Results have shown that SMCP 
and PRM1 were the most robust markers, since they were still detected in all three 
replicas at a sample concentration of 0.02 ng/μl, contrarily to the other markers. 
On the other hand, specificity results also support that the six markers may be 
specific for semen since they did not amplify in any of the other different samples 
tested (vaginal secretions, menstrual blood or saliva). Degradation was also tested 
in samples aged up to nearly 18 months and all markers were still detected sup-
porting that RNA is more stable than many times considered and therefore can be 
useful in forensic laboratory settings without major constrains. 

It must be highlighted that these represent preliminary data only and more 
work is needed to validate the specificity of the novel markers (ODF1, SMCP, TcP11 
and TNP1) by analyzing more samples from different body fluid types and from 
different individuals. Also, the multiplex system needs further development by, 
for example, the inclusion of other markers that may identify other body fluids 
and tissues specifically relevant for sexual assault cases. The mRNA semen-specific 
markers evaluated in this study seem to be reliable and stable enough for the iden-
tification of semen in the forensic casework. 
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Abstract
This study describes the evaluation of rectal mucosa mRNA markers for use in forensic casework. 
The insight gained from the responses of currently used body fluid mRNA markers in rectal and 
rectal-related samples highlights the importance of including rectal mucosa-specific markers in 
forensic mRNA-based body fluid identification assays.
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Introduction

At the Netherlands Forensic Institute, mRNA-based body fluid identification is 
used to infer the presence of for example vaginal mucosa in sexual assault cases. 
Recent studies have shown positive responses of genes that have been selected as 
vaginal mucosa markers, when analysing rectal samples[1-2]. Currently, the mRNA 
assay used at our institute does not include markers for the identification of rectal 
mucosa, which may pose a risk for misclassifications when rectal mucosa is present 
in a trace. To allow for the identification of rectal mucosa, three potential rectal 
mucosa markers were examined. Additionally, insight was gained in the responses 
of currently used body fluid mRNA markers by analysing rectal mucosa-containing 
samples. 
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2. Materials and methods

Three potential rectal mucosa genes (PHGR1, ZG16 and MUC13) were se-
lected using literature and gene expression database BioGPS [1-3]. Primers were de-
signed using Ensembl and NCBI Primer Blast [4-5]. DNA/RNA co-extraction, DNase 
treatment, reverse transcription, PCR and CE were performed according to stand-
ardized protocols [6].

2.1 Performance on non-target tissues
To investigate specificity of the three above-mentioned rectal mucosa mark-

ers, performance of the markers was assessed on different body fluids (blood, saliva, 
vaginal mucosa, menstrual secretion, semen and nasal mucosa, n=4 each), penile 
samplings (n=11) and 20 human tissues of the FirstChoice® Human Total RNA 
Survey Panel (Applied Biosystems) using the input as previously described [6]. 

2.2 Performance on rectal and rectal-related samples
Rectal mucosa-containing samples were used to assess performance of the 

rectal mucosa markers on target tissues; and to gain insight in the responses of 
currently used body fluid mRNA markers [6] in these tissues. These include rectal 
mucosa (n=8), faeces (n=9) and samples taken around the anus (n=8). Faeces and 
samples around the anus were included as these samples may contain traces of 
rectal mucosa. 

Rectal mucosa samples were collected using a nylon flocked swab inserted 
at least five cm into the anus, as the first four cm are anatomically part of the anus 
where no rectal mucosa is expressed [2]. Faeces samples were collected from the 
inside of faeces using a nylon flocked swab. Anal samples were taken by swabbing 
around the anus using a nylon flocked swab. All samples were self-collected with 
informed consent of voluntary donors.

3. Results and discussion

Primer concentrations were optimized using rectal mucosa RNA extracts of two do-
nors. The optimized primer concentrations were 0.1, 0.1 and 0.15 µM for PHGR1, 
ZG16 and MUC13, respectively (results not shown). 
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3.1 Performance on non-target tissues
All three primer sets were included in the Celltyper assay [6] using their 

optimized primer concentrations. The markers show to be specific, as no rectal 
mucosa signals were detected in any of the analysed body fluids or penile sam-
plings (Table 1). Results of analysing 20 different organ tissues showed detection of 
PHGR1 and MUC13 in colon and small intestine, which is to be expected as rectal 
mucosa lines the intestinal wall (results not shown). 

Table 1. Marker detection fractions for rectal mucosa markers PHGR1, ZG16 and MUC13 in 
various body fluids (n=4) and penile skin samples (n=11).

3.2 Performance on rectal and rectal-related samples
Figure 1 shows the mRNA profiling results of the Celltyper assay including 

the three rectal mucosa markers when analysing rectal and rectal-related samples. 
Rectal mucosa is “observed” [6] in 75%, 25% and 56% of rectal, anus and 

faeces samples, respectively (using the x=n/2 guideline: body fluid target marker 
detection ≥50% is scored “observed”; 0% is “not observed”, >0% and <50% is “spo-
radically observed”). MUC13 appears the least sensitive of the three rectal mucosa 
markers. This marker is therefore not included in the final assay. The updated ver-
sion of the Celltyper assay, including rectal mucosa markers PHGR1 and ZG16 is 
presented in Table 2.

Non-target signals are detected throughout the three different sample types, 
mainly for the different vaginal mucosa markers. Using the x=n/2 guidelines, “ob-
served” scorings would be obtained for vaginal mucosa in two of the rectal mucosa 
samples and one of the faeces samples. The two rectal samples resulting in an “ob-
served” scoring for vaginal mucosa were both samples from male donors (Figure 
1A).

For each of the samples, the LR for the presence of vaginal mucosa and/or 
menstrual cells was calculated using the RNA LR tool [7]. For the two male rectal 
mucosa samples with an “observed” scoring for vaginal mucosa, LRs >200 were 



786 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

obtained (Figure 1A). These LRs fall in the highest verbal scale that is currently 
used for the reporting of RNA LRs at our institute [7] (LR values 100-1000; “ap-
preciably more probable”), indicating that if no testing is done for the presence of 
rectal mucosa, LRs can be erroneously supportive for the presence of vaginal and/
or menstrual secretion in rectal mucosa-containing samples. 

At this moment, the RNA LR tool lacks knowledge on rectal mucosa mark-
ers, and its dataset does not include rectal mucosa(-containing) samples. As a re-
sult, the tool is unable to recognise rectal mucosa samples, or account for the 
effects of marker responses of currently used body fluid markers in rectal muco-
sa-containing samples. To address this, the dataset needs to be updated to include 
this information. Therefore, at this time, no statement can be made regarding the 
presence of vaginal and/or menstrual secretion when rectal mucosa is scored “ob-
served” using the x=n/2 guidelines.

Figure 1. Left: Per body fluid per donor the scoring results using x=n/2 guidelines [6]. The LR for 
vaginal and /or menstrual cells in these samples is presented above the vaginal bars [7]. Right: 
detection % per marker. Data is shown separately for male (blue bars) and female (pink bars) 

donors. HK=housekeeping.
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Table 2. Primer sequences in the updated Celltyper multiplex, including rectal mucosa markers 
PHGR1 and ZG16. 

Gene Tissue [primer]
µM

Forward primer (5’-3’)
Reverse primer (5’-3’) 

Size
(bp)

Dye+ Ref

HBB Blood 0.035
GCACGTGGATCCTGAGAACTTCAG
ATGGGCCAGCACACAGACCAG

61 6-FAMTM [6]

CD93 Blood 0.075
GCTCTGGGGCTACTGGTCTATC
TCCCAGGTGTCGGACTGTACTG

151 NEDTM [6]

ALAS2 Blood 0.05
TTCTGCACCAGAAGGACTCAGCC*
TAAATCTCGCACCCTGGCAGGATC

103 6-FAMTM [6]

HTN3 Saliva 0.2
CTTCACTTCAGCTTCACTGACTTCTG
CTTTGCATGTGAATCAGCTCCAGTC

132 VIC® [6]

STATH Saliva/nasal mucosa 0.3
TTCATCTTGGCTCTCATGGTTTCCATG
GCCATACCCATAACCGAATCTTCCA

93 6-FAMTM [6]

BPIFA1 Nasal mucosa 0.15
CAAGTGAATACGCCCCTGGTCG
GAATGGGTGCAGTCACCAAGGAC

131 PETTM [6]

SEMG1 Seminal fluid 0.6
GGAAGATGACAGTGATCGT
CAACTGACACCTTGATATTGG

121 6-FAMTM [6]

KLK3 Seminal fluid 0.05
GACGTGGATTGGTGCTGCACC
CTTCTCGCACTCCCAGCCTC

64 PETTM [6]

PRM1 Spermatozoa 0.05
GAGAGCCATGAGGTGCTGCC
AGGCAGGAGTTTGGTGGATGTGC

90 NEDTM [6]

MUC4 Vaginal mucosa 0.8
CTGCTACAATCAAGGCCACTGCTAC
AAGGGAAGTTCTAGGTTGACAGTTGG

141 6-FAMTM [6]

CYP2B7P1 Vaginal mucosa 0.05
CCTCATGTCGCAGAGAGAGTCTAC 
CCCATGGGGAGAAGGTCAGCA

146 VIC® [6]

MYOZ1 Vaginal mucosa 0.8
CGTGTTCTCCGGTCACAGCAG
TGGATTCAGCCGGCTGCTCG

88 VIC® [6]

MMP7 Menstrual secretion 0.4
GAACAGGCTCAGGACTATCTC
TTAACATTCCAGTTATAGGTAGGCC*

127 VIC® [6]

MMP10 Menstrual secretion 0.07
GCATCTTGCATTCCTTGTGCTGTTG
GGTATTGCTGGGCAAGATCCTTGTT

107 VIC® [6]

MMP11 Menstrual secretion 0.15
CAACCGACAGAAGAGGTTCG
GAACCGAAGGATCCTGTAGG

76 NEDTM [6]

PHGR1 Rectal mucosa# 0.1
CCAAAAAGATGGACCCAGGTCCG
AGCAGTGACCTGGAGGATGGC

72 6-FAMTM This 
paper

ZG16 Rectal mucosa# 0.1
GGGCTGCTTTGCATCTGAAACTGT
TCCATACTCTCCACTATAGGAGGAAGAC

127 6-FAMTM This 
paper

ACTB Housekeeping 0.0225
CAGAGCCTCGCCTTTGCCGAT
CGCGGCGATATCATCATCCATGGT

75 PETTM [6]

18S-rRNA Housekeeping 0.013
GACTCAACACGGGAAACCTCACC
CTCCACCAACTAAGAACGGCCATG

110 PETTM [6]

+Forward primers are labelled. *Underlined nucleotides are 5’ tails added to improve multiplex spacing.
#Rectal marker MUC13 was not included in the final assay (forward: GACCCAGAAGAGAAACATTCCATGGC, 
reverse: TGGTGACAGAGATGTGCTTACAGTAAGAA, NEDTM, 132 bp)
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Concluding remarks

Results highlight the importance of introducing rectal mucosa-specific markers to 
currently used assays, to avoid the risk of falsely concluding the presence of vaginal 
mucosa in samples containing rectal mucosa. 

The addition of these markers allows for the evaluation of faecal matter or 
rectal mucosa, allowing to answer casework questions that could previously not be 
answered by use of mRNA-profiling. 
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Abstract 
Several studies have reported that miRNA can be used for forensic body fluid identification, and 
a series of body fluid-specific miRNA have been proposed. However, distinguishing between sa-
liva and vaginal secretions remains a challenge. This study focused on identifying novel miRNA 
markers to improve the differentiation between saliva and vaginal secretions in forensic body 
fluid identification. A panel of three previously unreported miRNAs was identified using Arrays-
tar small RNA microarray, showing significant differences in expression between the two body 
fluids. U6-snRNA was used as the reference gene, with both an old and a new version tested. The 
results indicated that using different versions of U6-snRNA led to contrasting outcomes. The 
three new miRNAs, together with our previously identified 12 loci, form a 15-miRNA body fluid-
specific subset. Using the MLR method to model with data from 15 loci, the LOOCV accuracy 
reached 100% when using the old version U6-snRNA as the reference, and 98% when using the 
new version U6-snRNA as the reference. With new U6-snRNA as a reference, the simplified four-
loci model achieved a test set accuracy of 83.33%. Our study identified three novel miRNA loci 
that can be used to distinguish epithelial cell origins, while also highlighting the importance of 
reference selection in qPCR.
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Introduction

Identifying the type and origin of biological samples left at a crime scene is crucial 
in forensic investigations, as it can provide clues for crime scene reconstruction 
and linkages between victim, perpetrator, and scene. Existing presumptive tests for 
body fluid identification in forensics are mainly based on chemical, enzymatic, or 
immunological reactions [1], which are prone to various limitations, inability to 
positively confirm the presence of certain biological fluids, consumption of valua-
ble samples, and varying degrees of sensitivity and specificity. Advances in human 
genomics and molecular genetics have provided us with new choices, such as DNA 
methylation, mRNA, and microRNA (miRNA) [2]. Compared with traditional meth-
ods, these markers permit parallel analysis of different biological fluids.

For RNA, there is no unnecessary sample consumption as it can be simul-
taneously extracted from the specimen [3, 4]. Compared to mRNAs, miRNAs are 
considered more stable due to their small size and protection from nucleases [5, 
6]. In addition, miRNAs present cell-specific expression patterns [7], which are 
considered as ideal markers to distinguish different body fluids.

Earlier, we developed a panel of 12 target miRNAs to differentiate between 
five types of body fluids [8]. By integrating this with a machine learning algorithm, 
the predictive models achieved 100% accuracy. However, despite the strong per-
formance, the model lacked miRNAs specific to vaginal secretions, making it chal-
lenging to simplify the model. In the current study, three saliva samples and three 
vaginal secretion samples were analyzed using the Arraystar small RNA microarray, 
which simultaneously detects tsRNAs and miRNAs within a single array. Three new 
miRNAs were screened out to be vaginal-specific, and the expression of three miR-
NAs showed significant differences between saliva and vaginal secretions using the 
miRCURY LNA miRNA PCR System. Two versions of U6-snRNA were used as the 
reference respectively. A machine learning method, multiple logistic regression 
(MLR), was used for modeling, and attempts were made to simplify and optimize 
the models to better suit forensic practice.
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Materials and methods

Sample collection
The samples used for chip detection were newly collected, while the sam-

ples for subsequent reverse transcription quantitative polymerase chain (RT-qPCR) 
were from the same batch as those used in previous study [8]. A total of 83 samples, 
containing venous blood, semen, semen-free vaginal secretions, menstrual blood 
and saliva, were collected from healthy, unrelated individuals with the approval of 
the Ethics Committee at West China Second University Hospital, Sichuan Univer-
sity. Written informed consent was obtained from all participants, which included 
26 males and 30 females, aged 21 to 45 years. This study adhered to the ethical 
guidelines outlined in the World Medical Association’s Helsinki Declaration [9]. 
All samples were stored at −80 °C until RNA extraction. Three newly collected 
saliva samples and three vaginal secretion samples were used for chip detection, 
while the 62 single-source body fluid samples from the original study were used for 
quantitative validation. 

RNA Isolation and Quality Control
For array detection, total RNA was isolated from approximately 2 mL of saliva 

and a full vaginal secretion swab using TRIzol (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). The RNA quantity was measured with a NanoDrop ND-1000 
spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). For 
subsequent RT-qPCR, total RNA of liquid samples of saliva (2 mL), peripheral blood 
(0.5 mL), semen (0.5 mL), half of a vaginal secretion swab, and menstrual blood 
gauze (approximately 2 cm²) were extracted using the RNeasy Mini Kit (Qiagen, 
Hilden, NRW, Germany) according to the manufacturer’s instructions. The total 
RNA integrity extracted from body fluid stain samples was generally low; however, 
both literature reports [10, 11] and our own experience suggest that this does not 
affect chip detection and miRNA quantification. Therefore, RNA integrity of the 
samples was not assessed in this study.

Array Analysis and Candidate Selection
The Small RNA Microarray (Arraystar, Rockville, Maryland, USA) utilized in 

this study contains over 14,000 probes designed to specifically quantify various 
small RNA biotypes. In summary, 100 ng of total RNA was used from each sample, 
and dephosphorylated to create a uniform 3’-OH end. The RNA with 3’-OH ends 
was denatured using DMSO and subsequently labeled enzymatically with Cy3. The 
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Cy3-labeled small RNAs were hybridized to Arraystar Human Small RNA Arrays 
using an Agilent Hybridization Oven (Agilent Technologies, Santa Clara, CA, USA). 
The microarray scanning and data analysis were performed by KangChen Bio-tech 
(Shanghai, China). Selection of candidate sites was based on the array results, 
focusing on miRNA, and ranked according to fold changes (FC) from highest to 
lowest. Statistical significance (p-value) and signal intensity were also considered. 
Sites showing high FC but low signal intensity were deemed difficult to detect. 

RT-qPCR
To assess the relative expression of miRNA candidates, the miRCURY LNA 

miRNA PCR System (Qiagen, Hilden, NRW, Germany) was utilized. Total RNA was 
diluted to a concentration of 10 ng/μL with nuclease-free water. Complementary 
DNA (cDNA) was synthesized from 20 ng of total RNA using the miRCURY LNA RT 
Kit (Qiagen, Hilden, NRW, Germany) following the manufacturer’s instructions. 
Reverse transcription was performed using a PCR thermal cycle instrument (Ep-
pendorf, Hamburg, Germany) with the following conditions: 42°C for 60 minutes, 
95°C for 5 minutes, followed by holding at 4°C. An RT-negative control (without 
reverse transcriptase) was included to rule out potential genomic DNA contamina-
tion. The 12 samples used in the subsequent evaluation test set were renamed a–l 
for this procedure. The resulting cDNA was then diluted 1:8 for further analysis. 
An amplification mixture was prepared according to the miRCURY LNA SYBR® 
Green PCR Kit (Qiagen, Hilden, NRW, Germany) protocol. All miRCURY miRNA 
PCR assays were performed in triplicate using a cobas 4800 Real-Time Quantitative 
Analysis System (Roche Diagnostics, Basel, Switzerland). The PCR conditions were 
set to 95°C for 2 minutes, followed by 40 cycles of 95°C for 10 seconds and 56°C for 
1 minute. In the negative control, cDNA was replaced with an equal volume of wa-
ter to detect any potential contamination. All experiments were conducted in full 
accordance with the essential information outlined in the MIQE guidelines [12], 
ensuring the reliable and unambiguous interpretation of qPCR results. 

Statistical analysis
Relative expression of miRNA was calculated using the delta (ΔCq) method: 

ΔCq = Cq Target miRNA – Cq U6-snRNA. Normal distribution was checked using SPSS 26.0 
(IBM, USA). The expression difference between saliva and vaginal secretion was 
analyzed by independent samples t-test (for normally distributed data) or non-par-
ametric tests (for skewed distributions). Differences in miRNA expression across 
the five types of body fluids were assessed using ANOVA (for normally distributed 
data) or non-parametric tests (for skewed distributions).
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Construction and simplification of the predictive model
First, modeling was performed using all 15 parameters, and the Leave-One-

Out Cross-Validation (LOOCV) and test set accuracy were obtained. Then the MLR 
model was employed to reduce the number of parameters for modeling. L1 reg-
ularization was applied to perform feature selection, progressively reducing the 
number of parameters from 15 to 4. After each reduction step, LOOCV and test set 
accuracy were evaluated to assess model performance. The above operations were 
all performed on the Python platform.

Results

Array experiments and candidates’ selection
All samples used in the array screening experiment successfully passed qual-

ity control, and RNA extraction for the subsequent RT-qPCR was successful. The 
A260/A280 ratios ranged from 1.80 to 2.1. Samples detected using RT-qPCR here 
were the same batch as those used in the previous article [8]. Hsa-miR-26a-5p, hsa-
miR-762 and hsa-let-7a-5p were screened out based on the array results. The chip 
results showed that miR-762 was highly abundant in vaginal secretions, with a fold 
change of 71.13 compared to saliva samples, while let-7a-5p and miR-26a-3p were 
highly expressed in saliva, with fold changes of 34.62 and 41.85 compared to vag-
inal secretions, respectively. Two versions U6-snRNA were used as the references. 

Expression of new miRNAs across five body fluids
Our previous research suggested that different reference selections might 

influence the specificity of miRNAs. In this study, we used both the new version 
(V2) of U6-snRNA and the old version (V1) of U6-snRNA as the single reference. 
The V2 U6-snRNA showed higher expression than the V1 U6-snRNA in the same 
samples. When the V1 U6-snRNA was used as the reference, the expression of three 
miRNAs was higher in vaginal secretion samples compared to saliva, whereas the 
opposite result was observed when the V2 U6-snRNA was used. The two versions 
used here are from the same system but have different sequences, further high-
lighting the importance of reference selection in qPCR. 

Performance of MLR model for miRNA data analysis
In the test set, which included 12 single-source body fluid samples, we as-

sessed both LOOCV accuracy and test set accuracy as the number of parameters 
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was progressively reduced, using V1 U6-snRNA and V2 U6-snRNA as reference, re-
spectively. Based on the results of both LOOCV and test set accuracy, we selected 
the seven-parameter model and the four-parameter model as simplified predictive 
models. When using V1 U6-snRNA as the reference and 15 loci, modeling with 50 
samples achieved a LOOCV accuracy of 96%. After reducing the number of loci 
to seven, using logistic regression with an L1 penalty, the LOOCV accuracy im-
proved to 98% (Figure 1A). The simplified seven-loci model included miR-144-3p, 
miR-141-3p, miR-891a-5p, miR-223-3p, miR-205-5p, miR-1246, and miR-1260b, 
achieving a test set accuracy of 100%.

Similarly, with V2 U6-snRNA as the reference, the full-parameter model 
reached a LOOCV accuracy of 98%, and reducing the parameters to four resulted 
in a LOOCV accuracy of 96% (Figure 1B). The simplified four-loci model, with 
miR-144-3p, miR-223-3p, miR-205-5p, and miR-762, achieved a test set accuracy 
of 83.33%. In this model, one saliva sample was misclassified as vaginal secretion, 
and one vaginal secretion sample was misclassified as saliva.

Discussion and conclusion

In this study, we used microarray screening to identify three previously unreported 
miRNAs for distinguishing between saliva and vaginal secretion samples. The re-
sults showed that using different versions of U6-snRNA as a reference led to differ-
ent, and sometimes even opposite, outcomes. By combining the previous 12 miR-
NAs and modeling with 15 miRNAs using MLR, the model achieved 100% accuracy 
in the test set. When the number of loci was reduced to eight, the LOOCV accuracy 
reached 96% (new version U6-snRNA as a reference) and 100% (old version U6-sn-
RNA as a reference), respectively. The results of this study further confirm the 
potential of miRNA in forensic body fluid identification, demonstrating that, when 
combined with machine learning, a limited number of miRNAs can achieve high 
predictive accuracy.
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Abstract
The detection of DNA methylation with the typical method has to be applied in forensic genetics 
for body fluid identification, disease prediction, age estimation and so on [1,2]. However, the ty-
pical bisulfite conversion method always cannot avoid high sample loss and sample degradation 
due to the stringent reaction conditions. To avoid these problems and detect DNA methylation 
correctly and efficiently, the newly single-molecule sequencing has been used in this study [3]. 
Here, DNA methylation was performed on genomic DNA (gDNA) and amplified DNA based on 
QNome nanopore sequencing technology. The preliminary target region for detection consists 
of 16 body fluid-specific CpGs in our previous research. Then we compared the results obtained 
from QNome sequencing and Capillary Electrophoresis (CE) platform to evaluate the accuracy 
of single-molecule sequencing. The results showed that the methylation levels of the two types 
of samples exhibited consistent trends. Therefore, the results support that combined single-mo-
lecule sequencing with DNA methylation would prompt the identification of body fluid and even 
enable differentiate a greater variety of body fluid by detecting larger DNA methylation.

Keyword
DNA methylation, single-molecule sequencing, body fluid identification
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Introduction

DNA methylation has attracted much attention from researchers because of its 
involvement of gene expressions and life development. Since DNA methylation was 
discovered from 1950s, it has been applied in many fields, such as the identification 
of body fluid, age estimation, facial feature prediction, clinical disease prediction 
and so on. Typically, to be detected, the DNA methylation has to be converted by the 
bisulfite treatment. Although this method was considered as the gold standard, it 
has disadvantages of sample losses and degradation. The emergence of single-mol-
ecule sequencing enables direct detection of the methylation of gDNA without ad-
ditional sample processing, avoiding sample loss, and offering higher throughput 
[4]. It’s a real-time sequencing technology and does not require a pause between 
read steps, has the advantage of providing longer read lengths, kinetic variation 
information, and shorter run times. Therefore, this study aims to use single-mol-
ecule sequencing technology to detect DNA methylation and preliminarily explore 
its application in forensic body fluid identification. We initially screened 16 body 
fluid-specific CpGs, which were selected from our previous research. Capillary elec-
trophoresis (CE) and single-molecule sequencing technology were employed to 
simultaneously detect DNA templates before and after amplification, and we com-
pared the results to explore the accuracy and applicability of single-molecule se-
quencing technology.

Materials and methods

Semen DNA is extracted using the QIAmp DNA Mini kit (Qiagen, Hilden, Germany) 
and quantified with both Nanodrop and the Qubit dsDNA HS assay kit (Thermo 
Fisher Scientific, USA). Subsequently, semen DNA was amplified using our pre-
viously developed 16 CpGs-panel and then subjected to single-molecule sequenc-
ing and CE, while it will also undergo single-molecule sequencing. The library 
is then prepared using the QDL-E v2.0 kit, and sequencing is performed on the 
QNome-3841 sequencer. For methylation analysis, single-molecule sequencing 
data is processed using software Minimap2, Samtools, and f5c. Finally, we com-
pared the methylation results based on different platforms.
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Results and discussion

The methylation results of gDNA and amplified DNA were compared with the re-
sults obtained from CE platform. Inferred base accuracy is approximately around 
80% and 90% respectively, the raw reads were filtered by NanoFilt with Q-value 
> 7 and Q-value >12 (Table 1). The count of unmethy- and methy- reads of tar-
get CpGs and the calculated methylation ratio by measuring methylation signals 
on reads were shown in Figure 1 and 2. Compared the methylation levels of PCR 
products and gDNA detected on different platforms, we can indicate that the two 
types of samples exhibited the consistent trends of methylation levels, but the low 
sequencing depth due to low throughput resulted in significant differences in CpG 
methylation levels. PCR samples were analyzed using Q7 and Q12 data, with simi-
lar results under both filtering conditions. The analysis results with Q12 data were 
closer to the reference CE results (Figure 3). Through the results, we can see the 
potential of the combination of DNA methylation and single-molecule sequencing 
technology for body fluid identification.

Table 1. The relationship between sequencing quality scores and inferred base accuracy

Quality Score Probability of detecting erroneous bases Accuracy of inferred base detection

Q7 ≈1/5 ≈80%

Q10 1/10 90%

Q20 1/100 99%

Q30 1/1000 99.90%

Figure 1 The count of unmethy- and methy- reads of target CpGs. The X-axis represents the 
physical location of CpGs. The Y-axis represents the count of unmethy- and methy- reads of 

target CpGs.
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Figure 2 The methylation ratio of target CpGs. The X-axis represents the physical location of 
CpGs. The Y-axis represents the percentage of fraction-modified of target CpGs.

Figure 3 Comparison of methylation levels between PCR products and gDNA detected on 
different platforms. The X-axis represents the physical location of CpGs. The Y-axis represents 
the percentage of the methylation levels of target CpGs. The blue points represent the results 
of gDNA that detected by single-molecule sequencing. The red points represent the results of 
PCR products that filtered by Q7 after detection by single-molecule sequencing. The green points 

represent the results of PCR products that filtered by Q12 after detection by single-molecule 
sequencing. The purple points represent the results of PCR products that detected by CE.



801DNA METHYLATION DIRECT SEQUENCING IN BODY FLUID IDENTIFICATION

Tangleixin Li, Yuanyuan Xiao, Haoyan Jiang, Yuxuan Tan, Meili Lv, 
 Yuan Li, Shengqiu Qu, Lin Zhang, Weibo Liang, Bing Long

Conclusion

This preliminary study demonstrates that single-molecule sequencing technology 
can accurately detect methylation levels, showing potential for application in foren-
sic body fluid identification. In the future, it is hoped that detection of larger DNA 
methylation regions will enable differentiation of a greater variety of body fluids.
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Abstract
DNA methylation regulates gene expression and plays significant roles in mammals’ develop-
ment and disease processes, while also having widely applications in forensic science. This study 
investigates a new enzymatic conversion method for DNA methylation analysis, which utilizes 
TET2 and APOBEC enzymes to convert the unmethylated cytosine to uracil while methylated 
cytosine unchanged. In addition, the method is compared with the widely used bisulfite conver-
sion method in the context of forensic body fluid identification (BFI). A total of 100 samples from 
diverse body fluids were examined for methylation levels at 16 body fluid-specific CpGs. The ave-
rage conversion efficiency and standard deviation for enzymatic conversion were 0.841±0.079, 
and stable results were obtained at low DNA input. Notably, at DNA inputs of ≤10 ng, bisulfite 
conversion tended to overestimate methylation values, and random CpG drop-out was observed 
in both methods. These results support the potential of enzymatic conversion as a promising 
alternative for improving accuracy and reliability in BFI within forensic applications.

Keywords
DNA methylation; body fluid identification; enzymatic conversion; forensic genetics

1. Introduction

DNA methylation is crucial for regulating gene expression and has extensive ap-
plications in forensic science, including BFI, age estimation, and differentiation of 
identical twins. The common conversion method for DNA methylation is bisulfite 
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treatment, which involves harsh reaction conditions and can result in sample loss 
and DNA degradation. Recently, researchers have developed an enzymatic conver-
sion method that uses TET2 to oxidize 5-methylcytosine to 5-carboxycytosine, fol-
lowed by APOBEC-mediated deamination of unmethylated cytosines into uracil [1]. 
The sequence generated by enzymatic conversion is identical to that produced by 
bisulfite conversion. This method operates under mild reaction conditions, offers 
high conversion efficiency with minimal sample loss [2,3], making it a promising 
method for challenging forensic samples. This study aims to evaluate the appli-
cation of enzymatic conversion for forensic BFI and compare it with the bisulfite 
conversion.

2. Materials and methods

In this study, a total of 100 samples were collected, comprising 20 samples each of 
peripheral blood (BL), semen (SE), menstrual blood (MB), saliva (SA), and vaginal 
secretions (VS). We selected 16 body fluid-specific CpGs to evaluate the conversion 
methods in this study [4]. DNA extraction was carried out with the QIAmp DNA Mini 
Kit (Qiagen, Hilden, Germany). For bisulfite conversion, the Epitect® Bisulfite 
Kit (QIAGEN, Hilden, Germany) was utilized, while enzymatic conversion was 
performed using the NEBNext® Enzymatic Methyl-seq Conversion Module (New 
England Biolabs, USA). Additionally, DNA quantification was conducted using the 
Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, USA). We performed quan-
titative PCR (qPCR) analysis on the converted DNA samples to assess the conver-
sion efficiency of the two different methods. In this experiment, we selected the 
CCDC29 gene as the amplification target and designed specific primers and probes 
for it to ensure accurate and efficient PCR amplification. Standard DNA samples 
were prepared by serial dilution from Quantifiler Duo DNA Standard, and the con-
version efficiency was calculated using the formula, T/(T+C) × 100%. Meanwhile, 
multiplex ARMS-PCR products were analyzed using an ABI 3500 Genetic Analyzer, 
with a detection threshold of 50 rfu. Methylation values for each CpG were calcu-
lated using the formula T/(T+C), based on the relative peak area.

3. Results and discussion

3.1. Comparison of methylation values
Methylation values of 16 body fluid-specific CpGs were analyzed across 100 

samples using both enzymatic and bisulfite conversion. Enzymatic conversion 
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demonstrated more pronounced differences in methylation values across body flu-
ids and detected more outliers, particularly in blood-specific CpGs, where some 
samples resembled those of menstrual blood. Semen-specific CpGs showed con-
centrated distributions, indicating strong specificity. For blood-specific CpGs such 
as cg01607849 and cg06379435, methylation values were similar between blood 
and menstrual blood, especially after enzymatic conversion. In contrast, bisulfite 
conversion produced more concentrated values. For cg08792630 and cg26285698, 
enzymatic conversion resulted in wider distributions, while bisulfite conversion 
was more uniform. Saliva-specific CpGs generally maintained high specificity, 
though cg05761971 displayed a broader range. Vaginal secretion-specific CpGs 
(cg26285089 and cg25416153) showed overlapping values with non-target flu-
ids, particularly in enzymatic conversion. Lastly, menstrual blood-specific CpG 
cg09696411 showed low methylation values across all fluids. The results are shown 
in Figure 1. Overall, enzymatic conversion provided greater variability in detecting 
methylation patterns.

Fig. 1. Methylation values of 16 body fluid-specific CpGs analyzed across 100 samples using 
both enzymatic (EM) and bisulfite (BS) conversion methods. The X-axis represents different 
body fluids, including semen (SE), vaginal secretions (VS), saliva (SA), blood (BL), menstrual 

blood (MB), while the Y-axis represents methylation levels.



806 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

3.2. Comparison of conversion efficiency
In terms of conversion efficiency, enzymatic conversion demonstrated 

slightly lower efficiency compared to the bisulfite conversion. The average con-
version efficiency and standard deviation for enzymatic conversion across 100 sin-
gle body fluid samples was 0.841±0.079, while for bisulfite conversion, they were 
0.881±0.056. The results are shown in Figure 2. 

Fig. 2. Comparison of conversion efficiency between enzymatic (EM) and bisulfite (BS) 
methods. The X-axis represents the different conversion methods (EM and BS), while the Y-axis 
represents conversion efficiency. The results show a statistically significant difference between 

the two methods, ****p < 0.0001.

3.3. The limit of detection
To evaluate the detection limits of both conversion methods, a semen sam-

ple was diluted to DNA inputs of 150ng, 100ng, 50ng, and 10ng, with the conver-
sions, amplification, and electrophoresis processes repeated three times. Figure 
3 illustrates the mean methylation values obtained from these varying inputs. At 
DNA inputs ≥ 50 ng, both methods produced full methylation profiles, showing 
minimal differences between them. However, as DNA input decreased to 10ng, ran-
dom CpG drop-out was observed in both methods. We noted that overestimation of 
methylation values when DNA input was low (≤10ng), especially in bisulfite conver-
sion. These results suggest that the enzymatic conversion method is better suited 
for low-template samples.
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Fig. 3. Heatmap of mean methylation values across varying DNA inputs (150ng, 100ng, 
50ng, and 10ng) for both enzymatic (EM) and bisulfite (BS) conversion methods. The X-axis 

represents different CpGs, while the Y-axis represents different DNA inputs. 

4. Conclusion

This study explored the application of enzymatic conversion for DNA methylation 
analysis in forensic BFI, and compared it with bisulfite conversion. Although the 
enzymatic conversion method demonstrated slightly lower conversion efficiency 
compared to bisulfite conversion, the enzymatic method provided more stable re-
sults at low DNA input. Overall, the enzymatic conversion method shows consider-
able promise for BFI in forensic contexts and may be applicable in cases involving 
challenging samples.
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Abstract
A novel class of small RNAs, tRNA-derived small RNAs (tsRNAs) has been detected in various 
body fluid samples. However, the potential application of tsRNAs in forensic body fluid source 
identification has not yet been reported. In this study, we attempted to screen tsRNAs to distin-
guish between saliva and vaginal secretions, two body fluids originating from epithelial cells. 
Stem-loop reverse transcription followed by SYBR Green quantitative polymerase chain reac-
tion (qPCR) was employed to measure the abundance of tsRNA, with U6 snRNA serving as the 
reference control. Following a series of experiments to ensure detection accuracy and Cq value 
adjustments, 10 tsRNAs were found to be differentially expressed between saliva and vaginal se-
cretions. To further investigate the potential of tsRNA in forensic body fluid source identification, 
tsRNAs were detected in semen, peripheral blood, and menstrual blood. The results showed that 
18 tsRNAs had significant differential expression across the five body fluids. By combining quan-
titative data with a logistic regression machine (MLR) learning model or neural networks (NN) 
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model, high accuracy in leave-one-out cross-validation (LOOCV) was achieved. Additional body 
fluid-specific tsRNAs are required and may enhance the accuracy of the prediction model while 
reducing the number of loci needed. Our study validated the potential of tsRNAs for forensic body 
fluid identification.

Keywords 
Forensic Science, Body Fluid Source Identification, tsRNA, RT-qPCR, Machine Learning.

1. Introduction

Earlier, we developed a panel of 12 target microRNAs (miRNAs)s to differentiate 
between five body fluid types[1]. Using machine learning algorithms, the predic-
tive models achieved 100% accuracy. Despite this strong performance, the model 
lacked vaginal secretion-specific miRNAs, presenting challenges for model simpli-
fication.

A novel class of noncoding RNAs, tRNA-derived small RNAs (tsRNAs), rang-
ing from 14 to 40 nt in length, are abundant, highly modified, dynamically regulat-
ed small RNAs that interact with other RNAs or proteins[2]. As key regulators[3], 
tsRNAs are generated non-randomly through nuclease activity on tRNAs[4]. Grow-
ing evidence suggests that tsRNAs hold promise as biomarkers[5-7], and they have 
been detected in various body fluids[8]. Godoy et al.[8] further reported that tsR-
NAs exhibit distinct expression patterns across different body fluids, in contrast to 
miRNAs, indicating their potential for body fluid origin identification in forensic 
contexts.

To date, no studies have reported the use of tsRNAs for forensic body fluid 
identification. In the present study, we analyzed three saliva samples and three 
vaginal secretion samples using Arraystar small RNA microarray, which integrates 
both tsRNAs and miRNAs in a single array, allowing simultaneous detection of 
these two non-coding RNAs. The array results revealed that tsRNAs were more 
abundant than miRNAs, with a greater number of differentially expressed tsRNAs. 
Additionally, we developed a tsRNA detection method tailored for forensic applica-
tions and validated its accuracy through a series of experiments. Our study repre-
sents a novel attempt to apply tsRNAs in forensic body fluid source identification.
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2. Material and methods

2.1. Sample collection
A total of five types of body fluids (saliva, vaginal secretion, peripheral blood, 

menstrual blood, and semen) were collected, with 15 samples for each type. All 
samples were obtained from self-reported healthy, unrelated individuals, with ethi-
cal approval from the Ethics Committee of West China Second University Hospital, 
Sichuan University. Written informed consent was provided by all donors, which 
included 32 males and 43 females, aged 19 to 46 years. This study adhered to the 
ethical guidelines outlined in the World Medical Association’s Declaration of Hel-
sinki[9]. The details of sample collection followed the same procedures as described 
in our previous publication[1].

2.2. RNA isolation and quality control
For array detection, total RNA was isolated from approximately 2 mL of 

saliva and a complete vaginal secretion swab using TRIzol (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). The samples used for RNA extraction in-
cluded about 2 mL of liquid saliva, 0.5 mL of liquid peripheral blood, 0.5 mL of 
liquid semen, a full vaginal secretion swab, and approximately 2 cm² of menstrual 
blood-soaked gauze. The gauze was cut into small pieces and dissolved in 0.5 mL 
of RNase-free water, while the vaginal secretion swab was immersed in 0.5 mL 
of RNase-free water for elution. Total RNA was then extracted from the resulting 
solutions.

2.3. Array analysis and candidates selection
The Array Small RNA Microarray (Arraystar, Rockville, Maryland, USA) in-

cludes over 14,000 probes designed to specifically quantify small RNA biotypes 
such as miRNAs, tsRNAs, pre-miRNAs, tRNAs, and snoRNAs. In brief, for each sam-
ple, 100 ng of total RNA was dephosphorylated to create a uniform 3’-OH end. The 
RNA was then denatured using DMSO and enzymatically labeled with Cy3. The 
Cy3-labeled small RNAs were hybridized to the Arraystar Human Small RNA Ar-
rays in an Agilent Hybridization Oven. After hybridization, the slides were washed 
and scanned using an Agilent Scanner G2505C. Data processing and analysis were 
subsequently performed. Microarray scanning and data analysis were provided by 
KangChen Bio-tech. Candidate selection was primarily based on the array results 
for tsRNAs, which were ranked by fold change (FC) from high to low, with attention 
given to statistical significance (p-value) and signal intensity on the chip, as sites 
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with high FC but low signal values were difficult to detect. U6-snRNA was used as 
the reference gene.

2.4. RT-qPCR 
We explored various methods to detect tsRNA expression and ultimately de-

cided to use stem-looped specific reverse transcription with SYBR Green qPCR. 
The reverse primers were specifically designed according to the sequence of target 
tsRNAs. The length of tsRNAs were extended after reverse transcription facilitating 
subsequent quantitative detection. Quantitative primers were designed based on 
the cDNA sequences and universe part of reverse primers. To ensure the accuracy 
of detection, we amplified the products using traditional PCR, and checked the 
length of products by gel electrophoresis, then conducted TA cloning for sequenc-
ing. Total RNA with a series of dilution ratios (40ng to 0.039ng) were detected to 
evaluate amplification efficiency of the method. All experiments were conducted in 
strict accordance with the MIQE guidelines[10], ensuring the reliability and clarity 
of qPCR result interpretation.

2.5. Statistical analysis
Due to variations in amplification efficiency, all tsRNA Cq values were nor-

malized to U6 snRNA, whose amplification efficiency was very close to two (cor-
rected Cq Target tsRNA= ordinary Cq Target tsRNA*. The relative expression of tsRNA was 
calculated using the delta (ΔCq) method: ΔCq = corrected Cq Target tsRNA – Cq U6-snRNA. 
Normal distribution check was conducted using SPSS 26.0. Differences in tsRNA 
expression between saliva and vaginal secretions were analyzed using an independ-
ent samples t-test or a non-parametric test. Expression differences of tsRNA across 
the five body fluid types were evaluated using ANOVA or non-parametric tests. We 
applied Principal Component Analysis (PCA) to reduce the dimensionality of the 
dataset and visualize the distribution of different body fluid types based on tsRNA 
expression. 

2.6. Development and refinement of the predictive model
Prediction model development and debugging was implemented in Python, 

utilizing libraries such as pandas, scikit-learn, seaborn, and matplotlib for data 
handling, preprocessing, and visualization. Two machine learning methods, MLR 
and NN, were used to build the body fluid predictive model. 
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3. Results

3.1.Quality control of samples and array experiments
All samples used in array screening experiment passed the quality control. 

Samples used in subsequent RT- qPCR was extracted successfully. The values of 
A260/A280 ranged from 1.80 to 2.12, and the concentration of samples ranged from 
12 ng/uL (a saliva sample) to 528 ng/uL (a vaginal secretion sample). With the 
thresholds |FC| ³1.5 and p < 0.05, differentially expressed miRNAs and tsRNAs were 
screened. For miRNAs, 715 miRNAs were vaginal secretion-specific and 66 miRNAs 
were saliva-specific. For tsRNAs, 796 tsRNAs were vaginal secretion-specific and 
720 tsRNAs were saliva-specific. Array signals indicated the abundance of tsRNAs 
was higher than miRNAs. Array results confirmed tsRNAs might hold body flu-
id-specific expression patterns which made it could be used in forensic body fluid 
identification.

3.2. tsRNA candidates selection
We selected 10 saliva-specific tsRNAs and 10 vaginal secretion-specific tsR-

NAs to perform subsequent quantification validation. Length of tsRNA candidates 
ranged from 16 nt (i-tRF-38:53-Cys-GCA-110 and tRF5-16-LeuAAG-1) to 44 nt 
(mt-3’tiRNA-44-LysTTT). U6 snRNA was selected as the reference gene to normal-
ize the expression levels of the target tsRNAs.

3.3. Evaluating the accuracy of target tsRNAs and U6-snRNA
Specific stem-looped reverse transcription was used to generate cDNA, then 

cDNA was quantitatively detected using SYBR Green. All the sites yielded smooth 
amplification curves. The amplification curves of the sites were first checked, and 
tsRNA sites with double peaks were discarded (tRF3-17-TyrGTA-4 was discarded). 
And mt-3’tiRNA-41-HisGTG was excluded because the amplification fragment 
length did not align with the expected result. The remaining 18 tsRNAs and U6 
snRNA were then subjected to TA cloning and sequencing to verify the accuracy 
of their sequences. The sequencing results confirmed that the sequences of these 
sites were correct. 

3.4. Body fluid specificity of tsRNA candidates
The expression of all 18 tsRNAs was detected using RT-qPCR and analyzed 

across 10 saliva samples and 10 vaginal secretion samples. The expression of five 
tsRNAs (tRF5-18-LeuCAA-6, tRF5-17-LeuCAG-1, tRF5-17-LeuTAG-1, mt-tRF3b-
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AlaTGC and mt-Trf3-28-LysTTT) was higher in saliva, while the abundance of an-
other five tsRNAs (i-tRF-18:35-Gly-GCC-1, i-tRF-16:33-Thr-CGT-6, i-tRF-23:40-
Gln-CTG-1, mt-tRF3-26-MetCAT and i-tRF-38:53-Cys-GCA-110) was greater in 
vaginal secretions. These ten tsRNAs had potential to distinguish between saliva 
and vaginal secretions.

3.5. The performance of tsRNA to identify five body fluids
We wonder how these 18 tsRNAs were expressed in three other common 

body fluids (menstrual blood, peripheral blood and semen), hence we detected an 
additional 30 samples using RT-qPCR. Quantitative results showed significant dif-
ferences in the expression of the 18 tsRNAs across the five bodily fluids. Subse-
quently, we used PCA to analyze the 18 tsRNAs in the 50 samples. The PCA plot 
showed that the first two principal components explained 84.61% of the variance. 

3.6. Assessment of the tsRNA-based machine learning prediction model
A total of 66 samples of tsRNA data were obtained from the above experi-

ments, with 50 samples (10 from each of the five types of body fluids) used as the 
training set, and the remaining 16 samples as the test set. Two machine learning 
methods MLR and a NN classifier, were used to construct the prediction model. 

3.6.1. MLR model
The model built using multiple logistic regression, utilizing the relative ex-

pression data of 18 tsRNAs, achieved a LOOCV accuracy of 94% on the 50 train-
ing samples. Misclassifications included one vaginal secretion sample incorrectly 
identified as menstrual blood, one saliva sample misclassified as semen, and one 
menstrual blood sample misidentified as peripheral blood. Simultaneously, we 
utilized three methods to evaluate the importance of parameters from different 
perspectives: Random Forest Classifier, Recursive Feature Elimination (RFE), and 
SHAP (SHapley Additive exPlanations). Different methods yield varying results 
in the evaluation of locus importance. For the Random Forest Classifier, the top 
three loci contributing the most were i-tRF-18:35-Gly-GCC-1, tRF5-16-LeuAAG-1, 
and mt-tRF3-26-MetCAT. In contrast, the top three contributing loci identified 
by RFE were i-tRF-18:35-Gly-GCC-1, tRF5-16-LeuAAG-1, and i-tRF-23:40-Gln-
CTG-1. Meanwhile, SHAP analysis highlighted mt-tRF3-26-MetCAT, mt-3’tiRNA-
38-TrpTCA, and i-tRF-38:53-Cys-GCA-110 as the top contributors. The trained 
MLR model predicted the test set samples with an accuracy of 75%. 
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3.6.2. NN model
Similarly, using the NN method to model the relative expression data of 18 

tsRNAs from the training set, the confusion matrix shows a LOOCV accuracy of 96% 
(Figure 1A). Two vaginal secretion samples were misclassified as peripheral blood 
and menstrual blood, respectively. The permutation importance method was used 
to evaluate the importance of parameters, and the results show that the three loci 
with the greatest contribution were i-tRF-23:40-Gln-CTG-1, tRF3-21-ThrAGT-5, 
and i-tRF-38:53-Cys-GCA-110(Figure 1B). Using the full-parameter NN model to 
predict the test set, the prediction accuracy was 81.25%. One saliva sample and two 
vaginal secretion samples were misclassified as menstrual blood samples.

Figure 1. Performance and Feature Importance Evaluation of the NN Model. A, Confusion 
matrix plot for the training set of the NN model (VS, SA, PB, SE, MB refer to vaginal secretion, 
saliva, peripheral blood, semen and menstrual blood respectively). B, parameter importance 

evaluated using permutation importance method.

4. Discussion and Conclusion

Utilizing various modeling techniques to assess feature importance is crucial for 
validating their effectiveness and reducing the risk of overfitting, a common issue 
with LOOCV. Additionally, precise identification of highly specific markers is vital, 
and comparing them with miRNAs plays a key role in determining their potential 
as forensic biomarkers.

In this study, we explored the use of tsRNA to differentiate the origins of 
common body fluid stains. Candidate tsRNAs were identified using arrays and sub-
sequently validated through RT-qPCR. A range of methods was implemented to 
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ensure the precision of detection targets. Our findings indicated that tsRNA could 
reliably distinguish between saliva and vaginal secretions—two body fluids that 
are rich in epithelial cells and are typically difficult to differentiate. The 18 tsR-
NAs identified showed distinct expression patterns across five common body fluids, 
highlighting the potential of tsRNA for forensic identification of body fluid samples.
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Abstract
In forensic genetics, it is sometimes necessary to employ biological tissue fixed in formalin and 
subsequently embedded in paraffin (FFPE) as a source of DNA. 
In the FFPE tissue pre-treatment step, deparaffinization plays a crucial role as it can significantly 
influence the outcome of the subsequent DNA extraction step.
Currently, the standard dewaxing procedure involves using xylene to remove paraffin from FFPE 
tissues. As it is an organic solvent highly toxic to the operator, different deparaffinization pro-
tocols using non-toxic solvents, such as white mineral oil and limonene, were compared in this 
study.
For this purpose, one FFPE lung tissue taken after the autopsy of a male body was used. The sam-
ple was cut into twenty slices by a microtome to allow the dewaxing protocols to be performed 
(five protocols, each repeated four times). DNA extraction from the tissue samples was performed 
using the QIAmp DNA Mini kit. The extracted DNA was quantified and then subjected to ampli-
fication with the PowerPlex® Fusion 6C system, after which amplicons were genotyped with the 
SeqStudio™ Genetic Analyzer for HID. 
Based on the results of this preliminary study, it is apparent that the degree of informativeness of 
the genetic profiles varied depending on the deparaffinization technique employed: mineral oil 
demonstrated superior efficiency, yielding an average of 18 accurately typed markers out of 27.
While further validation on a more extensive and diverse set of FFPE tissues is necessary, it 
appears justifiable to posit that alternative solvents, possessing equivalent or higher efficacy but 
reduced or absent toxicity levels, could serve as viable substitutes for xylene in deparaffinization.
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Introduction

Formalin fixation and paraffin embedding are a cornerstone in clinical diagnostics 
and biomedical research. Creating formalin-fixed paraffin-embedded (FFPE) tissue 
blocks is integral to histological analyses, providing pathologists with critical tools 
for conclusive diagnostics and research investigations. These FFPE blocks enable 
detailed cellular examinations through histochemical and immunohistochemical 
staining, offering enhanced visibility of cells of interest [1, 2].

One of the significant advantages of FFPE blocks is their long-term stabil-
ity at room temperature, which makes them a cost-effective alternative to the la-
bour-intensive and expensive storage of frozen tissues at ultra-low temperatures. 
As a result, FFPE tissue blocks are extensively archived, serving as a vast repository 
of biological material for ongoing and future research and diagnostics [1, 3-4]

Despite their widespread use and utility, FFPE tissues pose significant chal-
lenges when utilized for genetic and epigenetic analyses [1]. While preserving tis-
sue integrity and allowing for detailed morphological and immunohistochemical 
assessments, the formalin fixation process introduces substantial difficulties in nu-
cleic acid extraction. Formaldehyde, the fixative used, forms extensive cross-links 
between proteins and between proteins and nucleic acids, complicating the retrieval 
of high-quality DNA necessary for molecular analyses such as Polymerase Chain Re-
action (PCR). Moreover, unbuffered formalin solutions can lead to acid-driven hydro-
lytic nucleic acid fragmentation, reducing extractable DNA yield and quality [3-7].

The standardization of FFPE sample processing varies among laboratories 
and is influenced by specific protocols, types of fixatives, fixation durations, and 
other reagents used. The penetration rate of formalin, approximately 1 mm per 
hour, necessitates careful control of fixation time to prevent excessive cross-linking 
and nucleic acid degradation. Consequently, optimizing fixation conditions is cru-
cial to minimizing DNA fragmentation and retrieving sufficiently pure and intact 
nucleic acids for subsequent analyses [8].

In summary, the factors that, singularly or in combination, could pose sig-
nificant difficulties in extracting DNA from FFPE are the type of fixative, the inclu-
sion medium used, the method of preservation, the time between fixation/inclu-
sion and DNA analysis, and the biological tissue itself [9-11].
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Four steps are necessary to recover DNA from FFPE tissue sections: depa-
raffinization, tissue lysis, reverse-crosslinking, and DNA purification [1]. Since the 
pre-treatment process of the biological sample can significantly influence and neg-
atively impact the subsequent DNA extraction step, tissue deparaffinization plays 
a crucial role. 

Several protocols have already been developed and validated to extract high 
amounts of amplifiable DNA from FFPE tissues. Still, as it is difficult to establish 
with certainty which of the above-mentioned factors is predominant in influenc-
ing the quality and quantity of the extracted DNA, the development of alternative 
methods that consider the health of the operators in addition to the goodness of the 
results can be of support to the forensic geneticist community.

Therefore, this study compared the standard deparaffinization protocol with 
xylene to four other methods with non-toxic solvents, such as white mineral oil 
(WMO) and D-limonene, in which paraffin is soluble. 

Materials and methods

To have a reference sample of the victim, which was less susceptible to chemical 
changes than the FFPE blocks, the DNA taken from the blood of the femoral artery 
during the autopsy was extracted using the QIAamp DNA Mini Kit. 

Then, two FFPE blocks containing a lung tissue portion of the unknown 
male body were sectioned in twenty slices by a microtome to allow the deparaffin-
ization protocols to be performed. Each of the five protocols was repeated four 
times. The first block was labelled with the code 5183-16, while the second one 
with the code 5183-17. 

Informed consent was unnecessary in this study because the samples were 
derived from a judicial–autopsy case. The report does not contain personal infor-
mation. All data are covered by the Italian Law – Data Protection Authority (Official 
Gazette no. 72 of March 26, 2012) for scientific research purposes.

Standard deparaffinization protocol – xylene (1)
Sectioned slices were immersed in 1 ml of xylene and vortexed for 10 min, 

followed by centrifugation at 12.000 rpm for 2 min. The supernatant containing the 
solubilized paraffin was discarded. This procedure was repeated twice with xylene 
and twice more, replacing xylene with 100% ethanol. Then, 1 ml of 75% ethanol 
was added to the pellet. After vortexing for 5 min, centrifuging at 12.000 rpm for 2 
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min, and discarding the supernatant, the same procedure was performed by adding 
1 ml of 50% ethanol. Finally, leaving the cap of the 2 ml tube open, an incubation 
at 37°C for 10 min was applied.

 Non-toxic deparaffinization protocols – white mineral oil (2)
Two deparaffinization protocols were tested: the former was tested within 

the laboratory for the first time, and the second one was a readjustment of a proto-
col proposed by Beckman Coulter [12]: 

a. sectioned slices were immersed in 250 µl of WMO, vortexed, and incuba-
ted at 56°C for 10 min. The WMO was removed, and the procedure was 
repeated again. 

b. sectioned slices were immersed in 450 µl of WMO, vortexed, and incu-
bated at 80°C for 5 min. 200 µl of ATL was added, and the sample was 
centrifuged at 1000 rpm for 15 s. A second incubation at 80°C for 5 min 
was performed, after which the sample was allowed to cool down at room 
temperature for 2 min. Without discarding the WMO, 30 µl of Proteinase 
K was added, and the tissue was lysed for 2 hours at 56°C. The pellet was 
removed and transferred to a new 2 ml tube. 

Non-toxic deparaffinization protocols – d-limonene (3)
Two deparaffinization protocols were tested: the former was the same stand-

ard protocol with xylene, in which the d-limonene replaced the latter, whereas 
the second one was the customized Beckman Coulter protocol, in which the d-li-
monene replaced the WMO. 

Common DNA extraction and quantification
Regardless of the deparaffinization method, DNA was extracted using the 

QIAamp DNA Mini Kit, strictly adhering to the manufacturer’s protocol. Specifical-
ly, for samples not deparaffinized using Beckman’s protocol, 400 µl of ATL buffer 
was added to the deparaffinized sample, followed by vortexing for 2 min. Subse-
quently, 20 µl of Proteinase K was introduced, and the mixture was incubated at 
56°C for 2 hours. For all samples, including tissues deparaffinized according to 
Beckman’s protocol, 200 µl of AL buffer was added, with an additional incubation 
at 56°C for 10 min. Next, 200 µl of absolute ethanol was added, and the resulting 
mixture was applied to a spin column provided with the kit. The column was cen-
trifuged at 8,000 rpm for 1 min, washed with 500 µl of AW1 buffer, and then with 
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500 µl of AW2 buffer. DNA elution was performed using 45 µl of AE buffer, following 
a 3-min incubation at room temperature.

The DNA quantification was performed with the Qubit Fluorimeter using 
the Qubit dsDNA HS Assay Kit and samples were normalized to 1 ng/µl.

DNA amplification, and typing
The genomic DNA of all samples was quantified and then amplified with 

the PowerPlex® Fusion 6C System (referred to as Fusion 6C), following the man-
ufacturer’s indications. Amplicons were genotyped with the SeqStudio™ Genetic 
Analyzer for HID, and fragment analysis was conducted with GeneMapper ID-X 
v1.6 Software. 

Results and discussion

The DNA concentrations obtained after applying the different deparaffinization 
protocols and the subsequent DNA extraction are shown in Table 1(A).

DNA concentrations were reproducible depending on the block used and the 
deparaffinization method applied.

The DNA typing performed on blood extracted from the femoral artery pro-
duced a complete profile of 24 aSTRs and 3 Y-STRs. This profile was used to verify 
the accuracy of allelic designation in profiles obtained from DNA extracted from 
lung tissue sections of the same unknown male subject.

None of the 20 typing results of the tissue sections produced a complete ge-
netic profile. Specifically, the genetic profiles with the highest number of correctly 
typed markers were obtained from sections 2a.1 (19 aSTRs and 3 Y-STRs) and 2b.2 
(20 aSTRs and 2 Y-STRs), both of which underwent deparaffinization with WMO. 
The genetic profile with the lowest number of correctly typed markers was found 
in section 3b.1 (9 aSTRs and 1 Y-STR).

On average, tissue sections deparaffinized with d-limonene produced the 
least satisfactory genetic profiles, with an average of 12 correctly typed markers. 
The results are summarized in Table 1(B).
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Table 1 A) DNA quantification results; B) DNA typing result: the number of corrected, 
incomplete, and not genotyped loci are reported, in addition to the average of corrected 

genotyped markers

This study compared five deparaffinization protocols, starting with the solvent cur-
rently used in the standard deparaffinization procedure adopted by most forensic 
genetics and pathology laboratories, namely xylene. Since it is a highly toxic sol-
vent for operators, as evidenced by the Globally Harmonized System of Classifi-
cation and Labelling of Chemicals, it was necessary to evaluate deparaffinization 
protocols that excluded the use of harmful organic solvents. Based on the chemical 
principle of similia similibus solvuntur, WMO and d-limonene were chosen.

The individual genetic profile analysis showed a higher or lower loss of sam-
ple informativeness depending on the deparaffinization method used. The best ef-
ficiency was obtained by exploiting WMO, which allowed correct genotyping of up 
to 22 of the 27 analyzed loci. This finding confirms that using WMO as a dewaxing 
solvent is non-toxic to the operator and results in highly superior genetic profiles 
compared to other solvents.

Conclusions

FFPE tissue blocks are invaluable for long-term storage and various diagnostic and 
research applications. Still, the challenges associated with DNA extraction from 

A

Deparaffinization 
solvent

Protocol Repetition FFPE block ID
DNA 

quantification 
[ng/µl]

N. of corrected 
genotyped loci

N. of incomplete 
genotyped loci

N. of not 
genotyped loci

Average of corrected 
genotyped loci

1 5183-17 7,6 16 4 7
2 5183-16 0,18 14 2 11
3 5183-16 0,7 11 2 14
4 5183-16 0,7 12 1 14
1 5183-17 12,6 22 3 2
2 5183-17 9,5 18 3 6
3 5183-16 1,4 13 1 13
4 5183-16 2,3 13 4 10
1 5183-17 45 20 2 5
2 5183-17 45,3 22 1 4
3 5183-16 2,72 18 3 6
4 5183-16 5,7 17 2 8
1 5183-17 0,7 14 2 11
2 5183-17 0,7 12 1 14
3 5183-16 0,3 11 1 15
4 5183-16 0,7 11 1 15
1 5183-17 2,15 10 5 12
2 5183-17 4 12 2 13
3 5183-16 3,2 12 4 11
4 5183-16 3,2 14 3 10

B

XYLENE 1

d-LIMONENE

3a 12

3b 12

13

WHITE MINERAL 
OIL

2a 17

2b 19
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these samples highlight the need for refined protocols and methods to maximize 
their utility in forensic studies.

This study used three solvents to dewax paraffin from FFPE lung tissues: 
xylene, WMO, and d-limonene. The best results regarding the number of corrected 
genotyped loci were obtained using WMO, which is non-toxic for the operator. 

Although this is a preliminary work that needs validation on a more signifi-
cant number of different FFPE biopsy samples and tissues, it seems more than rea-
sonable to assume that, as an alternative to the use of xylene, deparaffination can be 
performed with other equally effective solvents with less or no toxic characteristics. 
The aim of the work is also to urge forensic genetics laboratories to make a signif-
icant change in their laboratory practices, improving both the safety of operators 
and the quality of the results while remaining in line with the European Council of 
Legal Medicine (ECLM)-validated guidelines [13].
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Abstract
Telogen hair samples are valuable sources of DNA for forensic genetics and commonly found 
during crime scene investigations. Traditionally, mitochondrial DNA (mtDNA) has been the most 
common target for forensic genetic analyses of telogen hair extracts. However, with the intro-
duction of shotgun sequencing, small, highly degraded fragments of nuclear DNA (nuDNA) from 
hair may be used for human identification. Here, we tested the efficacy of three DNA extraction 
methods designed for hair, and we examined and compared yields of both mtDNA and nuDNA. 
The chosen extraction methods are commonly used for isolating mtDNA in forensic genetics and 
ancient DNA research.
Two fragments were analysed from each telogen hair: A 2 cm fragment including the root, and a 
2 cm fragment proximate to the root fragment. The hair fragments were cleaned using an ultra-
sonic bath and a proteinase solution. Digestion was performed according to the published proto-
cols. The digestion buffer contained varying amounts of Proteinase K and DTT, and the digestion 
time ranged from 30 minutes to overnight incubation. The extraction methods also varied in the 
purification step, where the techniques for isolation of DNA were based on either glass fibres or 
silica attached to magnetic particles or in a column.
The results confirmed that both mtDNA and nuDNA are present in hair samples. The preliminary 
results indicated that higher DNA yields are obtained using an extraction method with glass fibre 
DNA isolation. Overall, our study provides valuable insights into DNA extraction methods for 
telogen hair samples and highlight the importance of method selection.
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Introduction

Telogen hairs are commonly encountered at crime scenes and could serve as criti-
cal evidence in forensic investigations. However, the highly degraded state of DNA 
in telogen hairs presents significant challenges for forensic genetic analyses [1]. As 
a result, mitochondrial DNA (mtDNA), which is more abundant and stable than nu-
clear DNA (nuDNA), has traditionally been the preferred target for forensic genetic 
testing of hair samples [2]. However, with advancements in sequencing technolo-
gies, particularly shotgun sequencing, it is now possible to analyse even smaller 
and more degraded fragments of both nuDNA and mtDNA, offering new opportuni-
ties for genetic analysis of compromised samples.

This study evaluates the efficacy of three different DNA extraction meth-
ods for telogen hairs, concerning both nuDNA and mtDNA yield. The first method 
(Method A) is adapted from ancient DNA research [3], a field that frequently inves-
tigates degraded samples. The second method (Method B) is an in-house protocol 
originally designed for extracting DNA from anagen hairs [4]. The third method 
(Method C) was previously developed for the extraction of DNA from telogen hairs 
[1]. 

To assess the performance of these methods, we extracted DNA from both 
root end (n=60) and rootless (n=60) fragments of telogen hairs obtained from ten 
unrelated donors. The extracted DNA was quantified using three different qPCR 
assays, targeting both nuDNA and mtDNA fragments of varying sizes to determine 
the mtDNA copy number and the nuDNA quantity [5-7]. The SD quants [5] quan-
tifies a 70 bp nuDNA target together with mtDNA targets of 69 bp (short fragment) 
and 143 bp (long fragment). The Triplex [6] amplifies two mtDNA targets of 105 bp 
(short fragment) and 316 bp (long fragment). Finally, Quantifiler™ Trio (Thermo 
Fisher Scientific) quantifies nuDNA targets of 80 bp (short fragment) and 214 bp 
(long fragment). The ratio between short and long fragments for each of the quan-
tification methods produces a degradation index (DI) [7].

This comparative analysis provides insights into the efficacy of different ex-
traction techniques for telogen hair samples, with potential implications for im-
proving forensic genetic analyses of hair.
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Table 1. Overview of principal elements and conditions of the compared extraction methods

Method A Method B Method C

ancient DNA method in-house method telogen hair method

Digestion buffer
Tris-HCl, NaCl, CaCl2, 
SDS, DTT, Proteinase K, 

Tris-HCl, NaCl, CaCl2, 
SDS, DTT, Proteinase K ATL (Qiagen), 

EDTA, phenol Red DTT, Proteinase K

Binding buffer
Buffer PB (Qiagen), 
NaOAc, NaCl, phenol Red

EZ1&2® Investigator® 
Reagent Cartridge 
(Qiagen) Isopropanol

Extraction Manual Automated Manual

DNA binding Glass Silica Silica

Immobilisation Column Magnets Magnets 

Viral Nucleic Acid Large 
Volume (Roche)

EZ1&2® Investigator® 
Reagent Cartridge 
(Qiagen)

Prepfiler™ (Thermo 
Fisher Scientific)

Elution TE Water TE

Reference  [3] [4]  [1]

Materials & methods

Telogen hairs were donated from ten individuals and every individual donated six 
hairs. The telogen state was confirmed by microscopic inspection and hairs were 
sectioned into two fragments: a 2 cm fragment including the root (root-end), and 
the adjacent 2 cm fragment (rootless). 

Fragments from two hairs from each donor were extracted in duplicate us-
ing each of the extraction methods listed in Table 1. Prior to extraction all hair 
fragments underwent a Terg-a-zyme wash as described in Brandhagen et al. [1] and 
subsequently, extractions were performed as described in [1, 3, 4]. DNA was eluted 
in 50 μL buffer or water. Quantifications were performed as described in [5, 6] and 
the Quantifiler™ Trio User Guide. Statistical tests and plots were made using R 
version 4.3.1.

Results

The efficacy of the three different extraction methods (Methods A-C) was evaluat-
ed using hair shafts from the same cohort of ten individuals. Mitochondrial DNA 
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(mtDNA) quantification from both root-end and rootless hair fragments demon-
strated that extraction Method A was the most efficient (Figure 1A). Method B 
yielded intermediate mtDNA concentrations, while Method C produced the lowest 
concentrations. Statistical analysis using ANOVA revealed that mtDNA yields from 
Method A were significantly higher compared to both Method B (p = 0.00137) and 
Method C (p = 0.0001). Additionally, nuDNA quantities assessed via an 80 bp frag-
ment from Quantifiler™ Trio and a 70 bp target in SD quants (4) revealed median 
nuDNA concentrations of 1.3, 0.7, and 0.6 pg/μL (Quantifiler™ Trio), and 1.8, 0.6, 
and 0.8 pg/μL (SD quants) for Methods A, B, and C, respectively (SD quants results, 
Figure 1B).

The root-end hair fragment resulted in up to several fold larger yield of both 
mtDNA and nuDNA compared to the adjacent root-less section as represented by 
the yield ratios between root-end and rootless end in Figure 1C&D. 

The number of mtDNA copies and the nuDNA concentrations were deter-
mined using two qPCR assays: SD quants and Triplex. No amplification was ob-
served for the 316 bp target in the Triplex assay, indicating that the nucleotide 
fragments in hair are very short. However, mtDNA copy numbers determined from 
both of the SD quants mtDNA targets showed a strong correlation with those ob-
tained from the 105 bp target in the Triplex assay (Pearson coefficient R2=0.92 and 
R2=0.91). The comparison of mtDNA copy numbers between the two SD quants 
targets and the 105 bp Triplex target suggests that the Triplex assay may underesti-
mate mtDNA copy numbers relative to the SD quants assay (Figure 1E). 

A B
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Figure 1. A) Comparison of the yield obtained from the three extraction methods based on 
the short mitochondrial DNA fragment (69 bp) from SD quants quantification. B) Comparison 
of the yield obtained from the three extraction methods based on the nuclear DNA fragment 
(70 bp) from SD quants quantification. C) The ratio of concentrations from root-end and the 

adjacent rootless hair fragment based on the short mitochondrial DNA fragment (69 bp) 
from SD quants. D) The ratio of concentrations from root-end and the adjacent rootless hair 
fragment based on the nuclear DNA fragment (70 bp) from SD quants. E) The log10 ratio of 
the concentrations from SD quants short fragment, Triplex short fragment and SD quants 
long fragment. The ratio of SD quants short to SD quants long can be interpretated as a 

Degradation Index for SD quants quantifications.

C D

E
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Discussion

In forensic investigations, the collection of hair fragments from crime scenes is 
expected to contribute to case resolution by providing valuable biological traces. 
When analysing hair shafts, obtaining a reliable short tandem repeat (STR) profile 
is often challenging due to the difficulty in amplifying long DNA fragments. How-
ever, mtDNA profiling can still be achieved and may offer useful insights. Since 
mtDNA is maternally inherited and not unique to individuals, nuDNA profiling, 
particularly using single nucleotide polymorphisms (SNPs), is essential for provid-
ing a unique genetic signature. Therefore, the selection of an optimal extraction 
method for both mtDNA and nuDNA is crucial to enhance the effectiveness of fo-
rensic investigations.

Our study demonstrated that the highest DNA yields were obtained using 
extraction Method A, which was originally developed for the recovery of DNA from 
ancient protein-rich sample material. This method likely captures numerous small 
DNA fragments, resulting in higher overall yields. The root-end of telogen hairs con-
sistently produced the highest DNA concentrations. However, rootless hair should 
not be disregarded, as our data indicated that it may also yield high-quality DNA for 
forensic analyses. Based on these findings, we recommend including the root-end in 
extractions when available, but the entire hair shaft remains a viable source of DNA.

In this study, we used three qPCR assays targeting various fragment lengths 
to compare quantification methods. The selection of an appropriate assay should 
consider the target DNA fragment length required for downstream analyses. The 
Triplex assay, which targets a relatively long 316 bp fragment, was not suitable 
for determining hair-derived mtDNA as this fragment was not amplified in any of 
the hairs and no degradation index (DI) could be determined. In contrast, the SD 
quants assay, which utilises two shorter targets, enabled mtDNA quantification and 
estimation of DI value and is thus more appropriate for hair DNA analysis.

Conclusion

Telogen hair contains both mtDNA and nuDNA, which hold significant potential 
for forensic genetic analyses. Due to the fragmented nature of DNA in hair samples, 
the use of conventional standard short tandem repeats (STRs) analysis is often 
challenging. However, our findings demonstrated the successful recovery of high 
copy numbers of mtDNA, alongside substantial amounts of nuDNA, providing a 
valuable resource for forensic applications despite the degraded state of the DNA.
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Extraction Method A yielded significantly higher concentrations of both 
mtDNA and nuDNA compared to Methods B and C. While the root-end of telogen 
hair provided the highest DNA yields, rootless hair fragments frequently contained 
sufficient DNA for shotgun sequencing analyses. The mtDNA qPCR assays pro-
duced comparable results, and the choice of assay should be guided by the size of 
the DNA fragments required for subsequent analyses.
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Abstract
Preserving the integrity of forensic evidence through the stabilisation of the biological signature 
contained in DNA extracts is particularly important, specifically when re-analysing samples after 
a certain period of time. This translates into the needs for the appropriate storage of DNA extracts 
to ensure the successful outcome of forensic genetic analyses, including human identification 
through STR typing and the application of phenotype and ancestry sequencing panels to infer the 
morphological characteristics and the geographical origin of the contributor. Although guideli-
nes shared by the international scientific community recommend freezing of the DNA extracts 
for long-term storage, it is possible that samples are preserved in sub-optimal conditions for a 
variety of reasons (e.g., faulty freezers, moving samples to court offices at the case closure). In 
these circumstances, little is known about the survival of DNA and its suitability for future STR 
and SNP analyses. 
In this study, we evaluated the preservation of DNA extracts obtained from buccal swabs collec-
ted from two subjects of different sexes using the QIAamp DNA Investigator Kit (Qiagen). The 
extracts were quantified (Quantifiler™ Trio DNA Quantification Kit – Thermo Fisher Scientific) 
and aliquots containing 1 ng/µl of DNA were created. In addition, mixtures were set up from the 
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female and male DNA extracts, in a ratio of 1:15 (male/female). All the aliquots were stored at 
three temperatures (+20°C, +4°C and -20°C) for a period of 150 days. As the results at 90 days 
showed a surprising DNA survival rate also at room temperature, revealing similar completeness 
of the STR profiles (GlobalFiler™ PCR Amplification Kit – Thermo Fisher Scientific) at both 
-20°C and +20°C conditions, the experiment was further extended to 400 days. In addition, af-
ter the initial 90 days experiment, a subset of samples was moved to uncontrolled temperature 
conditions. Surprisingly, DNA extracts did not degrade up to 400 days under any condition, and 
the ratio in the mixed samples remained unchanged. It was also noted that storing the extracts 
at +4°C and +20°C caused their evaporation and consequently increased their concentration up 
to 20-folds. Overall, these results could open new avenues for the analysis of samples from cold 
cases preserved in sub-optimal conditions.

Keywords
Human identification, DNA storage, DNA degradation.

1. Introduction

Preserving the integrity of forensic evidence through the stabilization of the bi-
ological signature contained in DNA extracts is crucial, especially when their 
re-analysis is required after a certain period of time [1]. This translates into the 
needs to appropriately preserve DNA extracts to ensure the successful outcome of 
forensic genetic analyses, including human identification through STR typing and 
the application of phenotypic and ancestry panels to infer the morphological char-
acteristics and geographical origin of the contributor [2]. Although the guidelines 
recommend freezing for long-term storage, samples may be preserved under sub-
optimal conditions due to various reasons (e.g., faulty freezers, relocation to court 
offices) [3-5]. Under these circumstances, little is known about the survival of the 
DNA and its suitability for future STR and SNP analyses.

2. Material studied, methods, techniques

Twelve and twenty-four buccal swabs were collected, respectively, from a male 
(black hair, black eyes, Indian) and a female (blonde hair, blue eyes, Italian). They 
were extracted using QIAcube and QIAamp Investigator kits. The extracts were 
quantified using Quantifiler™ Trio DNA Quantification Kit (Thermo Fisher Scien-
tific), diluted and aliquoted in 5 replicates each, resulting in a DNA concentration 
of 1 ng/μl and a volume of 20 μl. Mixtures were also prepared from the female and 
male DNA extracts, in a 15:1 ratio (female/male). 
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Aliquots were stored under three different conditions (-20°C, +4°C and 
+20°C) for 150 days, with regular assessments of degradation (at 0-7-15-30-90-
150 days). After 90 days, all replicates that had already been analysed and stored at 
-20°C, +4°C and +20°C were divided into two subgroups that were transferred to 
room controlled temperature and to room not controlled temperature, respective-
ly, breaking the cold chain. These samples were quantified after 310 days. 

Samples kept at the starting condition for 150 days after quantification were 
preserved at the same condition for another 250 days and quantified again.

It is important to note that the total storage time was 400 days for all sam-
ples analysed, even if at different conditions.

Replicates (male, female and mixture) with the highest degradation index 
or abnormal concentration values under all storage conditions were amplified us-
ing the GlobalFiler PCR Amplification Kit and sequenced with SeqStudio Genetic 
Analyzer. GeneMapper® ID-X v1.5 software was used to define the genetic profiles. 
This study belongs to a larger project submitted and approved by the Novara Inter-
company Ethics Committee (CE 24/21).

3. Results

Quantifications performed at 0,7,15,30 and 90 days showed a degradation index 
below or equal to 1 for all three storage conditions (+20°C, +4°C and -20°C). Based 
on the 90-days results, which showed that DNA concentration and mixture ratios 
remained relatively constant at all three temperatures, the cold chain was inter-
rupted, and measurements were taken again after an extended period (310 days 
after the interruption). In contrast, after 400 days of preservation at room tempera-
ture, the degradation index increased to values greater than 1. Based on the quanti-
fications and degradation index, non-standard storage temperatures (+4°C, +20°C 
and room temperature) do not significantly affect DNA quality but can impact DNA 
quantity through evaporation (observed in 73% of cases). Breaking the cold chain 
resulted in having a degradation index greater than 1 only when samples were 
transferred from -20°C to uncontrolled storage conditions. Samples moved and 
stored at +20°C and uncontrolled temperature experienced a 15-fold increase in 
DNA concentration due to evaporation. Evaporation and concentration (a 20-fold 
increase in quantification) also affected samples stored at +20°C for 400 days. The 
success and failure rates, along with the challenges encountered due to suboptimal 
conservation conditions, are summarized in Figure 1.
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Figure 1. Tree map showing the percentages of useful profiles for personal identification and 
non-useful profiles for identification. 

Evaporation of the samples led sometimes to insufficient volume for amplification 
and typing of the genetic profile in some cases. As an examples, one of the repli-
cates of the male extracts stored originally at +20°C for 90 days and then moved to 
an uncontrolled temperature for 310 days, had a DNA concentration of 27.3 ng/µl 
and a degradation index of 1.30. Due to insufficient volume, direct dilution in the 
tube was necessary before adding a suitable volume to the amplification reaction. 
Despite this, a useful genetic profile for identification was obtained (24/24 typed 
loci), which did not show any artefacts (drop-in/drop-out).

4. Discussion

Surprisingly, our preliminary results suggest that DNA extracts did not degrade 
even after 400 days under any conditions, and the male-female ratio in mixed sam-
ples remained unchanged throughout the study. Storage at unusual temperatures 
and interruptions of the cold chain can affect STR typing, particularly in terms 
of peak height and balance, with the greater effects the greater the temperature 
deviation. Storing extracts at +4°C and +20°C/room temperature for prolonged 
times led to sample evaporation, with a consequent increase in their concentration 
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up to 20-folds. Evaporation and increased concentration also occurred following 
the interruption of the cold chain. Finally, the example of male profile illustrates 
that, despite an insufficient volume, the direct dilution in the tube can allow for a 
successful amplification and for the typing of a complete genetic profile. 

5. Conclusion

In conclusion, unconventional storage procedures can effectively preserve DNA 
samples for extended periods of time, as demonstrated by the high DNA recovery 
and integrity rates. Interruptions of the cold chain have a more significant im-
pact on DNA preservation than their constant maintenance at sub-optimal tem-
peratures for prolonged periods. Overall, these preliminary results may open new 
possibilities for analysing samples from cold cases that may not have been stored 
frozen. Given the potential evaporation of the sample and the resulting effect on 
DNA concentration, this approach complements traditional preservation methods 
and may be advantageous in some situations.
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Abstract 
Latent fingerprints and touch DNA are common traces found at crime scenes and can often be 
deposited onto a surface simultaneously through a single touch. As the development of finger-
prints and the recovery of DNA may interfere with each other, Crime Scene Specialists (CSSs) 
often have to choose one method which is likely to offer the best chance for identification. In 
this study, we have assessed the impact of various fingerprint enhancement techniques on DNA 
recovery. The effects of these techniques on trace DNA recovery were examined on commonly 
encountered items in casework, including cellophane tape, duct tape, paper, plastic bag, glass, 
and acrylic. We have compared the quantity of extracted DNA and the quality of obtained DNA 
profiles from treated fingerprint samples with the controls. Our results showed that the appli-
cation of wet powder suspension on the adhesive side of cellophane tape and the application of 
1,8-Diazafluoren-9-one (DFO) and ninhydrin on paper caused decreased DNA recovery from the 
respective items. In contrast, other examined fingerprint enhancement techniques did not sig-
nificantly affect DNA recovery from the corresponding items. Our study has demonstrated that 
fingerprints developed by various techniques could be successfully utilized for DNA analysis. It 
will also provide guidance for CSSs to select fingerprint enhancement processes that are compa-
tible with DNA recovery, if necessary.
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1. Introduction

Latent fingerprints are common traces found at crime scenes and typically form 
an essential part of the evidence. Analysis of these fingerprints is a crucial tool in 
criminal investigations, which often requires the application of enhancement tech-
niques [1]. Meanwhile, advancements in forensic DNA analysis have improved the 
sensitivity of DNA recovery, enabling the possibility of obtaining interpretable DNA 
profiles from biological materials left behind with fingerprint deposits [2]. There-
fore, conducting DNA analysis after enhancing latent fingerprints may provide ad-
ditional leads, especially in cases when the analysed fingerprint did not provide 
sufficient information to aid the investigation. However, concerns exist about the 
potential interference of fingerprint enhancement processes on subsequent DNA 
analysis, including extraction, amplification, and profiling [3].

In this study, we have assessed the potential effect of seven different fin-
gerprint enhancement techniques on downstream DNA recovery from six types of 
items. Both the quantity of recovered DNA and the quality of DNA profiles were 
compared between the controls and the treated samples. The result of this study 
can provide guidance to Crime Scene Specialists (CSSs) in deciding appropriate 
fingerprint enhancement techniques during the investigation. 

2. Material studied, methods, techniques

2.1. Preparation of biological samples
Volunteers were asked to wash their hands thoroughly with soap and wa-

ter, then dab dry with clean paper towels. After that, they rubbed their fingers 
against their own foreheads, then deposited fingerprints and touch DNA through 
pressing their fingers against one of the studied items. These items included cel-
lophane tape, duct tape, paper, plastic bag, glass, and acrylic. The touched items 
were then treated with one of the seven fingerprint enhancement techniques (wet 
powder suspension, gentian violet, 1,8-Diazafluoren-9-one (DFO) and ninhydrin, 
cyanoacrylate fuming, cyanoacrylate fuming and fluorescent dye, regular powder, 
and magnetic powder). DNA deposited on the studied items was collected with 
the double (wet-dry) swabbing technique [4,5]. Untreated samples were used as 
controls.
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2.2. DNA sample processing
Cotton swab heads were excised with a scalpel blade, added to individual mi-

crocentrifuge tubes and subjected to DNA analysis. DNA extraction was performed 
using the DNA IQ™ Casework Extraction Kit (Promega) for pre-processing and 
DNA IQ™ Casework Pro Kit (Promega) for extraction on Maxwell® FSC instru-
ment (Promega). DNA yields were estimated using Quantifiler® Trio DNA Quanti-
fication kit (Applied Biosystems) on QuantStudio™ 7 Flex Real-Time PCR System 
(Applied Biosystems). Extracted DNA was amplified with GlobalFiler™ kit (Applied 
Biosystems) with maximum of 15 μL or 1 ng input DNA on ProFlex PCR System 
(Applied Biosystems). Capillary electrophoresis was performed on ABI PRISM® 
3500xL Genetic Analyzer (Applied Biosystems) with maximum injection param-
eters of 3 μL at 1.2 kV 24 s. Results were analyzed using GeneMapper® ID-X v1.6 
software according to laboratory guidelines.

2.3. Statistical analyses
Wilcoxon signed-rank test was used to determine differences in DNA recov-

ery between the controls and the treated fingerprint samples.

3. Results

Six different types of items commonly encountered in casework were selected 
in this study, including cellophane tape, duct tape, paper, plastic bag, glass, and 
acrylic. Fingerprints and touch DNA were deposited onto the surface of each item 
followed by corresponding fingerprint enhancement treatment as described. De-
posited biological materials were collected using the double swab technique and 
subjected to DNA analysis. The quantity of recovered DNA was compared between 
the treated samples and the controls to evaluate the effect of corresponding fin-
gerprint enhancement techniques on DNA recovery. As shown in Figure 1, the 
application of wet powder suspension on the adhesive side of cellophane tape and 
the application of DFO and ninhydrin on paper led to significantly decreased DNA 
recovery; and an average decrease of 88% and 76% in extracted DNA amount 
were observed, respectively. In contrast, other examined fingerprint enhancement 
techniques did not significantly affect DNA recovery from the corresponding items, 
including the application of gentian violet on the adhesive side of duct tape, cy-
anoacrylate fuming (with or without fluorescent dye) on plastic bag, regular pow-
der on glass, and magnetic powder on acrylic.
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Figure 1. Quantity of DNA recovered from different types of items. Box and whisker plots with 
interquartile ranges, “x” represents the mean value. CA: cyanoacrylate. **p < 0.01

In addition, the quality of recovered DNA was also examined by comparing the 
percentage of recovered autosomal DNA alleles between the controls and the treat-
ed samples (Figure 2). Application of DFO and ninhydrin on paper significantly 
reduced the number (average 59% decrease) of recovered autosomal DNA alleles 
after the fingerprint enhancement. In contrast, other examined fingerprint en-
hancement techniques did not affect the number of recovered autosomal DNA 
alleles significantly. After treating the adhesive side of cellophane tape with wet 
powder suspension, we observed a significant decrease in the amount of DNA re-
covered (Figure 1). However, this decrease in DNA yield did not have a comparably 
significant effect on the quality of the DNA profiles (Figure 2). This was attributed 
to the relatively higher quantity of DNA initially recovered from the cellophane 
tape as compared to paper, owing to its adhesive characteristics.
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Figure 2. Percentage of recovered autosomal DNA alleles from different types of items. 
Box and whisker plots with interquartile ranges, “x” represents the mean value. A total of 21 
autosomal DNA loci (GlobalFiler™ kit) were examined. Loci with a single allele were counted 

as 1 allele if the peak height was below laboratory stochastic threshold (RFU < 535), otherwise 
they were counted as 2 alleles. CA: cyanoacrylate. **p < 0.01

4. Discussion

The successful development of latent fingerprints is often critical in crime inves-
tigations. However, in cases where fingerprints fail to provide sufficient informa-
tion, the biological materials left behind alongside with the prints can serve as a 
valuable source for developing DNA profiles to identify the person of interest (POI) 
[6]. Previous studies have shown that the swabbing process is usually destructive 
to fingerprints [7]. Therefore, visualization and recording of fingerprint details are 
typically performed prior to DNA analysis to maximize evidence recovery. The re-
coverability of DNA from developed latent fingerprints depends on both the type 
of items where fingerprints were deposited onto and the applied enhancement 
techniques [3]. Seven different combinations of item and enhancement process 
were tested in this study; and the results from three of them corroborated previous 
studies on the effect of DFO and ninhydrin, cyanoacrylate fuming, and regular 
powder on DNA recovery from paper, plastic bag, and glass, respectively [8,9]. Addi-
tionally, important and instructive results were also obtained here from the study 
of other combinations, including the application of wet powder suspension on the 
adhesive side of cellophane tape, gentian violet on the adhesive side of duct tape,  
cyanoacrylate fuming and fluorescent dye on plastic bag, and magnetic powder on 
acrylic. Our results here showed that relatively more DNA can be recovered from 
items with adhesive surfaces (such as cellophane tape and duct tape) or porous  
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surfaces (such as paper) compared to non-porous surfaces (such as plastic bag, 
glass, and acrylic). This is possibly due to the higher retention rate of biological 
materials on adhesive and porous surfaces. 

Although DNA recovery can be significantly affected by the application of 
wet powder suspension on the adhesive side of cellophane tape or the application 
of DFO and ninhydrin on paper, interpretable or even full DNA profiles can still 
be generated from these post-fingerprint enhancement samples. In this study, an 
average of 37 and 13 autosomal DNA alleles were recovered from cellophane tape 
and paper after corresponding treatments, respectively, which could assist law en-
forcements to identify the POI. 

Thus, in the situation where both latent fingerprints and touch DNA can 
be used as important evidence, CSSs should take a holistic view of the case and 
consider the crime context such as involved activities and types of surfaces, before 
deciding on which fingerprint enhancement technique to use.

5. Conclusion

DNA was successfully recovered from the fingerprints on different types of items af-
ter the application of fingerprint enhancement techniques, suggesting that finger-
prints developed by various techniques can be successfully utilized for subsequent 
DNA analysis. Our results also indicated that both fingerprints and DNA profiles 
could be recovered from a single source when gentian violet, cyanoacrylate fuming 
(with or without fluorescent dye), regular powder, and magnetic powder were used 
on the adhesive side of duct tape, plastic bag, glass, and acrylic, respectively. How-
ever, CSSs may need a more considered approach when deciding to use wet powder 
suspension on the adhesive side of cellophane tape or DFO and ninhydrin on paper, 
as these treatments may have a detrimental effect on the subsequent DNA recovery. 
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A 25 Loci Mini-STR System to Facilitate Analysis of Degraded DNA
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Abstract 
DNA from crime scene evidence is often degraded, leading to incomplete profiles due to locus or 
allele dropout, which undermines DNA evidence reliability. Large fragments in forensic DNA kits 
are particularly prone to dropout. To address this, we developed the NHID® Mini25A Kit, a 25-loci 
mini-STR system designed for degraded samples, with amplicons under 275 bp. The kit shows 
excellent efficiency (PCR time: 54 minutes) and high performance in specificity, sensitivity, and 
inhibitor tolerance. It demonstrates robust sensitivity for trace DNA (50 pg) and high tolerance 
to five common inhibitors (500 mM hematin, 150 ng/μL humic acid, 10 mM indigo, 200 ng/μL 
collagen, and 1.5 mM CaCl2). Compared to the VeriFiler™ Plus PCR Kit, NHID® Mini25A shows 
a higher detection rate for degraded samples. Validated under SWGDAM guidelines, it has been 
tested in over 20 laboratories, confirming its forensic efficacy.

Keywords 
Mini-STR, Degraded DNA, Forensic Science.

1. Introduction

Forensic DNA testing often faces degradation issues due to factors like tempera-
ture, humidity, UV exposure, and improper storage [1]. Degraded DNA complicates 
the amplification of long fragments, leading to incomplete profiles. Most STR kits 
amplify products between 70–550 bp, limiting their application in analyzing de-
graded samples like decomposed tissues, bones, and teeth, especially in old cases. 
Mini-STR technology addresses this by designing primers closer to STR core se-
quences, reducing amplicon lengths while preserving allelic information. Tradi-
tional mini-STR systems face limitations due to fluorescent dye channels and ge-
netic analyzer capabilities. To overcome this, we developed the NHID® Mini25A Kit, 
a 25-loci mini-STR multiplex system, including all CODIS markers, Penta D, Penta 
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E, D6S1043, and Y-indel [2]. The kit uses two panels (A and B), with three shared 
loci for consistency verification (Figure 1).

Figure 1. Marker positioning in the NHID® Mini25A Kit 

2. Materials and methods

2.1. DNA sample preparation
 Control DNA 9948 (0.5ng/µL) and genomic DNAs from non-primate an-

imals (pig, cow, sheep, chicken, duck, rabbit, mouse, rat, fish, and horse) were 
sourced from NUHIGH Biotechnologies Co., Ltd. (Suzhou, China). DNA from hu-
man-associated microbes (e.g., Escherichia coli, Lactobacillus delbrueckii, Can-
dida albicans, Staphylococcus aureus, Streptococcus salivarius, Bacillus subtilis, 
and Neisseria gonorrhea) [3] was obtained from Bena Culture Collection (Suzhou, 
China). A ten-year-old tooth sample was provided by a public security organization.

2.2. PCR amplification and thermal cycling conditions
The NHID® Mini25A Kit was optimized for 25 μL reactions, including 2.5 

μL Primer Mix, 5 μL Master Mix, and up to 17.5 μL DNA. Cycling conditions: 95°C 
for 1 min (activation), 29 cycles of 95°C for 10s (denaturation), 58°C for 60s (an-
nealing/extension), and final extension at 60°C for 5 min.

2.3. Sample electrophoresis and data analysis
Spectral calibration was performed with NH-6V Matrix before use with the 

3500xL Genetic Analyzer. PCR products were mixed with formamide/size stand-
ard solution for capillary electrophoresis. Samples were injected at 1.2kV for 24 
seconds and electrophoresed at 15 kV for 850 seconds. Data were analyzed using 
GeneMapper ID-X Software v1.6, with a peak threshold of 150 RFU.
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2.4. Species specificity studies
To evaluate specificity, 1 ng of non-primate DNA and 20 ng of microbial DNA 

were amplified. Cross-reactivity was assessed using a 150 RFU threshold.

2.5. Sensitive studies
Serial dilutions of Control DNA 9948 were prepared with concentrations 

ranging from 500 to 31.25 pg per PCR reaction.

2.6. Inhibition studies
The NHID® Mini25A Kit was tested against five inhibitors: 500 μM hematin, 

150 ng/μL humic acid, 10 mM indigo, 200 ng/μL collagen, and 1.5 mM CaCl2, us-
ing 0.25 ng Control DNA 9948.

2.7. Degraded DNA test
Degraded DNA from a ten-year-old tooth sample was tested with both 

NHID® Mini25A Kit and VeriFiler™ Plus PCR Kit. Allele detection rates (DR) and 
likelihood ratios (LR) were compared.

3. Results and discussion

3.1. Species specificity studies
The NHID® Mini25A Kit exhibited excellent specificity, with no cross-reac-

tivity peaks above the 150 RFU threshold for non-primate or microbial DNA.

3.2. Sensitivity studies
Control DNA 9948 was detected in both panels at ≥50 pg, with consistent 

allele calls across four replicates (Figure 2).
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Figure 2. The average peak heights and number of alleles called at varying amounts of 9948 
DNA. 

3.3. Inhibition studies
Full STR profiles (42 alleles for Control DNA 9948) were obtained for all five 

inhibitors (Figure 3).

Figure 3. The tolerance of different inhibitors of NHID® Mini25A kit.

3.4. Degraded DNA test
In comparative testing, NHID® Mini25A outperformed the VeriFiler™ Plus 

Kit on degraded samples. For a ten-year-old tooth sample, 9 loci with amplicons 
>250 bp dropped out with VeriFiler™ Plus, while all 25 loci were successfully called 
with NHID® Mini25A. Detection rates for VeriFiler™ Plus and NHID® Mini25A 
were 64% and 100%, respectively (Table 1).
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Table 1. The DR and LR of Verifiler™ Plus and NHID® Mini25A

loci number
detected DR LR

Verfiler Plus 16 64% 1.60E+15

NHID Mini25A 25 100% 5.31E+27

4. Conclusion

The NHID® Mini25A Kit is designed for degraded samples, with all amplified frag-
ments under 275 bp. The kit exhibits excellent specificity, sensitivity, and inhibitor 
tolerance. It has been validated under SWGDAM guidelines and confirmed effective 
by multiple laboratories.
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Abstract
The Investigator Quantiplex Pro RGQ Kit (Qiagen) employs fast-cycling technology to quantify 
total human and male DNA within approximately one hour using the Rotor-Gene Q instrument. 
It also provides insights into inhibitors, DNA degradation, and mixture conditions. This study 
evaluated the kit’s performance with halved reaction volumes to enhance sample throughput 
per kit.
Dilution of Control DNA (50 ng/μl) and DNA extracted from 10 forensic casework samples, obtai-
ned following internal procedures and informed consent, were analyzed to check the performan-
ce of the Investigator Quantiplex Pro RGQ Kit, using half reaction volumes while maintaining 
component ratios. Results were analyzed using Q-Rex software, evaluating quantification data, 
inhibition (IC), degradation (DI) and mixture (MI) indices.
Standard curves for regular and halved volumes demonstrated efficient amplification of human, 
male, and degradation markers, with R² > 0.998 and appropriate slopes. Control samples showed 
strong linear correlation between theoretical and measured DNA concentrations for both con-
ditions. Variability in DNA quantity and quality across forensic samples reflected substrate di-
fferences in preserving and releasing biological material. Nonetheless, concordant results were 
observed for each sample between halved and standard reaction volumes. This study confirms the 
Investigator Quantiplex Pro RGQ Kit delivers accurate and precise results with reduced reaction 
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volumes. This modification enables the analysis of more samples per kit, lowering laboratory 
costs without compromising data quality.

Key words 
Quantiplex Pro RGQ Kit; DNA Quantification; Half Volumes; Forensic Samples

1. Introduction

DNA in forensic samples is often present in small quantities or degraded, leading to 
incomplete profiles. Challenges include PCR inhibition, DNA degradation, mixed 
profiles, and low DNA amounts. Inhibitors may arise from sample collection, pres-
ervation, substrates, or environmental exposure. [1-3] Quantification is a critical 
step in forensic DNA analysis, assessing DNA quantity and quality, particularly in 
degraded samples. [4] 

Recent kits, like the Investigator Quantiplex Pro RGQ Kit (Qiagen), combine 
high sensitivity with robust inhibitor tolerance. Using fast-cycling technology, this 
kit quantifies DNA in approximately one hour with the Rotor-Gene Q Real-Time 
instrument. It employs four standards to generate a standard curve and targets five 
distinct regions: small and large human autosomal, small and large human male, 
and an internal control. This enables precise detection of total and male DNA, au-
tosomal and Y-chromosomal degradation, and PCR inhibition monitoring.

The kit exhibits high sensitivity, detecting low male DNA levels even amid 
substantial female DNA background.[5,6] This study evaluated its performance 
with halved reaction volumes, aiming to increase sample throughput per kit while 
ensuring accuracy. 

2. Material and methods:

2.1 Samples preparation
2.1.1 Control samples
Serial dilution of Control DNA (50 ng/μl) in the QuantiTect Nucleic Acid 

Dilution Buffer were prepared to construct a the standard curve including the fol-
lowing points:50ng/ul,1.8519ng/ul, 0.0686 ng/ul, 0.0025ng/ul + NTC.

The not-diluted control DNA and each dilution were also assayed as if it were 
known control sample.
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2.1.2 Forensic sample
10 samples (oral swab, cigarette butt, bloodstain onto white cotton, blood-

stain onblue denim, semen on toilet paper, vaginal swab, knife handle, hair root, 
5-year femur, 5-year molar) were selected as representative of forensic samples. 
The femur and molar were from a male body exhumed five years after burial in a 
niche wall. All samples were taken in accordance with SIMEF laboratory internal 
procedures and informed consent.Samples were extracted, by the EZ1 Advanced XL 
DNA Investigator kit (Qiagen) using the biorobot EZ1 Advanced XL and the Trace 
protocol. [7]. 

DNA extraction from bones and teeth was performed according to a modified 
protocol previously published. [8] 

2.2 Real Time Quantification
DNA Quantification was carried out using either the standard protocol rec-

ommended by the Manufacturer (9 μl of Quantiplex Pro RGQ Reaction Mix, 9 μl 
of Quantiplex Pro RGQ Primer Mix) than half reaction volumes, without altering 
the components ratio. 2 μl of control DNA dilutions were added to standard curve 
tubes, and 2 μl of unknown sample DNA were added to the individual sample tubes.
[5]. Amplification was carried out in the Rotor-Gene Q cycler (Qiagen) according to 
the manufacturer cycling conditions. Control samples and forensic samples were 
run in triplicate using either regular then half reaction volumes.

2.3 Data analysis 
Data obtained were analyzed by the software Q-Rex v.1 (Qiagen) using the 

Quant AssayData Handling Tool: quantification results, Inhibition Index (IC), Degra-
dation Index (DI), Mixture Index (MI)were evaluated.[9] Accuracy was evaluated by 
determining the mean percentage error relative to the expected concentrations of 
the control samples. For precision assessment, the linear regression coefficient was 
calculated. All calculations, were carried out using a Microsoft Excel spreadsheet.

3. Results and Discussion

3.1 Standard curve 
The standard curve is used for establishing the concentration of unknown 

samples in comparison with the standard ones.The R² value measures the fit of data 
to the regression line, with ≥0.990 being typical for standard curves. PCR efficiency, 
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indicated by the slope, ranges from −3.0 to −3.6, while the y-intercept reflects the 
Cq value for a 1 ng/μl sample. [5] Using both regular and half volumes, markers 
were efficiently amplified with R² (0.9986–0.9997), slopes (−3.03 to −3.16), and 
intercepts (21.06–21.58) All samples showed IC amplification, confirming no exter-
nal inhibitors, and no amplification was observed for NTC in any channel.

3.2 Control samples 
Each dilution of the control DNA used to construct the curve was assayed in 

triplicate as if it were control sample. Quantification accuracy assessed by calculat-
ing the difference between the observed and expected quantification values across 
four DNA input levels of the DNA control samples showed error values < 10%. 
Furthermore, we observed a good linear correlation between theoretical and meas-
ured concentrations for both human and male targets (R2 = 0.9999 and 0.9997, 
respectively).

The mean percentage error related to the expected concentrations of the con-
trol samples using either regular than half volumes was < 10%, with the highest 
values respectively of 8,8% and 8%) at the lowest DNA concentration (0,0025ng/ul).

3.3 Forensic samples
Forensic samples, such as oral swabs, cigarette butts, bloodstains on white 

cotton or blue denim, semen on toilet paper, vaginal swabs, knife handles, hair 
roots, and femur or molar remains exhumed after five years, may be subjected 
to a wide range of environmental factors (e.g., heat, humidity, UV light) that can 
significantly affect DNA preservation and, consequently, the success of DNA profil-
ing. These conditions can lead to DNA degradation, making the recovery of intact 
genetic material more challenging. [1] Moreover, the nature of the substrate on 
which the biological material is deposited also plays a crucial role in DNA extrac-
tion efficiency, with porous or textured surfaces often absorbing biological materi-
al, complicating retrieval efforts. In addition to environmental stressors, forensic 
samples may contain PCR inhibitors (i.e. heme, indigo dyes, soil contaminants) 
hat can interfere with amplification and reduce the quality or yield of DNA profiles. 
Severe inhibition can result in the loss of alleles from larger STR loci or produce 
completely false-negative results, a pattern often mistakenly attributed to signifi-
cant template degradation. Mild to moderate inhibition may lead to partial allele 
loss and inaccurate estimation of the DNA quantity in the affected sample. [10] 
Overcoming these challenges requires optimized protocols and robust DNA quan-
tification techniques to ensure accurate and reliable forensic analysis. 
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Furthermore, mixtures of DNA are common in forensic samples, particu-
larly in cases of sexual assault. Detecting a mixed male-female DNA sample can be 
especially difficult when working with low-template DNA. In such cases, a mixed 
male-female sample may resemble a single-source male sample due to imbalanced 
amplification of autosomal and male-specific markers. The presence of a DNA mix-
ture at the quantification stage is essential, as it enables the selection of the most 
appropriate analytical methods for accurate analysis. [11-13]

In the present study, differences in DNA quantity and quality were found 
among the analyzed forensic samples, due to the nature of substrates and the con-
sequent different ability to preserve and to release biological material. (Table1)

Table 1: Quality assessment at Regular (R) and Half (H) Volumes

Samples Mixture 
Index

Mixture  
Thr.

Degrad. 
Index

Degrad.  
Thr.

Male  
Degrad. 
Index

Male  
Degrad.  
Thr.

Inhib. 
Index

Inhib.
Thr.

Oral swab
R 1,10 Bel.Thr. 1,16 Bel.Thr. 1,20 Bel.Thr. 0,17 Bel.Thr.

H 1,26 Bel.Thr. 1,08 Bel.Thr. 1,22 Bel.Thr. 0,20 Bel.Thr.

Cigarette butt
R 1,23 Bel.Thr. 1,29 Bel.Thr. 1,15 Bel.Thr. 0,35 Bel.Thr.

H 1,33 Bel.Thr. 1,16 Bel.Thr. 1,84 Bel.Thr. 0,27 Bel.Thr.

Bloodstain
white cotton

R 1,11 Bel.Thr. 1,02 Bel.Thr. 1,10 Bel.Thr. 0,10 Bel.Thr.

H 1,06 Bel.Thr. 1,05 Bel.Thr. 1,05 Bel.Thr. 0,14 Bel.Thr.

Bloodstain
blue denim

R 1,12 Bel.Thr. 1,04 Bel.Thr. 1,24 Bel.Thr. 0,24 Bel.Thr.

H 1,13 Bel.Thr. 1,07 Bel.Thr. 1,04 Bel.Thr. 0,18 Bel.Thr.

Semen
toilet paper

R 1,05 Bel.Thr. 1,13 Bel.Thr. 1,12 Bel.Thr. 0,07 Bel.Thr.

H 1,13 Bel.Thr. 1,16 Bel.Thr. 1,17 Bel.Thr. 0,10 Bel.Thr.

Vaginal swab
R 3,61 Mix 1,08 Bel.Thr. 0,31 Bel.Thr. 0,28 Bel.Thr.

H 4,02 Mix 1,21 Bel.Thr. 1,06 Bel.Thr. 0,25 Bel.Thr.

Knife handle
R 2,58 Mix 1,21 Bel.Thr. 1,49 Bel.Thr. 0,42 Bel.Thr.

H 2,71 Mix 1,13 Bel.Thr. 1,30 Bel.Thr. 0,36 Bel.Thr.

Hair root
R 1,14 Bel.Thr. 12,87 Degrad. 12,68 Degrad. 0,22 Bel.Thr.

H 1,15 Bel.Thr. 13,44 Degrad. 13,13 Degrad. 0,17 Bel.Thr.

5 year Femur
R 1,22 Bel.Thr. 13,98 Degrad. 14,00 Degrad. 0,06 Bel.Thr.

H 1,29 Bel.Thr. 14,73 Degrad. 14,27 Degrad. 0,10 Bel.Thr.

5 year Molar
R 1,08 Bel.Thr. 1,32 Bel.Thr. 1,20 Bel.Thr. 1,57 Inhib.

H 1,23 Bel.Thr. 1,27 Bel.Thr. 1,28 Bel.Thr. 1,36 Inhib.
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It was observed concordance per each sample between average quantification data-
(from triplicate assays) obtained using regular and half reaction volumes. Generally, 
quantification values using half reaction volumes are almost higher than those 
obtained with regular volumes, with SD values <0,4. (Fig.1)

Fig.1. DNA concentration and standard deviation (SD) estimation for each sample 

Quantification data analysis, using the Q-Rex software along with the Quant Assay 
Data Handling Tool, revealed (Table 1), in both cases,:

— Mixture Index (MI)>2, indicating a Female/Male mixture for the vaginal 
swab and the knife.

— Degradation Index (Human/Degradation) >10 for the hair root and 5-year 
femur 

— Male Degradation Index >10 for the hair root and 5-year femur 
— Inhibition Index (IC Shift)>1 for the 5-year molar

The default Degradation Indices of 10 enable STR profiling with DNA fragmented 
to 300 bp, differentiating fragments above or below this size. A Mixture Index above 
the default threshold of 2 suggests a potential male/female DNA mixture.

4. Conclusions

This study confirmed that the Investigator Quantiplex Pro RGQ Kit provides accu-
rate and reliable results even with half the recommended reaction volumes. This 
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adjustment maintains analytical performance while increasing sample throughput 
and reducing reagent costs, a significant benefit in high-volume testing. The op-
timized protocol is especially valuable in resource-limited settings and large-scale 
studies, where cost-efficiency and processing capacity are critical. Importantly, re-
duced reagent volumes do not compromise the quality or reliability of forensic or 
clinical outcomes, making this a practical improvement to standard quantification 
protocols.
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Abstract
Two independent laboratories typed the X-STR profile of four samples that presented Off-Ladder 
alleles located outside the allele 23 bin at the DXS10135. The samples were amplified twice with 
the Investigator Argus X-12 QS-kit and for each replicate, four electrophoretic runs were perfor-
med with the SeqStudio™ Genetic Analyzer. 
Two samples displayed a shift of around 0.42-0.48 bp from the reference sample, while two others 
displayed a shift of 0.30-0.32 bp. The four samples were sequenced using the ForenSeq DNA 
Signature Prep Kit on the MiSeq FGx Sequencing System. It emerged that the two samples with 
greater mobility shift shared the same isoallelic variant for the allele 23, characterised by an 
A→G transition in four repeats, leading to part of the sequence being [GAAA]15[GGAA]4 GAAA 
instead of [GAAA]20 (wild-type sequence). The other two samples presented the same A→G tran-
sition in three repeats (sequence [GAAA]16[GGAA]3 GAAA). 
We suggest that the mobility shift for the observed allele 23 is due to the greater Molecular 
Weight of G compared to that of A, producing a fragment slightly heavier than the allele 23 of the 
allelic ladder. Our study demonstrates how, albeit not being as informative as Next Generation 
Sequencing techniques, more modern and sensitive Capillary Electrophoresis instruments, cou-
pled with more stringent polymers, can assist in the detection of STR isoalleles.
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1. Introduction

Due to their higher discriminatory ability, STR isoalleles typing through Next Gen-
eration Sequencing (NGS) is becoming increasingly relevant in the forensic ge-
netics field. However, in some instances, Capillary Electrophoresis (CE) may still 
provide valuable information [1-3].

For an inter-laboratory project, two independent laboratories typed the 
X-STR profile of the same sample (Stain.1) in replicates using CE technology. Both 
laboratories detected an Off-Ladder (OL) peak at locus DXS10135, characterised by 
a slightly higher number of bp than the respective allelic ladder peak for allele 23. 
The mobility shift observed was of around 0.34 – 0.47 bp (LAB 1) and 0.22 – 0.31 
bp (LAB 2). 

Considering that two independent entities, whose CE instruments have been 
internally validated and calibrated, encountered the same issue, that the shift was 
localised and was consistently observed across replicates, instrument-dependent 
problems were excluded. For confirmation, NGS was performed and it emerged 
that the OL allele observed at the DXS10135 locus of Stain.1 presented an A→G 
transition in four repeats compared to the reference, leading to part of the se-
quence being [GAAA]15[GGAA]4 GAAA instead of [GAAA]20 (wild type sequence). 

In light of these observations, the present study aimed to analyse the elec-
trophoretic mobility of samples with wild type (wt) and mutated alleles 23 at the 
DXS10135 locus. Therefore, the two laboratories sequenced with NGS technology 
and performed replicate PCR amplifications and CE runs of the X-STR profile of 
samples presenting peaks in or adjacent to the allele 23 bin at the DXS10135 locus.

2. Materials and Methods

The two laboratories re-analysed a pool of archive samples that presented the al-
lele 23 or adjacent OL peak at the DXS10135 locus. In both laboratories, the same 
protocols and instruments used for analysing Stain.1 were employed. X-STR typing 
was performed using the Investigator Argus X-12 QS-kit (Promega) and fragments 
were separated using the SeqStudio™ Genetic Analyzer (Thermo Fisher Scientif-
ic). 
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Three samples with OL callings for allele 23 in DXS10135 were identified. 
The samples are herein referred to as Sample.1 to Sample.3.

In order to detect OL allele calling and to gauge electrophoretic mobility 
consistency across replicates, both labs PCR amplified each sample twice and each 
PCR replicate was injected four times, for a total of 16 data points. NGS typing was 
performed with the ForenSeq DNA Signature Prep Kit (Verogen) on the MiSeq FGx 
Sequencing System (Verogen). 

3. Results and Discussion

Replicated STR typing and CE runs results are reported in Table 1. NGS typing 
results are reported in Table 2, in which, for reference, the results of a wt sample 
have been included. CE run examples are reported in Figure 1. 

Table 1. X-STR PCR typing replicates. The allele or OL call is shown along with the number of 
bp measured for the peak

LAB 1

Sample PCR replicate I PCR replicate II

wt Sample 23 - 309.40 23 - 309.39 23 - 309.40 23 - 309.40 23 - 309.27 23 - 309.36 23 - 309.32 23 - 309.37

Stain.1 OL - 309.64 OL - 309.69 OL - 309.69 OL - 309.77 OL - 309.77 OL - 309.77 OL - 309.69 OL - 309.73

Sample.1 OL - 309.77 OL - 309.77 OL - 309.76 OL - 309.86 OL - 309.77 OL - 309.81 OL - 309.77 OL - 309.77

Sample.2 23 - 309.42 OL - 309.76 23 - 309.69 23 - 309.69 23 - 309.60 23 - 309.69 23 - 309.60 23 - 309.65

Sample.3 OL - 309.82 OL - 309.76 23 - 309.69 23 - 309.69 23 - 309.69 23 - 309.65 23 - 309.69 23 - 309.65

LAB 2

Sample PCR replicate I PCR replicate II

wt Sample 23 - 309.12 23 - 309.10 23 - 309.20 23 - 309.12 23 - 309.10 23 - 309.19 23 - 309.15 23 - 309.12

Stain.1 OL - 309.58 OL - 309.58 OL - 309.58 OL - 309.53 OL - 309.58 OL - 309.62 OL - 309.53 OL - 309.53

Sample.1 23 - 309.44 23 - 309.54 OL - 309.68 OL - 309.60 OL - 309.58 OL - 309.68 OL - 309.58 OL - 309.59

Sample.2 23 - 309.39 23 - 309.43 OL - 309.53 OL - 309.54 23 - 309.39 OL - 309.53 OL - 309.53 23 - 309.44

Sample.3 23 - 309.44 OL - 309.53 OL - 309.55 23 - 309.44 23 - 309.49 23 - 309.44 OL - 309.53 23 - 309.44
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Table 2. The stretch of the sequence affected by the mutation is partially reported. «•••» 
represents the upstream and downstream portions of the STR not affected by the mutation. 

Sample Partial DNA Sequence

wt Sample ••• [GAAA]20 •••

Stain.1 ••• [GAAA]15[GGAA]4 GAAA•••

Sample.1 ••• [GAAA]15[GGAA]4 GAAA•••

Sample.2 ••• [GAAA]16[GGAA]3 GAAA•••

Sample.3 ••• [GAAA]16[GGAA]3 GAAA•••

Figure 1. Electrophoretic mobility of the wt and mutated allele 23 at DXS10135. In descending 
other: wt Sample, Sample.1 (Mutation A), Sample.3 (Mutation B), Investigator Argus QX-12 

Allelic Ladder of the run session. 
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As per NGS typing results, Sample.1 shared the same mutation as Stain.1 (muta-
tion A), with partial sequence [GAA]15[GGAA]4GAAA, while Sample.2 and Sam-
ple.3 shared a second mutation (mutation B), with partial sequence [GAAA]16[G-
GAA]3GAAA.

Despite following the same protocol, a discrepancy of around 0.20 bp was 
observed between the results produced by the SeqStudio™ of the two laboratories. 
However, these slight variations between independent laboratories can be consid-
ered negligible if they are consistently observed. The calibration and internal vali-
dation of the instruments are a guarantee of reproducibility and replicability. 

Overall, a difference in terms of molecular weight (expressed as bp) was ob-
served between the mutated samples and the wt and between the two different 
mutations as well. Specifically:

— The mobility shift between mutation A samples (Stain.1 and Sample.1) 
and wild type was around 0.48 bp for LAB 1 and 0.42 bp for LAB 2.

— The mobility shift between mutation B samples (Sample.2 and Sample.3) 
and wild type was around 0.30 bp for LAB 1 and 0.32 bp for LAB 2.

In terms of detection:

— Mutation A allele 23 was flagged as an OL peak in 16/16 replicates for 
LAB1 and 14/16 replicates for LAB2 (87.5 - 100% of the cases).

— Mutation B allele 23 was flagged as an OL peak in 3/16 replicates for LAB1 
and 7/16 replicates for LAB2 (18.75 – 43.75% of the cases).

Conclusions

We suggest that the mobility shift and greater number of bp observed for the mutat-
ed 23 alleles at the DXS10135 locus are attributable to the nature of the mutation 
(A→G transition) which produces slightly heavier fragments. In fact, the mobility 
shift is more pronounced and more frequently detected for mutation A samples, 
which have four mutated repeats, compared to mutation B samples, which only 
have three. 

Our study demonstrates how, albeit not being as informative as NGS tech-
niques, more modern and sensitive CE instruments, coupled with more stringent 
polymers, can assist in the detection of some STR isoalleles.

In fact, if the SeqStudio™ Genetic Analyzer is properly calibrated and inter-
nally validated and if the analysis is performed in replicate CE runs, some isoalleles 
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can be detected in up to 19 - 44% of the replicates, while others in up to 88 - 100% 
of the cases, depending on the extent of the mutation.
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Abstract 
Mitochondrial DNA (mtDNA) analysis has gradually evolved from control region sequencing to 
whole genome sequencing with the development of massively parallel sequencing (MPS) techno-
logy, greatly promoting the application of mtDNA analysis in the fields of biomedicine, anthropo-
logy, and forensic science. However, the accuracy of MPS-based mtDNA analysis can be reduced 
due to uneven amplification and splicing of short fragments. Moreover, the heterogeneity reso-
lution of MPS platforms is limited, approximately 10%. Nanopore sequencing technology has 
outstanding ability to sequence long continuous DNA fragments, making the detection of mi-
togenome without splicing possible. In this study, we developed an automatic analysis pipeline, 
named MVCall, based on nanopore sequencing data for identifying variation and heterogeneity 
in mitogenome. Compared with CmVCall, the mtDNA control region analysis pipeline built in 
our previous study, MVCall added an insertion/deletion (InDel) identification module, a consis-
tency sequence generation module and a vcf file generation module, and optimized the analysis 
parameters of the polymer region. The sequence information and heterogeneity level of whole 
mitogenome can be obtained simultaneously by this pipeline. Overall, the MVCall provides a 
useful tool for mtDNA profiling in large-scale samples.
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1. Introduction

The human mitochondrial DNA (mtDNA) is characterized by maternal inheritance, 
no recombination, and a higher mutation rate (in comparison with the nuclear 
genome), thus plays an important role in forensic genetics, population genetics, 
and anthropology [1-3]. Recent studies have shown that mtDNA heterogeneity, 
which refers to the coexistence of wild-type and mutant mtDNA in different tissues 
or cells within the same individual, is widespread in the population [4-6]. In the 
field of forensic genetics, mtDNA heterogeneity could be considered as another di-
mension of polymorphism and plays an essential role in certain cases, such as the 
identification of Romanov family’s remains [7].

With the introduction and development of massively parallel sequencing 
(MPS) technology, mtDNA analysis has gradually evolved from control region se-
quencing to whole genome sequencing, and the amount of information obtained 
at one time has also increased [8]. However, MPS requires read splicing of multiple 
short fragment amplicons to attain the full mtDNA sequence, which increases the 
risk of heterogeneity assessment due to uneven amplification efficiency among am-
plicons and differential interference of nuclear mitochondrial sequences (NUMTs) 
[9-11]. Nanopore sequencing, as one of the mainstream third-generation long-read 
sequencing technologies, has outstanding ability for direct and real-time sequenc-
ing of nucleotide fragments of any length, making it possible to detect mitogenome 
without splicing [12].

In a previous study [13], an automated nanopore analytical pipeline (Cm-
VCall) for the mtDNA control region was developed, and more point heterogene-
ity sites (PHPs) were displayed with a detection threshold of 5%. In the present 
study, we presented a long-amplicon sequencing approach targeting the human 
mitogenome within one amplicon and developed an automatic analysis pipeline for 
identifying variation and heterogeneity in mitogenome based on CmVCall, named 
MVCall. In addition, 92 peripheral blood samples were sequenced and analyzed 
through the above workflow to decipher the mtDNA polymorphisms, heterogeneity 
sites, and complex sites, thereby evaluating the applicability of this tool for mtDNA 
profiling in large-scale samples. 
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2. Material studied, methods, techniques

2.1 Sample preparation
This study was approved by the Ethics Committee of Sichuan University 

(Approval Number: K2019017) and performed according to the Declaration of Hel-
sinki [14]. 92 peripheral blood samples were collected from healthy Han volunteers 
with written informed consent acquired from all participants. The QIAamp DNA 
Blood Mini Kit (QIAGEN) was utilized to isolate genomic DNA (gDNA) according to 
the manufacturer’s recommendations. The NanoDrop 2000C Spectrophotometer 
(Thermo Fisher Scientific) was used to quantify the DNA quantity. Control DNA 
9947A and 9948 (AGCU ScienTech Incorporation) were used as the positive control. 

2.2. mtDNA whole genome amplification and QNome nanopore sequencing
The whole mitogenome of Control DNA (9947A and 9948) and 92 peripheral 

blood samples were amplified using the primer pair mt16426F/mt16425R and the 
Platinum SuperFi II PCR Master Mix (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. All PCR products were verified by 0.4% agarose gel 
electrophoresis and quantified utilizing the Qubit Fluorometer and the Qubit dsD-
NA HS Assay Kit (Thermo Fisher Scientific). Nanopore sequencing of mtDNA was 
performed using QDR-V1.1 sequencing kit and Qcell-3841 chip (Qitan Technology) 
on a QNome-3841 sequencer, strictly following the manufacturer’s protocol as de-
scribed in the previous study [13].

2.3. MVCall development
Based on the previous study [13] and the nanopore sequencing data generat-

ed from the Control DNA, we developed a bioinformatic analytic pipeline, MVCall, 
for automated sequence designation and heterogeneity authentication of the whole 
human mitogenome. The overall pipeline is illustrated in Fig.1. Compared with 
the CmVCall [13], MVCall added modules for insertion and deletion identification, 
consensus sequence generation, and vcf file generation, and optimized the analysis 
parameters of the polymer region. Moreover, the effect of bases before and after the 
variant site was also assessed during the variant identification process.
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Fig. 1 MVCall pipeline. NiuTouGeng was used for base calling and to generate fastq files. 
Reads filtering was performed utilizing minimap2 and Nanofilt with filtering criteria of MAPQ 
> 50 and read lengths between 15 kb and 17 kb, respectively. Then, VCall.py was employed to 
authenticate heterogeneity sites and output vcf files including SNV, insertions, and deletions 

information.

2.4 Data processing
The mutational variants were manually verified utilizing the Integrative 

Genomics Viewer (IGV). Haplotype/haplogroup frequencies were calculated by the 
direct counting method, while the calculation of the haplotype/haplogroup diver-
sity (HD) was as follows:

where pi is the frequency of the haplotype or haplogroup i, k means the number 
of haplotypes or haplogroups, and N represents the total sample size. According to 
the previous study [13], the heterogeneity authentication threshold was 5%, and 
the identified heterogeneity sites were compared with mutation sites reported in 
MITOMAP [15].

3. Results

3.1 QNome nanopore sequencing performance
The raw data was first filtered by length (15 kb to 17 kb) and Q-score (greater 

than 10). The average total reads of the 92 random peripheral blood samples was 
4,263 and the average total bases was approximately 150 Mb after filtering. In addi-
tion, three replicate sequencing of Control DNA 9947A showed consistent results 
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in sequence identification, demonstrating the reproducibility and repeatability of 
nanopore sequencing. Interestingly, the variant at nt263 was not identified in any 
of the three sequencing attempts. The IGV results displayed that nt263 behaved in-
consistently in both the forward and reverse strands and was therefore unavailable 
for judgment. As for the Control DNA 9948, the nt263 variant was not recognized 
due to the similar IGV performance as the Control DNA 9947A. With analogous IGV 
results as that of the nt263 variant, the identification of insertions (309.1C, 309.2C, 
and 315.1C of Control DNA 9947A, and 2156.1A and 8156.1G of Control DNA 9948) 
was relatively difficult, depending on the accuracy of sequencing platforms and 
mapping algorithms.

3.2 MtDNA genetic diversity
For whole mitogenome, a total of 85 haplotypes were detected in 92 sam-

ples, of which 79 were observed only once, giving a haplotype diversity of 0.9981. 
Meanwhile, a total of 72 haplogroups were detected in 92 samples, of which 58 
haplogroups were unique, and the haplogroup diversity was 0.9936. When only 
sequence information of the control region was considered, 81 haplotypes were 
detected, of which 71 were observed only once, with a haplotype diversity of 0.9971. 
A total of 71 haplogroups were detected, of which 56 were observed only once, re-
sulting in a haplogroup diversity of 0.9921.

3.3 Heterogeneity identification
Heterogeneity was detected at 372 loci using a detection threshold of 5.0%, 

with a total of 38 heterogeneity loci in the control region, accounting for approx-
imately 10.22%, and 89.78% heterogeneity in the coding region. Compared with 
the mutation sites in the MITOMAP database, 123 (33.06%) heterogeneity sites 
were revealed with minor base mutations not reported in MITOMAP, and five heter-
ogeneity-containing base insertion deletions were found in the coding region sites.

4. Discussion

Here, we present a long-amplicon sequencing method for the full length of the 
human mitogenome and develop an automatic bioinformatics pipeline for varia-
tion and heterogeneity identification of resulting long-read sequencing data. Our 
workflow successfully and efficiently recovered high-quality long-read sequencing 
data of the entire mitogenome. When analyzing Control DNA 9947A and 9948 sam-
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ples, the nt263G variant and insertions at nt309, nt315, nt2156, and nt8156 were 
not accurately identified. After checking the IGV results and the rCRS reference 
sequence, we found that these sites are located in the polymer region, which has 
always been a challenge in sequencing analysis and requires the development of 
specialized algorithmic software. When analyzing the 92 random peripheral blood 
samples, we found that most of the identified variants were consistent with previ-
ously reported variants and that each individual carried different levels of heter-
ogeneity. Furthermore, we observed about 33.06% heterogeneity not reported in 
the MITOMAP database, revealing the potential of nanopore sequencing to detect a 
wider spectrum of mtDNA mutations. Follow-up studies need to incorporate larger 
and more diverse sample sets, such as family tree samples, population samples, 
and samples from different tissues and body fluids, in order to fully explore the 
application of nanopore sequencing in mtDNA research and portray a more com-
prehensive mutation spectrum.

5. Conclusion

In this study, based on the nanopore sequencing data of the Control DNA 9947A and 
9948 samples, we constructed MVCall, an automated variation identification and 
heterogeneity annotation system for mtDNA whole-genome long-read sequencing 
data. This system was then applied for mtDNA genome-wide analysis of 92 random 
peripheral blood samples. 85 haplotypes and 72 haplogroups were detected, with 
a haplotype and haplogroup diversity of 0.9981 and 0.9936, respectively. Using a 
detection threshold of 5.0%, a total of 372 heterogeneity sites were identified, and 
after comparing these heterozygous minor bases with the mutations reported in 
the MITOMAP database, 123 unreported heterozygous minor bases were identified, 
accounting for 33.06% of the total heterogeneity. Further studies should incor-
porate larger and more diverse sample sets to more reliably depict the nanopore 
sequencing-based mtDNA mutation profiles.
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Abstract
Recently a new innovative technology has emerged for semen detection: STK®Sperm Tracker 
(AXO Science). This reagent is a non-toxic presumptive test specifically designed to highlight 
male acid phosphatase (PA) in human seminal fluid. Upon interaction with this enzyme, the 
reagent triggers a reaction that enables the observation of persistent blue fluorescence, after 
subsequent exposure to UV-365 nm lamp irradiation. This study aims to evaluate the efficiency 
of STK® in emphasizing and detecting semen traces across various scenarios and environments. 
Additionally, interesting time-dependent color changes were observed, suggesting a potential 
technique for Time Since Deposition (TSD) estimation.

Keywords
Semen, Principal Component Analysis (PCA), Time Since Deposition (TSD)

1. Introduction

In forensics, detecting body fluids at crime scenes or on evidence is critical for 
proper evidence collection [1]. Various sensitive, specific, and non-destructive tests 
have been developed for different types of fluids. Recently AXO Science (Villeur-
banne, France) introduced a new technology for semen detection: Sperm Track-
er® [2]. This non-toxic, ready-to-use technology enhances both the sensitivity and  
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specificity of semen detection, offering significant advantages in locating and collect-
ing semen stains. This study assesses the effectiveness of STK® in highlighting and 
detecting semen traces across various scenarios and environments. The technique 
preserves downstream DNA integrity without any negative effects, thus, significant-
ly improving trace detection. Exploratory analysis using pixel-level and image-level 
approaches on RGB raw data, combined with Principal Component Analysis (PCA), 
underscores the method’s practical utility in identifying sperm traces.

2. Material studied, methods, techniques

2.1. Material I
To test the STK® Skin (a sprayable solution that allows to specifically detect 

semen on victim’s skin and hair), mock samples were prepared using pig ears and 
both natural and bleached human hairs. Fresh sperm was collected from at least 3 
donors to reduce interindividual variability, and a 50 µL was laid down in triplicate 
on each surface. The samples were then kept under different environmental condi-
tions (wet, wet outdoor, room temperature and controlled temperature at 40°C) for 
different storage times (20 days, 10 days, 5 days, 3 days, 2 days, 24 hours, 12 hours 
and 1 hour). After STK®Skin treatment, the emphasized traces were photographed 
in a standardized manner using VILBER VL-6.L UV lamp (365nm) for exposure: 
Nikon digital camera D7100 with a DX AF-S NIKKOR 10-24mm 1:3.5-4.5G ED 
camera lens with yellow filter was positioned on a tripod, 15 cm far from samples 
with 1 second capture time. 

Subsequently, exploratory analyses, including pixel-level and image-level 
approaches on RGB raw data, along with Principal Component Analysis (PCA) [3], 
were conducted by computing the colorgramns on the RGB collected images [4].

2.2. Material II
To test the STK® Spray (a presumptive test for the detection of human male 

semen, intend to be used indoor and outdoor, on floor, soil, hard surfaces like fur-
niture, plastics, leather, metal, leaves, etc), double-blind experiments were carried 
out: both Non-Expert and Expert operators participated to compare accuracy and 
sensitivity of STK®Spray in detecting traces of semen on different surfaces. Fresh 
sperm samples were collected from at least 3 donors and varying volume of samples 
were spotted on different surface. The detection was carried out at two different 
times: immediately after deposition and seven days after deposition.
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In addition, 50 μL of semen was spotted in quintuplicate onto rigid blue-plas-
tic supports (to ensure consistent material and color reference) and stored at room 
temperature. The evidences were then emphasized with STK®Spray at 4 different 
times since deposition (1-hour, 1 month, 2 months and 3 months). After the STK® 
Spray treatment, the highlighted traces were photographed in a standardized man-
ner, and image-based approach was adopted and subsequently analyzed using PCR 
to conduct exploratory analysis of the image dataset. 

3. Results

The difference observed before and after the application of STK® Skin is remarka-
ble. After the STK® application, the areas of interest become well-defined, signifi-
cantly enhancing evidence collection.

To highlight the presence of semen traces, a PCA model was built for each 
captured image. An example is reported in Fig. 1: each graph shows PC1/PC2 and 
PC3 scores and each point represents a pixel from the original image. The color re-
flects pixel density, where red shows high density and blue shows low density. The 
PC1/PC2 scores plot effectively differentiates seminal fluid areas from the back-
ground. Background scores cluster on the left at low PC1 and PC2 values, while 
trace pixels form a distinct cluster on the right at high PC1 and PC2 values.

Figure 1. Semen traces on hair: selected image pixels shown as different clusters on PC1/PC2 
scores. 
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To detect the actual effectiveness of the STK® Spray under the tested conditions, 
the graph in Fig. 2 shows the percentage number of traces detected, before and af-
ter treatment, relative to the total traces deposited, correlated to operator’s experi-
ence (Fig. 2A). Furthermore, no significant variations in stain detection capability 
are revealed concerning trace volume (Fig. 2B) or Time Since Deposition (TSD) 
(Fig. 2C). 

Figure 2. A) The graph compares the percentages of traces positively considering the 
detection solely with ALS (Alternative Light Source) and after STK® Spray treatment, in 
correlation between Non-Expert and Expert operators. B) The graph comparison of the 

percentage of different volumes traces (50 µL, 100 µL, 150 µL) correctly detected. C) 
Comparative graph of the percentage of semen both freshly (t0) and after 7 days of TSD (t1) 

detection. 
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During the chemometric analysis, an exciting colorimetric change in STK® fluo-
rescence has been revealed over TSD, prompting further investigation. The matrix 
of signals derived from trace images at different deposition time detection was ana-
lyzed using PCA method, revealing TSD as a significant source of variability. The 
loadings of PC1 indicate that the intensity of the red channel plays a crucial role: 
low red values result in positive loadings, clustering samples at t0 (1-hour) in pos-
itive PC1. The trend was also observed in RGB values comparison [5], as shown in 
Fig. 3: chromatic variation is due to increased red index over time.

Figure 3. RGB Color Picker interface for specific pixel provides the RGB channels’ intensities. 
1-hour (t0) and 2 months (t 2) detection TSD are compared. 

4. Discussion

The use of STK® technologies allows an effective increase in semen detection. The 
PCA analysis aims to differentiate trace-related areas from irrelevant background. 
However, the analysis showed different results between pig ears and hair. STK® 
Skin was less effective on hair, probably because the trace dispersed throughout the 
hairs, unlike skin samples. RGB imaging only considers color properties, making 
identifying traces treated with STK® Skin difficult if their color is too similar to 
the rest of the sample. More advanced imaging systems like hyperspectral imaging 
could be used to implement the analysis.

The stains’ volume and the detection time since deposition do not signifi-
cantly influence the detection of traces with STK®Spray. It would be interesting to 
explore further using minimal volumes of semen traces or mixing them with other 
biological fluids. Time-dependent trace color changes were also noted, suggesting 
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potential aging indicators: This variation over time could be determined by a de-
crease in the activity of acid phosphatase, the target of the reagent. 

5. Conclusion

The STK® has proven to be more efficient in semen detection, than the examina-
tion conducted solely with Alternative Light Sources (ALS). A significant reduc-
tion in the risk of false positives has also been observed. The STK® significantly 
helps detection even for non-expert operators emphasizing its easy-use and ef-
fectiveness in semen detection.

Exploratory analysis used pixel and image-level approaches revealing con-
sistent efficiency across varying environmental conditions. TSD has been revealed 
as a significant source of variability: this would to develop a multivariate regression 
model that can estimate the time since deposition of an unknown trace.
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Abstract
Massively parallel sequencing (MPS) provides more information on samples, which helps to 
make identifications in challenging cases. The ForenSeq MainstAY kit combines autosomal and 
Y-STR loci into a comprehensive panel of 52 STRs and Amelogenin. The generation of MainstAY 
sequencing libraries is a multistep process involving magnetic bead based procedures for puri-
fication and normalization. Here we describe the development of an automated workflow, based 
on the EZ2 Connect Fx and the QIAgility. In this workflow, the QIAgility can be used to perform 
the PCR setup and library pooling steps. The EZ2 Connect Fx is used for library purification and 
normalization in a single protocol. The prefilled EZ2 cartridges increase reproducibility and 
significantly reduces hands-on time. Sensitivity and reproducibility of the automated workflow 
were compared to manual library generation. The total number of reads obtained, as well as allele 
recovery were found to be equivalent. The risk of cross-contamination was studied by running 
alternating positive and negative samples. Across 24 negative samples, two alleles above thres-
hold were detected.

Keywords
MPS, automation, library preparation, ForenSeq, EZ2.

1. Introduction

Compared to historic methods like capillary electrophoresis (CE), massively par-
allel sequencing (MPS) enables the simultaneous analysis of more genetic mark-
ers, and provides a higher detailed genetic profile. The ForenSeq MainstAY kit 
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used in this study amplifies 27 autosomal STRs, 25 Y-STR loci and Amelogenin. 
However manual library preparation for sequencing is an obstacle and broader 
adoption for routine use, needs affordable and convenient automation for low to 

Figure 1. Workflow overview.

mid throughput. In particular the magnetic bead based purification and normaliza-
tion steps of the workflow are tedious. The EZ2 Connect Fx instrument is designed 
for automated magnetic bead processing and can run 24 samples at a time. The 
instrument uses prefilled reagent cartridges. To complete the automated workflow, 
PCR reaction setup and library pooling steps can be performed by the QIAgility, or 
another suitable liquid-handling instrument. 

2. Methods

For manually prepared ForenSeq MainstAY libraries, the reference guide of the 
kit was followed. The automated library purification and normalization was per-
formed using preliminary research protocols on the EZ2 Connect Fx instrument. 
PCR amplification was done on Veriti or Proflex 96-well PCR systems (Thermo 
Fisher Scientific). Positive control DNA NA24385 was used as template and serial-
ly diluted for sensitivity studies. For studies evaluating the reproducibility of the 
automated library purification, enriched PCR products were pooled and aliquots 
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of the pool used for manual, or automated procedures. Sequencing was performed 
using the MiSeq FGx Reagent Micro Kit. Data was analyzed with the Universal 
Analysis Software 2.0 and the default ForenSeq MainstAY analysis method.

3. Results & discussion

Figure 2. Sensitivity and equivalence to a manual library purification and normalization. 
A) Serial dilution of control DNA (NA24385) was amplified and library purification and 

normalization done manually, or with the EZ2 Connect Fx. B) 1 ng control DNA (NA24385) was 
amplified and library purification and normalization done manually, and with two EZ2 Connect 

Fx instruments. 24 replicates each were run.
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In order to test for sensitivity and equivalence to a manual library purification and 
normalization, positive control DNA (NA24385) was serially diluted and amplified 
in 4 replicates each using the ForenSeq MainstAY Library Prep Kit. One half of the 
amplified libraries was purified and normalized manually according to the hand-
book protocol, while the other half was run on the EZ2 Connect Fx. All normalized 
libraries were pooled, sequenced on the MiSeq FGx, and analyzed using the Univer-
sal Analysis Software. Results were equivalent for the manual and automated work-
flows. Consistent full profiles were obtained down to 63 pg, lower input amounts 
showed allele dropouts as expected (Fig. 2A). 

The reproducibility across different EZ2 Connect Fx instruments was addressed 
by running 15 replicates each on two instruments against a manual control. 5 µL of 
each library was pooled for sequencing. Average read counts and sample-to-sample 
variation were in the expected range, and comparable between manual and automated 
procedures (Fig. 2B). All samples resulted in full ForenSeq MainstAY profiles.

A cross-contamination study was performed. Positive control DNA (NA24385) 
was amplified using 1 ng template. Positive samples and NTCs were handled sep-
arately during amplification. However, spurious contamination observed may still 
have been introduced during PCR of negative controls. Amplified libraries were pu-
rified on the EZ2 Connect Fx instrument alternating between positive & negative 
samples. Two runs on different instruments were performed. All positive samples 
resulted in the expected full profiles with all 53 markers detected with the expect-
ed profiles. In 2 of 24 NTCs, a single allele was detected above threshold (data not 
shown). One allele did not match the control DNA profile, thus could be excluded to 
be a cross-contamination from the automated run. The second allele matched the 
control DNA profile. The rate of sporadic background observed was similar to that of 
manually prepared libraries. In general, EZ2 Connect Fx instruments used for library 
clean up should be operated in post PCR areas, and not process sample extraction.

4. Conclusion

Preliminary results suggest the EZ2 Connect Fx is suitable for ForenSeq library 
purification. The automated protocol provides equivalent sensitivity compared to a 
manual library preparation, free of cross contamination.

5. Conflict of interest statement

All authors are QIAGEN employees.



Forensic validation of the MPS Forenseq MainstAY assay

amaia CabrEJas-olalla1, maría dE la pUEntE1, ana frEirE-aradas1, 
 adrián ambroa-CondE1, JorgE rUiZ-ramírEZ1, JaviEr gonZálEZ-bao1,  

lUCía Casanova-adán1, migUEl boUllón-CassaU1, amElia rodrígUEZ-lópEZ1,  
ChristophEr phillips1,2, maría viCtoria larEU1, ana mosqUEra-migUEl1*

1Forensic Genetics Unit, Institute of Forensic Sciences,  
Universidade de Santiago de Compostela, Spain.

2King’s Forensics, Faculty of Life Sciences and Medicine, King’s College, London, UK.

* Corresponding author at: ana.mosquera@usc.es; +34 881812404

Abstract 
Massively Parallel Sequencing (MPS) has emerged as a powerful tool for overcoming some of the 
current challenges of forensic genetics thanks to its improved sensitivity, higher discrimination 
power due to the capacity to evaluate marker’s sequence variation and enhanced mixture inter-
pretation. However, despite the increasing accessibility of MPS assays and platforms, results from 
forensic internal validations are not usually available in the literature, so it is difficult to evaluate 
the performance of STR analysis with MPS in real forensic routine casework. 
The Forenseq® MainstAY SE assay is composed of 28 autosomal STRs (aSTRs), including the 
highly polymorphic SE33 marker, and 25 Y-chromosome STRs (Y-STRs), offering the benefits of 
combined analysis of autosomal and Y STRs in one assay, and expanding the capabilities of the 
current 6-dye capillary electrophoresis kits. Here we present a forensic validation pipeline for the 
MainstAY SE assay, and we evaluate its performance on forensic routine cases. Protocol optimiza-
tion using reduced volumes has been explored. Sensitivity analyses using dilution series, common 
control sample capillary electrophoresis-MPS genotype concordance evaluations, and analysis of 
artificial mixtures with different proportions of DNA from several donors. These evaluations have 
allowed us to define the limits of the MainstAY assay and to identify underperforming markers. 
Sequence coverage, stutter ratios, heterozygous balance, length/sequence variation and stacking 
artifacts were among the parameters evaluated for determining individual STR performance. 

Keywords
Massively Parallel Sequencing (MPS), internal validation, reduced volumes, sensitivity, kinship 
cases, DNA mixtures.
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1. Introduction

Massively Parallel Sequencing (MPS) has emerged as a powerful tool to overcome 
some of the current challenges in Forensic Genetics due to its improved sensitivity, 
higher discrimination power from the capacity to evaluate component marker’s 
sequence variation, and enhanced mixture interpretation [1]. However, despite the 
increasing accessibility of MPS assays, results from forensic internal validations are 
not easily available, making it difficult to evaluate the performance of STR analysis 
with MPS in real forensic routine casework. 

The Forenseq® MainstAY SE assay [2] is composed of 28 autosomal STRs 
(aSTRs), including the highly polymorphic SE33 marker, and 25 Y-chromosome 
STRs (Y-STR), offering the benefits of combined analysis of autosomal and Y STRs 
in one assay, and expanding the capabilities of the current 6-dye capillary electro-
phoresis (CE) STR kits.

Here we present a forensic validation pipeline for the Forenseq® MainstAY 
SE assay (Verogen-Qiagen), to evaluate its performance for its application to foren-
sic casework.

2. Material and methods

2.1. Samples included and assay optimization
The sample set consisted of NA24385 and 007 DNA controls, that were used for 
serial dilution replicates (1, 0.5, 0.25, 0.125, 0.0625 and 0.0312 ng/mL), reduced 
volume experiments and the preparation of artificial DNA mixtures at different ra-
tios (1:1, 1:3, 1:9, 1:14 and 1:24; being NA24385 the major contributor and CP007 
the minor one). Eight reference samples, obtained from voluntary donors with in-
formed consent approved by the Bioethics Committee of the Universidade de Santi-
ago de Compostela (USC-58/2022), were extracted with PrepFiler Express (Applied 
Biosystems, AB) and quantified Quantifiler™ Trio DNA Quantification Kit (AB). 
For CE-MPS concordance purposes, samples were analyzed with capillary electro-
phoresis STR kits, namely GlobalFiler (AB) [3], and YfilerPlus (AB)[4]

Library preparation was carried out following the manufacturer protocol 
(Forenseq® MainstAY Reference Guide - Verogen-Qiagen). For the assay optimi-
zation, replicates of 1ng and 0.5ng DNA inputs of 007 control DNA, reducing the 
reaction mix volumes (half and third), were run. Diluted pooled libraries were se-
quenced in a MiSeq FGx™ system following the equipment instructions. Results 
were analysed with the ForenSeq UAS software v.2.5.0. 
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2.2. Forensic validation
Validation studies were performed following the recommendations of the Scientific 
Working Group on DNA Methods (SWGDAM) [5], consisted of the evaluation of 
CE-MPS concordance, reproducibility and sensitivity studies (performed with the 
dilution series replicates), performance in forensic samples and mixture analysis. 

Familias3 [6] software was used for Random Match Probability (RMP) statis-
tical evaluation, and EuroForMix software [7] was employed for mixture analysis. 
Published allele frequencies from the population of interest were selected for the 
different STR panels (GlobalFiler™ [8, 9] and MainstAY SE [10]). 

3. Results

3.1. Protocol optimization with reduced reaction volumes
As a first step and aiming to achieve the maximum cost-effectiveness of the 

MPS assay, the protocol optimization consisted of the evaluation of the possibility 
to reduce the reaction volume, by comparing the results from full, half and third 
volumes. 

Mean concordance and profile completeness percentages for full and reduced 
volumes were calculated, and full profiles and 99-100% CE-MPS concordance were 
achieved for Y-STRs and aSTRs, respectively, when using the manufacturer recom-
mended volume (Figure 1). However, considerable coverage variability was detect-
ed for some of the reduced volume replicates. Percentage of completeness for half 
volume replicates varied between 88-100% (mean of 97%) for aSTRs and 52-92% 
(mean of 81%) for Y-STRs. A significant decay was appreciated for the third volume 
samples, with 0-57% (mean:15%) for aSTRs and 0-32% (mean: 9%) for Y-STRs 
percentage of completeness. Y chromosome profiles seem to be more affected by 
the reduction volume strategy. Despite these values, the concordance percentage 
was considerable (>87%) even for very partial profiles.
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Figure 1. Mean CE-MPS concordance and mean profile completeness percentages for full, half 
and third volumes.

3.2. Sensitivity and concordance
Dilution series replicates were run to establish the limits of the assay. Satis-

factory results in terms of reproducibility and mean profile completeness (>94%)
were obtained up to 0.125 ng DNA input. 

Generally, concordant results have been achieved for shared autosomal 
STRs and Y-STRs between CE and MPS-length data, with some profile instability 
increases (84% and 90% concordance for aSTRs and Y-STRs, respectively) in the 
lowest DNA inputs. 

3.3. MPS panel technical performance
Considerable coverage variability has been noticed in sample replicates, not 

only among, but also within sequencing runs, especially with decreasing DNA in-
put. Some underperforming markers were identified, namely Penta E, Penta D, 
D10S1248, D19S433, D2S1338 and D12S391 (Figure 2). Frequently, these markers 
were not genotyped in the most compromised samples. 
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Figure 2. Coverage variation observed for aSTRs (A) and Y-STRs (B) among the ten single 
source samples analyzed.

Heterozygous imbalance was found even in good quality samples, being 
significantly pronounced for Penta E, SE33, D13S317, D22S1045, D16S539 and 
DYS385. However, it only compromised profile interpretation in low quality sam-
ples or mixtures. 

High stutter ratios (>20%) are the most frequently observed artifacts in the 
panel, affecting both aSTRs (D1S1656, FGA, D2S1338, D8S1179, D12S391) and 
Y-STRs (DYS612 and DYS481). Sequencing dependent artifacts, such as stacking, 
could be solved by repeating the sequencing step.

3.4. Forensic informativeness
For the analyzed eight unrelated single source samples, 10 aSTRs presented 

isoalleles (e.g. D9S1122, D21S11, D13S317, D12S391, …). The number of isoalleles 
per sample ranged between 0 and 5, however MPS sequence data can have a great 
impact on the RMP. For 3 reference samples RMP were calculated using length or 
sequence MPS data, obtaining differences between 8-20 orders of magnitude.



896 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

Artificial mixtures were analyzed to determine the power of MainstAY panel 
for the identification of DNA contributors in mixed profiles. Even for the most im-
balanced mixtures, 1:14 and 1:24, 15 and 9 minor contributor exclusive alleles were 
detected, respectively. For 1:1 and 1:9 artificial mixtures Likelihood Ratio (LR) was 
calculated using length or sequence MPS data. Notable increase of the logLR value 
is observed in all cases when using sequence information. For imbalanced mixtures 
(1:9), this effect was more pronounced for minor contributor. 

4. Discussion and conclusions

The present work aimed to evaluate and validate the Forenseq® MainstAY SE assay 
to be applied to forensic casework. With this goal in mind, a forensic validation was 
performed. The assay performance was satisfactory for both reference and good 
quality samples, presenting full concordance and profile completeness in most of 
the samples and up to 0.125 pg. However, manual revision with a more stringent 
criterion should be applied (e.g. higher analytical threshold) when dealing with low 
quantity DNA or degraded samples and mixtures. Sequence information and detec-
tion of isoalleles can greatly improve the interpretation of real casework mixtures; 
however, additional analyses are required.

The evaluated panel, offering the benefits of combined analysis of autosomal 
and Y-STRs in one assay, can contribute to the resolution of non-direct kinship 
cases. However, to take advantage of the sequence MPS data, the UAS software and 
the presentation of the results should be improved to alleviate the complexity of 
the analysis. Moreover, additional efforts in scalability and technical improvements 
(e.g. stutter ratio) would allow forensic labs with low-medium casework loads to 
implement not only kinship analysis but also criminal casework.
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Abstract
Molecular autopsy is presented as a fundamental tool to elucidate sudden unexplained death 
(SUD) cases. In the last decade, the detection of genetic variants has gone from Sanger sequen-
cing to the most modern massive sequencing approaches allowing large gene panels to be analy-
sed. The evolution of technology, together with the reduction in costs, is currently favoring the 
choice of whole exome sequencing (WES) as a molecular autopsy strategy. In this study we will 
try to evaluate the efficacy of re-evaluating by WES cases of SUD that were previously analysed 
for a panel of genes with inconclusive results.
In our study we started from 86 cases of sudden cardiac death (62 men and 24 women) with 
ages ranging from 0 to 62 years. All cases underwent a gene panel by massive sequencing that 
included the main genes associated with cardiomyopathies and channelopathies. This analysis 
showed pathogenic or likely pathogenic variants in relation to the risk of sudden cardiac death 
in 16% of the cases.
Among the non-conclusive cases, the sequencing study was extended to WES in 14 cases with 
structurally normal heart at autopsy or with mild findings that do not justify the diagnosis of 
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structural heart disease. Data analysis performed using a virtual panel of 565 genes related to 
cardiac diseases according to current evidence did not allow any additional variants related to 
sudden cardiac death to be identified. 
Our study supports the efficacy of molecular autopsy in the search for the genetic cause of unex-
plained sudden cardiac death cases, showing a probable genetic cause in 16% of cases. However, 
it also suggests that the increase of genes beyond those definitively associated with cardiomyo-
pathies and channelopathies, does not improve the efficacy of molecular autopsy. As long as there 
are no new genes with a definitive association to sudden cardiac death, new approaches should 
be directed towards the use of technologies that allow the detection of other genetic variants not 
detectable with WES, such as whole genome sequencing studies.

Keywords
Molecular autopsy, sudden unexplained death, massive sequencing, exome, gene panel.

1. Introduction

Molecular autopsy is presented as a fundamental tool to elucidate sudden unex-
plained death (SUD) cases. In the last decade, the detection of genetic variants has 
gone from Sanger sequencing to the most modern massive sequencing approaches 
allowing large gene panels to be analysed [1] in a short period of time and at a re-
duced cost.

The evolution of technology, together with the reduction in costs, is cur-
rently favoring the choice of whole exome sequencing (WES) as a molecular au-
topsy strategy [2] which provides access to more genetic information. In this study 
we will try to evaluate the efficacy of re-evaluating by WES cases of SUD that were 
previously analysed for a panel of genes with inconclusive results.

2. Material studied, methods, techniques

2.1. Material
In our study we started from 86 cases (62 men and 24 women) with ages 

ranging from 0 to 62 years, that were received in the laboratory for genetic study of 
sudden cardiac death (SCD) over the last 16 years. 

This study was developed according to the recommendations of the Helsinki 
Declaration and approved by the local Ethical Committee. All cases or their rela-
tives signed an approved written informed consent before enrollment.
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2.2. Methods and techniques
Massive sequencing of a panel of the main genes associated with cardiomy-

opathies and channelopathies was performed in the 86 cases (Figure 1). Based on 
the evidence available over time, the number of genes included in the panel was 
variable, with a minimum of 81 and a maximum of 162 genes. Library preparation, 
sequencing technology and data analysis were also variable over time, according to 
technological development and availability in the laboratory.

A selection of 14 cases were subsequently subjected to whole exome sequenc-
ing with KAPA HyperExome Probes (Roche) and the NovaSeq 6000 Sequencing 
System from Illumina, and then prioritized to search for pathogenic variants using 
a virtual panel of 565 genes previously related with cardiac diseases (Figure1).

Figure 1. Steps to view the performance of WES versus specific gene panel in variants 
detection in SUD cases. 
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3. Results

Analysis of 86 cases with the inherited cardiac disease gene panel showed patho-
genic or likely pathogenic variants in relation to the risk of sudden cardiac death 
in 14 cases (Table 1). The ACMG guidelines and their most recent updates were 
taken into account to determine the pathogenicity of the variants [3, 4]. In 6 of the 
14 cases with putative causative variants, the autopsy showed structurally normal 
hearts, in 1 case the findings were compatible with a mild cardiac hypertrophy and 
the remaining 7 cases showed findings compatible with a previous undiagnosed 
cardiomyopathy.

Table 1. List of pathogenic or likely pathogenic variants found in 86 SUD cases sequenced with 
a gene panel. SID = Sudden Infant Death, DRV = Dilated Right Ventricle,

Cardiac findings at autopsy Genetic variant

Structurally normal heart DSP(NM_004415.2):c.1352G>A;p.R451H

Structurally normal heart KCNQ1(NM_000218.2):c.727C>T;p.R243C

Structurally normal heart KCNH2(NM_000238.3):c.1744C>T;p.R582C

Structurally normal heart KCNH2(NM_000238.3):c.1772A>G;p.D591G

Structurally normal heart LMNA(NM_170707.4):c.1583C>T;p.T528M

SID, Structurally normal heart MYH6(NM_002471.3):c.2161del:R721Gfs*7

Mild cardiac hypertrophy RYR2(NM_001035.2):c.1438C>T;p.R480*

Hypertrophic cardiomyopathy TNNT2(NM_001001430):c.281G>A;p.R94H

Asymmetric biventricular hypertrophy NEXN(NM_144573.3):c.784C>T;p.R262*

Biventricular hypertrophy MYBPC3(NM_000256.3):c.1806del;p.I603Lfs*60

Asymmetric hypertrophy MYBPC3(NM_000256.3):c.1806del;p.I603Lfs*60

Arrhythmogenic cardiomyopathy, severely DRV PKP2(NM_004572.3):c.987del;p.S329Rfs*23

Dilated cardiomyopathy DES(NM_001927):c.1109T>C;p.L370P

Arrhythmogenic left ventricular cardiomyopathy LMNA(NM_170707):c.1364G>A;p.R455H

The genetic study expanded to a virtual panel of 564 genes analysed through whole 
exome sequencing, in a subsample of 14 cases, did not allow to identify new patho-
genic or likely pathogenic variants for sudden cardiac death-related diseases.
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4. Discussion

According to the current guidelines for management of ventricular arrhythmias 
and prevention of SCD [5], genetic testing is recommended when a condition with 
a likely genetic basis and a risk of ventricular arrhythmia and SCD is diagnosed in 
a living or deceased patient (class I). In addition, post-mortem genetic testing tar-
geted to primary electrical diseases is recommended (class I) and may be extended 
to testing of additional genes (class IIb) in SCD victims younger than 50 years 
old or who had circumstances or family history supporting a primary genetic dis-
ease. Recommendations also include familial evaluation with genetic testing when 
post-mortem genetic testing detects a pathogenic mutation and the collection of 
blood samples for genetic testing after aborted SCD (class I). 

Our study detected putative causative genetic variants in 16% of the cases, in 
accordance with recent data indicated at least a 13% genetic yield in SADS cases [5]. 

Since only 14 of the 72 cases inconclusive with gene panel analysis were 
subjected to an expanded genetic study, we cannot rule out that, in any of the other 
58 cases, a variant associated with a cardiac disease could be detected with WES. It 
should also be taken into account that in the samples analysed by WES, a genetic 
putative causative variant may be present in another gene or genes not included 
in the virtual panel or even in intronic regions of the considered genes, as is the 
case of some pathogenic variants described in the MYBPC3 gene [6] associated with 
hypertrophic cardiomyopathy. 

5. Conclusion

Our study supports the efficacy of molecular autopsy in the search for the genetic 
cause of unexplained sudden cardiac death cases, showing a probable genetic cause 
in 16% of cases. However, it also suggests that the increase of genes beyond those 
definitively associated with cardiomyopathies and channelopathies, does not im-
prove the efficacy of molecular autopsy. As long as there are no new genes with a 
definitive association to SCD related diseases, new approaches should be directed 
towards the use of technologies, as whole genome sequencing, that allow the detec-
tion of other genetic variants in already known genes, not detectable with exonic 
sequencing approaches, such as intronic variants or structural variation.
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Abstract 
The Identification of Missing Persons (MPI) in communities affected by armed conflicts and 
other situations of violence is a fundamental pillar to address humanitarian needs. Furthermore, 
the integration of forensic genetic programs into the MPI has become an added value to this 
multidisciplinary process. The approach of strengthening medicolegal systems - the systemic 
approach - has been described as an effective strategy for the resolution of MPI. This article 
reviews under the systemic approach three forensic genetic programs working in MPI based 
twenty-eight indicators clustered in seven requirements. Common challenges were identified in 
the three humanitarian contexts, mainly related to implementation of policies and the impor-
tance to address Family’s needs, impacting the resolution of MPI. The systemic approach enables 
the identification of gaps and the integration of needs when assessing the functioning of forensic 
genetic programs working in MPI.

Keywords 
Missing Person Identification (MPI), Humanitarian Contexts.

1. Introduction

The Identification of Missing Persons (MPI) in communities affected by armed con-
flicts and other situations of violence is a fundamental pillar to address humanitar-
ian needs. Furthermore, the integration of forensic genetic programs into the MPI 
process has become a valuable addition to this multidisciplinary approach.

Several recommendations have been published on the use of forensic ge-
netics to address the issue of MPI in the last two decades [1,2,3,4]. There is still, 
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however, a need to carry out an integrated process leading to the clarification of the 
fate and whereabouts of the missing, which is a much complex reality – especially 
in disasters, migration scenarios, armed conflict, and other situations of violence, 
where it is not possible to assume in the first instance that the person is alive or 
dead and where a coordinated, integrated, multidisciplinary and very often mul-
ti-agency response is required [5].

Strengthening medicolegal systems - a systemic approach - has been de-
scribed as an effective strategy for resolving MPI cases by M.D Morcillo in 2024 [6], 
providing a general overview of the main gaps and challenges of the system that 
prevent States from responding adequately, through a set of recommendations to 
adjust the development and implementation of programs working on MPI. This 
study reviews, under the systemic approach, three cases of forensic genetic pro-
grams working on MPI in humanitarian contexts.

2. Material and Methods

The three genetic programs working under humanitarian contexts1 were assessed 
in the current study as follows:

— Context 1: Other Situation of Violence (OSV), represented by seven labo-
ratories working under forensic services.

— Context 2: Non-International Armed Conflict (NIAC), represented by one 
laboratory working under a medico-legal directorate.

— Context 3: International Armed Conflict (IAC), represented by one labo-
ratory working under a mechanism of missing persons.

The seven requirements described by Morcillo (2024) for the proper func-
tioning of medicolegal systems - policy, procedures, human resources, infrastruc-
ture, information management, quality, and family engagement - were implement-
ed following standardized assessment [7, 8] for the three forensic genetic programs 
focused on MPI in humanitarian contexts. To measure each of the seven require-
ments, four indicators per requirement were adapted for this study, totaling twen-
ty-eight indicators as follows:

— Policy: Laws, regulations developed and implemented in aspects related 
to i) Missing Person Identification, ii) DNA use, iii) DNA databases and, 

1 Name of countries and institutions are been anonymized



907SYSTEMIC APPROACH: A REVIEW OF FORENSIC GENETIC PROGRAMS WORKING ON MISSING PERSON 
IDENTIFICATION IN HUMANITARIAN CONTEXTS 

Yarimar Cristina Ruiz Orozco

iv) national or international committees or mechanism for the search 
and identification of missing persons.

— Procedures: development and implementation of procedures and proto-
cols related to i) Inter institutional cooperation, ii) intra institutional 
cooperation, iii) Methods, SOPs, iv) Integrated identification process 
(multidisciplinary approach).

— Families: Implementation of aspects related to the participation of fa-
milies in the search and identification process i) Missing Person Data 
collected, ii) Biological References Samples collected, iii) Information 
centers available (information shared), iv) accompaniment of families in 
the process (participation).

— Infrastructure: working conditions related to i) dedicated structures, ii) 
adequate distribution of spaces, iii) adequate equipment, iv) optimization 
and automation of process.

— Human Resources: working conditions related to i) funding for projects 
related, ii) dedicated organigram and job descriptions (HR set up), iii) 
skills on forensic genetics and human identification, iv) academic curri-
cula on forensic genetic and human identification. 

— Information Management: proper collection, creation, processing, analy-
sis, sharing, use, archiving/destruction, delivery of data related to i) de-
velopment of databases, ii) databanks, iii) data management system in 
place, iii) data protection practices in place.

— Quality: implementation of aspects related to i) practices of quality assu-
rance, ii) practices of quality control, iii) corrective and preventive main-
tenance plan in place, iv) accreditation process on going or done and 
maintained.

3. Results

The evaluation of the twenty-eight indicators were represented in a Presence-Ab-
sence Matrix (PAM) to compare the three forensic genetic programs under the 
humanitarian contexts of OSV, NIAC and IAC (Figure 1). Seven indicators were 
met in all the genetic programs assessed: National or International committees 
or mechanism for the search of Missing Persons; Methods and SOPs; Dedicated 
organigram and job description (HR set up); Dedicated structures, Biological Ref-
erence Samples (BRS) collected; Development of databases; and Quality Control. In 
the other hand, eleven indicators were not met in any of the three genetic programs 
assessed: Integrated identification process (multidisciplinary); Funding for projects 
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related; Skills on forensic genetic and human identification; Optimization and auto-
mation of processes; Information Centre available (information shared); Accompa-
niment of Families in the process (participation); Development of databanks; Data 
Management System; Quality assurance; Corrective and preventive maintenance; 
and Accreditation process. The frequency of overall indicators met in each of the 
three evaluated genetic programs were represented in a Treemap chart (Figure 2).

It was also evaluated the three genetic programs working on MPI based on 
the seven requirements described by M.D Morcillo, represented in a heat map chart 
(Figure 3). Notably, a higher frequency of indicators was observed for Policies (4/4) 
compared to a lower frequency for Quality (1/4). Finally, when comparing the func-
tioning of the three forensic genetic programs, a higher rate of indicators was met 
for the program under the context of OSV at 57%, followed by NIAC at 39% with 
the lowest rated observed for IAC at 32% as shown in the funnel chart (Figure 4). 

4. Discussion

Common challenges in the functioning of forensic genetic programs working on 
MPI were identified across the three humanitarian contexts, mostly coinciding 
on the need to implement policies and regulations, which affects other require-
ments essential to addressing families’ needs. This analysis through the systemic 
approach, also reveals how the interconnection between indicators from different 
requirements further impacts the overall effectiveness of the programs. For in-
stance, missing person data may be collected (Families) but not integrated in the 
identification process (Procedures); equipment may be in place (Infrastructure) 
without a maintenance plan (Quality); or database regulation may exist (Policy) 
without a corresponding data management system (Information Management).

This analysis highlights the importance of assessing case resolution of miss-
ing persons by integrating the measurement of elements from different nature 
(legal, scientific, social, cultural) through the development of indicators which are 
interconnected within each system.

5. Conclusion

The functioning of forensic genetic programs in MPI requires to be integrated, 
understood, and discussed within the framework of a systemic approach, which en-
ables better identification of gaps, assessment of sustainable impact and provision 
of effective prevention and resolution of cases.
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Indicator IAC NIAC OSV

Policy Missing Person Identification 1 1 1

DNA use 0 1 1

DNA databases 0 0 1

Nat. or Int. committees or mechanism for the search of MP 1 1 1

Procedures Inter-institutional cooperation 0 0 1

Intra-institutional cooperation 0 1 1

Methods and SOPs 1 1 1

Integrated identification process (multidisciplinary) 0 0 0

Families Missing persons data collected 0 1 1

Biological Reference Samples (BRS) collected 1 1 1

Information Centre available (information shared) 0 0 0

Accompaniment of Families in the process (participation) 0 0 0

Infrastructure Dedicated structures 1 1 1

Adequate distribution of spaces 1 0 0

Adequate equipment 0 0 1

Optimization and automation of processes 0 0 0

Human 
Resources

Funding for projects related 0 0 0

Dedicated organigram and job description (HR set up) 1 1 1

Skills on forensic genetic and human identification 0 0 0

Academic curricula on forensic genetic and human ID 0 0 1

Information 
Management

Development of databases 1 1 1

Development of databanks 0 0 0

Data management system 0 0 0

Data protection practices 0 0 1

Quality Quality assurance 0 0 0

Quality Control 1 1 1

Corrective and preventive maintenance 0 0 0

Accreditation process 0 0 0

Total 9 11 16

 Figure 1. Presence Absence Matrix (PAM) of the twenty-eight indicators for comparing the 
three forensic genetic programs working under humanitarian contexts.
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Figure 2. Treemap chart frequency of indicators observed in the contexts evaluated.

Context Policy Procedures Families Infrastructure Human 
Resources

Information 
Management Quality

IAC 2 1 1 2 1 1 1

NIAC 3 2 2 1 1 1 1

OSV 4 3 2 2 2 2 1

Figure 3. Heatmap chart of the evaluation of each requirement assessed per forensic genetic 
program under three humanitarian contexts

Figure 4. Funnel chart evaluation (in percentage) of each context based on the overall 
indicators assessed
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Abstract
Mixtures have always been a challenging problem in forensic genetics. Traditional genetic mar-
kers, like short tandem repeat (STR), can typically address ratios of up to 1:20, but when there 
is a significant difference between individual components, especially in extremely unbalanced 
mixtures (EUM), STRs struggle to provide reliable results. We propose designing allele-specific 
primers for Multi-Indels to target the minor component within mixtures. This method allows for 
the specific amplification of the minor component in cases where the major and minor compo-
nents are homozygous for opposite alleles, or when the major component is homozygous and 
the minor component is heterozygous. Ultimately, we screened 11 Multi-Indels from the 1000 
Genomes Project, each achieving a sensitivity of 10 pg and successfully detecting the minor 
component in a 1:1000 mixture.

Keywords
Multi-indel, allele-specific amplification, unbalanced mixture.

1. Introduction

Mixtures are very common in forensic science, particularly in cases involving two 
components. The greater the imbalance of proportions, the more challenging the 
analysis becomes, a phenomenon known as EUM. PCR amplification exacerbates 
this imbalance, potentially leading to the loss of alleles in subsequent genotype 
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profiles, an issue that traditional genetic markers struggle to address. In recent 
years, some studies have reported the use of compound genetic marker to sepa-
rate and detect the mixture based on the allele-specific amplification methods, in-
cluding deletion/insertion polymorphism-STR combinations (DIP-STR) [1], single 
nucleotide polymorphism-STR combinations (SNP-STR) [2], DIP-microhaplotypes 
[3], DIP-SNP [4], and SNP-SNP [5]. Each compound marker has its pros and cons. 
DIP-STR is sparsely distributed across the genome and is difficult to match with 
existing STR. SNP-STR requires the artificial introduction mismatches at the 3’ 
end of the allele-specific primer, which can be hard to control and may increase 
non-specific amplification products. DIP-microhaplotypes, DIP-SNP and SNP-SNP 
necessitate combing allele-specific amplification with SNapshot assay, complicat-
ing the process due to the need for two reactions.

Multi-indels, a generalized microhaplotype formed by two or more closely 
linked indels within 200-300bp, has emerged as a promising candidate [6]. Com-
pared to other compound genetic markers, their advantage lies in widespread distri-
bution across the genome. Additionally, Multi-indels exhibit length polymorphism, 
making it compatible with capillary electrophoresis (CE) platforms without the 
need for introducing mismatches or other techniques. Consequently, we screened 
Multi-indels from the whole genome and conducted allele-specific amplification.

2. Material and methods

2.1. Selection of Multi-indel markers
We used VCFtools to select Multi-Indels from the 103 Han Chinese in Bei-

jing (CHB) and 105 Southern Han Chinese (CHS) of the 1000 Genomes Project 
Phase 3. The selection criteria were as follows: (1) For indels: being biallelic; minor 
allele frequency (MAF) > 0.1; allele length ranging from 1 to 30 bp; located in in-
trons or non-coding regions. (2) For Multi-Indels: Each Multi-indel consists of at 
least 3 indels, with a total length within 200 bp; excluding the first or last indel, 
the length of any indel must not be equal to the length of any other indel or the 
sum of two or more indels, ensuring that each theoretical haplotype has a unique 
amplicon length; no other indels or highly repetitive nucleotide sequences within 
the amplicon; the physical distance between different Multi-Indels on the same 
chromosome must be >10 Mb; the theoretical haplotype frequency calculated by 
Phase must be ≥4, with at least 3 haplotypes having a frequency ≥0.05.
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2.2. Primer design
For each Multi-Indel, we designed allele-specific primers targeting the dif-

ferent alleles of the first indel, referred to as long and short alleles, with corre-
sponding primers labeled as L-primer and S-primer. During PCR, these primers 
specifically amplify the long and short sequences. The high specificity is achieved 
through the difference between the insertion sequence in the L-primer and the 
sequence spanning the insertion site in the S-primer. Additionally, a shared reverse 
primer (R-primer) was designed for the sequence downstream of the last indel. By 
controlling the amplicon lengths of different alleles, individual haplotypes can be 
directly determined on CE platforms. To further enhance specificity, the L and S 
primers were used in separate reactions (L-reaction and S-reaction).

2.3. Sensitivity study
The sensitivity of each Multi-Indel was assessed using samples with hete-

rozygous indels for which allele-specific primers were designed. These samples 
were diluted to 50 pg, 20 pg, and 10 pg for singleplex amplifications of L and S 
reactions in triplicate.

2.4. Mixture study
We assessed the ability to detect the minor component in mixtures of each 

Multi-indel. For the L and S primers of each locus, the simulated mixtures con-
sisted of heterozygous samples and corresponding homozygous samples. LS+SS 
was used for detection with L primers, while LS+LL was used for detection with S 
primers. The selection of heterozygous and homozygous samples depended on the 
allele of the indels used to design the allele-specific primers. Based on the sensitiv-
ity experiments results, the minor component was fixed at 10 pg, while the major 
components were set at 1 ng, 2 ng, 5 ng, and 10 ng, corresponding to mixture 
ratios of 1:100, 1:200, 1:500, and 1:1000.

3. Results

We screened a total of 629,402 indels from the 1000 Genomes Project data, meet-
ing the criteria of being biallelic, with MAF > 0.1 and allele length less than 30 bp. 
Next, we filtered for Multi-Indels that contained at least 3 indels, with a physical 
distance within 200 bp, ensuring each haplotype had a unique length. This process 
resulted in 2,860 candidates, all located in introns or non-coding regions. Based on 
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the number and frequency of haplotypes calculated by Phase software, we required 
a theoretical haplotype count ≥ 4 with at least 3 haplotypes having a frequency ≥ 
0.05, yielding 2,580 candidates. We then excluded loci with nucleotide repeats and 
indels overlapping, ensuring no other length variance within the amplicon and 
compliance with primer design standards, resulting in 59 candidates. Finally, we 
retained the Multi-indels with good primer specificity and no obvious non-specific 
products, excluding those on the same chromosome that were less than 10 Mb 
apart, ultimately remaining 11 Multi-Indels. General information of these 11 Mul-
ti-indels is provided in Table 1.

Regarding sensitivity and the ability of detect unbalanced mixture, all prim-
ers achieved a sensitivity of 10 pg and were capable of detecting simulated mixtures 
with a ratio of 1:1000. Here we present the electrophoresis results for mh05ZL-008. 
Figure 1 and 2 display the sensitivity and mixture results for the L and S primer of 
mh05ZL-008. The left half of each figure shows the results for the L-primer, while 
the right half presents the results for the S-primer. The results are arranged from 
top to bottom for 10 pg, 20 pg, and 50 pg, as well as for mixture ratios of 1:100, 
1:200, 1:500, and 1:1000, respectively. The genotype of the heterozygous sample 
used for sensitivity assay is mh05ZL-008-L-0 and mh05ZL-008-S-3. The genotype 
of minor DNA in mixture is mh05ZL-008-L-0 and mh05ZL-008-S-3, while the gen-
otypes of major DNA are mh05ZL-008-S-3 for the L-primer and mh05ZL-008-L-0 
for the S-primer. From the figures, it is evident that mh05ZL-008 achieves a sen-
sitivity of 10 pg and can detect minor components from a 1:1000 extremely unbal-
anced mixture.

4. Discussion and conclusion

We screened 11 Multi-indels suitable for detecting extremely unbalanced mixtures 
using allele-specific amplification technology from the 1000 Genomes Project data. 
These Multi-indels can achieve a sensitivity of 10 pg and detect minor components 
in simulated mixtures up to 1:1000. However, our study has some drawbacks, the 
number of loci is relatively small, which may not suffice for individual identifica-
tion or parentage testing, serving primarily as a supplement to STRs. Additionally, 
the requirement for two reactions to detect individual genotypes increases the DNA 
quantity needed.
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Table 1. General information of 11 Multi-indels

Multi-indel Chromosome Indel allele Rs number Position (GRCh37/hg19)

mh02ZL-021 2 -/CACTT rs71933401 10929385

2 -/AT rs11334495 10929488

2 -/GAAAAC rs57608395 10929533

mh04ZL-012 4 -/TC rs35846816 88801445

4 -/GAACT rs72161488 88801519

4 -/CCCTT rs34948283 88801550

mh04ZL-013 4 -/CAT rs66502037 187124231

4 -/GCACA rs77222977 187124238

4 -/TTCATA rs71871946 187124313

mh05ZL-007 5 -/CAGGTGAAAAATTAG rs113305200 103101444

5 -/TAGAGAA rs375318992 103101611

5 -/ATTTCCGTT rs369927246 103101622

mh05ZL-008 5 -/TA rs33954215 164476543

5 -/AATT rs33931627 164476563

5 -/CCATT rs80340616 164476631

mh06ZL-012 6 -/AGTCACTATT rs144153898 32560182

6 -/CAGG rs148954634 32560270

6 -/AT rs537623658 32560304

mh07ZL-014 7 -/CTAAATGAT rs71053237 57322877

7 -/TATA rs72447238 57322974

7 -/AAT rs71053238 57322980

mh14ZL-006 14 -/TAAAACACTG rs76021271 37149167

14 -/TATC rs5807900 37149210

14 -/AAAAT rs144923203 37149247

mh18ZL-011 18 -/AGAGGTGGGACC rs377195018 61672654

18 -/TTGGG rs59925455 61672667

18 -/GAT rs201823781 61672670

mh19ZL-006 19 -/AGGCCTGGCGC rs140364268 48264590

19 -/GTT rs140784512 48264662

19 -/CGGCTA rs60008794 48264754

mh21ZL-004 21 -/GA rs11424626 43550540

21 -/GTAT rs76728303 43550582

21 -/TGTGA rs10671342 43550724
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Figure 1. The sensitivity results of the L and S primer for mh05ZL-008.

Figure 2. The mixture results of the L and S primer for mh05ZL-008.
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Abstract
Objective: Acute myocardial infarction (AMI) is an important cause of sudden cardiac death, and 
the accurate and rapid diagnostic methods for AMI remain insufficiently developed. PIWI-inte-
racting RNAs (piRNA), as a newly discovered type of small RNA, have been found to be associated 
with the occurrence of cardiovascular diseases (CVD), but fewer studies have been conducted 
on the association of piRNAs with AMI. In this study, the piRNAs in plasma exosomes that are 
associated with the development of AMI was explored based on high-throughput sequencing 
technology, and preliminarily investigated the correlation between piRNAs and AMI.
Methods: An AMI model was established in rats by ligating the anterior descending branch of 
the left coronary artery. The rats were euthanized at different time points following the establis-
hment of the AMI model. RNA was extracted from rat plasma exosomes and high-throughput 
sequencing technology was utilized to screen for differentially expressed piRNAs in rat plasma 
exosomes associated with AMI.
Results: A total of 109,947 piRNAs were detected, 212 piRNAs showed an upward trend and 
88 piRNAs showed a downward trend in expression with the prolongation of AMI. Target gene  
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analysis of the top few piRNAs with more significant up- and down-regulation associated with 
AMI revealed that, for example, piR-2490770 and piR-282889 have the same target gene, Mterf3, 
which is involved in negative transcriptional regulation.
Conclusion: The expression of piRNA in plasma exosomes changes at the onset of AMI. This study 
contributes to the discovery of novel molecular markers suitable for the early diagnosis of AMI 
and provides new ideas for recognizing and preventing AMI.

Keywords
acute myocardial infarction; piRNA; plasma exosome; high-throughput sequencing

1. Introduction

Acute myocardial infarction (AMI) is one of the most serious cardiovascular dis-
eases(CVD), characterized by high rates of morbidity and mortality[1]. Commonly 
used clinical methods of AMI identification, such as imaging methods that have 
limited significance in the post-mortem diagnosis of early AMI without vascular-
ized organic lesions, have not yet been universally applied to AMI post-mortem 
identification[2]. Therefore, it is crucial to identify new biomarkers that can en-
hance the accuracy of AMI diagnosis.

Exosomes, which facilitate cellular communication, are widely involved 
in various biological processes such as immune response, cell differentiation, tu-
mor growth[3]. Studies have shown that exosomes are involved in cardiovascu-
lar pathophysiological processes[4]. Additionally, piwi-interacting RNAs (piRNAs) 
have been identified as important regulatory elements in CVD conditions such as 
heart failure, cardiac hypertrophy, pulmonary hypertension, and ischemic cardio-
myopathy[5]. PiRNAs are involved in silencing transcriptional genes, maintaining 
germline and stem cell functions, regulating translation and mRNA stability, main-
taining developmental and genetic integrity[6]. 

The expression of RNA in the body is temporal and spatial, and the amount 
of expression will change at different stages of its generation process or under the 
influence of factors such as disease[7]. Currently, there are fewer studies on AMI-re-
lated piRNAs. In this study, we employed high-throughput sequencing technology 
to identify AMI-related piRNAs. This approach not only offers new biomarkers for 
the post-mortem differential diagnosis of AMI in forensic medicine but also opens 
up further possibilities for prognostic treatment of AMI.
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2. Material studied, methods, techniques

2.1. Construction of rat AMI model
Fifteen adult male Wistar rats were allocated into three groups: Sham, AMI 

30-minute, and AMI 60-minute. Anesthesia was induced intraperitoneally using 
10% chloral hydrate. The left anterior descending coronary artery was ligated, 
and the duration of ligation was categorized as 30 minutes for the AMI 30-minute 
group and 60 minutes for the AMI 60-minute group. In the Sham group, a thread 
was passed around the artery but not tied. The physiological status of the rats in all 
three groups was monitored through electrocardiographic (ECG) changes follow-
ing the surgical procedure

2.2. Blood plasma isolation and exosome extraction
Supernatant was further centrifuged at 4°C at 3000×g for 15 minutes to iso-

late the plasma. Exosomes were extracted using the Hieff® Quick Exosome Isolation 
Kit (for Serum/Plasma) (Yeasen Biotechnology, Shanghai, China). The morphologi-
cal structure of the exosomes was examined using transmission electron microscopy 
(TEM). Additionally, the particle size and distribution of the exosomes were analyzed 
using nanoparticle tracking analysis (NTA), and the presence of exosomal marker 
proteins (TSG101, CD81, Flotillin-1) was confirmed through Western blotting.

2.3. RNA extraction and high-throughput sequencing
RNA was extracted from exosomes utilizing the miRcute miRNA isolation kit 

(Tiangen Biotech, Beijing, China). The sequencing reads were alignmented with the 
piRBase databases [8]. Trend analysis was conducted using the Short Time-series 
Expression Miner (STEM) software [9]. Furthermore, the target genes associated 
with the identified AMI-related piRNAs were retrieved from the piRBase database.

2.4. Statistical analysies
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) statistically ana-

lyzed piRNAs screened by high-throughput sequencing technology with P value < 
0.05 and multiplicity of difference in TPM > 2.

3. Results

3.1. Construction of rat AMI model
The S-T segment elevation of ECG in AMI 30min and AMI 60min groups 

suggested that the rat AMI model was successfully constructed.
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3.2. Exosome extraction and identification
The exosome characteristic protein was verified to be positive by Western 

blot. The structure of extracellular vesicles was a double-layered vesicular spherical 
from TEM. The size range of the exosome was 50-150 nm, and the main peak was 
about 80 nm from NTA. In conclusion, the exosome extraction was successful.

3.3. Sequencing and data Analysis
A total of 109,947 piRNAs were detected. There were 15,634 up-regulated 

piRNAs and 9,100 down-regulated piRNAs in the AMI 60min group compared to 
the Sham group. There were 8088 up-regulated piRNAs and 10909 down-regulated 
piRNAs in the AMI 30min group compared to the Sham group. Two hundred and 
twelve piRNAs show an upward trend and eighty-eight piRNAs show an downward 
trend in expression after AMI occured. The top 15 piRNAs with significant upward 
and downward trends were shown in Figure 1.

3.4. Target gene analysis
Fifteen piRNAs each with more significant up-regulation and down-regu-

lation from the previous screening were analyzed for target genes, and a total of 
seven target genes were screened(Table 1). Two of them, piR-rno-2490770 and piR-
rno-282889, had the same target gene. Mterf3 is also involved in negative tran-
scriptional regulation as well as DNA templating and activation of transcriptional 
cis-regulatory region binding activity in humans. Wwp2 is associated with pro-
tein ubiquitination. In addition, it has been found that miR-140-5p exacerbates 
hypoxia-induced cellular injury at the onset of infarction in part by upregulating 
MLK3[10].

4. Discussion

AMI is one of the most serious diseases in CVD, with a sudden onset that can lead 
to severe outcomes, including death. The continuous improvement and discovery 
of novel methods for the differential diagnosis of AMI hold great significance in 
forensic medicine.

In this study, a total of 300 piRNAs associated with AMI were identified 
through sequencing, and the expression of 212 piRNAs was positively correlated 
with the duration of AMI occurrence, while 88 piRNAs were negatively correlated. 
Compared to the 195 up-regulated and 13 down-regulated piRNAs found in the 
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serum of AMI patients reported by Ying Huang et al. [11], the number of piRNAs 
identified in this study is relatively large.

Previous studies have shown that piRNAs are involved in many diseases, 
such as cancer and Parkinson’s disease. They have been found to play an important 
regulatory role in cardiovascular diseases (CVD) like heart failure and ischemic 
cardiomyopathy. Serena Vella et al. discovered that piRNAs were associated with 
reduced ischemic damage to the heart[14]. The expression of piR-DQ593039 in 
extracellular vesicles is upregulated in patients with pulmonary arterial hyperten-
sion, which may serve as a potential biomarker for lung and heart diseases[15]. 
Moreover, the expression of piR-5938 was increased during cardiac ischemia and 
reperfusion, and its targeted binding to miR-324 and miR-668 inhibited cardiomy-
ocyte apoptosis[16]. It can be observed that piRNAs, similar to miRNAs, represent 
a class of small molecule RNAs that are stable and sensitive in response to myo-
cardial injury. Therefore, piRNAs have the potential to be used as biomarkers for 
identifying AMI.

For the AMI-related piRNAs screened from rat plasma exosomes, which have 
not been reported in related CVD studies, the target genes and biological functions 
of some of the piRNAs have yet to be elucidated and require further exploration. 
This study offers new ideas for forensic AMI identification and expands the applica-
tion of piRNAs in forensic science.

5. Conclusion

In the present study, piRNA expression profiles in plasma exosomes at the onset of 
AMI were analyzed based on high-throughput sequencing technology.We identified 
piRNAs with altered expression levels that may serve as potential biomarkers for AMI 
diagnosis. These findings also offer novel insights for forensic identification of AMI.
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Table 1. Target Genes Associated with piRNAs in AMI
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Abstract 
Biological evidence, including blood, semen, and sweat stains, is crucial in forensic investiga-
tions by providing DNA for the identification of suspects or victims. Equally vital is the estima-
tion of the age of these body fluid stains, offering critical insights into the timeline of a crime. 
This study employed two fluorescence spectroscopy techniques, namely fluorescence intensity 
and time-resolved fluorescence, to estimate the age of human semen stains. The semen stains 
deposited on glass surfaces for various durations (0, 1, 2, 3, 5, 7, and 14 days). Preliminary results 
indicated that fluorescence intensity exhibited significant changes in the long term, whereas ti-
me-resolved changes occurred in the short term. Trend line for these techniques were calculated 
using logistic and exponential models. The fluorescence intensity technique produced R-squared 
values at 0.86, indicating relatively strong predictive accuracy, but showing trends of possible 
convergence or divergence, suggesting the need for additional data to enhance accuracy in the 
future study. Conversely, the time-resolved fluorescence technique produced high R2 values at 
0.89 and convergence trending, indicating a more robust predictive capability. The integration 
of fluorescence lifetime with fluorescence intensity in the prediction model showed substantial 
potential for estimating the age of semen stains. Moreover, this methodology shows promise in 
estimating the age of other biological evidence and could potentially be incorporated into foren-
sic light sources (FLS) as equipment for estimating body fluid age in the future. 
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1. Introduction

The age of body fluids is crucial for determining event timelines, evidence integri-
ty, and witness credibility [1]. Various techniques, including chemical [2]DNA [3], 
RNA [4], and protein analyses [5], are used to estimate body fluid age. Recently, in 
order to avoid contamination, non-contact and non-destructive techniques have 
been highly preferred [6]. The spectroscopic technique offers a fast, non-destruc-
tive method for identifying body fluids by analyzing their characteristic spectral 
signatures [7]. Fluorescence spectroscopy technique, for instance.

The fluorescence spectroscopy technique consisting of fluorescence in-
tensity and time-resolved fluorescence was focused. The fluorescence intensity 
measures the emitted light as a function of wavelength, offering insights into the 
quantum yield and concentration of fluorescent molecules or fluorophores [8]. The 
time-resolved fluorescence spectroscopy provides information about fluorescence 
lifetimes based on detection of intensity decay, effectively used to elucidate struc-
ture and function of biological samples, e.g., proteins [9]. The difference between 
these two techniques is the nature or properties of the fluorophore and the con-
sequent time of detection [10]. These techniques are powerful to study the intrin-
sic fluorescence property of human semen stains which is the biological evidence 
most found at sexual assault scene [11].

This work reports the preliminary results of utilizing fluorescence intensity 
and time-resolved fluorescence spectroscopy to study the intrinsic fluorescence 
properties of human semen, which varied with time.

2. Materials and methods

2.1. Sample collection and preparation
This project was conducted according to the Human Research Ethic Com-

mittee of Suranaree University of Technology (HREC-SUT, EC-66-0077). Human 
semen was collected from a healthy volunteer.

Human semen sample was collected by masturbation from ejaculation. 
The semen sample was pipetted with 15 l, deposited on a glass slide with three  
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replicates, and left to dry before measurement. During the waiting time condition 
(Days 1, 2, 3, …, 14) to measure, the samples were kept in ambient light at room 
temperature.

2.2. Sample measurement
The samples were performed with a custom-made fluorescence spectrome-

ter including fluorescence intensity spectroscopy and time-resolved fluorescence 
spectroscopy. The custom-made fluorescence spectrometer was built within the 
Quantum Microscopy Laboratory (QLAB) at Suranaree University of Technology, 
Thailand. The fluorescence intensity spectroscopy consists of an excitation laser, 
optical fiber, bandpass filters and detector. The time-resolved fluorescence system 
consists of light source of a supercontinuum laser, dichroic filters, mirror, optical 
fiber, detector, single-photon counter and Time-correlated single photon counter 
(TCSPC). This measurement occurs in the dark room at room temperature. The 
parameter condition of fluorescence intensity spectroscopy consists of excitation at 
405 nm with record emissions between 300 and 1000 nm. The parameter condition 
of time-resolved fluorescence spectroscopy consists of excitation at 405 nm with a 
signal delay of 10 ps. 

2.3. Data analysis
Data analysis of fluorescence intensity technique and time-resolved fluores-

cence technique was conducted through maximum normalized intensity and flu-
orescence lifetime parameter versus time, respectively. Simple regression analysis 
was used.

3. Results

3.1. Changing in semen stain color on a glass slide
Human semen stain color changes from colorless on day 0 to increasingly 

yellow on days 2, 3, and continuing through day 14, with the intensity proportional 
to time.

3.2. Fluorescence intensity spectroscopy
The fluorescence intensity measurements of semen stain taken from 1 donor 

over a period of 14 days are presented in Figure 1a. The fluorescence intensity of se-
men was measured at an excitation wavelength of 405 nm, targeting fluorophores 
present in the semen stain. One potential fluorophore is the coenzyme protein 
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flavin adenine dinucleotide (FAD), which has an excitation range between 405 nm 
and 480 nm [12]. Maximum normalized intensity at emission wavelength of 460-
500 nm was used and the results showed that fluorescence intensity increased over 
time, and rapid changes were observed between day 5 and day 14. The best fit was 
a logistic equation with an R-squared value of 0.86, which demonstrated relatively 
strong predictive accuracy. After day 14, showing trends of possible convergence or 
divergence. The predicted equation is below.

The predicted equation of the fluorescence intensity technique, where y is 
maximum normalized intensity and x is time in units of day.

3.3. Time-Resolved Fluorescence Spectroscopy
The time-resolved fluorescence measurements of semen stain taken from 

1 donor over a period of 14 days are presented in Figure 1b. Excitation of 405 nm 
excites FAD in semen stain. Fitting raw data with exponential decay, fluorescence 
lifetime or fluorescence decay parameter was emphasized. The results indicate that 
fluorescence lifetime increased from 1.0 to 2.1 ns initially, converging around 2.1 
ns, which rapid changes occur in the short term, particularly between day 0 and 
day 3. The best fit was an exponential association equation with an R-squared value 
of 0.89, which shows the predictive equation was strong. The predicted equation as

which y is fluorescence lifetime in units of ns and x is time in units of day.
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Figure 1a shows the correlative between the maximum normalized intensity with gradient 
color low to high (black to gray) and time of the human semen stain with the trend line of 

logistic modeling. Figure 1b shows the correlation between fluorescence lifetime parameter 
and time of human semen stain with trend line of exponential association modeling.

4. Discussion

In this work, using fluorescence intensity spectroscopy and time-resolved fluo-
rescence spectroscopy to study intrinsic fluorescence properties of human semen 
stain on glass slide over time from day 0 to day 14. The fluorescence intensity of 
semen stain increases over time, which correlates with the color change of semen 
stain resulting from the redox and oxygenation reactions of nicotine adenine dinu-
cleotide (NADH) and FAD [13]. Although the trend line gives a high R-squared val-
ue, the trending after day 14 can converge and diverge, not definitively established 
at present. The behavior of the logistic model is growth at first; once the population 
has grown to reach its environment’s maximum capacity, it will level off around the 
carrying capacity [14]. In addition to the behavior of body fluids, it should remain 
stable over an extended period of time. To prove that and make it clearer, the exper-
iment requires a longer time period, more than 14 days, at least 28 days, and more 
semen donors. The fluorescence lifetime of semen stains exhibits natural behavior; 
however, the results are based on a single donor. To refine the predictive equation, 
further data from multiple donors is required. 
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5. Conclusion

This project suggests that fluorescence intensity and time-resolved fluorescence 
spectroscopy are effective tools for distinguishing between fresh and old stains. 
However, further studies involving a larger donors and varying time intervals are 
required to accurately determine the exact time since deposition. Moreover, this 
procedure can be extended to analyze other body fluids, including blood and saliva. 
Utilizing predictive modeling in future research and development efforts to create 
a portable age estimation device.
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Abstract 
During the COVID-19 pandemic in Thailand, insurance companies introduced policies that paid 
benefits to policyholders who tested positive for the virus. At the peak of the outbreak, accessing 
quantitative real-time PCR tests and results was challenging, causing delays in treatment and 
insurance claims. Consequently, the government allowed self-tested positive results from Lateral 
Flow Immunochromatographic Assays (LFIAs) to be used as proof for issuing medical certifica-
tes. This created a vulnerability for insurance fraud, as individuals could use another person’s 
positive LFIA result to obtain a certificate to claim benefits. 
This study explored the feasibility of authenticating saliva-based LFIAs for SARS-CoV-2 antigen 
using the conventional workflow of Short Tandem Repeat (STR) profiling, with a focus on the 
impact of time since sample deposition on DNA viability. The yield of DNA recovered from three 
LFIA areas were assessed, and the quality of profiles generated from samples that had been stored 
for 1, 7, 14, 30 days, and six samples aged between 6 to 17 months were evaluated for the number 
of alleles obtained and the heterozygous peak height balance. The results showed that complete 
STR profiles could be generated from all 30 LFIAs in this study, indicating that adequate amount 
of high-quality DNA was still recoverable even after over one year of sample deposition. These 
data suggested that STR profiling could be used as a tool for law enforcement and insurance 
companies to combat fraudulent claims associated with LFIAs for COVID-19 testing.
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1. Introduction

The COVID-19 pandemic posed unprecedented challenges to global healthcare sys-
tems and economies. In Thailand, the rapid spread of the virus required swift adap-
tations in medical testing and insurance claim protocols. As quantitative real-time 
PCR testing resources became strained due to high demand, the Thai government 
authorised the use of self-administered SARS-CoV-2 antigen lateral flow immun-
ochromatographic assays (LFIAs), known locally as Antigen Test Kits (ATKs), for 
official medical certification. This enabled insurance claims to be filed based on 
positive LFIA results. However, the policy inadvertently facilitated fraudulent prac-
tices, allowing individuals to use another person’s positive LFIA to claim insurance 
benefits. The financial damage from this and other types of COVID-19 insurance 
fraud exceeded 500 million Baht [1]. 

LFIAs are rapid, point-of-care diagnostic tools designed to detect specific 
antigens or antibodies, commonly used in infectious disease testing [2]. A LFIA typ-
ically includes a test strip with several key components: a sample pad for applying 
the specimen, a conjugate pad containing labelled monoclonal antibodies that bind 
to the target antigen, a nitrocellulose membrane where test and control lines form, 
and an absorbent pad to capture excess fluid. In SARS-CoV-2 antigen tests, the kit 
generally includes a plastic cassette housing the test strip and a buffer solution for 
sample preparation. Collection devices, such as swabs or containers, along with a 
pipette or dropper for sample transfer, are often provided, depending on whether 
the kit is designed for nasopharyngeal, nasal, or saliva samples.

Previous works have successfully performed Short Tandem Repeat (STR) 
typing on DNA recovered from used swabs and buffer solutions of LFIAs intended 
for body fluid identification, such as blood and saliva [3]. However, no attempts 
have yet been reported to extract and profile DNA from test strips of used LFIAs 
for the purpose of human identification, particularly those designed for disease 
detection.

This study aimed to assess the feasibility of using STR profiling to verify the 
donor of the specimen deposited on SARS-CoV-2 antigen LFIAs. To develop this 
protocol, DNA was extracted from various areas of the used LFIA strips, and the 
section yielding the highest DNA quantity was selected for further analysis. STR 
profiling was performed on LFIAs stored for different durations, including samples 
aged between 6 and 17 months, to examine DNA persistence on this substrate. The 
profiles were evaluated based on the number of recoverable alleles, allelic dropout, 
and heterozygous peak height balance. The findings provide proof-of-concept for 
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the use of STR profiling to authenticate samples on COVID-19 LFIAs and poten-
tially on LFIAs for other antigens, offering a tool to mitigate disputes and reduce 
insurance fraud.

2. Material and methods

The study protocol was approved by Mahidol University Central Institutional Re-
view Board under the Certificate of Approval number MU-CIRB 2024/224.0309. 

2.1. Sample Collection and Preparation
To identify LFIA segments that retain the highest amount of DNA, a healthy 

volunteer self-administered a COVID-19 test using Flowflex Antigen Rapid Test kit 
(ACON Biotech), designed to detect SARS-CoV-2 antigens in saliva, following the 
manufacturer’s instructions. After air-drying at room temperature for one day, the 
LFIA cassette was opened, and approximately 1 cm from the sample pad, nitro-
cellulose membrane, and absorbent pad areas of the test strip were collected into 
separate 1.5-mL centrifuge tubes for DNA extraction. Three test replicates were 
performed on three separate days.

To assess the impact of time since sample deposition on DNA stability and 
viability, three healthy volunteers were instructed to collect approximately 3 mL of 
saliva into an envelope supplied with the LFIA kit. Following the manufacturer’s 
protocol, they aliquoted the saliva into two LFIA extraction buffer tubes, each to 
the specified level (approximately 1 mL), using the provided plastic pipette. Af-
ter thorough mixing by squeezing and inverting the tubes, four drops of the sali-
va-buffer mixture were applied to the sample area of the LFIA cassette. Each vol-
unteer submitted four sets of two LFIAs, with each set collected on different days, 
to the researchers. These LFIAs sets were stored for 1, 7, 14, or 30 days at room 
temperature (24-29°C) and relative humidity (61-76%). After each storage period, 
approximately 1 cm of the LFIA section containing the highest amount of DNA was 
collected into 1.5-mL centrifuge tubes for extraction. Additionally, six used LFIAs 
stored at room temperature for 6, 10, 12, 13, 15, and 17 months, donated by one of 
the volunteers, were processed as described above.

Buccal swabs were also collected from each volunteer to generate reference 
profiles. 
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2.2. DNA Extraction and quantification
DNA extraction from different sections of the LFIA strips and buccal swabs 

was performed using a modified version of the QIAamp DNA Micro Kit (QIAGEN)’s 
protocol, as described by Srisiri et al. [4]. DNA was eluted with 20 µL of Buffer AE, 
and the quantity was measured using the Qubit 3.0 Fluorometer and Qubit dsDNA 
HS Assay Kits (Thermo Fisher Scientific).

2.3. STR Amplification and Fragment Analysis
Approximately 0.5-1 ng of extracted DNA was used as the template for STR 

amplification using AmpFℓSTR Identifiler Plus PCR Amplification Kit (Thermo 
Fisher Scientific). The amplified products were analysed on an Applied Biosystems 
3500 Genetic Analyzer and data were processed with GeneMapper ID-X Software 
v1.6 (Thermo Fisher Scientific). The analytical threshold was set at 125 RFU. Pro-
files from each volunteer’s LFIAs were compared with their respective reference 
genotypes for the number of alleles detected. The heterozygous peak height bal-
ance was also evaluated. 

3. Results and discussion

DNA quantification revealed that the sample pad section of the LFIA consistently 
yielded the highest amount of recoverable DNA across all samples. In contrast, 
negligible amount of DNA was obtained from the nitrocellulose membrane and 
absorbent pad areas. This finding aligns with the expectation that the sample pad, 
being the initial site of sample deposition, is likely to retain the majority of biolog-
ical material.

The scatter plot in Figure 1 illustrates the relationship between DNA con-
centration and average allele peak heights across different storage periods for LFIAs 
processed from three volunteers. An inconsistent correlation is observed between 
DNA yield and average peak height; some samples with high DNA concentrations 
exhibited lower peak heights, while others with low concentrations produced high-
er peak heights. For example, one replicate of sample from Volunteer 1, stored 
for 14 days, showed similar DNA concentrations but lower peak heights compared 
to the second replicate from the same storage period. Additionally, some samples 
from Volunteer 2 with DNA concentrations as low as ~0.2 ng/µL generated profiles 
with average peak heights exceeding 1000 RFU. 
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The time of day at which samples were collected also appeared to affect 
DNA yield. Samples collected in the morning, prior to drinking or toothbrushing, 
showed elevated DNA concentrations. This may be due to the co-extraction of oral 
microbial genetic material along with epithelial DNA, which could have led to an 
overestimation of the total DNA yield, potentially masking the actual amount of 
human DNA present [5]. To address this issue, future analyses could employ quan-
titative real-time PCR (qPCR) to distinguish human DNA from microbial or other 
non-human DNA.

Figure 1. A scatter plot showing the DNA quantity and average peak heights for LFIA 
samples collected from three volunteers across different storage periods. Each data 

point represents one replicate. All six LFIA samples aged over six months were donated by 
Volunteer 2.

Despite the modest correlation between the DNA yield and the average peak height 
of the corresponding sample profiles, full STR profiles were successfully generated 
from all LFIAs in the study, including those stored for 6 to 17 months at room tem-
perature. The allele peak heights in these profiles were well-balanced, with average 
peak height ratios ranging from 72% to 92% (Figure 2). This suggests that even 
under ambient indoor conditions, DNA remains sufficiently intact for successful 
amplification.
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Figure 2. A chart illustrating the allele recovery and average peak height ratios from LFIA 
samples stored over different time periods, analysed across three volunteers. Each bar 
represents the mean value from two replicates, with error bars indicating the standard 

deviation. Percent allele recovery (circles) is displayed on the primary y-axis, while average 
peak height ratios (bars) are shown on the secondary y-axis.

4. Conclusions

This proof-of-concept study demonstrates the feasibility of using STR profiling to 
authenticate the origin of specimens deposited on used SARS-CoV-2 antigen LFIAs. 
Complete STR profiles were successfully generated from LFIAs stored for up to 17 
months, highlighting the stability of DNA on this substrate over extended peri-
ods. No consistent correlation was observed between DNA quantity and the average 
peak heights. Quantifying DNA using qPCR should help improve the estimation 
of the amount of human DNA available in each sample, however, this would also 
cause a rise in the cost of analysis. With the increasing use of LFIAs for disease 
and drug detection, their portability and ease of use make them valuable tools in 
various contexts. The successful application of STR profiling on these test strips 
could help address issues such as insurance fraud, where verifying the integrity and 
identity of samples is critical. 
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Abstract
The value of DNA evidence in forensic cases is substantial; however, the presence of inhibitors 
in biological samples can pose challenges for forensic scientists. This study aimed to assess the 
impact of inhibitors on forensic DNA analysis, focusing on the limitations of current DNA quan-
tification and amplification protocols. K562 Genomic DNA was diluted to eight concentrations 
(100, 33, 11, 3.7, 1.23, 0.41, 0.14, and 0.05 ng/µL) and combined with two common inhibitors: 
haematin (in four concentrations: 2, 20, 200, and 2000 µM) and humic acid (in three concentra-
tions: 15, 150, and 1500 ng/µL). DNA quantification was performed using the Quantifiler™ Trio 
DNA Quantification Kit, and amplification was carried out with the VeriFiler™ Express PCR Am-
plification Kit. Inhibition was assessed by the failure or delay of Internal Positive Control ampli-
fication, and the Degradation Index was calculated. DNA profiling effects were evaluated based on 
the quality of electropherograms. The results indicated that at their highest concentrations, both 
haematin and humic acid inhibited DNA quantification, causing either complete amplification 
failure or delayed IPC amplification beyond 30 threshold cycles. Samples with 1000 µM haematin 
showed DI values greater than 1, while 750 ng/µL of humic acid caused amplification failure of 
small and/or large DNA targets. The inhibitory effect increased in samples containing 16.5 and 50 
ng/µL DNA combined with haematin, yet the quality of electropherograms remained unaffected. 
Similarly, humic acid exhibited minimal inhibitory effects, though a reduction in peak height for 
larger base pairs was noted at its highest concentration. In conclusion, this study highlights the 
significant impact of inhibitors on DNA quantification over amplification and underscores the 
potential inhibitory effects of high DNA concentrations.
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1. Introduction

Since the first use of DNA fingerprinting for forensic DNA analysis in 1986, the 
field of forensic genetics has moved towards more straightforward and efficient 
methods. To date, the most popular DNA profiling method is Short Tandem Re-
peat (STR) typing. STRs are DNA loci characterised by short repetitive units of 
DNA that form alleles with varying lengths. These alleles are most commonly typed 
via Polymerase Chain Reaction (PCR), a technique that enables the targeted am-
plification of DNA fragments, followed by separation by length through capillary 
electrophoresis. Using this method, DNA found in biological fluids at crime scenes 
can be typed and compared to the DNA of suspects, providing invaluable support to 
criminal investigations [1].

Despite the popularity of PCR-based STR typing, this method has certain 
limitations. While the technique works well in the presence of pure, high-quality, 
and sufficient quantities of DNA, obtaining good samples is not always straightfor-
ward, given the nature of biological stains found at crime scenes. PCR is sensitive 
to various types of contaminants that may be present in biological matrices and the 
environment. These substances, known as PCR inhibitors, can interfere with differ-
ent PCR components and processes, leading to suboptimal or failed amplification, 
even when a good quantity of non-degraded DNA is available. Common forensic 
PCR inhibitors include haematin found in blood, humic acid found in soil, collagen 
found in bones, melanin found in hair, dyes found in fabric, and certain carryover 
substances from DNA extraction [2-3]. 

In forensic genetics, PCR is not only used for STR typing but is also fre-
quently employed for DNA quantification. Determining the amount of DNA avail-
able for STR typing is often fundamental to ensuring effective STR profiling, and 
one of the most effective methods for this is real-time quantitative PCR [4]. The 
utility of this technique in genetic testing also extends to evaluating the presence 
of inhibitors, allowing for the determination of whether further purification steps 
may be necessary before proceeding with STR typing. Inhibition can decrease the 
efficiency of amplification at each PCR cycle, reducing the slope of the curve in the 
exponential phase and delaying the cycle at which the signal surpasses the threshold 
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[5]. Some commercial kits, such as the Quantifiler™ Trio DNA Quantification Kit, 
are designed to detect inhibition through the addition of an internal positive con-
trol (IPC). The IPC is a synthetic DNA template expected to cross the threshold 
with a consistent threshold cycle (Ct) in non-inhibited samples. In the presence 
of inhibition, the IPC Ct is expected to increase. The Quantifiler™ Trio kit is also 
designed to detect a small autosomal (SA) and a large autosomal (LA) target in the 
human genome, allowing for the identification of degradation. This is because, in 
degraded DNA, the larger target is selectively depleted compared to the shorter 
target. The SA/LA ratio, referred to as the degradation index (DI), increases in more 
degraded samples [6].

This study aims to evaluate the effect of two common inhibitors, haematin 
and humic acid, on DNA quantification using the Quantifiler™ Trio kit, and am-
plification using the VeriFiler™ Express PCR Amplification Kit, a STR kit with 
high discrimination power and the capability of direct amplification [7]. Different 
levels of DNA input in combination with the contaminants are also tested to assess 
whether the effect of inhibitors is influenced by the availability of DNA.

2. Material studied, methods, techniques

2.1. Study samples
K562 Genomic DNA (Promega, supplied at a concentration of 400 μg/mL 

in TE buffer) was diluted to eight different concentrations (100, 33, 11, 3.7, 1.23, 
0.41, 0.14, and 0.05 ng/µL) with deionised water. Stock solutions of haematin (Sig-
ma-Aldrich®) and humic acid (Sigma-Aldrich®) were prepared using 1 N sodium 
hydroxide and deionised water [8]. Then, four concentrations of haematin (2, 20, 
200, 2000 µM) and three concentrations of humic acid (15, 150, 1500 ng/µL) were 
separately combined with the DNA dilutions in equal volumes. Therefore, the final 
concentration of DNA and inhibitors in the tested samples was half of the initial 
concentration reported.

2.2. DNA quantification and amplification
Each sample was quantified using the Quantifiler™ Trio DNA Quantification 

Kit (Applied Biosystems™), following the manufacturer’s recommendations. The 
same samples were amplified using the VeriFiler™ Express PCR Amplification Kit 
(Applied Biosystems™), adhering to a reduced volume protocol [7]. All samples 
were processed in triplicates.
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2.3. Data analysis
The effect of inhibition was evaluated by reviewing the Quantifiler™ Trio 

IPC Ct values. The DI was also calculated as the ratio between the concentrations 
of the SA and LA targets. The results were compared with the data reported in the 
Quantifiler™ Trio validation study [6]. The inhibitory effects on STR typing with 
the VeriFiler™ Express kit were determined based on the quality of the obtained 
electropherograms.

3. Results

As shown in Table 1 and 2, both haematin and humic acid, at their highest con-
centrations, either prevented amplification or delayed the IPC Ct values beyond 30. 
Higher IPC Ct values were also observed in association with high DNA concentra-
tions: 16.5 and 50 ng/µL of DNA combined with any amount of haematin resulted 
in IPC values close to or exceeding 30, similar to the results obtained when com-
bining 50 ng/µL of DNA with any concentration of humic acid. 

A DI higher than 1 was observed in samples containing 1000 µM of haema-
tin. For samples containing 750 ng/µL of humic acid, the DI was undetermined due 
to the amplification failure of the SA and/or LA targets. 

The results from DNA quantification did not correspond to those observed 
in STR typing. The quality of the electropherograms remained unaffected by hae-
matin at any concentration, irrespective of the DNA quantity. In contrast, limited 
inhibitory effects were seen when typing samples containing humic acid, although 
a reduction in peak heights for larger base pairs was noted at the highest concen-
tration. 
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Table 1. Average degradation index (DI) and internal positive control (IPC) threshold 
cycle (Ct) values obtained from Quantifiler™ Trio quantification of the triplicate study 

samples, determined by a combination of DNA and haematin at the indicated final sample 
concentrations. Where one of the triplicate samples had an undetermined DI, the average DI 

value is indicated with a ‘>’ sign before the highest DI value, as the undetermined value would 
be even higher.

DNA concentration 
(ng/µL)

Haematin concentration 
(µM) DI IPC Ct

0.025

0 0.68 29.64

1 0.59 29.74

10 0.57 29.64

100 0.49 29.95

1000 >21 30.60

0.07

0 0.47 29.69

1 0.52 29.69

10 0.55 29.70

100 0.59 29.84

1000 >9 30.91

0.205

0 0.53 29.49

1 0.58 29.44

10 0.58 29.64

100 0.52 29.68

1000 4.88 31.16

0.615

0 0.52 29.49

1 0.48 29.44

10 0.47 29.32

100 0.50 29.55

1000 58.65 35.07

1.85

0 0.57 29.41

1 0.53 29.30

10 0.57 29.38

100 0.57 29.68

1000 1.70 34.50
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5.5

0 0.55 29.53

1 0.53 29.53

10 0.56 29.75

100 0.52 29.78

1000 3.17 Undetermined

16.5

0 0.59 29.90

1 0.59 29.96

10 0.57 30.12

100 0.54 30.20

1000 1.88 Undetermined

50

0 0.68 30.34

1 0.64 30.25

10 0.64 30.43

100 0.57 30.57

1000 2.78 Undetermined

Table 2. Average degradation index (DI) and internal positive control (IPC) threshold cycle 
(Ct) values obtained from Quantifiler™ Trio quantification of the triplicate study samples, 

determined by a combination of DNA and humic acid at the indicated final sample 
concentrations.

DNA concentration 
(ng/µL)

Humic Acid 
concentration (ng/µL) DI IPC Ct

0.025

0 0.26 29.11

7.5 0.41 28.93

75 0.51 28.59

750 Undetermined Undetermined

0.07

0 0.50 28.58

7.5 0.55 28.53

75 0.51 28.57

750 Undetermined Undetermined

0.205

0 0.51 28.44

7.5 0.75 28.03

75 0.39 28.32

750 Undetermined Undetermined
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0.615

0 0.52 28.29

7.5 0.65 28.12

75 0.56 28.11

750 Undetermined Undetermined

1.85

0 0.66 28.03

7.5 0.71 27.89

75 0.56 28.29

750 Undetermined Undetermined

5.5

0 0.79 28.40

7.5 0.71 28.48

75 0.53 28.70

750 Undetermined Undetermined

16.5

0 0.71 28.90

7.5 0.70 28.91

75 0.57 29.29

750 Undetermined Undetermined

50

0 0.79 29.27

7.5 0.68 29.45

75 0.59 30.07

750 Undetermined Undetermined

4. Discussion

The results obtained from the real-time PCR quantification were comparable to 
the data reported in the Quantifiler™ Trio validation study [6]. In that study, hae-
matin concentrations of 200 to 1250 µM were used, showing delayed IPC values 
and amplification failure of SA and/or LA targets starting from 750 µM. In the 
present study, a gap was present between 100 to 1000 µM of haematin, with similar 
challenges observed at 1000 µM and acceptable results at 100 µM. Likewise, in the 
validation study, humic acid concentrations of 200 to 800 ng/µL were used, with 
issues starting from 400 ng/µL. The present study showed comparable results when 
using 750 ng/µL, and minimal effects with the second highest concentration of 75 
ng/µL. Another study produced similar results using different real-time PCR-based 
quantification kits [9].

This study, therefore, confirmed previous observations, including high DI 
values being linked to inhibition rather than DNA degradation, as good quality 
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control DNA was used. Additionally, this investigation revealed increased inhibition 
associated with higher DNA amounts in the sample. In fact, excessive amounts of 
DNA are considered a PCR inhibitor, leading to poor DNA amplification, primarily 
due to physical obstructions [10]. It is perhaps not surprising to observe increased 
inhibition in the samples analysed in this study, where a combination of high in-
hibitor concentrations and high DNA amounts was present.

Although inhibitory effects were observed during DNA quantification, this 
study reported very little effect on the STR typing results. This suggests an en-
hanced resilience to inhibitors in the VeriFiler™ Express kit compared to the 
Quantifiler™ Trio kit. A separate study also demonstrated limited inhibitory effects 
of haematin (250 to 750 µM) and humic acid (100 to 300 ng/µL) when using four 
other forensic STR kits [11].

Future investigations may be required to fully understand the effects of in-
hibitors on PCR for both DNA quantification and amplification, including increas-
ing the number of samples, adding more inhibitor data points, and testing a wider 
range of inhibitor types.

5. Conclusion

This study demonstrated the effects of different concentrations of haematin and 
humic acid on real-time PCR quantification using Quantifiler™ Trio kit and STR 
typing using the VeriFiler™ Express kit, highlighting a greater impact on foren-
sic DNA quantification than on amplification. The inhibitory effect of high DNA 
concentrations in combination with elevated levels of contaminants was also em-
phasised. However, further studies are required to expand our understanding of in-
hibition and to work towards improving quantification and amplification methods.
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Abstract 
Microscopy for identification of spermatozoa is a labor-intensive task in forensic laboratories. 
Automation of imaging and image interpretation has the potential to greatly improve through-
put. Automation may also increase quality by helping to ensure consistency between operators 
or laboratories. 
We describe the evaluation, validation and ongoing implementation of MetaSystems Metafer, an 
automated microscope system which includes robotic feeding of microscopic slides and automa-
ted image analysis by artificial intelligence. The system can be loaded with up to 80 microscopic 
slides, read the slides unsupervised, assign a score to potential sperm in each slide and present 
those to an operator in order ranked by likeness to a sperm cell. The operator can then make a 
judgement on whether to accept the presented objects as sperm or not. 
We have investigated how to optimize specificity and sensitivity with regards to the operator 
effort needed. It was found that imaging in multiple focus planes considerably increases specifici-
ty for spermatozoa. We have also mapped the distribution of scores for sperm and non-sperm ob-
jects, allowing the laboratory to decide on a well-informed policy on how many potential sperm 
objects that must be reviewed to find positive samples with sufficient sensitivity. Whether certain 
sample types are unsuitable for automated analysis is also investigated. Finally, we have perfor-
med an in-house validation, finding that sensitivity using the automated system surpasses that 
of manual microscopy. 
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1. Introduction

At the Swedish National Forensic Center, the examination of 6 000 microscopic 
slides each year for sperm is a labor-intensive task. To increase sample throughput, 
we wish to introduce automated imaging and image interpretation. Automation 
may also contribute to improved quality by reducing variability between operators. 

For this purpose, we used a robotic microscope with AI-based automated 
sperm recognition from MetaSystems Hard & Software GmbH (Altlussheim, Ger-
many). We have investigated how to optimize specificity and sensitivity with re-
gards to the operator effort needed, and performed an internal validation of the 
system. The use of the system in our laboratory has been accredited and we are 
currently finalizing implementation.

2. Material studied, methods, techniques

2.1. Microscope
For microscopy, an AxioImager Z2 upright microscope with motorized stage 

and objectives EC Plan-Neofluar 20x/0.5 and EC Plan-Neofluar 40x/0.75 were used 
(Carl Zeiss AG, Oberkochen, Germany). Images were acquired with a CoolCube 4c 
camera (MetaSystems). The system was also equipped with a slide feeding robot, 
a magazine for 80 microscopic slides and a bar code reader (MetaSystems). Mi-
croscope control and image analysis used a computer equipped with the Metafer 
software version 4.3.5 (MetaSystems). 

Sample wells (see 2.2) were imaged in a patchwork pattern using the 20x 
objective. Objects were detected using the method FSPD-OD-V1.10 and scored us-
ing the method FSPD-OC-V2.11-Madrid, both available in the Metafer software. 
Objects are scored for similarity to a sperm cell on a scale ranging from zero to 
one hundred points. When multiple z-planes were acquired, a merged image was 
created using the PyramidFusion method. 

2.3. Sample preparation
The 188 microscopic slides used were acquired from routine case exami-

nations and prepared according to standard procedure at the laboratory. Briefly, a 
subsample of a swab or cutting is placed on a microscope slide in a 14 mm (Assist-
ent, Karl Hecht GmbH) or 11 mm (Marienfeld Superior) diameter well. The sample 
is dissected manually with needles in the well, and then dried. Alternatively, a sub-
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sample may be taken during differential extraction after removal of the epithelial 
fraction and placed in a 6 mm well (Marienfeld Superior). The sample is stained 
by Oppitz’ Christmas tree method by adding Nuclear fast red (Kernechtrot) for 15 
minutes, rinsing in water, adding Picroindigocarmine for 15 seconds and rinsing 
with 95 % ethanol [1]. Slides are then dried and a cover slip is mounted using glu-
cose syrup mounting media. 

3. Results

3.1. Microscopy optimization
Initial experiments were performed to optimize the performance of the sys-

tem. While sperm cells were generally found to receive high scores by the algo-
rithm, there were also many non-sperm objects being scored highly. We found that 
imaging in multiple z-planes, and performing object detection and scoring on the 
merged image, increased the specificity of the scoring algorithm for sperm. Specif-
ically, imaging three or four planes (at +2, 0, -2 µm or +1, -1, -3 and -5 µm relative 
to the focus plane) decreased the number of objects scoring 80 points or higher by 
more than two thirds, while preserving all actual sperm (Figure 1A). Imaging in 
two planes (0, -3 µm), however, was found to decrease sensitivity. 

To determine how sperm were scored in the different imaging modes, six 
samples with 75 sperm cells in total were imaged in a single plane, three planes 
or four planes (Figure 1B). The cumulative score distribution indicated that the 
four-plane mode yielded higher scores for sperm cells, and it was thus selected for 
further use. 

Figure 1. A. Number of objects scoring at least 80 points in four samples depending on 
imaging mode. B. Cumulative distribution of scores for 75 sperm cells in six samples, 

depending on imaging mode. 
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3.2. Distribution of scores 
While the majority of sperm cells were found to score above 90 points, oth-

ers with scores as low as 52 points were also observed. Additionally, even though 
stacked imaging improved specificity, non-sperm object with high scores were still 
frequently observed. Generally, it cannot be assumed that an actual sperm present 
in a sample will be the highest scoring object. To determine how many objects that 
need to be reviewed by an operator to achieve an acceptable rate of false negatives, 
we decided to map how the scores assigned to sperm and non-sperm were distrib-
uted. 

To determine the distribution of scores for sperm, 34 samples with 1-15 
sperm cells as determined by manual microscopy (in total 152) were imaged. With 
the automated system, 248 sperm were found with scores ranging from 52 to 100 
points (Figure 2A). The 10th percentile was at 77 points, and 87.5% were at 80 
points or above. 

Figure 2. A. Distribution of scores for 248 sperm cells in 34 samples. B. Cumulative number of 
non-sperm objects at or above each score value in 32 samples. Each colored line represents 
one sample. The solid black line is the average with max and min values excluded, and the 

dashed lines the 10th and 90th percentiles. C. As B, showing up to 200 objects only. 

For non-sperm objects, 32 slides deemed negative by manual microscopy were im-
aged and the number of objects at or above a certain score were mapped (Figure 
2B-C). The number of objects per slide varied greatly, and while most had 30 or less 
objects at or above 80 points, a few samples contained hundreds or thousands of 
such objects. 

Aiming to optimize both sensitivity and specificity, we deemed that review-
ing only objects scoring in the 80-100 interval would be likely to provide both suf-
ficient sensitivity for positive samples and an acceptable operator workload. As this 
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interval included 87.5% of the sperm cells, samples containing two sperm cells are 
expected to be found positive with 98.4% sensitivity. 

3.3. Validation of the method
As part of the method validation, we investigated sensitivity, performance on 

challenging samples, repeatability, inter-operator variability and selectivity when 
reviewing proposed sperm on-screen. 

To determine sensitivity for presence of sperm cells, 169 samples, of which 
84 had previously been found positive by manual microscopy, were examined us-
ing the automated system. The positive samples contained various levels of sperm 
and epithelial cells, and 21 samples were specially selected for being challenging 
to examine, e.g. due to high levels of debris, focusing problems, condom lubri-
cants or animal sperm. With the automated system, a single sperm was found in 
four samples and five sperm cells in one sample previously found negative by the 
manual method. The latter sample had been deemed difficult to evaluate, and dif-
ferential extraction had been ordered despite a negative microscopy result. These 
five brought the number of positive samples to 89. In total, the sensitivity of the 
manual method was found to be 94.4%, while the automated system found 96.6% 
of all samples considered positive by either method. Four samples were considered 
unsuitable for examination with the automated system, either because of focus 
problems, stemming mainly from bubbles in the cover slip mounting media, or an 
abundance of lubricant droplets from condoms. 

To evaluate repeatability, five slides were imaged twice and the score of ten 
objects in each was recorded. For sperm cells, the mean deviation was one point 
and the maximum observed seven points. Non-sperm objects saw larger differenc-
es, on average 26 points and maximum 39 points. For inter-operator variability, 
it was found that two operators agreed completely on sperm presence or absence 
when examining 27 samples independently. 

Suggested sperm are shown on-screen where the operator may scroll 
through the image stack to view different z planes. The microscope stage can also 
navigate directly to the position of the object, allowing it to be viewed through the 
ocular. As it is quicker to confirm sperm cells directly on screen, we wanted to eval-
uate whether on-screen review was as specific as viewing through the ocular. To 
this end, 150 objects from 17 samples considered to be sperm cells on-screen were 
double-checked through the microscope ocular. All 150 objects were determined to 
be sperm also through the ocular. 
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4. Discussion

Artificial intelligence has previously been shown to be useful for sperm detection 
[2]. Here, we report an automated system passing all validation parameters and 
thus being considered fit for the purpose of sperm detection in a forensic labo-
ratory. Certain types of samples were considered unsuitable for the system: sam-
ples with focusing problems, samples with high amounts of debris and condom 
samples. However, all samples can be imaged automatically initially. If sperm are 
found, they can be reported as positive. If negative and considered unsuitable, they 
can either be subjected to manual microscopy, or differential extraction can be 
begun and a new slide made after removal of the epithelial fraction. 

The process of using the automated system includes three steps: batch set-
up, imaging and review of proposed sperm objects. The setup time is mostly in-
dependent of the number of samples included. The imaging time depends on the 
imaged area and the number of z planes; four planes in a 14 mm well takes about 13 
minutes. Importantly, the automated imaging can be performed without user in-
tervention, e.g. overnight. The time needed for review is determined by the number 
of objects the operator has to review, and whether possible sperm can be confirmed 
directly on-screen. We found that by mapping the distributions of scores on ob-
served sperm cells, a score-wise threshold can be set that limits which objects that 
need to be reviewed while retaining sufficient sensitivity. A threshold of 80 points 
was found to fulfill these requirements in our laboratory. We have also concluded 
that sperm may be confirmed on screen if the operator is confident in the identi-
fication, and we expect a majority of samples to be handled such. The time needed 
for review is then estimated to 1-4 minutes per sample. 

Aside from increased throughput, automated microscopy is also expected 
to increase quality in sperm detection. While it is shown here that sensitivity is 
higher with the automated system, we also expect inter-operator consistency to be 
improved by partial automation. The recording of sperm will also make operator 
training and synchronization easier, as examples and good practices can now more 
easily be shared. 

While the system was found suitable and efficient for the detection of sperm, 
its implementation also includes challenges. The imaging and reviewing of sam-
ples are most efficiently done in a batch manner, while slides previously have been 
examined per-case. The adaption of a workflow that allows us to optimally benefit 
from the system is an ongoing effort. 
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5. Conclusion

The system was found to be fit for purpose, passed accreditation, and will be im-
plemented in routine practice. Careful evaluation of imaging conditions and the 
scoring algorithm allowed us to achieve a high sensitivity together with a minimal 
operator hands-on time per sample. A remaining challenge is to adapt our labora-
tory workflow to the batch-wise operation of the instrument, where samples are 
preferentially imaged at night and reviewed during the next day. 
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Abstract 
The following studies were performed by the FBI Laboratory to internally validate the automa-
tion scripts and laboratory information management system (LIMS) integration of the Promega 
PowerSeq® CRM Nested System, which was previously validated for manual laboratory proces-
sing. Validation of the automated workflow included development, testing and validation of the 
robotic scripts used for laboratory processing together with integration of the entire system in 
the LIMS, STACs. Overall, these studies serve to establish the reliability of the automated Power-
Seq™ mtDNA CR Next Generation Sequencing (NGS) System for mtDNA CR typing. 

Keywords
Mitochondrial DNA; automation; next generation sequencing

1. Introduction

Though automated processes and laboratory information management systems 
(LIMS) are routinely employed for CE STR typing, few reports describe automation 
of mtDNA processes and/or NGS processes. For mtDNA, very few labs have the type 
of case volume requiring automation and, for those labs that do, automation has 
been primarily restricted to the sequencing of high quality and quantity reference 
samples that can typically be handled in a more standardized fashion than low 
quantity/quality evidence samples [1](Taylor et al. 2020). For NGS STRs, automat-
ed processes for both high- and low- quality samples have been described [2, 3]
(Montano et al. 2018), Hollard et al. 2019); but because STR testing is less prone 
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to contamination, STR workflows tend to be more amenable to automation than 
mtDNA workflows. Here, we report on the development of automated protocols 
and LIMS modules for next generation mitochondrial DNA sequencing of evidence 
specimens using the previously validated PowerSeq CRM Nested Assay [4](Brand-
hagen et al. 2018).

2. Materials and Methods

2.1. Automation/LIMS testing and optimization
Automated protocols were developed on Tecan workstations, with the pre-

PCR steps of mtDNA qPCR and PowerSeq CRM amplification performed on a Tecan 
Evo, and the post-PCR steps of bead purification, PowerSeq Quant MS set-up and 
DNA library normalization and pooling performed on a Tecan Fluent. Tecan scripts 
were developed based on Promega’s published protocol and the FBI’s manual vali-
dation of the assay (Brandhagen et al. 2018).

The automated workflow was integrated with the laboratory information 
system in use by the FBI, STACS 5.1. Custom STACS modules were designed for 
each step of the PowerSeq CRM process (e.g., extraction, extract quantification, 
indexed CRM amplification, amplicon purification, pooling, etc.). Additionally, the 
LIMS provides sample/batch tracking via unique barcodes, reagent tracking, file 
import/export functionality with instrumentation, and data import/storage of mtD-
NA profiles. In addition, a specific reagent tracking utility was developed to mon-
itor individual index combinations and index volumes to ensure that each index 
combination is unique to its respective reaction.

Calculations required at various steps in the workflow were computed by 
STACS. Calculations included:   averaging of extract replicate quantities, compu-
tation of degradation index values, normalization of amplicons, determination of 
stock amplicon quantity from multiple diluted replicates, stock amplicon normali-
zation for pooling, and reagent volume calculation for sequencing.  

2.2. Workflow Validation Experiments 

2.2.1. Accuracy and Precision
Accuracy and precision studies used 24 samples (23 buccal swabs and one 

DNA control) with known mtDNA CR profiles previously developed by Sanger and/
or NGS sequencing, and which represented 24 distinct CR haplotypes. All samples 
were collected and typed with informed consent. 
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2.2.2. Sensitivity
Sensitivity studies were performed with a dilution series of a sample with a 

known CR sequence at the following ten DNA inputs: 20,000, 10,000, 5,000, 2,500, 
1,250, 625, 312, 156, 78, 39 mtDNA copies. 

2.2.3. Case-type samples
Five non-probative hairs and eleven non-probative calcified tissue samples 

along with 31 associated reagent blanks were processed.  Multiple RBs were pro-
cessed with each sample to develop data to assess background signal and contam-
ination with the hair and bone laboratory workflows employed in routine opera-
tional casework.

2.2.4. Contamination
Possible sources of contamination were assessed using known samples, rea-

gent blanks (RBs), positive controls and negative controls (NCs). The experiments 
were designed to evaluate both environmental contamination and contamination 
introduced by the automated script. Environmental contamination was assessed 
by typing RBs and NCs, while contamination introduced by the automated process 
was evaluated by alternating RBs and/or NCs with known samples to assess aerosol/
well-to-well contamination. 

3. Results

Accuracy and Precision
Across the three experiments performed, the 675 expected variants expected 

among the 24 samples were observed across the 79,400 bp analyzed.  
 To assess the precision of the automated workflow, variant frequency per-

centages for the 675 variants  were compared in pairwise fashion across the 
three experiments. For substitutions and point heteroplasmies, differences in vari-
ant frequency percentages averaged 0.61% and were <0.7% in 75% of comparisons . 
For the more variable length heteroplasmies, differences in frequency percentages 
averaged only 1.19% (Figure 1).
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Figure 1. Percentage difference in variant frequency percentages observed across the three 
runs of 24 samples. 

Sensitivity
Complete control region profiles were recovered down to 156 copies of mtD-

NA input. At 78 copies, 85% of the CR was recovered, while at 39 copies, 56% of the 
CR was recovered. 

Case-type samples
Three hair samples, amplified with between 1100 and 6200 copies and all 

with low degradation indices produced full CR profiles. Two hair samples, amplified 
with 0 and 50 copies of input according to qPCR [5] and both with undetermined 
degradation indices, yielded no data. Extreme degradation likely explains the lack 
of data with 50 copies from hair “Franc” (Table 1). 
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Table 1. Sample characteristics and sequencing metrics for the five hair samples tested.

All calcified tissue samples and amplification replicates produced full CR profiles 
with inputs ranging from 3,000-25,000 copies. However, for one sample, inconsist-
ent and mixed data were observed in both amplification replicates. As the sample 
exhibited a high degradation index (>5), the sequencing results likely reflect DNA 
damage.

Contamination
Environmental contamination was assessed with 50 negative controls and 

reagent blanks processed in the absence of DNA-containing samples. For these 
experiments, average read depth was 8 reads, indicating a minimal level of back-
ground contamination.

When DNA containing samples were introduced to the experiments, the av-
erage read depth of the negative controls and reagent blanks increased substan-
tially. Experiments were thus performed to minimize cross-contamination caused 
by the presence of high quantity DNA. Dilutions of high quantity/quality samples 
prior to loading them on the deck successfully reduced read counts in the NCs and 
RBs. When contamination was re-assessed with ~200 controls processed alongside 
with 1:50 diluted samples, the NC/RB data supported the use of a 200 read depth 
analytical threshold.

4. Discussion

A comprehensive automated workflow was developed for mtDNA processing of ev-
identiary specimens, with pre-PCR steps performed on a Tecan Evo and post-PCR 
steps performed on a Tecan Fluent. The robotic protocols were fully integrated with 
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the FBI LIMS, STACS ®. LIMS modules were designed and customized to provide, 
among other things, sample and batch tracking via unique barcodes, reagent track-
ing, import/export functionality with instrumentation, and data import/storage of 
mtDNA profiles. Optimization of the system resulted in a final automated workflow 
that included the addition of longer bleach holds for the fixed tip robot, pipette 
mixing of purification beads and dilution of high quantity samples prior to loading 
on the robot. 

5. Conclusion

Automated protocols and LIMS modules for the PowerSeq CRM assay were success-
fully developed, tested, and optimized. Validation of the final automated workflow 
established the accuracy, reproducibility, sensitivity, and reliability of the LIMS in-
tegrated system - from DNA extraction through final NGS haplotype review and 
LIMS storage.
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Abstract
The interpretation of DNA mixtures remains a significant challenge in forensic science, particu-
larly when dealing with complex mixtures involving multiple contributors, low DNA template 
quantities, or highly imbalanced ratios. In this study, we employed massively parallel sequencing 
(MPS) to assess the performance of three highly polymorphic microhaplotype panels in resolving 
complex DNA mixtures. The panels included a 55-plex (average effective allele number, Ae, of 
7.43), a 67-plex (Ae of 5.34), and a combined 87-plex (Ae of 7.02). 
A total of 56 artificial mixtures, consisting of DNA from 2 to 4 contributors in varying ratios and 
amounts, were analyzed. Detection rates were measured across different contributor propor-
tions, DNA input levels, and numbers of contributors. Our results demonstrated that the three 
panels provided accurate and sensitive detection, even for low-template and highly imbalanced 
mixtures. The study highlighted the robustness of microhaplotype panels, particularly Panel A 
with its high polymorphism, in analyzing mixtures with multiple contributors, while Panel C 
performed exceptionally well in reducing allelic dropout and detecting minor contributors in 
imbalanced mixtures.
In summary, this study advances forensic practice by improving the effectiveness of DNA mixture 
interpretation through the application of MPS-based microhaplotype panels.
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1. Introduction

DNA mixtures are a common type of biological sample encountered at crime scenes. 
These mixtures contain the DNA of two or more individuals and are frequently as-
sociated with cases such as sexual assault, physical altercations, and homicides 
involving multiple participants. The highly informative nature of DNA mixtures 
makes their analysis crucial, as it can provide valuable insights regarding suspects, 
narrow the scope of investigation, and aid in the reconstruction of crime scenes. 
Consequently, numerous studies have focused on DNA mixture analysis[1]. 

However, the interpretation of DNA mixtures remains a significant chal-
lenge in forensic genetics due to uncertainties regarding the number and relative 
proportions of contributors. Traditional methods often struggle to accurately re-
solve mixtures, particularly when contributors are present in unequal amounts. To 
address this issue, researchers have explored various genetic markers to enhance 
the precision of mixture analysis. 

In 2013, Kidd et al. introduced a novel genetic marker known as the mi-
crohaplotype. This marker is defined as a DNA fragment that contains two or 
more single nucleotide polymorphisms (SNPs) within a 300 bp region[2]. Micro-
haplotypes have since attracted considerable attention in forensic genetics, as 
they combine the advantages of short tandem repeats (STRs) and SNPs, offering 
benefits such as a large number of loci, broad distribution across the genome, high 
polymorphism, low mutation rates, and reduced recombination rates. Addition-
ally, microhaplotypes are free from stutter artifacts during amplification, which 
is a common issue with STR analysis. These advantages render microhaplotypes 
particularly suitable for DNA mixture deconvolution[3]. 

Massively parallel sequencing (MPS) has emerged as an ideal technology for 
microhaplotype genotyping, as it allows for the phasing of each variant within a 
locus, enabling the discrimination of parental haplotypes. Furthermore, MPS is 
highly efficient, providing the throughput necessary to analyze complex mixtures 
with multiple contributors and imbalanced ratios[4].

2. Material and methods

2.1. Selection of candidate panels
We conducted a genome-wide screening to identify novel microhaplotype 

(MH) markers, consisting of two or more variants (either InDel or SNP) located 
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within a 300 bp region, based on data from the Southern Han Chinese population 
in the 1000 Genomes Project. The average effective allele number (Ae) was calculat-
ed using theoretical haplotype frequencies. Three highly polymorphic microhap-
lotype panels were selected for further analysis. These panels included a 55-plex 
panel (Panel A, with an average Ae of 7.43)[5], a 67-plex panel (Panel B, with an 
average Ae of 5.34)[6], and a combined 87-plex panel (Panels C, with an average Ae of 
7.02) formed by merging the aforementioned two panels.

2.2. Sample preparation
A total of 56 artificial DNA mixtures, consisting of contributions from 2 to 4 

individuals in various proportions, were prepared (Table 1). For each mixture ratio, 
four DNA input gradients were used: 1, 0.5, 0.25, 0.125, and 0.05 ng. Imbalanced 
mixtures were created by adding a large proportion of major contributor DNA to a 
fixed amount of minor contributor DNA at predetermined ratios.

Table 1. List of the number of contributors and the ratio of artificial mixture samples

Samples NOC Ratio Contributors

Mix1-1 2 1:1 X-17/J-11

Mix1-2 1:5

Mix1-3 1:10

Mix1-4 1:20

Mix1-5 1:40

Mix2-1 3 1:1:1 X-17/J-11/W-36

Mix2-2 1:1:5

Mix2-3 1:1:10

Mix2-4 1:10:20

Mix2-5 1:10:40

Mix3-1 4 1:1:1:1 X-17/J-11/W-36/L-3

Mix3-2 1:1:3:5

Mix3-3 1:3:5:10

Mix3-4 1:5:10:20

NOC: The number of contributors of artificial mixtures; Mix: Mixture

2.3. Sequencing and data analysis
The multiplex primer systems for candidate MHs in these panels were de-

signed by iGeneTech Biotech Co. Ltd (Beijing, China). The DNA libraries were 
prepared using the MultipSeq® Custom Panel v3.0 (iGeneTech), following the 
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manufacturer’s protocol for adaptor addition. The libraries were sequenced on 
the Illumina® NovaSeq 6000 platform using the 150 bp paired-end sequencing 
(PE150) mode. The FASTQ files generated from sequencing were analyzed using 
Trimmomatic v.0.38 and FastQC for quality control. Burrows Wheeler Aligner 
(BWA) v.0.7.12 and SAMtools were used to align the reads to the reference hu-
man genome (Hg19, GRCh37) and obtain binary alignment/map (BAM) files. An 
in-house pipeline for MH genotype calling was constructed using the CIGAR and 
MD: Z tag information of the BAM files.

To evaluate the performance of these panels in mixture analysis, the number 
and proportion of detected alleles were analyzed and compared with the expected 
alleles in each individual sample and mixture for all artificial mixtures. The gen-
otypes of all contributors, which were known, were considered as the expected 
alleles, while the observed alleles in the mixture profiles were considered the ob-
served alleles.

3. Results

The expected allele counts for the three panels are 174, 193, and 264 in a two-per-
son mixture; 239, 247, and 352 in a three-person mixture; and 284, 295, and 430 
in a four-person mixture. As the DNA input decreased and mixture imbalance in-
creased, the number of observed alleles correspondingly reduced. 

For two-person mixtures at a 1:40 ratio with an input amount of 1 ng, the 
detection rates for the minor contributor’s alleles by the three panels were 95.98% 
(Figure 1A, Panel A), 96.89% (Figure 1B, Panel B), and 96.59% (Figure 1C, Panel 
C). In the case of three-person mixtures at a 1:10:40 ratio, the minor contributor’s 
alleles were detected at rates of 95.82%, 91.90%, and 92.61%, respectively, across 
the three panels. For four-person mixtures at a 1:5:10:20 ratio, the detection rates 
were 99.30%, 97.29%, and 98.60%, respectively.

The sensitivity of allele detection was robust across all three panels, with de-
tection efficiency reaching 0.5 ng in mixtures with equal ratios, even for four-per-
son mixtures. At 0.5 ng, the panels could fully detect alleles in two-person mixtures 
at a 1:10 ratio, three-person mixtures at a 1:1:10 ratio, and a four-person mixture 
only at 1:1:1:1.

Even at an input amount as low as 0.05 ng, for two-person mixtures, the 
detection rates of the alleles of the minor donor by the three panels were 67.81% 
(Panel A), 72.54% (Panel B), and 70.45% (Panel C) at the 1:40 ratio, respectively. 
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For three-person mixtures, at the 1:10:40 ratio, the detection rates of the alleles of 
the minor donor by the three panels were 78.24%, 85.42%, and 80.97%, respec-
tively. For four-person mixtures, at the 1:5:10:20 ratio, the detection rates of the 
alleles of the minor donor by the three panels were 82.39%, 87.46%, and 86.05%, 
respectively.

Figure 1. Allele detection in complex DNA mixtures using multiple panels (A: Panel A, B: Panel 
B, C: Panel C).
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4. Discussion

In this study, we conducted a comparative analysis of mixtures with varying num-
bers of contributors, different mixture ratios, and different input template amounts 
using three panels with different polymorphic microhaplotypes. The results indi-
cate that sequencing analysis of microhaplotype panels using MPS has great poten-
tial in the deconvolution of complex mixtures. 

The three panels we tested showed considerable accuracy in analyzing mix-
tures with low DNA input and unbalanced contributor ratios. Specifically, Panel A, 
which exhibited the highest polymorphism, was particularly effective in analyzing 
mixtures with low-template DNA from multiple contributors. On the other hand, 
Panel C, with its higher number of loci, showed superior performance in reducing 
allelic dropout rates and providing more comprehensive information about minor 
contributors in highly imbalanced mixtures.

Our findings further suggest that the detection sensitivity of these panels 
is robust even at low DNA input levels. All three panels maintained high detection 
rates for minor contributors, even at input amounts as low as 0.05 ng. This high-
lights the potential of these panels in forensic investigations where DNA quantities 
are often limited or where contributors are present in vastly unequal proportions.

5. Conslusion

In conclusion, this study underscores the advantages of using MPS-based micro-
haplotype panels in forensic genetics, particularly for the interpretation of complex 
DNA mixtures. The application of these highly polymorphic panels enhances the 
resolution of DNA mixture deconvolution, offering improved accuracy in cases in-
volving low DNA quantities and unbalanced contributor ratios. Future research 
should continue to explore the optimization of microhaplotype markers and se-
quencing technologies to further refine forensic DNA analysis.
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Abstract
Internal validation of measuring and interpreting single-source and mixture DNA profiles is es-
sential in every forensic DNA laboratory. Validation is not a one-time process as laboratories 
continue to revalidate when changes or upgrades are introduced to their workflows. The field 
lacks much-needed open-source software that can assist in designing validation experiments and 
interpreting the resulting data.

Keywords 
Internal validation, mixture profiles, open-source software.

1. Introduction

The internal validation process often generates massive amounts of data; forensic 
practitioners face the daunting challenges of designing validation experiments, for-
matting, analyzing, and understanding the validation data. Currently, software pro-
grams analyze (i.e., call alleles) [1, 2], deconvolute, and assign Likelihood Ratios 
(LRs) of DNA profiles [3, 4]. However, the field lacks a much-needed open-source 
tool that can assist in designing and interpreting the validation experiments. To 
address this critical need, we propose the development of a standalone (i.e., not 
running over a network) and easy-to-use graphical user interface (GUI) that can 
be easily integrated into the validation workflows and assist the practitioners in  
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automating (1) the design of validation samples to adequately cover the factor space, 
and (2) the interpretation and visualization of the data from validation studies. 

2. Methods

The source codes for the different functionalities were developed in Python and R 
programming language formats that will be publicly available upon the release of 
the software. PROVEDIt data [5] and in-house datasets available in the NIST Ap-
plied Genetics Group are being used to test the codes. 

3. Results 

The GUI will consist of the following functionalities:

3.1. Construction of all possible mixture genotype combinations
The tool will support loading user-provided ground truth single-source pro-

files genotyped by any Short Tandem Repeat (STR) multiplex kit in a .txt file format. 
The tool will generate all possible mixture genotype combinations [6] depending 
on the number of single-source profiles and number of contributors (NoCs) chosen 
using the following formula: 

where nCr = number of possible genotype combinations
n = number of single-source profiles
r = number of contributors
For example, to experimentally design mixture samples with NoCs = 2, 3, 4, 

and 5 from 11 different single-source DNA profiles, there will be 55, 165, 330, and 
462 different mixture combinations, respectively. 

3.2. Complexity metrics
The tool will provide summary statistics for each of the different generated 

mixtures to aid the user with their choice of combinations (e.g., Fig. 1). These 
metrics will cover:

— expected alleles to be observed at each locus
— counts of alleles expected to be observed at each locus and across the 

entire profile
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— minimum/maximum number of expected alleles for a profile
— instances of a single base-pair difference between two alleles at a given 

locus (referred to here as A-A (1 bp)) 
— counts of homozygote genotypes at a locus  
— quantification of allele-sharing between the contributors that constitute 

each combination using allele-sharing ratio (ASR). The ratio will range 
between 0 (no sharing) to 1 (maximum sharing) and is generated using 
the following formula:

A

Mixture
Combinations

∑ Homozygote Counts
∑A-A 1 bp 
Difference

Min/Max # of 
Expected Alleles

∑ Expected 
Alleles

ASR

C27, C32, C42 9 0 2/5 70 0.63

Fig. 1. (A) An illustration of one expected/theoretical 3P mixture profile out of 19,600 different 
mixture genotype combination possibilities simulated from 50 single-source profiles found in 

the PROVEDIt dataset. The illustration was created in EuroForMix [3] using the genotypes of 
the following PROVEDIt single-source profiles (C27, C32, and C42) where C refers to contributor. 
This output is not intended to reflect peak height variation, just the presence of ground truth 

genotypes. Different statistic metrics are shown at each of the autosomal STR loci. Homozygosity 
represents the count(s) of a homozygote genotype at a locus; A-A (1 bp) represents the instance(s) 
of a single base-pair difference between two alleles at a given locus; Number of alleles is the count 

of alleles expected to be observed; Expected alleles are alleles that are expected to be observed. 
(B) Summary statistics across the simulated mixture combination (N=21 loci) and the ASR.  

B
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3.3. Choosing a validation experimental design
This functionality is still under development and will aid the user in choos-

ing combinations. After generating the complexity metrics, the user can then de-
cide on and input into the software other levels of factor space desired to be cov-
ered, such as: 

— Experimental NoC        
— Apparent NoC (e.g., a 4P mixture that could be interpreted as 3P or 2P 

mixture)      
— DNA quality (pristine or degraded)
— Total template amounts    
— Level of A-A 1bp    
— Level of allele sharing 
— Contributors’ template amounts or mixture ratios
— Number of runs per NoC value. 

Using the statistical theory of factorial and fractional factorial experimental 
designs [7], the software will output candidate experimental plans based on user 
specifications to ensure reasonable coverage of the factor space. 

3.4. Mixture Calculations 
This functionality will aid in accurately calculating how much of each con-

tributor’s DNA is required to make the final volume of a desired concentration that 
contains the desired mixture ratios. The software will take the user’s requirements 
(e.g., contributor’s concentration, desired mixture ratios) and constraints (e.g., 
minimum pipetting amounts, DNA mass in the PCR reaction, minimum mixture 
stock solution) and provide the optimal strategy for making the desired mixtures.  

4. Discussion

The scope of this research project was guided by discussions on validation chal-
lenges with forensic practitioners from different laboratories. Most forensic labora-
tories interpret their data using traditional methods (e.g., manual data formatting 
and entry in Microsoft Excel spreadsheets) or outsource their validation results to 
the manufacturers. In the latter case, labs still reanalyze a subset of the outsourced 
data to ensure independent verification, accuracy, reproducibility, and consistency 
with the analysis completed by the manufacturers. These approaches can be er-
ror-prone, time-consuming, and pose a significant delay in applying newer meth-
ods to casework. The GUI described here will be an accessible and easy-to-use inter-
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face. It will be developed specifically to aid forensic practitioners in automating the 
design and interpretation of validation experiments without having to be an expert 
in programming languages or statistics. To enhance accessibility, the tool will be 
accompanied by instructions describing the installation of the software as well as 
tutorials and on-demand videos demonstrating the use of the tool. 

5. Conclusion

In this work, we present the initial stages of the development of a standalone (i.e., 
not running over a network) and easy-to-use GUI. The GUI is designed to be inte-
grated into the validation workflows and will assist the practitioners in automating 
(1) the design of validation samples and (2) the interpretation and visualization of 
the resulting data. This will free the analysts from the technicalities of manual data 
formatting and processing and allow them more time to explore, visualize, and 
understand the data output. The tool will also limit human errors, prevent data 
formatting issues, and increase the speed, effectiveness, and accuracy of analyzing 
data from validation studies. 
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Abstract
As part of our internal validation of mixed genetic profiles and related bio-statistical calculations, 
we focused on one of the main aspects linked to the validation process, represented by the loss of 
genetic information, trying to identify the limits in the application of a probabilistic genotyping 
software (PGS).
We studied twelve mixtures of two contributors (2PM), simulating a progressive loss of genetic 
information with 0, 6, 12, 21 drop-out, corresponding to 0%, 15%, 30% and 50% loss of the 
person of interest (POI) genetic profile.
We calculated the likelihood ratio (LR), using the continuous probabilistic genotyping software 
EuroForMix (EFM), for the basic hypothesis [LRBase: H1=POI+U/H2=U+U] and three LRsFam, re-
placing a relative of the POI (child/father or sibilings or cousin) in H2.
The expected decreases in the LR value, as the number of drop-out increased, made it possible 
to observe that there is no chance to determine a relative threshold value in the analyzed data, 
below which the LR is considered unreliable. On the other hand, this study suggested to us the 
possibility to use the LRsFam near to neutral value as a warning in the report for the court, es-
pecially in cases where the LRBase is relatively low (≤ 104) and/or in those criminal cases such as 
burglary or robbery, where entire family clans can often be involved.
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Probabilistic genotyping software, DNA mixtures, EuroForMix, Drop-out
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1. Introduction

The interpretation of complex genetic profiles, especially mixed profiles with more 
than two contributors and in which the Person of Interest (POI) suffers a partial 
loss of genetic information (drop-out), currently requires the approach of statisti-
cal evaluation of the analytical data and not just experiential skills of the forensic 
analyst.

Probabilistic genotyping software, used to calculate the likelihood ratio (LR) 
in the event of a comparison, raises the basic question “How can we be sure that a 
complex computer program is providing the right answer?” [1]

Unfortunately, there is no correct answer to this question, but there are 
various guidelines and reviews in the literature on the PGS validation issue, which 
can help a laboratory to test the reliability of the results [2].

During our internal validation of mixed genetic profiles and related bio-sta-
tistical calculations, we studied one of the main aspects linked to validation rep-
resented by the loss of genetic information, trying to identify the limits in the 
application of PGS. 

So we asked ourselves: to what extent and in what ways can the occurrence 
of the loss of genetic information relating to the POI impact on the calculation of 
LR and its reliability? Is there a maximum number of drop-out beyond which the 
LR value may not be reliable?

2. Material studied, methods, techniques

The continuous probabilistic genotyping software used for this study was EuroFor-
Mix (vers. 3.3.4/4.0.8) [3], applying the Italian population allele frequencies and a 
theta factor equal to 0.01.

The GlobalFiler kit (21 autosomal loci) and the 3500 CE (run validated pa-
rameters) were used. The selected model was the one automatically chosen by EFM 
using the Optimal quantitative LR function (automatic mode search).

The LR value reported in the study is the log10LRML, i.e. the log10 of the 
maximum likelihood-based LR.

We selected two mixed genetic profiles of 2 contributors (Mixture Proportion 
(MX)~1:9) from our criminal cases routine, with reasonably known ground truth, 
and simulated a progressive loss of genetic information (from 1 to 21 sequential 
drop-out), up to loss 50% of the minor contributor (POI).
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The choice of the dropped allele was made initially by removing the peaks 
with the lowest height and the highest molecular weight (mimicking as much as 
possible what generally happens in real cases if stochastic effects occur).

Then we calculated the likelihood ratio for the basic hypothesis [LRBase: 
H1=POI+U/H2=U+U] and three LRsFam, replacing a relative of the POI (child/
father or sibilings or cousin) in H2.

We also repeated the study on ten 2PM with major/minor contributors from 
the PROVEDIt dataset [4] (with various MX 1:2, 1:4 and 1:9, degradation and DNA 
input), studying these profiles simulating a progressive loss of genetic information 
with 0, 6, 12, 21 drop-out, corresponding to 0%, 15%, 30% and 50% loss of POI 
genetic profile (see Fig. 1-4).

It should be noted that EFM calculates a weight of evidence for all the vari-
ous genotypic combinations, even particularly unlikely ones (in these cases other 
software can evaluate specific locus LR =0), always returning a total LR value.
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Fig 1-4: The LRBase (log10LR-POI the blue line) and LRFam (log10LR-Ch/Father the orange line; 
log10LR-Sib the gray line; log10LR-Cous the yellow line) values studied in twelve 2PM.

3. Results

In the context of testing the limits of application in the use of a PGS, identifying a 
possible threshold of acceptability of the maximum number of drop-out, is linked 
to the issue of the risk related to the exclusion of a true contributor or the inclu-
sion of a false contributor (type 1 and 2 errors [5]).

The expected decrease rate in the LRBase and LRFam values, as the number 
of drop-out increased (see Fig.1-4), is quite variable in the mixtures studied, and 
depends among other factors on the dropped alleles (more or less rare) and conse-
quently on the allele frequencies of those remaining in the profile (data not shown 
in the present work).
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As expected, the greatest decrease in the LRsFam occurs in the hypothesis in 
which siblings are present in H2 (see gray lines log10LR-Sib in Fig.1-4), while the 
LRsFam related to the presence of a POI-Cousin in H2 are the closest to the basic 
hypothesis (see yellow lines log10LR-Cous in Fig.1-4).

It was possible to observe how with 6 drop-out (15% loss of genetic informa-
tion), the LRBase values are between 8.66 and 19.24, and only in one case the LRFam 
<1 (see Fig.2- red circle Mixture No.9).

In the case of 12 drop-out (30% loss), the LRBase values are between 4.44 and 
13.39, and only on three occasions the LRFam is ≤1 (see Fig.3-red circles).

Finally, with 21 drop-out (50% loss), it is possible to observe that the LRsFam 
are always less than 1, with the exception of three mixtures (see Fig.4- red circles), 
where in two of these, it is possible to underline an unexpected high LRBase (6.84 
and 3.33, respectively), despite such a high number of drop-out. 

4. Discussion

The loss of information does not affect the calculation of the LR in the same way in 
all studied mixtures. Furthermore it can change in relation to various factors such 
as, the number of contributors (NOC), the MR and whether the POI is the major 
or minor contributor, the quality of the profile (degradation, LT-DNA), the allele 
frequencies of the dropped alleles and those relating to the remaining alleles, the 
degree of overlapping. 

In relation to the reliability of low LR values, some laboratories use a thresh-
old value (generally 104) to report the LR, below which the LR value is considered 
inconclusive. The analyses of these results therefore suggested to us the possibility 
to relate the LRsFam in the report for the court, if they are close to the neutral 
value (0<log10LR>1) or veer in favor of H2 support (log10LR<0). 

These LRFam values   could be considered as a warning, especially in cases 
where the LRBase is relatively low (≤ 104) and/or in those criminal cases such as 
burglary or robbery, where entire family clans can often be involved. In these cases, 
EuroForMix offers, in addition, a further opportunity of performing a non-contrib-
utor test. 

All these considerations are important in order to try to find the most objec-
tive, impartial and transparent approach to explaining the meaning of the LR in the 
court, where the final users are represented by legal people who are not normally 
experts in forensic statistical evaluation of the weight of evidence.
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Abstract
Stutter, which is an artifact of PCR and prevent correct mixture analysis, has become an im-
portant research issue. MPS experiments have enabled the precise observation of the stutter 
amplicons. The average back stutter ratio () and the average double back stutter ratio () vary 
depending on the sample and experimental conditions used. However, a consistent finding was 
that can be expressed in the form of a quadratic equation of. To elucidate this quadratic expres-
sion, we undertook a modelling exercise. In this modelling, we considered conventional SMM 
and its extendions, and demonstrated that can be expressed in the form of a quadratic equation 
of. Utilising this relationship, we demonstrate that can be explained as a quadratic equation for 
the number of repeats, which is consistent with the experimental data. Furthermore, we suggest 
that this model can be applied to MSI data.

Keywords
Back stutter ratio, double back stutter ratio, SMM, MSI

1. Introduction

In the experiments utilizing MPS, the precise observation of the number of backs-
tutter amplicons and double backstutter amplicons was observed. The mean values 
of the back stutter ratio () and the double back stutter ratio () exhibit variability, 
yet a consistent finding is that can be expressed in the form of a quadratic equa-
tion of. However, no model existed to explain this phenomenon. Consequently, we 
considered the conventional SMM and extended models and demonstrated that 
can be expressed in the form of a quadratic equation of. Utilising this relationship, 
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we established thatn can be explained as a quadratic expression for the number of 
iterations, which is consistent with the experimental data. 

2. Material studied, methods, techniques, and Results

In the supplementary of Ran Li’s paper [1] contains the stuttering data (N-4, N-3, 
N-2, N0, N+1, and N+2 variants), which is obtained by analyzing the ForenSeq 
DNA Signature Prep Kit on a MiSeq FGx instrument. The data is the result of 750 
peripheral blood samples from human subjects including the stutters of 58 STRs. 
By using this data, the relationship between the back stutter rate and the double 
back stutter rate is shown in Fig. 1, which shows that all the locus confirmed that 
(orange line).

In the supplementary of Hoogenboom’s paper contains the stuttering data 
(vs. repeat length), analyzed via the Promega Powerseq Auto System on a MiSeq 
instrument [2]. The data is analysis result of 450 samples from human subjects. 
In the paper the relationship between the back stutter rate and the double back 
stutter rate versus repeat length of D22S1045 are dawned (Fig. 2). In Fig. 2 each 
data point on the graph represents for the blue and for the orange. As illustrated in 
Fig. 2, can be approximated by a linear equation (depicted as a black solid line in 
the figure) for the number of iterations (). Furthermore, the minimum number of 
iterations () can be considered in relation to the occurrence of back stutter. The left 
part of Fig. 2 is the enlarged graph in the vertical axis. The black curve represents 
the data presented in the original quadratics curve [2]. 

3. Discussion

3.1. Using SMM
SMM employs a multinomial distribution as the probability of no increase (), 

increase without stutter (), and increase with stutter () at each step of the PCR pro-
cesses [3]. Utilizing these probability parameters, the number of templates () and 
the number of PCR cycles (), the mean () of the number of unstuttered amplicons 
count () is estimated by. Similarly, the mean of the back stutter amplicon count 
() can be estimated by. This equation can be explained by the fact that the change 
from “no stutter” to “back stutter” occurs only once in each PCR process, and the 
number of such cases is times. It is possible to utilize more detailed simulations 
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differentiating between templates, semi-templates, and amplicons and consider 
the probability of PCR amplification. In the interest of providing a comprehensive 
overview, this study does not distinguish between these amplified products.

In the SMM model, the double back stutter is produced through two con-
secutive stuttering processes; from “no stutter” to “back stutter” and from “back 
stutter” to “double back stutter”, the number of such cases is times.

Therefore, the average of the double back stutter amplicon count () can be 
estimated by, where represents the probability of back-stutter production, which 
may be slightly smaller than. The is quadratically increasing with respect to. If we 
approximate,, then can be approximated as. This approximation has not been pub-
lished, to the best of our knowledge. In the paper by Jos [3] the probabilities of PCR 
on the template and amplicon are distinguished. Assuming that these probabilities 
are equal (), comparable results can be derived for the estimation of and [3]. From 
the previous equations, if and are quantified in the experimental setting, the value 
of can be estimated. If we assume the mean of the back stutter ratio () is approxi-
mated by, then. Note that this relation is independent to and repeat structure. This 
theoretical equation has been demonstrated in prior research utilizing SMM [3,4]. 
As will be discussed subsequently, the approximation of with is not mathematically 
appropriate approach. Nevertheless, the simulation results indicate that this is a 
highly accurate estimation. If we approximate the mean of the double back stutter 
ratio (), then we can express it as. This is equivalent to:. When is approximated to zero 
and is approximated to, can be approximated to. Similarly, can be approximate to.

3.2. Approximateby 
As previously stated, approximating by is not a mathematically appropri-

ate approach. This is because the back stutter ratio () is the observation for each 
experiment as “the amount of back stutter amplicon” divided by “the non-stutter 
amplicon.” The average of this value over all trials represents the average (). In 
this context, and represent and, respectively. Consequently, and the are not math-
ematically identical. We developed code with R, similar to PCRsim, and performed 
100,000 simulations with =322[copy], =0.95, and =0.012, under the condition of 20 
PCR cycles. Through the simulation it is shown that is a good estimator of. Since 
the is given by ratio statistics, when both non-stutter amplicon and back stutter 
distribution is approximated by a LogNormal distribution, then the back stutter 
ratio can be approximated by a LogNormal distribution.
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3.3. Saturation is currently under consideration by SMM
In SMM, the value of is assumed to increase as the number of PCR cycles,, is 

increased. In actual PCR, the value of does not increase by a greater amount than 
a constant number even if the PCR cycle number, increases above a certain level. 
This is due to the occurrence of saturation, which results in the establishment of 
a plateau. It may therefore be anticipated that will also decline to a constant value. 
To simulate this phenomenon, a saturation-effect SMM was constructed using the 
R language. Firstly, to ascertain the quantity of total amplicons in a saturated state, 
20 PCRs were conducted with =322[copy], =0.95 and =0.012, with the assumption 
that no saturation effect was present. The mean of all amplicons at that time was 
then taken as the saturated amplicon amount (). For the sake of simplicity, we will 
assume that. In the simulation with saturation effects, the ratio of this to the total 
amplicon volume after each frequency was employed to as the PCR efficiency () at 
each cycle. This value is then multiplied by all probability. In the beginning of PCR, 
α≅ 1.0. However, as the total amplicons increase exponentially and approaching 
the ratio approaches to 0. In the simulations, 35 cycles were performed with sat-
uration effects incorporated. The simulation result indicates that m=20 without 
saturation effects, is the good estimator for after 35 cycles with saturation effects.

3.4. The model permits the implementation of SMM{0,-1,-2} stutter within 
a single PCR process

As demonstrated in the preceding chapter, the SMM allows for the estima-
tion of as. In the published MPS data, is approximately equal to. Thus experimental 
is larger than the SMM estimation. To explain this difference, in addition to the 
SMM, a model was constructed which incorporates a “double back stutter” process 
during one time in one PCR cycle. Assuming that the probability () of this process 
increasing is proportional to the number of PCR processes, the value of is modified 
as follows:

In the absence of detailed knowledge regarding the specifics of the experi-
ment condition, we may nonetheless make certain assumptions. For instance, we 
may posit that and than. Because, the second term represents the, which should be 
equal to. This implies.

3.5. The model permits the implementation of {0,-1,-2} stutter within a sin-
gle PCR process

Fig. 2 depicts a graph of the number of repeats () versus, versus for D22S1045. 
In the SMM, it can be approximated as is approximately, as illustrated by the blue 
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line. The blue line is smaller than the actual double back stutter rate. The addition 
of the above ‘probability of increase with double back stutter ()’ results in a green 
line. Here, the ‘probability of increase with double back stutter ()’ is assumed to be 
proportional to (). The addition of this effect results in the orange line, which is in 
good agreement with the values presented in the paper (black solid line).

3.6. The model permits the incorporation of a stutter of up to ±{0,1,2} stut-
ter in a single PCR process.

An additional extension of the aforementioned model, which incorporates 
forward stutter and double forward stutter rates, is illustrated in Fig. 3. For the 
sake of simplicity, the figure depicts for back stutter as 2 and for forward stutter 
as 2. The distribution of stutters after one PCR process, when there are [number] 
of 5 repates (rightmost column vector), is represented as the column vector. is 
the PCR efficiency. The leftmost column vector represents the average amplicon 
distribution after one cycle. Note that the can be measured by using real-time PCR 
experiments. For the sake of simplicity, we have restricted ourselves to the range of 
possible stutters stutter, but it is assumed that an extension of more than 2 is nec-
essary when the number of bases in the repeats is large. By using the experimental 
data of stutter distribution, it is possible to estimate these parameters.

4. Conclusion

We were able to explain the observed in the MPS data using a model that extends 
the SMM. We also showed that can be expressed as a quadratic for the number of 
repeats. Since the model can estimate PCR artifacts, it is expected to be applicable 
to the analysis of mixed samples and to the analysis of microsatellite instability 
(MSI) data related to the diagnosis of cancer.
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Figure 1. Relationship between r1 and r2 for 58 loci. shows that all the locus confirmed that 
(orange line). The blue line is the theoretical from SMM.



997AN OVERLOOKED TREASURE; THE RELATIONSHIP BETWEEN  
THE BACK STUTTER RATE AND THE DOUBLE BACK STUTTER RATE

Minoru Asogawa

Figure 2. The relationship between the back stutter rate and the double back stutter rate 
versus repeat length of D22S1045. each data point on the graph represents for the blue and 

for the orange. As illustrated in Fig. 2, can be approximated by a linear equation (depicted 
as a black solid line in the figure) for the number of iterations (). Furthermore, the minimum 

number of iterations () can be considered in relation to the occurrence of back stutter. The left 
part of Fig. 2 the rate on the vertical axis has been expanded. The black curve represents the 

data presented in Hoogenboom’s original quadratics curve presented in the paper [2]. 

Figure 3. He model permits the incorporation of a stutter of up to ±{0,1,2} stutter in a single 
PCR process. The rightmost column vector indicates the amplicon distribution before PCR 

cycle. For the sake of simplicity, it is depicted that there are [number] of 5 repeats. The 
leftmost column vector represents the average amplicon distribution after one cycle. In the 
amplification matrix,  for back stutter is 2 and for forward stutter is 2. The leftmost column 

vector represents the average amplicon distribution after one cycle. 
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DNA mixture interpretation:  
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Abstract
Substantial statistical and computational advances necessitate revision of guidelines for mixtu-
re interpretation in DNA casework. Our extended procedure for DNA mixture interpretation is 
centered around a guiding principle: Identifying the proposition that is best supported by the 
data within the context of the case. Examples of the application of this guiding principle are 
presented.

Keywords
Forensic science, DNA mixtures, likelihood ratio, probabilistic genotyping software, interpreta-
tion guidelines, exhaustive propositions.

1. Introduction

Traditional DNA mixture interpretation guidelines [1], written for comparisons 
between trace profiles and reference profiles of persons of interest (PoIs), follow a 
fixed stepwise approach with definite decisions being made. E.g., setting the num-
ber of contributors at a fixed number. In our laboratory, these rigid guidelines have 
been followed for a long time. However, technological developments as well as sta-
tistical insights have prompted us to revise and extend our guidelines for mixture 
interpretation in DNA casework. Here, we share the philosophy behind our proce-
dure for DNA mixture interpretation as currently employed within our laboratory, 
which is centered around a guiding principle: Identifying the propositions that are 
best supported by the data within the context of the case (Fig. 1).
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This principle is versatile and can be applied across all steps of DNA profile 
interpretation. By logical reasoning, the reporting officer can determine whether 
weight of evidence calculations are needed, identify relevant explanations for the 
DNA profile, and decide how to report the evidence. Unlike traditional methods 
that limit the interpretation to a predefined pair of propositions (i.e. hypotheses), 
this approach allows for a dynamic evaluation process. Propositions can be cus-
tomized and refined based on insights from the statistical analysis, resulting in a 
more complete assessment of the DNA evidence. This versatile procedure has been 
implemented in our daily casework at the NFI using DNAStatistX [2] and based on 
the methodology as described in [3]. 

2. Traditional versus extended procedure for DNA mixture interpretation

Fig. 1 and Table 1 outline the main differences between the traditional and extend-
ed procedure for DNA profile interpretation. 

Figure 1. Overview of the traditional (left) step-wise procedure to DNA profile interpretation 
and the extended, flexible, procedure (right) in which the interpretation is centered around the 

question “Which hypothesis is, within the context of the case, best supported by the data?”.
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Table 1. Differences between the traditional and extended procedure for DNA mixture 
interpretation.

Traditional 
procedure

Extended procedure

Suitability 
for 
comparison

Judged by expert 
prior to comparison

All profiles may be subjected to comparison.
Not all may be worthwhile or relevant for statistical evaluation.
Validity of evaluation is judged (see Validation).

Choice of 
hypotheses

Expert defines 
set of hypotheses, 
fixed throughout 
evaluation

Relevant propositions are defined as a starting point. 
More propositions may be added when expected to be relevant and 
potentially discriminatory. 
They may alter conclusions or widen the context in which 
conclusions apply.

Number of 
contributors 
(NoC)

NoC is defined prior
to comparison and 
kept fixed

Initial assessment of the NoC as a starting point.
Additional hypotheses with varying NoC can be evaluated along 
the interpretation process.

Results Two likelihoods, one 
likelihood ratio (LR)

A likelihood of each hypothesis, evidential weight summarized by 
one or more LRs.

Validation of 
results

Expert opinion Expert opinion aided by statistical model validation.

3. Application in casework: Two examples

In case of a single PoI, certainty about the NoC, and no relatedness to query, the 
revised procedure amounts to the original. I.e., calculating likelihood ratios (LRs) 
for the two hypotheses according to which the PoI did (resp. did not) contribute. 
Tables 2 and 3 present two more complex casework examples where the extended 
procedure for DNA mixture interpretation has been particularly useful. After an 
initial assessment of the (mixture) DNA profile, possible propositions are listed 
(‘exhaustive’ propositions). Next, LRs are calculated using each hypothesis against 
a default alternative. From the results one can assess the evidence per PoI. If there 
is no support for inclusion of a PoI, the hypotheses including this PoI are omitted 
and the evidence per (remaining) PoI is re-assessed. A helpful excel sheet for this 
combined evaluation is available upon request and incorporation of the procedure 
is listed for a future version of DNAxs/ DNAStatistX.
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Table 2. Overview of assessment of casework example 1, with uncertainty on the NoC.

Table 3. Overview of assessment of casework example 2. Three PoI. Evidence for presence of 
DNA of PoI 1&2, but not for PoI 3. Best supported hypothesis is presence of PoI 1, PoI 2 and two 

unknowns.

Number Investigated 
hypotheses H

LRH,Huuu

1 H12uu 10 20

2 H1uuu 10 10.5

3 H2uuu 10 9.5

4 Huuuu 10 -0.5

5 H12u 10 -3

6 H1uu 10 11

7 H2uu 10 10

8 Huuu a 1

PoI  LR Support for 
contribution?

PoI 1 Appr. 1020-10 = 1010 Yes
PoI 2 Appr. 1020-11 = 109 Yes1020 + 109.5 + 10-3   + 1010 1010.5  + 10-0.5 + 1011  + 1

A. List all hypotheses

B. Assess evidence per PoI

H1 H2

C. Define best supported hypotheses and write conclusions

Reported conclusion

Eight hypotheses were considered, corresponding to whether each of the 
PoI is assumed to be a contributor or a non-contributor, and assuming 
that three or four individuals contributed DNA to the trace. The 
contributors other than the PoI were considered to be unknown 
individuals without relatedness to each other or the PoI. A statistical 
analysis showed that the trace profile is at least a billion times more likely 
if both PoI together with two unknown individuals contributed, than if 
any of the seven other considered hypotheses is true. 

1020 + 1010.5 + 10-3   + 1011 109.5  + 10-0.5 + 1010  + 1

a Default alternative chosen in this case

PoI  LR Support for 
contribution?

PoI 1 Appr. 1014.7-10.3 = 104.4 Yes
PoI 2 Appr. 1014.7-8 ,7 = 106 Yes
PoI 3 Appr. 1013.2-14.7 = 10-1.5  = appr 1/30 No

PoI 1 PoI 2 PoI 3 Hypotheses numbers
Yes Yes No
No No Yes

PoI  LR Support for 
contribution?

PoI 1 Appr. 1014.7-8 .7 = 106.0 Yes
PoI 2 Appr. 1014.7-8 ,2 = 106.5 Yes

10 8.7

10 10.3

Huuuu

Hypothesis number
1
2
3
4
5
6
7
8

Investigated hypotheses H
H123u

H12uu

H13uu

2, 5, 6, 8
1, 3, 4, 7

1014.7 + 108.7 108.2 + 1

1013.2  + 1014.7 + 108.7  + 108.2 1010.3  + 108.7 + 105.8  + 1
1013.2  + 1014.7 + 1010.3   + 108.7 108.7  + 108.2 + 105.8  + 1
1013.2  + 108.7 + 1010.3   + 105.8 1014.7  + 108.2 + 108.7  + 1

D. Re-assess evidence per PoI

H1 H2

1014.7 + 108.2 108.7 + 1

C. Omit hypotheses for PoI without support for contribution

Retain hypotheses
Omit hypotheses

A. List all hypotheses

B. Assess evidence per PoI
H1 H2

H1uuu

H2uuu

H3uuu

H23uu

10 8.2

10 8.7

10 5.8

1

LRH,Huuu

10 13.2

10 14.7
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4. Concluding remarks

The procedure for mixture interpretation as outlined here aids experts in case of 
uncertainty on the NoC and/or in presence of multiple PoI, even if PoIs are related 
to each other. In such scenarios, this procedure is now consistently applied in our 
casework practice. The continuous advancement of probabilistic genotyping mod-
els further streamlines the evaluation of lists of hypotheses. The method clarifies 
in which context results are valid and prompts to reflect whether evaluation of 
additional propositions is potentially useful. This procedure follows international 
guidelines [4] and we believe that the presented procedure is the most natural 
extension of the LR framework from two to an arbitrary number of propositions.
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Abstract 
The number of commercial kits for Massively Parallel Sequencing (MPS) of short tandem repeats 
(STRs) for human identification is rapidly increasing, and lab protocols are becoming easier 
and more suitable for high throughput use. While multiple studies have shown advantages of 
MPS STR sequencing compared to Capillary Electrophoresis (CE) analysis, only few studies have 
addressed the statistical likelihood ratio (LR) calculations on MPS STR data. While MPS and CE 
share many similar factors, this study addresses how the differences in the details of the data and 
the laboratory workflows impact the current CE-based statistical models when handling MPS 
data. Specifically, we focus on differences between replicates of the same mixture analyzed with 
different read depth in multiple MPS runs. LRs were calculated using DNAStatistX for complex 
3- and 4-person DNA mixtures analyzed in triplicate using the IDseek® OmniSTR™ Global kit. 
Differences between the triplicate analyses often impacted the LR calculations resulting in failed 
validation of the used LR model. In this study, we discuss the different approaches that have 
been explored and provide recommendations for addressing MPS-specific factors impacting LR 
calculations.
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MPS, STR sequencing, LR calculation, replicates, normalization.
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1. Introduction

MPS-based STR analysis can provide an increased discriminative power compared 
to CE-based analysis and use smaller amplicons [1,2]. Still, studies focusing on 
weight of evidence calculations for MPS data remain limited [3,4]. For LR cal-
culations, many factors are comparable such as balance, stochastic variations, 
and CE peak heights are similar to MPS reads counts. However, the respective 
workflows for CE and MPS may cause some essential differences specifically  
impacting LR calculations (Figure 1).

A key difference is the assumption that signal intensity is proportional to 
DNA input. While this holds true for CE, it is not necessarily the case for MPS, 
where signal intensity depends on pooling strategies both between and within 
runs. The more samples are pooled in a run, the fewer reads are available per sam-
ple, leading to between-run variation. For instance, a replicate analyzed in a run 
with fewer samples will generate more reads than one in a run with more samples. 
Within a run, lower DNA input results in more primer dimers utilizing reads, leav-
ing fewer reads for genuine STR amplicons.

Figure 1. Difference between CE and MPS workflow impacting LR calculation using replicates 
in DNAStatistX, using the EuroForMix based LR model.
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Additionally, in forensic casework, it is common to start with a single PCR 
and, based on performance and profile complexity, decide whether to perform ad-
ditional replicates later. Therefore, variation in signal intensities between MPS 
replicates can be expected, which violates an assumption made by quantitative 
LR models such as EuroForMix used by DNAStatistX and leading to failed model 
validations [5,6]. The model validation within DNAStatistX and EuroForMix is an 
important quality check of whether the underlying gamma distribution model for 
peak heights (along with the defined propositions and parameter settings) explains 
the observed data well. I.e., if the cumulative probabilities for the observed read 
counts fit those for the model expected read counts. If there are too many signals 
not fitting the expectations, the model validation is scored as failed and require ex-
tra attention. It was advised that LRs are not reported if the model validation failure 
cannot be solved or explained.

To address the issue of failed model validations using MPS replicates data, we 
focused on the difference in intensity between replicates of mixed samples analyzed 
with IDseek® OmniSTR™ Global kit and its influence on model validation results 
for LR calculations. While it is possible to use a replicate independent LR model 
such as EFMrep [7], the approach described in this study proposes to normalize the 
read counts between replicates to allow the data to comply with the original model 
assumptions. 

2. Material studied, methods, techniques

2.1. Material
For this study, 36 complex mixtures with 3 and 4 contributors in differ-

ent proportions and absolute DNA inputs from three donor sets were analyzed 
in triplicate with the IDseek® OmniSTR™ Global kit (NimaGen) on the MiSeq 
FGx (Qiagen) sequencing system. Library preparation was performed according 
to protocol except for pooling and pool purification (van der Gaag et al, submitted 
manuscript). Pooling was based on quantification by SYBRgreen qPCR [2]. Pu-
rification of the pool was performed using Ampure XP beads (Beckman Coulter) 
instead of Ampliclean beads (NimaGen) [2]. Data analysis was performed using FD-
STools (v1.2.0) [8]. LR calculations were carried out using DNAStatistX (v2.1.1) [6].

2.2. Method
To evaluate the dispersion of signal intensity between replicates of a sample, 

the average squared deviation to the median is used. This measure increases when 
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there is more variation in total read count between replicates. This was compared 
to model validation results. 

The proposed normalization approach focused on not altering allele propor-
tions between alleles and markers within one replicate while balancing intensities 
between replicates. The goal of the normalization process is to equalize the total 
read count of replicates by applying a replicate-specific factor based on the value 
of the analytical threshold (to ensure that the lowest detected alleles remain above 
the analytical threshold) (Figure 2). 

Figure 2. (A) Effect of normalization on the signal intensity and allelic proportions of a marker 
from three MPS replicates. (B) Normalization process example with rounded values.



1009MPS VS CE STR DATA, SIMILARITIES AND DIFFERENCES AND THE IMPACT  
ON LR CALCULATIONS USING PROBABILISTIC GENOTYPING SYSTEMS

Kristiaan J. van der Gaag, Oanelle Gléonec, Jerry Hoogenboom, Corina C.G. Benschop, Titia Sijen

The factor is calculated by: 
1. Determining in one replicate the lowest number of reads. This number is 

first divided by the value of the analytical threshold, and the total num-
ber of reads for the replicate is divided by this quotient. The resulting 
number is the total amount of reads required for the replicate. [Total 
reads/ (Lowest reads per replicate/Analytical threshold)]. This step is re-
peated for each replicate of a sample. 

2. The replicate-specific factor is then calculated by dividing the total num-
ber of reads by the highest total amount of reads required from the pre-
vious step [Total reads/Max of minimum reads required].

The replicate-specific factor is then multiplied by the signal intensities per repli-
cate. 

3. Results / Discussion

The variation in total read count between replicates of 36 samples with failed and 
passed model validation is available in Figure 3. The average squared deviation to 
the median is higher for samples with failed model validations. Beside intensity 
imbalances between replicates, some analyses with failed model validations showed 
low read counts and artifacts such as drop-in and drop-out alleles. After normali-
zation, six out of the seven samples with failed model validation (including all with 
intensity imbalances between replicates) resulted in a passed model validation and 
LRs remained similar. 

In instances where the model does not fit after normalization, other aspects 
may cause the model validation failure. Such as, too many peaks to be explained 
by the number of contributors that are assumed under the propositions. Checking 
the data and perhaps considering alternative propositions may solve the model val-
idation failures. If the failure cannot be solved or explained, alternative models can 
be applied. For instance, EFMrep, handling replicates independently, or a discrete 
approach with no model validation [7]. 

These results are based only on IDseek® OmniSTR™ Global data. As with 
CE, performance of different kits is likely to vary, and current results might apply 
differently to other MPS STR kits.
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4. Conclusion

The same CE-based quantitative LR-models can be applied to MPS STR data when 
considering the assumptions that are made by the models. This study shows that 
normalization succeeds in meeting these assumptions thereby reducing failed 
model validation for varying replicates.
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Figure 3. Average squared deviation to the median of the total number of reads between 
replicates of 36 samples with failed and passed model validation. Hypotheses used: H1 - Major 
contributor + Minor contributor + Unknown contributor(s), H2 - Major contributor + Unknown 

contributors.
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Abstract 
Disaster victim identification poses serious challenges to forensic scientists, including bodies 
or body parts requiring identification in remote places with limited laboratory access. In these 
settings, samples for genetic analysis may be collected at a later stage, after freezing of the corp-
ses. Alongside tissue sampling and given the ease of collection and the possibility of preservation 
under harsh conditions, swabs can be aviable and less invasive alternative to bone sampling. 
To maximize the success of DNA analysis are important sampling as many tissues as possible is 
recommended, as DNA yield varies by anatomical region.
As part of the Mass Grave Project, an interdisciplinary taphonomic study simulating primary 
and secondary clandestine mass and single graves with whole body donors at the outdoor re-
search facility of the Forensic Anthropology Center, Texas State University (FACTS), nine body 
donors were sampled at multiple time points with the aim of proposing sampling strategies and  
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recommendations for the human identification through DNA analysis. Swabs were collected 
upon arrival of donors at FACTS (fresh bodies) and after their freezing (between 12-455 days). 
Subsequently, donors were buried for 18 months, six in a mass grave and three in single graves. 
After burial, swabs (skin, oral, rectal, periocular) were collected and tissues (muscle, nails, inter-
nal organs, cartilage) were sampled from each donor. 
The inter/intra-individual variation in DNA quantity and quality was investigated via STR typing. 
The results showed a progressive loss of information within defrosted and decomposed bodies 
and were unaffected by the observed degree of decomposition of the tissues nor by the position 
of the bodies within the mass grave. 
Our analyses showed that freezing and burial can affect personal identification, so it is good 
practice to sample as many biological tissues/fluids as possible, even considering ‘uncommon’ 
sampling strategies such as rectal swabs, and to proceed as quickly as possible to successfully 
identify the remains of unknown individuals when they are discovered.

Keywords 
Disaster victim identification, mass fatality, genetics practitioners.

1. Introduction

Mass graves are often grim remnants of conflict and human rights abuses, requir-
ing rapid burial after large-scale losses [1]. Disaster victim identification (DVI) 
presents significant challenges for forensic scientists, especially when bodies or 
remains need to be identified in remote locations with limited laboratory access. In 
such situations, genetic samples might be gathered later, often after the body has 
been frozen, and frequently from hard tissues, necessitating intricate and perilous 
extraction procedures [2]. Given these obstacles, recent studies have investigated 
the feasibility of DNA analysis from soft tissues [3–5]However, identifying the op-
timal sites for DNA sampling in mass graves remains uncertain [6]. As part of the 
Experimental Mass Grave Project (MGP), this interdisciplinary taphonomic study 
simulates primary and secondary clandestine mass and single graves to develop 
and refine biomolecular methods for human identification in forensic investiga-
tions of clandestine graves.

2. Material studied, methods, techniques

This research is part of the MGP conducted at the FACTS. The multidisciplinary 
team focuses on developing investigative techniques for detection, excavation,  
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evidence analysis, and documentation in DVI. The May 2021 MGP involved exca-
vating three individual graves and a mass grave containing the bodies of nine do-
nors (six in the mass grave and three buried individually). The research focuses 
on DNA analysis of biological samples taken from bodies in three different states 
of decomposition: ‘fresh’, at arrival at FACTS (except for individuals D3 and D11, 
where ‘fresh’ samples were not collected), ‘after-freezing’ bodies at -20°C (for a 
period ranging from 12 to 455 days for the various donors), and ‘post-burial’, after 
18 months. Ethical approval and permission were obtained from FACTS to collect 
human tissue in accordance with the Texas Uniform Anatomical Gift Act (Health 
and Safety Code Chapter 692A); and for DNA analysis from the samples collected in 
Italy by the Novara Intercompany Ethics Committee (CE 24/21) and in the United 
Kingdom by the Northumbria University Ethics Committee (submission ref. 24514 
and 29218). 

2.1. Sample collection 
The experimental involves the DNA analysis of 187 samples collected at 

three time points: 35 ‘fresh’ swabs, 45 ‘after-freezing’ swabs and 107 ‘post-burial’ 
samples. At each sampling time, swab samples were collected from various body 
locations including oral, rectal, neck, hand and foot. After burial, regardless of the 
body’s condition, additional biological material was collected. In particular perio-
cular swabs were performed, as well as sampling of different tissues such as skin, 
muscle, internal organs, cartilage, and nails.

2.2. Sample analysis
DNA was extracted from samples using the QIAamp DNA Mini Kit and EZ2 

Connect and EZ1&2 Tissue Kit (QIAGEN) for periocular swab and tissue, optimiz-
ing the protocol recommended by the manufacturers. DNA quantification was per-
formed using the Quantifiler Trio DNA Quantification (ThermoFisher Scientific) 
on a 7500 Fast Real-Time PCR System (Applied Biosystems). A total of 131 extracts 
containing at least one picogram of human DNA were amplified using the Global-
Filer PCR Amplification Kit (ThermoFisher Scientific) and sequenced using the 
SeqStudio Genetic Analyzer (ThermoFisher Scientific). The resulting STR profiles 
were analysed using GeneMapper® ID-X v1.5 software. To evaluate the goodness of 
the obtained profiles, we applied the criterion distinguishing between profiles with 
fewer than 7 loci and those with more than 10 loci. This criterion aligns with the 
guidelines specified in DPR 87 of 7 April 2016 for inclusion in the National DNA 
Database and comparison of genetic profiles in Italy. 
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3. Results and Discussion

Following DNA extraction, amplification, and sequencing, genetic profiles were 
typed for 73% of samples. The success rates, measured by the number of loci suc-
cessfully typed, were compared across the three experimental conditions. The re-
sults, summarised in succession rate when the number of loci greater than 10 and 
failures if the loci are less than 7, are presented in Figure 1. 

Figure 1. Histogram of success rates (loci >= 10) and failure rates (loci < 7) of STR typing in the 
three experimental conditions.

Amongst the 131 amplified extracts, two provided noteworthy results. 
The sample D13_R6_de_HDNA, a rectal swab taken 18 months after burial, re-
sulted in a complete genetic profile, whereas the ‘post burial’ buccal swab did 
not provide a sufficient amount of DNA (Figure 2).
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Figure 2. Comparison of the electrophorogram (only the green channel is shown) of two oral 
swabs (A and B) and one rectal swab (C) taken from donor D13 under the three conditions (A 

'fresh', B 'after freezing' and C 'post burial'). 

The sample D23_F4_fr_HDNA, a skin swab taken from the foot’s sole of the 
female donor D23 on arrival at FACTS, (of which the green channel is shown in 
Figure 3) resulted in a mixed profile with a female minority component from the 
D23 donor and an unattributed majority male component. The male component 
profile was compared with other male donors in the study and with the researchers 
involved in laboratory analysis.

Figure 3. Electrophorogram of the sample D23_F4_fr_HDNA  for the green channel. 

B
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4. Discussion

Our preliminary results suggest that freezing and burial deceased bodies can lead 
to a gradual loss of genetic information. Additionally, to overcome the challenges 
associated with decomposition and contamination, sampling a wide range of tis-
sues, including unusual samples like rectal swabs, is crucial. This approach com-
plements traditional bone and tooth analysis. Moreover, the example of the mixed 
profile obtained from donor D23 illustrates that it is not only the catastrophic event 
itself that can be a source of contamination, but that sampling and handling in the 
autopsy room can equally introduce genetic contaminations. 

5. Conclusion

Freezing and burial in challenging contexts can hinder the identification of re-
mains. To overcome these challenges, swab samples can be a valuable alternative 
to tissue and bone samples due to their ease of collection and preservation. As DNA 
yield varies by anatomical region, it is advisable to prioritize protected areas to 
minimize contamination. Collecting as much biological material types as possi-
ble, and doing so promptly, is crucial for identifying unknown bodies. Appropriate 
training for disaster scene personnel, including knowledge of forensic practices, is 
essential to ensure that evidence is not compromised. 
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Abstract
The detection of trace DNA from crime scenes is a major challenge in forensic DNA analysis, 
often resulting in allele dropout or complete amplification failure. To address these issues, we 
developed a primer-free isothermal whole-genome amplification method called Nicking Endo-
nuclease Dependent Amplification (NDA). NDA maintains high fidelity and preserves the origi-
nal genotype of trace DNA without introducing errors. Two STR amplification systems—17-loci 
autosomal STR and 23-loci Y-STR—were optimized for use with NDA. Sensitivity tests revealed 
detection limits of 3 pg/μL for autosomal STR and 4 pg/μL for Y-STR. Amplification efficiency 
improved by 2- to 33-fold across loci. NDA also demonstrated robust tolerance to common PCR 
inhibitors, including humic acid, hematin, and collagen, establishing it as a reliable method for 
trace DNA analysis in forensic science.

Keywords
Nicking endonuclease, Pre-amplification, STR, Trace DNA.

1. Introduction

Short tandem repeat (STR) typing is crucial in forensic DNA analysis, particularly 
for individual identification and paternity testing. However, the analysis of trace 
DNA from crime scenes is often hindered by low DNA quantities, leading to ampli-
fication failures or incomplete profiles. Conventional pre-amplification methods, 
including whole genome amplification (WGA), multiple displacement amplifica-
tion (MDA), and rolling circle amplification (RCA), have been used to enhance trace 
DNA detection. These methods, however, are prone to errors due to primer use, 
resulting in amplification artifacts and biases that compromise STR profiling.
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To address these challenges, we developed Nicking Endonuclease Dependent 
Amplification (NDA), a primer-free isothermal method ensuring linear amplifica-
tion with minimal error rates. NDA employs the nicking endonuclease Nt.BstN-
BI and Bst DNA polymerase to amplify DNA through repeated strand nicking and 
extension, eliminating primer-dimers and non-specific amplification, making it 
highly suitable for forensic applications (Fig. 1).

Figure 1. The working principle of NDA

2. Material and methods

2.1. STR Primer Design
Sequence analysis identified 17 autosomal STRs and 23 Y-STRs with flank-

ing regions compatible with NDA. These loci were grouped into two panels: TraceA 
(17 autosomal STRs and Amelogenin) and TraceY (23 Y-STRs). The primers were 
designed for optimal NDA compatibility.

2.2. Sensitivity Tests
Standard 9948 DNA was prepared at 1, 2, 3, 4, and 5 pg/μL concentrations. 

A 20 μL NDA reaction was conducted at 59°C for 40 minutes, followed by enzyme 
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inactivation at 95°C for 5 minutes. PCR amplification of NDA products was per-
formed under standard thermal cycling conditions.

2.3. Amplification efficiency
To assess amplification efficiency, 0.1 ng of 9948 DNA was amplified using 

NDA. Peak heights of STR alleles were compared between NDA-treated and un-
treated samples to calculate efficiency improvements.

2.4. Robustness against inhibition
NDA’s tolerance to common PCR inhibitors was tested by adding humic acid, 

hematin, and collagen to the reaction at varying concentrations. Amplification per-
formance was assessed based on allele detection rates and peak heights post-PCR.

3. Results and discussion

3.1 STR Primer Design
Sequence analysis identified 17 autosomal STRs and 23 Y-STRs compatible 

with NDA amplification. These loci were successfully incorporated into two pan-
els—TraceA and TraceY—enabling linear amplification of trace DNA (Fig. 2).

Figre 2. Panel design of auto-STRs and Y-STRs matched with NDA (a. auto-STRs, b. Y-STRs)

3.2 Sensitivity
NDA significantly improved STR amplification sensitivity. TraceA achieved 

full allele detection at 3 pg/μL, while TraceY detected 97.8% of alleles at 3 pg/
μL and 100% at 4 pg/μL. Conventional PCR required at least 10 pg/μL for similar 
profiles.
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Table 1. Sensitivity Results of Trace A and Trace Y with NDA

DNA Concentration
(pg/μL)

TraceA TraceY

Allele Detection 
Rate

Peak Height 
(RFU)

Allele Detection 
Rate

Peak Height 
(RFU)

1 90.3% 2 522.19 78.3% 1 121.24

2 95.2% 2 710.08 84.8% 2 211.08

3 100% 3 517.47 97.8% 2 498.22

4 100% 3 807.72 100% 2 820.82

5 100% 4 531.08 100% 3 423.17

3.3 Amplification efficiency
NDA increased amplification efficiency by an average of 5-fold for autosomal 

STRs and 7-fold for Y-STRs, with improvements ranging from 2.03 to 24.75 for 
autosomal loci and 2.04 to 33.95 for Y-STR loci (Fig. 3).

Figure 3. Comparison of peak height between NDA and non-NDA (a. auto-STRs, b. Y-STRs)

3.4 Robustness against inhibition
NDA demonstrated superior robustness against PCR inhibitors. Even at high 

concentrations of humic acid, hematin, and collagen, NDA maintained high allele 
detection rates and peak heights, confirming its suitability for challenging forensic 
samples (Fig. 4).
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Figure 4. Results of Trace A and Trace Y with NDA against inhibition. 

4. Conclusion

NDA is a reliable, high-fidelity pre-amplification method that enhances trace DNA 
analysis. By eliminating primer-induced errors and providing strong tolerance to 
inhibitors, NDA ensures accurate STR profiling even with highly degraded or in-
hibited samples. Its successful integration with 17 autosomal STRs and 23 Y-STRs 
highlights its potential as a valuable tool for forensic applications.

5. Acknowledgments

We would like to thank Nantong Public Security Berean for supporting this re-
search.

6. Conflict of interest statement

The authors declare no conflicts of interest.

7. References

[1] L. Deleye, P.A.S. Vander, J. Weymaere, et al., Short tandem repeat analysis after who-
le genome amplification of single B-lymphoblastoid cells, Sci. Rep. 8 (2018) 1-6.

[2] S. Cao, X. Tang, T. Chen, et al., Types and applications of nicking enzyme-com-
bined isothermal amplification, IntJ. Mol. Sci. 23 (2022) 4620.



1026 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

[3] L. Wang, C. Qian, H. Wu, et al., Technical aspects of nicking enzyme assisted 
amplification, Analyst, 143 (2018) 1444-1453.

[4] C. Qian, R. Wang, H. Wu, et al., Nicking enzyme-assisted amplification (NEAA) 
technology and its applications: a review, Anal. Chim. Acta. 1050 (2019) 1-15.

[5] S.H. Chan, B.L. Stoddard, S.Y. Xu. Natural and engineered nicking endonuclea-
ses—From cleavage mechanism to engineering of strand-specificity, Nucleic. 
Acids. Res. 39 (2011) 1-18.



Optimizing the Recovery of DNA from Exhaled Breath Devices for 
Human Identification

kayli Carrillo1, shErEE hUghEs1*

1 Department of Forensic Science, Sam Houston State University, Huntsville, TX 77340, USA

* Corresponding author at: Department of Forensic Science, Sam Houston State University, 1003 Bowers 

Blvd., Huntsville, TX 77340, USA, sxh039@shsu.edu 

Abstract 
Recovering DNA from exhaled breath offers potential forensic applications but presents distinct 
challenges. This study aimed to assess whether DNA could be captured from exhaled breath 
using two breath collection devices: Breath Explor® and SensAbuse®. These devices are typi-
cally employed for in-field drug testing, with samples sent by mail to laboratories for analysis, 
emphasizing the importance of maintaining sample integrity to safeguard the chain of custody.
Various DNA collection and extraction methods (swabbing the mouthpieces with cotton and 
microFLOQ™ swabs, swabbing the filters with microFLOQ™ swabs or soaking filters with DNA 
Investigator® kit chemistry or following the San Diego Police Department protocol) were eva-
luated to determine if quality STR profiles could be obtained from these devices’ mouthpieces 
and/or internal filters. All samples were quantified using the Quantiplex Pro kit and genotyped 
with the Investigator® 24 plex kit on a 3500 Genetic Analyzer. However, these approaches yielded 
suboptimal DNA recovery and partial STR profiles.
In an effort to improve the capture of DNA in exhaled breath, wet or dry FTA® card punches were 
inserted into the Breath Explor® device’s mouthpiece. This strategy failed to yield any significant 
improvements, with less than 10% of samples exhibiting detectable DNA quantities. Additionally, 
the use of Diamond™ Dye was investigated in an attempt to visualize the location of cell or cell-
free DNA transfer from exhaled breath onto the devices, allowing for targeted sample collection.
In summary, this study confirms that collecting DNA from exhaled breath is challenging; howe-
ver, in cases where the person being drug tested with these devices is in question, laboratories 
should prioritize swabbing the inside of the mouthpiece for the most successful and reliable STR 
typing results.
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Low-template DNA, Exhaled Breath DNA
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1. Introduction

Exhaled breath, though primarily used for diagnosing lung disease and detecting 
volatile illicit drug use, remains a relatively unexplored DNA matrix. Its composi-
tion consists of mediators and nucleic acids, which are released by apoptosis, necro-
sis, and spontaneous cell death in the respiratory tract due to oxidative stresses [1].

Several breath devices used for drug detection include Breath Explor® and 
SensAbues®. Breath Explor® collects aerosol products of the surfactant from the 
distal areas of the lungs through impaction of the three internal filters [2]. SensA-
bues® contains a thin electret polymer air filter that captures and retains bioaero-
sol particles from the airway lining fluid of the lungs [3]. 

This study aims to assess different DNA collection methods, including the 
use of different swabs, various soaking techniques, incorporation of FTA® card 
punches, and cell visualization using Diamond™ Dye, to determine whether usa-
ble STR profiles can be obtained from the mouthpiece and/or internal filters of the 
devices to confirm sample integrity. 

2. Material studied, methods, techniques

2.1. Sample Collection
Exhaled breath samples from ten donors were collected following SHSU 

IRB-approved procedures (IRB-2021-275). Buccal swabs served as DNA reference 
samples, and all were de-identified with unique numbers upon receipt. 

According to the manufacturer’s guidelines for SensAbues® sample collec-
tion, participants were required to inhale and exhale twenty times. For Breath Ex-
plor®, the participants were instructed, per the manufacturer’s recommendations, 
to first exhale completely to empty the lungs, hold their breath for three seconds, 
and then take a deep breath through the device for eight seconds. This process was 
repeated twelve times.

2.2. DNA collection and extraction methods from mouthpieces and filters
Five different collection and extraction methods were evaluated for the DNA 

recovery of the mouthpieces and filters of both devices. Ten participants provided 
breath samples for both device types for each method (N = 100). Mouthpieces were 
either swabbed with a cotton swab moistened with sterile water followed by extrac-
tion using the EZ1 DNA Investigator® Kit (QIAGEN, Germantown, MD) and were 
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purified with the EZ1 Advanced XL (QIAGEN) using the large volume protocol 
with an elution volume of 40µl. The other swabbing method consisted of using 
a microFLOQ™ (COPAN Diagnostics Inc. Murrieta, CA) swab and was processed 
with direct PCR following the Investigator® 24plex GO! Kit (QIAGEN) protocol. 
For the filters, samples were either swabbed with a microFLOQ™ swab for direct 
PCR analysis or subjected to two different soaking methods: one using EZ1 DNA 
Investigator® kit chemistry and the other following the San Diego Police Depart-
ment (SDPD) protocol [4]. 

To prepare for all soaking methods, SensAbues® filters were cut in half and 
then cut into smaller pieces to fit inside three separate 2mL tubes. SensAbues® fil-
ters were soaked following the previously published SDPD method [4] and purified 
on the EZ1 Advanced XL following the large-volume protocol. The three elution 
tubes were combined into one 1.5 mL tube and were concentrated using the Savant 
SpeedVac DNA 130 Vacuum Concentrator (ThermoFisher Scientific, Waltham, MA) 
at 35°C for 90 minutes. Samples were then reconstituted with 40µL of water. 

The Breath Explor® device has three separate filters that were individual-
ly treated before combining into one sample for all soaking methods. The filters 
were also soaked following the previously described SDPD protocol and purifica-
tion methodology. The three elution tubes were similarly combined into one tube, 
concentrated with the same parameters, and reconstituted in 40µL. 

Filters for both SensAbues® and Breath Explor® were soaked using EZ1 
DNA Investigator® chemistry. Filters were soaked with 475µL of G2 Buffer (QIA-
GEN) and 25µL of proteinase K and were incubated at 56°C for 1 hour. Before 
purification, 400µL of MLT buffer and 1µL of carrier RNA were added to the lysate. 
Filters were purified on the EZ1 Advanced XL platform following the large volume 
protocol. Samples for both filter types were concentrated and reconstituted using 
the same protocol as mentioned previously. 

2.3. DNA capture from Exhaled breath samples using FTA® card punches
Wet and dry FTA® card punches were tested for their potential to capture 

DNA from exhaled breath samples. Hole punches (19mm) were taken from QIAcard 
FTA® micro cards and were placed inside the Breath Explor® device. Three volun-
teers provided samples for five devices – half of the devices contained pre-wetted 
FTA® card punches, while the other half contained dry punches (n = 30). FTA® 
cards were left to dry overnight and were lysed in 290µl of G2 buffer and 10µL of 
proteinase K at 56°C at 900 rpm for 90 minutes. Samples were purified on the EZ1 
Advanced XL following the tip dance protocol. 
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2.4. DNA quantification and amplification
DNA extracts were quantified using the Quantiplex® Pro Kit (QIAGEN) per 

manufacturer recommendations on the 7500 real-time PCR instrument (Ther-
moFisher Scientific). DNA extracts were amplified using the Investigator® 24plex 
PCR Amplification Kit (QIAGEN) following the manufacturer’s protocol on the 
ProFlex PCR System (ThermoFisher Scientific). 

2.5. Separation, detection, and analysis
Amplified products were separated and detected on the ABI 3500 Genet-

ic Analyzer (ThermoFisher Scientific). GeneMapper® ID-X v1.4 software (Ther-
moFisher Scientific) was used to analyze the data with an analytical threshold of 
100 RFUs and a stochastic threshold of 200 RFUs. Completeness of profiles was 
assessed by comparing the number of reportable alleles to the reference profile.

2.6. Evaluation of Diamond Dye for use of visualizing cells for breath devices
Diamond™ Dye (Promega, Madison, WI, USA) was tested for its ability to 

visualize DNA. As a positive control, 5µL of saliva was spiked on a glass slide, while 
5µL of water was used as a negative control on a separate slide. A solution of 20X Di-
amond™ Dye and 75% ethanol was sprayed onto the substrate to determine if cells 
could be visualized. Substrates were examined with an excitation wavelength of 494 
nm using the Nightsea Blue light excitation lamp and an emission wavelength of 
555 nm using a translucent filter visualized with a Keyence VHX-7000 microscope.

3. Results and discussion

Both filter types yielded picogram or sub-picogram amounts of DNA. The high-
est-yielding sample was from a SensAbues® device using the SDPD soaking meth-
od with 0.26 ng. No statistical difference was observed between the two soaking 
methods for Breath Explor (p = 0.2) and SensAbues (p = 0.68). The observed av-
erage percentage of reportable alleles was less than 20% from the filters of both 
devices (Fig 1). No STR profile was obtained for 76% of filter samples, and only 6% 
of filters yielded a complete profile (n = 60) (data not shown). 

As expected, swabbing from the mouthpiece of the devices yielded more DNA 
than from the internally located filters (Fig 1). Overall, an average of 99.35% of 
alleles were generated from all swabs from the mouthpiece of both devices. Com-
plete STR profiles were generated from all cotton swabs used to sample the Breath 
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Explor® devices and all microFLOQ® swabs from the SensAbues® devices. Near 
complete DNA profiles were recovered from microFLOQ® swabs of Breath Ex-
plor® devices and cotton swabs of SensAbues® (average 99.9% and 97.5% allele 
recovery, respectively). 

Due to the insufficient amounts of DNA recovered from the internal filters, 
these results prompted the investigation of an alternative approach for collecting 
DNA from exhaled breath by modifying the Breath Explor® device by adding an 
FTA® card punch directly inside the mouthpiece. Only Breath Explor® was tested 
due to the ease with which the punch could be added to the filter. While FTA® 
cards are traditionally used to store blood or buccal samples, several studies have 
explored their use for collecting trace DNA [5]. However, no DNA was detected 
in any of the dry FTA® cards, while only one out of five of the wetted FTA cards 
from each volunteer yielded detectable amounts of DNA (data not shown). No PCR 
inhibition was observed in any of the samples, but due to the low amounts of total 
DNA, this method did not improve DNA collection from breath devices and was not 
considered suitable for downstream STR analysis and further investigations. The 
pore size for FTA® cards ranges from 0.1µM to 0.9 µM [6], while aerosol particles 
range from a size of 0.3µM to 2.0µM [7], meaning that only a portion of particles 
could be captured by the filter thus giving a possible explanation for the unsuccess-
ful capture of DNA. Therefore, investigation of other filters may show more success 
as shown in a study demonstrating the recovery of human DNA in air in rooms [8].

Lastly, the visualization of cells using Diamond™ Dye with the positive con-
trol using saliva deposited on a glass slide did not yield successful results, as no 
clear distinction could be made between the positive and negative controls (data 
not shown). Difficulties of using Diamond Dye® included autofluorescence and the 
lack of contrast between the breath device substrates as Breath Explor® is a green 
device and SensAbues® is a blue device. Further investigation using a Polilight 
lamp and Dino-Lite fluorescence digital microscope (AnMo Electronics Corpora-
tion, New Taipei City, TWN) will be examined as several previous studies using 
Diamond™ Dye and the Dino-Lite microscope have been reported for the use of 
visualizing trace DNA [9,10]. 

4. Conclusion

This research highlights the challenges of recovering DNA from exhaled breath. 
Retrieving DNA from the filters of both Breath Explor® and SensAbues® proved 
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unreliable, and incorporating FTA® card punches did not improve DNA capture. 
Further studies are needed to evaluate the use of Diamond™ Dye for visualizing 
trace DNA on breath devices. It is recommended that laboratories use traditional 
methods, such as swabbing the mouthpiece and routine DNA extraction, as swab-
bing provides a simpler workflow compared to soaking filters. Ultimately, we demon-
strated an effective method for maintaining the chain of custody when needed. 
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Figure 1. Average reportable alleles (%) versus each extraction and collection method for 
Breath Explor® and SensAbues® (n = 100). Error bars represent percent error (5%).
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Abstract 
This study compares traditional DNA extraction and direct amplification methods for Touch DNA 
profiling across various surface sizes and materials. DNA yield and profile quality were evaluated 
using RFU signal strength and allele detection. Results show that direct amplification—using 
MicroFLOQ™ Direct swabs and SceneSafe Fast™ minitape—performs better on smaller surfa-
ces (p < 0.05), enabling faster DNA recovery. In contrast, extraction is superior for larger surface 
areas (p < 0.001), highlighting the complementary roles of these methods based on forensic con-
text. These findings provide guidance for optimizing Touch DNA profiling to enhance efficiency 
and accuracy in forensic investigations. 

Keywords
Forensic Genetics, Touch DNA, DNA extraction, Direct amplification, MicroFLOQ™ Direct 
swabs, SceneSafe Fast™ Minitape.

1. Introduction

Trace DNA profiling plays a vital role in linking individuals to criminal activities. 
However, Touch DNA presents unique challenges that distinguish it from other 
forms of DNA evidence [1-3]. Touch DNA, which typically consists of small quantities  
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of cellular material left behind by contact, is influenced by various factors, includ-
ing surface types and environmental conditions, complicating its recovery and 
analysis [4-5]. Unlike body fluids, which generally provide sufficient DNA for analy-
sis, Touch DNA samples often yield limited quantities, making them more difficult 
to work with [2].

Traditional DNA extraction methods, particularly those involving col-
umn-based purification, can exacerbate this challenge by causing further loss of 
DNA, jeopardizing the profiling of low-copy-number or degraded samples [1,6]. In 
response to these limitations, there is growing interest in direct amplification pro-
tocols that bypass the extraction and quantification steps, streamlining the DNA 
profiling process for trace samples [7-8].

One promising solution is the microFLOQ® Direct swab, co-developed by the 
French Gendarmerie Forensic Research Institute (IRCGN™) and Copan [8]. This 
tool has shown efficacy in collecting trace DNA for direct amplification, reducing 
DNA loss during the profiling process [8-9]. Additionally, the SceneSafe Fast™ min-
itape (K545) has proven effective in collecting trace DNA from fabric, with the added 
advantage of facilitating the simultaneous recovery of DNA and fingerprints [10-14].

This study aimed to explore the performance of two approaches—direct am-
plification versus traditional extraction—across different surface areas and depo-
sition types. By comparing RFU signal strength and analyzing the resulting DNA 
profiles, this work provided insights into the most effective methods for DNA pro-
filing from Touch DNA samples in various forensic scenarios.

2. Materials and methods

2.1. Experimental setup and deposition
The deposition procedure followed established protocols [4]. Two partici-

pants, categorized as high and low DNA shedders, began by thoroughly washing 
their hands with antibacterial soap and resting for 10 minutes. Afterward, they 
induced eccrine sweat by gently touching their foreheads to collect epithelial cells 
[2]. Each participant then applied moderate pressure using the index, middle, and 
ring fingers of both hands to deposit DNA onto surfaces of two different sizes: 2.5 
× 3.5 cm and 5 × 7 cm.

To ensure the absence of cross-contamination, each deposition was con-
ducted separately for each participant. Touch DNA was deposited on a variety of 
surfaces, including stainless steel, textured plastic, textured wood, copier paper, 
fabric (65% polyester, 35% cotton), and glass. Non-porous surfaces were sterilized 
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using a 2% Virkon solution (a viricidal disinfectant) and exposed to ultraviolet (UV) 
radiation for 20 minutes. Porous surfaces underwent 30 minutes of UV exposure. 
All procedures were carried out at room temperature under controlled conditions.

2.2. DNA recovery
Deposited DNA was promptly collected utilizing Copan nylon flocked swabs 

(4N6FLOQSwabs®) (NS) and SceneSafe Fast™ minitape (K545) (MT) for subse-
quent extraction. MicroFLOQ™ Direct swabs (MF) were also employed in conjunc-
tion with MT for direct amplification. The NS swabs were moistened with 30 μL of 
sterile distilled water, as per the manufacturer’s instructions, while the MF swabs 
were prepared by adding 1 μL of sterile distilled water using a pipette. The MT did 
not require additional preparation. To optimize DNA collection, each minitape was 
applied to the deposition area 16 times [9]. A total of 144 samples were collected, 
with 72 samples designated for extraction and 72 for direct amplification. The sam-
pling process included six replicates for each of the two deposition area sizes across 
the six surfaces selected for the study.

2.3. DNA profiling and analysis
Samples collected with Copan nylon flocked swabs (NS) and SceneSafe 

Fast™ minitape (MT) were extracted using the PrepFiler Express BTA™ kit with 
the AutoMate Express, using 460 μL of lysis buffer instead of 230 μL, as per the man-
ufacturer’s instructions [2]. For NS, complete swab heads were placed into tubes, 
while for MT, the lower adhesive portion was used, with a final elution volume of 50 
μL. Quantification was performed using the Quantifiler® Trio DNA Quantification 
Kit and QuantStudio 5 Real-Time PCR system, following manufacturer protocols.

For direct amplification, MF swabs were bent directly into PCR tubes (0.2 
ml), and triangular portions of MT (~2 mm²) were inserted. PCR tubes were pre-
pared with 10 μL of PCR master mix and 15 μL of TE buffer.

DNA amplification was conducted using the GlobalFiler™ PCR Amplifica-
tion Kit on an ABI GeneAmp® 9700 PCR System for 29 cycles. Amplified products 
were separated and detected using an ABI 3500 Genetic Analyzer with standard 
injection settings (1.2 kV, 24 s). Analysis was performed with GeneMapper® ID-X 
Software v1.5, with a detection threshold of 75 RFUs.

Electrophoresis was carried out on a 36-cm capillary array using POP-4™ 
polymer. Controls confirmed no contamination. Statistical analysis (ANOVA) was 
conducted in RStudio. RFUs for homozygous loci were reported directly, while 
heterozygous loci peak heights were summed. All samples yielded complete, sin-
gle-source DNA profiles.
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3. Results

Significant differences in the average signal strength (RFU) were observed when 
comparing direct amplification methods (MT and MF) with traditional DNA ex-
traction, particularly for samples collected from smaller surface areas (2.5 × 3.5 
cm) (p < 0.05). Direct amplification using MT and MF yielded higher peak heights 
compared to the extracted samples (RFU mean: MT = 5779, MF = 7354, EXT = 
3703) (see Figure 1). This indicates that MT and MF are more effective in collecting 
Touch DNA from smaller surface areas, where the concentration of cellular mate-
rial is higher.

Figure 1. Comparison of the average signal (RFU) per locus for samples [a] and the mean 
signal (RFU) per DNA profile for samples [b] (n=144) collected from a small surface area (2.5 

× 3.5 cm). The figure contrasts samples processed via direct amplification using MicroFLOQ™ 
Direct swabs (MF) and SceneSafe Fast™ minitape (MT), both amplified with the GlobalFiler™ kit, 
against samples subjected to extraction (EXT) using the PrepFiler Express BTA™ kit, followed by 

amplification with the GlobalFiler™ kit.
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However, when samples were collected from larger surface areas (5 × 7 cm), ex-
tracted samples displayed significantly higher peak heights compared to those sub-
jected to direct amplification (p < 0.001) (RFU mean: MT = 6201, MF = 7105, EXT 
= 13859) (see Figure 2). This suggests that DNA extraction is more effective in 
situations where larger amounts of cellular material are deposited, as the extrac-
tion process can recover more DNA from these surfaces. Artifacts such as split and 
shoulder peaks were observed in the direct amplification profiles, which is consist-
ent with previous studies [7-8,15]. However, despite the presence of these artifacts, 
true alleles were easily distinguishable from the single-source DNA profiles.

Figure 2 – Comparison of the average signal (RFU) per locus for samples [a] and the mean 
signal (RFU) per DNA profile for samples [b] (n=144) collected from a large surface area (5 

× 7 cm). The figure contrasts samples processed via direct amplification using MicroFLOQ™ 
Direct swabs (MF) and SceneSafe Fast™ minitape (MT), both amplified with the GlobalFiler™ kit, 
against samples subjected to extraction (EXT) using the PrepFiler Express BTA™ kit, followed by 

amplification with the GlobalFiler™ kit.
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4. Discussion

The results of this study highlight the differences in DNA profiling outcomes when 
comparing direct amplification techniques (MT and MF) with traditional DNA ex-
traction, particularly in relation to the size of the deposition area.

For smaller surface areas (2.5 × 3.5 cm), direct amplification using MT and 
MF proved to be more efficient than extraction methods, yielding higher RFU val-
ues. This can be attributed to the high concentration of epithelial cells and cellular 
material on smaller surfaces, which allows MT and MF to more effectively col-
lect Touch DNA without the need for extraction. The ability of direct amplification 
methods to bypass the extraction step also offers a more rapid workflow, which is 
advantageous in forensic applications. However, the appearance of artifacts such as 
split and shoulder peaks should be noted, although they do not hinder the interpre-
tation of single-source profiles.

In contrast, for larger surface areas (5 × 7 cm), traditional DNA extraction 
outperformed direct amplification, yielding significantly higher RFU values. This 
indicates that extraction methods are more effective when larger quantities of DNA 
are available for recovery. The larger surface area allows for the collection of more 
cells, and the extraction process is better suited to isolate and concentrate these 
larger amounts of DNA. The design of the MicroFLOQ™ Direct swabs (MF) may 
limit the amount of trace DNA that can be collected from larger surfaces, as their 
smaller tip size might leave some DNA uncollected [7].

5. Conclusion

In summary, this study highlights the effectiveness of various DNA collection 
methods for Touch DNA profiling across different surface sizes. Direct amplifica-
tion using MicroFLOQ™ Direct swabs (MF) and SceneSafe Fast™ minitape (K545) 
(MT) proved superior for smaller surface areas, while DNA extraction demonstrat-
ed distinct advantages for larger surfaces. A hybrid approach, utilizing MF or MT 
for direct amplification in combination with cotton or nylon swabs for extraction, 
maximizes DNA recovery. These findings emphasize the importance of selecting 
the appropriate method based on surface size, thereby improving the efficiency and 
accuracy of forensic DNA analysis.
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Abstract
The identification of human remains belonging to missing persons is one of the main challenges 
for the forensic genetics DNA analysis from unidentified human remains. It consists of many 
steps, but the extraction and optimized recovery of DNA is of paramount importance in this 
process. Since the beginning in 2003, our laboratory has focused exclusively on STR DNA from 
a bone. FTA card is unfortunately rarely used to collect samples from decomposed bodies. The 
number of samples submitted for body identifications to our laboratory by the law enforcement 
has increased in the last few years. Hence the ability to efficiently and rapidly extract DNA from 
a variety of post-mortem sample types and perform matching with family or direct reference 
samples in a short period of time is one of the main challenges that our laboratory has been 
facing. The purpose of this paper is to provide sampling and DNA typing guidelines that would 
make it both easier and more cost effective than methods currently used in such cases (e.g. DNA 
typing from bones/teeth). Rib cartilage samples were used for a DNA identification of 10 bodies 
that were autopsied at the Institute of Forensic Medicine. Extraction of DNA was performed 
using QIAamp DNA Micro Kit (QIAGEN), 5% Chelex 100 (Bio-Rad) and InstaGene™ Matrix  
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(Bio-Rad). DNA profiles were generated from DNA extracts using GlobalFiler™ PCR Amplifica-
tion kit (Thermo Fisher Scientific). It was of particular importance to obtain complete DNA pro-
files irrespective of environmental conditions from which the bodies were recovered. Our work 
has shown that with post-mortem DNA sampling and simple extraction protocol, using more 
sensitive and robust new amplification kits we were able to overcome the challenges associated 
with processing compromised skeletal remains and to perform faster, easier and more cost effec-
tive analysis of these types of samples.

Keywords 
Skeletal remains, DNA typing, Human identification, Rib cartilage samples.

1. Introduction

Various forensic techniques are used to identify a human corpse, depending on 
the circumstances and the state of remains. When other human identification fo-
rensic techniques (e.g. dactyloscopy, anthropology, odontology and medico-legal 
examinations) provide limited information, or to support further or refute poten-
tial associations, DNA typing can be extremely valuable. DNA, in theory, can be 
recovered essentially from any tissue (e.g. soft, degraded tissues, bones, teeth and 
hairs) [1–4].

In our long-standing work with human identification cases using bone and 
tooth samples, following two different protocols: phenol chloroform isoamyl alco-
hol (PCIA) organic extraction method [5] and PrepFiler® BTA Forensic DNA Ex-
traction Kit (Applied Biosystems) [6-9], modifications to both extraction methods 
have been introduced in order to improve our laboratory success rate with iden-
tification of these skeletal remains [5,6]. Zgonjanin et al. [5] have reported modi-
fications to their DNA extraction protocol that have allowed them to successfully 
generate DNA profiles from burned bodies.

Our aim was to avoid extreme delays and laborious processing of the bone 
and tooth samples (including mechanical and chemical cleaning, cutting and pow-
dering followed by labor-intensive demineralization, and finally DNA extraction 
with hazardous chemicals) in order to obtain DNA profiles in human identification 
cases as quickly as possible. To combat degradation and environmental factors as-
sociated with different samples, the scientist can optimize sample selection. Once 
sample selections have been optimized, the laboratory can increase success rates 
through the enhancement of extraction methods to guarantee complete cell lysis 
and amplification methods to combat degradation and inhibition.
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An in-house developed method with appropriate sample selection from rib 
cartilage from decomposed bodies, using simplified manual protocols including 
only one pipetting step with Chelex-based methods and the simple QIAamp DNA 
Micro procedure, which are both highly suited for simultaneous processing of mul-
tiple samples, yields pure DNA in less than 90 minutes. Compared to our former 
method [5-9] with bones/teeth, this reduced the amount of manual labor as well as 
the time needed for extraction from two days to just 90 minutes without compro-
mising the quality of the obtained DNA profiles.

2. Material studied, methods, techniques

2.1. Human DNA Samples
This study analysed 10 rib cartilage samples from decomposed bodies, sub-

mitted for routine casework body identifications by law enforcement. In a sterile 
environment, a tissue slicewas excised from each preserved rib cartilage sample us-
ing DNA-free scalpel/scissors. The clean and cut bone fragments were washed and 
air dried. The rib cartilage was cut into pieces of 2x2 mm, and for each individual 
analysis, 2 to 3 pieces (about 30 mg) were used. Any mass of tissue can be excised 
but it may be wise to leave some for a repeat analysis. For example, we removed 
approximately 30 mg (roughly 20% of our total collected tissue).

2.2. DNA Extraction
Total DNA was isolated from rib cartilage samples following three different 

protocols: Chelex method (5% Chelex 100, Bio-Rad), InstaGene™ Matrix (Bio-
Rad) and QIAamp DNA Micro Kit (QIAGEN). The two developed DNA extraction 
protocols based on common Chelex method consist of the following steps: 170 μl 
5% Chelex solution and 20 μl of 20 mg/ml proteinase K; also 200 μl of Instagene 
Matrix 20 μl of 20 mg/ml proteinase K. The samples were vortexing on high for 
10 seconds,  followed by two incubation steps in a heating incubator (56°C for 45 
min and 100°C for 8 min) with vortexing in between. In the third applied protocol 
DNA was purified from decomposed rib cartilage samples using the QIAamp® DNA 
Micro Kit [10].

2.3. PCR amplification and typing
DNA was quantified with an ABI Prism® 7500 Sequence Detection System 

(Applied Biosystems) using Quantifiler™ Human DNA Quantification kit.  
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Amplifications were performed on the GeneAmp PCR System 9700 Gold Plate 
(Applied Biosystems) using the AmpFLSTR® Identifiler® Plus kit (Applied 
Biosystems), GlobalFiler™ PCR Amplification kit (Thermo Fisher Scientific), and 
AmpFlSTR® Yfiler® Plus PCR Amplification Kits (Applied Biosystems) following 
the manufacturers’ protocols. Amplified products are separated and detected on ABI 
3500 Genetic Analyzer (Applied Biosystems).

3. Results

Ten DNA extractions were completed on unidentified human remains/decomposed 
bodies from routine casework using rib cartilage samples and the results are pre-
sented in Table 1. Three different groups of bones were selected based on exposure 
of skeletal remains to different environmental influences which may have led to 
degradation of DNA: burned bodies (3 samples), remains recovered from water (3 
samples) and remains recovered from fields (4 samples) (Table 1). All samples, from 
each amplification kits produced full STR profiles beside on extraction method are 
used (Table 1). 

We have also successfully extracted DNA using the following commercial kit  
QIAamp® DNA Micro Kit (QIAGEN) as and Chelex based methods Chelex  method 
(5% Chelex 100, Bio-Rad), InstaGene™ Matrix (Bio-Rad). All three extraction pro-
tocols provided (comparable amounts of) DNA yields and complete STR profiles of 
equivalent quality (Table 1).

Family reference samples accompanying the skeletal remains are usually 
obtained from first-degree relatives or multiple direct references/other belongings 
likely to have accumulated DNA (e.g., tooth brushes, electric and manual razors,  
hair brushes and combs, pillowcases, eye glasses, clothes, jeans etc) (Table 1). When 
comparing genetic profiles, we matched 8 out of the 10 skeletal remains analyzed 
to accompanying reference sample with high confidence of correct identification 
(probability from  99.9% to 99.999999%). In the last two cases, direct reference 
samples were used that belonged to victims/missing persons (in case #4, pillowcas-
es and jeans; in case #7, toothbrush and manual razors) (Table 1).

Table 1 
Nuclear DNA quantity; the efficiency of STR and Y-STR typing expressed as 

the number of successfully typed  STRs in 10 rib cartilage samples from decom-
posed bodies, submitted for routine human identification cases.
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4. Discussion

Through in-house protocols we have shown that the method is fit-for-purpose for 
application in casework, as it provides high DNA yields and amplifiability, as well 
as good reproducibility, easier and more cost effective. After implementation in 
casework, the proportion of extracts with DNA concentrations above 0.10 ng/mL 
increased to 45% using rib cartilage samples, compared to 45% extraction from 
bone samples used to collect samples from decomposed bodies, only 10% of human 
identification cases used FTA cards. Apart from providing equal DNA yields com-
pared with the previous method working with bone samples, the introduction of 
the developed simple protocol using rib cartilage samples also reduced the amount 
of manual labour and increase the potential throughput for casework at the labora-
tory. Generally, simplified manual protocols can serve as a cost-effective alternative 
to sophisticated automation solutions when the aim is to enable high-throughput 
DNA extraction of unidentified human remains/decomposed bodies in casework.

5. Conclusion

This study was aimed at improving identification techniques based on the analysis 
of genomic DNA. The results of this research suggest that depending on the state of 
preservation, different tissue types should be collected, allowing for bone samples 
to be replaced with rib cartilage. The STR profiles generated when extracting DNA 
using the Chelex-based methods were comparable to those generated using the 
commercial QIAamp® DNA Micro Kit procedure. When dealing with decomposed 
bodies/skeletal remains, all three kits can be used very successfully without any 
changes to the manufacturers’ PCR amplification protocols.

Our results have shown that simple extraction techniques, together with 
appropriate sample selections such as rib cartilage from decomposed bodies and 
simplified manual protocols, have allowed us to overcome the challenges associat-
ed with processing compromised skeletal remains and have led to the identification 
of more missing individuals.

The method was implemeted at the Institute of Forensic Medicine, Clinical 
Center of Vojvodina in January 2020. During the first year more than half of the 
human identification requests were extracted using the method from rib cartilage 
samples, generating DNA yields and STR profile quality equivalent to previously 
used methods.
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Abstract
Human singularity provides a foundation for forensic genetics, where the study of Short Tandem 
Repeats (STRs) is key. Furthermore, the development of polymerase chain reaction (PCR) has re-
volutionized the field by enabling the amplification of specific DNA markers. The Investigator® 
26plex QS Amplification Kit is a highly robust multiplex PCR system, for human identification. 
In this study, we report the results obtained from the internal validation carried out at the Por-
tuguese National Institute of Legal Medicine and Forensic Sciences. The results showed that 
the Investigator® 26plex QS kit proved to be a robust tool for the analysis of forensic samples, 
offering high sensitivity and specificity.

Keywords 
Validation, Amplification Kit, Thresholds, STRs.

1. Introduction

The Investigator® 26plex QS Amplification Kit, from QIAGEN, provides reliable 
and rapid DNA profiles while enabling the multiplex amplification of 24 STRs, 2 
Quality Sensors and a gender-determining marker, Amelogenin. The Quality Sen-
sors incorporated in this kit provide insight into the sample quality and the PCR’s 
success while alerting to the presence of inhibitors [1, 2].
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Through an extensive internal validation study, this research sought to im-
plement the Investigator® 26plex QS in the laboratory routine of the Forensic 
Genetic and Biology Service, Central branch (SGBF-C) of the Portuguese National 
Institute of Legal Medicine and Forensic Sciences. Here we detail the procedures 
and parameters applied which followed the Scientific Working Group on DNA Anal-
ysis Methods (SWGDAM) guidelines, as well as report the results obtained through-
out [3, 4].

Firstly, it was crucial to establish unique analytical criteria that would be 
the baseline for the interpretation of the results obtained. To accomplish such, 
analytical, stochastic, heterozygous imbalance and stutter thresholds were defined. 
Thereupon, this study intended to gauge the kit’s performance, by evaluating its 
concordance with normalized methodologies while assessing its sensitivity, speci-
ficity, robustness, and precision, besides its efficiency in the presence of degraded 
and/or inhibited samples. Lastly, in favor of optimizing the laboratory workflow, 
an assay was carried out to test half volume reactions and direct amplification on 
reference samples.

2. Material studied, methods, techniques

2.1. Overall Procedure
In this study a wide range of sample types were analyzed, which made it 

possible to acquire robust data pertaining to the performance of the assay. The lab-
oratory methodology applied comprehended: DNA extraction using Prep-n-Go™ 
Buffer for the study of sensitivity, inhibitor tolerance, mixture samples and proce-
dure optimization; and PrepFiler Express™ Forensic DNA Extraction Kit for the 
study of specificity and casework samples. Which was followed by quantification 
with the Quantifiler™ Trio Quantification Kit, and amplification with the Investi-
gator® 26plex QS. Finally, capillary electrophoresis was performed using the Ap-
plied Biosystems™ 3500 Genetic Analyzer, and electropherograms were analyzed 
with using GeneMapper™ ID-X Software v1.6. 

2.2. Thresholds
In order to evaluate and standardize the analysis of electropherograms by 

different professionals, it is crucial to establish unique criteria to guide its inter-
pretation. To determine the analytical threshold (AT) of this methodology, 8 PCR 
negative controls were used and applied in the 3500 Genetic Analyzer. After the 
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first injection, six re-injections were performed, totaling 56 negative samples. For 
every electropherogram obtained, the highest detected RFU intensity in each color 
panel was recorded. The AT was calculated using Kaiser’s approach, 𝐴𝑇 = 𝑥̄ + 3 ∗ σ, 
where x̄ refers to the average of the highest RFU intensity for each sample and σ to 
the associated standard deviation. This procedure was conducted for an injection 
time of 10 and 40 seconds [4, 5].

To establish the stochastic threshold the SWGDAM (2010) recommended 
approach was used, where the peak height ratio across multiple loci is assessed in 
a dilution series. To carry this out, two known male samples with a high number of 
heterozygosity were selected. These samples were then quantified and diluted to an 
approximate concentration of 2.5 ng/μL. Thereupon 6 serial 1:2 dilutions for each 
sample using nuclease-free water were prepared and analyzed at 10 and 40 seconds 
of injection time [4, 6]. 

In the early 2000s, forensic labs used a standardized 15% stutter thresh-
old (ST) across all systems. After SWGDAM’s 2010 recommendations, thresholds 
became system-specific due to variability among STRs. For this essay, 150 elec-
tropherograms were analyzed, stutter proportions were calculated, and ST values 
were determined using the formula ST = x̄ + 3σ. Finally, the values obtained were 
compared with those provided by the kit manufacturer to ensure accuracy under 
SGBF-C conditions [4].

To determine the intra-locus peak height ratios (PHR), 125 electrophero-
grams were analyzed and the GHEPMIX Commission’s method was employed. The 
intra-locus peak height ratios, calculated as the RFU height of the smaller allele 
divided by the larger allele, was used to define PHR. The threshold was then de-
termined using the formula LD = x̄ + 3σ, where x̄ is the average ratio and σ is the 
standard deviation [7].

2.3. Specificity
The specificity of this methodology was evaluated by analysing extracted 

samples from different species of vertebrate animals (Equus caballus, Canis lupus 
familiaris, Sus scrofa domesticus, Cervus elaphus, Equus asinus, Ovis aries, Mus-
tela putorius furo and Felis catus), followed by amplification with the Investiga-
tor® 26Plex QS with an injection time in the 3500 Genetic Analyzer of 10 seconds.

2.4. Sensitivity
According to Qiagen’s manual, the recommended DNA input for optimal re-

sults is 0.5 ng, in this study a sample with a known concentration of 2,5 ng/μL was 
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diluted to the expected concentrations of 0.5 ng/μL, 0.1 ng/μL, 0.05 ng/μL, 0.029 
ng/μL, 0.02 ng/μL, 0.013 ng/μL, and 0.01 ng/μL. This samples were then amplified 
in order to observe the minimum DNA quantities that still produce a valid genetic 
profile. This study was performed for 10 and 40 seconds injection time on the 3500 
Genetic Analyser.

2.5. Inhibition Tolerance
To assess the Investigator 26Plex QS’ tolerance to inhibitors presence during 

amplification, samples were prepared using the 2800M Control DNA (Promega) 
and five different inhibitors – (1) indigo carmine, (2) ethanol, (3) foliage, (4) clay 
soil, and (5) hemic soil - at varying Inhibitor vs DNA ratios, namely 1:10, 1:1, and 
10:1.

To prepare the inhibitors solutions: (1) a 12 mM indigo carmine solution was 
prepared using indigo carmine (Sigma-Aldrich) and nuclease-free water, (2) 70% 
ethyl alcohol was used directly and (3, 4, 5) approximately 1 g of each substrate - 
foliage, clay and hemic soil - was macerated in 2 mL of nuclease-free water until 
homogeneous, the mixture was then centrifuged, and the supernatant removed. 

After agitating the solutions for 3 hours, samples were amplified with DNA 
inputs of 1 ng, 0.5 ng, and 0.1 ng for the respective Inhibitor vs DNA ratios - 1:10, 
1:1, and 10:1. In total 18 samples, 15 with inhibitors and 3 control samples with 
nuclease-free water, were amplified with the Investigator® 26Plex QS with an in-
jection time in the 3500 Genetic Analyzer of 10 seconds.

2.6. Mixture samples
Five extract samples (A, B, C, D, E) quantified and diluted to a final concen-

tration of 0.5 ng/μL were selected and combined to create five different mixtures 
(A+B, C+D, B+D, B+E, and D+A) at concentrations of 1:50, 1:20, 1:10, 1:1, 10:1, 
20:1, and 50:1, resulting in a total of 35 controlled mixtures analysed an injection 
time of 10 seconds.

2.7. Procedure optimization 
The recommended final reaction volume by the manufacturer is 25 μL and 

numerous protocols are available for different sample types. Notwithstanding, in 
order to optimize the reaction volume and uniformize the laboratory procedure 
independently of sample aetiology, a protocol for half-volume reaction for both 
extracted samples and direct amplification was tested. 
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For that 24 extracted samples were amplified following both the manufac-
turer’s protocol and a half-volume reaction protocol (12.5 μL final volume). This 
latter method was carried out in duplicate for 25 and 26 cycles, in order to better 
understanding of which would be more suitable for the laboratory routine.

Direct amplification of 12 blood stains with a punch size of 0.5 mm were 
analysed using the same methodology.

2.8. Forensic casework
In order to evaluate the Investigator® 26Plex QS’ performance and ability to 

obtain consistent results, 5 samples from proficiency collaborative exercises organ-
ized by the Spanish and Portuguese-Speaking Working Group of the International 
Society for Forensic Genetics and 5 forensic casework samples were selected and 
amplification was performed according to manufacturer’s protocol.

3. Results

3.1. Thresholds
Thresholds are crucial for standardization in electropherogram analysis. 

The Investigator® 26Plex QS kit exhibited thresholds that are on par with those 
described in the literature. 

The analytical threshold, value above which a signal can be considered a 
true allele, was defined as 50 RFU and 100 RFU, for an injection time of 10 seconds 
and 40 seconds, respectively. The stochastic threshold, value above which allelic 
dropout is excluded, was determined as 200 RFU and 400 RFU for an injection time 
of 10- and 40 seconds, respectively. Furthermore, the intra-locus peak height ratio 
was set as 60%, a consensual value in the scientific community.

This study also defined the stutter threshold for each genetic marker, con-
firming the adequacy of the values provided by the manufacturer. The provid-
ed thresholds were implemented for all markers except for STRs D10S1248 and 
D16S359, which required distinct thresholds of 4–16% and 12%, respectively, to 
reduce detected artifacts.

3.2. Specificity
The analysis of several different non-human animal specifies did not provide 

the amplification of a single allele. 
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Figure 1.  Sensitivity and inhibition tolerance results: (1) Investigator® 26Plex QS kit’s sensitivity 
essay in 6 samples (A to F) and (2) the effects of various inhibitors at different ratios ( 

Inhibitor vs DNA).

3.3. Sensitivity
The results of this study showed that the optimal DNA input of this am-

plification study is adequate for robust analysis. It also showed that it is possible 
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to attain complete profiles up to a0.1 ng - low template DNA - at which point the 
detection of STRs is compromised, with preferential amplification of smaller mark-
ers (Figure 1 - 1). The application in the 3500 Genetic Analyzer with 40 seconds 
of injection time was more informative, allowing for the characterization of more 
alleles. 

3.4. Inhibition tolerance 
The effect of DNA inhibition on the performance of the Investigator 26Plex 

QS Kit was not significant in the Inhibitor vs DNA ratio of 1:10 and 1:1. 
Furthermore, this study highlighted that the amplification’s efficiency was 

only affected (decreased allelic intensity and allelic drop-out), in those samples 
where the inhibitor proportion was higher whilst the DNA amount was minimal – 
10:1 Inhibitor vs DNA (Figure 1 - 2). It is important to note that this proportion is 
hypothetical, since the casework samples frequently studied have considerately less 
inhibition present during amplification.

3.5. Mixture samples
Complete profiles of both contributors were obtained for ratios of 1:10, 1:1 

and 10:1. However, the other mixture proportions analysed, namely 1:50, 1:20, 20:1 
and 50:1, showed an allelic drop-out of the minor contributor. Nevertheless, since 
a mixed DNA profile arises from at least two contributors and by definition in the 
SGBF-C a profile with 3 or more alleles in two or more loci and a recurrent allelic 
imbalance is considered a mixture, this amplification kit detected mixtures up to 
proportions of 50:1 and 1:50. 

3.6. Procedure optimization 
The changes proposed to the manufacturer’s protocol, namely the half-vol-

ume reaction methodology for both extract samples and for direct amplification of 
blood stains has provided valid, concordant and robust results.

3.7. Forensic caseworks 
All of the tested casework samples amplified with this assay generated full 

profiles and all genotypes were concordant with those obtained with the amplifi-
cation kits currently implemented in the SGBF-C. Nevertheless, the Investigator® 
26Plex QS produced fewer artefacts in the most challenging samples with a greater 
precision.
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4. Discussion

Through this work, it was possible to characterize the main advantages of the In-
vestigator® 26plex QS kit, as well as its limitations. The results inferred a high 
human specificity, robustness, and sensitivity, while producing concordant and re-
producible results independently of the operator, equipment or methodology used 
- full-volume reaction, half-volume reaction and direct amplification. 

The validation data demonstrated that this system produces full reliable pro-
files in the presence of minute DNA quantities – 0.1 ng - and allows for the iden-
tification of a minor contributor in a mixture up to a 1:50 ratio, where the minor 
contributor’s input was only 0.02 ng.

The analysis of the sensitivity and mixtures parameters, showed that a 40s 
injection time in the 3500 Genetic Analyzer provides more informative results for 
samples with small DNA quantities. Therefore, when quantification indicates that 
the maximum DNA input in the PCR reaction is below 0.5 ng, this methodology 
should be immediately applied.

This project also demonstrated that, for optimal DNA concentrations, this 
amplification kit can overcome the presence of inhibitors in a sample and produce 
complete genetic profiles. Moreover, since the Inhibitor vs DNA ratio used in this 
analysis is beyond the level expected and usually observed in forensic casework, 
even with low copy number DNA, the Investigator® 26Plex QS’s performance 
should not compromised.

5. Conclusion

In summary, through this internal validation studies, numerous samples from dif-
ferent substrates were amplified using distinct methodologies – full-volume reac-
tion, half-volume reaction and direct amplification – and all provided concordant 
results with high precision, sensitivity and robustness. Therefore, the Investiga-
tor® 26Plex amplification kit is suitable for the amplification and characterization 
of forensic samples.
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High Performance PCR Assay System Capable  
of Cleaning Carry-Over Contamination
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Abstract 
The enhanced sensitivity of STR multiplex PCR kits has led to increased sample throughput in 
forensic laboratories, accompanied by a rise in DNA contamination cases. Contamination under-
mines test accuracy, misdirects investigations, and delays case resolutions. Uracil-N-glycosylase 
(UNG), a DNA repair enzyme, is pivotal in addressing carry-over contamination (PCOC) in PCR. 
The PCOC system, combining UNG and dUTP, effectively mitigates aerosol contamination of PCR 
products. We developed a 25-loci STR multiplex PCR kit incorporating this system, featuring a 
50°C pre-amplification incubation step that eliminates carry-over contamination. Our kit main-
tains high sensitivity, equivalent to conventional systems, and exhibits significant tolerance to 
inhibitors such as EDTA, indigo, hematin, humic acid, and collagen. It also shows minimal cross-
reactivity with non-human DNA in environmental samples.

Keywords 
dUTP/UNG, carry-over contamination, STR, forensic.

1. Introduction

DNA detection is integral to criminal investigations, enabling reliable forensic ev-
idence generation. However, increased sensitivity in DNA testing has heightened 
contamination risks. A study by the Swiss police forensic department reported 552 
contamination cases between 2011 and 2015 [1]. Contamination can mislead inves-
tigations and damage the credibility of the judicial system [2]. Thus, minimizing 
contamination risk is essential.

Forensic DNA laboratories enforce strict protocols to prevent carry-over 
contamination from PCR products and allelic ladder aerosols. UNG, a DNA repair 
enzyme, plays a critical role in preventing contamination. In the 1990s, Longo 
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introduced the dUTP-UNG system, which effectively reduces PCR product contam-
ination and aerosol transmission [3]. However, traditional DNA polymerase is inef-
ficient at incorporating dUTP in high-multiplex STR reactions, particularly for loci 
with high A/T content, such as D22S1045. We developed a high-performance PCOC 
system with a 25-loci STR kit, using an engineered Taq DNA polymerase that incor-
porates dUTP more efficiently. The system utilizes a heat-inactivated UNG enzyme 
[4, 5], making it more reliable for forensic DNA applications.

The dUTP/UNG system replaces dTTP with dUTP in PCR. UNG hydrolyzes 
dUTP-containing strands at 50°C, preventing contamination without affecting the 
PCR product from genomic DNA. At 95°C, UNG is inactivated, ensuring no inter-
ference with amplification (Figure 1).

Figure 1. The working principle of the PCOC PCR system

This study highlights a dUTP/UNG forensic STR kit with exceptional contamina-
tion control, high sensitivity, and strong inhibitor tolerance.

2. Material studied, methods, techniques

The PCOC STR multiplex PCR kit used in this study includes 23 autosomal STR 
loci, 1 sex-identification locus, and 1 Y-indel (Figure 2). The dUTP/UNG system 
PCR Mix, provided by NuHigh Biotechnologies Co. Ltd., contains dATP, dGTP, 
dCTP, dUTP, a mutant Taq polymerase, UNG, and other reagents.
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Figure 2. Marker positioning of the PCOC system

3. Results

To evaluate contamination control, simulated contamination (1 ng 9948 DNA di-
luted 1:10,000,000) was tested. In standard PCR, all alleles were detected with an 
average peak height of 600 copies (2 ng human DNA) (Figure 3A). In contrast, the 
PCOC system produced negative readings, confirming complete contamination re-
moval (Figure 3B).

Figure 3. Comparison of PCOC system and standard PCR system

Mixed alleles were detected in the normal PCR system using contaminants and 
9947A genomic DNA (Figure 4A), but no additional alleles were observed in the 
PCOC system (Figure 4B).
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Figure 4. Electropherogram of contaminant and 9947A genomic DNA in standard (A) and 
PCOC (B) PCR systems.

In sensitivity tests, the PCOC system generated complete STR profiles from as little 
as 50 pg of human DNA and partial profiles at lower DNA levels (Figure 5A). The 
sensitivity of the PCOC system was comparable to the conventional PCR system 
using dTTP. It also demonstrated strong resistance to common forensic inhibitors, 
including collagen, EDTA, indigo, hematin, and humic acid (Figure 5B).
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Figure 5. (A) Sensitivity and (B) inhibitor tolerance of the PCOC PCR system.

Species specificity testing showed minimal cross-reactivity with non-human DNA, 
as no alleles were detected in animal or microorganism samples (including pig, 
horse, cat, chicken, cow, dog, duck, fish, rabbit, rat, and sheep, as well as Escheri-
chia coli, Candida albicans, Lactobacillus delbrueckii, and others).

4. Discussion

The sensitivity of forensic DNA testing has increased, but even trace amounts of 
contamination can lead to false positives. UNG-based systems are well-established 
in in vitro diagnostics but have limited use in forensics. Our PCOC kit offers su-
perior contamination control, with a detection limit of 50 pg, and exhibits high 
resistance to forensic inhibitors.

5. Conclusion

The PCOC multiplex STR PCR system we developed is highly effective at cleaning 
carry-over contamination, ensuring accurate DNA detection even in the presence 
of contamination. The system matches the sensitivity of traditional PCR and is 
robust against common forensic inhibitors.
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Abstract 
Obtaining reliable STR genotype of trace DNA is still a difficult problem in forensic genetics. 
By using different vectors and pretreatment methods to store and handle peripheral blood, this 
study provides a new idea for obtaining reliable genotype of trace DNA extracted from trace 
blood samples. FTA cards and medical gauzes gathered blood samples were firstly pretreated by 
Tris EDTA saline buffer solution (STE) and phosphate buffered saline (PBS). And then DNA was 
extracted by QIAamp® DNA blood mini kit and genotyped by Human STRtyper-21G amplified 
fluorescence detection kit on 3130 genetic analyzer. When comparing the performance of pre-
treatment methods, results showed that STE was better than PBS when FTA cards were used as 
vector and there was no significant difference between STE and PBS when using medical gauzes 
as vectors. When comparing vectors, medical gauzes could obtain higher peak height and bigger 
peak area than FTA card with STE as pretreatment method, but the intra locus balance was poor. 
Higher peak height and bigger peak area were also found in medical gauze when comparing 
different vectors with PBS as pretreatment method, while there was no difference in peak height 
ratio. In conclusion, the vectors and pretreatment methods screened in this research can effecti-
vely preserve and dispose the trace peripheral blood samples to perform downstream DNA typing 
experiments. PBS is recommended for medical gauzes and STE for FTA cards. More carriers, 
different samples, longer storage time as well as more pretreatment methods are suggested in 
the future researches.
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1. Introduction

Sample collection, storage time or pretreatment method will affect the yield of 
DNA extraction and successful typing rate of trace DNA [1-4]. Some scholars have 
pointed out that by using Tris EDTA saline buffer solution (STE) as pretreatment 
method, the physiological state of dried insect muscle tissue can be restored, 
which is conducive to the optimization of DNA extraction effect[5-7]. Additionally, 
pretreatment with phosphate buffered saline (PBS) can significantly improve the 
DNA extraction effect of alcohol-soaked specimens [5], while the two pretreatment 
methods’ role in human samples remains to be further explored. So, we finally se-
lected FTA card and medical gauze as carriers to determine the impact of different 
carriers and pretreatment methods on DNA typing efficiency of trace DNA. 

2. Materials and methods

2.1. Sample collection
Peripheral blood was placed on FTA cards and medical gauzes, and stored 

at room temperature for one month. 6 FTA cards and 6 medical gauzes with 5μL 
peripheral blood in each vector were obtained finally.

2.2. Pretreatment methods
3 FTA cards and 3 medical gauzes were cut and soaked in 200μL STE or PBS 

buffer solution at room temperature for 24 hours respectively, and then incubated 
in an electric thermostatic water bath (Shanghai Yuejin Medical Equipment Co., 
LTD.) at 56°C for 30 minutes.

2.3. DNA extraction and concentration detection
DNA was extracted using the QIAamp® DNA Blood Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol, and the elution volume was 
set to 20μL. The purity and concentration were determined by FLA6000 microUV- 
visible spectrophotometer (Jingfei Technology, Hangzhou, China).
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2.4. STR typing
Multiple amplification was conducted by STRtyper-21G (HEALTH bioMed, 

Ningbo, China) which contains 20 autosomal STR (A-STR) and Amelogenin loci. 
The amplified products were then subjected to capillary electrophoresis on 3130 
genetic analyzer (Thermo Fisher Scientific, South San Francisco, CA) and geno-
typed by GeneMapperTM ID-X v3.2.1 software (Thermo Fisher Scientific).

2.5. Statistical tests
Amelogenin was not considered when performing statistical tests. The alleles 

with peak height higher than 50 relative fluorescence unit (RFU) were determined 
as real alleles and the successful typing rates were calculated. The peak height or 
peak area values of alleles were considered for samples. Peak height ratios (PHR) 
of heterozygote loci for samples were also analyzed. Locus with PHR between 0.7 
(the lower peak heights divide the higher peak heights) and 1.43 (the higher peak 
heights divide the lower peak heights) were deemed as in a state of peak equilibri-
um. GraphPad Prism version 7.0 (San Diego, CA, USA) was used for data analysis.

3. Results and Discussion

Alleles of all loci were completely detected and the successful typing rates were 
100% for all samples. A total of 20 A-STRs and 35 alleles were analyzed, including 
15 heterozygous loci. The results of normality test showed that only the peak height 
ratio of medical gauzes pretreated by STE was conformed to normal distribution.

When comparing the performance of pretreatment methods, the averages of 
peak height or peak area for samples pretreated by STE or PBS with FTA cards as vec-
tors were showed that STE was better than PBS when using FTA cards as vectors (Ta-
ble 1). STE also performed better than PBS when considering PHR. And there was no 
significant difference between STE and PBS when using medical gauzes as vectors.

When comparing the performance of vectors, significant differences were 
existed between FTA cards and medical gauzes with STE as pretreatment methods 
(Table 2). Statistical results addressed that the performance of medical gauzes was 
better than that of FTA cards. While, it was interested that opposite result was 
collected when considering PHR which showed that the performance of FTA cards 
was better than that of medical gauzes. Similar results were found in peak height 
and peak area when using PBS as pretreatment methods, except there was no sig-
nificant difference between FTA cards and medical gauzes when considering PHR. 
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Table 1. The relevant information of samples and statistical tests when comparing 
pretreatment methods, p value which was lower than 0.05 was marked in red.

parameters vectors pretreatment methods averages p value

peak height FTA card STE 1995
< 0.01

PBS 1809

medical gauze STE 3807
> 0.05

PBS 3781

peak area FTA card STE 27217
< 0.001

PBS 23638

medical gauze STE 49013
> 0.05

PBS 47431

peak height ratio FTA card STE 1.11
< 0.05

PBS 1.21

medical gauze STE 1.20
> 0.05

PBS 1.17

Table 2. The relevant information of samples and statistical tests when comparing vectors, p 
value which was lower than 0.05 was marked in red.

parameters
pretreatment 
methods

vectors averages p value

peak height STE FTA card 1995
< 0.0001

medical gauze 3807

PBS FTA card 1809
< 0.0001

medical gauze 3781

peak area STE FTA card 27217
< 0.0001

medical gauze 49013

PBS FTA card 23638
< 0.0001

medical gauze 47431

peak height ratio STE FTA card 1.11
< 0.05

medical gauze 1.20

PBS FTA card 1.20
> 0.05

medical gauze 1.17
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4. Conclusion

In this study, both the vectors and pretreatment methods can effectively extract 
trace DNA from microperipheral blood samples stored for one month, and com-
plete STR genotype was obtained from these trace DNA. And the type of vectors 
needs to be considered when selecting pretreatment method. This study implies 
that STE is more suitable for the pretreatment of blood samples stored in FTA 
card, while PBS is more suitable for the pretreatment of blood samples stored in 
medical gauze. In the future, longer preservation time, multiple carriers as well as 
more pretreatment methods will be further screened for exploring more suitable 
strategies to store various types of forensic samples.
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Abstract
Human hair samples are common in forensic casework, however successful rate of nuclear DNA 
profiling is low in most of them. Microscopic examination of hair roots reveals the growth stage 
of the hair and if there are skin cells attached, indicative of the genotyping success. This is a ne-
cessary step, since most of the hairs found in crime scenes are in telogen phase, which were na-
turally shed, and rarely produce informative STR profiles. Staining of hair roots with fluorescent 
dyes has shown to be a proper method to observe the nuclei present in the sample and predict 
the possibility to achieve the complete STR genotype of the hair. 
Here we present the test performed by our laboratory to assess the use and possible implemen-
tation in routine casework of hair staining with Diamond™ Nucleic Acid Dye and fluorescent 
microscopy observation as screening method to prioritise samples with high probability of ge-
notyping success. After nuclear hair staining and microscopy examination, DNA was extracted, 
quantified by real-time PCR and genotyped for autosomal and Y chromosome STRs. The method 
turned out to be quick and easy to use in routine casework processes, and it does not interfe-
re with subsequent DNA analyses. Moreover, hairs that yielded enough amount of DNA to ob-
tain informative STR profiles were clearly identified due to the fluorescence observed at the  

30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS
Universidade de Santiago de Compostela, 2025, pp. 1073-1078
DOI: https://dx.doi.org/10.15304/cc.2025.1869

mailto:leire.palencia@seg.euskadi.eus


1074 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

proximal hair root end. Thus, it has proved to be a suitable method for implementation in routine 
casework processes, although further tests are required to improve the results on telogen hairs.

Keywords 
Hair, screening, nucleic acid dye, DNA recovery, genotyping success, STR profile. 

1. Introduction 

In forensic investigations, hair is frequently found at crime scenes [1]. It can either 
be naturally shed or forcibly removed. Most hair found at crime scenes, up to 90%, 
is in the telogen phase, meaning it has been naturally shed [2]. However, the ge-
netic material in hairs is often severely degraded, and shed hairs tend to have in-
sufficient nuclear DNA in both quantity and quality, making successful STR typing 
challenging [3, 4].

Microscopic examination of hair roots reveals the growth stage of the hair 
and if there are skin cells attached, indicative of the genotyping success [2]. Addi-
tionally, staining of hair roots with different type of dyes has shown to be a proper 
method to observe the nuclei present in the sample, especially for hairs in telogen 
phase, which have the most limited DNA recovery. The number of observed nuclei 
predicts the possibility to achieve the complete STR genotype of the hair [5-8].

The aim of this study is to assess the use and possible implementation in our 
routine casework of the hair samples staining with Diamond™ Nucleic Acid Dye 
and fluorescent microscopy observation as screening method to prioritise samples 
with high probability of genotyping success. 

2. Materials and methods

Sample collection: shed and plucked head hairs were collected from four donors 
(two males and two females). Shed and plucked body hairs were also collected from 
these two males. 

Nucleic acid binding dye preparation: a working solution of Diamond™ Nu-
cleic Acid Dye (DD; Promega, Madison, WI, USA) was prepared, diluting 20-fold the 
stock solution (10,000X) in 75% ethanol. 

Nuclear staining and visualisation: 1 μL of working DD solution was applied 
to the root end of the hair sample placed on a glass slide. They were covered with a 
coverslip and then visualized under the microscope. 



1075ASSESSMENT OF DIAMOND™ NUCLEIC ACID DYE AS PREDICTIVE METHOD  
FOR TARGETING HAIR FOLLICLES SUITABLE FOR DNA PROFILING IN CASEWORK

L. Palencia-Madrid, O. García, R. Izaga Azkueta, J. Juan Lata González, F. J. López Curto, J. Antonio Pérez López, E. Romón 
Martínez, A. Aldana Rodríguez, E. Cuesta Durán, M. Encinas Guerra, J. Ruiz Lopategi, L. Palomo Díaz, M. González Torres

For visualisation, a Leica DM4M microscope (Leica Microsystems, Wetzlar, 
Germany) with fluorescence module (filter A, UV excitation range, filter excitation 
360/40, dichromatic mirror 400, and suppression filter LP 425) was used.

DNA extraction and analysis: DNA was extracted by a standard phenol chlo-
roform extraction procedure, and quantified with the Quantifiler Trio DNA Quan-
tification Kit (Thermofisher Scientific, Waltham, MA, USA; TFS) on a 7500 Re-
al-Time PCR System (Applied Biosystems, Foster City, CA, USA; AB). DNA profiles 
were generated using up to 1 ng of DNA with the GlobalFiler™ PCR amplification 
kit (TFS) and the Yfiler Plus™ PCR amplification kit (TFS), on a GeneAmp PCR 
System 9700 Thermal Cycler (AB). Electrophoresis and STR genotyping were per-
formed in an ABI 3500 Genetic Analyzer (AB) with GeneMapper ID-X v1.6 software 
(TFS).

3. Results

Plucked hairs showed bright fluorescence at the proximal hair root end (Fig. 1a, 
1b). These hairs quantified over 150 pg/µl for the long fragment of Quantifiler Trio 
DNA kit, and they produced complete genotypes using both GlobalFiler™ (GF) and 
Yfiler Plus™ (YFP) kits. 

Among hairs in anagen phase (Fig. 1a), those that preserved the outer root 
sheath yielded the maximum DNA, with up to 7 ng/µl (for the long fragment). In 
these hairs, the fluorescent Diamond™ Nucleic Acid Dye allows us to observe the 
nuclei of the cells that form the outer root sheath. 

On the contrary, a plucked hair in anagen phase that had lost the root end 
(Fig. 1c), only quantified 11 pg/µl (for the long fragment) and produced partial 
composite genotypes for GF and YFP kits, with 17 out of 21 loci, and 15 out of 27 
loci, respectively. 

The fluorescence observed at the root end of shed hairs (Fig. 1d, 1e) is light-
er or just residual. These hairs are in telogen phase and they can either keep some 
remaining root sheath or not. The ones with remnant sheath (Fig. 1d), emitted a 
slightly more intense fluorescence. These hairs yielded between 7 and 27 pg/µl (for 
the long fragment), and we could get from them partial composite genotypes for 
GF (up to 15 out of 21 loci) and YFP kits (up to 20 out of 27 loci). However, in those 
shed hairs without sheath (Fig. 1e) quantification detected up to 2 pg/µl at the very 
best, and consequently, the genotyping of these hairs was unsuccessful.  
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Figure 1. Microscope images at direct and fluorescence visualisation at 100X of the different 
type of hairs analysed: a) plucked hairs in anagen phase, which produced complete STR 

genotypes; b) plucked hairs in catagen phase, which produced complete STR genotypes; c) 
plucked hair in anagen phase (without root), which produced partial STR genotype; d) shed 

hairs in telogen phase (with remnant sheath), which produced partial STR genotypes; e) shed 
hairs in telogen phase (without sheath), which produced negative STR genotypes.

4. Discussion

Plucked hairs, which produced complete and correct genotypes, showed bright 
fluorescence, while a diffuse fluorescence was observed surrounding the root in 
shed hairs. Moreover, those shed hairs with barely residual or lack of fluorescence 
produced non-informative STR profiles. 

Unlike previous studies, that were able to count cell nuclei at the root of 
shed hairs [5-8], we only identified stained cell nuclei in those hairs that were 
accompanied by the outer root sheath (Fig. 1a), that is, plucked hairs. In contrast, 
despite the residual fluorescence, no nuclei could be differentiated in shed hairs. 
This issue may be due to the microscope’s filter configuration (Alicia M. Haines, 
personal communication). By this reason, and with the aim of visualising the nu-
clei present on telogen hair roots, further adjustments would be done to improve 
and tune up the technique’s performance. 
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5. Conclusion

From these results, several insights can be gleaned. The use of DD for microscopic 
examination of hair samples does not interfere with subsequent DNA extraction 
and PCR analyses. Plucked hairs in anagen and catagen phases yield enough DNA 
to produce complete STR profiles. Anagen hairs without root still can produce 
partial STR profiles. Between shed hairs, telogen hairs that preserve remnant root 
sheath can also produce partial STR profiles, while in those without sheath re-
mains the DNA recovery is insufficient for STR genotyping. Therefore, DD can be 
especially helpful on telogen hairs, to clarify whether they bring some remnant 
root sheath and are able to produce partial STR profiles or not.
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Abstract
The ampliconic sequence of the human Y chromosome contains numerous palindromes and 
inverted repeats, making it susceptible to non-allelic homologous recombination (NAHR) events, 
inducing chromosome rearrangements. Here, we report and discuss the causes of rearrange-
ments within the AZFc region, associated with the deletion of the DYS448 locus. Unexpected 
rearrangements were observed, which were explained by non-NAHR-mediated events. Due to the 
low frequency of non-NAHR events, associations with specific haplogroups are expected to be 
stronger than those for NAHR rearrangements.

Keywords
Y-STR, Null allele, NAHR, STS markers

1. Introduction

The ampliconic sequences of the human Y chromosome contain abundant palin-
dromes and inverted repeats that are prone to non-allelic homologous recombina-
tion (NAHR), inducing deletions or duplications [1, 2]. These sequences are located 
mainly on the long arm of the Y chromosome, in the three domains of the azoo-
spermia factor regions AZFa, AZFb and AZFc. The AZFc is predominantly composed 
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of duplicated sequences known as amplicons, which exhibit high sequence identity. 
Due to this high sequence identity, NAHR frequently occurs between the ampli-
cons, potentially leading to chromosome rearrangements [3]. Analyses with differ-
ent sets of Y-STRs revealed null alleles at DYS448, due either to a complete deletion 
of the locus or point mutations at primer binding sites. Accordingly, two main AZFc 
partial deletions involving DYS448 have been identified, resulting from NAHRs be-
tween the palindromic segments b1/b2 and b1/b3 [4–8]. Although less frequently, 
alternative mechanisms not mediated by NAHR have been also described [9]. In this 
study, we describe the rearrangements within the AZFc region that were responsible 
for null alleles at DYS448, and their association with specific haplogroups.

2. Materials and Methods

DNA samples from nine males from Ecuador, Brazil and Colombia were genotyped 
for three different Y-chromosomal marker sets: (i) 23 Y-STRs included in the Pow-
erPlex® Y-23 System (Promega Corporation); (ii) 27 Y-STRs included in the Yfil-
er™ Plus System (Applied Biosystems™); and 28 Y-STRs included in the Inves-
tigator Argus Y-28 QS (QIAGEN). Amplification was performed according to the 
manufacturer’s instructions for each kit. Haplogroups were predicted using NEV-
GEN (https://www.nevgen.org/) based on the Y-STR haplotype data. All samples 
were screened using Y-specific sequence-tagged sites (STSs) covering the Yq11.223 
zone. The STSs, and corresponding PCR primers, were selected using the UCSC 
Genome Browser hg19 assembly (GRCh37/hg19) (http://www.genome.ucsc.edu/). 
The STSs were assembled in two multiplex reactions (M1: sY142, sY1315, sY1196, 
sY1291; M2: sY1192, sY1161, sY1197). PCR was performed in 10 µL final volume 
reaction, using 1x Qiagen multiplex PCR master mix (QIAGEN), 2 ng of DNA, and 
0.2 mM of each primer. The amplification consisted of a denaturing step at 95 
°C for 15 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, 
annealing at 60 °C for 90 seconds, extension at 72 °C for 60 seconds, and a final 
extension step at 72 °C for 30 minutes. Separation and detection of the amplicons 
were performed by electrophoresis in a 3% agarose gel.

3. Results

Five different rearrangements were identified, four of them explained by NAHR 
events that led to AZFc partial deletions. Two out of the nine samples showed an 
intrachromatidic b1/b2 deletion, and four have an interchromatidic b1/b3 deletion 

https://www.nevgen.org/
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(Fig. 1b). Another sample evidenced a partial deletion (Fig. 1c), explained by two 
simultaneous and one subsequent NAHRs: (a) b1/b3 deletion and b2/b4 duplica-
tion; and (b) an intrachromatidic g3/g1 deletion. This AZFc partial deletion cannot 
be explained by two independent and one subsequent event. Namely, if the deletion 
occurred first, subsequent events such as b2/b4 duplication or g3/g1 deletion would 
not be possible in the resulting chromosome. In one case, a discontinued partial 
deletion was detected (Fig. 1d), being explained by two subsequent NAHR-mediated 
intrachromatidic deletions: t1/t2 and g3/g1. In another case, the absence of the 
flanking markers sY142 and sY1315 (Fig. 1e) suggests that the deletion was not 
caused by NAHR or conversion between amplicons. In this case, a sporadic event is 
more likely to have occurred.

a

b

c
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Figure 1. (a) Y chromosome structure, showing the location of the AZFc region and the Y-STS 
markers used. Multiple copies of six amplicons are represented by color-coded arrows (b-blue, 

t-sky-blue, g-green, r-pink, y-yellow, and Gr-grey). The arrow’s direction indicates amplicon 
copy orientation. The white rectangle between t1 and t2 represents the large P3 spacer, 

while the grey rectangles represent a single copy of inverted repeats. The dashed grey lines 
represent the deleted regions.

4. Discussion

A network was constructed for our samples, using the Y-STR data (Fig. 2). The five 
chromosomes with a b1/b3 deletion belong to two sub-haplogroups: R1a-M198 (S1-
S4) and R1b-M269 (S5). A chromosome belonging to haplogroup E1b1a showed an 
NAHR event (Fig. 1c), which was previously described in a sample from haplogroup 
R1b-V69 [6] (S9 in Fig. 2). These findings, involving the same deletion in different 
haplogroup backgrounds, provide evidence of independent mutations via NAHR 
mechanisms. In contrast, two chromosomes with a b1/b2 deletion (S6 and S8 in 
Fig. 2) belonging to the same haplogroup, suggest a common origin within hap-
logroup Q. Additionally, a sample showing a non-NAHR event (Fig. 1e; S7 in Fig. 
2) also belongs to haplogroup Q. The low frequency of non-NAHR events suggests 
a possible association of this rearrangement with haplogroup Q. Supporting this 
hypothesis is the high frequency of null alleles at the DYS448 locus in Native Amer-
ican populations. A search performed in the Y Chromosome Haplotype Reference 
Database (YHRD, www.yhrd.org) showed high frequencies of null alleles at this 
locus (varying between 0.001 in Europeans and 0.01 in Native Americans), being at 
least five times more frequent in Native Americans compared to other metapopula-
tions (Africa, Europe, East Asia, and Admixed American). 

d

e

http://www.yhrd.org
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Figure 2. Network representing nine individuals carrying Y chromosome rearrangements. Blue, 
green, and pink dots indicate Mestizos, Native Americans, and Afro-descendants, respectively. 
Red dots represent the median nodes of the network, and the dot area is proportional to the 

haplotype frequency.

5. Conclusion

In this study, five different rearrangements were characterized. Four were ex-
plained by NAHR, while one was attributed to a non-NAHR mechanism. The low 
frequency of non-NAHR events and the high frequency of null alleles at DYS448 in 
Native American populations suggest a possible association between this unexpect-
ed rearrangement and haplogroup Q.
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Abstract 
Sex determination in forensic science is particularly important in human identification cases and 
sexual offence crimes. The amelogenin marker (AMEL), which enables sex typing, was described 
in the early 1990s and immediately found widespread use in human identification studies. Its 
analysis is based on standard capillary electrophoresis (CE) and can be combined with analysis 
of STR markers. The presence of the Y chromosome (ChrY) amelogenin variant in the genetic 
profile clearly indicates male sex. However, cases of lack of detection of the ChrY allele, known as 
AMELY-null, have been reported. This can lead to misidentification of the female sex, resulting 
in misleading information being reported. The aim of the project was a thorough investigation 
of the AMELY-null case observed in a forensic sample, using CE and massively parallel sequen-
cing (MPS) methods. DNA profiling using NGM and GlobalFiler kits showed lack of the Y allele 
within the amelogenin marker. Analysis of ChrY STR markers (Y-filer Plus and PowerPlex Y23 
kits) revealed deletion of 6 markers closely located on the short arm of ChrY. MPS using Foren-
Seq kit confirmed the occurrence of mutation in the tested sample. Further interpretation of 
the obtained results revealed a large deletion encompassing 7 loci (DYS570, DYS576, DYS522, 
DYS458, DYS449, DYS481, DYS627) in the analyzed sample, which is consistent with the com-
mon observation of susceptibility of certain regions of the Y chromosome to structural mutation 
events. The use of various Y-STR multiplex kits containing different marker primers and different 
DNA analysis techniques proves that the presence of the AMELY-null allele is not due to primer 
binding site mutations. Our study confirmed that AMELY sex typing can be misleading and the 
female sex should be interpreted in the light of other markers useful in sex typing including 
ChrY-STRs, ChrY-indels, and those analysed at the stage of evaluation of DNA concentration with 
e.g., Quantifiler Trio DNA Quantification method. The occurrence of ChrY deletions involving 
amelogenin locus is rare but particular caution is recommended in sex typing for populations 
more susceptible to AMELY deletions (e.g. South Asian region).
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1. Introduction

Sex typing is one of the important components of individual identification in crim-
inal investigations. In humans, sex-typing genes known as Amelogenins (AMEL) 
are presented on both the X and the Y chromosomes. The amelogenin marker was 
described in the early 1990s and immediately found widespread use as a routine 
tool for sex typing in forensic DNA analysis. Analysis of this sex marker is based 
on the detection of length variations in the X and Y homologous amelogenin gene 
(AMELX and AMELY) and is performed in conjunction with analysis of STR mark-
ers using standard capillary electrophoresis (CE). The presence of the Y chromo-
some (ChrY) amelogenin variant in the genetic profile clearly indicates male sex. 
However, cases of lack of detection of the ChrY allele, known as AMELY-null, have 
been reported. This can lead to misidentification of the female sex implicating seri-
ous consequences in forensic inference particularly in human identification cases 
and sexual offence crimes [1]. The aim of the project was a thorough investigation 
of the AMELY-null case observed in a forensic sample, using CE and massively par-
allel sequencing (MPS) methods. 

2. Material studied, methods, techniques

The sample for the study was taken from the routine casework as a cigarette butt 
from a burglary case. There was no reference material. The part of the cigarette 
butt was subjected to DNA extraction with QIAsymphony DNA Investigator Kit 
(Qiagen) on Qiasymphony SP/AS system. Quantification of sample was performed 
by using Quantifiler Trio DNA Quantification Kit (ThermoFisher Scientific). Am-
plification of 1 ng quantified DNA was done using NGM and GlobalFiler system 
kits (ThermoFisher Scientific) including autosomal STRs. Amplification of Y spe-
cific markers was carried out by using Y-filer Plus (ThermoFisher Scientific) and 
PowerPlex Y23 (Promega) system kits. PCR products were analysed with capillary 
electrophoresis. Apart from CE technology, an analysis using MPS technology on 
Miseq FGx (Illumina) sequencing platform with ForenSeq DNA Signature Prep kit 
(Verogen) was applied.
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3. Results

DNA profiling using NGM kit showed lack of the Y allele within the amelogenin 
marker despite the presence of male DNA reported in the Y-target DNA quantifi-
cation of a sample (1,9 ng/µl). The result was confirmed with the analysis using 
GlobalFiler kit (Figure 1). Observed missing Y allele in amelogenin should be con-
sidered as a dropout of Y-specific amelogenin because of successful amplification 
of two additional Y specific markers including DYS391 and Yindel incorporated in 
the multiplexing system. This observation was further reinforced by amplification 
of 25 loci of Y-chromosome with Y-filerPlus system kit, which revealed deletion of 
6 markers (Figure 2). These deletions were also observed within common loci of 
PowerPlex Y23 kit. The occurrence of mutations detected by CE methods was con-
firmed with MPS methods using ForenSeq kit system, which additionally revealed 
lack of DYS522. 

Figure 1. Electropherogram showing AMELY dropout (marked in red) and amplification of 
DYS391 and Yindel (marked in blue) in a sample analysed with GlobalFiler kit. 
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Figure 2. Electropherogram showing deletion at 6 loci (marked in red) in a sample analysed 
with  Y-filerPlus kit.

4. Discussion

Comprehensive interpretation of the results revealed a large size of the deletion en-
compassing 7 loci (DYS570, DYS576, DYS522, DYS458, DYS449, DYS481, DYS627) 
closely located on the short arm of ChrY (Yp11.2) (Figure 3). This observation is 
consistent with the common tendency of susceptibility of certain regions of the Y 
chromosome to structural mutation events [2]. 

Figure 3. The deletion map of 7 loci marked in red within Yp11.2 fragment with approximate 
locations of markers [based on 2].
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5. Conclusion

In this study we report an investigation of sample with deletion of fragment 
Y-chromosome among amelogenin marker. The use of various Y-STR multiplex 
kits containing different marker primers and incorporating different DNA analysis 
techniques proves that the presence of the AMELY-null allele is not due to primer 
binding site mutations, which indicates that it represents a case of structural varia-
tion. Our study confirmed that AMELY sex typing can be misleading and the female 
sex should be interpreted in the light of additional markers useful in sex typing 
including ChrY-STRs, ChrY-indels, and those analysed at the stage of evaluation of 
DNA concentration with e.g., Quantifiler Trio DNA Quantification method [3]. It is 
well known that there are ethnic differences in the frequency of AMELY deletion, 
fluctuating from 0.018% to 8% [4]. Although AMELY null males are extremely rare 
in most populations, particular caution is recommended in drawing conclusions 
for individuals originating from populations more susceptible to AMELY deletions 
coming from India, Nepal, Sri Lanka [5].
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Abstract 
The ForenSeq DNA Signature Prep kit (Verogen) analyzed by Massively parallel sequencing 
(MPS) includes 7 X-STRs, which work as a complementary tool to disclose complex kinship 
cases. However, X-STR databases of Repeat sequence-based (RSB) alleles from MPS, are not cu-
rrently representative of most human populations. Interestingly, all the 7 X-STRs of the Foren-
Seq kit are a subset of the ArgusX-12 kit (Qiagen), the X-STR kit most studied worldwide. In 
addition, because of the compatibility between RSB and Length-based (LB) alleles, the existing 
large population databases of LB alleles can be useful for forensic casework interpretation of X-
STR profiles from the ForenSeq kit. For practical purposes, those 7 X-STR population databases 
should be in the FamlinkX format, the software employed for kinship estimation with X-STRs. 
In this work, we assessed this possibility with an updated Mexican database for ArgusX12 (from 
933 to 1155) (https://www.famlink.se/fx_download.html). In four complex kinship cases, we es-
timated three likelihood ratios (LRs) considering three population database options with the 
FamlinkX software: a) Original ArgusX12 (n= 933); b) Updated ArgusX-12 (n= 1155); c) 7 X-STRs 
of the ForenSeq (n= 1155). Interestingly, the updated Mexican population database (n= 1155) 
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increased significantly the LRs estimated from these kinship cases (average of increase 183.1%). 
Conversely, LRs from 7 X-STRs represented -in average- only 0.8% of the values provided by 12 
X-STRs (b vs. c). In brief, we evaluated the forensic impact of updating the sample size of one 
X-STR population database, and we showed a landscape of the a posteriori offered by different 
X-STR systems (12 vs 7 loci), 

Keywords
MPS; Argus X-12; FamlinkX; X-STRs; Mexican population.

1. Introduction

Short tandem repeat loci on the X chromosome (X-STRs) have been integrated 
into the battery of available markers in forensic genetic labs because their pecu-
liar inheritance pattern helps to solve complex kinship cases [1-3]. For biostatis-
tical interpretation of X-STR profiles, the FamLinkX software takes into account 
X-linked inheritance peculiarities to estimate the likelihood ratio (LR) in different 
complex kinship cases [4-5]. The Investigator Argus X-12 system (Qiagen) analyzes 
12 X-STRs clustered into four linkage groups, and many worldwide population da-
tasets compatible with FamlinkX are available for interpretation purposes (http://
www.famlink.se/fx_download.html). However, considering the large number of 
possible haplotypes for each linkage group, most of the available worldwide pop-
ulation datasets for FamlinkX underrepresent the actual haplotype diversity [6]. 

The Massivelly parallel sequencing (MPS) technology has been included in 
some forensic genetic labs to solve complex cases. Among the forensic genomic 
platforms based on MPS, the ForenSeq™ DNA Signature Prep Kit (Verogen) com-
bines the simultaneous analysis of STRs with different inheritance patterns, plus 
SNPs [7]. These genomic systems allow the detection STR alleles with the same 
length but different sequences, which is known as repeat sequence-based (RSB) 
variation, besides the Length-based (LB) variation offered by the standard capillary 
electrophoresis (CE) analysis [8]. Interestingly, the ForenSeq kit analyzes 7 of the 
12 X-STRs included in the Argus X-12 kit, including three two-loci linkage groups 
(LGs): DXS10135-DXS8378 (LG1), DXS7131-DXS10074 (LG2), DXS10103-HPRT 
(LG3), plus DXS7423 of the LG4 [7] (Figure 1). Unfortunately, few RSB alleles and 
haplotypes for these 7 X-STRs have been described in the first worldwide popula-
tion studies with ForenSeq, such as those reported in Mexico (n= 45) [9]. Because 
of the expected compatibility between RSB and LB alleles, it is possible -and far 
cheaper- to create 7 X-STR population databases from the available LB alleles of the 

http://www.famlink.se/fx_download.html
http://www.famlink.se/fx_download.html
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Argus X-12 kit [10], than from RSB alleles with the ForenSeq kit [9]. Although low-
er allele diversity is expected in LB than RSB alleles, the more robust population 
sample size of LB databases will offer better kinship estimates for interpretation 
purposes.

In this work, we assessed this practical option for evaluating four kinship 
cases with FamlinkX and using an updated Mexican database for ArgusX12 (from 
933 to 1155) [10]. We demonstrated how LB allele population databases constitute 
a practical option for the interpretation of complex cases with X-STRs of the Fo-
renseq kit, and the impact of updating the population sample size.

Figure 1. Distribution of X-STRs and linkage groups of the Forenseq Kit with respect to the 
Argus x-12 kit

2. Methods

We collected blood stain samples impregnated on FTA papers from 74 families in-
cluding the father, mother, and daughter. The paternity was previously confirmed 
with the Powerplex Fusion system (Promega Corp.). Bloodstain punches of 1.2 mm 
washed with FTA Purification Reagent (Whatman™) were used as DNA samples for 
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genotyping. Participants signed an informed consent letter approved by the Ethical 
Research Committee at the Instituto de Investigación de Genética Molecular of the 
CUCiénega, University of Guadalajara (CUCienega-UdeG). This study follows the 
regulations of the General Health Law on research involving human subjects (Mex-
ico) and the Helsinki Declaration. The anonymity of the volunteers was preserved 
at all times.

The PCR amplification was carried out with the Investigator Argus X-12 QS 
kit (Qiagen, Hilden, Germany), followed by capillary electrophoresis in an ABI-
Prism 3130 genetic analyzer (Applied Biosystems®, Foster City, USA) according 
to the manufacturer recommendations. For allele calling, we used the Genema-
pper version 3.2 software (Applied Biosystems® Foster City, USA) helped by the 
corresponding allelic ladder. Our laboratory participates with the Argus X-12 QS 
system in the quality control proficiency test annually organized by the Spanish 
and Portuguese-Speaking Working Group of the International Society for Foren-
sic Genetics (www.ghep-isfg.org). A total of 222 X-STR haplotypes for ArgusX-12 
were obtained from the 74 families by subtracting the paternal haplotypes from the 
daughter genotype, which allowed discrimination of maternal haplotypes. 

3. Results and Discussion

We obtained 222 haplotypes for the ArgusX-12 kit to update the Mexican population 
database, from 933 to 1155 haplotypes [10]. A total of 234 alleles were observed, 
with seven additional alleles than the previous Mexican study (n= 933) [10], but 
with similar modal allele patterns and informativity parameters (data not shown). 

In the updated Mexican population sample of Argus X-12, 1508 different 
haplotypes were observed among the four linkage groups. This means -in average- 
243 (19.2%) more haplotypes by linkage group (LG) than in the previous Mexican 
database [10]. The haplotype number increment ranged from 11.6% for the LG1 
(n= 45), to 25.1% for the LG2 (n= 75). Based on the allele number observed by 
locus, the number of possible haplotypes among LGs in our Mexican population 
sample ranged from 1638 (LG3) to 9207 (LG4) for Argus X-12. 

In addition, we generated a subset of the ArgusX-12 database for the 7 X-STRs 
of the ForenSeq kit. The possible number of haplotypes for these 7-X-STRs dimin-
ished drastically from 224 (LG1) to 63 (LG3) possible haplotypes among three link-
age groups, whereas DXS7423 (in the LG4 of ArgusX-12) provides only nine alleles 
to complete the haplotype diversity of the Forenseq kit. Between these two X-STR 

http://www.ghep-isfg.org
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systems, the number of haplotypes for Argus X-12 is theoretically 13 million higher 
than those of the Forenseq (4.22 E+14 vs 3.2 E+07). 

Two X-STR population databases compatible with the FamlinkX software 
were created [5]. The first one comprises the updated Mexican population database 
of ArgusX-12 that better represents the haplotype diversity [6], and to get more 
confident likelihood ratios (LRs). The second one involves the LB database for in-
terpreting complex kinship cases analyzed with the 7 X-STRs of the ForenSeq kit, 
probably this is the first one reported worldwide for this purpose (available upon 
request). These FamlinkX files will be helpful in Mexico -and Latin America- to 
make the forensic interpretation with X-STRs, given the scarce number of world-
wide population databases.

We assessed the impact of the population size update done to the Argus X-12 
database. We compared the exact LR from four complex kinship cases analyzed 
with the available FamlinkX file from Mexico (n= 933) [10], and the updated one 
described herein (n= 1155) (Figure 2). In all these kinship cases, the exact LR 
from the updated database increased from 135 to 262% concerning the reported 
database (average LR increment = 183.1%). In addition, we estimated the LR of 
the same kinship cases with 7 X-STRs. The LR values with 7 X-STRs represented 
-on average- 0.8% of those supplied by 12 X-STRs (range: 0.01% –1.22%), with 
the updated population size database (Figure 2). Interestingly, assuming that LR ≥ 
1000 is an acceptable kinship level (W= 99.9%), with Argus X-12 only the maternal 
half-sister case would be below this level. On the contrary, with 7 X-STRs, only the 
paternal half-sister case with data mothers reached conclusive results (Figure 2). 

In brief, our results suggest that the 7 X-STRs of the Forenseq kit offer lim-
ited a posteriori informativity to solve most complex kinship cases. Although the 
larger variability of RSB alleles for STRs obtained by MPS probably will help to 
rectify this situation [9], the sample size of the RSB population databases pres-
ently impacts the forensic casework interpretation, as also is demonstrated herein 
(Figure 2). Efforts to create X-STR metapopulation databases, for instance at the 
continental level, probably will make it easier to rectify the population sample size 
limitations for forensic casework interpretation purposes.
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Figure 2. Comparison between exact LRs generated by FamilinkX from the same four complex 
kinship cases with different Mexican population databases: 1) Original database (n= 933) [10]; 

2) Updated database (n= 1155); 3) 7 X-STRs (n= 1155).

4. Conclusion

We updated the Mexican population database compatible with the FamlinkX soft-
ware for the Argus X12 kit. We created the first LB allele database useful for in-
terpreting X-STR profiles from the ForenSeq kit. We confirmed the impact of the 
sample size in X-STR population databases for the interpretation of complex kin-
ship cases. 
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Abstract
The ability to indicate whether a sample comes from a male or a female source and to distinguish 
the contributors of a mixture is particularly relevant for identifying the evidence of the victim 
and the perpetrator(s), especially in cases of sexual assault.
Since its introduction in 1994, the Amelogenin system has been the gold standard for gender 
determination also because it can be amplified with autosomal and gonosomal short tandem 
repeat markers.
Over the years, cases have been reported where deletion at position p11.2 of the Y-chromosome 
(Y-Chr) has resulted in failed amplification of AMEL Y, leading to gender misinterpretation. To 
prevent this occurrence, since 2014, the DYS391 locus, located at q11.21 on the long arm of the 
Y-Chr, has been introduced in autosomal STR kits as support for AMEL Y.
During a validation and population data acquisition study on 400 individuals in Northern Italy 
using the PowerPlex® Fusion 6C System, in a sample for which the AMEL Y deletion was already 
known, the non-amplification for the two Rapidly Mutating Y-STRs (RM Y-STRs) DYS570 and 
DYS576 was also revealed. The DNA from this sample was then subjected to further amplification 
with different X- and Y-chromosome amplification kits.
The findings raise the question of whether using Y-STRs in close proximity to the Amelogenin 
gene contributes to gender determination in mixtures or whether it would be more appropriate 
to use Y-STRs in positions less affected by deletion events.
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1. Introduction
Amelogenin represents a crucial marker for gender determination, particularly in 
the forensic context, as the accuracy of gender determination in biological sam-
ples is essential for investigative and probative purposes. Indeed, since 1994 [1], 
Amelogenin, which involves the amplification of AMEL X and AMEL Y, has been in-
cluded in most forensic amplification kits, especially those that amplify for markers 
located on autosomal chromosomes. As there have been increasing reports in the 
Literature over the years of AMEL Y deletions at position p11.2 of the short arm of 
the Y chromosome [2-10], since 2014, a Y-chromosome (Y-chr) marker has been 
added to the amplification kits to support Amelogenin for gender determination: 
the DYS391, which is a stable locus with a relatively narrow allele range [11]. 

One of the most widely used autosomal short tandem repeats (aSTR) ampli-
fication kits in forensic genetics laboratories is the PowerPlex® Fusion 6C System 
(henceforth Fusion 6C), which allows the co-amplification of 27 loci, including 
the new 20 CODIS Core loci, Amelogenin, and three Y-STR (DYS391, DYS570, 
and DYS576). The first Y-STR was intended to confirm the gender of the sam-
ple revealed by Amelogenin, whereas the introduction of the two rapidly mutating 
Y-STRs (DYS576 and DYS570) is supportive in determining the number of con-
tributors within a mixture [12]. Because these two loci are located close to the 
Amelogenin at position p11.2 (Figure 1), any deletion phenomena could compro-
mise their original functionality within the Fusion 6C and thus not provide the 
necessary support for determining the number of contributors in a mixture.

This study raised a question concerning the effective contribution of the 
two RM Y-STRs loci in determining the gender and number of contributors in a 
mixture.
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Figure 1. Y chromosome representation: all markers included in the amplification kits used for 
the analysis of this study were reported, together with their specific locations 

2. Materials and methods

To perform an internal validation and population data acquisition study, the 
genomic DNA from 400 subjects (230 males and 170 females) from Northern Italy 
was isolated using the QIAamp DNA Mini Kit. The DNA was quantified with the 
Qubit Fluorimeter using the Qubit dsDNA HS Assay Kit and normalized to 1 ng/
µl. The genomic DNA was then amplified with the PowerPlex® Fusion 6C System.

The sample pool chosen for the validation study also included a sample for 
which deletions at the AMEL Y and DYS458 loci were already known [5]; exclusively 
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for this sample, the genomic DNA was amplified with five additional kits, repeating 
each analysis twice: PowerPlex® Y23 System, Yfiler™ Plus PCR Amplification Kit, 
Investigator® Argus Y-28 QS Kit, Investigator Argus X-12 QS Kit, and ForenSeq 
DNA Signature Prep Kit, henceforth referred to as PowerPlex Y23, Yfiler Plus, Ar-
gus Y-28, Argus X-12, and FSSP, respectively. 

Amplicon genotyping was performed using the SeqStudio™ Genetic Analyz-
er for HID equipped with GeneMapper® ID-X v1.6.

3. Results

In the validation and population data acquisition study, the typing of the 400 DNA 
samples amplified with the Fusion 6C produced complete and correctly typed pro-
files; the only exception was one sample, for which AMEL Y and DYS458 deletions 
were already known [5], which showed deletions at AMEL Y, DYS576, and DYS570 
loci (Figure 2A). The three repetitions, carried out on the sample to assess the re-
producibility of the data, always showed the same result. 

DNA extracted from the same subject was amplified with other Y- and 
X-chromosome amplification kits to check for further deletions.

The typing conducted with the PowerPlex Y23, Yfiler Plus, and Argus Y-28, 
confirmed the deletions in the DYS576 and DYS570 markers, and the additional 
deletion at the DYS458 locus was again detected (Figure 2B). 

The typing conducted with the Argus X-12 confirmed the AMEL Y deletion 
and showed no other deletions on the X chromosome (Figure 2C).

The typing conducted with the FSSP confirmed the deletions in the AMEL 
Y, DYS576, and DYS570 markers, and an additional deletion at the DYS522 locus 
was detected (Figure 2C).

The analysis with each kit was repeated twice, and the same genetic profile 
was always confirmed.
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Figure 2. Electropherograms details of PowerPlex® Fusion 6C System, PowerPlex® Y23 System, 
Yfiler™ Plus PCR Amplification Kit, Investigator® Argus Y-28 QS Kit, Investigator Argus X-12 QS 
Kit, and ForenSeq DNA Signature Prep Kit. Deletions were found at AMEL Y, DYS570, DYS576, 

DYS458, and DYS522.
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4. Discussion

From the preliminary analysis of the electropherogram obtained by DNA ampli-
fication with the Fusion 6C kit, the test sample appeared to belong to a female 
individual. This was inferred from the absence of alleles for AMEL Y and the two 
RM Y-STR markers, while the single peak detected in DYS391 could be considered 
an artefact, such as a spike. However, subsequent analysis with other Y-chr ampli-
fication kits confirmed that the sample belonged to a male individual. The latter 
had a significant deletion at position p11.2, evidenced by the absence of AMEL Y 
and four other nearby markers. Although deletions in the short arm of the Y-chr at 
position p11.2 are rare occurrences, they have been documented repeatedly in the 
literature and must be carefully considered. In light of the findings, the efficacy of 
the markers DYS576 and DYS570, included in the Fusion 6C kit, for determining 
sex and number of contributors in a mix can be questioned. Therefore, it would 
be appropriate to consider the inclusion of markers located further away from the 
Amelogenin locus, characterized by more excellent stability and not affected by 
deletion phenomena, to ensure greater consistency of results. This approach was 
adopted by introducing the DYS391 marker, located at q11.21, on the long arm of 
the Y-chr, which is significantly less prone to deletion phenomena.

5. Conclusion

This study used different amplification kits to analyze a sample with known dele-
tions at the AMEL Y and DYS458 markers. The results revealed deletions also at 
the markers DYS570, DYS576, and DYS522. These markers are all located near the 
Amelogenin locus, and the latter’s absence can influence the presence of deletions 
in adjacent markers, causing a multi-locus deletion. Although cases such as the 
one illustrated in this study are rare, they are documented in the Literature, and 
therefore, the efficacy of the DYS570 and DYS576 markers for determining the sex 
and number of contributors in a mixture may be questioned. Indeed, assigning the 
wrong sex to a sample may have severe implications in forensic or prenatal diagno-
sis cases. The Authors suggest that it would be more appropriate to include in the 
PowerPlex® Fusion 6C System, in support of the autosomal markers and DYS391, 
two Y-STR markers that are more stable and positioned away from the Amelogenin 
locus, preferably on the long arm of the Y chromosome, which is characterized 
by greater stability and less susceptibility to deletions. This approach could better 
meet forensic requirements, ensuring greater consistency of results.
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Abstract
Accomplishing specificity in multiplex polymerase chain reactions (PCR) and single base ex-
tension (SBE) reactions poses a significant challenge. Despite designing primers meticulously, 
residual non-specific nucleotide interactions often persist, impacting the accuracy of genotyping 
results. This study addresses the issue of non-specific amplifications in multiplex PCR and SBE 
reactions used for genotyping single nucleotide polymorphisms (SNPs) in the IrisPlex tool. Es-
tablished protocol for genotyping IrisPlex targets using the SNaPshotTM multiplex assay resulted 
in non-specific electropherogram peaks. Potential signal peaks and non-specific peaks were iden-
tified by comparing electropherograms of singleplex and multiplex reactions. Non-specific peaks 
were found to be primer dimers formed by interactions between primers. For optimization of 
genotyping, touchdown multiplex PCR (67 oC to 60 oC), varying PCR primer concentrations (0.05 
μM to 0.4 μM), and ammonium sulfate (AS) (0 mM, 50 mM, 80 mM, 100 mM) to the SBE reaction 
were carried out. Non-specific peaks were reduced from 19 to 5, while signal peaks of all 6 SNPs 
were identified. Thus, a significant reduction in non-specific peaks was achieved, while maintai-
ning sufficient signal peak heights leading to enhanced specificity in the genotyping workflow. 
These findings suggest a successful optimization of the genotyping workflow, thereby enhancing 
the reliability of IrisPlex genotyping.
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IrisPlex, Single base extension, SNaPshot, Multiplex, Primer dimer, Touchdown PCR
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1. Introduction

Multiplex PCR involves the amplification of more than one target sequence by 
respective oligonucleotide pairs. However, interactions of these oligonucleotides 
sometimes result in non-specific amplifications, thereby hampering the speci-
ficity of the reaction. Non-specificity primarily occurs due to unintended primer 
binding to non-target DNA sequences or interactions between primers, resulting 
in non-specific amplification. Careful design of multiplex primers can limit the 
non-specific amplification to a great extent, however, some may persist [1]. SBE 
reaction involves SNP genotyping by the addition of dideoxynucleotide triphos-
phate (ddNTP) to the 3’ end of the oligonucleotide which is complementary to the 
target sequence. Similar to PCR, multiplex SBE reactions can also be affected by 
non-specificity [2]. In such cases, the optimization of PCR &/or SBE conditions and 
reagents is warranted. 

IrisPlex is a web-based tool that predicts eye color based on genotypes of 6 
SNPs. Genotyping of these SNPs is mainly carried out by SNaPshotTM chemistry [3, 
4, 5]. However, non-specificity is one of the common issues associated with this 
chemistry [2]. It causes ambiguity in genotyping interpretation. This study aims to 
optimize SNaPshotTM kit-based IrisPlex SNPs’ genotyping to resolve non-specificity 
and ambiguity in genotyping interpretation.

2. Material and methods

2.1. Sample collection
In this study, peripheral blood samples were collected from healthy individ-

uals with informed consent following the declaration of Helsinki. The collected 
blood samples were stored in EDTA vacutainers at 4 oC till further processing. This 
study was approved by the Institute Ethics Committee (IEC) of National Forensic 
Sciences University, Gandhinagar, India vide letter no. NFSU/SDSR/IEC/Certifi-
cate/273/21.

2.2. DNA extraction and quantitation
DNA was extracted using the DNeasy® Blood and Tissue kit (Qiagen) as per 

the manufacturer’s protocol. Extracted DNA was quantified by UV-visible spectros-
copy using Agilent BioTek Cytation 5 Cell Imaging Multimode Reader. 
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2.3. Multiplex PCR, SBE, and amplified product cleanup
For genotyping IrisPlex’s SNPs, PCR and SBE reactions followed the previ-

ously described protocol and primers [3]. Multiplex PCR was optimized by modu-
lating cycling conditions (Touchdown PCR: 95 °C for 5 mins → 33 cycles of 95 °C 
for 30 s, 67 °C to 60 °C (reduction of 1 °C per cycle till 60 °C) for 15 s, 72 °C for 15 s 
→ 72 °C for 5 mins → 4 °C). PCR reaction volume was optimized to 20 μl. In it, 0.5 
unit (U) of AmpliTaq Gold DNA Polymerase (ThermoFisher Scientific), 1X polymer-
ase buffer, MgCl2 (0.25 mM), dNTPs (0.2 mM), PCR primer concentrations (0.05 μM 
to 0.4 μM), DNA (1 ng), and nuclease-free water (NFW; for volume makeup). PCR 
products (3 μl) were cleaned by Exonuclease I (ExoI; 10 U) and Shrimp Alkaline 
Phosphatase (SAP; 1 U) (37 oC for 1 hour → 85 oC for 15 mins). For multiplex SBE, 
the reaction volume was optimized to 5 μl, in which cleaned PCR product (1 μl), 
SNaPshotTM reaction mix (1 μl), SBE primer concentrations (0.1 μM to 0.3 μM), 
and AS (0 mM, 50 mM, 80 mM, 100 mM) were added. AS was added to the SBE 
primer mix. SBE cycling conditions were set as described earlier [3]. SBE products 
were cleaned by SAP (37 oC for 1 hour → 85 oC for 15 mins). PCR, SBE reaction, and 
Exo-SAP cleanup were carried out on the ProFlex™ PCR system (ThermoFisher 
Scientific).

2.4. Capillary electrophoresis (CE) and analysis
Cleaned SBE products were separated and detected by CE on the ABI 3500 

Genetic Analyzer (Life Technologies) using 1 μl cleaned SBE product, 8.7 μl Hi-
Di™ formamide, and 0.3 μl GeneScan™ 120 LIZ® Size Standard (ThermoFisher 
Scientific). For CE, optimized instrument module parameters were: Pre-run (10 
kV/ 200 s), Injection (1.6 kV/ 8 s), Run (10 kV/ 900 s), and Data Delay (200 ms). CE 
results (.fsa files) were analyzed on GeneMapperTM ID-X v1.6 software. Plots were 
created using the ggplot2 package of the R programming language for quantitative 
comparison of electropherogram peaks [6].

3. Results

Application of IrisPlex SNP genotyping protocol [3], resulted in 25 peaks in the 
electropherogram, much more than the expected maximum of 12 peaks (Fig. 1A). 
This suggested the presence of non-specific interactions in the reaction. Com-
parison with no-DNA template and singleplex reaction electropherograms iden-
tified non-specific peaks and also signal peaks corresponding to individual SNPs.  
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Interestingly all non-specific peaks were also present in the no-DNA template re-
action. In this reaction, as only amplification of primer interactions can occur, the 
non-specific peaks observed seemed to be primer dimers. Peak numbers 2, 10, 15, 
and 23 & 24 corresponded to rs1800407, rs16891982, rs12913832, and rs12896399, 
respectively. To address non-specificity, optimization of the genotyping protocol 
was carried out. Touchdown PCR with a primer concentration of 0.1 μM each re-
duced non-specific peaks from 19 to 5 (Fig. 1A). 

However, categorizing peaks 11, 12, and 20 as either signal peaks or primer 
dimers remained challenging as these peaks were present in both DNA template 
and no-DNA template reactions. AS was added in the SBE step to resolve the am-
biguity in the peak interpretation. A progressive reduction of peak heights with an 
increase in AS concentration was observed (Fig. 1B). Average signal peak heights 
varied from 1986.6 relative fluorescence unit (RFU) in 0 mM AS to 329 RFU in 100 
mM AS (Fig. 2A). Peak number 12 diminished from 50 mM concentration onwards, 
while the intensity of peaks 11 and 20 were still above the analytical threshold (50 
RFU) even at 100 mM concentration of AS. This is important as only the peaks 
above the analytical threshold can be considered for genotyping. These results sug-
gest peaks 11 and 20 correspond to rs12203592 and rs1393350, respectively, while 
peak 12 was a non-specific peak. In the 100 mM AS reaction, the intensity of the 
signal peak of rs1800407 fell below the analytical threshold, making it unsuitable 
for genotyping (Fig. 2B).

4. Discussion

IrisPlex system predicts iris color (brown, blue, or intermediate) using genotypes 
from 6 SNPs, with genotyping typically performed via SNaPshotTM Multiplex chem-
istry [3]. In this method, fluorescently labeled ddNTPs extend oligonucleotide 
probes complementary to the target region, revealing the SNP’s genotype. This is 
a widely used chemistry, however, non-specificity is a common problem associated 
with it [2]. Avoiding non-specificity in this assay is important as it may mask signal 
peaks. It may also prevent the detection of novel or rare alleles of SNPs. 

In this study, we report the non-specificity associated with the SNaPshotTM 
based genotyping of IrisPlex SNPs and the optimization of this protocol to mini-
mize the associated non-specificity. Primer interactions and non-specific binding 
of primer to target DNA cause non-specificity in PCR and SBE [1]. Touchdown 
PCR is highly effective in limiting such non-specific amplifications. In touchdown 
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PCR, the starting annealing temperature is set higher than the actual annealing 
temperature. It is then gradually reduced in each cycle till a lower permissive tem-
perature (approximately Tm - 5 oC). Higher temperatures disrupt weaker interac-
tions between primers and between primers and the template, thereby promoting 
the amplification of more stable interactions, primarily those between primers 
and their specific target sequences [9]. This is evident in the current study where 
touchdown PCR significantly reduced non-specific peaks while largely retaining 
the signal peaks (Fig. 2B). Touchdown from 67 °C to 60 °C was found optimal in 
the present study. As the addition of AS to the SBE primer mixture significantly 
reduced primer dimers in a previous study [8], AS was added to the SBE reaction. 
In conjunction with touch-down PCR, AS reduced non-specificity when added to 
SBE. It also helped determine the signal peaks of rs12203592 and rs1393350. NH4

+ 
ions of AS destabilize hydrogen bonding between nucleotides. As a result, weaker 
interactions break and non-specific amplifications are avoided [9]. However, this 
action also affects other more stable interactions, which explains the reduction in 
signal peak intensities (Fig. 3B). Overall, 80 mM AS in SBE seemed optimum as 
non-specific peaks were minimal with all signal peaks retained, thereby maximiz-
ing genotyping efficiency as compared to other concentrations. 

To summarize, touchdown PCR coupled with AS in SBE reduced non-speci-
ficity while maintaining the robustness of the genotyping of IrisPlex SNPs. In this 
study, the genotypes of the samples used were unknown. This optimized protocol 
needs to be further validated with DNA samples or standards with known genotypes 
of IrisPlex SNPs to confirm the accuracy of genotyping.

5. Conclusion

Our results demonstrate effective measures to minimize non-specificity in SNaP-
shotTM Multiplex Kit-based genotyping of IrisPlex SNPs. In this regard, touchdown 
PCR and AS as an additive in SBE emerged as a useful combination. This approach 
improves the reliability of IrisPlex SNP genotyping by significantly reducing 
non-specific peaks, making it a more robust tool for predicting iris color in foren-
sic and research settings. The combination of touchdown PCR and AS in SBE can 
potentially be applied to other genotyping assays facing similar issues. Future work 
will focus on validating this protocol using DNA samples with known IrisPlex SNP 
genotypes to ensure the accuracy of the optimized genotyping method.
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Figure 1. (A) Electropherogram comparison of SNaPshot™-based IrisPlex genotyping reactions 
without a DNA template (top) and with a DNA template (bottom). (B) Electropherograms of 
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and the others indicate non-specific peaks.
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Figure 2. Quantitative analysis of electropherograms of IrisPlex genotyping reactions. (A) 
Average signal peak heights (red dots) across IrisPlex SNPs under different concentrations of 

AS. (B) Comparison of peaks (non-specific peaks, confirmed signal peaks, lost signal peaks, 
unconfirmed signal peaks) across different optimization conditions (PCR cycling condition, 

DNA amount, PCR primer concentration, AS concentration).



Determination of Human Facial Morphology:  
Eye and Forehead Structure

sUmEyyE ZUlal simsEk1*, oZlEm bUlbUl1, gonUl filoglU1

1Istanbul University-Cerrahpasa, Institute of Forensic Sciences and Legal Medicine, Department of 
Science, Buyukcekmece, Istanbul, Turkey.

* Corresponding author at: Istanbul University-Cerrahpasa, Institute of Forensic Sciences and Legal 

Medicine, Department of Science, Buyukcekmece, Istanbul, Turkey, sumeyye.zulal@gmail.com

Abstract 
Forensic DNA phenotyping (FDP) holds significant potential in criminal investigations where 
traditional methods, such as eyewitness accounts or conventional DNA profiling, may be insuffi-
cient. Genetic polymorphism defines phenotypic characteristics, with genome-wide association 
studies (GWAS) identifying loci that affect facial morphology. Research on facial features, inclu-
ding those related to craniofacial anomalies and hereditary diseases, highlights the importance of 
the eyes, forehead, nose, lips, cheeks, and cheekbones in individual identification. Single nucleo-
tide polymorphisms (SNPs) affecting these regions help define facial structure and anomalies. 
These anatomical regions vary among individuals within and across populations. It has been 
determined that some of the identified SNP markers are effective in shaping facial structure, 
while others influence the formation of facial anomalies. The height, depth, and length of the 
eye are important in determining eye phenotype. The main objective of this study is to identify 
SNP loci that play a crucial role in determining the shape of the eyes and forehead, highlighting 
individual variations, which can aid in identifying suspects.

Keywords 
Facial morphology, FDP, forensic genetics, SNP.

1. Introduction

Forensic DNA phenotyping (FDP) is an advanced technique used in forensic sci-
ence to predict an individual’s physical traits based solely on DNA evidence. Unlike  
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traditional forensic DNA analysis, which relies on comparing DNA profiles to known 
individuals or databases, FDP focuses on identifying genetic markers associated 
with phenotypic traits such as hair colour, eye colour, skin pigmentation, and even 
facial structure. This method leverages single nucleotide polymorphisms (SNPs) 
that are linked to observable characteristics, providing valuable information when 
no reference samples or suspects are available. FDP has become particularly useful 
in cases where DNA is too degraded for conventional methods or when investigative 
leads are lacking. By offering clues about a suspect’s appearance or biogeographical 
ancestry, FDP assists law enforcement in narrowing down potential suspects and 
generating investigative leads, though it remains a probabilistic tool rather than a 
definitive form of identification [1], [2].

Genome-wide association studies (GWAS) have identified the loci involved in 
shaping facial morphology [1]. These studies have helped uncover genetic markers 
by focusing on various facial features, particularly those associated with cranio-
facial anomalies such as cleft lip and palate syndrome, as well as hereditary con-
ditions like Down Syndrome [3]the genetic variation that underpins normal hu-
man facial appearance is still largely elusive. Recent development of novel digital 
methods for capturing the complexity of craniofacial morphology in conjunction 
with high-throughput genotyping methods, show great promise for unravelling 
the genetic basis of such a complex trait.\n\nAs a part of our efforts on detecting 
genomic variants affecting normal craniofacial appearance, we have implement-
ed a candidate gene approach by selecting 1,201 single nucleotide polymorphisms 
(SNPs. Key facial regions that play a role in defining an individual’s appearance in-
clude the eyes, forehead width, nose, lips, cheeks, and cheekbones. These features 
vary not only among individuals but also across different populations. While facial 
morphology shares a common aetiological basis, genetic polymorphisms result in 
significant differences among populations, such as Caucasian, Asian, and African 
groups. These genetic differences, or SNP markers, are scattered throughout the 
genome [4]. Some SNPs influence the normal development of facial structure, 
while others contribute to the formation of facial anomalies [5]–[7]allowing for 
an open-ended description of facial variation while preserving statistical power. In 
a sample of 2,329 persons of European ancestry, we identified 38 loci, 15 of which 
replicated in an independent European sample (n = 1,719. Research has shown that 
the development of these features is linked to SNP points on genes such as OSR1-
WDR35, HOXD1-MTX2, WDR27, and SOX9 [5], [8]–[10]only a small number of 
genes related to face morphology have been identified to date. Here, we performed 
a two-stage genome-wide association study (GWAS.
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2. Material studied, methods, techniques

Blood and/or swab samples were collected from 100 unrelated individuals aged 
20–45 who consented to DNA analysis. None of the individuals had experienced 
facial trauma or undergone aesthetic procedures. Standardised photographic docu-
mentation was taken under optimal conditions, including frontal and lateral views. 
Facial measurements were conducted using ImageJ2 software (Figure 1). A panel 
of 19 highly correlated SNP loci associated with eye and forehead morphology was 
selected following a literature review. The SNaPshot® methodology was used to 
analyse the panel.

Figure 1. Measurement of eye and forehead structure

3. Results and Discussion

As a preliminary result of the study, the optimisation of two panels related to the 
eye and forehead regions was successfully completed (Figure 2). In the validation 
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study, the minimum DNA concentration was determined to be 1 ng/µl. The optimi-
sation and validation of the 19-SNP panel were successfully carried out. Genotype 
analyses were conducted on samples from 100 volunteers.

Figure 2. Electropherogram of the 19-SNP Panel showing Multiplex A (10 SNPs) and Multiplex 
B (9 SNPs)

4. Conclusion

Moving forward, we will apply multinomial logistic regression (MLR) to predict 
morphological traits from population samples, enhancing our model for gener-
ating molecular facial composites. The population study, which will be conduct-
ed using the developed panel, aims to create a model for generating a molecular 
facial composite in cases where suspects are absent and missing persons need to 
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be identified. This innovative approach holds potential for aiding investigations in 
such cases and in the detection of missing persons, offering a promising avenue for 
enhancing forensic identification methods.
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Abstract
Fingerprints are commonly encountered contact materials at crime scenes, and the determina-
tion of their time since deposition (TsD) is pivotal in establishing the timeline of the crime and 
finding suspects, which is a challenging issue urgently awaiting resolution in forensic science. 
However, traditional methods of fingerprint TsD inference have various limitations. Mitochon-
drial DNA (mtDNA), with its structurally stable and multicopy nature within cells, offers appli-
cation advantages in trace and degraded biological samples. Longer gene fragments are more 
prone to degradation compared to shorter ones. Thus, by comparing the copy numbers of mtDNA 
markers with different lengths, we developed a quantitative index for fingerprint degradation. 
The findings indicate that mtDNA molecular markers have the potential to serve as powerful 
biomarkers for fingerprint TsD inference.

Keywords
Fingerprints; Time since deposition; mtDNA; Copy number variation; qPCR.

1. Introduction

Fingerprints are commonly found at crime scenes. Determining the time since 
deposition (TsD) of fingerprints assists in elucidating the timeline of a crime and 
suspect identification, etc. For example, suspects may concede to leaving their fin-
gerprints at the scene but often claim the impressions were made at a time unrelated 
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to the criminal event, invoking this distinction for legal defense. Fingerprints have 
distinctive morphologies and are primarily composed of glandular secretions and 
epidermal cells. Previous studies for estimating the fingerprints TsD mainly fo-
cused on morphological characteristics, optical features and non-DNA components 
of fingerprints, facing limitations in accuracy, sensitivity, and specificity [1-5]. 

The contemporary forensic landscape demands more precise inference 
methods for fingerprint TsD inference. Mitochondrial genome has unique appli-
cation advantages in trace and degraded samples due to its structural stability and 
high copy number in cells. The previous study has proved that mtDNA can be can-
didate molecular markers for blood TsD inference based on based on fluorescence 
method [6]. Longer DNA fragments tend to be more susceptible to degradation 
than shorter DNA fragments. Thus, in this study, we developed a set of mtDNA 
molecular markers with varying lengths detected by TaqMan probe method, eval-
uating their ratios against reference genes as degradation indexes, to accurately 
infer fingerprint TsD.

2. Material studied, methods, techniques

2.1 Preliminary screening mtDNA molecular markers and designing 
primers

Based on the CO1 gene in the mitochondrial genome sequence (NC_012920), 
mtDNA markers with different lengths were screened as TsD molecular markers. 
Primers and corresponding TaqMan MGB probe were designed using Oligo software 
v7.6. The species specificity of the candidate mtDNA primers were tested on NCBI 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi); nuclear mitochondrial DNA segments 
(NUMTs) were detected on USCS (https://genome.ucsc.edu/). The conservation of 
the mtDNA primers is verified in the mitochondrial genome sequences of Chinese 
populations. The primer amplification specificity and amplification efficiency of 
candidate mtDNA markers were further verify and optimize based on QuantStu-
dio 3 Real-Time PCR System (Thermo Fisher Scientific, USA).

2.2 Sample preparation
In accordance with the medical ethics, the fingerprints of five unrelated 

individuals aged 24 to 25 years old from Chinese Han population were collect-
ed after signing informed consent. The personal information and health status of 
the participants were recorded. The volunteers showed that they pressed the clean 

https://genome.ucsc.edu/
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slide with three fingertips for 30 seconds and repeated twice. The slide was then 
placed in a cool, ventilated and sunlight-free environment (average temperature: 
25°C; average humidity: 65%), and were collected at different time points (0 days, 
3 weeks, 6 weeks...). With the volunteers’ written consent, 2 mL of their peripheral 
blood was extracted for the preparation of standard samples.

2.3 Preparation of quantitative standards
Total DNA from peripheral blood was extracted using the MagaZorb® DNA 

Mini-Prep Kit (Promega, USA). The copy number of mtDNA were absolutely quan-
tified by probe method on digital PCR platform (Bio-rad, USA). The components of 
the detection system mainly include ddPCRTM Supermix for Probes, mtDNA-specif-
ic primers, FAM/MGB probes, DNA templates and adding ultrapure water to the 20 
μL system. Then, the above system was formed into droplets in the QX200 droplet 
generator, and transferred to 96-well plate for PCR amplification. Finally, QX200 
Droplet Reader is used for droplet reading and data analysis.

2.4 DNA extraction from fingerprint samples and quantification of mtDNA 
markers

Use the double swab method to wipe the fingerprint sample on the glass 
slide, and use the magnetic bead method of the MagaZorb® DNA Mini-Prep Kit 
(Promega, USA) to extract the total DNA of the fingerprint. The quantification 
of the COI multiple fragments was further performed using TaqMan MGB probe 
method on the QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, 
USA). The qPCR detection system of AceQ qPCR Probe Master Mix kit (Vazyme, 
China) is 10μL, including 5μL of Master Mix, 0.2μL of 10um forward/reverse prim-
ers, 0.1μL of 10um Taqman MGB probe, 1μL of DNA template, and 3.5μL of ddH2O. 
Each sample was tested in triplicate for each mtDNA marker. The cycle parameters 
of qPCR are: pre-denaturation at 95 °C for 5 minutes, followed by cycle reaction at 
95 °C for 10 seconds and 60 °C for 30 seconds, 40 cycles.

2.5 Data analyses
Three molecular markers with different lengths (~60bp, ~140bp and 

~350bp) distributed in the mitochondrial COI gene were selected, which were 
further marked as COI60bp, COI140bp and COI350bp, respectively. The copy number of 
mtDNA was calculated according to the qPCR standard curve formula. The natural 
logarithms of the copy number ratios of different mtDNA genetic markers were 
used as the degradation index to evaluate the degradation degree of COI gene. The 
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calculation formulas were shown below.
Indexa = ln (COI140bp/COI60bp)
Indexb = ln (COI350bp/COI60bp)

3. Results

The COI60bp molecular marker was used as the internal reference gene, and 
the COI140bp and COI350bp molecular markers exhibited no NUMTs. In Figure1, the 
melting curves of three candidate TsD markers were in the form of a single peak. 
The amplification efficiencies of the three TsD markers were all over 90%.

Figure 1. Evaluating amplification specificities of TsD primers based on Melting curves, (A) 
for COI60bp primers, (B) for COI140bp primers, (C) for COI350bp primers. Detection of amplification 

efficiency of TsD primers based on 5-fold gradient dilution standards, (D) for COI60bp primers, (E) 
for COI140bp primers, (F) for COI350bp primers. 

The total DNA of peripheral blood was absolutely quantified on the ddPCR plat-
form, which was further utilized as standards for qPCR quantification. As shown in 
Figure 2A & 2B, the concentration of the standard was 1160 copy/µl. Subsequently, 
after extracting DNA from the fingerprint samples at different time points, we em-
ployed qPCR probe method to quantify three TsD mtDNA markers. In Figure 2C, 
the concentration of mitochondrial genes in aged fingerprints (21 days) were found 
to be lower compared to fresh fingerprints. In Figures 2D & 2E, the degradation 
indexes of some fingerprint samples showed significant decreasing trends. Analyses 
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based on the two degradation indexes indicated a discernible degradation pattern 
in some fingerprints after 21 days, with the degradation rates for the Indexb notably 
surpassing that of Indexa. 

Figure 2. Absolute quantification results of standards based on digital PCR platform. The 
threshold fluorescence value for dividing negative and positive droplets is 3051. (A) Digital PCR 
results of negative blank control; (B) Digital PCR quantitative results of standards. (C) The copy 
number of fresh (0 day) and aged (21 days) fingerprints based on qPCR quantitative results. (D) 
Degradation trend chart of fingerprint samples based on degradation Indexa. (E) Degradation 

trend chart of fingerprint samples based on degradation Indexb.
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4. Discussion

This study successfully screened three TsD mtDNA markers with different length 
gradients (COI60bp, COI140bp and COI350bp). In addition to the absence of Numts, spe-
cies specificity, and conservatism in the human population, TsD genetic markers 
also met a series of conditions for amplification detection. The amplification spec-
ificity of the TsD markers was demonstrated through single peak melting curves, 
with all three primer pairs achieving amplification efficiencies exceeding 90%, 
thus validating their potential as candidate molecular markers for fingerprint TsD 
inferences.

Quantitative assessments were performed using absolute quantification of 
peripheral blood DNA on the ddPCR platform, providing standards for subsequent 
qPCR quantification. The initial standard concentration was 1160 copies/µl. Pri-
or research has utilized fluorescence dye methods to estimate the bloodstain TsD 
over a period of up to 14 years [6]. Given the stability of the mtDNA structure, 
we conducted a quantitative assessment of three mtDNA markers in fresh finger-
print samples and those after 21-day interval. Our analyses of DNA extracted from 
fingerprint samples revealed a decline in mitochondrial gene concentrations over 
time, with 21-day aged fingerprints exhibiting lower levels compared to fresh fin-
gerprints, indicating possible degradation of mtDNA. Furthermore, degradation 
indexes showed significant declines in some samples after 21 days, with Indexb 
reflecting a higher degradation rate than Indexa. This finding aligns with previous 
research suggesting that longer nucleic acid fragments are more prone to degra-
dation than shorter ones [7]. Notably, the study acknowledged the challenges asso-
ciated with using fingerprints as trace biological samples [8], where some samples 
did not follow expected degradation patterns, potentially due to interference from 
fingerprint lipids and other factors. To enhance the reproducibility of TsD inference 
results, it is crucial to delineate the extent of various interferences and incorporate 
additional mitochondrial markers of varying lengths to mitigate the randomness 
of degradation. Overall, this research highlights the significant potential of mtDNA 
genetic markers for analyzing complex trace biological samples like fingerprints.

5. Conclusion

This study developed a complete strategy for screening mtDNA TsD markers, 
identifying three COI markers with high amplification specificity and efficiency 
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for fingerprint TsD inference. By analyzing the degradation patterns of mtDNA in 
fingerprints, this study demonstrated a quantifiable degradation pattern that can 
be used to infer fingerprint TsD, showcasing the sensitivity and effectiveness of the 
fluorescent probe method. Due to the particularity of fingerprint samples, future 
studies should expand the sample size and include more TsD genetic markers to 
improve the accuracy and reliability of fingerprint TsD inference.
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Abstract
DNA isolation from human remains is of utmost importance to be able to identify a victim. 
However, there are situations in which, apart from the STR profile, other parameters need to be 
estimated, like the time-since-death. Recent advances in this field point to “-omics” technologies 
to improve these estimates, particularly in skeletonized remains. Among them, transcriptomics 
and proteomics are emerging as promising techniques for this purpose. However, this requires 
the extraction of RNA and proteins from the remains along with the DNA, which is particularly 
challenging in this kind of sample exposed to different environmental conditions. 
This study aimed to assess the efficiency of simultaneous DNA/RNA/protein extraction from teeth, 
the hardest tissues in the human body and most resistant to decomposition. Towards this goal, 
six teeth were processed, separating dentin and pulp and creating aliquots of 200 ng of dentin. 
The Zymo Quick-DNA/RNA™ Microprep Plus Kit was used for the simultaneous DNA/RNA/pro-
tein extraction. Different incubation times on the digestion buffer and proteinase K were evalua-
ted. DNA/RNA/protein concentrations were assessed through Qubit fluorescent quantification, 
and human-specific DNA quantification was carried out by applying the Promega PowerQuant® 
kit. 
According to our results, both Qubit and PowerQuant® quantification showed an increase in 
DNA yield after 24 hours of incubation, although not significant, obtaining average concentra-
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tions around 30 ng/ul. Respective to RNA, time did not impact the RNA yield, obtaining average 
concentrations around 50 ng/ul. In contrast, for proteins, 2 hours of incubation increased the 
protein yield, obtaining average concentrations around 1 ug/ul. To the best of our knowledge, 
this is the first study assessing the efficiency of simultaneous DNA/RNA/proteins from human 
remains, demonstrating that it is possible to isolate these three molecules, obtaining appropriate 
yields, not only for human identification but also for time-since-death estimation.

Keywords
Simultaneous Extraction, Teeth, Human identification, Time-Since-Death Estimation

Introduction

DNA isolation is essential for identifying human remains during major disasters, 
humanitarian crises, and criminal investigations. However, environmental con-
ditions such as humidity, temperature, and microbial activity can hinder the re-
covery of genetic material, often leaving skeletal remains—particularly teeth and 
bones—as the only viable sources of DNA. 

Teeth are particularly valuable for forensic DNA extraction because of their 
hardness and resistance to environmental degradation. They consist of four dis-
tinct tissues: enamel, dentin, cementum, and pulp. The highly mineralized struc-
ture of enamel protects the nucleic acid-rich dentin and pulp from external condi-
tions, making these inner tissues important targets for studies focused on human 
identification [1]. Multiple DNA extraction methods have been studied over time, 
with silica column and magnetic bead techniques being the most prevalent [2-4]. 
Despite this, there is no consensus on the best strategy.

In addition to generating DNA profiles, determining the postmortem in-
terval (PMI) is critical for forensic investigations. Advances in “-omics” technol-
ogies, including transcriptomics and proteomics, are improving PMI estimation 
for skeletonized remains [5]. Moreover, the instability of RNA compared to DNA, 
highlights the need for optimized extraction methods. Selecting a technique that 
allows the simultaneous extraction of high-quality and high-quantity DNA, RNA, 
and proteins from tissue adds a layer of complexity, highlighting the necessity for 
optimized extraction methods.

This study focuses on optimizing the simultaneous extraction of DNA, RNA, 
and proteins from the dentin and pulp of teeth, as this initial stage is key for im-
proving subsequent steps in human identification and estimating the postmortem 
interval (PMI).
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Material and methods

Extraction
Six healthy, erupted third molars from five living donors, extracted between 

5 and 10 years ago, were utilized in this study. Each tooth was irradiated for 15 
minutes using UV light at 254 nm. Subsequently, a diamond cutting disk was em-
ployed to remove the cementum and enamel and to separate the crown from the 
root. The pulp was then separated from the dentin using tweezers. An agate mortar 
and pestle were used to reduce the dentin into thin fragments. Each sample was 
weighed and transferred to 1.5 mL Eppendorf tubes. Specifically, the dentin sam-
ples were divided into 200 mg aliquots in each tube. From each tooth, a single pulp 
sample and several dentin samples were obtained according to the dental mass.

DNA, RNA, and protein were extracted using the Quick-DNA/RNA Miniprep 
Plus Kit (Zymo Research). To each sample, 600 µL of DNA/RNA Shield, 30 µL of 
Proteinase K, and 60 µL of PK Digestion Buffer were added. The samples were in-
cubated in a thermal mixer (Thermo Scientific) at room temperature with contin-
uous agitation for different time points: 2 hours, 5 hours, 12 hours, and 24 hours. 

After incubation, the tubes were vortexed, and the supernatant was trans-
ferred to new 1.5 mL tubes. The extraction process was then continued according 
to the kit’s protocol. Final elution was performed using 15 µL of DNase/RNase-Free 
Water for DNA and RNA, and 200 µL of elution buffer for proteins.

Quantification
Quantification of DNA, RNA, and proteins was performed using different 

methods. Initially, the Nanodrop™ One Microvolume UV-Vis Spectrophotometer 
was performed to determine the presence of DNA/RNA and proteins in the sam-
ples. Additionally, the presence of salts in the extracts was assessed, and for DNA 
and RNA samples, potential contamination with proteins was also evaluated. In a 
second step, the Qubit™ Fluorometer (Thermo Scientific) was employed for more 
precise quantification. Finally, for DNA, human-specific quantification was per-
formed using PCR with the Promega PowerQuant® Kit on the PowerQuant Sys-
tem (Promega Corporation), following the manufacturer’s protocol. This analysis 
allowed for the evaluation of DNA quality by determining the degradation index 
(DI) and detecting potential inhibitors through the internal PCR control (IPC).

STR Amplification and Analysis
Nuclear DNA profiling was conducted by amplifying 23 autosomal STRs and 

the amelogenin gene using 1 ng of DNA per sample. This was performed with the 
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Promega PowerPlex® Fusion 6C System (Promega Corporation) on the ProFlex™ 
PCR System (Thermo Fisher Scientific) in a total volume of 25 µL, over 29 cycles. 
Subsequently, fragment analysis was carried out using the SeqStudio Genetic Ana-
lyzer (Thermo Scientific) with the following parameters: 7-second injection time, 
1200 V injection voltage, 1440-second run time, and 9000 V run voltage. For the 
final analysis of DNA profiles, the Microsatellite Analysis Software in Thermo Fish-
er Cloud was used with a threshold of RFU 150 for peak detection.

Statistical analyses
Statistical analyses were carried out using SPSS® (IBM), including both 

parametric and non-parametric tests.

Results

DNA/RNA/protein quantification
Initially, the total nucleic acids and proteins were measured in all samples 

using Nanodrop™. The average values for dentin and pulp combined were 46.11 
ng/µl for total DNA, 107.18 ng/µl for RNA, and 4.17 µg/µl for proteins. Following 
this, the Qubit fluorescence method was used for more precise quantification, re-
sulting in values of 33.23 ng/µl for DNA, 57.17 ng/µl for RNA, and 1.08 µg/µl for 
proteins.

Specifically for human DNA quantification using PowerQuant®, the total 
DNA concentration was 21.68 ng/µl. The average concentration for dentin samples 
using this last method was 15.73 ng/µl, while pulp samples showed a concentration 
of 45.50 ng/µl. In terms of tissue differences, DNA yield was significantly higher in 
pulp compared to dentin (One-way ANOVA, p=0.009).

Due to the higher number of samples extracted from dentin (n=24) com-
pared to pulp (n=6) and considering that all dentin samples had the same weight, 
the following analysis at different incubation times (2, 5, 12, and 24 hours) is pre-
sented exclusively for dentin samples.

The Qubit quantification specifically for dentin samples across all time in-
tervals yielded the following results: DNA concentration 31.58 ng/µl (SD = 12.74), 
RNA concentration 51.42 ng/µl (SD = 33.04), and protein concentration 1.02 µg/
µl (SD = 0.23). The data indicated no significant differences in DNA concentration 
(Kruskal-Wallis, p = 0.181) or RNA concentration (One-way ANOVA, p = 0.813) 
across different incubation times, with the highest levels observed at 24 hours. 
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Similarly, protein concentrations did not show significant variations (One-way 
ANOVA, p = 0.412) between the time intervals (Figure 1).

Figure 1. Concentration of nucleic acids (ng/µl) and proteins (µg/µl) as a function of 
incubation time.

Human DNA quantification using PowerQuant® showed that DNA yield increased 
with longer incubation times (24 hours), although this increase was not statisti-
cally significant (One-way ANOVA, p=0.064). The greatest deviation was observed 
at the 2-hour incubation time. Regarding the Quality Assessment, no sample inhi-
bition was detected below the IPC shift. The degradation index values were below 
the threshold for all incubation times and samples, except for those from tooth 2, 
which showed a higher-than-expected degradation index (DI) ratio. This difference 
was statistically significant compared to all other teeth (ONE-WAY ANOVA, p < 
0.05).

STR analysis
STR profiles were evaluated using the Promega PowerPlex® Fusion 6C 

System (Promega Corporation) on different samples. Dentin samples from tooth 
3 were analyzed at various time intervals (2, 5, 12, and 24 hours), whereas pulp 
samples from multiple teeth (teeth 1–4) were studied at the same time interval (24 
hours). All samples yielded complete DNA profiles.
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Discussion

High quantities of DNA, RNA, and proteins were successfully extracted and quanti-
fied using different methods across all time points. Given their low porosity, high 
mineralization, and protection within the jaw, these results suggest that teeth are 
optimal samples for analyzing cadaveric material [6].

High-quality DNA was also demonstrated through human DNA quantifica-
tion using PowerQuant®. For future analyses, RNA and protein quality could be 
assessed through gel electrophoresis. Additionally, proteins could be further ana-
lyzed using mass spectrometry, while specific RNA analysis could be investigated 
through RT-qPCR (Reverse Transcription-Quantitative polymerase chain reaction).

According to the data, both the Qubit and PowerQuant® quantification 
methods demonstrated an increase in DNA yield after 24 hours of incubation. Al-
though this difference was not statistically significant, it suggests potential optimi-
zation of the extraction protocol by extending the incubation time to 24 hours for 
teeth. Despite the inherent concentration variations associated with each method, 
a consistent pattern was observed across different incubation times. Furthermore, 
the high standard deviation in the quantification results can be attributed to the 
nature of the sample [2, 7].

Specifically for quantification using PowerQuant®, no PCR inhibition was 
observed, which is an important factor for selecting the most efficient DNA ex-
traction procedure [3]. In dentin samples, the increased degradation index was 
observed only in tooth 2, indicating also that this may be more related to the char-
acteristics of the sample itself rather than the extraction efficiency. 

Moreover, the pulp exhibited a significantly higher DNA yield compared to 
dentin (p=0.009), consistent with findings from previous studies [4]. This is expect-
ed, as the pulp is a highly vascularized tissue that contains multiple cell types [2, 8]. 
However, one notable advantage of dentin over pulp is the larger amount of sample 
available for extraction. On average, five to seven 200 mg Eppendorf tubes of dentin 
were obtained per tooth, compared to a single sample from the pulp. Therefore, 
both factors should be carefully considered when selecting tissue for analysis.

The successful amplification of complete DNA profiles across all incubation 
times (2, 5, 12, and 24 hours) demonstrates the robustness of the extraction meth-
od. The 24-hour samples, which yielded higher DNA concentrations and complete 
profiles, may offer advantages when multiple determinations are required from 
the same sample. Increased DNA yield could enable both individual identification 
and postmortem interval (PMI) estimation. Additionally, minimizing DNA loss is 
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crucial if DNA methylation analysis is carried out to improve age estimates, as the 
initial bisulfite treatment requires significant DNA quantities

Overall, these results show the importance of considering both tissue type 
and incubation time in optimizing DNA/RNA and protein extraction protocols. The 
high variability found among the samples highlights the need for future investiga-
tions to consider larger sample sizes and study teeth under various conditions—
such as exposure to burning or acidic/alkaline soils—to better simulate real-life 
forensic scenarios.

Conclusion

In this study, high quantities of DNA, RNA, and proteins were simultaneously ex-
tracted from teeth using the Quick-DNA/RNA Miniprep Plus Kit (Zymo Research). 
Additionally, high-quality DNA samples were demonstrated through STR analysis. 
This method could be particularly advantageous for real case samples, maximizing 
the biological material available from DNA profiling to postmortem interval (PMI) 
estimation. To our knowledge, this is the first study to successfully demonstrate 
the simultaneous extraction of DNA, RNA, and proteins from teeth, providing im-
portant insights for DNA identification and time since death estimation.
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Abstract 
The stability DNA and mRNA are important to know under different conditions. Saliva was exa-
mined under different conditions. Saliva was stored dried on glass, fabric, and cotton swabs 
alongside liquid saliva at ambient temperature. DNA and mRNA yields were tested at time points 
between zero hours and up to 6 months.
Saliva was also dried on a few additional non-absorbent surfaces; glass beads, plastic counters 
and metal discs. Samples were tested at a number of different time periods from zero hours and 
28 days.
The impact of storage temperature on the stability of DNA and mRNA was assessed with vaginal 
swabs and saliva swabs. Storage at ambient temperature, 4°C and -20°C were tested over a period 
of up to six months.
Samples were extracted and DNA was quantified with the PowerQuant® (Promega) system. 
mRNA recovery was assessed using an RT-qPCR assay targeting the FDCSP marker for saliva and 
the CYP2B7P1 marker for vaginal material.
The data showed that mRNA transcripts are generally stable, but storage on certain sample ma-
trices (specifically hard, non-absorbent surfaces in the case of the FDCSP transcript) can lead to 
rapid degradation of mRNA, whilst DNA remains stable. Furthermore, DNA in liquid saliva can 
degrade with little to no impact on mRNA.

Keywords 
Body fluid ID, mRNA, stability, sample matrix, temperature.

1. Introduction

DNA and mRNA are important targets used in the assessment of forensic evidence 
at sub-source and source levels. Knowing the stability and how different surfaces 
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impact the ability to detect these nucleic acids is important to better understand 
the likely results that might be observable from crime stain samples.

Here we look at the impact of different sample matrices on the recovery 
and detection of DNA and mRNA from saliva. In addition, to measuring the impact 
on DNA and mRNA stability from saliva and vaginal swabs stored under different 
temperature conditions.

2. Material studied, methods, techniques

2.1. Storage of saliva on different surfaces and storage of vaginal and saliva 
swabs under different temperature conditions.

Saliva was taken from three consenting donors. Several different surfaces/
conditions were tested: (1) Dried on absorbent materials (cotton and cotton swabs) 
(2) Dried on non-absorbent material (Glass slides, stainless steel, polypropylene 
discs, glass beads). (3) stored as an aliquot of liquid saliva. 

20µL of saliva from each donor was deposited for each condition. Where re-
quired, samples were allowed to dry for one hour (i.e. all samples except the liquid 
saliva aliquots). Twelve replicates were created for each donor/matrix combination. 
All samples were stored at ambient temperature (~20°C) and one of each replicate 
was tested at the timepoints: 0 hours (h), 1h, 6h, 24h, 48h, 7 days (d), 14d, 1 month 
(m), 3m, 6m, 12m.

Fabric swatches and liquid saliva samples were lysed directly in a 1.5mL Ep-
pendorf tube. Non-absorbent surfaces were sampled with a cotton swab moistened 
with 20µL of water. 

An additional set of saliva swabs and vaginal swabs (not dried) was stored at 
three different temperatures: ambient temperature (~20°C), 4°C and -20°C for up 
to 3 months and tested in two to three replicates at each time point.

Swab heads were placed into a 1.5mL Eppendorf tube prior to storage to 
allow for immediate lysis following storage.

2.2. Sample lysis, purification, quantification and body fluid identification 
processing

Lysis and purification used the Qiagen Investigator STAR Lyse&Prep kit 
modified for improved total nucleic acid purification. All samples were quantified 
using a reduced volume PowerQuant® assay.
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mRNA expression was measured with a multiplex one-step RT-qPCR assay 
containing the following targets:

— CYP2B7P1 [1] (vaginal secretions, Hs00933441_g1 (FAM), Thermo Fis-
her))

— FDCSP [2] (saliva, Hs00395133_m1 (VIC), Thermo Fisher)). 

These targets were chosen based on high expression within the body fluids 
of interest, and absence of false positives associated with expression in non-target 
body fluids and/or from the detection of human gDNA. 

The assays both amplify small amplicons to improve detection of degrad-
ed mRNA targets. Assays were chosen that contained probes that span Exon-Ex-
on junctions to provide specificity to the mRNA target over gDNA. An exogenous 
IPC (Quasar 670) was also included in the assay (Eurogentec). The GoTaq® Probe 
1-Step RT-qPCR mix (Promega) was used in the assay with the fast-cycling condi-
tions detailed within the user manual.

3. Results

3.1. Storage of saliva on different surfaces
Samples stored on absorbent surfaces such as cotton swatches and cotton 

swabs showed no notable change in DNA concentration or mRNA detection with 
regards to mRNA Cq value (Figure 1).

Figure 1. DNA yield (A) and mRNA detection (B) for saliva samples stored on fabric for up to 
one year. Donors are colour coded.

The samples stored as an aliquot of liquid saliva showed that DNA yield steadily 
declined over time. The decrease in DNA yield was clearly observable from seven 

A

B

A

B
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days. At six months, DNA yield had decreased two to four orders of magnitude. 
mRNA detection also decreased with Cq values steadily increasing up to until three 
months at which point some samples would not provide detectable results. After six 
months there were no detectable results. (Figure 2).

Figure 2. DNA yield (A) and mRNA detection (B) for saliva samples stored as liquid for up to 
one year. Donors are colour coded.

The samples stored on non-absorbent surfaces showed no notable change in DNA 
yield. However, there was a rapid reduction in mRNA detection. One of the glass 
samples showed no detection of the mRNA target even after a single hour of stor-
age. There was no mRNA detected in any of the glass samples at one month. 

This was a consistent effect observed across all hard surfaces tested (only 
glass slide results shown in Fig 3), where DNA showed no notable reduction in 
DNA yield, yet the mRNA component of the sample samples would rapidly degrade.

There seemed to be some association with donor in this study, with some 
donors failing to provide detectable levels of mRNA sooner than others. 

Figure 3. DNA yield (A) and mRNA detection (B) for saliva samples stored as dried stains on 
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glass for up to one year. Donors are colour coded.

3.2. Storage of saliva and vaginal material at different temperatures for up 
to 3m (ambient, 4°C,-20°C)

Saliva swabs stored undried at -20°C over a three-month period showed no 
notable change in DNA yield or change to mRNA Cq value. At 4°C there was no 
notable change in DNA yield over the three-month period. However, the mRNA 
detection was much more variable with some samples being undetected after as 
little as 24 hours and others being detected at all time points up to three months. 
The undried swabs stored at ambient temperature showed a notable decrease in 
DNA yield over time. The mRNA data showed rapid decreases in mRNA detection 
with mRNA not being detected all except one sample at or after 24 hours of storage, 
there was a single detectable observation at 48 hours.

Vaginal swabs stored undried at all temperatures (-20°C, 4°C and ambient) 
showed no notable change in DNA yield or change to Cq value over the entire 
three-month period of this study. Data are not shown for this experiment. These 
data suggest that there may be difference in sample stability between different body 
fluids, this may be associated with the mRNA molecules themselves being stable, or 
differences at the cellular level that may or may not be more detrimental to mRNA 
stability (data not shown).

4. Conclusion

The results from this investigation show that different sample matrices can impact 
the detection of mRNA over time that are not directly proportional to any impact 
on DNA. This is particularly true of non-absorbent surfaces where the ability to de-
tect dried saliva was rapidly reduced. This observation appears to be true of several 
non-absorbent surfaces.

Samples that were seeded with saliva and left undried degraded much more 
rapidly than those that were dried, this indicates that the presence of moisture 
within a sample can hasten the loss of DNA and mRNA detection.

The CY2B7P1 mRNA target in vaginal material appears to be markedly more 
stable than that of the FDCSP marker in saliva. Further work is required to deter-
mine the impact of non-absorbent surfaces of mRNA on vaginal material. Addi-
tionally, studies looking at whether these body fluid related differences are entirely 
related to body fluid or whether gene target of mRNA target location (i.e. different 
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exon-exon junctions) have an impact on observed stability, as has previously been 
suggested [3]
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Abstract 
Interest in forensic RNA analysis has increased over the last years. RNA molecules present in 
forensic samples can accurately be quantified via quantitative PCR (qPCR), however, due to the 
limited number of markers that can be assayed simultaneously per reaction, qPCR is less sui-
table for applications requiring gene expression quantification of large marker sets. Few years 
ago, massively parallel targeted RNA-sequencing (targRNAseq) allowing to simultaneously and 
accurately quantify several hundreds of markers has been added to the forensic genetic tool set. 
However, typical targRNAseq protocols include a multiplex-PCR-step to amplify selected targets 
which potentially introduces bias and limits accurate gene expression quantification.
Unique Molecular Indices (UMIs) have been invented to overcome this limitation and have been 
implemented in protocols from some vendors. 
In this study, we compared two targeted RNAseq protocols assaying expression of a set of 121 
forensically relevant mRNA biomarkers: The Ion Ampliseq targeted RNA sequencing panel (Ther-
mo Fisher Scientific), which employs a multiplex-PCR without the use of UMIs, and the QIAseq 
targeted RNA panel (QIAGEN), which uses UMIs prior to multiplex amplification. 
Both protocols were tested on replicated samples and dilution series and compared with respect 
to sensitivity and accuracy of gene expression quantification. 
The UMI-based protocol exhibited decreased sensitivity in comparison to the non-UMI-based al-
ternative, however, making use of UMI technology greatly improved gene expression quantifica-
tion accuracy. We thus recommend the use of UMI-based protocols for targeted RNA sequencing 
for applications requiring accurate gene expression quantification. 

Keywords
forensic RNA analysis, targeted RNA sequencing, gene expression quantification, unique mole-
cular indices
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1. Introduction

Analyses of differential gene expression to identify body fluids and/or organ tissues 
present in biological stains are routinely performed by several forensic laboratories 
worldwide and other potential applications of forensic RNA analysis are currently 
being explored. 

Gene expression can accurately be quantified via quantitative PCR (qPCR) 
however, this method is less suitable for applications requiring the simultaneous 
analysis of large marker sets. Few years ago, massively parallel targeted RNA se-
quencing (targRNAseq) enabling simultaneous quantification of several hundreds 
of markers has been adopted for forensic molecular analyses. However, typical 
targRNAseq protocols include a multiplex-PCR to amplify selected targets which 
potentially introduces bias and limits accurate gene expression quantification. 
Unique Molecular Indices (UMIs), barcodes tagged to individual target molecules 
prior to PCR amplification and thus allowing to differentiate whether sequencing 
reads have been generated from a single or several distinct original target mole-
cules, have been devised to overcome this limitation and have since been imple-
mented in workflows and kits from some vendors. 

Here, we assess whether the utilization of UMIs provides an advantage in tar-
gRNAseq for gene expression quantification in forensic samples. To this purpose, 
we compared two targRNAseq protocols to quantify the expression of a set of 121 
forensically relevant mRNA biomarkers: The Ion AmpliSeq Library preparation kit 
(Thermo Fisher Scientific), in which multiplex PCR is performed without the use 
of UMIs, and the QIAseq targeted RNA panel (QIAGEN), which introduces UMIs 
prior to multiplex amplification.

2. Material studied, methods, techniques

2.1 Samples
Blood samples were obtained by fingerprick from four volunteers (2 males, 

2 females) at two different time points of the day (donors A and B) or at a single 
time point (donors C and D). Samples were stored at -80°C immediately (donors 
A and B) or after a drying period at room temperature for 2 days (donor D) or for 
2 days and 16 days (donor C, two samples taken directly after each other, stored 
for different time periods). Total RNA was extracted using the mirVana miRNA 
isolation kit (Thermo Fisher Scientific) following the manufacturer’s instructions  
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including a lysis step for 30 min at 56°C. Genomic DNA was removed from the 
RNA extracts using the TURBO DNA free kit (Thermo Fisher Scientific) according 
to the manufacturer’s protocol. RNA concentrations were then quantified using 
the Qubit High Sensitivity Assay on a Qubit 2.0 Instrument (both Thermo Fisher 
Scientific). 

2.2 Library Preparation and Sequencing
Sequencing libraries were prepared using the Precision ID Library kit with 

Precision ID IonCode™ Barcode Adapters (Thermo Fisher Scientific) and the 
QIAseq targeted RNA panel with the QIAseq Targeted RNA 96-Index HT L for Ion 
Torrent (QIAGEN) according to manufacturer’s instructions (“Ion AmpliSeq RNA 
libraries” protocol from the Ion AmpliSeq Library Kit Plus User Guide and “Ul-
tra-low input and FFPE Sample v2” protocol, respectively). Custom primer panels 
targeting 121 forensically relevant mRNA markers for body fluid identification [1] 
and time of day estimation [2] were designed by and obtained from each manufac-
turer separately. 

For comparison of gene expression accuracy, sequencing libraries were pre-
pared in triplicates (for two samples from donor A) or duplicates (for two samples 
from donor B) with an input amount of 20 ng total RNA per library.

For assessing the assay sensitivity, sequencing libraries were prepared in a 
three-point dilution series with input amounts of 20 ng, 5 ng and 0.5 ng (for three 
samples from donors C and D). 

Libraries were quantified by qPCR (Ion Library TaqMan™ Quantitation 
Kit (Thermo Fisher Scientific) and QIAseq™ Library Quant Assay Kit (QIAGEN), 
respectively) and equimolarly pooled for sequencing on two Ion 530 sequencing 
chips. Templating and sequencing were performed using the Ion S5™ Precision ID 
Chef & Sequencing Kit on an Ion Chef and an Ion GeneStudio S5 system instru-
ment, respectively (all Thermo Fisher Scientific). 

2.3 Data analysis
Raw sequencing data analysis was performed on the Ion Torrent Suite plat-

form (Thermo Fisher Scientific). For the Ion AmpliSeq-libraries, raw read counts 
were obtained as end-to-end-reads from sequencing data using the CoverageAnal-
ysis plugin from the Ion Torrent Suite (Thermo Fisher Scientific). For the QIAseq 
libraries, raw read counts and raw UMI counts were obtained using the QIAseq 
targeted RNA panels gene expression pipeline on the web-based MyGeneGlobe plat-
form (QIAGEN).
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Raw read counts/raw UMI counts were rlog-transformed and Principal 
Component Analysis (PCA) was performed using the DEseq2 [3] package (version 
1.42.1) in R (version 4.3.2). 

3. Results

3.1 Accuracy

Figure 1. Comparison of gene expression quantification accuracy between sequencing 
libraries prepared with and without UMIs

a – Coefficient of variation between normalized marker read counts for two 
samples analyzed in triplicates with each protocol.

b – Principal Component Analysis for samples from two individuals taken at 
two different time points each, analyzed in triplicates (donor A) or dupli-
cates (donor B). *Data points for individual B (14.00h) are directly above 
each other so that they cannot be visually separated. 

Replicate samples analyzed with the UMI-based protocol exhibited lower 
coefficients of variation than replicate samples from the protocol without UMIs 
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(Figure 1a). Accordingly, in the PCA plot a tighter clustering of replicate samples 
and a better separation of distinct samples can be observed for the protocol with 
UMIs (Figure 1b).

3.2 Sensitivity

Figure 2. Comparison of gene expression quantification sensitivity between sequencing 
libraries prepared with and without UMIs

a – Number of markers detected above a raw read count threshold for se-
quencing libraries prepared from 20 ng, 5 ng and 0.5 ng total RNA with 
each protocol. Indicated values represent an average from three samples 
per dilution. 

b – Principal Component Analysis for samples from two individuals dried 
for two different time periods at room temperature (2 days and 16 days), 
analyzed in at RNA input amounts of 20 ng, 2 ng and 0.5 ng. 

For the UMI-based protocol, marker detection was decreased with lower 
sample input amounts while this was not observed for the protocol without UMIs 
(Figure  2a). However, samples sequenced with the UMI-based protocol showed 
better separation according to biological properties even for the diluted samples, 
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whereas samples from distinct donors were not separated in the PCA plot for the 
protocol without UMIs (Figure 2b). 

4. Discussion

The UMI-based protocol resulted in more accurate gene expression quantification 
compared to the library preparation protocol without UMIs, as evidenced by low-
er technical variation. This is in line with the theoretically expected advantage of 
UMIs reducing PCR-induced bias. 

Marker detection sensitivity was reduced in the UMI-based protocol, which 
may be caused by loss of sample material in the molecular tagging step or during 
the bead clean-up steps in the library preparation protocol. However, while mark-
ers were still detected from very low input amounts with the protocol without 
UMIs, quantitative information from these measurements has to be considered less 
reliable as evidenced by a loss of the ability to distinguish distinct samples in PCA. 

5. Conclusion

Replicate samples analyzed with the UMI-based protocol exhibited a lower variation 
than replicate samples analyzed with the protocol without UMIs. The detection 
sensitivity was reduced in the protocol with UMIs compared to the protocol with-
out UMIs, however, biological differences (inter-individual differences, differences 
between sampling time points) were better captured with the UMI-based protocol. 
We thus recommend the use of UMI-based protocols for targeted RNA sequencing 
for applications requiring accurate gene expression quantification. 
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Abstract 
Personal identification can determine the donor of biological traces left at crime scenes, and 
body fluids identification helps to link the donor to the criminal behavior, both of which are cru-
cial to the investigation and prosecution of a case. Recent studies have shown that the differential 
expression patterns of mRNA can identify body fluids, and its sequence variation can be used to 
distinguish donors. Long fragment reading of nanopore sequencing can reduce the effects of PCR 
bias and fragment splicing comparing massively parallel sequencing (MPS) and find more base 
variation. In this study, we developed a targeted multiple nanopore mRNA sequencing system for 
forensically relevant body fluid identification (peripheral blood, menstrual blood, saliva, semen, 
and vaginal secretion), containing 12 mRNA markers (CD3G and CD93 for peripheral blood, 
MMP10, MMP7 and MMP11 for menstrual blood, PRB4 and STATH for saliva, SEMG1 and SEMG2 
for semen, FAM83D and DKK4 for vaginal secretion, and LCE1C for skin) together with two refe-
rence genes (ACTB and GAPDH). The results demonstrated that in peripheral blood, semen and 
menstrual blood samples, only the specific mRNAs were highly expressed, with the average reads 
proportion of 99.38%, 99.99% and 97.59%, respectively. However, in saliva and vaginal secretion 
samples, due to the expression of vaginal secretion markers FAM83D and DKK4 in saliva and 
skin markers LCE1C in vaginal secretions, the average reads of specific mRNA accounted for only 
66.60% and 64.49%, respectively. However, in saliva and vaginal secretion samples, the average 
read of specific mRNAs accounted for 66.60% and 64.49%, respectively. Despite the presence of 
cross-reactivity, each of the body fluid has unique mRNA profiles, allowing effective identification 
of body fluids. In addition, 41 cSNPs were contained in 14 mRNA transcripts, which helps to 
establish a link between the body fluids and the donors, but more cSNPs are needed to improve 
the power of discrimination.
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1. Introduction

Identifying the body fluids and personal source of biological stain deposited at crime 
scenes can establish an important link between the donor and the criminal activity, 
and contribute to the investigation and prosecution of cases [1]. With advancements 
in genomics and technologies, body fluid identification has shifted from traditional 
protein-based methods to a variety of genetic markers, including DNA methylation, 
copy number variations, mRNA, microRNA, lncRNA, circRNA, piRNA, and microbi-
omes [2]. Notably, the tissue/body specificity of mRNA and its feasibility for co-anal-
ysis with DNA have been validated through several collaborative researches [3-6].

However, the independent detection and analysis of DNA-based person-
al identification and RNA-based body fluid may lead to “the association fallacy” 
[7]. Omedei et al. [8] proposed coding region SNPs (cSNPs) in body fluid-specific 
mRNA can assign body fluids to donors. Some research groups have developed dif-
ferent cSNP panels based on SNaPshot sequencing and massively parallel sequenc-
ing (MPS) technology platforms for identifying single type of body fluid donors 
and several types of body fluid contributors in mixed samples [9-11]. In addition, 
a collaborative exercise analyzed body fluid stains with a 33plex mRNA panel and 
a 35plex cSNPs panel to simultaneously identify body fluids types and donors [12]. 
Compared to MPS, Nanopore sequencing, with its ability to read long fragments, 
can reduce the effects of PCR bias and fragment splicing, and make it possible to 
detect more cSNPs in specific mRNAs using fewer primers, reducing the complex-
ity of amplification system construction. 

Therefore, in the present study, we developed a nanopore sequencing-based 
mRNA set comprising 12 specific mRNAs and 2 reference genes for the simultane-
ous analysis of body fluids and personal sources, with 41 cSNPs contained in the 
14 mRNA transcripts.

2. Material studied, methods, techniques

2.1. mRNA selection and primer design 
Specific mRNAs were selected from previous collaborative exercises [6, 13], 

with ACTB and GAPDH commonly used as reference genes (RGs) [14, 15]. Using 
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Primer-Blast, primers were designed to span at least one exon-exon junction to 
avoid genomic DNA contamination, and amplicon length was set between 500 
bp and 1000 bp to minimize amplification bias. Primer specificity was validated 
through 1.5% agarose gel electrophoresis and nanopore sequencing. Details of 
mRNAs and primers used for multiplex PCR were shown in Table 1.

Table 1. Characteristics of candidate reference genes and body fluid-specific mRNAs.

Genes Chr. PCR primers
Production 
(bp)

cSNPs 
number

Specificity

ACTB 7
F: GGCTGTGCTATCCCTGTACG

574 1 RG
R: CTTGATCTTCATTGTGCTGGGT

GAPDH 12
F: GGCAAATTCCATGGCACCG

761 2 RG
R: AAGTGGTCGTTGAGGGCAAT

CD3G 11
F: CCGGAGGACAGAGACTGACA

600 3 PB
R: GGAGAACACCTGGACTACTCTG

CD93 20
F: GATGAGTGTGCTCTGGGTCG

789 5 PB
R: CCCAGGTGTCGGACTGTACT

PRB4 12
F: TGAGAGTTCAAGTGAAGATGTCAGC

771 5 SA
R: ACGGCATTTGTAGCAATTGAATTAT

STATH 4
F: GTCTCATCTTGAGTAAAAGAGAACC

630 2 SA
R: ACCTCTGACATTATGGGCTTC

SEMG1 20
F: AAACCTCACTCTGTCCTGCG

748 5 SE
R: ACTGAGGTCAACTGACACCTTG

SEMG2 20
F: AACTGTGGAGAAAAGGGCATCC

735 2 SE
R: TGAGGTCGGGTGACACCTTG

FAM83D 20
F: GCAACAGGCTCCTACAGTTTTAC

870 1 VA
R: GTTGAGCCGGGACCTGATAC

DKK4 8
F: AGCCGATTTCACGCACCTTAC

602 1 VA
R: TTCTCCCTCTTGTCCCTTCCTG

MMP10 11
F: ACCCACCTTACATACAGGATTGT

731 3 MB
R: CCTCTGATGGCCCAGAACTC

MMP7 11
F: GTGGGAACAGGCTCAGGACTAT

740 3 MB
R: GAATGAATGGATGTTCTGCCTGA

MMP11 22
F: GATCGACTTCGCCAGGTACT

638 1 MB
R: TTTCACCGTCGTACACCCAG

LCE1C 1
F: GTGACCCCGCTCCTGAA

646 7 SK
R: GCACGCTGCAAATGACATTGA
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2.2. Samples preparation, multiplex PCR and nanopore sequencing
56 samples of peripheral blood (PB), saliva (SA), semen (SE), vaginal secre-

tions (VA) and menstrual blood (MB) were collected from unrelated healthy indi-
viduals who had given informed consent. Total RNA was isolated, quantified, and 
then reverse transcribed into cDNA. Multiplex PCR was optimized by adjusting 
RNA input, primer concentration, annealing temperature, and cycle number. Li-
brary preparation was completed by end-repair, adapter ligation, purification and 
quantification, followed by nanopore sequencing of each library individually using 
the QNome-3841.

2.3. Data analysis
The sequencing data were filtered with Q-value > 8 and then aligned to ref-

erence sequences composed of the targeted cDNAs. The sequence data that met the 
following criteria—coverage > 90% and fewer than 40 bp of soft-clipped at the left 
and right ends—were analyzed expression patterns of 12 mRNAs in different body 
fluids based on the reads proportion. The SNPs detected by sequence were aligned 
to 1000 Genomes Phase 3 data, filtering for those with a minimum allele frequency 
(MAF) ≥0.1. Sequencing performance metrics, linkage disequilibrium of cSNPs and 
the power of discrimination (PD) for each body fluid were calculated. 

3. Results

We developed a targeted multiplex nanopore mRNA sequencing assay for body fluid 
and personal source identification using the QNome-3841 platform. The multiplex 
PCR amplified 12 specific mRNA markers along with two reference genes (RGs), 
yielding amplicon lengths ranging from 574 to 870 bp. The amount of data among 
56 samples ranged from 540 to 1,037 Mbp, with an average of 1,104,819 total reads 
and 1,103,260 mapping reads per sample. The median percentage of noise levels for 
all samples were below 1% with the exception of one MB sample (5%).

The reference genes ACTB and GAPDH were stably and highly expressed 
in 56 samples. Figure 1 showed the expression levels of 12 specific mRNAs in five 
body fluids, excluding the reference genes. We found that only CD3G and CD93 
were expressed in PB, while SEMG1 and SEMG2 were exclusively expressed in SE. 
The average read proportions of PB- and SE-specific mRNAs in their target body 
fluids were 99.38% and 99.99%, respectively. Although in MB CD3G and CD93 
were expressed in MB, the average read proportions of MMP7, MMP10, and MMP11 
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reached 97.59%. In SA, the expression level of PRB4 was significantly higher than 
that of STATH, with the average read proportion of 66.60% for these two SA-specif-
ic mRNAs. Additionally, other specific mRNAs were also expressed, with VA-specific 
mRNAs showing the highest average proportion at 20.62%. FAM83D and DKK4 
were highly expressed in VA, and the average reads proportion of both was 64.49 %. 
However, high expression of the skin biomarker LCE1C was also observed in 8 out 
of 11 vaginal secretion samples (22.13%).

Figure 1. The Average reads proportion of 12 mRNAs in different body fluid samples. Different 
colors indicate the type of body fluid to which mRNA belongs. A, B, C, D and E correspond to 

PB, SA, SE, VA and MB samples, respectively.
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According to 1000 Genomes Phase 3 data, 41 cSNPs with MAF≥0.1 were contained 
in 14 mRNAs, forming 37 RNA microhaplotypes (MHs). Using LDlink software, we 
evaluated the linkage between different genes on the same chromosome and found 
that SEMG1 and SEMG2 are linkage disequilibrium (LD). cSNPs within the same 
gene were considered genetically linked. We analyzed the phenotypic frequencies 
of each MH form 1000 Genomes Phase 3 data and calculated the total probability 
of discrimination power (TDP) for cSNPs within each body fluid. Given the high 
expression of ACTB and GAPDH in all body fluids, cSNPs of these reference genes 
were included in the TDP calculations. PB exhibited the highest TDP of 0.90, while 
SA and MB had TDPs of 0.78 and 0.79. SE and VA had lower TDPs of 0.66 and 0.56, 
respectively. However, LCE1C was highly expressed in most VA samples (8/11), sug-
gesting it may serve as a supplementary marker for personal identification in VA 
(TDP 0.82). Due to our small sample size (56 samples), we only detected alternate al-
leles of 15 cSNPs with frequencies ranging from 4.39% to 77.98% and 15 RNA MHs.

4. Discussion 

In the nanopore sequencing-based mRNA set, the average reads proportions of PB-, 
SE-, and MB-specific mRNAs in their respective target body fluids exceeded 95%, 
demonstrating high specificity. However, significant cross-reactivity was observed 
in SA and VA, particularly with the skin biomarker LCE1C, which was highly ex-
pressed in VA. This may result from contact with the outer surface of the skin 
during self-sampling. Despite the cross-reactivity, each body fluid exhibits unique 
mRNA profiles, allowing effective identification of body fluids. PB, SA, and MB ex-
hibited strong persona identification ability, while identifying individuals from SE 
and VA presented more challenging. This may be because SEMG1 and SEMG2 in 
LD were merged into one genotype, reducing the number of markers. Additionally, 
FAM83D and DKK4 each contain only one cSNP. To improve the power of discrim-
ination for body fluids and donors, we need to incorporate more highly expressed 
specific mRNAs, and design longer amplicons to include more cSNPs.

5. Conclusion

In this study, using QNome nanopore sequencing, we developed a mRNA detection 
system consisting of 12 body fluid-specific mRNAs and 2 RGs to identify the 5 body 
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fluids. In addition, we found 41 cSNPs in the mRNAs, and the TDPs for 5 body fluids 
were 0.56-0.90. This study demonstrates the potential of nanopore sequencing for 
simultaneously analyzing the sources of body fluids and donors. Further efforts 
will focus on expending mRNA sets and comprising larger samples to meet the 
requirements of forensic practice.

6. Acknowledgments 

We would like to thank Liu Qin for her technical help. This study was supported by 
grants from the Major Program of National Nature Science Foundation of China 
(82293653). The funders had no role in study design, data collection and analysis, 
decision to publish, or preparation of the manuscript. 

7. Conflict of interest statement

The authors declare that they have no conflict of interest.

8. References

[1] T. Sijen and S. Harbison, On the Identification of Body Fluids and Tissues: A 
Crucial Link in the Investigation and Solution of Crime, Genes 12 (11) (2021).

[2] T. Sijen, Molecular approaches for forensic cell type identification: On mRNA, 
miRNA, DNA methylation and microbial markers, Forensic Sci. Int. Genet. 18 
(2015) 21-32.

[3] C. Haas, E. Hanson, M.J. Anjos, et al., RNA/DNA co-analysis from human mens-
trual blood and vaginal secretion stains: Results of a fourth and fifth collabora-
tive EDNAP exercise, Forensic Sci. Int. Genet. 8 (1) (2014) 203-212.

[4] C. Haas, E. Hanson, M.J. Anjos, et al., RNA/DNA co-analysis from human saliva 
and semen stains – Results of a third collaborative EDNAP exercise, Forensic 
Sci. Int. Genet. 7 (2) (2013) 230-239.

[5] C. Haas, E. Hanson, M.J. Anjos, et al., RNA/DNA co-analysis from blood stains—
Results of a second collaborative EDNAP exercise, F Forensic Sci. Int. Genet. 6 
(1) (2012) 70-80.



1158 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

[6] S. Ingold, G. Dørum, E. Hanson, et al., Body fluid identification using a targeted 
mRNA massively parallel sequencing approach – results of a EUROFORGEN/
EDNAP collaborative exercise, Forensic Sci. Int. Genet. 34 (2018) 105-115.

[7] P. Gill, Misleading DNA Evidence: Reasons for Miscarriages of Justice, first ed., 
Academic Press, London, 2014. 

[8] M. Omedei, S. Gino, S. Inturri, et al., Individual assignment of body fluids in 
mixed stains by synonymous SNP analysis, Forensic Sci. Int. Genet. Suppl. Ser. 
4 (1) (2013) e19-e20.

[9] E. Hanson, S. Ingold, G. Dorum, et al., Assigning forensic body fluids to DNA 
donors in mixed samples by targeted RNA/DNA deep seqeuncing of coding re-
gion SNPs using ion torrent technology, rensic Sci. Int. Genet. Suppl. Ser. 7 (1) 
(2019) 23-24.

[10] S. Ingold, G. Dorum, E. Hanson, et al., Assigning forensic body fluids to donors 
in mixed body fluids by targeted RNA/DNA deep sequencing of coding region 
SNPs, Int. J. Legal Med. 134 (2) (2020) 473-485.

[11] J. Liu, X. Cheng, F. Liu, et al., Identification of coding region SNPs from specific 
and sensitive mRNA biomarkers for the deconvolution of the semen donor in a 
body fluid mixture, Forensic Sci. Int. Genet. 52 (2021) 102483.

[12] S. Ingold, G. Dorum, E. Hanson, et al., Body fluid identification and assignment 
to donors using a targeted mRNA massively parallel sequencing approach - re-
sults of a second EUROFORGEN / EDNAP collaborative exercise, Forensic Sci. 
Int. Genet. 45 (2020) 102208.

[13] E. Hanson, S. Ingold, C. Haas, et al., Messenger RNA biomarker signatures for 
forensic body fluid identification revealed by targeted RNA sequencing, Forensic 
Sci. Int. Genet. 34 (2018) 206-221.

[14] A. Lindenbergh, M. de Pagter, G. Ramdayal, et al., A multiplex (m)RNA-profiling 
system for the forensic identification of body fluids and contact traces, Forensic 
Sci. Int. Genet. 6 (5) (2012) 565-577.

[15] M. Visser, D. Zubakov, K.N. Ballantyne, et al., mRNA-based skin identification for 
forensic applications, Int. J. Legal Med. 125(2) (2011) 253-263.



A sequencing assay incorporating coding region SNPs for body 
fluid identification

tingting Jianga, gUanqing Jic, rUoChEng Xiaa, shoUyU wangb, rUiyang taoa*

aShanghai Key Laboratory of Forensic Medicine, Shanghai Forensic Service Platform, Academy of 
Forensic Sciences, Key Laboratory of Forensic Science, Ministry of Justice,  

Shanghai 200063, China.
bDepartment of Forensic Medicine, Shanghai Medical College, Fudan University,  

Shanghai 200032, China.
cPublic Security Bureau of Tongzhou, Nantong 226300, China.

* Corresponding author at: No. 1347 West Guangfu Road, Putuo District of Shanghai, China,  

taoruiyang163@163.com.

Abstract
Objetives: Body fluid identification (BFID) and tracing the donors of specific components are 
essential aspects of forensic practice. In recent years, coding region single nucleotide polymor-
phisms (cSNPs) in body fluid-specific mRNAs have emerged as significant molecular markers 
for BFID, enabling direct association of specific body fluids with their respective donors. In this 
study, we conducted and applied cSNP analysis using a highly sensitive targeted RNA sequencing 
assay. Material and methods: In our recent work, we screened body fluid-specific mRNAs con-
taining coding region single nucleotide polymorphisms (cSNPs) with a Minor Allele Frequency 
(MAF) >0.05 in the East Asian population. Candidate mRNAs were subsequently validated for 
their specificity in the target body fluids. We developed a targeted RNA sequencing assay incor-
porating these cSNPs, which was then used to detect and analyze case-type samples. Results and 
conclusions: Utilizing massive parallel sequencing (MPS), we developed a targeted RNA sequen-
cing assay incorporating 31 cSNPs within 16 mRNAs. This assay was employed to identify the 
body fluid types in several case-type samples. Moreover, by comparing the cSNP genotypes of the 
samples with those of the suspect or victim, we were able to directly attribute each body fluid 
to the correct donor. Although the assay demonstrates significant promise, further validation 
tests are necessary. In conclusion, we have developed an MPS cSNP panel containing novel BFID 
cSNPs, and its detection capability for case-type samples has been validated.
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1. Introduction

The identification of the origin of body fluids and tracing their donors are essential 
for reconstructing the sequence of events and determining the nature of crimi-
nal cases. In recent years, coding region single nucleotide polymorphisms (cSNPs) 
have demonstrated high specificity and the distinct advantage of directly linking 
certain body fluids to their respective donors in mixed samples [1–3]. In this study, 
we selected a set of body fluid identification (BFID) cSNPs to develop a targeted 
RNA sequencing assay. This assay was then applied to samples from a suspected 
rape case to evaluate its practical feasibility.

In this case, the victim reported being coerced into engaging in oral sex, 
which was subsequently followed by vaginal intercourse with the suspect, who al-
legedly employed a condom during the act of vaginal intercourse. The suspect, 
however, denied vaginal penetration. Due to the delay in reporting the incident to 
the police, crucial biological evidence from both the suspect and the victim was 
lost. Consequently, only a used condom and pieces of used tissues were submitted 
to us for testing.

2. Materials and methods 

2.1 DNA and RNA isolation
After examining the condom, the inside and outside areas were swabbed 

first with a moist cotton swab, followed by a second, dry cotton swab. Both swabs 
were processed together to extract genomic DNA (gDNA) and total RNA using the 
QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany) and the mirVana™ miR-
NA Isolation Kit (Thermo Fisher Scientific, Waltham, USA). Sections of the tissue 
samples containing biological spots were excised to extract gDNA and total RNA 
as described above. Additionally, gDNA from the victim and suspect was extracted 
from their blood stains. Quantification of the DNA and RNA samples was performed 
using the Qubit™ dsDNA HS Assay Kit and the Qubit™ RNA HS Kit (Thermo 
Fisher Scientific), respectively. First-strand cDNA synthesis was carried out using 
the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany).
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2.2 PSA test and STR genotyping
To detect prostate-specific antigen (PSA) on the inner and outer surfaces 

of the condom, as well as on the tissue samples, a rapid test strip (Huaxing Ruian 
Technology Co., Ltd, China) was employed. The short tandem repeats (STRs) in the 
aforementioned gDNA samples were genotyped using the VeriFiler PCR Amplifica-
tion Kit (Thermo Fisher Scientific).

2.3 cSNP selection and targeted RNA/DNA sequencing
Body fluid-specific mRNAs containing cSNPs with a Minor Allele Frequency 

(MAF) >0.05 were screened in the East Asian population. These candidate mR-
NA-cSNPs were subsequently validated for their specificity in target body fluids. 
The Massive Parallel Sequencing (MPS) assay was then developed for gDNA and 
RNA, respectively. Pooled libraries were sequenced using the MiSeq Reagent Kit 
(Illumina, San Diego, USA) on the MiSeq platform (Illumina). All data were analyz-
ed using a customized Python pipeline. 

3. Results and discussion

The PSA test yielded negative results for both the condom and tissue samples. The 
STR genotypes obtained from both the inner (CI) and outer (CO) surfaces of the 
condom, as well as from the tissue samples, were found to be consistent with those 
of the victim.

In accordance with the protocols outlined in Section 2.3, a total of 31 cSNPs 
within 16 body fluid-specific mRNAs were identified, leading to the development of 
a targeted multiplex RNA MPS assay for BFID. The extracted RNA and DNA samples 
were sequenced using this newly developed RNA/DNA MPS assay, respectively. As 
illustrated in Figure 1, the saliva (64.93%) and semen (33.09%) biomarkers exhib-
ited high read percentages (98.02%) for the CI sample, with minimal or no expres-
sion of other biomarkers. These results align closely with the victim’s testimony 
regarding oral sex. For the CO sample, both the quality and quantity of the extract-
ed RNA were suboptimal, resulting in poor RNA sequencing results of insufficient 
quality, which fell below the threshold required for reliable analysis. In the tissue 
samples, as depicted in Figure 2, the majority of reads (97.91%) were also observed 
in the saliva biomarkers.
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Figure 1. Percentage of reads in biomarkers of the inner surface of the condom (CI).

Figure 2. Percentage of reads in biomarkers of tissue samples.

In Table 1, the eligible cSNP genotypes of the CI sample, tissue, victim, and suspect 
are listed. These genotypes facilitate the assignment of each body fluid in the mix-
tures to the corresponding donor. The analysis reveals that the genotypes of three 
saliva biomarkers in both the CI sample and the tissue are consistent with those 
of the victim, while two biomarkers differ from those of the suspect. This finding 
supports the conclusion that the saliva originates from the victim and suggests the 
occurrence of oral sex. Additionally, there are two semen biomarkers in the CI sam-
ple that match those of the suspect, while two mismatches are observed between 
the CI sample and the victim. These results support the hypothesis that the suspect 
deposited the semen in the condom.
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Table 1. Genotypic analysis of the cSNPs present in the samples

Specific Body fluid Gene cSNP Victim CI Tissue Suspect

Saliva

PRB1 rs10845341 C/C C/C C/C C/T

PRB1 rs76504934 A/A A/A A/A A/C

KRT6A rs199613662 C/C C/C C/C C/C

Semen
KLK2 rs198972 C/T C/C - C/C

KLK2 rs198977 C/T C/C - C/C

Highlighted in bold and italic indicate a match of the observed genotype to the reference sample. Markers 
with reads below the threshold are shown with “-”.

4. Conclusions

A customized MPS assay incorporating cSNPs for BFID was first applied to case-
type samples. The findings revealed a mixture of semen and saliva on the interior 
surface of the condom, corroborating the victim’s confession. However, before the 
cSNP data can be considered legally admissible in court, further validation studies 
and comprehensive investigations are required.
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Abstract
Identification of the source of a biological stain adds important context to evidence and the 
corroboration of testimony. Current methods of body fluid identification however present signi-
ficant challenges: they are presumptive, qualitative, and have sensitivity and specificity issues. 
When evidence is limited, investigators may have to choose between body fluid identification 
or maximizing DNA-isolation and human identification. These choices are based on incorrect 
assumptions about the persistence of protein signals in body fluid samples. A major assumption 
is that DNA isolation workflows, many of which rely on the Proteinase K (PK), fully eliminate 
protein as a source of forensic information. This study tested this hypothesis using the condi-
tions of a DNA isolation workflow that were tested in the presence and absence of DTT and PK. In 
the absence of PK there was no change in protein quality or yields (n = 4, 101±21%). Discarded 
lysis buffers without PK in DNA-isolation workflows therefore are a rich source of proteomic in-
formation. As expected, PK digestion fully eliminated protein structures and Coomassie staining. 
However, the PK-digested peptides were detected at high levels. Semenogelin-1 peptides (634 ± 
323 n = 3) that correspond to 87 ± 13 % of the protein were identified with a total signal of 7.6 ± 
0.9 x 107 ions, that was 6 orders of magnitude greater than the lowest protein signal in the analy-
sis level. We can therefore report that proteomic body fluid identification is fully compatible with 
current DNA isolation, regardless of the protocol used. Discarded material from DNA-workflows 
are a rich source of proteomic information. 
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1. Introduction

Case work investigation, particularly reconstruction of sexual assault, often needs 
more than just human identification, the individual source of DNA. Knowledge of 
the bodily source of DNA; the surface or orifice it originated from, is also important 
since this provides information about context, crime scene reconstruction, and 
confirmation of testimony. Obtaining this information faces intrinsic challenges 
however: sampling for DNA processing needs to be prioritized, sample size is lim-
ited and needs to be preserved for potentially subsequent analysis, and relevant 
biomolecules often degrade. When analyzing evidence of body fluid identification 
investigators have several options: they can use information encoded in nucleotide 
sources, such as DNA methylation patterns, or ribonucleic acid polymers, or they 
can analyze protein body fluid matrix through proteomics. 

Body fluid protein patterns reflect the function and cellular origin of specific 
body fluids. These tissues are the result of multiple glands and cellular sources, 
that respond to the physiological cycles and biology of the body. Each cell type 
transcribes and translate around 11,000 genes with a median expression of about 
600,000 copies per cell [1.]. In addition to cells that release contents into the extra-
cellular space, cells in contact with a given body fluid may lyse and release internal 
contents. The result is that each body fluid sample contains a complex and dynamic 
biological record in its protein population.

Analyzing these populations has a deep history in forensic science. Prior to 
the DNA revolution, protein and epitope variants were a major resource for identi-
fying source information [2.]. The legacy of these studies is an array of biomarker 
proteins that considered indicators of different body fluids [2, 3, 4.]. Antibodies to 
these proteins are used in immunochromatographic lateral flow devices (LFDs) to 
detect the presence or absence in casework [5.]. These devices are highly affordable, 
transportable and accessible. The fidelity of body fluid inference however is com-
promised. The most distinctive proteins are soluble and move around the body. Bi-
omarker proteins may be expressed or at least detectable in multiple body fluids. 
Relying on one protein therefore results in false positives. Antibody specific may 
change with environmental conditions or degrade. These LFD tests are considered 
good presumptive evidence, but not for presentation in a legal setting. Reliable, vali-
dated, confirmatory-quality assays for body fluid are still in development. The lack of 
unambiguous confirmatory data is lacking, despite claims to the contrary [6, 7, 8.].

A major challenge to widespread body fluid analysis in casework is sample 
consumption. Investigators balance information gained against the irreversible 



1167PERSISTENCE OF PROTEOMIC BODY FLUID SIGNALS IN DNA-WORKFLOWS

Glendon Parker, Allysa Tewksbury, Daniella Luistro, Kyle Burk

destruction of evidence. Human identification, DNA isolation and typing, takes 
precedence. Techniques that can analyze evidence after DNA has been isolated and 
purified therefore have an advantage. The three major alternatives to traditional 
serological approaches take different approaches. Epigenetic and transcriptomic 
approaches either use DNA remaining from casework [9.] or exploit mRNA nu-
cleotides that pass-through DNA purification columns or magnetic beads [10, 11, 
12.]. The other major technique to analyze body fluids, proteomic shotgun mass 
spectrometry, is under-utilized in forensic casework even though it has several 
major advantages: it is very sensitive, with a dynamic range of five to six orders 
of magnitude, and it is confirmatory, by relying on mass spectra that are precise, 
accurate, and easily validated [13.]. 

Part of the difficulty in implementing proteomic approaches for body fluid 
identification are common assumptions about nucleotide and protein-based sam-
ple processing [4.]. DNA isolation and proteomic shotgun mass spectrometry are 
widely thought to be incompatible. A pre-condition of DNA isolation protocols is 
the removal of protein, which in DNA protocols often requires Proteinase K (PK), 
an efficient and non-specific protease. Strong detergents and chaotropic agents 
that disrupt macromolecular structures and membranes are also used. PK results 
in almost randomly cleaved peptides that eliminate intact protein structures and 
are thought to be incompatible with proteomic analysis. Chemically, the deter-
gents used are incompatible with liquid chromatography and mass spectrometry 
and must be removed from the sample. 

Recent advances however challenge these assumptions. Protein sample pro-
cessing methods are now available that can easily remove detergent and chaotrop-
ic agents. Improvements in computing and bioinformatics now make it easier to 
process complex peptide populations, even those digested with PK. Furthermore, 
advances in DNA-workflows, that use magnetic bead-based DNA-isolation such as 
Prep-Filer™ (Thermo Inc.) and DNA iQ™, have protocols that no longer use PK. 

Experimental Design
To directly test the hypothesis that proteomics is not compatible with 

DNA-isolation, a study was conducted based on the magnetic bead DNA iQ™ 
DNA-isolation workflow that uses PK (and DTT) when semen is possibily in the 
sample. Samples of semen from three individuals were therefore incubated to rep-
licate the DNA iQ™ pre-treatments in the presence and absence of reductant, PK 
and a 90-minute incubation at 56˚C. Coomassie staining from SDS-PAGE gels was 
used to evaluate the global stability of semen proteins. Proteomic shotgun mass 
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spectrometry was conducted to evaluate the proteomic content of PK-digested 
samples and observe if there was still proteomic information in the sample.

2. Material studied, methods, techniques

Frozen semen from a threes individual was sourced from Lee Biosolutions Inc. and 
as subjects using protocols approved by the University of California Davis (IRB# 
2045384 ). DNA iQ™ reagents were purchased from Promega Corporation. Protein 
gels (SDS-PAGE) and reagents, including 12 well 4–20% Mini-PROTEAN® TGX™ 
Precast Protein Gels, and matching equipment were used (BioRad). Polyacrylamide 
gels were stained with colloidal G-250 protein stain [14.] and analyzed with densi-
tometry with an Epson V500 Photo Scanner and ImageJ software (version 1.51s).

2.1. Sample Incubation
Semen protein was incubated (1 in 20 dilution of neat fluid) for 90 min at 

56C in Differex™ Digestion Buffer in the presence and absence of 4.6 mM dith-
ioerythritol and / or P K (17 µL) as described in the Differex™ System Technical 
Manual. At the t = 0 and t = 90 minute time point a 10 µL aliquot of the incubation 
was removed and applied to 10mL of 2X Laemmli Buffer then heated at 95°C in a 
water bath for 15 minutes. Another 10µL aliquot at each time point was also taken 
for application to mass spectrometry. 

2.2.Mass Spectrometry
Samples were submitted to the University of California Davis Genome 

Center Proteomic Core Facility. Samples treated with PK were measured for pep-
tide concentrations using a fluorescent peptide assay (Thermo Pierce) and 500 ng 
was applied to applied to a disposable Evotip C18 trap column (EvoSep BioSystems) 
as per manufacturer’s instructions. The tipped samples were subjected to nanoLC 
on a Evosep One instrument (EvoSep BioSystems) using a preset set gradient at a 
rate of 60 samples per day. Peptides were directly eluted onto a hybrid trapped ion 
mobility spectrometry-quadrupole time of flight mass spectrometer (timsTOF HT, 
Bruker Daltonics) with a modified CaptiveSpray nano-electrospray ion source.

2.3. Data Analysis
Proteomic data was submitted to PEAKs software (version 11) with an 

ion-mobility module included. The data was processed using default settings with 
the human proteome used as a reference.
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3. Results

Single semen samples from three individuals were treated to replicate the DNA 
iQ™ / Diffrex protocol for DNA-isolation, which included a 90-minute incubation 
at 56˚C in the presence of dithioerythritol (DTE) and PK. The treatment was modi-
fied to remove each, or both, of DTE, PK, or the 90-minute incubation (Figure 1A). 
Aliquots of each incubation as well as controls were applied to SDS-PAGE, stained 
in colloidal Coomassie stain, imaged (Figure 1A), and densitometry conducted 
(Figure 1B). From the SDS-PAGE gel the semen protein population is unaffected 
by the Diffrex™ buffers in the presence and absence of DTE and the 90-minute 
incubation. The incubation with all ingredients except PK had 101±21% densitom-
etry of the original (n = 4). This endpoint of the incubation is the starting point of 
DNA-isolation for all samples except semen and hair [15.]. Protein therefore is fully 
preserved by the pre-treatment prior to DNA extraction. 

These figures also demonstrate that PK incubation fully eliminated second-
ary and tertiary protein structures from the sample (Figures 1A, 1B, lanes 3 & 4) 
[16.]. Only the PK protein remaining to be detected through staining. This was 
expected and uncontroversial [16, 17.]. The consensus of the forensic, and much 
of the proteomic, field assumes that there is no longer any proteomic information 
in the sample. To test this, we removed the detergent from the sample and applied 
PK-digested peptides directly to proteomic shotgun mass spectrometry. 

A proteomic shotgun mass spectrometry analysis resulted in 634 ± 323 pep-
tides (Figure 1C, blue bars) that correspond to 87 ± 13 % of the semenogelin-1 
sequence. The semenogelin signal was 7.6 ± 0.9 x 107 ions, 6 orders of magnitude 
greater than the lowest protein signal in the analysis. The semenogelin represent-
ed in the figure is from the lowest yielding replicate, with only 267 peptides. This 
demonstrates that PK digested samples still contain proteomic information that 
can be used for body fluid identification by orders of magnitude. 

4. Discussion

Proteinase K does not eliminate proteomic information from evidence. This finding 
dramatically expands the scope of samples that can now provide body fluid identi-
fication through proteomics. PK treatments (Figures 1A, 1B, lanes 3 and 4) fully 
degrade secondary and tertiary structures but not peptides (Figure 1C). The dy-
namic range of 6 orders of magnitude in the sample demonstrates that even poorly 
preserved evidence samples should still be well over the lower limits of detection. 
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To test the hypothesis, this study used neat semen alone, from three indi-
viduals. A broader study of body fluids in DNA-workflows remains to be conducted. 
The study did not use mock SAE or cotton swabs, body fluid mixtures, or degraded 
samples. Three individuals are a small sample set and highly proteinaceous semen is 
ideal to test the hypothesis of information loss with PK, other fluids may differ. This 
study focused on steps in DNA-isolation that are prior to extraction of DNA. A sys-
tematic analysis of the proteome of DNA-isolation workflows, is being conducted. 

5. Conclusion

This study demonstrates that Proteinase K digestion does not eliminate proteomic 
information and in fact the resulting peptides are a rich source of information 
including body fluid identification [18.]. The hypothesis of information loss is 
therefore invalidated. This finding would hold regardless of the workflow used and 
whether PK digestion is included or not in the protocol. 
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Tables and Figures (to be embedded in text AND uploaded as separate source 
files)

Figure 1. Proteinase K Degrades But Does Not Eliminate Protein. 
Semen protein was incubated for 90 min in the DNAiQ™ Incubation buffer with ± 
DTT and ± ProK following the Differex™ System Technical Manual (n = 3). A) 
Resulting samples were applied to SDS-PAGE gels and (B) densitometry conducted. 
A ProK treated sample (*) was applied to the EvoSep timsToF Mass Spectrometer. 
Data was analyzed using PEAKs software. C) Detected peptides (blue bands) from 
semenogelin 1 protein (SEMG1) in the least abundant sample are shown for both the 
whole protein and an insert to illustrate protein coverage. 
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Abstract
Preliminary serological assays to detect the presence of semen in sexual assault offenses are often 
used by forensic laboratories as a screening method prior to DNA analysis, in order to select the 
best samples for extraction and determine if the victim’s collected items are suitable for differen-
tial extraction. However, in many situations, samples have low amounts of semen or other male 
bodily fluids which can generate a semen negative result and, for that reason, some samples may 
not be selected for DNA profiling. To avoid this lack of information, in our laboratory until the 
end of 2022 and whenever possible, samples were processed in separate workflows, one to deter-
mine the presence of biological fluids and the other to generate the DNA profile. Due to the high 
percentage of samples detected with negative preliminary tests and without eligible DNA profiles 
for report purposes, we conducted a study to better quantify and understand those results. A total 
of 657 samples from sexual assault crimes were then analysed and it was detected that 60.4% of 
them had, for different reasons, no information relevant for the case under study. Given these re-
sults, a more efficient workflow (time and cost effective) was proposed to be applied to all forensic 
samples, reaching first a reportable DNA profile by applying a Direct to DNA approach followed 
by serological assays for body fluid identification, if necessary.
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1. Introduction

When forensic DNA laboratories receive evidence from a crime scene their first 
task is to check for the presence of biological material, namely blood, semen and/
or saliva; the same principle is applied to items related to victims from sexual as-
sault cases, which may include internal or external genitalia swabs, oral swabs, 
skin swabs, fingernail swabs, condoms, underwear and other clothing, towels or 
bedding collected in the crime scene, etc. Examination of the exhibits by naked eye 
or using a forensic light source is done in order to detect the presence of body fluid 
stains and many laboratories perform preliminary assays on items where biological 
material is potentially present before sending a cutting or swab for extraction and 
subsequent DNA typing. Nevertheless, this methodology may fail the detection of 
DNA profiles useful for solving the criminal case, since the recent DNA typing kits 
are more sensitive than many serology tests used by laboratories. Other laborato-
ries perform a differential extraction without prior screening for the presence of 
semen, namely in internal swabs collected during the examination of victims of 
alleged sexual assaults, but male DNA can be lost during the separation between 
both epithelial and sperm fractions; on the other hand, some samples do not con-
tain semen but other biological fluids from the perpetrator, which leads to a larger 
number of samples that need DNA profiling [1, 2, 3, 4, 5, 6]. 

To identify the presence of bodily fluids, our laboratory has implemented 
presumptive and/or confirmatory assays to detect semen, blood and saliva and, un-
til the end of 2022, all samples selected for DNA extraction and posterior quantifi-
cation/amplification were also tested to determine the type of biological evidence 
in question (when enough sample was available) in different workflows. 

For semen identification, all presumptive positive results were then tested 
in order to visualize sperm cells. However, in sexual assault cases there are many 
samples with a semen presumptive positive result but with a negative confirmatory 
test, meaning that this biological fluid cannot be confirmed. It was also detect-
ed that in several situations the analysed samples did not present probative DNA 
results and, consequently, it would not have been necessary to test them for the 
presence of bodily fluids.

The aim of this study was to evaluate the methodology implemented in sex-
ual assault samples regarding the need to perform semen preliminary tests in all 
samples, and propose a more efficient workflow to be applied to forensic samples 
received in our laboratory.



1175REVERSE BODY FLUID IDENTIFICATION WORKFLOW: A DIRECT TO DNA APPROACH

Maria-João Porto, Joana Ferreira, Ana Bento, Vanessa Bogas,  
Virginia Lopes, Lisa Sampaio, Nair Gouveia, Francisco Corte-Real, António Amorim

2. Materials and methods

A total of 647 samples from sexual assault crimes occurred between 2020 and 2021 
were selected from female and male victims (cases already closed); the majority of 
the analysed samples included swabs, clothing and bed sheeting. A Crime-lite® 
82S (foster + freeman) with blue light and wavelength 420-470nm was used as an 
alternative light source to detect suspicious stains on clothes. Whenever possible, 
samples that needed semen identification (stains on fabric or swabs) were subsam-
pled by making three cuts: one to detect the presence of semen, one for non-differ-
ential extraction and one for differential extraction, if necessary. All samples were 
anonymized in order to not identify their donors or even the case.

Two parallel and independent workflows were applied to all selected samples: 
one to detect the presence of semen and the other to obtain the male genetic DNA 
profile of interest.

2.1. Semen detection
As a presumptive test for semen detection it was used the Seratec® Pros-

tate-specific Antigen (PSA) Semiquant immunochromatographic rapid test (Göt-
tingen), also used as a screening method since only positive PSA results were sent 
for microscopic visualization of spermatozoa using the Christmas Tree (CT) stain-
ing method [7].

2.2. DNA profiling
DNA extraction was performed with the PrepFiler™ Forensic DNA Extrac-

tion Kit (Applied Biosystems), with an elution volume of 50µL, and then quanti-
fied using the Quantifiler® Trio DNA Quantification kit (Applied Biosystems). The 
screening of samples that required differential extraction was done by evaluating 
the quantification results: in general, if the male-female DNA ratio is greater than 
1:10 and the male component is above 0.5ng/µL (indicative value, which may be 
lower), a differential extraction was made using the Sampletype i-sep® DL-MB 
columns (Biotype) with subsequent purification with the PrepFiler kit followed by 
another quantification. Only the sperm fraction of the differential extraction was 
amplified. 

Quantification results from both differential and non-differential extraction 
were then grouped into three categories according to the existing amount of male 
DNA: greater than or equal to 0.1 ng/µL (where DNA profiles are generally easily 
achieved); between 0.01 ng/µL and 0.1 ng/µL (where DNA profiles may or cannot 
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be obtained); lower than 0.01 ng/µL (where, in many simples, it is not possible to 
obtain a valuable DNA profile or any profile at all). When multiple cuts with identi-
cal importance were made from the same evidence (mainly items of clothes), only 
the best ones were selected for amplification (male-female ratios were taken into 
account and samples without male DNA were not amplified).

Eligible samples were then amplified with the GlobalFiler™ PCR Amplifica-
tion Kit (Applied Biosystems) in order to obtain an useful autosomal STR profile for 
solving the case. When very low levels of male DNA were present (below 0.01 ng/
µL) or whenever the male-female ratio did not allowed an autosomal STR profile 
(in most situations with ratios above 1:10), the Yfiler® Plus PCR Amplification Kit 
(Applied Biosystems) was used to detect a Y-STR haplotype.

All kits were performed according to the manufacturer’s protocol.

3. Results

The results revealed that 391 out of 647 samples (60.4%) had no relevance for the 
cases analysed. This percentage includes samples without male DNA, with DNA 
profiles or haplotypes that could not be evaluated (namely with the majority of the 
alleles below stochastic level) or with DNA profiles from male victims. Redundant 
samples (collected, for example, from the same item of clothing) are also included 
in this group; only samples with the highest concentrations of male DNA and/or 
the best male-female ratios were selected for DNA profiling.

The remaining 256 samples (39,6%) had a reportable DNA profile or haplo-
type that could be considered probative for the criminal case, with 90.7% of them 
(232 samples) with male DNA greater than or equal to 0.01 ng/µL (Fig. 1). The ma-
jority of samples presented a complete genetic autosomal genetic profile or Y-STR 
haplotype, with a higher percentage of incomplete profiles in samples with male 
DNA below 0.01 ng/µL, as expected.
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Figure 1. Number of samples (%) with reportable male DNA profiles/haplotypes distributed by 
male DNA concentration.

For samples with reportable DNA profiles, only 153 tested positive for PSA (107 
of them with the higher concentration of male DNA) and a positive CT result was 
achieved in approximately half of them (80 samples), all with male DNA greater 
than or equal to 0.01 ng/µL. The results (in percentage) distributed according to 
the male DNA concentration are shown in Fig. 2. 

Figre 2. Number of samples (%) with reportable male DNA profiles/haplotypes, distributed by 
male DNA concentration: a) PSA results and b) CT results.

It was also observed that in the group with samples without relevance for the cases 
under study, 83 samples (21,2%) showed a positive result for PSA even with re-
duced concentration (less than 0.01 ng/µL) or absent male DNA.



1178 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

4. Discussion

The quantification step is essential for the selection of forensic samples for amplifi-
cation. Only samples with male DNA and with the best male-female DNA ratios are 
selected to perform a genetic DNA profile and, as expected, higher DNA concentra-
tions revealed a higher percentage of complete DNA profiles and positive PSA and CT 
results. However, in the majority of the analysed samples (60.4%), the perpetrator’s 
male DNA was not present or could not be assessed (especially in samples with a 
lower concentration of male DNA). From our point of view, in these situations, car-
rying out presumptive or confirmatory tests to detect semen is unnecessary since 
the absence of a genetic DNA profile does not allow the aggressor to be identified.

It was also observed that, in many situations, a male DNA genetic profile 
was not associated to a positive PSA result. These results can be explained by the 
presence of the aggressor´s saliva or epithelial cells, which may be present in sexual 
assault crimes, and also because in some cases the victim is male and the genetic 
profile obtained is from his own DNA (unrelated to semen).

Negative CT results (for semen confirmation) are observed in almost half 
of positive PSA results and may be related to: lower concentration of male DNA 
observed in several samples, degradation of spermatozoa that have become unsuit-
able for microscopic visualization, or because samples originate from azoospermic 
or vasectomized individuals. Another explanation may be the presence of PSA in 
some female body fluids which can generate a positive result and, consequently a 
negative CT result [2, 4, 8]. On the other hand, in samples with very low concen-
trations of male DNA it is still possible to obtain a male reportable genetic profile/
haplotype (even if incomplete) and this may be due to the high sensitivity of the 
current amplification kits.

5. Conclusion

If a Direct to DNA approach was adopted on the studied samples (where DNA anal-
ysis is performed prior to identification of bodily fluids) only 39.6% of them would 
have been tested for the presence of semen, saving time, costs and personnel efforts, 
since microscopic observation is laborious and time-consuming. This workflow 
(currently implemented in our laboratory) is more efficient, allows standardization 
of the implemented techniques and, above all, no loss of information relevant to 
the judicial process was detected.
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Abstract 
Semen detection at crime scenes is essential for sexual assault investigations. There are several 
approaches to detecting body fluids at crime scenes. Lateral flow immunochromatographic (LFI) 
tests, based on antigen-antibody reactions, are widely used for this purpose. Currently, there are 
two types of LFI for the detection of semen: those based on prostate-specific antibodies (PSA), 
produced in the prostatic epithelium; and those based on semenogelin (Sg), produced in the 
seminal vesicles, the vas deferens, the prostate and the epididymis, both of which are secreted 
in semen. The aim of this study was to assess the effectiveness of PSA and Sg LFI tests to detect 
seminal fluid, evaluating the factors that could affect the identification of these proteins and 
assessing the possibility of obtaining DNA. To do this, PSA and Sg LFI tests were analyzed in 
four types of semen samples: single and pool donors, vasectomized and 30-year-old frozen pool 
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donor (to simulate an unresolved case). Serial dilutions of the samples were carried out from 
1:2 to 1:32000. Our results indicated that both tests were positive in all samples, except that Sg 
began to be negative from 1:2000 in the 30-year-old group sample and from 1:8000 in the rest 
of the samples. Conversely, PSA began to be negative from 1:32000 in the fresh pool donor and 
from 1:32000 in the 30-year-old group, indicating better PSA performance than Sg, even in a 
vasectomized sample. These results were independent of the presence of sperm cells, still being 
positive without them. Regarding DNA analysis from 1:2000 onwards, it was not possible to ob-
tain quantifiable DNA to perform the STR analysis. PSA was only detected in other dilutions of 
male urine samples. Future research will aim to correlate the positivity of these tests with DNA 
concentration and identifying the Y chromosome for the presence/absence of male, to arrive at 
an unambiguous and powerful identification.

Keywords 
Semen, PSA, Semenogelin, urine, DNA

1. Introduction

Body fluid identification represents one of the key components in criminal inves-
tigation to find biological evidence related to the crime, potentially identify the 
victim and/or perpetrator, and reconstruct the crime events[1]. 

In sexual assault cases, the identification of semen is crucial to prove the 
assault and identify the perpetrator. In this regard, among the body fluid identifica-
tion assays to perform, lateral flow immunochromatographic (LFI) tests have been 
widely used at the crime scene and in the lab due to their specificity and speed of 
obtaining results[2]. The tests use a mobile and stationary monoclonal antibody 
against the protein of interest, which will form a visible pink line if the protein 
is present[3]. In semen, some of these tests are based on testing prostate-specific 
antigen (PSA), a protein produced in considerable amounts only in the prostate, 
being able to detect in semen from azoospermic males[4]. Other LFI tests use se-
menogelin, a protein that originates in the seminal vesicles, and a substrate for the 
PSA to identify seminal plasma in forensic samples[5]. 

Based on these premises, the aim of the present work was to assess the effec-
tiveness of PSA and semenogelin to detect semen, also evaluating the factors that 
could impact this detection, and trying to obtain DNA. 
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2. Material studied, methods, techniques

2.1. Samples
Four types of semen samples were assessed: 1) Single human donor; 2) 

Pooled human donors; 3) Vasectomized; 4) 30-year-old sample from a single donor. 
Dilutions of these samples were carried out from 1:2 to 1:32000 in water and ex-
traction buffer provided by the LFI tests. Other body fluids were tested to evaluate 
specificity: breast milk, urine, saliva, sweat, and vaginal fluid. The New Jersey Insti-
tute of Technology Institutional Review Board (IRB) approved the protocol related 
to human body fluid experimentation (Protocol number 2110013076). 

2.2. Methods
— Lateral Flow Immunochromatographic tests: SERATEC® PSA Semiquant 

(SERATEC®, Göttingen, Germany); RSID™ Semen, detects Sg (RSID™, 
Lombard, IL, USA), following the manufacturers’ instructions. 

— Cytology: To visualize and count the sperm cells, Christmas Tree stain 
and direct counting without stain were carried out. 

— DNA extraction: DNA extraction was performed with Prepfiler DNA Ex-
traction Kit (Thermo Fisher Scientific, Waltham, MA, USA). 

— DNA quantification: DNA concentration was evaluated with human-spe-
cific quantitation, Quantifiler Trio in QuantStudio instrument (Thermo 
Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. Comparative identification of the two proteins in four seminal fluids. 
Our results indicated that both tests were positive in all samples, except that 

Sg began to be negative from 1:2000 in the 30-year-old group sample and from 
1:8000 in the rest of the samples. Conversely, PSA began to be negative from from 
1:32000. 

3.2. Positiveness of PSA is independent of the number of sperm cells. 
To assess if the number of sperm cells was related to the positiveness of the 

tests, samples and their dilutions were stained with Christmas Tree to count the 
number of cells. According to our results, these two factors are independent. From 
the dilution 1:1000 and up, where no sperm cells were found, the tests were still 
strongly positive. 
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3.3. Possibility of DNA profiling 
DNA concentration and quality was evaluated to determine the possibility 

of obtaining a DNA profile from the samples and their dilutions. DNA concentra-
tion was enough to develop STR and Y-STR profiles, and the quality of the DNA 
acceptable up to 1:1000-1:2000 dilution. Beyond this dilution, both concentration 
and quality of the DNA drops, probably due to the lack of sperm cells, as described 
previously, though PSA remains positive. 

3.4. PSA assessment in other body fluids. 
All body fluids evaluated were negative for PSA, except two vaginal fluid sam-

ples, which became negative after dilution. Additionally, three male urine samples 
were still lightly positive at 1:1000 dilution, becoming negative at 1:1050 dilution 
(Table 1). 

Table 1. Evaluation of false positives of PSA in other body fluids. 

Body Fluids Positive when pure or diluted Extra-dilutions with negative results

Breast Milk Single and Pool Never From pure to 1:32000

13 Urine Female Single Never From pure to 1:32000

2 Nose Secretion Single Never Pure

Sweat Single 01 Never 1:10-1:500

Sweat Single 02 Never Pure-1:32000

Saliva Never 1:10-1:100

Vaginal Fluid Single 01 Never 1:100

Vaginal Fluid Single 02 Pure, 1:2, 1:10 1:100, 1:1000, 1:32000

Vaginal Fluid Pool 03 Pure, 1:2, 1:10 1:100, 1:1000, 1:32000

Urine Male Liquid Single Pure, 1:100 1:300, 1:1000

7 Urine Male Single Pure, 1:16, 1:100 1:256

3 Urine Male Single Pure, 1:1000 1:1050

4. Discussion

Results of the present study indicated that both tests were effective to detect se-
men, though Semenogelin was less sensitive in higher dilutions. These findings 
are in agreement with the study of Boward and Wilson[6], in which they compared 
PSA detection through ABAcard® tests with RSID™-Sg, demonstrated the lower 
sensitivity of the later, but also, in post-coital samples, indicating that PSA is more 
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sensitive than Sg, proven more effective in vasectomized samples. DNA concen-
tration was enough to develop STR and Y-STR profiles, and the quality of the DNA 
acceptable up to 1:1000-1:2000 dilution. Additionally, this study assessed the de-
tection of both proteins in other body fluids, reaching the same conclusions as our 
present work (Figure 1). The study of Stroud et al.[7] also evaluated positive PSA 
results in other fluids, confirming our findings that some male urine could retrieve 
positive results. When urine is pure, it is expected to encounter traces of seminal 
fluid. It is also possible to find PSA in pure vaginal fluid, which could mislead the 
correct identification of seminal fluid, however, dilution of the sample will reduce 
the possibility of a false positive. 

Figure 1. Summary of the results.

5. Conclusion

This is the first extensive study assessing the effectiveness of PSA and Sg to detect 
semen in different types of samples. According to our results, PSA seems more sen-
sitive than Sg in higher dilutions of semen, being independent of the presence of 
sperm cells. Additionally, it is possible to obtain DNA for STR analysis up to 1:2000 
dilution. Also, our findings indicate that no false positives were encountered for 
PSA, except some male urine samples, which required their dilution. A summary 
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of the results is depicted in Figure 1. Future research aims to expand these results, 
trying to correlate the positiveness of these tests with the retrieval of full STRs and 
Y-STRs profiles, as well as with mixture of other body fluids to simulate a sexual 
assault scenario. 
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Abstract 
There are different approaches to identifying blood at a crime scene. Depending on the scenario, 
it may be important to determine whether a person was alive at the time of blood deposition. We 
focus on the fibrinolysis pathway to identify potential biomarkers for postmortem blood. Fibri-
nolysis is the natural process that breaks down blood clots after healing a vascular injury. Among 
the fragments produced in fibrinolysis are soluble fibrin monomers crosslinked between two ad-
jacent outer D domains detectable in plasma, known as D-dimers. Currently, D-dimer detection 
is used to distinguish menstrual blood from peripheral blood, as fibrinolysis plays an essential 
role in menstruation. Based on the rapid onset of fibrinolysis after death, D-dimer could be con-
sidered a biomarker for postmortem blood. SERATEC® has developed the PMB immunochroma-
tographic assay to detect human hemoglobin and D-dimer simultaneously. This study aimed to 
assess the possibility of using the PMB test to detect postmortem blood. In addition, assessments 
of D-dimer levels in peripheral, menstrual, and postmortem blood were carried out, and the 
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ability to obtain STR profiles from postmortem blood was evaluated. Our results showed that all 
postmortem samples reacted positively for the presence of hemoglobin using the SERATEC® 
PMB tests, and all but one degraded sample showed a positive result for D-dimer. All peripheral 
blood samples from living individuals showed positive results for hemoglobin and negative re-
sults for D-dimer detection, except for one sample with a weak positive. Menstrual blood samples 
gave positive results for hemoglobin but variable results for D-dimer. The DIMERTEST® Latex 
assay was used for semi-quantitative measurement of D-dimer concentrations, with postmortem 
and menstrual blood yielding higher D-dimer concentrations compared to antemortem peri-
pheral blood. Full STR profiles were developed for all postmortem samples tested except for one 
degraded sample, pointing to not only detecting postmortem blood at the crime scene but also 
the identification of the victim. 

Keywords 
Postmortem Blood, Menstrual Blood, D-Dimer. 

1. Introduction

Blood is one of the most encountered biological samples in a criminal investiga-
tion. Its correct detection could lead to the identification of the perpetrator and/or 
victim [1]. Depending on the forensic case, apart from identifying blood, it could 
also be important to test for postmortem indicators in blood to determine whether 
the person was alive at the time of the blood deposition when a pool of blood is left 
at the scene. 

A potential approach to identifying postmortem blood relies on the fibrinol-
ysis pathway [2]. Fibrinolysis is the natural process that breaks down blood clots 
after healing a vascular injury. Among the degradation products of this pathway, 
the soluble fibrin monomers crosslinked between two adjacent outer D domains, 
known as D-dimers, are detectable in human plasma [3].

Currently, the detection of D-dimer is utilized to distinguish menstrual 
blood from peripheral blood in the forensic field. Fibrinolysis plays an important 
role in menstruation [4]. This feature has been used to distinguish menstrual blood 
from peripheral blood in cases of alleged sexual assault through an immunochro-
matographic multiplex assay [5]. 

Apart from menstrual blood, D-dimer is also elevated in postmortem blood. 
SERATEC® (SERATEC®, Göttingen, Germany) has developed an immunochroma-
tographic assay to simultaneously detect human hemoglobin and D-dimer, called 
PMB. This test has been primarily developed to presumptively identify menstrual 
blood[5]. 
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Based on the aforementioned, this study aimed to assess the possibility of 
using the PMB test to detect postmortem blood and generating STR profiles from 
these samples. 

2. Material studied, methods, techniques

2.1. Samples
Postmortem Blood Samples (PM): forty samples derived from blood and 40 

human corpses from criminal cases (homicide, suicide, and overdose) with post-
mortem intervals between 4–91 hours were collected. 

Antemortem Blood Samples (AM): 21 AM liquid samples.
Menstrual Blood Samples (MB): 10 MB samples. 

2.2. Methods
— Lateral Flow Immunochromatographic Tests: SERATEC® PMB test (SE-

RATEC® GmbH, Göttingen, Germany) simultaneously detects human 
hemoglobin (limit 20 ng/ml) and D-dimer (limit of 400 ng/ml). 

— Rapid Latex Agglutination Assay: DIMERTEST® Latex assay (Siemens 
Healthineers, Erlangen, Germany).

— Total DNA Extraction: DNeasy Blood and Tissue Kit (Qiagen®) protocol 
(Qiagen, Germantown, MD, USA). 

DNA Quantification: PowerQuant System (Promega Corporation, Madison, 
WI) in QuantStudio (Thermo Fisher Scientific, Waltham, MA, USA).

STR Profiling: Promega PowerPlex® Fusion 6C System (Promega Corpora-
tion, Madison, WI) in SeqStudio ((Thermo Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. D-dimer detection by the PMB test 
D-dimer evaluation with the SERATEC® PMB test (SERATEC® GmbH, 

Göttingen, Germany) demonstrated that all the PM samples except one (degraded, 
foul-smelling) were positive for D-dimer. Menstrual blood samples gave variable re-
sults for D-dimer, and only one AM blood sample gave a positive result for D-dimer. 
Please see the summary of these results in Table 1. 
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3.2. D-dimer quantification by Rapid Latex Agglutination Assay
According to the results of this test, PM and MB samples presented concen-

trations of D-dimer between 12-100 mg/L, while AM samples D-dimer concentra-
tions were below 1.6 mg/L (Table 1). 

3.3. STR profiling from PM blood
It was possible to obtain full DNA profiles from all PM blood except one de-

graded sample (Table 1). 

Table 1. Summary of the results. PM, postmortem blood; MB, menstrual blood; AM, 
antemortem blood samples; N.A., not applicable. 

Sample
PMB test (number of positive 
D-dimer samples/total samples)

Rapid Latex Agglutination Assay for 
D-dimer (concentrations in mg/L)

STR profile

PM 39/40 12-100 mg/L 39/40

MB 5/10 12-100 mg/L N.A.

AM 1/21 Below 1.6 mg/L N.A.

4. Discussion

All postmortem samples except one showed a positive result for D-dimer detec-
tion by the PMB tests. The positive reaction rate of hemoglobin and D-dimer is 
consistent with previous studies[5, 6]. Holtkötter et al.’s [5] study demonstrated 
a positive D-dimer reaction rate  study demonstrated a positive D-dimer reaction 
rate in 70% of the postmortem samples (7 out of 10). For the MB samples, factors 
such as the day of the menstrual cycle on which the sample was collected could 
impact D-dimer detection. As expected, except for one sample, AM samples only 
react with hemoglobin, not D-dimer. This may be explained by certain hematologic 
conditions, such as deep vein thrombosis, which are known to be correlated with 
elevated D-dimer levels[3].

With respect to the Rapid Agglutination Assay, the values obtained are in 
agreement with previous literature[7], and demonstrated highest concentrations 
in PM and MB, while not being detectable or nearly undetectable in AM blood. 

DNA profiling was successfully performed in all PM samples except for one 
degraded sample. This highlights the possibility of not only distinguishing PM 
blood, but also being able to identify the victim. 
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5. Conclusion

This study demonstrates that it is possible to efficiently use D-dimer lateral flow 
immunochromatographic tests to detect postmortem blood. This finding is sup-
ported by the highest concentrations of D-dimer being attributed to these samples. 
Detection of postmortem blood could be of utmost importance in crime scene re-
construction, e.g. when traces of blood are found but there is no corpse or when 
the body has been moved from the original crime scene. Additionally, this work 
points out the possibility to identify the victim through STR profiling of postmor-
tem blood, which could also help with missing persons investigations. 
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Abstract 
Semen can be an important piece of evidence in criminal cases. To date, there has been little 
investigation into how environmental conditions impact the persistence, detection and recovery 
of semen and the associated DNA. Hence, this work aimed to investigate the impact of constant 
exposure to temperature and humidity combinations on the persistence, detection and recovery 
of semen that had been deposited onto cotton and left for 3 or 7 days. Semen (50 µL) was deposi-
ted onto swatches cut from new underwear and left in a climatic chamber at either 45°C or 15°C, 
with a relative humidity (RH) of 10 or 80%. These combinations were chosen to reflect Australian 
climates at different times of the year. Exposed samples were tested using acid phosphatase (AP) 
reagent, a lateral flow immunochromatographic test for the presence of prostate specific antigen 
(PSA), and hematoxylin and eosin staining to detect sperm. DNA was extracted and quantified. 
The results illustrated that when exposed to 45°C and 80% RH, AP activity is unable to be detec-
ted after 3 and 7 days of exposure, and DNA quantity is also negatively impacted. When left at the 
same temperature but at a RH of 10%, AP activity may be impacted after 7 days. PSA was detected 
in every instance, and sperm was observed on all slides except for one sample left at 15°C and 
80% RH for 7 days. The results of this work will be useful for forensic investigators as it may help 
them to determine whether a sample may be suited for analysis when recovered from hot and/or 
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humid environments as well as their interpretation of test results given the case circumstances. 
The results may be used to highlight conditions of appropriate storage of evidentiary items in 
hot or humid climates.

Keywords 
Semen, persistence, recovery, temperature, humidity, detection

1. Introduction

Semen can be an important piece of evidence in sexual assault cases and may be ex-
posed to unfavorable environmental conditions for varying periods of time. There 
has been some research to date into how climatic conditions impact the persis-
tence, detection and recovery of biological material [1,2]. Chen et al [1] observed 
DNA persistence using cell-free DNA on glass, polyester and cotton, and found that 
the quantities of DNA recovered declined significantly after 7 days of exposure to 
temperature conditions ranging between 15°C and 26°C with an average humidity 
of 64%, and that DNA generally persisted better under cooler conditions. Lee et al 
[2] studied the persistence of DNA in a Singapore context, and found that when 
samples of blood and touch DNA were left exposed to uncontrolled outdoor envi-
ronmental conditions (temperature range: 23-35°C; RH: 50-99%), “highly variable 
persistence” was observed, compared to those left indoors under both controlled 
and uncontrolled conditions. All samples were exposed to conditions for up to 62 
weeks for indoor and controlled conditions, and up to 4 weeks for outdoor condi-
tions. 

Understanding how semen and its components are impacted by climate 
and environmental conditions is critical to investigating their persistence, detec-
tion and recovery. One study observed the persistence of blood and semen specific 
mRNA and miRNA targets [3], where miRNA targets were able to be detected after 
180 days, while mRNA was only detected up to 30 days. However, to date there has 
been no published research investigating how environmental conditions may im-
pact other forensically relevant components of semen.

When detecting semen, commonly utilized tests include acid phosphatase 
reagent to screen for acid phosphatase enzymes, lateral flow immunochromato-
graphic tests such as the p30® test (ABAcard® Diagnostics) for prostate specific 
antigens, and slide staining techniques, such as hematoxylin and eosin staining to 
visualize sperm. As crimes of a sexual nature may not get reported until days after 
the event, key evidence such as clothing may be exposed to weather conditions that 
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could potentially degrade these forensically relevant components of semen before 
they are collected for analysis. In this study, the aim was to investigate the impact 
of exposure to various temperature and humidity combinations for 3 or 7 days on 
the persistence, detection and recovery of semen. 

2. Material studied, methods, techniques

Ethics approval (#2020-162) was received from the Deakin University Human Re-
search Ethics Council prior to commencing laboratory work.

2.1 Substrate preparation
Benches and tools were cleaned with 1% sodium hypochlorite and deionized 

water. New, washed black cotton underwear (Anko, Kmart) was cut into 2.5 x 2.5 
cm swatches. For each experiment, five swatches were taped to cleaned wire cool-
ing racks (Kmart) with white masking tape and five taped to labelled blotting paper 
(COS Office Supplies). 

2.2 Semen deposition
Semen was collected from one donor approximately 14 hours before deposi-

tion for each experiment. The donor did not ejaculate for at least 48 hours prior to 
donating samples. Each collected ejaculate (approx. 5 mL) was stored in a sterile 
container at 4°C until deposition. When required, semen was removed from the 
fridge and allowed to reach room temperature. The semen was vortexed for 10 
seconds at high speed to homogenize the mixture. Semen (50 µL) was deposited 
on each cotton swatch.

2.3 Experimental conditions

2.3.1 Climate chamber
An ACS Compact DY(200T) climatic chamber was used. For each experi-

ment, the climate chamber was set to the following conditions: Trial 1 - 45°C, 10% 
RH; Trial 2 - 45°C, 80% RH; Trial 3 - 15°C, 10% RH; Trial 4 - 15°C, 80% RH. All 
trials were left for 3 and 7 days. Trials 1 and 2 were conducted separately, while tri-
als 3 and 4 were conducted at the same time. Wire racks with swatches were placed 
onto the middle shelf. After the experimental period, each group of swatches on 
wire racks was removed and placed on labelled blotting paper for source testing. 
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2.4 Controls

2.4.1 Experimental controls
For each experiment, three experimental controls were generated by taping 

swatches to blotting paper, depositing 50 µL of semen and leaving them in a bio-
logical safety cabinet (BSC) with a temperature and humidity data logger (HOBO, 
USA) for 3 or 7 days before source testing.

2.4.2 Positive and negative controls
Positive and negative controls were taken for each of the four experiments. 

The positive control consisted of 50 µL of semen deposited onto cotton at the time 
of source testing, while the negative control remained blank.

2.5 Source testing

2.5.1 Acid phosphatase
Filter paper (70 mm, Whatmann) was dampened with deionised water and 

firmly pressed onto each swatch for 5 seconds. The filter paper was removed, and 
lightly sprayed with acid phosphatase reagent (α-Naphtyl acid phosphatase, Fast 
Black K salt, sodium acetate, acetic acid and deionised water). The development of 
a purple color within 2 minutes was considered a positive reaction. 

2.5.2 ABAcard® p30® 
A 0.5cm x 0.5cm square was excised from the stained area using a scalpel 

(Swann-Morton No. 11) and placed into a labelled 1.5 mL Eppendorf tube. Sterile 
water (Fresenius Kabi) (650 µL) was added to the tube. The tube was vortexed for 5 
seconds, and incubated at room temperature for one hour. The tube was vortexed 
for another 5 seconds and centrifuged for 3 minutes at 13,000 g. 200 µL of the 
extract was removed from the tube and added to a p30® test kit (ABAcard® Diag-
nostics). The results were read at 10 minutes. A positive result was defined as one 
line in both the control and test regions, while a negative result was defined as one 
line in the control section only. The remaining 450 µL of extract was frozen until 
required for DNA extraction.

2.5.3 Hematoxylin and eosin (H&E) staining
A 0.5cm x 0.5cm square was excised from the stained area using a scalpel 

(Swann-Morton No. 11) and placed into a labelled 1.5 mL Eppendorf tube, and 
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stored in the fridge until required. When required, 50 µL of sterile water was added 
to the tubes, and vortexed for 5 seconds. Ten microliters of extract was deposited 
onto a labelled microscope slide, and left overnight to dry. The stain was covered 
with hematoxylin and left for 15 minutes, then rinsed with tap water. The stain was 
covered with Scott’s tap water, left for one minute, and rinsed with tap water. The 
stain was covered with eosin, left for one minute, and rinsed with tap water. The 
slides were rinsed with methanol. The slides were dipped 6 times in Histosolve, 
then 6 times in ethanol. The slides were left to dry, and then cover slips were added. 
Slides were viewed under 10 x and 40 x magnification, and scored as follows: -, no 
sperm detected; +, a few sperm, hard to find; 2+, some sperm in some fields, easy to 
find; 3+, many or some sperm in most fields; 4+, many sperm in every field.

2.6 DNA Analysis
Prior to extraction, the following reagents were prepared: Extraction buffer 

(1.21 g Tris, 3.72 g EDTA disodium salt, 5.84 g sodium chloride dissolved in 100 mL 
distilled water), Proteinase K solution (10mg/mL in dissolved water) and extraction 
digest buffer (extraction buffer and proteinase k). Lysis and wash buffers were pre-
pared according to manufacturer’s instructions. The 450 µL extracts were removed 
from the freezer and allowed to reach room temperature. One hundred microliters 
of extraction digest buffer was added to the sample, and incubated at 56°C for 30 
minutes. The extract was transferred to a new, labelled 2 mL tube. DNA was man-
ually extracted using the DNA IQ™ kit (Promega, Australia) to a final volume of 
60 µL. Samples were quantified using the Quantifiler™ Trio Quantification Kit 
(Thermo Fisher Scientific, Australia) on an ABIPRISM® 7500 (Life Technologies, 
USA) and analyzed using HID Real-Time PCR Analysis Software.

3. Results

The results for each experiment are shown in Table 1. All controls produced ex-
pected results. For experimental control samples, temperature ranged from 16.5 
to 25°C, and RH ranged from 35-62% for all experiments. As most 3- and 7-day 
experiments were conducted with different ejaculates of semen, the results of these 
experiments cannot be compared to one another. Instead, the results from each 
experiment are to be compared directly to the experimental controls generated for 
each of the respective experiments.
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Table 1. Results for source testing and DNA quantities obtained for all experiments.

CC CONDITIONS
LENGTH OF 
EXPOSURE 
(DAYS)

AP p30 H&E
DNA QUANTITY (ng)
Min-Max 
(Med)

CC EC CC EC CC EC CC EC

45°C, 10% RH

3 days 5/5 2/2a 5/5 2/2a ++ to 
++++

+++a 46.5-727.4 
(130.1)

27.2-36.1 
(31.6)a

7 days 4/5 2/3 5/5 3/3
++ to 
++++

++ to 
+++

231.2-798.9 
(693.6)

116.0 – 953.7 (913.7)

45°C, 80% RH

3 days 0/5 3/3 5/5 3/3
+ to 
+++

+++
3.6-105.7 
(32.5)

30.5-379.4
 (136.7)

7 days 0/5 3/3 5/5 3/3
+ to 
+++

+++
0.06-32.8 
(13.1)

165.9-1057.2 
(1051.5)

15°C, 10% RH
3 days 5/5 3/3 5/5 3/3

++ to 
++++

+ to
 +++

156.9-818.2 
(621.8)

146.3-477.8 (214.1)

7 days 5/5 3/3 5/5 3/3
++ to 
+++

+ to 
+++

84.9-673.2 
(487.6)

146.4-214.9 (172.2)

15°C, 80% RH
3 days 5/5 3/3 5/5 3/3

+++ to 
++++

+++
180.7-670.5 
(415.4)

343.4-2060.4 (401.8)

7 days 5/5 3/3 5/5 3/3
- to
 ++++

+++ to 
++++

346.2-666.6 
(635.7)

102.9-259.7 (161.4)

a Only two controls recorded.

4. Discussion

Acid phosphatase activity appeared to be impacted after samples were subjected to 
high temp and humidity (45°C, 80%) for both 3- and 7-days, though this was not 
the case for other temperature/humidity conditions or experimental controls. A 
considerably lower amount of DNA was recovered from both 3-day (3.6-105.7 ng, 
med. 32.5 ng) and 7-day (0.06-32.9 ng, med. 13.1 ng) samples that were exposed to 
high temp/humidity conditions compared to the respective experimental controls 
(3 days: 30.5-379.4 ng, med. 136.7 ng; 7 days: 165.9-1057.2 ng, med. 1051.5 ng). 
When samples were exposed to the same high temperature, but a lower humidity 
(10%) for 7 days, no acid phosphatase activity was observed in one sample. Further 
work is needed to investigate if this is due to the experimental conditions. When 
samples were exposed to lower temperatures, regardless of humidity, the median 
amount of DNA recovered from the climate chamber groups was higher than, or 
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within the same range as, their respective experimental controls (Table 1). The 
temperature of the room was between 16°C and 25°C during these experiments. 
These results suggest that DNA persistence and recovery may be impacted by high-
er temperatures, rather than humidity. These results are supported by Chen et al. 
[1], who recovered more DNA from samples subjected to cooler conditions and 
highlighted that DNA persistence was likely impacted more by temperature rather 
than humidity.

No impact on PSA detectability was observed, regardless of climate or control 
conditions, and at least one sperm was observed on all slides except for one sample 
left at 15°C and a RH of 80% for 7 days. DNA was still able to be recovered from this 
sample (644.66 ng). This suggests that PSA and sperm may be more resistant to the 
impacts of climate changes under the conditions investigated in this study.

When considering factors that impact DNA recovery, substrate type can also 
have an effect. Goray et al. [4] looked at secondary transfer of biological material 
on a range of porous and non-porous substrates and found that porous substrates 
tended to absorb the biological material, rather than transfer it when the substrate 
came into contact with another substrate, either porous or non-porous. In this 
study, only one porous substrate was used. Hence, some DNA may have been lost 
due to the absorption of the semen by the fabric in addition to being exposed to 
potentially harmful climate conditions. More studies are needed to investigate if 
substrate type, exposure time and environmental conditions, such as climate, have 
a significant impact on semen persistence.

5. Conclusion

Overall, the results of this study demonstrate that different components of semen 
may be affected by temperature, specifically high temperatures. They also high-
light the need for additional studies exploring the impact that temperature and 
humidity have on the persistence, detection and recovery of semen. The results 
contribute to the currently limited knowledge of semen persistence and recovery 
when exposed to different climate conditions, and provide some understanding of 
when different components of semen may or may not be detected.                                
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Abstract 
The genetic study of 70 victims of the Spanish Civil war (1936-1939) and posterior dictatorship 
(until 1970s) for identification purposes is reported. The victims, buried in graves in the cemetery 
of Orduña in Northern Spain (Basque Country), came from the central prison established in the 
locality. According to the official reports, more than two hundred males died in this prison becau-
se of the terrible conditions of insalubrity and hunger. Most of the victims were from southern 
regions of Spain and were sent to the north as part of the dispersion of prisoners far from home.
Informative autosomal STR and Y-chromosome STR profiles were obtained from the skeletal 
remains of most of the victims, and were compared to those from relatives of 50 families. A total 
of 10 identifications have been reached at the moment. However, the search for new relatives of 
reference is continuing in order to identify the largest possible number of victims.
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Introduction

During the Spanish Civil War (1936-1939) and the subsequent dictatorship (until 
the 1970s), an estimated 114,000 victims disappeared. Regrettably, 80 years after 
the outbreak of the conflict, the percentage of recovered or identified victims still 
represents a minor part of the totality. In fact, only approximately 9,000 victims 
have been recovered in the last eighteen years [1-3]. 

In 2014 and 2022, exhumations of the victims buried in graves in the cem-
etery of Orduña in North of Spain (Basque Country) were carried out. The victims 
came from the central prison established at that moment in the locality. According 
to the official reports, more than two hundred males died in this prison as a result 
of the terrible conditions of insalubrity and hunger. Most of the victims were from 
southern regions of Spain as they were sent to the north as part of the dispersion 
of prisoners far from home.

Figure 1. Exhumation of victims in the cemetery of Orduña (2022). Source: Sociedad de 
Ciencias Aranzadi.

The aim of the present study is the genetic analysis of skeletal remains of the 70 
victims exhumed from the cemetery of Orduña, as well as alleged relatives, for 
identification purposes.
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2. Material studied, methods, techniques

Skeletal remains of a total of 70 victims (mainly long bones, petrous bones or 
teeth) buried in graves in the cemetery of Orduña in North of Spain (Basque Coun-
try) were analyzed. According to official reports, the victims buried in the cemetery 
came from southern Spain; therefore, the search for relatives was possible based 
on documentary and historical reports, and institutionary support. Samples from 
alleged relatives belonging to 50 families were obtained; more concretely, buccal 
swabs were collected under informed consent, and in one case a skeletal remain 
from a relative was analyzed.

Prior to genetic analysis, anthropological studies were conducted to indi-
vidualize the skeletal remains and obtained basic biological data (sex, age-at death, 
stature, cause of death, etc.)

Processing of the skeletal remains were performed as described in [2]. DNA 
extraction and quantification were carried out using the PrepFiler® Express BTA 
Forensic DNA Extraction Kit (Thermo Fisher Scientific, TFS, USA) in an Automate 
Express (TFS) and QuantifilerTM Trio DNA Quantification kit (TFS), respectively. 
DNA of buccal swabs from relatives was extracted using Gentra Puregene System 
(Qiagen, Germany) and quantified using NanoDrop spectrophotometer (TFS).

Autosomal STRs (aSTRs) and Amelogenin were studied using GlobalFiler™ 
IQC PCR Amplification Kit (TFS) and Y-STRs were analyzed using PowerPlex Y23 Sys-
tem (Promega Corporation, USA). Capillary electrophoresis was performed on 3500 
Genetic Analyzer (TFS) and data analysis using Gene Mapper Software v.6.0 (TFS).

Comparison of genetic profiles obtained from remains and alleged relatives 
was carried out. Statistical calculation for aSTRs was performed with the statistical 
software Familias v.3.3 [4] or GFF v.2.56b. Y-STR haplotype frequency was assessed 
through YHRD (Y-STR Haplotype Reference Database) database.

In order to avoid contamination, recommendations suggested for work with 
ancient DNA (aDNA) were followed [5]. 

3. Results

In this study, the genetic analysis of skeletal remains of 70 victims of the Spanish 
Civil War and posterior dictatorship, buried in graves in the cemetery of Orduña 
in North of Spain (Basque Country), was carried out for identification purposes, as 
well as alleged relatives of 50 families. 



1206 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

A significant success in DNA profiling from skeletal remains recovered from 
Orduña graves was achieved. Informative profiles (≥ 12 markers) were obtained in 
100% and 91% of the remains for aSTRs and Y-STRs, respectively. Figure 1 shows 
the success of DNA profiling for aSTRs and Y-STRs in skeletal remains, according to 
the number of markers obtained. For aSTRs, more than 17 markers were obtained 
in 70% of the remains and between 12 and 17 markers in the remaining 30%. 
For Y-STRs, in 58% of the remains more than 17 markers were obtained, in 33% 
between 12 and 17 markers and in the remaining 9% between 6 and 11 markers.

Figure 2. DNA profiling success for autosomal STRs (aSTRs) and Y-STRs in skeletal remains.

The genetic comparison performed between the skeletal remains and the presumed 
relatives allowed the identification of 10 victims. In more detail, five of the identi-
fications were father/children cases, one paternal grandfather/ three grandchildren 
case, one maternal grandfather/three grandchildren case and one paternal uncle/
nephew case. Two remains were identified as brothers, and their identity was stab-
lished with one daughter and paternal relatives. LR values for aSTRs ranged from 
2.44E+04 to 1.04E+10. In addition, patrilineal relationships were also supported by 
Y-STR haplotype matches between the remains and male relatives.

Other cases remain unresolved, despite the fact Y-STR haplotype matches 
have been determined between remains and potential relatives, as the match values 
obtained were below the established statistical threshold.
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4. Discussion

The identification of victims of the Spanish Civil War and posterior dictatorship 
from exhumed skeletal remains is a challenging task, mainly due to the difficulty of 
obtaining genetic profiles from the remains. Skeletal remains typically contain low 
amounts of preserved DNA with variable degree of damage, as well as the presence 
of inhibitors, and endogenous or exogenous contamination [6].

This study has achieved significant success in DNA profiling of the skeletal 
remains of the 70 exhumed victims, as informative autosomal STR and Y-chromo-
some STR profiles were obtained in most cases. The overall success denotes the ef-
ficiency and sensibility of the DNA extraction and genotyping methods herein used. 

The partial success rate in identification (10 victims) is mainly due to the 
lack of suitable relatives for genetic comparisons, a consequence of the long time 
elapsed since the end of the conflict, and the subsequent difficulty in finding 
first-degree relatives. The exhumation of close relatives emerges as an option of 
great interest as it would allow a more direct comparison with the victims. Fur-
thermore, the dispersion of the victims along Spain in order to avoid their identi-
fication by acquaintances also complicates the search of relatives. In this sense, a 
national database including DNA profiles of all regions of Spain is expected to be 
very useful, especially in cases like this one where most of the victims came from 
southern regions of Spain and they were sent to the north as part of the dispersion 
of prisoners far from home.

Additionally, the study of additional markers (i.e. MPS panels) would be use-
ful to resolve complex kinship relationships, where conventional markers are not 
discriminative enough.

5. Conclusion

In this study, the genetic analysis of skeletal remains of 70 victims of the Spanish 
Civil War and posterior dictatorship, exhumed from the cemetery of Orduña, have 
been successfully carried out. The efficiency of the methodology used herein has 
allowed a significant success in genetic profiling despite the intrinsic difficulties of 
the analysis skeletal samples. Victim identification has been limited by the lack of 
suitable relatives used for genetic comparisons. The search of more relatives as well 
as the analysis of additional genetic markers are necessary in order to increase the 
number of genetic identifications.



1208 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

6. Acknowledgments 

Funds were provided by Gogora- Institute for Memory, Coexistence and Human 
Rights of the Basque Government and by the Consolidated Research Group of the 
Basque Government, Microfluidics & Biomics Cluster UPV/EHU (IT-1271-19 and 
IT1633-22).

7. Conflict of interest statement

Authors declare no competing interest.

8. References

[1] F. Etxeberria, Exhumaciones contemporáneas en España: las fosas comunes de 
la Guerra Civil, Boletín Galego de Medicina Legal e Forense (2012) 18. 

[2] M. Baeta, C. Nunez, S. Cardoso, L. Palencia-Madrid, L. Herrasti, F. Etxeberria, 
M.M. de Pancorbo, Digging up the recent Spanish memory: genetic identifica-
tion of human remains from mass graves of the Spanish Civil War and posterior 
dictatorship, Forensic Sci. Int. Genet. 9 (2015) 1272–1279.

[3] L. Herrasti, N Marquez-Grant, F. Etxeberria, Spanish Civil War: The recovery 
and identification of combatants. Forensic Science International 320 (2021) 
110706. 

[4] D. Kling, A. O. Tillmar, T. Egeland, Familias 3-Extensions and new functionality. 
Forensic Science International: Genetics 13 (2014) 121-127.

[5] A. Cooper, H.N. Poinar, Ancient DNA do it right or not at all, Science 289 (2000) 
1139.

[6] C. Raffone, M. Baeta, N. Lambacher, E. Granizo-Rodríguez, F. Etxeberria, MM. de 
Pancorbo. Intrinsic and extrinsic factors that may influence DNA preservation in 
skeletal remains: A review. Forensic Sci Int. 325 (2021) 110859. 



LR values in the identification of victims of the Spanish Civil War 
(1936-1939). The experience of a big consortium 

EdUardo arroyo-pardo1*, mar Costa-rogEr2, ClaUdia lopEs gomEs1,  
sara palomo-díEZ1, manUEl loZano garCía1, sara bravo gómEZ1,  

Cristina santos pErEira3, raqUEl rasal sotEras4, nUria bonEt martín4,  
assUmpCió malgosa morEra3, EdUardo tiZZano fErrari2, EnriC tartEra biEto5,  

ana maría lópEZ-parra1

1Laboratory of Forensic and Population Genetics, Faculty of Medicine,  
Complutense University of Madrid, Spain.

2Area de Genética Clínica y Molecular, Hospital Vall d’Hebron, Barcelona, Spain.
3Laboratori d’ADN antic, Dep. Biologia Humana, Animal, Biologia Vegetal i Ecologia,  

Universitat Autónoma de Barcelona, Spain.
4Servei de Genomica, Dep. de Ciencies Experimentals i de la Salut,  

Universitat Pompeu i Fabra, Barcelona, Spain. 
5Iltirta Arqueologia S.L., Lleida, Spain. 

* Corresponding author at: 1Laboratory of Forensic and Population Genetics, Faculty of Medicine,  

Complutense University of Madrid, Spain. Phone: +34 913941576, E-mail: eduardoa@ucm.es. 

Abstract
We present data of the study promoted by the General Directorate of Democratic Memory of 
the Generalitat de Catalunya, between July 2017 and the present, to identify those who died as a 
result of the Spanish Civil War. A database of 3936 potential living descendants is available in the 
Clinical and Molecular Genetics Area of the Vall d’Hebron Hospital, Barcelona, Spain. Three cen-
tres, including Pompeu Fabra University, Autonomous University of Barcelona and Complutense 
University of Madrid, have provided a total of 579 (plus 62 with no results) genetic profiles of de-
ceased people based on human remains excavated by the company Iltirta S.L. The identifications 
were made using the DVI module from Familias 3.2 software, first, and then LR value calculation 
was based on individual comparisons between suspected samples.
As of March 2024, there have been a total of 24 cases with identificative results, all of them belon-
ging to males. In 6 cases, the identification was made through autosomal STRs with GlobalFiler 
PCR Amplification Kit (Thermo Fisher Scientific)(LR>>100000) and subsequent confirmation 
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with Yfiler Plus PCR Amplification Kit (Thermo Fisher Scientific), and in 2 cases with subse-
quent confirmation with mitochondrial haplotype. In addition, in 5 cases there could only be a 
patrilineal match probability by Y chromosome and in 1 case a matrilineal match by mitochon-
drial haplotype. Regarding kinship, in 11 cases daughters or sons were used, in 2 cases siblings, 
in 4 cases grandchildren, in 1 case great-grandchildren and in 6 cases nephews or nieces. Ele-
vated LR values mostly correspond to parent-child comparisons that will decrease in frequency 
over time. Therefore, it is necessary to incorporate more polymorphism into the genetic profiles 
in order to be able to make comparisons between more distant relatives.

Keywords
Genetic identification, Spanish Civil War, Likelihood Ratio.

1. Introduction

The Spanish Civil War (1936-1939) resulted in numerous unidentified human re-
mains. Recently, modern genotype technologies have proven to be a powerful tool 
for identifying these remains. Genetic results can add valuable information to data 
from physical anthropological origin that, normally, use to be insufficient [1]. Ge-
netic profiles –both from autosomal, Y-chromosome and mtDNA origin- allow to 
test complex family pedigrees through probability and LR values in warfare cases 
[2,3]. In routine forensic practice, some commercial kits are used.

Hereby we present the identification data -obtained thanks to the afore-
mentioned commercial kits- of the study promoted by the General Directorate of 
Democratic Memory of the Generalitat de Catalunya, between July 2017 and the 
present, to identify those who died as a result of the Spanish Civil War.

2. Material and methods

A database of 3936 potential living descendants is available in the Clinical and Mo-
lecular Genetics Area of the Vall d’Hebron Hospital, Barcelona, Spain. Three span-
ish centres, including Pompeu Fabra University, Autonomous University of Barce-
lona and Complutense University of Madrid, have provided a total of 579 genetic 
profiles of deceased people based on human remains excavated by the company 
Iltirta S.L. Identifications were made using the DVI module from Familias 3.2 soft-
ware, first, and then LR value calculation was based on the Case-related DNA data 
module/individual comparisons between suspected samples.

Used kits were GlobalFiler PCR Amplification Kit and Yfiler Plus PCR Am-
plification Kit (Thermo Fisher Scientific). Mitochondrial DNA was typed through 
PowerSeq CRM Nested System kit (Promega). Living relatives were typed for mi-
tocondrial DNA through Sanger sequencing (2 PCRs for positions 16021-16519 y 
71-360).
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3. Results

In the following table, results general results of the study, together with informa-
tion of the samples, are presented (Table 1).

Table 1. UCM: Complutense University of Madrid, AUB/UPF: Autonomous University of 
Barcelona / Pompeu I Fabra University. Column Type of marker refers to the genetic system 

considered for identification.

Sample 
code Identification Location Laboratory Familiar relation sample / relatives LR autosomal 

STRs
LR lineage 
markers Type of marker

SOL68 2019 Cementiri vell del 
Soleràs UCM Maternal grandson / Paternal 

grandnephew-grandson 1178/6.41 4420 Autosomal STR and 
Y-STR

SOL71 2019 Cementiri vell del 
Soleràs UCM Maternal granddaughter 475269 Autosomal STR

SOL70 2019 Cementiri vell del 
Soleràs UCM Paternal great-grandson 0.90 262328 Y-STRs

SOL09 2019 Cementiri vell del 
Soleràs UCM Daugther 6411254 Autosomal STR

SOL28 2019 Cementiri vell del 
Soleràs AUB/UPF Paternal grandson 10.09 514160 Y-STRs

SOL69 2019 Cementiri vell del 
Soleràs UCM Paternal nephew 3.3 512945 Y-STRs

SOL85 2019 Cementiri vell del 
Soleràs UCM Paternal nephew 534.8 509808 Autosomal STR and 

Y-STR
CAST5 2019 Castellar del Vallès AUB/UPF Maternal nieces - 13560 mtDNA

SOL06 2020 Cementiri vell del 
Soleràs AUB/UPF Paternal nephew 4.5 727129 Y-STRs

SOL01 2021 Cementiri vell del 
Soleràs UCM Sister 3.76E+08 Autosomal STR

REIG-1 2021 Els Reguers AUB/UPF Daughter 5.72E+07 Autosomal STR

SOL99 2021 Cementiri vell del 
Soleràs UCM Son 1.47E+07 800649 Autosomal STR and 

Y-STR

SOL102 2021 Cementiri vell del 
Soleràs UCM Son 5.44E+07 823567 Autosomal STR and 

Y-STR
MIR21 2018 Pernafeites UCM Daughter 2115614 Autosomal STR 

MTR04 2021 Mas Torrenova / 
Moli C16 AUB/UPF Daughter 1163926 Autosomal STR

MSM18 2021 Mas de Santa 
Magdalena UCM Son 4.20E+07 778747 Autosomal STR and 

Y-STR

MSM28 2022 Mas de Santa 
Magdalena AUB/UPF Daughter 4.37E+07 Autosomal STR

MSM127 2022 Mas de Santa 
Magdalena UCM Paternal niece and nephew 386625 568515 Autosomal STR and 

Y-STR

MSM136 2022 Mas de Santa 
Magdalena UCM Son 1.23E+08 Autosomal STR

SOR05 2020 Sorpe UCM Daughter 1812107 Autosomal STR 

SOR07 2020 Sorpe UCM Maternal grandson / Paternal 
grandson / Paternal granddaughter 1.06E+23 Autosomal STR

SOR08 2022 Sorpe UCM Paternal nephew 50.91 674972 Y-STRs
UF41 / 
CR22 2023 Reus AUB/UPF Brother 1.28E+11 100 Autosomal STR and 

Y-STR

MSM149 2023 Mas de Santa 
Magdalena AUB/UPF Daughter and grandson 3.61E+13 Autosomal STR

As of March 2024, there have been a total of 24  identifications, all of them be-
longing to males. In 7 cases, the identification was made through autosomal STRs 
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with GlobalFiler PCR Amplification Kit (Thermo Fisher Scientific)(LR>>105) and 
subsequent confirmation with Yfiler Plus PCR Amplification Kit (Thermo Fisher 
Scientific). In addition, in 5 cases there could only be a patrilineal match probabili-
ty by Y chromosome and in 1 case a matrilineal match by mitochondrial haplotype. 
Regarding kinship, in 11 cases daughters or sons were used, in 2 cases siblings, 
in 4 cases grandchildren, in 1 case great-grandchildren and in 6 cases nephews or 
nieces.

4. Discussion

The lack of non-genetic information about biological samples (historical, archaeo-
logical and anthropological data) decreases the number of targeted identifications, 
in which the LR is calculated between problem sample and a small group of living 
relatives.

Results seem to indicate that the LR decreases with kinship degree. Although 
Y-STR and mitochondrial DNA yields relevant LR values, highest LRs come from 
autosomal markers. 

5. Conclusion

Elevated LR values mostly correspond to parent-child comparisons that will de-
crease in frequency over time. Therefore, it is necessary to incorporate more pol-
ymorphisms into the genetic profiles in order to be able to make comparisons 
between more distant relatives. Also, given that identifications may occur in the 
future, in the medium and even long term, it would be positive to add more poly-
morphisms in the current typing to obtain higher - and therefore conclusive - LR 
values in the future. Results seem to indicate that the LR decreases with kinship 
degree.
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Abstract 
Iraq has experienced multiple conflicts over the last few decades with hundreds of thousands 
of deaths. Many of the victims have not been identified. The Medico Legal Directorate (MLD), 
which falls under the Ministry of Health, is authorized and mandated in law along with the Mar-
tyrs’ Foundation, to carry out the exhumation and identification of human remains. While DNA 
analysis plays a critical part in most identifications the MLD has also developed and incorporates 
anthropological analysis, which is especially important in cases involving commingling.
Notable episodes of conflict and violence that have resulted in large numbers of deceased include: 
the Iraq-Iran war (1980-1988) with over 50,000 Iraqis still missing; the Al-Anfal campaign (1978-
1988) where between 50,000 and 100,000 Kurds were killed; the Gulf War (1990-1991) with up to 
50,000 Iraqi Service men killed; the Shia Uprise against Saddam regimen (1991) where between 
400,000 and 1,000,000 were killed with most placed into mass graves, and the civil conflict (2005 
-2008) that is still politically very sensitive. In its recent history between 2014 and 2017 ISIL (Is-
lamic State of Iraq and the Levant) occupied approximately one third of the country and during 
this time committed many atrocities, including Camp Speicher where up to 1,700 air cadets were 
killed, Badoush Prison where over 600 Shia prisoners were executed and the persecution of the 
Yazidi population, where an estimated 5,000 males have been killed.
Each context presents its own challenges. Recovery of DNA from much of the skeletal material is 
difficult, with high levels of DNA degradation. Reference sample collection has been difficult in 
some contexts, with large numbers of relatives among the deceased and the challenges of tracing 
relatives following internal displacement and emigration. The security and location of some mass 
grave sites has also hampered the recovery of human remains.
Despite the challenges the MLD have been successful in identifying large numbers of individuals. 
Here we will discuss the incorporation of DNA in the identification process and provide more 
detail on the identification of the victims of the Yazidi population and Camp Speicher.
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1. Introduction

In its recent history Iraq has suffered through international wars, civil wars, and 
terrorism. One result of the conflict is that there are more than 500,000 missing 
persons. Thousands of exhumed skeletal remains from over 300 mass graves dating 
to different period of times have been recovered and are awaiting identification; 
several hundred mass graves are still undiscovered or awaiting exhumation. 

The Mass Graves Department was established in 2009 and is part of the MLD 
under the Ministry of Health. The DNA laboratory has been operational since 2013, 
with DNA analysis directly contributing to the identification of human remains 
since 2014.

While DNA analysis plays a critical part in most identifications the MLD also 
incorporates anthropological analysis, which is especially important in complex 
cases involving large numbers of missing and where commingled remains are re-
covered (Figure 1). The Identification Committee considers all lines of evidence 
before making an identification [1].

Figure 1. outline of identification process within the MLD
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Human remains with very different levels of preservation are received and 
processed by the MLD ranging from samples only a few years old to those dating 
the Iran -Iraq war of the 1980s. While the processing of recent samples tends to 
be relatively routine even some samples from recent conflicts can be challenging 
because of environmental insult.

The Mass Graves Department has been actively processing samples for over 
ten years and has refined its extraction technique over this period. We present two 
case studies below that illustrate the challenges of the casework undertaken by the 
MLD and also highlights the potential to achieve identifications and return the 
human remains to the families of the missing.

2. Materials and methods

2.1. Material
Skeletal remains are exhumed from different mass graves in Iraq after a 

burial period ranging from a few years to over 30 years. Any soft tissue and exter-
nal contamination on the bone samples are removed. Samples are cleaned using 
a Dremel or dental type rotary drill with a variety of sanding bits to accommodate 
different sizes and shapes of bone samples. The samples are then washed with sodi-
um hypochlorite 5%, water, absolute ethanol and then dried for 24-48 h, depending 
on the sample condition.

All bone samples are pulverized using a Waring blender base, 1 L, mod-
el 7009 or 7011 and Waring blender cups, model SS110. Pulverized samples are 
stored at -20 °C until the time for DNA extraction.

2.2. DNA Extraction and DNA Profiling
Extraction for samples can vary slightly depending on the condition of the 

sample. Routine extractions have used semi-automated extraction with the Pro-
mega Maxwell ® 16. Typically, 0.5 g of ground material was incubated with 4 ml 
of bone incubation buffer for 24 h at 56 °C. The samples were concentrated using 
Amicon® Ultra-4 50 kDa columns. The resulting extracts of up to 250 ul were then 
purified using the DNA IQ™ Casework Pro Kit (Promega) following the manufac-
turer’s instructions. An alternative method based on total demineralisation [2] was 
used in some case, typically when samples contained low amounts of DNA.

DNA extracts were quantitated using a 7500 Real Time PCR system with the 
HID Real-Time PCR Analysis (Life Technologies). The PowerQuant kit and the Pow-



1218 30th CONGRESS OF THE INTERNATIONAL SOCIETY FOR FORENSIC GENETICS

erQuant analysis tool from Promega were used for quantification and the detection 
of PCR inhibitors. DNA amplification was carried out using a 7900 PCR system gold 
series (Life Technologies) with the PowerPlex 21 kit (Promega). Capillary electro-
phoresis and data analysis were undertaken using a 3500xL Genetic Analyzer and 
GeneMapper ID-X 1.5 (Thermo Fisher Scientific).

2.3. Matching and likelihood ratios
Matching of DNA profiles from reference and human remains was under-

taken using GeneMarker v 2.7 (SoftGenetics) and likelihood ratios were calculated 
using Familias [3]. Likelihood thresholds are set depending on the context and in 
particular the likely number of victims [4, 5].

3. Results and Discussion

The identification projects undertaken by the MLD relate to different periods of 
conflict and varying scale. Below two case studies are presented.

3.1 Case study 1: Identification of members of Yazidi population
Most of Iraq’s minority groups have historically resided in Nineveh (North-

ern Iraq) including the Yazidis, Assyrian and Chaldean Christians, Sabaean-Man-
daeans, Turkmen, Shabak, and Kaka’i. ISIL specifically targeted these groups to 
“purify” the area of non-Islamic influences. Yazidis were singled out for particularly 
cruel treatment because ISIL members saw them as devil worshippers [6, 7]. 

According to the UN, at least 5,000 males were executed and 7,000 women 
and girls from the Shingal region (Sinjar mount and the surround area) were sub-
jected to sexual slavery [7,8).

An identification program has been underway in Iraq to identify members 
of the Yazidi population that were killed during the ISIL occupation. To date, 786 
human remains have been recovered and DNA has been extracted and profiled us-
ing Promega’s PowerPlex® 21 STR kit and PowerPlex® Y23 kit. To provide samples 
for comparison an outreach programme has been undertaken to collect reference 
DNA samples along with other relevant antemortem data from relatives of missing 
individuals.

The programme faces numerous challenges such as location and recovery of 
human remains and locating biological relatives, many of whom are either inter-
nally displaced persons (IDPs) or have sought asylum in other countries. Additional 
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complexities in the case arise because of multiple victims within the same families. 
An example of one family is shown in Figure 2.

Figure 2. Pedigree of family with red squares for the missing persons (MP).  
GM: grandmother, M: mother, RF: reference sample.

For DNA-based identifications the Iraqi allele frequency database is used [9], 
but this is based on the Arabic population. A Yazidi allele frequency database was 
constructed (informed consent was provided by all individuals that provided a DNA 
sample). Exact tests comparing individual loci identified significantly different al-
lele frequencies in 10 out of 15 loci that were compared. 

Likelihood ratios were calculated for 105 sibling cases (i.e. sibling indexes) 
with all other relatives on the pedigrees excluded for the purpose of comparing the 
two reference databases. The median log10 value when using the Yazidi database 
was approximately one order of magnitude lower (5.06) than when using the Iraqi 
Arab allele frequency database (5.91), illustrating the importance of using the most 
relevant allele frequency database to reduce the potential for false matches.

So far 243 identifications have been made. The largest challenges remain the 
recovery of human remains and accessing victims’ relatives. To date just over 2,000 
of the estimated 5,000 victims have been registered as missing. 

3.2 Case study 2: Camp Speicher
In June 2014 between approximately 1,700 young, unarmed Shia air ca-

dets were seized and slaughtered in and around Tikrit, Iraq. ISIL officially claimed 
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responsibility for the well-reported massacre. Most victims were buried in mass 
graves with others dumped into the Tigris River. Following the removal of ISIL 
exhumations and recovery of bodies from the river started in the area. 

In this context DNA was highly degraded even though the human remains 
were recovered after 3-4 years postmortem; however, full PowerPlex® 21 profiles 
could be generated for approximately 95% of the samples. At the end of 2023 1,139 
bodies from the 1,700 victims had been identified and returned to their families. 
In addition to assisting with identifications, DNA, along with anthropological as-
sessment has helped to reassociate the highly comingled remains of 48 individuals 
recovered from the Tigris River. 

4. Conclusion

The Mass Graves Department within the MLD Iraq has been conducting human 
identification with the help of DNA for over 10 years. The contexts are complex, and 
the human remains often show elevated levels of degradation. However, despite the 
challenges 1000s of individuals have been identified and their remains returned to 
their families. Further work is ongoing at the MLD to improve the DNA recovery 
from degraded samples and examine the potential for SNP panels to support iden-
tification. 
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Abstract
Our study focuses on the challenges and success rates of analysing touch DNA in volume proper-
ty crimes like burglaries and vehicle break-ins. Despite advancements in DNA typing technology, 
touch DNA analysis remains complex due to factors such as limited DNA quantity or complex 
mixtures. However, law enforcement agencies often request touch DNA analysis under pressure 
to solve these crimes. To assess its effectiveness and to interpret the value of trace DNA evidence, 
the Forensic Science Institute of the State Criminal Police Office Lower Saxony monitored suc-
cess rates since 2017. Up until now, the analysis of 2671 contact traces from 1802 cases resulted 
in 65 DNA profiles, of which 19 matched in the German DNA database. The study’s findings have 
been annually shared with law enforcement agencies which led to a decline in requests for cer-
tain types of contact traces.

Keywords
DNA analysis, Touch DNA, Latent DNA, Contact stain

1. Introduction

Volume property crime cases (e.g. burglary and vehicle break-ins) are character-
ized by a high number of contact traces considered as low-template touch DNA. 
These contact traces form a substantial part of the workload for the high-through-
put forensic DNA laboratory of the Lower Saxony State Office of Criminal Inves-
tigation [1]. Decades of research and development improved sensitivity of DNA 
typing methods tremendously, but still, analysis of touch DNA presents with  
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numerous challenges [2]. Success rates of contact traces remain low due to limited 
DNA quantity / quality, complex mixture interpretation, and the absence of DNA 
reference samples. However, facing social and political pressure to increase success 
rates in cases of volume property crime, law enforcement agencies frequently re-
quest the analysis of contact traces aiming to provide the criminal justice system 
with objective and reliable evidence [3]. Aiming to depict a realistic valuation of 
touch DNA evidence in volume crime investigation, we started to examine our 
contact trace success rates.

2. Material studied, methods, techniques

In 2017, we have implemented a continuous process of monitoring results of ana-
lysing touch DNA samples in real cases of volume property crime. The entire work-
flow of contact trace processing follows accredited routine protocols and the con-
cluding success rate data is collected manually. For burglary, we are individually 
focusing on pry marks, (glove) swipe marks, and drill holes. Looking at cases of 
vehicle break-in, we concentrate on infotainment systems (e.g. contact traces from 
various infotainment connectors and plugs) as well as screws.

3. Results

From 2017 to 2024, 2671 contact traces belonging to 1802 cases have been ana-
lysed and evaluated. Altogether, 65 DNA profiles were sent to the German DNA da-
tabase (DAD) of the Federal Police Department (Bundeskriminalamt) resulting in 
19 hits. Seeing this low likelihood of success, requests for pry marks, (glove) swipe 
marks, and car-infotainment plugs are typically rejected (except for well-justified 
reasons). In comparison, success rates for drill holes (often accompanied by saliva 
stains) are superior justifying their analysis.

4. Discussion and Conclusion

The police intranet of Lower Saxony is provided annually with the success rates of 
each contact trace type. This data collation offers objective statistics to better eval-
uate the potential outcome of contact DNA evidence in volume crime investigation 
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for the investigative phase in the criminal justice system of Lower Saxony. In ac-
cordance with that, recent trends show a drop in this type of investigation requests.

Difficulties were encountered during the data collation. Each case had to 
be searched manually, which is a time-consuming task. Given the high workloads 
with routine casework, this is given less priority. To further address the challenges 
of manual data collection, we are planning to automate success rate estimations 
using our Laboratory Information Management System (LIMS).

As another consequence of this study, special training of police officers can 
help to improve success of crime investigations.
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Abstract 
Inside a large bag collected in a dumpster, a newborn was found, noticed due to the cries heard 
by passersby. When discovered in May 2013, the female infant, still alive, was wrapped in several 
towels soiled with widespread bloodstains. Additionally, the placenta and umbilical cord were 
also recovered near the baby. At first, the placenta samples from the mother’s side were analysed 
to genotype autosomal DNA profile and mtDNA haplotype using the Sanger method for the HVS-
I and HVS-II regions to determine the potential ancestral background of the unknown mother. 
The predicted haplogroup based on mutations in the control region was H27, which was predo-
minantly found in northern Europe. In addition, biogeographic ancestry and DNA phenotyping 
analyses were performed using the Precision ID Ancestry Panel which targets 165 ancestry in-
formative autosomal Single Nucleotide Polymorphisms (SNPs) and the 41 HIrisPlex-S markers 
respectively, on the Ion GeneStudio S5 Prime System. The results showed the mother’s sample to 
have a predicted predominant European ancestry with Southwest Asian admixture. To increase 
the informativity, a massively parallel sequencing (MPS) experiment was performed using the 
Ion PGM system to analyse the entire mitogenome. The results revealed new mutations in the 
coding regions, leading to the assignment of a different haplogroup (H2a5), exclusively found in 
the Franco-Cantabrian area. 
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The HIrisPlex-S web tool predicted dark brown hair with a light shade, green eye colour, and an 
intermediate skin phenotype.
This case is an example of the impact of the development of new forensic markers and techno-
logies considering that DNA-based inference of biogeographic ancestry should include ancestry-
informative autosomal, Y-chromosomal and mitochondrial DNA markers to infer an individual’s 
subcontinental ancestry. Combined DNA analysis of external visible characteristics (EVCs) and 
biogeographic ancestry can increase the information yield of a criminal investigation.

Keywords 
Forensic genetics, Human identification, NGS technologies, Mitogenome, Forensic DNA Pheno-
typing, Biogeographic Ancestry Prediction

1. Introduction

In forensic casework, lineage markers are highly valued as they can provide in-
formation on the biogeographic ancestry of donors of crime scene trace samples, 
particularly in situations where there are few or no investigative leads or where 
eyewitness testimony is unavailable [1]. Analysis of sequence polymorphisms of 
the hypervariable mitochondrial DNA (mtDNA) regions HVI and HVII remains an 
important tool for this purpose, as mtDNA haplotypes are strongly correlated with 
geographic origin. By comparing mtDNA sequences with databases such as EM-
POP, it is possible to identify specific haplotypes and trace an individual’s ancestry. 
However, these hypervariable regions contain only 25% of mitochondrial DNA var-
iants, and therefore most of the discrimination power of mitochondrial DNA lies in 
the coding region [2]. To increase the informativity of mtDNA, it is therefore pos-
sible to analyse the entire mitogenome using massively parallel sequencing (MPS) 
[3]. In addition, recent advances in Next-Generation Sequencing (NGS) allow the 
prediction of Biogeographical Ancestry (BGA) using autosomal Ancestry Inform-
ative Markers (AIMs) [4] and Externally Visible Characteristics (EVC) [5] through 
the analysis of informative autosomal SNPs, providing investigators with a more 
comprehensive genetic profile.
 In May 2013, a placenta was found in a dumpster in the city of Bologna, along with 
the umbilical cord and several towels soiled with extensive blood stains, next to an 
abandoned newborn baby who was still alive.

Forensic DNA analyses were performed to identify the genetic profiles of the 
foetus and mother and to investigate the maternal biogeographical ancestry and 
EVCs. The analysis focused on advanced SNP genotyping and NGS technologies 
to provide key insights into the individual’s biogeographical ancestry and physical 
traits, greatly enhancing the forensic investigation with useful information.
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2. Materials and methods

DNA from samples of the placenta on the mother’s side and from the umbilical cord 
of the foetus were isolated by QIAmp DNA Investigator Kit (Qiagen, Hilden, Germa-
ny) and amplified with the PowerPlex® ESX 17 System (Promega); the HVS-I and 
HVS-II regions were amplified using primers L15997/H16401 and L00029/H00408, 
then sequenced using the BigDyeTerminator v1.1 kit (Applera) to determine the 
mtDNA haplotype; biogeographic ancestry prediction and DNA phenotyping anal-
ysis were performed using the Precision ID Ancestry Panel which targets 165 an-
cestry informative autosomal SNPs and the 41 HIrisPlex-S markers respectively 
[6], on the Ion GeneStudio S5 Prime System; the EVC data were evaluated using 
the “HirisPlex Prediction Webtool” (https://hirisplex.erasmusmc.nl) and the meth-
odology proposed by Pośpiech et al. [7] for inconclusive results; a massive parallel 
sequencing (MPS) experiment was conducted using the Ion PGM System to analy-
sis the entire mitogenome.

3. Results

The genetic profile of the newborn was easily genotyped from the umbilical cord 
sample, allowing a single-source female profile of the mother to be reconstructed 
from the maternal side of the placenta. 
Based on the analysis of mutations in the HVI and HVII control regions on the ma-
ternal sample, the predicted haplogroup was identified as H27, which is predom-
inantly found in Northern Europe. The results of the ancestry prediction analysis 
showed that the maternal sample had a predicted predominant European ances-
try (66.75%) with Southwest Asian admixture (31.50%) (Figure 1.a). FDP analysis 
using the HIrisPlex-S web tool [6] predicted dark brown hair with a light shade 
and an intermediate skin phenotype. The inconclusive result for eye colour was 
then evaluated according to Pośpiech et al [7] and a prediction of a green eye col-
our phenotype was reported (Figure 1.b). The mitogenome analysis confirmed the 
mutations in the D-loop region detected by Sanger sequencing but also revealed 
new mutations in the coding regions. These additional findings were crucial for 
accurate assignment of the H2a5 haplogroup. This subgroup is indigenous to the 
Basque Country and is found only there, with the highest concentration (17%) in 
the province of Guipuzcoa. It represents a Franco-Cantabrian lineage that has been 
present in the Basque Country since prehistoric times (Figure 2) [8].

https://hirisplex.erasmusmc.nl
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Figure 1.  Results - a) Ancestry Prediction Admixture results- Bar chart showing the admixture 
prediction for the sample analysed using the Precision ID Ancestry Panel v1.0. The table shows 

the admixture prediction with confidence range and population likelihoods with variability 
estimates based on bootstrapping analysis. b) Forensic DNA Phenotyping results- Flowchart 

illustrating the process of predicting eye, hair and skin colour probabilities based on p-values 
obtained using the HIrisPlex-S prediction webtool(https://hirisplex.erasmusmc.nl) and using 

the methodology proposed by Pośpiech et al. for inconclusive eye colour results.
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Figure 2. Province of Guipúzcoa in the Basque Country, northern Spain, where the highest 
concentration of the H2a5 haplogroup is found.

4. Discussion

The results of the biogeographical ancestry (BGA) analyses reveal inconsistencies 
that warrant further investigation. Specifically, while the whole mitogenome anal-
ysis identified the H2a5 haplogroup, which is found exclusively in the Franco-Can-
tabrian area, the Precision ID Ancestry Panel results showed a broader and more 
heterogeneous geographical area that includes both Europe and Southwest Asia. 
This suggests that mitogenome analysis may provide greater resolution than the 
autosomal SNPs used to infer the ancestral origins of an individual. The variation 
in geographical resolution can be attributed to the distinct inheritance patterns: 
mitochondrial DNA (mtDNA) traces only the maternal lineage, whereas autosomal 
SNPs reflect both maternal and paternal contributions [9]. Furthermore, although 
STR markers are well established as primary tools for personal identification, their 
use as AIMs is limited due to the presence of identical STR alleles in different popu-
lations resulting as a result of recurrent mutations [1,10]. This complicates the in-
terpretation of genetic data and highlights the importance of careful marker selec-
tion in ancestry studies, as well as the need for the integration of different markers.
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5. Conclusion

This case study provides an example of the significant impact that advances in 
forensic markers and technologies have had on the field. The results show that ac-
curate DNA-based inference of biogeographic ancestry requires the incorporation 
of ancestry-informative autosomal, Y-chromosomal and mitochondrial DNA (mtD-
NA) markers. Furthermore, the integration of DNA analysis of externally visible 
features with biogeographic ancestry, particularly the role of NGS mitogenomes. 
significantly enhances the informational yield of criminal investigations, thereby 
improving the overall effectiveness of forensic analysis.
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Abstract
The increased number and types of genetic markers that can be analyzed simultaneously, the 
higher throughput of samples and the improvement of results in cases of degraded DNA, among 
others, are the main reasons to the expansion of the Massive Parallel Sequencing (MPS) tech-
nology in the field of forensic genetics. Once this technique has been validated, a forensic DNA 
laboratory has to implement quality controls and monitor that it is working properly. In 2023, a 
MPS Proficiency testing, using the samples of the basic level of the EIADN Exercise coordinated 
by the National Institute of Toxicology and Forensic Sciences (INTCF) and organized within the 
Spanish and Portuguese Speaking Group of the ISFG was offered to kinship and forensic labora-
tories. Results of the analysis of three reference items and two forensic items were compared to 
those obtained by capillary electrophoresis. Twelve laboratories took part analyzing STR markers 
and additionally seven performed analysis of the mitochondrial DNA control region. In general 
results were quite good. Regarding autosomal STRs, there was one laboratory that reported one 
repeat less in all genotypes for the D6S474 system with respect to the other laboratories. Moreo-
ver, it was observed that not all laboratories reported results using the same strand direction. As 
for the Y chromosome markers, no consensus was reached for the marker DYS612 due to diffe-
rent nomenclatures used. Finally, errors in mitochondrial DNA analyses were due to items swap, 
low quality sequence, transcription error or due to wrong interpretation of the AC repeat in the 
HV3 region. The development of MPS Proficiency testing is essential to evaluate the performance 
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of laboratories, identify inter-laboratory differences and initiate actions within the forensic com-
munity for improvement of the methodology, software analysis and nomenclature. 

Keywords
Massive Parallel Sequencing, Forensic Proficiency Testing, Quality Assurance System, Forensic 
DNA, Spanish and Portuguese Speaking Group of the ISFG (GHEP-ISFG).

1. Introduction

The increased number and types of genetic markers that can be analysed simul-
taneously, the higher throughput of samples and the improvement of results in 
cases of degraded DNA, among others, are the main reasons to the expansion of 
the Massive Parallel Sequencing (MPS) technology in the field of forensic genetics. 
Once validated this technique, a forensic DNA laboratory has to implement quality 
controls and monitor that it is working properly. In 2023, a MPS Proficiency test-
ing, using the samples of the basic level of the EIADN 31 Exercise coordinated by 
the National Institute of Toxicology and Forensic Sciences (INTCF) and organized 
within the Spanish and Portuguese Speaking Group of the ISFG, was offered to 
kinship and forensic laboratories. The aim of this Exercise was to provide labora-
tories with an external tool to assess and monitor their performance. In this work 
we present the results of the analysis of three reference items and two forensic 
items which were compared to those obtained by capillary electrophoresis (CE). 
STR markers (autosomal, Chromosome Y and Chromosome X) and mitochondrial 
DNA were analyzed.

2. Material studied, methods, techniques

2.1. Participants

A total of 12 participants from European and American kinship and forensic 
laboratories took part in the Exercise. They were requested to use the markers they 
employ in their laboratories: 12 laboratories analysed Autosomal STR (A-STR), sev-
en Y-STR, five X-STR and seven mitochondrial DNA (mtDNA).

2.2. Items and requirements

2.2.1 Kinship module:
M1: 50 µl blood from a male onto an Ahlstrom-Munksjö GenCollect card.
M2: 120 µl saliva from a female onto a Blood Stain Storage System (BSSS), 

Whatman card.

M3: 120 µl saliva from a female on a cotton swab.
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2.2.2 Forensic Module.
M4: 50 µl of a 1:2(v/v) mixture of blood from a male (donor of item M1) and 

saliva from a female on a piece of wipe. 
M5: hair from a female.

2.2.3 Requirements
Genetic analysis of the three reference items and the two forensic items 

obtained with MPS technology was requested. Results had to be reported includ-
ing both CE allele calls and the corresponding sequence string. Formats for STR 
sequences: Bracketed repeat regions and/or STR naming according to ISFG no-
menclature [1,2] and for mitochondrial DNA haplotypes: medical or forensic no-
menclature was requested. 

2.3. Assessment
STR: A general assessment of results was performed by comparison with 

those obtained with the capillary electrophoresis (CE) analyses for those markers 
in common in the EIADN 31 (2023) PT. This value was reported but no individual 
assessment was performed, as such, so the laboratory had to perform a self-evalua-
tion. Mixtures of X chromosome STRs markers were not evaluated.

Mitochondrial DNA: Each of the mtDNA regions analyzed (HV1, HV2 and 
HV3) were evaluated separately. Assigned values were obtained by consensus. The 
length variants present in the homopolymeric tracts were not assessed. This in-
cludes insertions or deletions that may appear at positions: 16193, 309, 455, 463 
and 573. Mixtures of mtDNA were not evaluated.

2.4. Methodology

2.4.1 Panels
STR kits: Five laboratories used Precision ID GlobalFiler NGS STR Panel 

(Thermofisher (TFS)), four ForenSeq DNA Signature Prep kit Mix A (Verogen), one 
ForenSeq DNA Signature Prep kit Mix B (Verogen) and two ForenSeq MainstAY kit 
(Verogen).

Mitochondrial DNA kits: Three laboratories used the Precision ID mtDNA 
Control Region Panel (TFS), two ForenSeq mtDNA Control Region Kit (Verogen), 
one Precision ID mtDNA Whole genome Panel (TFS), and one Early Access Mito 
Kit v.1 (Applied Biosystems).
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Data analysis tools: Different software were used for the analysis of raw data 
reading, allele calling and final analysis depending on the panels and platforms 
used (Table 1).

Table 1. Software used for the analysis of MPS sequence data

n labs raw data allele calling analysis

STR

3 TSS HID GP CV

1 TSS TVC CV

1 TSS STRait Razor Manual

7 UAS UAS UAS

Mt DNA

2 TSS HID GP CV

1 TSS TVC CV

1 TSS CV CV

1 TSS IGV Manual

2 UAS UAS UAS

TSS: Torrent Server Suite (TFS) 
UAS: Universal Analysis Software (Verogen) 
HID GP: HID Genotyper plugin (TFS) 
TVC: Torrent Variant Caller (TFS) 
CV: Converge (TFS) 

3. Results

Kinship module: In general results were quite good for all the markers analyzed. 
A-STR markers: Errors were concentrated mainly on one laboratory, which 

indicated that they had had problems with the kit used. The lab had sequencing 
errors at four markers for M1, four for M2 and six markers for M3.

One laboratory reported one repeat less in all genotypes for the D6S474 sys-
tem with respect to the other laboratories, based on the Forensic Sequence STRuc-
ture Guide v.6 [3], as indicated. 

Several laboratories identified the presence of SNPs in the flanking region 
which showed no gain in alleles numbers.

Regarding isoalleles within the STR sequence, they were observed at locus 
D5S818 in M1, M2 and M3.
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Y-STR markers: Two laboratories presented discrepancies in M1. Errors 
were attributed to failure to obtain results for three markers and to the presence of 
an artifact in marker DYS438 (12-13 instead of 12).

No consensus was reached for locus DYS612.
Only one laboratory reported the presence of SNPs in the flanking region.
X-STR markers: results were concordant among participants and consistent 

with the CE analysis. The same lab as for Y-STR reported the presence of SNPs in 
the flanking region.

Mitochondrial DNA: In general, high read depth was obtained. Only two er-
rors were detected: one due to an unreported variant and the other due to a no-
menclature error. 

Forensic module
A-STR markers: A consensus was reached for all markers except for D6S474 

and D12ATA63. Errors were concentrated on two laboratories, and they were main-
ly due to partial drop-outs of some of the alleles or due to failure to obtain results 
in some markers.

Several laboratories identified isoalleles at loci D21S11, D5S818, D1S1656 
and D12S391 with sequence variation. SNPs in the flanking regions were reported 
for markers D7S820 and D13S317. 

As in the kinship module, one laboratory reported one repeat less for the 
D6S474 system with respect to the other laboratories.

Y-STR markers: As the male contributor in M4 was M1, the same discrepan-
cies were found for markers DYS438 and DYS612. The same laboratory as for M1 
reported the presence of SNPs in the flanking region.

Mitochondrial DNA in M5 (hair): Results were very good. Only one error was 
reported by one laboratory (309DEL), however C-Insertions at 309 were ignored for 
the evaluation. The deletion of C309 is a signature variant in some haplogroups and 
therefore significant. (73G 150T 228A 251A 263G 309DEL 315.1C 16086C 16192T 
16270T 16304C)

Regarding nomenclature, it was observed that not all laboratories report 
results using the same strand direction, for example D1S1656: [TAGA]15 [TAGG]1 
vs [CCTA]1 [TCTA]15.

A-STR Six out of twelve laboratories reported the STR sequences using both 
the bracketed repeat region format and the ISFG nomenclature. Two, only the 
ISFG and four did not reported the sequence obtained with any of the nomencla-
tures proposed.
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Y-STR Two out of seven reported the sequences obtained using the bracketed 
repeat region format.

X-STR One of five laboratories reported results using the bracketed repeat 
region format.

4. Discussion

Regarding STR analysis, results were in general correct when comparing them 
to those obtained with capillary electrophoresis data, except for marker D6S474. 
When typing this marker with the Qiagen Investigator HDplex in the CE analysis 
the resulting allele calls were one repeat unit less. Only one out of six laboratories 
reported the same alleles as for the CE data as they use the [TAGA]n TGA [TAGA]n 
motif following the recommendations of the FSSG v6 [3]. The rest of participants 
applied the [AGAT]n [GATA]n motif. In consequence, each motif results in a different 
length-based genotype: This issue has been reviewed and discussed in literature [4].

Different ways of reporting DYS612 alleles among laboratories has also 
led to genotype discordancy. Five out of seven laboratories analyzing this marker 
considered the sequence [TCT]n CCT [TCT]n, instead of [CCT]n CTT [TCT]n CCT 
[TCT]n, reporting six less repeats. In ForenSeq UAS Software the first two triplets 
([CCT]n CTT) are not taken into account; on the contrary STRBase establishes this 
nomenclature [CCT]a [CTT]b[TCT]c [CCT]d [TCT]. By the time this Exercise was 
performed, Parson, Ballard, Budowle et al. [1] recommend not including initial 
repetitions [CCT]a [CTT]b. New ISFG recommendations issued in 2024 [2] con-
clude to include the entire region in the repeat count.

5. Conclusion

The most significant errors were due to the use of different motifs for reporting, 
causing ambiguities in allelic lengths. It is necessary that laboratories follow the 
current ISFG recommendations in order to harmonize genotype reporting such as 
implementation of the minimum reporting range recommended or the use of uni-
versal bioinformatic software for STR sequence data analysis. In addition, vendors´ 
software should be updated to implement the ISFG minimum range STR sequence 
data.
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Abstract
After conducting a successful pilot and receiving subsequent parliamentary approvals, the Metro-
politan Police Service (MPS) on behalf of UK policing, went live with its Step 1 Prüm DNA service 
in July 2019, initially connecting with Austria followed quickly by Germany, the Netherlands and 
then Spain. Since then connections to further European countries have been established such 
that currently the UK MPS Prüm DNA team is now routinely sharing DNA biometric data with 
27 countries and performing scientific verification of all matches prior to reporting to UK forces 
and engaging with the UK National Crime Agency (NCA) as the UK Step 2 partner for exchange of 
demographics. This review will consider the journey from pilot to go-live as well as highlighting 
the positive impact the implementation has had on the MPS, the UK and also partners across 
Europe since implementation as a crime fighting intelligence tool.

Keywords
United Kingdom, Prüm, DNA, Forensic, Database, Intelligence, 

1. Introduction

The initial Prüm agreement was signed in 2005 and at this point the UK opted out. 
However, realising the potential benefits of biometric data sharing with EU Mem-
ber States, a pilot was conducted by the MPS on behalf of the Home Office in 2015. 
Results of the initial pilot in 2015 were encouraging and lead to the Secretary of 
State for the Home Department recommending that the UK opt in to Prüm coop-
eration as detailed in [1]. 
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Following parlimentary approval to participate in Prüm exchanges, the MPS 
was selected by the UK Home Office as the Step 1 partner for Prüm and the UK 
National Crime Agency (NCA) as the Step 2 partner. Step 1 concerns the automated 
searching of relevant DNA profiles (crime stains and subjects) and the scientific 
verification of any matches whereas Step 2 relates to the gatekeeping of requests 
for associated hit information such as requests for sharing of subject demographics 
in relation to generated hits. 

Figure 1. Timeline for MPS implementation of Prüm including successful completion of pilot, 
parlimentary appoval to re-join the Prüm mechanism and then Go-Live in 2019. 

Upon selection as the step 1 partner the MPS Prüm DNA team then initiated a 
project to scale up the process in preparation for exchanging all applicable UK 
DNA data with future EU connections. This involved implementing novel software 
and processes to enable eligible DNA data from the UK National DNA database 
(NDNAD) to be made available for searching with EU partners and maintained to 
ensure it reflected the current status of records on the UK NDNAD. Key milestones 
from pilot through to go-live are detailed in figure 1. Figure 2 displays the process 
that was implemented for data maintenance at go-live.  
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Figure 2. Diagram illustrating the exchange of various information between agencies in the 
UK enabling the maintanance of the UK Prüm DNA database such that it refelcts the staus 
of records on the UK NDNAD and ensures the correct DNA profile data is made available 

for searching. IDRIS (International DNA Record Information System) is a novel information 
management system designed to facilitate the management of information from different 

agencies and systems within the UK and with Prüm participants

Since implementation the Prüm DNA Service has now been integrated into the 
UK as a national Service and as part of this any crime stains unmatched to the ND-
NAD are automatically searched against the 27 European connected countries as 
a matter of course. The UK NDNAD is already a well established and effective DNA 
intelligence tool but the implementation of Prüm DNA searching in the UK has 
proven to be an important supplement to this. 

2. Material studied, methods, technique

Once the new go-live process, including supporting systems, had been designed 
and configured, new staff were recruited and trained to enable the delivery of the 
new service. Staff numbers were based on the anticipated number of matches based 
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on the initial planned exchanges with other Prüm DNA participants and those 
countries’ database sizes. Since go-live in 2019, the UK has conducted testing and 
established connections with 27 Prüm DNA partner countries. The countries the 
UK is connected with and the date of connection is displayed in figure 3. In addition 
to training staff in system maintenance, a number of DNA hit reporting staff were 
trained in Prüm DNA match verification for all outgoing matches (for UK forces) 
as well as incoming matches (requested by Prüm DNA partner countries). This in-
cludes review of Q4 matches for potential discordance or designation errors. 

Figure 3. Map including the location of all 27 Prüm DNA partner countries that the UK is 
connected to. The figure also has the date of connection to all countries including the initial 

go-live connection with Austria on the 08/07/2019. The last country connected to was Italy on 
the 01/08/24.
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3. Results

Since go-live a large number of autosomal STR profile matches have been gener-
ated from the UK DNA data exchanged through the Prüm mechanism which has 
been facilitated by the large size of the UK NDNAD. This has led to the generation 
of intelligence through large numbers of UK crime scene profile to member state 
subject profile matches (and vice versa), UK crime scene profile to member state 
crime scene profile matches as well as UK subject profile to member state subject 
profile matches. At the time of writing there is 6.5 million UK subject STR profiles 
available to search for all Prüm DNA connected countries as well as over a quarter 
of a million UK crime stain profiles. In addition in terms of matches so far the MPS 
DNA Prüm step 1 team has sent a total of 14,870 match notifications to either UK 
police force contacts or the NCA. Of these 2559 related to crime scene to crime 
scene matches and 5392 related to UK crime stain matches to member state sub-
ject profile records. 

4. Discussion

Since the Prüm DNA service was implemented by the MPS a large number of 
matches have been generated which has benefitted both UK police forces as well as 
collegues in Europe. Not only has this enabled forces to gain intelligence by iden-
tifiying suspects through crime scene to subject matches but it has also allowed 
the identification of crime patterns through crime scene to crime scene matches 
which assists in detecting and preventing organised cross border crime. 

The UK already has an effective domestic DNA database with a high hit rate 
(chance that a crime scene DNA profile, once loaded onto NDNAD, matches against 
a subject DNA profile stored on the NDNAD) consistently above 60% with the low-
est value of 61.9% and the highest value of 66.9% in the last 10 years [2]. By im-
plementing the Prüm DNA service which applies to all crime stains unmatched 
to the NDNAD it is now possible to automatically further search unmatched UK 
DNA profiles against a large number of DNA STR profiles held across 27 connect-
ed countries across Europe. This can provide intelligence through DNA matches 
which was previously not possible for a large number of unmatched DNA profiles 
on the NDNAD. It also provides a valuable additional DNA intelligence database 
tool to supplement the NDNAD and other more specialized options such as familial 
searching of data held within the NDNAD and Interpol searches. The Prüm DNA 
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service also has the added benefit that it can be utilized for all crime types unlike 
familial searching and Interpol searches which are generally restricted to serious 
crimes only in the UK. 

5. Conclusion

The MPS Prüm DNA team, working in conjunction with partners in the UK and 
Europe, succeeded in completing a proof-of-concept pilot and then implement-
ing the Step 1 DNA Prüm Service. This is now embedded in the UK as part of the 
range of national biometric tools available providing intelligence in investigations 
ranging from serious crime (such as murder and rapes) to volume crime (burglary 
and vehicle theft). The Service is also supporting connected European countries by 
providing access to the UK’s large DNA profile dataset, thereby supporting them in 
criminal investigations outside the UK. 
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Abstract
An effort to identify and describe some of the most valuable publications (MVPs) in forensic gene-
tics has been made with the initial 2021 MVP list containing almost 500 informative publications 
across 26 topic categories. MVP lists were revised in 2022 and 2024 with fewer citations. These 
lists have been informed by two INTERPOL reviews on forensic biology and forensic DNA typing 
published in 2020 and 2023.
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1. Introduction

Effective training and continuing education are crucial to keep up with evolving 
forensic genetics technologies and applications. Forensic laboratories invest in the 
continuing education of their staff. Universities with forensic science programs 
seek to prepare their students to be future contributing practitioners and research-
ers. Stakeholders in the criminal justice system (e.g., law enforcement person-
nel, lawyers, and judges) using DNA results also benefit from regular training and 
continuing education to understand capabilities and limitations of methods and 
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practices. Almost 100 books on forensic genetics have been published since 1990 
including six by the author [1].

An agreed-upon common body of knowledge in forensic genetics benefits 
practitioners, students, and stakeholders [2]. Thousands of publications in dozens 
of peer-reviewed journals exist on the topic of forensic genetics – and information 
in this field grows with each passing year due to many active research efforts. This 
ever-growing body of scientific literature becomes increasingly challenging to mon-
itor, much less incorporate into forensic laboratory training programs. Regular up-
dates on important advances and resources with helpful articles in specific areas of 
interest to forensic DNA casework can assist DNA technical leaders and analysts.

2. Creating MVP Lists

Over the past several decades, INTERPOL has organized a triennial symposium 
for forensic science managers to discuss important advances. Review articles on 
select forensic disciplines are prepared by invited experts and presented to those in 
attendance. The last two sets of reviews have been published as special issues in an 
open-access format with the journal Forensic Science International: Synergy [3]. 
These reviews have covered the topics of fingermarks and other body impressions; 
paint, tape, and glass evidence; fibers and textiles; fire debris and fire investigation; 
firearm examination; toxicology; questioned documents; forensic management; 
drug analysis; gunshot residue; forensic video analysis; explosives; digital evidence; 
and forensic biology and DNA typing. 

The author was invited by the INTERPOL symposium organizers to prepare 
the two most recent reviews on forensic genetics (biology and DNA), where 235 
articles from 35 journals across 12 topics were discussed in the 2016-2019 review 
[4] and 773 articles from 96 journals across 15 topics with the 2019-2022 review 
[5]. Efforts in gathering hundreds of articles and studying the literature for the 
field inspired a desire to create a list of impactful information – the most valuable 
publications (MVPs). 

Input on the MVPs came through activities of the Organization of Scientific 
Area Committees (OSAC) for Forensic Science and the Scientific Working Group 
on DNA Analysis Methods (SWGDAM). The initial MVP list contained almost 500 
informative publications across 26 topic categories and was introduced in a 2021 
workshop at the American Academy of Forensic Sciences (AAFS). Additional MVP 
lists have evolved and been somewhat more focused as other presentations were 
given and feedback was received. These reference lists build upon information cited 
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in the July 2020 SWGDAM Training Guidelines [6] and were revised in 2022 and 
2024 in conjunction with presentations at various conferences [7]. The categories 
and the MVP reference lists created so far can be improved upon, and suggestions 
for additional references and categories are welcome.

3. MVP Topics and Organization

Table 1 lists the 26 topics and the number of articles in each category or group for 
the three MVP lists created so far in 2021, 2022, and 2024. Within each group (list-
ed arbitrarily from A to Z), a #1 MVP article was selected, which is often an ISFG 
DNA Commission article, and then followed by reference citations, which are not 
ranked further, defined by date in ascending order with the most recent publica-
tions at the end of each category. This letter and number system (e.g., A1, B3, W7) 
provides a simple method to locate specific articles in each MVP list and enables 
opportunities for expansion as the literature grows. Although some articles could 
logically appear under multiple categories, no duplicate listings were used. 

Table 1. The most valuable publications (MVP) topics covered in 26 groups (categories) along 
with the number of articles present in each category for the three lists created in 2021,  

2022, and 2024. 

Group 
(Category)

Most Valuable Publications Topic(s) Covered  
https://strbase.nist.gov/Information/Most_Valuable_Publications 

480 
(2021)

85 
(2022)

92 
(2024)

A Plain Language Guides to Forensic DNA Analysis 4 2 3

B Serology and Body Fluid Identification 24 3 3

C Collection and Storage of Biological Material 25 2 2

D DNA Extraction/Purification, Differential Extraction 18 2 2

E DNA Quantitation, Degraded DNA 10 2 2

F PCR Amplification, Inhibition, and Artifacts 13 3 3

G Capillary Electrophoresis Separation and Detection 12 2 2

H Assessing Sample Suitability & Complexity, Low-Template 7 2 2

I Estimating the Number of Contributors 12 4 4

J
Data Interpretation, Mixture Deconvolution, and Interlaboratory 
Studies

12 4 5

K Interpretation: Binary Approaches (CPI, RMP, LR) 11 5 5

L Interpretation: Probabilistic Genotyping Software 44 4 6

https://strbase.nist.gov/Information/Most_Valuable_Publications
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M Report Writing and Technical Review 8 4 4

N Court Testimony, Communication, Juror Comprehension 22 5 5

O Autosomal STR Markers and Kits 29 2 2

P Mitochondrial DNA Testing 11 3 3

Q Y-Chromosome and X-Chromosome Testing 17 4 4

R DNA Databases and Investigative Genetic Genealogy 14 3 3

S Statistical Analysis 11 2 2

T Population Genetics 11 2 2

U DNA Phenotyping (Ancestry, Appearance, Age) 24 2 2

V New Technologies (Rapid DNA, Massively Parallel Sequencing) 35 5 5

W DNA Transfer and Activity Level Reporting 57 8 10

X Non-Human DNA Testing 15 2 2

Y Method Validation, Quality Control, and Human Factors 23 5 5

Z General Forensic Science Topics 11 3 4

4. Conclusion

The NIST STRBase website now includes past and present MVP lists as well as as-
sociated presentations [7]. The MVP lists are not intended to be additive (i.e., using 
2021 + 2022 + 2024), and some of the best references are retained over time as new 
ones are added and some removed. Interested users are encouraged to use the most 
recent version – with the ability to access previous versions as desired. Note that 
some years (e.g., 2023) may not have an updated MVP list. 

Ideally, in the future a group of informed researchers and practitioners 
would build upon this effort and create revised MVP lists every year to evolve with 
advances in the field. Of course, any selection of best articles is going to be subjec-
tive and not comprehensive.
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