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ARTICLE INFO ABSTRACT
Keywords: Simultaneous identification and association of body fluids to donors can serve as a powerful tool in the criminal
Forensic science investigation of mixed traces. Massively parallel sequencing of mRNA targets not only identifies the origin of the

Body fluid identification

mRNA profiling

Coding region SNPs (cSNPs)
Massively parallel sequencing (MPS)

body fluids but may also provide additional contextual information about the body fluid donors of a (binary)
mixture using coding region SNPs (cSNPs). Within the European DNA Profiling Group (EDNAP), two consecutive
collaborative exercises (3rd and 4th EDNAP exercise) were organized, with the objective to evaluate the per-
formance of two previously published high-resolution mRNA sequencing assays. In the 3rd EDNAP exercise, the
BFID-cSNP-BSS assay (cSNPs for blood, saliva, and semen) was evaluated, while in the 4th EDNAP exercise, the
BFID-cSNP-6F assay (cSNPs for six fluids/tissues, including blood, saliva, semen, vaginal secretion, menstrual
blood, and skin) was tested. Each RNA cSNP assay was accompanied by a genomic DNA assay for the genotyping
of the c¢SNPs in the individual(s) or body fluid donor(s) of interest. A total of 11 laboratories participated in one
or both collaborative exercises. In each exercise, the participating laboratories received a set of 16 standardized
mock case stains for analysis and were encouraged to analyze additional, self-prepared stains and reference
samples. Laboratories could participate using either the Ion Torrent S5™ or the Illumina MiSeq™ sequencing
system. The results of the 16 mock case stains were very encouraging in both exercises, as body fluid components
could be reliably identified for most of the stains. Since successful donor association depends on the number of
body fluid markers covered in the sequencing results, we found that for stains consisting of blood, menstrual
blood, vaginal secretion or a mixture thereof, the cSNPs provided substantial genetic discriminatory information
for successful association of the respective body fluid to its donor. In mixtures, the difficulty in interpreting the

* Correspondence to: University of Zurich, Zurich Institute of Forensic Medicine, Winterthurerstrasse 190/Y52, CH-8057 Zurich, Switzerland.
E-mail address: cordula.haas@irm.uzh.ch (C. Haas).

https://doi.org/10.1016/j.fsigen.2025.103303

Received 13 December 2024; Received in revised form 17 April 2025; Accepted 12 May 2025

Available online 23 May 2025

1872-4973/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-8122-1427
https://orcid.org/0000-0001-8122-1427
mailto:cordula.haas@irm.uzh.ch
www.sciencedirect.com/science/journal/18724973
https://www.elsevier.com/locate/fsigen
https://doi.org/10.1016/j.fsigen.2025.103303
https://doi.org/10.1016/j.fsigen.2025.103303
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsigen.2025.103303&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N.V. Hanggi et al.

Forensic Science International: Genetics 79 (2025) 103303

cSNP genotypes might be attributed to the masking effect of the other body fluid(s) present. Body fluid identi-
fication and donor association of skin samples proved to be a significant challenge. In conclusion, body fluid
identification and donor association using the BFID-cSNP-BSS and -6 F assays is a promising and effective method
across laboratories and sequencing platforms.

1. Introduction

Valuable information about the circumstances of a crime can be
obtained from biological evidence, in part by identifying the type of
body fluid or tissue present. Body fluid identification (BFID) is a
fundamental part of forensic genetics [1], as the origin of a tissue can be
a crucial factor in a case. Currently, the first analytical step involves
screening to ascertain the presence of body fluids in biological evidence.
However, stain consumption is a limitation of current presumptive BFID
tests, their specificity is limited and separate analyses are required for
each body fluid tested [2]. BFID techniques developed in recent years
include RNA profiling [1,3-12], tissue-specific methylation analysis [13,
14], microbial forensics [15-17], and proteomics [18,19].

RNA analysis [1,3-12] has emerged as a promising method for BFID,
using the tissue-specific composition of the transcriptome of body fluids.
BFID becomes feasible through the detection of specific mRNA tran-
scripts and a number of useful mRNA markers have been identified for
the forensically most relevant body fluids/tissues, such as blood, men-
strual blood, nasal and vaginal secretion, saliva, semen, skin, and rectal
tissue [20-30]. The European DNA Profiling Group (EDNAP) has eval-
uated the performance, robustness, and reproducibility of different
mRNA markers for the identification of blood, saliva, semen, vaginal
secretion, menstrual blood, and skin [31-35]. mRNA profiling has been
implemented and accredited according to ISO17025 in several labora-
tories, where it is regularly used in casework and accepted in court. A
classical mRNA profiling workflow starts with RNA extraction, followed
by DNase treatment, reverse transcription, marker-specific endpoint
PCR, and separation of the amplicons by capillary electrophoresis, or
detection by qPCR [5]. Moreover, the classical workflow can be
improved by performing an RNA/DNA co-extraction, since STR profiling
and tissue/body fluid identification can be performed on the same
sample, minimizing sample consumption and facilitating the integration
of RNA- and DNA-derived information for sub-source and source-level
evaluations [34,35].

The advent and development of massively parallel sequencing (MPS)
had a significant impact on the forensic field through the introduction of
DNA and RNA sequencing into stain analysis. Targeted RNA sequencing
methods became available that allowed to simultaneously analyze
multiple mRNA markers with higher analytical sensitivity compared to
whole transcriptome sequencing (RNA-Seq) [10,30,36]. In 2018, a BFID
set of markers suitable for MPS was introduced, including 33
tissue-specific mRNA markers, designed for the Illumina MiSeq™ plat-
form [10]. A collaborative exercise was then organized within the
EUROFORGEN-NoE and EDNAP groups to evaluate the MPS assay,
which provided robust and reliable results with no or low signals in
non-target body fluids [30]. Partial Least Squares (PLS) analysis sup-
ported the specificity of the assay by showing well-clustered body fluid
markers and samples. A second exercise was organized within the
Forensic RNA Profiling (FORNAP) group [37], which allowed the par-
ticipants to analyze 16 provided stains using their respective in-house
analysis methods (PCR/CE or MPS) and markers, demonstrating that
mRNA profiling including different extraction, analysis methods, and
markers performs well on samples resembling forensic casework.

The availability of sequence information within the mRNA targets
not only allows the identification of body fluids, but can also provide
information on who contributed which body fluid component to a (bi-
nary) mixture, thereby adding important contextual insights. Coding
region single nucleotide polymorphisms (cSNPs) in body fluid-specific
transcripts enable the association of an individual’s DNA cSNP profile

with the body fluid-specific RNA c¢SNP genotype. In a proof-of-concept
study, a targeted MPS assay for the Illumina MiSeq™ platform was
developed, including 35 cSNPs in body fluid-specific mRNA transcripts,
to assign body fluids to their respective donors in binary mixtures of
same-type and different types of body fluids [12]. However, some
problems emerged, i.e. some of the markers were not cDNA-specific in
the presence of gDNA contamination, and low-expressed cSNP markers
were prone to dropouts. Therefore, further development was required.
Two improved, dual-function (BFID and donor association),
high-resolution mRNA sequencing assays were developed, optimized for
the Ion Torrent S5™ platform [38]. Each RNA assay includes markers for
the identification of six body fluids/tissues, namely blood, semen, saliva,
vaginal secretion, menstrual blood and skin. In the original blood, semen
and saliva (BSS) assay, some of these BFID markers contain cSNPs (21 in
total) for the donor association of blood, semen and saliva. The
expanded 6 F (all six fluids/tissues) assay includes the BSS assay and an
additional 23 cSNPs located in the BFID markers for vaginal secretion,
menstrual blood and skin. Each RNA assay is accompanied by a genomic
DNA assay for the DNA genotyping of the cSNPs in the person(s)/ body
fluid donor(s) of interest.

For this study, the Zurich Institute of Forensic Medicine (ZIFM) in
Switzerland organized two consecutive collaborative exercises, with the
original (BSS) and the extended (6 F) BFID/cSNP assays. The 3rd Exer-
cise explored the BSS assay using the Ion Torrent S5™. The 4th Exercise
focused on the 6 F assay and included both the Ion Torrent S5™ and the
[llumina MiSeq™ sequencing platforms, allowing more laboratories to
participate. For each collaborative exercise, the participating labora-
tories received a set of 16 standardized mock case stains, the respective
targeted RNA assay (BSS or 6 F) and its corresponding DNA assay, as
well as detailed instructions on how to analyze the stains. Additionally,
participating laboratories were encouraged to prepare some additional
bona fide or mock case stains (referred to as self-prepared stains) for
BFID/cSNP analysis. Participation in the exercises provided laboratories
with an opportunity to become familiar and gain experience with the
MPS-based method. Here, we report the compiled results of the 3rd and
4th EDNAP collaborative exercises and the performances of the BSS and
the 6 F assays. Furthermore, the BFID-cSNP-6F assay was tested on two
sequencing platforms. In addition, the organizing laboratory compared
the BFID-cSNP-6F performance with another recently published alter-
native cSNP assay [39], by re-analyzing the cDNA of the 16 standardized
stains of the 4th EDNAP collaborative exercise.

2. Materials and methods
2.1. Participants and samples

In the 3rd collaborative exercise, six laboratories used the Ion
Torrent S5™ (S5) platform, while the 4th collaborative exercise had 11
participating laboratories using either the S5 or the Illumina MiSeq™
(MiSeq) sequencing platforms. Two laboratories performed the 4th ex-
ercise on both sequencing platforms. The results for each sequencing
platform of the two laboratories were given their own label; thus, we
present the results of thirteen “laboratories” in the 4th exercise. For each
exercise, 16 mock case stains were prepared by the organizing labora-
tory (ZIFM). For the 3rd exercise, the stains consisted of nine single-
donor body fluid/tissue samples and seven mixtures (Table 1A). The
4th exercise included six single-donor body fluid/tissue stains, and ten
mixed body fluid samples were provided (Table 1B). Throughout this
study, the following abbreviations will be used: BL for blood, MB for
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menstrual blood, SA for saliva, SE for semen, VAG for vaginal secretion,
and SK for skin. Moreover, blood markers will be colored in red, semen
markers in yellow, saliva markers in blue, vaginal secretion in green,
menstrual blood markers in pink, and skin markers in apricot.

The study protocols were reviewed and approved by the CEBES Re-
view Board at the University of Zurich (case number 2021-11e). Finger-
prick blood was used for blood samples. Fresh ejaculate was collected in
50 ml tubes and frozen in aliquots within a few hours of collection, and
thereafter thawed only once for stain preparation. Menstrual blood and
vaginal secretion were collected on cotton swabs (Deltalab, Barcelona,
Spain) from female volunteers. For menstrual blood and vaginal secre-
tion stains on other substrates (pad, underwear), the carrier material
was in contact with the genital area for several hours (pad) or up to
11 hours (underwear). Saliva was collected in tubes before being
applied directly to the respective carrier material. For skin samples,
50 pL of nuclease-free H;O was applied to a swab before the whole in-
side of the underarm was swabbed. Two swabs were taken per arm per
day (one swab in the morning, one in the evening).

The stains were shipped at ambient temperature with the corre-
sponding DNA and RNA assays for each exercise, i.e. the BFID-cSNP-BSS
RNA and respective DNA assay for the 3rd exercise (Table 2), and the
BFID-cSNP-6F RNA and respective DNA assay for the 4th exercise
(Table 2). All packages arrived within one week. Participants were
instructed to store the stains in the dark at room temperature and the
primer mixes at —20°C until processing. Participants analyzed the stains
without knowledge of their composition (except for the organizing
laboratory, which also participated in the exercises).

Participating laboratories were also encouraged to prepare and
analyze additional/own mock case stains. The composition of the self-
prepared stains was only disclosed to the organizing laboratory after
the analysis and interpretation of the results were completed. The lab-
oratories collected reference DNA samples from the body fluid donors
for their self-prepared stains.

2.2. Analysis of the standardized mock case stains

Prior to shipment, the organizing laboratory tested each set of 16
stains using an in-house RNA 12plex CE assay [67] in order to check the
quality of the samples. The 12plex PCR products were analyzed on a
Genetic Analyzer 3130xl1 for the 3rd exercise and on a SeqStudio Genetic
Analyzer (both Thermo Fisher Scientific) for the 4th exercise, and the
results were evaluated using GeneMapper ID-X Software v1.4 (Thermo

Table 1
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Fisher Scientific).

For both collaborative exercises, the organizing laboratory provided
recommendations and instructions for each of the steps required to
analyze the stains (Supplementary Material, Table S1). For some of the
steps, the instructions consisted of recommendations, while for other
steps strict adherence to the protocol was required. The process for
analyzing the stains included extracting RNA (and DNA) from the stains,
treatment with DNase, conversion of the RNA into cDNA by reverse
transcription, followed by library preparation and sequencing. The co-
extracted DNA was used to assess the quality and quantity and to
determine the number of contributors to the stain.

2.2.1. RNA Analysis of the standardized mock case stains

In the 3rd exercise, four out of the six participating laboratories used
the recommended mirVana™ miRNA Isolation kit, while the remaining
two laboratories used other RNA extraction methods (Supplementary
Material, Table S2, column B). All laboratories performed DNase treat-
ment using the TURBO DNA-free™ kit and quantified the RNA extracts.
It was mandatory to use the SuperScript™ IV VILO Master Mix for
reverse transcription. An RNA input of 50 ng was recommended for a
manual workflow, whereas 25 ng were recommended for an automated
workflow. Two laboratories used an automated library preparation
workflow with the Ion Chef™, while three laboratories prepared the
libraries manually. Target amplification was performed using either 23
(four laboratories) or 24 (two laboratories) PCR cycles. All libraries were
quantified using the Ion Library TagMan™ Quantification Kit and
sequenced on the S5 platform. The pooled libraries were diluted to a
concentration between 25 pM and 50 pM. The HID Ion S5™ Chef
Templating 02 protocol was used with 500 flows.

In the 4th exercise, five out of eight S5 laboratories and four out of
five MiSeq laboratories used the recommended mirVana™ miRNA
isolation Kit, while the remaining four laboratories used other RNA
extraction methods (Supplementary Material, Table S2, columns C + D).
All laboratories performed a DNase treatment using the TURBO DNA-
free™ kit. Seven of the eight S5 laboratories and four of the five MiSeq
laboratories quantified their RNA extracts using fluorometric methods.
All laboratories used the SuperScript™ IV VILO Master Mix for reverse
transcription. An RNA input of 50 ng was recommended for the manual
S5 and for the MiSeq workflow, whereas 25 ng were recommended for
an automated S5 workflow. Three S5 laboratories used an automated
library preparation protocol, while the remaining five S5 laboratories
prepared the libraries manually. Target amplification was performed

Details on the 16 standardized mock case stains for the 3rd Exercise (A) and 4th Exercise (B). The color code indicates high-input stains (dark blue), low-input stains
(light blue), and mixtures (orange). BF/T stands for body fluid/tissue. Stains were classified as low-input if they contained less than 20 pL of a single body fluid, skin
swabs, and carrier materials that had brief contact (<1 min) with a bodily opening. High-input stains were swabs containing 50 pL of a single body fluid, and carrier

materials that were in prolonged contact (several hours) with a bodily opening.

A) Stain N° BF/T Amount Stain Provided
1 SE 10 pl piece of fabric (boxer shorts)
2 BL-MB  1/2 Swab + 25 ul 1/2 swab
3 SE 50 ul artificial cotton
4 SA-SE 50 pl +25 pl part of a T-shirt
5 BL 50 pl 1swab
6 SK 1 swab 1 swab
7 BL-BL 25 ul + 25 ul part of a T-shirt
8 SA Licked plastic spoon spoon
9 SASA  25ul+25ul 1swab
10 BL-SA 25 pl +25 pl 1 swab
11 SA 50 pl part of a T-shirt
12  VAG 1/2 swab 1/2 swab
13 BL Nose bleed on tissue part of a tissue
14  SA-SE 25 pl+25 pl piece of fabric (boxer shorts)
15 MB 1/2 swab 1/2 swab
16 SE-VAG 7 Swab+ 25 pl SE 1/2 swab

B) Stain N° BF/T Amount Stain Provided
al SK 1 swab 1 swab
2 MB-BL 1 swab +25 pl 1/4 swab
3 VAG-SA 1swab +25 pl 1/4 swab
4 MB-SA  1swab +25ul 1/4 swab
5 BL-SE 25 pl + 25 pl part of T-Shirt
6 SE-SE 25 pul +25 1 swab
7 MB-SA 1 swab +50 pl 1/4 swab
8 SK-SA 1 swab + 25 pl 1 swab
9 VAG cotton part of a slip a piece of slip
10 M™MB menstrual pad a piece of pad
11 SE 50 pl part of a glove (latex)
12 BL 20 pl part of a T-Shirt
13 SA-SE 50 pl + 10 pl artificial cotton
14 VAG-BL 1 swab+ 25 pul 1/4 swab
15 SA 50ul piece of stockings (nylon)
16 VAG-SE 1 swab +25 pl 1/4 swab
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Table 2

Markers included in the BFID-cSNP-BSS assay (3rd exercise) and the BFID-cSNP-
6F assay (4th exercise) [38]. The BFID-cSNP-BSS assay contains BFID markers
for the detection of 19 body fluid-specific transcripts, and 21 ¢SNPs in 11 mRNA
targets. These markers can be used for BFID of all six body fluids/tissues and for
the association of donors with saliva, semen, and blood. The BFID-cSNP-6F assay
contains 23 BFID markers and 46 cSNPs in 20 mRNA markers (all six body
fluids/tissues).

3" Exercise 4" Exercise
BFID-cSNP-BSS assay BFID-cSNP-6F assay
BFID Marker included # cSNPs included # cSNPs

Body Fluid

Menstrual Blood |MMP10 2

(MB) MMP3 1
COL6A3 5
COL12A1 3
LEFTY2

Skin LCE1C 3

(SK) COL17A1 1
1L37 2

with 23 or 24 cycles. All S5 laboratories used the Ion S5™ Precision ID
Chef & Sequencing Kit and the HID Ion S5™ Chef templating 02 protocol
(500 flows). All MiSeq laboratories conducted the library preparation
with the AmpliSeq library PLUS for Illumina kit (with 23 PCR cycles for
target amplification), quantified with different kits, and sequenced with
the MiSeq™ FGx Reagent Kit on a micro flow cell, including PhiX con-
trol, but at different concentrations.

2.2.2. DNA Analysis of the standardized mock case stains

In the 3rd exercise, only the organizing laboratory used a co-
extraction method to generate STR profiles of the standardized stains
using the NGM Select kit (Supplementary Material, Table S3).

In the 4th exercise, the participating laboratories were asked to co-
extract DNA and RNA to facilitate the interpretation of the results by
generating STR profiles to determine the number of contributors. Among
the S5 and MiSeq participants, nine laboratories extracted DNA from the
stains using the QIAamp DNA Mini Kit (Qiagen) which is part of the
recommended co-extraction protocol. The other four laboratories co-
extracted DNA using different methods (Supplementary Material,
Table S2, columns C + D). Ten laboratories further quantified and
analyzed the co-extracted DNA using some of the different established
DNA quantification and STR amplification kits (NGM Detect™ and NGM
SElect™ PCR Amplification Kits (Thermo Fisher Scientific), PowerPlex®
ESX 17 and PowerPlex® Fusion 6 C Systems (Promega)) to determine
the number of contributors and their sex.
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2.2.3. Analysis of DNA Reference Samples (contributors to the
standardized mock case stains)

For both exercises, the organizing laboratory collected and analyzed
DNA reference samples from the body fluid donors of the 16 standard-
ized mock case stains in each exercise. The DNA reference samples were
analyzed through DNA extraction, DNA quantification, library prepa-
ration, and sequencing. Biological samples were extracted using the
QIAamp® DNA Investigator Kit following the manufacturer’s protocol
for Isolation of Total DNA from Surface and Buccal Swabs. NAO™ Baskets
were used to separate the lysate from the swab. Target amplification was
performed using the respective DNA cSNP assay with a manual library
preparation and 21 cycles for target amplification.

2.3. Analysis of the self-prepared stains

Participating laboratories had the option of preparing and analyzing
up to eight additional single-body-fluid or mixed stains for both the 3rd
and 4th exercise, consisting of the respective body fluids from up to eight
donors. In the 3rd exercise, four out of six laboratories prepared addi-
tional stains. In the 4th exercise, five S5 laboratories and four MiSeq
laboratories prepared additional stains. Each participating laboratory
was responsible for obtaining the approval from its local ethics com-
mittee for the sample collection.

2.3.1. RNA analysis of the self-prepared stains
RNA analysis of the self-prepared stains was performed in the same
way as for the standardized mock case stains (2.2.1).

2.3.2. DNA analysis of the self-prepared stains

In the 4th exercise, all laboratories were asked to analyze the co-
extracted DNA from the stains. Three out of five S5 laboratories and
three out of four MiSeq laboratories used the QIAamp DNA Mini Kit,
while the remaining three laboratories used the Qiagen AllPrep DNA/
RNA/miRNA Universal Kit, the EZ1&2 Virus Mini Kit v2.0 and the DNA
IQ System (DC6700) for co-extraction. The DNA extracts were then
quantified and STR profiles were generated using some of the estab-
lished STR kits (NGM Detect™, NGM SElect™and GlobalFiler™ PCR
Amplification Kits (Thermo Fisher Scientific), PowerPlex® ESX 17 and
PowerPlex® Fusion 6 C Systems (Promega)).

2.3.3. Analysis of DNA reference samples (contributors to the self-prepared
stains)

Laboratories were free to use any method of their choice to extract
DNA from the reference samples (contributors to the self-prepared
stains).

In the 3rd exercise, four laboratories prepared additional stains and
therefore also collected DNA reference samples. One laboratory used
buccal swabs, while the other three laboratories used a DNA/RNA co-
extraction method [7] to generate the DNA reference from their
self-prepared stains. This approach is only effective for single donor
stains, as the DNA genotype will be a combination of all contributors,
making it unsuitable for deconvolution purposes. Three out of four
laboratories used a manual library preparation protocol and performed
target amplification with 21 PCR cycles using 2 ng (or 3 pL max.) of DNA
input. One laboratory used an automated workflow with 24 cycles for
target amplification on the same amount of input DNA.

In the 4th exercise, laboratories mainly collected buccal swabs from
their body fluid donors as a reference. One laboratory used co-extracted
DNA from their self-prepared single donor stains. DNA extraction was
performed with one of the various established DNA extraction Kkits
(Supplementary Material, Table S2, columns 2 and 3) or a Chelex-based
method [40]. One laboratory used the EZ1&2 Virus Mini Kit v2.0, which
is not intended for the extraction of human DNA. Target amplification
was performed with 21, 23, or 24 cycles (manual or automated
workflows).



N.V. Hanggi et al.
2.4. Data analysis

For both exercises, S5 laboratories were provided with an RNA
reference file containing the target genes and a target file to configure
the run plan correctly in the Ion Torrent suite before sequencing. This
enabled the alignment using the integrated Torrent Mapping Alignment
Program (TMAP) run with default settings. Each participating S5 labo-
ratory then sent the BAM/BAI files and the run report to the ZIFM.
Following sequencing, the MiSeq participants sent the FASTQ files to
ZIFM, where the reads were merged using FLASH [41], and aligned with
the BWA aligner (v. 0.7.17) [42]. The resulting BAM files were then
processed in the same way as the S5 files.

A multiple sequence alignment algorithm (developed by Thermo
Fisher Scientific, [38]) re-aligned the TMAP-identified reference gene,
requiring all SNP positions of the targeted microhaplotype to be present
in the sequence of interest. Two mechanisms reliably eliminated
genomic DNA contamination and contaminating sequence products:
First, the alignment gap parameters do not allow for multiple base in-
sertions, thus excluding reads containing intronic sequences. Second,
the careful selection of the SNP positions for the microhaplotypes en-
sures that only sequences containing the targeted exon coding regions
are aligned. Sequences are phased based on their microhaplotype con-
tent, and microhaplotype genotypes are identified and tallied. A Perl
script summed the sequence coverage and cSNP genotypes for each of
the body fluids present.

A threshold of 0.5 % of the total number of reads was introduced for
noise reduction previous to body fluid identification, with read counts
below the threshold set to zero [38]. In addition, read counts corre-
sponding to 0.15 % of the total reads were calculated, thereby intro-
ducing a further point of reference. The 0.15% threshold was
introduced to address the issue of potential dominance of one body fluid
component in mixtures or one body fluid-specific marker, which can
result in read counts of markers with good coverage being set to zero
when using a 0.5 % threshold because BFID markers of the dominant
body fluid/marker received a much higher coverage. Such markers/read
counts, although set to zero, were marked in the results tables
(Supplementray Material, Tables S7 and S8). The results tables
(Supplementary Material, Tables S7 and S8) only contain read counts
above the 0.5 % threshold. All BFID markers with remaining positive
coverage were considered for interpretation and no additional (poten-
tially absolute) threshold was imposed for BFID. Stains with relatively
low coverage (i.e., <500 reads per marker) across multiple markers for
different body fluids were considered unsuitable for BFID, as the BFID
marker profile was not clear or ambiguous. For instance, if BFID markers
specific to three or more body fluids were detected, the marker
expression profile was considered ambiguous and no BFID prediction
was made. The stains from both exercises were also analyzed in terms of
which body fluid components were predicted, calculated as percentages
by summing up the read counts of all markers specific to one body fluid
and relating it to the total number of reads in that stain.

Once BFID was completed, the consistency across laboratories was
evaluated, calculating the average performance score per laboratory and
the number of true positives (TP) (i.e., the number of instances where
the body fluid(s)/tissue was correctly identified), false negatives (FN) (i.
e., the number of instances where the body fluid(s)/tissue was not
identified), and false positives (FP) (i.e., the number of instances where
the body fluid(s)/tissue was incorrectly identified). It should be noted
that the set of standardized mock case stains did not include any blanks
or body fluid(s)/tissues that could not be identified with either of the
two cSNP assays, hence there are no true negatives.

The average performance per laboratory was computed as the
average weighted performance score based on the assigned scores for
each sample. The performance score was defined as follows considering
the results of the BFID: True positive (TP) BFID received a score of 1.
Partial correctness (PC) received a score of 0.5. The category PC consists
of both, BFID results of mixtures for which only one body fluid
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component was identified correctly, and correctly identified stains with
low certainty (relatively low number of reads in one or two BF markers
for one body fluid). Both FN and FP received a score of 0. The average
score was calculated by taking the mean of the score values for all stains
analyzed by each laboratory. To assess the distribution of identification
outcomes across laboratories, we calculated the proportion of each
category (TP, FN, PC, FP) for each laboratory. The total number of oc-
currences of each category was determined, and the proportion was
calculated as the ratio of each category’s occurrences to the total num-
ber of stains analyzed by the laboratory.

Once the body fluid(s) present have been identified, the possibility of
associating the body fluid(s) with the donor(s) can be investigated. For
the following analyses, all reported sequencing results were examined.
For donor association, the RNA cSNP genotypes were compared with the
genotypes obtained from the reference samples using the respective
DNA assay. cSNPs in all body fluid markers that have been identified
were considered and examined. In addition, the number of missing,
correctly and incorrectly (i.e. those showing discrepancies with the DNA
genotype) typed cSNP genotypes were calculated in percentages. Failed
stain analysis (grayed out in Supplementary Material, Tables S12 and
S13) resulted in the base being adjusted when calculating the percent-
ages in the respective categories (correct/missing/incorrect). Dropouts
for heterozygous alleles were considered as incorrect. No absolute
threshold was set for the coverage of correct calls. Moreover, potential
imbalances in allele expression for certain heterozygous cSNPs were not
taken into account when evaluating whether the observed cSNP geno-
type was correct. For further calculations and visualizations, only table
entries with a single corresponding cSNP were considered.

2.5. Analysis with an alternative cSNP Panel

The BFID-cSNP-6F assay was compared with an alternative cSNP
panel [39], developed by a participating laboratory (Cologne). The
alternative cSNP panel contains 30 markers including 70 cSNPs,
allowing the identification of five body fluids and skin (Supplementary
Material, Table S5). The ZIFM re-analyzed their cDNA of the 16 stains
from the 4th exercise with the alternative RNA cSNP panel. For target
amplification, 23 cycles were applied. Library preparation was per-
formed using the Precision ID Library Kit and the 16 RNA libraries were
sequenced on an lon 520™ chip. The pooled RNA libraries were diluted
to a concentration of 30 pM.

The 14 reference DNA samples were analyzed with the correspond-
ing alternative DNA cSNP panel [39]. The corresponding DNA libraries
were sequenced on an Ion 520™ chip along with 20 other samples (not
related to the exercise). Templating was performed using the Ion 510™
& Ion 520™ & Ion 530™ Kit-Chef Kit and the HID Ion S5™ Chef tem-
plating 02 protocol (500 flows).

Following sequencing, automatic alignment was performed using
TMAP with default settings in the Torrent Suite Software (Thermo Fisher
Scientific). The BAM/BAI files were further analyzed using several of the
Torrent Suite Software plugins. The ampliSeqRNA, the coverageAnalysis,
the HID SNP _Genotyper v5 2 2, and the variantCaller plugin were run.
The ampliSeqRNA plugin was used with the following settings: Library
Type — AmpliSeqRNA, filter barcodes — true, ERCC tracking — false. The
coverageAnalysis was run with the following settings: Library Type -
AmpliSeq DNA, Read filters - uniquely mapped, minimum aligned
length= 30. The HID SNP_Genotyper.v5_2 2 was run with default settings
and the respective hotspot and target files. For the variantCaller, the
following settings were employed: Library Type — AmpliSeq, Configu-
ration - Generic — S5/S5XL (510/520/530) — Germ Line — Low Strin-
gency. The output of the coverageAnalysis was further analyzed by
applying the same thresholds (0.5 % and 0.15 %) as for the data analysis
of the BFID-cSNP-6F assay, setting read counts below these thresholds to
zero, or setting them to zero but marking them if they contribute to the
interpretation.
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3. Results
3.1. Results of the standardized mock case stains

3.1.1. Nucleic acid extraction and quantification

In the 3rd exercise, RNA yields per stain were generally comparable
across laboratories (Supplementary Material, Fig. S1), with average,
minimum, and maximum RNA yields for each stain reported in the
Supplementary Material (Table S3). In contrast, RNA yields in the 4th
exercise exhibited greater variability (Supplementary Material, Fig. S1),
with the corresponding averages, minimum, and maximum values also
provided in the Supplementary Material (Table S3).

In the 4th exercise, laboratories were additionally encouraged to co-
extract DNA from the stains for STR profiling. DNA quantification values
showed considerable variation between laboratories. However, stains
that yielded low or high amounts of DNA were relatively consistent
across laboratories, despite inter-laboratory differences (Supplementary
Material, Fig. S1). Three laboratories did not report DNA quantification
values.

3.1.2. STR Profiling

The laboratories participating in the 4th exercise were instructed to
perform STR profiling of the co-extracted DNA from the stains to
determine the number of contributors, the major and minor contributors
(if applicable), and the sex of the contributor(s). For stain 8 (a saliva-skin
mixture), most laboratories detected only the female contributor (saliva
donor). Similarly, for stain 14 (a mixture of vaginal secretion and blood),
the male contributor (blood donor) was missing in 8 out 12 cases
(Supplementary Material, Table S4).

3.1.3. Body fluid identification

Before shipment, each set of 16 stains (3rd and 4th exercise) was
tested by the organizing laboratory using an in-house RNA 12plex CE
assay [43]. This assay contains 12 body fluid-specific markers for blood
(2), saliva (2), semen (2), vaginal secretions (4), and menstrual blood
(2). For both sets of stains, the CE analysis of the 12plex PCR product
revealed many of the expected peaks corresponding to the correct body
fluids (Supplementary Material, Table S6). For some low-input stains, no
results were obtained or one body fluid result in a mixture was not
detected. No results were obtained for skin samples because the multi-
plex assay does not include skin-specific markers. Sporadic not-expected
markers were observed, mostly in high input samples, usually as small
peaks. Some stains involving vaginal fluid (VAG or MB) also showed
semen markers, presumably from recent sexual intercourse, as the body
fluid donors were neither asked about their sexual behavior, nor
instructed to remain abstinent prior to sample donation. Semen markers
(PRM1, SEMG1) were prominently observed in stain 3 analyzed in the
4th exercise. In stains 7, 10, and 14 from the 4th exercise low peaks
(<360 RFU) for PRM1 were detected.

In the 3rd exercise, the cSNP-BSS-assay enabled the successful
identification of the body fluid components in 13 out of 16 stains across
laboratories, meaning that at least one, but usually several of the labo-
ratories correctly identified all body fluid components in the stain
(Supplementary Material, Table S7). In the 4th exercise, the BFID-cSNP-
6F assay allowed for correct body fluid identification for 14 out of 16
stains across laboratories (Supplementary Material, Table S8). For BFID
predictions, only mRNA markers with positive coverage after the 0.5 %
noise removal were considered. However, stain 14 (VAG-BL) in the 4th
exercise was an exception: vaginal secretion markers dominated the
sequencing results to such an extent that blood markers, when detected,
were consistently below the threshold in all laboratories. Thus, the
0.15 % threshold introduced to flag informative mRNA markers below
the noise-correcting threshold were used for interpretation
(Supplementary Material, Table S8). In both exercises, mRNA markers
included in the assays to identify body fluids achieved high coverage
overall, although for each body fluid one or two markers appeared to be
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more dominant, i.e. showed a higher coverage compared to the other
body fluid-specific markers. This was especially evident for semen where
PRM1 showed the highest coverage. Blood is an exception as each
marker was equally well covered (Supplementary Material, Tables S7 4

$8). The mRNA markers for skin obtained the lowest coverage overall.
The sequencing results of each participating laboratory in both exercises
were visualized in heat maps (Fig. 1, A + B), showing the proportion of
the total read counts in each of the body fluid categories, including on-
target and off-target reads. The heat maps demonstrate the extent to
which the sequencing results are consistent across laboratories. Espe-
cially in the 3rd exercise (Fig. 1, A), high proportions of the total read
counts are in the expected body fluid categorie(s). However, in the 4th
exercise, particularly evident in the mixtures, a greater degree of vari-
ation between the laboratories is seen in the distribution of read counts
across the six body fluid categories (Fig. 1, B). For instance, in the case of
stains 2 and 7, the proportions of each body fluid component differed
between the laboratories that identified the correct body fluids. The
majority of laboratories did not correctly identify stains 1 and 15,
resulting in the heat maps not showing a congruent distribution of read
counts across the six body fluid categories.

Typically, in high input samples, multiple markers of a specific body
fluid are amplified, thereby enhancing a correct identification.
Conversely, low input stains and mixed stains pose greater challenges, in
particular the detection and identification of skin, either as a single
tissue stain or as a component of a mixture. In both exercises, the per-
centage of non-body-fluid-specific targets being amplified in correctly
predicted stains is negligible. Considering all sequencing results of the
standardized stains in the 3rd and 4th exercise, an average of 87.65 %
and 73.3 % of the total reads were attributable to the body fluids ex-
pected based on each stains’ composition, respectively. A table
including average, minimum and maximum on- and off-target amplifi-
cation percentages per stain and exercise can be found in the Supple-
mentary Material (Table S9). Fig. 2 shows the percentages of body fluid
specific reads for each stain, averaged across all participating labora-
tories in each exercise. This shows nicely how well the body fluid
components were predicted for most of the stains. For the stains whose
body fluid components could not be determined, a certain percentage is
allocated to several body fluids, all with very low read counts. Stacked
bar plots showing the proportion of each body fluid detected in the
standardized stains for all laboratories across both exercises can be
found in the Supplementary Material (Fig. S2 and Fig. S3).

The average weighted performance score was calculated for each
laboratory in both exercises as an overall measure for each laboratory’s
BFID accuracy (Supplementary Material, Fig. S4). The average scores
varied between laboratories, with values ranging from 0.75 to 0.88 (3rd
Exercise) and 0.59-0.81 (4th Exercise). Laboratory 4 (3rd Exercise) and
laboratory 8 (4th Exercise) demonstrated the highest overall accuracy
with an average score of 0.88, and 0.81, respectively, indicating a high
proportion of correct identifications (True Positives). In contrast, labo-
ratories 9 and 12 (4th Exercise) had the lowest average score of 0.59,
reflecting a lower performance, with a higher occurrence of incorrect or
partial identifications. The average score was slightly higher in the 3rd
exercise (0.81) compared to the 4th exercise (0.69).

The distribution of identification outcomes—True Positive (TP),
False Negative (FN), Partially Correct (PC), and False Positive (FP)—
were analyzed for each laboratory to further characterize the potential
BFID errors made (Fig. 3). In the 3rd exercise, all six participating lab-
oratories showed a high proportion of TP (>0.69), while the proportion
of PC was marginally higher than that of FN. In the 3rd exercise, stain 8
was twice predicted as a saliva-semen mixture based on the sequencing
results of Laboratories 2 and 6, resulting in two false positive BFID
predictions. In the 4th exercise, the distribution of identification out-
comes between the different laboratories showed a bigger variation. The
proportion of TP ranged from 0.375 to 0.75. While there was a certain
proportion of FP BFID predictions, these results show that the main
source of error in most laboratories was either identifying only one
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Fig. 1. Body fluid identification results across laboratories in Exercises 3 and 4 visualized as heat maps. Each heat map displays the proportions of sequencing reads
assigned to six body fluid marker categories (Blood, Saliva, Skin, Menstrual Blood, Semen, and Vaginal Secretion) for each stain analyzed by the participating
laboratories. Each row represents one laboratory’s result for a given stain; each column corresponds to one body fluid category. Green frames group the sequencing
results by stain, showing the inter-laboratory agreement within each set, with the true body fluid composition of the stain indicated next to the frame. The color
i‘ntensity, ranging from blue to white to red, reflects the proportion of reads assigned to each fluid, normalized per stain.
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Fig. 2. Percentages of body fluid specific reads for each of the 16 stains (averaged across all participating laboratories per exercise).

component in a mixture (PC) or failing to identify the body fluids (FN).
The FP category included three misclassifications of stain 5 (SE-BL)
where the second component, blood, was incorrectly predicted as
vaginal secretion, menstrual blood, or saliva. In stain 13, composed of
saliva and semen, the saliva component was incorrectly predicted as
vaginal secretion, and in another case only weak signals for vaginal
secretion markers were detected.

3.1.4. Donor Association

While the BSS cSNP assay examined in the 3rd exercise allowed the
matching of body fluids and their respective donor for blood, saliva, and
semen, the 6 F cSNP assay additionally contained body fluid-specific
markers with ¢cSNPs for vaginal secretion, menstrual blood, and skin.

The higher the number of body fluid-specific cSNP markers detected and
the higher the coverage of each ¢SNP marker, the more accurately and
completely the RNA genotypes reflect the DNA genotypes.

In the 3rd exercise, we observed a relatively high number of reads for
the single-source stains 1, 3, and 5 in the body fluid-specific markers,
and the donor DNA genotypes were mostly well reflected in the RNA
genotypes (138 cSNPs considered, 8.7 % missing and 2.17 % discrepant
genotypes) (Supplementary Material, Table S12). For stains 11 and 13,
most of the body fluid-specific markers had good coverage and therefore
discrepancies between RNA and DNA genotypes were rarely observed
(78 cSNPs considered, 1.3 % missing and 1.3 % discrepant genotypes,
Supplementary Material, Table S12). For single donor stains 6, 12, and
15, no donor associations could be made because the BFID-cSNP-BSS
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assay used in the 3rd exercise does not contain cSNPs for skin, vaginal
secretion, and menstrual blood. Stain 8 (saliva on a plastic spoon) was
challenging, but one laboratory obtained high-coverage RNA genotypes
that reflected the DNA genotypes well (Supplementary Material, Table
S12).

Mixed stains composed of the same body fluid from different donors
(stains 7 and 9) showed high numbers of reads and the allele ratios of the
sequenced RNA genotypes were close to the theoretical expectations
(Supplementary Material, Table S12). Stains 2, 10, and 16 yielded high
numbers of reads, resulting in few observations of discrepant RNA and
DNA genotypes (168 cSNPs considered, 2.98 % missing and 7.14 %
discrepant cSNP genotypes between all three stains) (Supplementary
Material, Table S12). Table 3 shows the ¢SNP read counts of all labo-
ratories for stain 10, a blood-saliva mixture. Stains 4 and 14 (saliva-
semen mixtures) showed few reads overall, with the saliva portion of
each stain being particularly problematic. For the semen portion of the
stains, a few markers were not well covered, resulting in a high number
of dropouts and some discrepancies between RNA and DNA genotypes
(96 cSNPs considered, 45.12 % of missing and 15.4 % discrepant cSNP
genotypes between the two stains, semen portion only).

In the 4th exercise, six of the 16 stains were single donor stains.
Stains 9, 10, 11, 12, and 15 were prepared on realistic carrier materials
and the remaining were on cotton swabs. Stains 9 and 10 worked well
overall, meaning that body fluid-specific markers gave a high number of
reads and cSNP genotypes matched between RNA and DNA (400 cSNPs
considered, 16.75 % missing, 2 % discrepant cSNP genotypes between
the two stains) (Supplementary Material, Table S13). In stain 11, the
semen marker PRM1 obtained a high coverage, but some of the other
semen markers were less well covered, therefore making donor associ-
ation more difficult (Supplementary Material, Table S13).

The set of stains provided in the 4th exercise included ten mixtures.
From a forensic perspective, mixtures, especially semen and vaginal

secretion, are highly relevant in casework. Overall, components like
vaginal secretion and menstrual blood were consistently detected, and
donor association was successful since several markers for each of these
body fluids showed a high coverage. For instance, stain 16, a vaginal
secretion and semen mixture (Table 3), obtained high coverage in most
of the expected body fluid markers, and the RNA cSNP genotypes mostly
reflected the DNA donor genotypes (192 cSNPs considered, 11.45 %
missing, 3.12 % discrepant cSNP genotypes). Similar results were ob-
tained for stain 4 (a mixture of menstrual blood and semen), however,
not all laboratories detected the blood component of the menstrual
blood to the same extent, which is reflected in the percentage of drop-
outs (408 cSNPs considered, 23.77 % missing and 3.2 % discrepant
cSNP genotypes) (Supplementary Material, Table S13). For some of the
mixtures, one component was missing in several of the laboratories’
sequencing results (e.g., stains 13 and 14) or was entirely missing (skin
in stain 8) (Supplementary Material, Table S13).

For both exercises, we assessed the number of correctly typed,
missing and incorrectly typed (i.e., those discrepant from the DNA ge-
notypes) cSNPs, in percentages. The corresponding numbers for each
marker (except for the skin markers because of data scarcity), examined
per stain and exercise can be found in the Supplementary Material
(Tables S12 + S13). The percentages of cSNPs in each category (correct/
missing/incorrect) are presented per body fluid (Fig. 4). For blood,
semen and saliva, the data from both exercises were pooled, since the
same cSNPs were analyzed.

For the blood cSNPs analyzed in the 3rd exercise set of stains, we
found that most cSNP genotypes were correctly called, regardless of
whether the stain was a low input, high input or mixed stain (Fig. 4). In
the 4th exercise, a rather high percentage of missing cSNP genotypes
was observed, especially in the low input stain 12. For saliva cSNP ge-
notypes, we found a higher percentage of missing genotypes, especially
in low-input stains, and mixtures (depending on the other body fluid
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Table 3

The number of full cSNP profiles identified by the participating laboratories in
each exercise per stain, and per body fluid component (if applicable). BF/T
stands for body fluid/tissue, BL for blood, MB for menstrual blood, SA for saliva,
SE for semen, VAG for vaginal secretion, and SK for skin. BF/T 1 corresponds to
the first body fluid, BF/T 2 to the second body fluid listed for each stain (2nd
column). The last column (Complement) lists additional body fluids that may co-
occur with menstrual blood (VAG, BL) and whose cSNP profiles may also be
relevant for interpretation. * indicates the systematically missing cSNP genotype
for CYP2A6 in VAG cSNP profiles. The color light green is used to indicate that at
least 50 % of the laboratories participating in the respective exercise reported a
full cSNP profile, i.e. the correct cSNP genotype for each cSNP BFID marker of
interest. The light yellow color is used to indicate that between 25 % and 50 % of
the full ¢cSNP profiles were reported, whereas the color light red is used to
indicate that less than 25 % of the full cSNP profiles were reported.

Full cSNP Profile(s)

Stain N° BF/T BF/Tl BF/TZ Complement
Ex.3-1 SE 3/6 NA

Ex.3-2 BL-MB 5/6 NA

Ex.3-3 SE 2/6 NA

Ex.3-4 SA-SE 0/6 0/6

Ex.3-5 BL 6/6 NA

Ex.3-6 SK NA NA

Ex.3-7 BL-BL 6/6 6/6

Ex.3-8 SA 0/6 NA

Ex.3-9 SA-SA 3/6 3/6

Ex.3-10 BL-SA 6/6 0/6

Ex.3-11 SA 5/6 NA

Ex.3-12 VAG NA NA

Ex.3-13 BL 3/6 NA

Ex.3-14 SA-SE 0/6 0/6

Ex.3-15 MB NA NA

Ex.3-16 SE-VAG 4/6 NA

Ex.4-1 SK 0/12 NA

Ex.4-2 BL-MB 9/12 9/12

Ex.4-3 SA-VAG 5/12 0/12

Ex.4-4 MB-SE 6/12 6/12 BL: 1
Ex.4-5 BL-SE 5/12 2/12

Ex.4-6 SE-SE 1/12 1/12

Ex.4-7 MB-SA 6/12 6/12 |vac:s* BLa
Ex.4-8 SA-SK 7/12 0/12

Ex.4-9 VAG 9%/12 NA

Ex.4-10 MB 7/12 NA  |vaG:11* 8LS
Ex.4-11 SE 0/12 NA

Ex.4-12 BL 0/12 NA

Ex.4-13 SA-SE 0/12 0/12

Ex.4-14 VAG-BL 11/12 3/12

Ex.4-15 SA 0/12 NA

Ex.4-16 VAG-SE 11/12 6/12

present) (Fig. 4). Nevertheless, a high percentage of correctly called
cSNPs could also be found, and the percentage of incorrectly typed
cSNPs was rather low. Semen showed the highest number of incorrectly
typed cSNP genotypes, based on the observed percentages in the
respective categories (correct/missing/incorrect) (Fig. 4). Such mis-
typed cSNP genotypes often correspond to the loss of one allele in a
heterozygous cSNP. At the BFID level, we had already observed that
PRM1 had a high coverage, which was also reflected in the high per-
centage of correctly called cSNP genotypes. For the other markers, the
low coverage greatly affected the ability to correctly type both alleles for
heterozygous cSNPs. However, we also observed instances where
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homozygous alleles turned out to be heterozygous, with the correct
allele accounting for the majority of calls and a minor proportion
attributed to an incorrectly called allele (Supplementary Material,
Tables S12 + S13). For vaginal secretion, the highest percentage of
correctly typed cSNPs was found, regardless of whether the stain was in
the high-input or mixed stain category (Fig. 4). Moreover, the cSNP
genotype for CYP2A6 was systematically not called. Similar to vaginal
secretion, menstrual blood cSNP profiles were found to be highly
congruent with the DNA reference profiles, resulting in a low number of
incorrectly called cSNP genotypes (Fig. 4). In contrast to saliva and
semen, the percentage of missing cSNP genotypes was rather low.

We compiled the number of complete cSNP profiles in the stan-
dardized stains, considering each detected body fluid component sepa-
rately (Table 3). For vaginal secretion, a cSNP profile was considered
complete even though CYP2A6 was always missing.

3.2. Self-prepared stains of the Laboratories

3.2.1. Nucleic Acid Extraction and Quantification

For self-prepared stains, RNA yields after extraction varied widely
between stains and laboratories (Supplementary Material, Fig. S5). In
the 3rd exercise, the RNA yield was highest for the self-prepared stains
from laboratory 6. In the 4th exercise, the RNA yield of the self-prepared
stains was overall lower than in the 3rd exercise. Moreover, the co-
extracted DNA from the self-prepared stains was quantified, showing
that RNA and DNA yields do not necessarily correlate.

3.2.2. STR Profiling

Participants in the 3rd exercise did not conduct STR analysis, hence
stains were interpreted based solely on the body fluid components
detected (Supplementary Material, Table S10, column H). Most labo-
ratories participating in the 4th exercise provided STR profiles gener-
ated from the co-extracted DNA from the self-prepared stains
(Supplementary Material, Table S10, column I and J). The organizing
laboratory considered this additional information to facilitate the
interpretation of the sequencing results of the self-prepared stains.

3.2.3. Body Fluid Identification and Donor Association

During the 3rd exercise, four out of the six participating laboratories
analyzed self-prepared stains (eight stains each). Laboratories were free
to include body fluids and/or tissues that the BFID-cSNP-BSS assay was
not designed to identify, and/or the assay did not include markers with
cSNPs for donor association. Hence, the inability to predict the body
fluids present in a stain may be due to the absence of body fluids, the
lack of markers for BFID, or a failed amplification. Predictions on BFID
level could be made for 21 out of 32 stains (65 %) (Supplementary
Material, Table S10, column H). Presumable donors could be identified
for ten of these stains.

In the 3rd exercise, interpretations were also categorized as correct
in case there was no body fluid predicted for stains whose composition
could not be identified using the BFID-cSNP-BSS assay or for stains
containing no body fluids (extraction blanks, Supplementary Material,
Table S10, column M). Laboratory 4 included an ear-wax stain
(Ex3_Lab4 own7) that could not be identified, while a mixture of nasal
secretion and epithelial cells (Ex3 Lab4 own8) as well as a saliva stain
(Ex3_Lab5_own4), were mistakenly classified as a mixture of menstrual
blood and saliva.

Additionally, mRNA analysis of self-prepared stains required the
extraction of DNA reference samples from body fluid donors. Labora-
tories could also submit potential DNA references from non-body fluid
donors. While the concept of the cSNP analysis was new to several
laboratories, one of the participating laboratories of the 3rd exercise
inadvertently used co-extracted DNA from its self-prepared stains for the
DNA reference target amplification. In case of mixtures, donor matching
was then impossible. Another laboratory intentionally used the DNA co-
extraction method to prepare their DNA reference samples, as all of their
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Fig. 4. Percentage of cSNP genotypes found in the respective categories (correct/missing/incorrect) per body fluid and stain. The code above each individual stacked
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mixture denotes the stain type, and the last number corresponds to the stain number.

stains were single body fluid stains.

Within the 4th exercise, sequencing results were obtained for 68 self-
prepared stains, but body fluid predictions were possible for only 42
stains (62 %). The reasons for this include inadequate coverage of BFID
markers, the presence of body fluids that the assay does not cover, and
the use of extraction blanks/non-template controls (NTCs). Each labo-
ratory correctly analyzed the reference DNA samples from the body fluid
donors. Donor association was rather difficult as the read counts for
some markers were low and therefore did not provide the full genetic
information possibly available. Nevertheless, donor association was
possible for 21 stains.

Furthermore, BFID predictions were interpreted by the organizing
laboratory, additionally considering the STR analysis results of the self-
prepared stains (Supplementary Materials, Table S10, column M). In
some cases, STR profiles may reveal a second contributor to a stain that
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is not immediately apparent from a BFID-perspective. This could be due
to the absence or concealment of a second body fluid. For example, it is
challenging to discriminate between menstrual blood and blood in a
mixture (Sample Ex4 Lab6_own8) based on mRNA profiling results
alone. Blood markers are usually detected in menstrual blood, as blood is
one of its components, in addition to vaginal secretion. The interpreta-
tion of body fluid and tissue samples for which the cSNP assays do not
include any BFID markers is equally challenging, not least because of
potential cross-reactivity. For instance, stain Ex4 Lab7 ownl (a rectal
mucosa sample) was predicted to be a menstrual blood-skin mixture.
However, after considering the STR results, which indicated that the
stain originated from a single male donor, it is highly unlikely that
menstrual blood is present. Another rectal mucosa sample (Ex4 La-
b7 own4) appeared to be a mixture of menstrual blood and skin based on
BFID analysis. This observation was consistent with the STR analysis
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result. A third rectal mucosa sample (Ex4 Lab2_own?) was misclassified
as vaginal secretion based on BFID results and could not be further
characterized since an STR profile was not provided. Among the self-
prepared stains were three nasal mucosa samples (Ex4 Lab5 ownS,
Ex4 Lab7 ownb, Ex4 Lab7 own6). Based on the sequencing results,
Ex4_Lab5_own8 was not classified, while the latter two stains were
classified as saliva, and a saliva-vaginal secretion mixture, respectively.
For Ex4 Lab12 own5, the STR profiling result refined the interpretation,
but the body fluid corresponding to the male component in the stain was
not detected (Supplementary Material, Table S10, column M, high-
lighted in yellow). Furthermore, a menstrual blood sample (Ex4 La-
b2 own2) was correctly characterized as such, yet an incorrect donor
from the pool of potential donors was identified from the RNA cSNP
genotypes (Supplementary Material, Table S10, column M, highlighted
in orange). All sequencing results of the donor association of the self-
prepared stains from both exercises can be found in the Supplemen-
tary Material (Tables S15-526). Both BFID and donor association proved
more complex for the self-prepared stains in both exercises, as these
samples showed more variability and also lacked a reference frame (e.g.
a defined hypothesis) to facilitate the interpretation.

3.3. Comparison between Laboratories and Sequencing Platforms

Within both exercises, six laboratories used only the S5 platform,
while three laboratories used only the MiSeq sequencing system. Two
laboratories performed the experiment on both sequencing platforms.

In the 3rd exercise, we directly compared the relative read counts
obtained per marker for the six participating laboratories. After cor-
recting for the total number of reads (including off-target reads), we
found that the percentages per stain per marker showed a high degree of
comparability between laboratories, for single source and mixed stains
(Supplementary Material, Fig. S6). However, we found a higher varia-
tion in the percentages per body fluid for the more challenging stains 6
and 8 (a skin swab and a licked plastic spoon, respectively). While
laboratory 4 achieved satisfactory results with high coverage for several
of the expected saliva markers, the other laboratories reported overall
low coverage or off-target markers, potentially leading to mis-
interpretations regarding the body fluids present. This greater variation
in the distribution of body fluids detected across laboratories can be seen
in a stacked column chart (Supplementary Material, Fig. S2).

In the 4th exercise, high input single-source stains (MB, SE, and VAG)
gave relatively consistent results between laboratories using the same
sequencing platform (Supplementary Material, Fig. S7, A) + B)). The
remaining single-source stains yielded more variable results, as was
already evident from the body fluid identification. In general, MiSeq
laboratories detected fewer off-target markers at low percentages. For
the mixed stains analyzed in the 4th exercise the results are more ho-
mogeneous between laboratories using the same sequencing platform
(Supplementary Material, Fig. S8, A) + B)).

Two laboratories performed library preparation and sequencing on
both platforms starting from the same cDNA (results are shown in
Supplementary Material, Fig. S9). For the first laboratory, the results
were considered sufficiently comparable, since the BFID markers rep-
resenting the largest proportion were amplified to the same level in both
workflows, with minor off-target amplification, which was slightly more
prevalent in the S5 workflow. Target amplification failed for stains 12
(blood on T-shirt) and 13 (saliva-semen mixture) in the MiSeq and the S5
workflows. The sequencing results for the second laboratory
(Supplementary Material, Fig. S10), were consistent on both platforms.
Target amplification failed for stain 1 (skin) in both workflows.

3.4. Comparison with an alternative cSNP Panel
In Laboratory 3, the 16 stains analyzed in the 4th exercise were

subjected to an additional analysis using an alternative cSNP panel [39]
on the same cDNA. This panel includes markers containing cSNPs for
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body fluid identification and donor association of blood, menstrual
blood, saliva, semen, vaginal secretion and skin. A comparison of the
sequencing results of the two cSNP panels at the BFID level revealed that
the BFID-cSNP-6F assay accurately characterized the nature of the body
fluids in 10 of the 16 stains, while the alternative panel determined the
body fluid components in 8 of 16 stains (Table 4, and Supplementary
Material, Table S11). The BFID-cSNP-6F assay was only able to identify
one of the stain’s components for two stains. Furthermore, for stain 15,
the read counts for saliva were relatively low, which affected the ac-
curacy of the prediction. The alternative cSNP panel [39] incorrectly
identified stain 8 as a mixture of saliva and blood, when in fact it was a
mixture of saliva and skin. Stain 12 was also misidentified as menstrual
blood instead of blood.

The two panels showed comparable results in terms of assigning
percentages to specific body fluids, based on the markers that were
amplified (Fig. 5). The alternative panel [39] demonstrated greater
variability in the percentages of detected body fluids for stains 1, 13, and
15, likely due to a low total read count. Similar observations were made
with the BFID-cSNP-6F assay if total read counts were low for a stain.
Although the majority of reads for stain 12 are associated with blood
markers, some menstrual blood markers also obtained a coverage that
exceeded the 0.5 % threshold. This ultimately leads to misinterpretation
of the nature of the stain. It is noteworthy that the BFID-cSNP-6F assay
identified vaginal secretion markers in greater proportions across all
stains.

A more detailed analysis of the markers that received coverage
within the body fluid categories revealed that across all stains, markers
found in both panels (Fig. 6, green boxes) were amplified to a similar
extent. Although the alternative cSNP panel [39] contains a greater
number of markers, the distribution of percentages among body
fluid-specific markers may vary, resulting in cases where a marker
shared between panels may receive more or fewer reads.

Of the 16 analyzed stains, the alternative panel [39] generated
several full cSNP profiles for the menstrual blood component (stains 2, 3,
4, 7, 9, and 10). Moreover, the cSNP profile for the vaginal secretion
component of stain 3, the semen component of stain 4, and the blood
component of stain 10 yielded a complete cSNP profile. However, dis-
crepancies were found between the RNA and DNA cSNP genotypes, with
several cases of discordant genotypes observed (Supplementary Mate-
rial, Table S14).

4. Discussion

The objective of this study was to evaluate the BFID-cSNP-BSS and
BFID-cSNP-6F assays on a variety of mock case stains in different labo-
ratories and on two sequencing platforms. The laboratories participating
in the study were provided with mock case stains and comprehensive
instructions regarding the analysis of the standardized stains. Despite
the harmonization of the experiment, variations in methods persisted,
reflecting a realistic scenario in which each laboratory prefers its
established protocols for certain analysis steps. In addition to the stan-
dardized stains, the laboratories also analyzed self-prepared samples.
The sequencing data were collected and analyzed at the ZIFM, with
comparisons made at the BFID level, regarding donor association and
across MPS platforms. The self-prepared stains were interpreted by the
ZIFM without prior knowledge of the sample’s identity, and were
therefore challenging, but were considered to reflect actual casework
scenarios where sample composition in terms of body fluids present is
unknown.

We first discuss some aspects of the RNA analysis methods. The RNA/
DNA co-extraction is a critical factor, while most participants followed
the recommended protocol (mirVana™ miRNA Isolation Kit). Further-
more, as shown in a previous study [37], our findings confirm that
higher RNA concentrations do not necessarily lead to better results. This
is because the sensitivity and specificity of different RNA quantification
methods can vary considerably. Additionally, the quantification of
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human or non-human (microbial) RNA content is a recognized problem,
as there is no human-specific or sensitive method for the forensic low
template RNA samples [44,45]. Consequently, total RNA is quantified
and not only the target mRNA [46]. Therefore, it is difficult to draw
conclusions about the efficacy of different extraction methods solely
based on quantification values. Greater RNA input into reverse tran-
scription (RT) does not automatically lead to better results [47].
Although the protocol required an input of 50 ng or 25 ng RNA for Su-
perScript™ IV VILO RT for a manual/MiSeq or automated (Chef DL8)
RT, respectively, inaccurate or lack of quantification can lead to varia-
tion in cDNA yield. In addition, even when using the maximum input
volume, the recommended 50 ng input could not always be achieved.
Significant variability in the RT step has been reported in the literature
[48,49], with even greater variation observed at low template concen-
trations [50]. The reported results reflect the chosen primer design
strategy, reaction conditions and initial RNA concentration [51], as well
as the choice of RT enzyme [52]. Moreover, an excess of template RNA
has been shown to result in marker cross-reactivity, whereas an insuf-
ficient amount of RNA can lead to false negative results [53-56]. While
the stain analysis encompasses several steps beyond RNA extraction and
subsequent RT, target amplification represents the most crucial part of
the protocol. In forensic DNA analysis, the presence of low levels of
starting template promotes stochastic sampling effects, which become
more pronounced when traditional methods are employed to enhance
sensitivity, such as the use of an increased number of PCR cycles [57].
These caveats in the workflow likely contribute to the variability in
results observed between laboratories. Similarly, inconsistent RNA input
amounts due to the lack of or inaccurate RNA quantification may have
resulted in reduced cDNA yields and inconsistent marker detection.
Discrepancies in marker detection or sequencing depth between labo-
ratories could be mitigated by using the maximum RNA input for RT
instead. Nonetheless, it remains difficult to determine which specific
step in the workflow is primarily responsible for the observed variation.

Regardless of the different levels of experience in RNA analysis
among the participants in both exercises, our results indicate that both
laboratories with little experience and others with more experience were
able to complete the analysis successfully. In the 3rd exercise, laboratory
3 co-extracted DNA of the stains instead of DNA of the reference persons
and donor association was not possible for mixtures. In the 4th exercise,
the sequencing results from laboratory 13 were excluded from further

Table 4

Summarized BFID results using the BFID-cSNP-6F and the alternative cSNP
panel on the 16 standardized stains. The presence of a question mark indicates
that no interpretation in terms of which body fluid(s) are present could be made.

Stain Nr. BF/T BFID-6F-cSNP Assay Alternative cSNP Panel
1 SK ? ?
2 BL-MB BL-MB BL-MB
3 SA-VAG VAG-SA (SEin VAG?) ?
4 MB-SE MB-SE MB-SE
5 BL-SE SE-BL ?
6 SE-SE SE-SE SE-SE
7 MB-SA MB-SA MB-SA
8 SA-SK SA SA-BL
9 VAG VAG ?
10 MB MB MB
11 SE SE SE
12 BL ? MB
13 SA-SE ? ?
14 VAG-BL VAG VAG-BL
15 SA SA(?) ?
16 VAG-SE VAG-SE VAG-SE
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analysis. We assume that the stain analysis failed because the laboratory
used the EZ1&2 Virus Mini Kit v2.0 to co-extract RNA and DNA from the
stains, which may not be optimal for the extraction of human genetic
material. Aside from these shortcomings, which clearly affected the
success of the stain analysis, there is no indication that the experience of
the participating laboratories played a significant role in achieving
reliable results.

For body fluid identification, most of the high-input samples were
correctly classified (stains 3, 5, 11, 12, and 15 in the 3rd exercise, and
stains 9, 10, and 11 in the 4th exercise). Still, the identification of stain
15 in the 4th exercise, consisting of 50 pL of saliva on thick nylon tights
(thread size of 120 Denier), proved to be a challenging task. A significant
number of laboratories reported low read counts for markers of several
body fluids, including saliva, vaginal secretion and semen. The low
absorbency of nylon may contribute to the negative results. Addition-
ally, the stain was not visible to the naked eye, hence laboratories were
instructed to cut a circular piece of the nylon from the center of the stain.
For the low-input samples (stains 1, 6, 8, and 13 in the 3rd exercise,
stains 1 and 12 in the 4% exercise), the results showed greater vari-
ability. Some stains were consistently typed correctly by all laboratories
(stains 1 and 13 in the 3rd exercise), while others were more chal-
lenging, with results varying between laboratories. In the 4th exercise,
no participating laboratory identified skin markers in stain 1, only
sporadic low-coverage peaks for other body fluid-specific markers were
observed. The analysis of gene expression in skin samples is a significant
challenge, not only in the context of forensic science [58]. Nevertheless,
some laboratories were able to successfully detect skin markers in the
stains composed of skin only, in addition to detecting skin markers in
other stains (e.g. in vaginal secretion stains). Skin samples were found to
be equally challenging to analyze in another collaborative exercise [37].
In contrast, van den Berge et al. [59] found that RNA profiling was more
sensitive for skin than DNA profiling (the opposite was true for blood,
menstrual blood, saliva and semen). Markers for semen were still
detected in stains containing relatively small amounts of semen (about a
quarter of 25 pl), although semen is one of the body fluids with rela-
tively low levels of RNA [60]. In samples containing a mixture of body
fluids, one fluid typically dominates [12,30,36]. The greater amount of
RNA present in the more prominent body fluid will then predominate
over the other body fluid component, particularly if the other body fluid
in the mixture is generally low in RNA [30,61]. This is consistent with
our findings: In cases where a mixture was analyzed with one body fluid
naturally containing less RNA, such as skin, the more RNA-rich body
fluid predominated (Fig. 2B).

Interpretation of RNA results can be complicated by the detection of
additional markers from body fluids not expected to be present in the
sample, but we did not frequently encounter the presence of such
markers. In the 3rd exercise, for stain 13, a blood stain, all laboratories
obtained high coverages for the majority of blood-specific markers, but
several laboratories detected additional markers for saliva, semen and
menstrual blood. However, the coverage of these additional markers
was low. The occasional cases in which additional markers were
consistently observed in the 4th exercise may be attributed to the pre-
vious sexual intercourse of the vaginal secretion donor. This observation
is exemplified by stain 3 (a saliva-vaginal secretion mixture). Additional
vaginal secretion and/or menstrual blood markers were sporadically
observed in other mixed stains where one component was semen (stains
5 and 13) and in a semen-only stain (stain 11). Conversely, stain 13
showed low coverage for most body-fluid specific markers in several
laboratories (Supplementary Material, Table S8), indicating a rather low
template sample. Analysis of the same stain using the alternative cSNP
panel resulted in the amplification of several markers that appear to be
less specific (Supplementary Material, Table S11), making interpreta-
tion impossible.

Cross-reactivity of body fluid markers can potentially lead to com-
plications in mRNA profiling. This has been observed in other studies for
certain markers between saliva and nasal mucosa [9], and between
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Fig. 5. Composition analysis of stains by body fluid percentages. All body fluid-specific mRNAs are summed up per body fluid.

saliva and vaginal secretion [31]. Similar observations were made for
some of the stains prepared by the participating laboratories in the 4th
exercise. The occurrence of spurious amplification is more prevalent
when the target body fluid markers are underrepresented, and the total
number of reads sequenced is low. Another issue that arose was the
amplification of body fluid-specific markers from nearby sites. For
instance, laboratory 7 prepared a rectal mucosa stain that was inter-
preted as a menstrual blood-skin mixture based on the mRNA markers.
While skin markers would be expected, menstrual blood markers could
have come from the vaginal tract of a female donor and therefore
represent a sampling artefact. Despite the absence of notable
cross-reactivity between the body fluids derived from mucous mem-
branes in the 3rd and 4th exercise, cross-reactivity for such body fluids
has been reported previously [44]. False-positive signals were obtained
for vaginal secretion (MUC4 was detected), and in nasal mucosa samples
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the saliva markers HTN3 and STATH were detected [62,63].
Cross-reactivity seemed to be more pronounced in the alternative cSNP
panel [39] than in the BFID-cSNP-6F assay. This is particularly evident
between saliva markers and vaginal secretion, where saliva markers are
observed at relatively high levels in several mixtures including vaginal
secretion. In single body fluid stains (e.g., stains 9 and 10 from the 4th
exercise), high read counts are observed not only for markers of the
target body fluids, but also for markers of other body fluids. These re-
sults may be attributed to cross-reactivity of some of the markers for
several body fluids or a lack of body fluid specificity. Consequently, high
input samples will obtain high read counts for the majority of the
markers analyzed. In addition, several studies have observed
cross-reactivity of vaginal secretion and/ or menstrual blood mRNA
markers when analyzing rectal mucosa samples [39,64,65]. Such
cross-reactivity was also observed in the 4th exercise for the rectal
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Fig. 6. Percentage of reads per marker per stain for both panels: BFID-cSNP-6F panel (6 F in purple) and alternative panel (Alt. in yellow) in the 16 standardized
stains. The green boxes represent markers that are shared between the two panels, the purple boxes indicate markers specific to the 6 F panel, and the yellow boxes
indicate markers specific to the alternative panel. The actual stain compositions are indicated in the light blue boxes.

mucosa samples that were included in the self-prepared stains of
participating laboratories.

As previously stated, some of the standardized stains had a variety of
characteristics which presented a challenge not only in predicting the
body fluid but also in subsequently associating the donor. In both ex-
ercises, skin could not be identified or matched to the respective donor.
The donor matching was very successful in both exercises for stains
containing blood, and/or vaginal secretions, and/or menstrual blood
using the BFID-cSNP-6F panel. However, the success of donor associa-
tion is less pronounced for saliva and semen as single markers are
sequenced at high coverage (e.g. PRM1 in semen), which is sufficient for
BFID, but not for donor association. The association of body fluids and
donors is largely dependent on the number of markers with body-fluid
specific cSNPs amplified in the sample. The more information on the
RNA cSNP genotype of the target body fluid is available, the more ac-
curate and potentially discriminatory the reflection of the DNA genotype
will be.

We decided for both BFID and donor association to abstain from
absolute thresholds. Although an absolute threshold may be a reason-
able approach in the context of BFID, as demonstrated by Johannessen
et al. [66] (coverage > 100 reads), it is nevertheless an arbitrary mea-
sure. However, such a threshold may facilitate the interpretation of
sequencing results by eliminating a greater number of artefacts. In
CE-based BFID, the question of when to conclude that a body fluid is
present or absent is a well-known issue. Approaches to addressing this
issue include the use of a scoring method, such as the X = n/2 scoring
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method [67]. While this approach relies on repeated amplification to
determine whether the presence of certain BFID markers is consistently
observed [67], an alternative scoring system weights the markers ac-
cording to their body fluid specificity [68]. Subsequently, a threshold
score is established for each body fluid, which must be exceeded by
summing the BFID marker-specific values. Furthermore, probabilistic
models that employ quantitative data for BFID have been developed [36,
69]. These models consider the co-expression of all markers for the
determination of the probability of the presence of a specific body fluid,
as opposed to relying on the presence or absence of individual markers.
In the future, such a probabilistic approach could potentially be used in
conjunction with the BFID-cSNP-BSS or BFID-cSNP-6F assays. Estab-
lishing an absolute threshold for cSNP coverage for donor association
represents a demanding task, not least because of the observation of
dropouts for heterozygous cSNP positions even at high coverage levels.
To ensure reliable SNP genotyping, a 30X coverage is typically recom-
mended for DNA sequencing [70], however, considering the RNA
sequencing data from both exercises, most cSNPs received a much
higher coverage.

We compared the performance of the BFID-cSNP-6F assay on two
different sequencing platforms. We had seven S5 participants and three
MiSeq laboratories, and two laboratories did the analysis on both
sequencing platforms. When comparing the results from laboratories
using either platform, we found that the markers that proportionally
accounted for most of the amplified targets in each stain were the same
for both platforms. However, on average, fewer markers were amplified
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per body fluid on the MiSeq platform. This observation was confirmed
by the results of the two laboratories that analyzed the experiment on
both platforms. These discrepancies may be due to differences in the
sequencing chemistry, read depth, or library preparation efficiency,
since each platform relies on its own Kkits for the respective steps of the
workflow.

The subsequent retrieval of information on the stains prepared by the
laboratories further demonstrated the ability of the assay to correctly
identify the body fluids present (in a mixture). This highlights the
importance of a frame of reference. For example, in the absence of
additional information, it is a somewhat arbitrary decision whether an
unknown stain showing menstrual blood and blood markers should be
considered as a single body fluid stain. The number of contributors from
STR profiling may be informative in such a case, but an assumption or
hypothesis may guide the interpretation of the results more purpose-
fully. Such a frame of reference is usually provided when analyzing
casework samples. Moreover, the potential for false positives, particu-
larly due to cross-reactivity or background amplification, has important
legal implications. Misinterpretation of such results could have conse-
quences, reinforcing the need for confirmatory testing and cautious
reporting of results.

Mechanisms that may be responsible for RNA/DNA differences
include RNA editing [71,72], transcriptional errors [73,74], alternative
splicing, transcriptional noise, contamination, allele-specific expression
[75], somatic mutations, copy number variations (CNVs), and
low-quality or degraded RNA, to name some. RNA editing is a
post-transcriptional process involving nucleotide modification, substi-
tution, deletion, and addition in RNA molecules [71,72]. Two families of
deaminases are capable of performing RNA editing, i.e. ADARs (aden-
osine deaminases that act on RNA) and APOBECs (apolipoprotein B
mRNA editing enzymes, catalytic polypeptide-like), which produce
A-to-G and C-to-U changes, respectively [76]. RNA/DNA differences,
however, are not well covered in the forensic literature [77]. In a study
on individual identification from low template blood samples using
whole transcriptome shotgun sequencing, the authors initially compiled
a set of candidate blood c¢SNPs for individual identification from fresh
whole blood samples. The degree of cSNP concordance was then
investigated in degraded blood samples, reflecting those relevant from a
forensic perspective. Despite the observation of a consistent cSNP
concordance, they noted a significant presence of no-call rates, mostly in
the form of locus drop-outs [78]. Previously, allelic drop-out in the cSNP
BFID markers TGM4 and CYP2A7 and sporadic allelic drop-in were
observed for some RNA cSNPs [12]. While differential or unequal
(potentially monoallelic) expression may be responsible for a drop-out
[75,79]1, a drop-in could result from stochastic PCR amplification, which
produces pseudo-heterozygous genotypes [12]. Significant heterozy-
gous allele imbalances were again observed for the RNA cSNPs in the
TGM4 gene in both the BFID-cSNP-BSS and the BFID-cSNP-6F-assays
[38], and the alternative panel [39] tested in this study. In the 3rd and
the 4th exercise, we have observed few discordant RNA and DNA ge-
notypes with the BFID-cSNP-BSS or BFID-cSNP-6F assays that are most
likely due to low-quality and degraded RNA or the result of technical
artefacts. For the alternative cSNP panel, we found occasional discor-
dance between the RNA and DNA cSNP genotypes, i.e. RNA/DNA dif-
ferences that can be traced back to gDNA contamination. This, in turn,
highlights the necessity for an RNA-specific primer design, spanning
exon-exon junctions, which is not the case for 36 out of 76 markers in the
alternative cSNP panel.

5. Conclusion & Outlook

In this study, we have critically evaluated two mRNA cSNP assays
(the BFID-cSNP-BSS and -6F assays) for their potential to identify
forensically relevant body fluids and the association to their donors on
mock case stains in two consecutive exercises. While body fluid identi-
fication worked well for all body fluids, with minimal cross-reactivity
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observed, the ability to associate these body fluids to their donors is
highly dependent on the number of markers, and therefore the number
of cSNPs covered. However, identifying and associating skin to its donor
proved to be a significant challenge, due to the low RNA amounts. The
BFID-cSNP-6F assay performed equally well on the S5™ and MiSeq™
sequencing platforms. Careful interpretation of both BFID and donor
association results is needed, ideally including a frame of reference for
optimal outcomes. In the 4th EDNAP exercise, the 16 mock case stains
were additionally analyzed with a recently published alternative cSNP
MPS assay, which also gave adequate results.

Given the relatively low RNA content in skin and generally in low
template samples, it may be beneficial to explore methods to increase
the sensitivity of the method. Moreover, the assay could be expanded to
include new markers for other body fluids/ tissues of forensic relevance.
For instance, the inclusion of rectal mucosa markers could prove valu-
able as they would reduce misidentification of stains due to cross-
reactivity with vaginal/menstrual markers.

In summary, while the assays demonstrated a solid ability to identify
body fluid(s) and in most cases donor association, particularly for body
fluids with a high RNA content, certain challenges remain, especially for
low-template samples like skin. Therefore, future improvements in assay
sensitivity and marker coverage are warranted. This should include
streamlining the interpretation of results, if the potential of these assays
for broader forensic applicability is to be realized.
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