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c Armed Forces Medical Examiner System’s Armed Forces DNA Identification Laboratory (AFMES-AFDIL), Dover Air Force Base, USA
d SNA International, LLC, Alexandria, USA
e Institute of Legal Medicine, Medical University of Innsbruck, Innsbruck, Austria
f King’s Forensics, King’s College London, United Kingdom
g Department of Forensic Sciences, Oslo University Hospital, Norway
h Department of Forensic Medicine, University of Copenhagen, Denmark
i Centro Regionale Antidoping, Turin, Italy
j Center for Human Identification University of North Texas Health Fort Worth, USA
k Institute of Forensic Sciences, University of Santiago de Compostela, Spain
l Applied Genetics Group, National Institute of Standards and Technology, USA
m Signature Science, LLC, USA
n National DNA Program for Unidentified and Missing Persons, Australian Federal Police, Australia
o Department of Forensic Science, Sam Houston State University, USA
p Estonian Forensic Science Institute, Estonia
q DNA Support Unit, Federal Bureau of Investigation Laboratory, USA
r Centre for Forensic Science, University of Technology Sydney, Australia
s Forensic Science Program, The Pennsylvania State University, USA
t Biostatistics (BIAS), Norwegian University of Life Sciences, Norway
u DNAID Services, LLC, USA

A R T I C L E  I N F O

Keywords:
FORCE
SNPs
Massively parallel sequencing
Degraded DNA methods

A B S T R A C T

This study evaluated the ability to produce FORensic Capture Enrichment (FORCE) genotypes using amplicon- 
based and capture-based enrichment assays. The FORCE panel is a standardized set of single nucleotide poly
morphism (SNP) markers developed for forensic applications. Twelve DNA samples were prepared and distrib
uted to the laboratories for testing: five control DNA samples, a dilution series ranging from 10 ng to 0.03 ng, two 
degraded DNA samples with 200 bp and 150 bp average fragment lengths, and one inhibited sample spiked with 
humic acid. Fifteen laboratories from three different continents participated in this study, choosing from one of 
four manufacturer-developed enrichment assays to complete the experiments, setting their own parameters for 
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sequencing and other user-defined steps to accommodate their own preferences and expertise. A total of eighteen 
methods were evaluated, as three laboratories performed two methods. The results showed that all four assays 
were successful in producing full FORCE SNP genotypes from high quality samples. However, significant dif
ferences between and within assays and methods were observed. Read count variability and enrichment type led 
to significant differences in call rate. Robust SNP recovery was observed across all assays at 0.3 ng DNA input, 
with an amplicon-based assay producing high SNP call rates at 0.03 ng DNA input. Capture and single primer 
extension assays produced consistently high SNP call rates from degraded samples with 150–200 bp fragments. 
Future research to optimize laboratory parameters may reduce the variation in SNP data, so that labs may 
equitably adopt SNP methods to make use of these powerful forensic markers.

1. Introduction

Single nucleotide polymorphisms (SNPs) have multiple advantages 
for forensic identity, kinship, and missing persons analysis [1]. Today, 
SNP genotyping is largely performed using high throughput sequencing 
technologies and microarray (SNP chip) techniques [2]. SNPs can be 
assayed using PCR, primer extension capture, and hybridization capture, 
along with whole genome sequencing (WGS), which are methods 
well-suited for forensic samples that may have limited DNA template 
and/or degraded DNA [3]. Unlike short tandem repeat (STR) markers 
that are 100–500 base pairs (bp) in length with high mutation rates, 
SNPs are single base markers with low mutation rates [4]. Therefore, 
more SNPs are needed to achieve sufficient discriminatory power for use 
in human identification and kinship [5]. The Human Genome Project 
and other similar efforts have collectively identified millions of SNPs in 
global human populations [6,7]. Based on these reference SNPs, scien
tists within the forensic community have developed several PCR-based 
SNP panels for human identification purposes. Early examples of these 
SNP panels include SNPforID [8] and the Kidd panel [9]. With the 
advent of massively parallel sequencing (MPS), larger forensic SNP 
panels have been developed such as a 140-SNP Qiagen panel (QIAGEN, 
Hilden, Germany) [10], Precision ID Identity Panel (Thermo Fisher 
Scientific, Waltham, MA, USA) [11], ForenSeq DNA Signature Prep Kit 
(QIAGEN) [12], MPSplex (QIAGEN) [13], and ForenSeq Kintelligence 
Kit (QIAGEN) [14]. Sequencing of the forensic SNP panels is performed 
using sequencing-by-synthesis chemistries on platforms such as Illumina 
and Ion Torrent, which are among the most widely used to date, 
although other sequencing chemistries and platforms are also capable of 
analyzing such SNP panels. These sequencing methods differ with 
respect to their chemistries and thus require different library prepara
tion methods. The bioinformatic data analysis must furthermore be 
tailored to the methodological approach (e. g., [15]), leading SNP panel 
manufacturers to create their own software for data analysis. This has 
led to a diversification of the SNP genotyping workflows being validated 
for forensic use.

In order to accommodate the diversity in MPS techniques employed 
by worldwide forensic laboratories, the FORensic Capture Enrichment 
(FORCE) panel was designed conceptually as a collection of SNPs that 
could be targeted using multiple MPS methods [16]. The FORCE panel is 
a set of ≈ 5500 SNPs for identity, kinship, ancestry, phenotype, and 
Y-haplogroup prediction, with no known clinical relevance at the time of 
selection. The initial FORCE panel SNP selection was based on a myBaits 
hybridization capture assay design (Arbor Biosciences, Ann Arbor, MI, 
USA), with the intent of balancing the number of SNPs needed for 
human identification with the cost per probe. Since the initial FORCE 
publication, several papers have demonstrated the panel’s adaptability 
to alternate enrichment and sequencing methods. These include hy
bridization capture for Ion Torrent sequencing [17] and QIAseq (QIA
GEN), a single-primer extension–based technology, for Illumina 
sequencing [18,19].

In this report, the practical ability to assay the FORCE panel using a 
laboratory-chosen MPS method was tested in a global interlaboratory 
study. In addition to the original myBaits hybridization capture using 
Illumina sequencing [16], the following MPS methods were evaluated: 

myBaits hybridization capture with Ion Torrent sequencing [17], QIA
seq with Illumina sequencing [19], AmpliSeq (Thermo Fisher Scientific) 
with Ion Torrent sequencing, and xGen (Integrated DNA Technologies, 
Newark, NJ, USA) with Illumina sequencing. A FORCE panel consortium 
was created in 2022, comprised of fifteen participating laboratories 
representing ten countries from three different continents. This project 
was not grant funded, relying on individual laboratories to secure the 
reagents, equipment, and personnel time necessary to produce SNP data 
from a controlled set of DNA samples. The laboratories were informed of 
the multiple options for FORCE target enrichment, then permitted to 
choose whichever option would work best in their respective laboratory 
environments. This allowed laboratories to leverage their existing 
equipment, in-house expertise and preferred MPS methods for SNP data 
production. A set of twelve known samples was prepared and aliquots 
were sent to each of the test sites for SNP analysis using their chosen 
FORCE method. The MPS data files were collected and analyzed by one 
laboratory. SNP recovery and concordance were evaluated for each 
methodology, noting any interlaboratory variation observed. This study 
provides the first comprehensive cross-platform assessment of the 
FORCE panel, demonstrating its adaptability across diverse library 
preparation methods and sequencing platforms, and establishing 
benchmarks that pave the way for informed selection and imple
mentation, rather than ranking, of SNP typing methods in forensic 
laboratories.

2. Materials and methods

2.1. Samples

This project used six commercially available DNA samples obtained 
from Promega (2800 M), Coriell (NA12877 and NA12878), and NIST 
(RM 8391 (NIST Genome in a Bottle (GIAB) sample HG-002), SRM 
2391d Component A, and SRM 2391d Component B). To assess the 
sensitivity of each assay, a dilution series was created from 2800 M to 
allow for DNA inputs of 10 ng, 1 ng, 0.3 ng, 0.1 ng, and 0.03 ng. To 
evaluate inhibition, a separate aliquot of 2800 M was spiked with humic 
acid. Soil solution was prepared by mixing soil with nuclease-free water 
(20% w/w) and shake-incubated for one hour [20]. Subsequently, 5 µL 
of the soil solution was added to 1 ng of genomic DNA. While the exact 
humic acid concentration in the inhibited sample was not measured, the 
amount of soil solution added was intended to mimic levels of inhibition 
that could reasonably occur in a casework sample affected by similar 
soil-derived inhibitors. DNA degradation was examined by artificially 
shearing NIST RM 8391 to two separate DNA size ranges: ≈ 200 bp 
(NIST deg1) and ≈ 150 bp (NIST deg2) by treatment in a Covaris S2 
Focused Ultrasonicator (Covaris, Woburn MA, USA). NIST RM 8391 was 
treated for four minutes (NIST deg1) or 15 min (NIST deg2) using the 
following instrument settings: Duty cycle: 10%; Intensity: 10; Cycles/
burst: 100; Temperature: 6.5◦C; Mode: Frequency Sweeping. Shearing 
was performed in a MicroTUBE AFA vessel (Covaris) in a total volume of 
130 µL. With the exception of the dilution series, DNA samples were 
provided at high DNA concentration to allow each laboratory to utilize 
as much targeted DNA template as would be used in routine practice. A 
summary of the DNA samples provided to the participating laboratories 
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for the interlaboratory study can be found in Table 1. Laboratories were 
also encouraged to include samples representative of their typical 
casework in addition to the study-provided samples; however, these 
samples were not incorporated in these analyses.

2.2. FORCE assays

For the purposes of this study, the term “assay” will refer to the 
FORCE enrichment approach (AmpliSeq, myBaits, QIAseq, and xGen); 
whereas the term “method” will refer to the complete workflow 
employed by each laboratory for their particular assay. Altogether, the 
four different FORCE panel assays were tested using 18 different 
methods across the 15 laboratories, as some laboratories tested more 
than one method (Table 2). For simplicity, the 18 methods are described 
by their FORCE assay, recognizing that other variables are subsumed 
within the method as well (such as DNA input, library preparation and 
sequencing conditions). Overall, the study included five AmpliSeq, eight 
myBaits, four QIAseq, and one xGen methods utilizing one of the 
following four MPS instruments: Ion GeneStudio S5 (Thermo Fisher 
Scientific), MiSeq FGx (QIAGEN), NextSeq 550 (Illumina, San Diego, 
CA, USA), or NextSeq 2000 (Illumina). Supplementary File S1 summa
rizes the standard procedures for each assay, including the reagents and 
instruments used and their respective manufacturers, and the 
laboratory-chosen parameters of each method are presented in Table 2. 
The details of the AmpliSeq and xGen designs are presented in Supple
mentary File S2, as these details have not previously been published.

2.3. Bioinformatics, genotype calling and data analysis

Bioinformatic data analysis was performed at one laboratory (Na
tional Board of Forensic Medicine, NBFM) for consistency. Sequence 
data files were transferred to the NBFM for bioinformatic analysis using 
the CLC Genomics Workbench v21 (QIAGEN). Due to the differing 
chemistries, different tools and settings were used for data analysis as 
appropriate for the specific method. For example, PCR duplicates were 
removed from myBaits data, whereas PCR duplicates were merged into 
super reads using unique molecular indices (UMIs) for the QIAseq 
analysis. The AmpliSeq and xGen chemistries do not allow for PCR 
duplicate removal; therefore, PCR duplicates were retained in these 
datasets. An overview of the bioinformatic workflows is provided in 
Supplementary File S1. Genotype calling was performed using a custom 
R script [21]. The following thresholds were applied for genotype call
ing: minimum read depth of 10; allele read frequency (computed as the 
number of reads for the most common allele divided by the sum of all 
reads for the specific SNP) of 0.5–0.8 for heterozygous loci and 0.95–1.0 
for homozygous loci, other allele read frequencies resulted in no call; 
minimum quality score of 20; and minimum forward/reverse read ratio 
of 0.2.

The analysis focused on SNP call concordance among laboratories 
instead of concordance with published genotypes, as previous studies 
have shown errors in control DNA genotypes generated in large scale 

genome sequencing projects [16,22]. The majority genotype was 
considered to be the concordant genotype across chemistries and assays. 
The overall performance analysis focused on autosomal SNPs, due to sex 
chromosomal differences in the control DNA samples tested. In total, 
4283 autosomal SNPs were included. These were SNPs where the ma
jority of the laboratories generated genotype data. Separate concor
dance analyses for X and Y SNPs (241 and 817, respectively) are 
included as supplementary material.

Univariate and multivariate analyses were performed to detect sig
nificant differences in call rate. Overall differences were assessed using a 
Kruskal–Wallis test, and pairwise differences were evaluated with Dunn 
tests.

3. Results and discussion

3.1. Overall QC metrics

Overall, each of the four assays successfully produced FORCE ge
notypes from one or more samples, although considerable variability in 
SNP call rate was observed across assays and between methods within a 
particular assay. The analysis described in Sections 3.2–3.4 primarily 
focuses on genotype call rates and genotype concordance. However, 
clear variations were observed in some overall quality control (QC) 
metrics shown in Fig. 1(i.e., mapped reads (%), target specificity (%), 
insert size (bp) and proportion unique reads (%)), both between assays 
and among methods using the same assay.

3.1.1. Proportion of mapped reads
Across assays, clear differences in mapping performance were 

observed when considering all samples included in this study (Fig. 1A). 
AmpliSeq methods generally showed the highest median proportion of 
reads mapping (96%), but at the same time also had relatively high 
within-method variation including some distinct outliers with 
AmpliSeq-A and AmpliSeq-C. The myBaits methods displayed slightly 
lower proportion of mapped reads (median 93%) with generally nar
rower within-method distributions, indicating less sample-to-sample 
variation compared to AmpliSeq and xGen methods. QIAseq methods 
showed marked heterogeneity, with most methods achieving high 
mapping rates comparable to AmpliSeq (medians >95%), while one 
method (QIAseq-A) demonstrated slightly lower mapping proportion 
(median 87%). Finally, xGen showed the largest overall variability 
(ranging from 31% to 95%) when all study samples were considered. 
Reasons for the presence of un-mapped reads may be high proportions of 
adapter-dimers, having too unspecific or short reads, or other artifacts 
being created during the library preparation.

3.1.2. Target specificity
Target specificity (reads mapping proximal to the SNP positions) 

showed much stronger assay-dependent effects than overall mapping 
proportions (Fig. 1B). The AmpliSeq methods displayed consistently 
very high on-target specificity across most laboratories (median 99.7% 

Table 1 
DNA samples tested with each FORCE panel assay as part of the interlaboratory study.

Sample Description DNA Concentration (pg/µL) Average Fragment Size (bp) Volume Provided (µL)

A NA12877 5000 Intact 50
B NA12878 5000 Intact 50
C 2800M_10ng 1667 Intact 12
D 2800M_1ng 167 Intact 12
E 2800M_0.3 ng 50 Intact 12
F 2800M_0.1 ng 17 Intact 12
G 2800M_0.03 ng 5 Intact 12
H NIST deg1 2400 ≈ 200 10
I NIST deg2 1000 ≈ 150 10
J NIST 2391d-A 1600 Intact 15
K NIST 2391d-B 1600 Intact 15
L 2800M_humic acid 1000 Intact 25
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across all methods), with some displaying greater spread and occasional 
drops for individual methods and samples. In contrast, the myBaits assay 
exhibited uniformly low specificity across all methods (median 21%), 
but with clear differences between methods. The lower specificity for 
probe-based hybridization capture assays is well known [23]. The 
myBaits-D method included two consecutive capture steps 
(Supplementary File S1), resulting in higher specificity (median 55%) 
compared to the other myBaits methods (median 18%). QIAseq methods 
showed overall high median specificity (90%) close to AmpliSeq but 
with broader within-method dispersion, reflecting appreciable 
method-to-method variability. xGen displayed intermediate specificity 
with substantial spread across samples (49–97%).

3.1.3. Insert size
Insert size distributions (Fig. 1C), which could only be assessed for 

paired data (i.e., methods that used Illumina sequencing), revealed 
pronounced differences both between assays and methods. The myBaits 
methods used different library preparation kits with both enzymatic and 
mechanical fragmentation with variable conditions, which resulted in 
wide insert size ranges (medians across methods from 149 bp to 269 bp) 
and substantial within-assay variability. By contrast, methods employ
ing the QIAseq assay with its standardized enzymatic fragmentation step 
yielded more consistent median insert sizes and narrower interquartile 
ranges (181 bp, and 168 bp to 197 bp, respectively) except for QIAseq- 
D.

3.1.4. Proportion of unique reads
The proportion of unique reads for myBaits and QIAseq methods 

(Fig. 1D) showed substantial variability, reflecting differences in 
sequencing depth and sample multiplexing between the methods 
(deduplication was not performed for the FORCE PCR-based methods, 
AmpliSeq and xGen, and therefore the proportion of unique reads is not 
applicable). The myBaits methods spanned a wide range, with some 
methods (i.e., myBaits-C, -E, and -G) achieving very high proportions of 
unique reads (medians >93%), while others (notably myBaits-A and -D) 
showed consistently low values due to high duplication rates (resulting 
in medians of < 25% unique reads). All in all, large method-to-method 
spreads were observed for the myBaits assay, consistent with differences 
in library preparation parameters and reads per sample driven by mul
tiplexing strategies (Table 2 and Supplementary File S1). QIAseq 
methods generally exhibited lower proportions of unique reads (median 
33% across methods) and narrower ranges, suggesting higher duplica
tion overall but with clear between-method variation. Overall, dupli
cation metrics appeared to be strongly influenced by sequencing depth 
relative to library complexity, which is attributable to DNA input, in 
addition to assay-specific characteristics.

These assay and method differences further underscore the impact of 
both assay design and method-specific parameters. Additional QC met
rics (e.g., total number of reads, mean read length, mean coverage) are 
presented in Supplementary File S3.

3.2. Control DNA samples

3.2.1. Inter-assay variability
When considering the five unaltered control DNA samples (>1 ng 

DNA input, not degraded or inhibited: samples A, B, C, J, and K), each 

Table 2 
Overview of the 18 FORCE methods tested for the interlaboratory study, designated by the target enrichment approach.

Assay (Library Preparation) DNA Inputa (ng) Sequencing System Cycles (Illumina) or Flows (Ion) Samples Per Runb

(Kit)

AmpliSeq-A 5 Ion GeneStudio S5 650 flows 8–17
(Ion 530 Chip Kit)

AmpliSeq-B 5–10 Ion GeneStudio S5 650 flows 4–5
(Ion 530 Chip Kit)

AmpliSeq-C 5 Ion GeneStudio S5 500 flows 6
(Ion 530 Chip Kit)

AmpliSeq-D 5 MiSeq FGx 301 + 301 cycles 6
(MiSeq FGx Reagent Kit)

AmpliSeq-E 5–10 Ion GeneStudio S5 500 flows 18
(Ion 540 Chip Kit)

myBaits-A 
(KAPA Hyper)

10 MiSeq FGx 301 + 301 cycles 5–8
(MiSeq Reagent Kit v3)

myBaits-B 
(KAPA Hyper)

10 MiSeq FGx 151 + 151 cycles (v2) or 76 + 76 cycles (v3) 3–5
(MiSeq Reagent Kit v2 and v3)

myBaits-C 
(KAPA Hyper)

10–77 MiSeq FGx 151 + 151 cycles or 301 + 301 cycles 3–7
(MiSeq FGx Reagent Kit)

myBaits-D 
(Ion Plus Fragment)

1 Ion GeneStudio S5 500 flows 8–9
(Ion 540 Chip Kit)

myBaits-E 
(NEBNext Ultra II)

6–30 MiSeq FGx 351 + 151 cycles 12
(MiSeq FGx Reagent Micro Kit)

myBaits-F 
(KAPA Hyper)

10–26 NextSeq 2000 101 + 101 cycles 22
(NextSeq 1000/2000 P2 Reagents v3)

myBaits-G 
(NEBNext Ultra II)

5–10 MiSeq FGx 301 + 301 cycles 16
(MiSeq FGx Reagent Kit)

myBaits-H 
(NEBNext Ultra II)

5–10 NextSeq 550 151 + 151 cycles 16
(NextSeq 500/550 High Output Kit v2.5)

QIAseq-A 10 MiSeq FGx 151 + 151 cycles 3–6
(MiSeq FGx Reagent Kit)

QIAseq-B 6–24 MiSeq FGx 151 + 151 cycles 3–5
(MiSeq FGx Reagent Kit)

QIAseq-C 10–40 MiSeq FGx 151 + 151 cycles 5–7
(MiSeq Reagent Kit v2)

QIAseq-D 9–84 MiSeq FGx 151 + 151 cycles 8–9
(MiSeq FGx Reagent Kit)

xGen-A 10–257 NextSeq 550 151 + 151 cycles 25
(NextSeq 500/550 High Output Kit v2.5)

a DNA input excludes the dilution series.
b Samples and positive controls only; no negative controls included in this number.
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assay resulted in a median of more than 4000 (maximum 4283) called 
autosomal SNPs (Fig. 2). Three out of four assays produced variable 
numbers of autosomal SNPs, with AmpliSeq ranging from 155 to 4223, 
myBaits ranging from 903 to 4283, and QIAseq ranging from 79 (a single 
outlier; otherwise from 4146) to 4277. These ranges are depicted in the 
probability density distributions of Fig. 2, which may be attributed to 
both inter- and intra-laboratory differences (Supplementary File S3
through S6). The xGen assay produced nearly 100% autosomal SNP call 
rates across all five samples (ranging from 4156 to 4206 SNPs) and a 
compressed probability density distribution, likely due to being repre
sented by only one method performed at a single laboratory (xGen-A).

The proportion of discordant (any allelic difference) SNP genotypes 
was consistently low across all assays as shown in Fig. 3 (< 0.006 
excluding two outliers). The average discordant proportions were 
0.0021 for AmpliSeq, 0.0006 for myBaits, 0.0001 for QIAseq, and 
0.0043 for xGen, indicating high concordance across assays. Most 
samples clustered near zero discordance; however, the two outliers, one 
AmpliSeq (0.019) and one myBaits (0.018), were clearly isolated 

deviations rather than a systematic trend. Overall, these results 
demonstrate robust SNP concordance across all tested assays and 
methods.

Assay type (i.e., AmpliSeq, myBaits, QIAseq, or xGen) had a signif
icant impact on the call rate for the five good quality samples 
(p ≤ 0.0001). A more in-depth analysis showed that AmpliSeq differed 
significantly from both myBaits (p ≤ 0.0001) and QIAseq (p ≤ 0.0001), 
whereas no significant differences were found between the other assay 
pairs.

3.2.2. Intra-assay variability
The AmpliSeq assay exhibited the most intra-assay variability in call 

rate, with one method (AmpliSeq-C) producing mostly failed samples 
due to poor quality Ion Torrent sequencing reagents. This can be seen in 
Fig. 4 with the SNP recoveries shown by method for a high-quality 
sample (sample B). Root cause analysis by the manufacturer identified 
five lots impacted by suboptimal purification of a minor component. 
This was confirmed when the AmpliSeq-C amplicons were also prepared 

Fig. 1. Box and jitter plots showing the observations for proportion of mapped reads (A), specificity (B), average insert size (C), and proportion of unique reads (D) 
for the samples included in the study (the degraded samples were excluded from the “Insert size” subplot). The boxplots show the median (central line), interquartile 
range, and whiskers (1.5 × interquartile range).
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Fig. 2. Box and jitter plots showing the number of called autosomal SNPs for the five control DNA samples (>1 ng DNA input, not degraded or inhibited: samples A, 
B, C, J, and K). The boxplots show the median (central line), interquartile range (box), and whiskers (1.5 × interquartile range). Individual data points are overlaid as 
jittered dots to illustrate the distribution. Sample sizes are AmpliSeq = 25 (5 methods); myBaits = 40 (8 methods); QIAseq = 20 (4 methods); xGen = 5 (1 method).

Fig. 3. Box and jitter plots showing the proportion of discordant autosomal SNPs, per sample, for the five control DNA samples (>1 ng DNA input, not degraded or 
inhibited: samples A, B, C, J, and K). The boxplots show the median (central line), interquartile range (box), and whiskers (1.5 × interquartile range). Individual data 
points are overlaid as jittered dots to illustrate the distribution. Sample sizes are AmpliSeq = 25; myBaits = 40; QIAseq = 20; xGen = 5. Detailed information of 
discordant SNP genotypes is available in Supplementary File S4.

Fig. 4. Column graphs showing the number of called autosomal SNPs by FORCE method for sample B, as an example of high-quality sample results. The green 
shading indicates concordant SNPs, while the orange shading indicates very low numbers of discordant SNPs. Detailed counts of concordant and discordant SNP 
genotypes, together with the rs identifications of discordant SNPs, are available in the Supplementary File S4. Average coverage is indicated on top of each bar (see 
Supplementary File S3 for all samples).
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as Illumina libraries and successfully sequenced on a MiSeq instrument 
(AmpliSeq-D), substantially increasing the call rates for all samples. 
Another method (AmpliSeq-E) produced significantly lower call rates 
when compared to methods AmpliSeq-A (p < 0.01) and AmpliSeq-B 
(p < 0.001). Unlike the other AmpliSeq methods, AmpliSeq-E used a 
540 chip and although it offers more reads, the maximum read length of 
approximately 200 bp (500 flows) is below the mean amplicon size of 
the FORCE panel targets (≈300 bp) and therefore limits SNP recovery. 

Thus, differences in AmpliSeq call rate may be related to aspects of the 
method employed by the testing laboratory, such as choice of 
sequencing chip and/or run parameters (e.g., number of flows).

Within-assay differences in call rate were also significant for myBaits 
and QIAseq. Three myBaits methods generally resulted in lower call 
rates than the other methods: myBaits-D that used Ion Torrent 
sequencing, myBaits-E that used a MiSeq FGx Reagent Micro Kit (QIA
GEN), and myBaits-G that used a MiSeq FGx Reagent Kit (QIAGEN) with 

Fig. 5. Column graphs showing the number of called autosomal SNPs for the 2800 M dilution series (sample C – G) by method. The green shading indicates 
concordant SNPs, while the red shading indicates discordant SNPs. Detailed counts of concordant and discordant SNP genotypes, together with the rs identifications 
of discordant SNPs, are available in the Supplementary File S4. Average coverage is indicated on top of each bar (see Supplementary File S3 for all samples).

A. Tillmar et al.                                                                                                                                                                                                                                 Forensic Science International: Genetics 84 (2026) 103513 

7 



16 samples per run. The two latter sequencing approaches with less 
output and/or increased multiplexing (typically 3–8 samples per run for 
the other methods using a MiSeq FGx Reagent Kit) would have resulted 
in fewer reads per sample, contributing to reduced call rates. Despite 
relatively high coverage (e.g., 177 × average coverage for sample B), 
myBaits-D had lower call rates compared to other myBaits methods with 
similar coverage depths. It was observed that high proportions (5–10% 
for good quality samples) of sufficiently covered SNPs (i.e., read depth of 
at least 10) were imbalanced and thus resulted in no calls for the 
myBaits-D samples. This may be due to stochastic variation exacerbated 
by an additional post-capture PCR following the second capture reaction 
of the myBaits-D method. The setup of the bioinformatic analysis 
workflow could have also been a contributing factor, as PCR duplicate 
removal was likely suboptimal for the Ion-specific errors [24] in the 
myBaits-D data. Due to lower read outputs of the sequencing ap
proaches, the myBaits-E and myBaits-G methods resulted in reduced 
coverage compared to the other myBaits methods, which could explain 
the reduced call rate. Overall, the lower call rates of these three methods 
were significant in some of the pairwise comparisons, with myBaits 
methods having higher call rates. Of note, myBaits-F, which used the 
NextSeq 2000, produced significantly higher call rates than myBaits-A 
and myBaits-G, which were both sequenced on the MiSeq FGx plat
form. Of the four QIAseq methods, QIAseq-A produced a significantly 
lower call rate than the other three methods (p < 0.01) (Supplementary 
File S4). High proportions of adapter dimers are a likely explanation for 
the reduced call rate of QIAseq-A. Elevated adapter dimer proportions 
have been observed previously [25]. However, the remaining three 
QIAseq methods produced high and comparable call rates and were not 
significantly different, indicating that adapter dimer formation may not 
be a consistent issue across QIAseq assays. Overall, the xGen produced 
consistently high call rates between the five control DNA samples.

3.3. Dilution series

The results of the 2800 M dilution series are shown in Fig. 5. As 
expected, decreasing the DNA input led to a reduction in called SNPs and 
an increase in discordant SNPs across all methods regardless of FORCE 
assay.

All of the methods except two (QIAseq-A and myBaits-E) were suc
cessful in producing complete, concordant profiles at 10 ng input 
(sample C). The QIAseq-A method resulted in only 79 called SNPs, and 
the myBaits-E method resulted in only 1108 called SNPs, echoing the 
findings discussed above for the five control DNA samples.

The DNA input of 1 ng (sample D) generated over 4000 concordant 
SNPs in the majority of methods. The exceptions were, again, QIAseq-A 
and myBaits-E, as well as myBaits-A and xGen-A. The myBaits-A method 
produced only 575 SNPs, yet the remaining myBaits methods were 
successful at this input quantity. The xGen method produced 3182 
concordant SNPs but also 197 discordant SNPs.

At 0.3 ng input (sample E), three of the four QIAseq methods and five 
of the eight myBaits methods yielded ≈ 4000 concordant SNPs, whereas 
the myBaits-D method showed a reduced call rate with 3079 concordant 
SNPs and 154 discordant SNPs. Four of the five AmpliSeq methods 
produced > 3200 SNPs, although AmpliSeq-A generated only 108 called 
SNPs (all of which were concordant). The xGen-A method yielded 1927 
concordant SNPs, with 457 discordant SNPs.

Four of the five AmpliSeq methods yielded ≈ 3000 or more 
concordant SNPs and minimal discordances at 0.1 ng input (sample F). 
The myBaits methods produced a wide range of called SNPs (0–3665). 
Of the called SNPs, the myBaits methods generated between 0 and 752 
discordant SNPs. The xGen-A method had a very low number of called 
SNPs (n = 330) with high (n = 97) discordant SNPs.

At the lowest DNA input of 0.03 ng (sample G), AmpliSeq had the 
most concordant SNPs, with two of the five AmpliSeq methods yielding 
over 3300 concordant SNPs. Of the QIAseq methods, QIAseq-B produced 
3000 concordant SNPs and 238 discordant SNPs, yet the remaining 

QIAseq methods generated < 351 called SNPs. QIAseq-A did not pro
duce any called SNPs, although this was not unexpected given the lower 
performance of QIAseq-A overall. The myBaits methods generated 
< 2000 concordant SNPs and up to ≈ 500 discordant SNPs, although 
with high inter-lab variability. The xGen method generated only ≈ 250 
called SNPs, approximately half of which were discordant.

Of note, myBaits-F displayed a different pattern of discordance for 
the two lowest input samples (sample F with 0.1 ng input and sample G 
with 0.03 ng input). While other myBaits methods showed a comparable 
proportion of discordant SNP calls (Fig. 5), the myBaits-F discordances 
were mostly due to allele drop-in, in contrast to the allele drop-out 
observed at these lower input levels (Supplementary File S4 through 
S6). The drop-in alleles observed in these myBaits-F samples were, after 
investigation, consistent with a high-quality, highly concentrated sam
ple that was prepared in the same library set and sequenced in the same 
NextSeq 2000 run as these samples.

In summary, the dilution series demonstrates that there is variability 
in the performance of each assay depending on the method used, with a 
general trend of decreasing call rates and increasing discordances as 
DNA input is reduced. At the lowest DNA inputs of 0.1 and 0.03 ng, the 
amplicon-based AmpliSeq assay had the highest call rate compared to 
the other assays. This may be related to the bioinformatic handling of 
amplicon versus non-amplicon data, as the AmpliSeq analysis did not 
remove PCR duplicates. However, the same minimum coverage 
threshold was used for all assays regardless of PCR duplicate removal 
(10 ×).

3.4. Degraded and inhibited samples

Fig. 6 shows the results from the testing of two degraded samples 
(sample H and sample I) and one inhibited sample (sample L that was 
spiked with humic acid). For sample H, with a mean fragment size of 
200 bp, all four QIAseq methods and five of the eight myBaits methods 
produced > 4200 concordant SNPs. This includes QIAseq-A, which 
performed just as well as the other three QIAseq methods in the 
degraded and inhibited sample experiments. Three myBaits methods 
(myBaits-A, -D, and -E) generated slightly fewer (2833–3757) concor
dant SNPs, and 99 discordant SNPs were observed in the myBaits-D data. 
The AmpliSeq methods produced low call rates for sample H, with only 
one full profile generated (from AmpliSeq-B with 4190 concordant 
SNPs). AmpliSeq-E produced a partial profile with 2158 concordant 
SNPs, and the remaining AmpliSeq methods generated < 400 SNPs from 
sample H. This is likely due to AmpliSeq's mean amplicon size of 
≈ 300 bp, preventing PCR amplification of the fragmented DNA. The 
xGen method generated 3713 concordant SNPs from sample H. For 
sample I, with a mean fragment size of 150 bp, QIAseq again produced 
> 4100 concordant SNPs across all four methods. As with sample H, five 
of the eight myBaits methods generated nearly full profiles for sample I 
with > 4200 concordant SNPs, whereas the three remaining myBaits 
methods (myBaits-A, -D, and -E) generated partial profiles with slightly 
fewer concordant SNPs (3400–3800). AmpliSeq-B and AmpliSeq-E 
methods produced partial profiles (1000–2500 SNPs), although 
≈ 20–30% of them were discordant. The remaining AmpliSeq methods 
(AmpliSeq-A, -C, and -D) yielded < 75 SNPs from sample I. The xGen 
assay produced almost 3000 concordant SNPs and 231 discordant SNPs 
from this degraded sample.

Sample L spiked with humic acid resulted in > 4100 concordant 
SNPs from nearly all methods. The exceptions were AmpliSeq-C with 
1516 concordant SNPs, AmpliSeq-E with 3370 concordant SNPs, and 
xGen with 3744 concordant SNPs. The three myBaits methods that 
produced relatively lower SNP calls in other experiments (myBaits-A, -D, 
and -E) yielded 3500–4000 concordant SNPs.

Altogether, the data demonstrate that all four FORCE assays were 
able to overcome humic acid inhibition, but DNA degradation resulted 
in variable call rates. Assay type had a significant impact on the call rate 
for the two degraded samples H and I (p = 0.0001). Pairwise 
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comparisons showed significant differences (p < 0.01) between Ampli
Seq and myBaits assays, and also between AmpliSeq and QIAseq assays, 
while other pairings were not significantly different. QIAseq, followed 
by myBaits, produced the highest number of concordant SNP calls from 
degraded DNA in the 150–200 bp size range, and these results were 
significantly higher than those obtained with AmpliSeq.

3.5. Negative controls

In total, 17 negative controls (NCs) were analyzed from 13 methods 
(NC data for five methods was not generated and/or provided to NBFM 
for analysis). Thirteen of the 17 NCs (76%) had no called SNPs, and three 
of the 17 NCs had up to six called SNPs (Supplementary File S7). The 
remaining NC, which was one of two NCs from myBaits-F, had 310 
called SNPs consistent with a high-quality, highly concentrated sample 
prepared in the same library set. As with the drop-in observed in the 
myBaits-F samples F and G data, it is likely that the contamination of this 
NC occurred prior to or during library preparation. These findings un
derscore the necessity of batching samples of similar quality/quantity as 
well as establishing appropriate thresholds for control interpretation 
given the sensitivity of these FORCE assays.

4. Summary and conclusion

The present study assessed the ability to produce FORCE genotypes 
using four different assays: AmpliSeq, myBaits, QIAseq, and xGen, with 
different workflow conditions chosen by the laboratories to suit their 
individual preferences. The results showed that all four assays were 
capable of generating FORCE data from high quality samples; however, 
SNP call rates were inconsistent and dependent on the method 
employed. In particular, the total read count for a sample was shown to 
be an important factor influencing SNP recovery, with methods yielding 
fewer reads per sample exhibiting lower call rates. Aside from read 

count, other factors led to consistently poorer results from certain 
methods, which may be due to reagent issues, lack of optimization, and/ 
or laboratory experience with these assays. Though not the specific aim 
of this interlaboratory study, the results did highlight the strengths and 
weaknesses of the four assays. The AmpliSeq assay proved to be the most 
sensitive with low DNA input; however, it is worth noting that AmpliSeq 
(and xGen) methods retained their PCR duplicates but were analyzed at 
the same read depth threshold, which likely contributed to the observed 
higher sensitivity of the AmpliSeq assay in this study. Moreover, QIAseq 
and xGen demonstrated the highest call rates from control DNA, 
whereas myBaits and QIAseq exhibited the lowest proportions of non- 
concordant SNPs. Due to their design, the QIAseq and myBaits assays 
proved to be the most robust when handling degraded DNA samples. The 
xGen assay is the newest of the FORCE assays and was only tested by a 
single laboratory. Efforts to further optimize both the xGen assay and 
laboratory method may improve the results. Overall, future studies to 
improve the consistency of results within each assay would be beneficial 
so that the forensic community can adopt these powerful SNP technol
ogies with equal expectations of success irrespective of preparation 
method or sequencing platform.

Our results suggest that careful assay selection and standardized 
workflows will be important if FORCE assays are applied in forensic 
settings beyond the laboratories involved in the present study. Kinship 
and databasing applications, with higher quality samples and higher 
throughput expectations, may prefer amplicon-based FORCE imple
mentation as these workflows are generally cheaper and faster. 
Conversely, casework applications that involve lower quality samples 
and degraded DNA may benefit from single primer extension or capture- 
based FORCE methods to maximize successful results. The unique flex
ibility of the FORCE panel will hopefully lead to broad use within the 
forensic community, fostering further research and collaboration on 
SNP-based methods for human identification.

Fig. 6. Column graphs showing the number of called autosomal SNPs for the inhibited and degraded samples by method. Degraded 1 (sample H, NIST deg1) had a 
mean fragment size of 200 bp. Degraded 2 (sample I, NIST deg2) had a mean fragment size of 150 bp. Inhibited (sample L) was spiked with humic acid. The green 
shading indicates concordant SNPs, while the red shading indicates discordant SNPs. Detailed counts of concordant and discordant SNP genotypes, together with the 
rs identifications of discordant SNPs, are available in the Supplementary File S4.
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