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ARTICLE INFO ABSTRACT
Keywords: One of the main goals of the Spanish and Portuguese-Speaking Working Group of the International Society for
MPS Forensic Genetics (GHEP-ISFG) is to promote and contribute to the development and dissemination of scientific
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Single nucleotide polymorphism (SNP)

knowledge in the field of forensic genetics. The GHEP-ISFG supports several Working Commissions which
develop different scientific activities. One of them, the Working Commission on “Massively Parallel Sequencing
Forensic genetics (MPS): Forensic Applications”, organized its first collaborative exercise on forensic applications of MPS tech-
Spanish and Portuguese-speaking working nology in 2019. The aim of this exercise was to assess the concordance between the MPS results and those
group obtained with conventional technologies (capillary electrophoresis and Sanger sequencing), as well as to
compare the results obtained within the different MPS platforms and/or the different kits/panels and analysis
software packages (commercial and open-access) available on the market. The seven participating laboratories
analyzed some samples of the annual GHEP-ISFG proficiency test (EIADN No. 27 (2019)), using Ion Torrent™ or
MiSeq FGx® platforms. Six of them sent autosomal STR sequence data, five laboratories performed MPS analysis
of individual identification SNPs, four laboratories reported MPS data of Y-chromosomal STRs, and X-chromo-
somal STRs, three laboratories performed MPS analysis of ancestry informative SNPs and phenotype informative
SNPs, two labs performed MPS analysis of the mitochondrial DNA control region, and only one lab produced MPS
data of lineage informative SNPs. Autosomal STR sequencing results were highly concordant to the consensus
obtained by capillary electrophoresis in the EIADN No. 27 (2019) exercise. Furthermore, in general, a high level
of concordance was observed between the results of the participating laboratories, regardless of the platform
used. The main discordances were due to errors during the analysis process or from sequence data obtained with
low depth of coverage. In this paper we highlight some issues that still arise, such as standardization of the
nomenclature for STRs analyzed by sequencing with MPS, the universal uptake of a nomenclature framework by
the analysis software, and well established validation and accreditation of the new MPS platforms for use in
routine forensic case-work.
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1. Introduction

DNA sequencing, notably the technique described by Sanger et al. in
1977 [1], has undergone a constant evolution. The introduction of
fluorochrome-labeled ddNTPs detected with the capillary electropho-
resis (CE) platforms [2] has increased sensitivity and performance, while
simultaneously decreased costs to a level where complete genome
sequencing has been possible since 2001 [3,4]. Currently, massively
parallel sequencing (MPS) techniques use different optical systems and
chemistries which are different to the Sanger method, to provide DNA
sequencing data with a capacity, speed and reliability not seen before
[5-7], and at a relatively reduced cost [8]. However, these advances still
require extensive validation and evaluation, as well as the imple-
mentation of bioinformatic support, before they can be applied with full
reliability in the forensic field [9].

For some years, the number of laboratories in the field of forensic
genetics that are investigating and beginning to implement MPS tech-
nologies has increased considerably [10], both for the analysis of
established markers of mitochondrial DNA (mtDNA) and Short Tandem
Repeats (STRs) and other less widely used markers, including Single
Nucleotide Polymorphisms (SNPs) and insertion-deletion markers
(InDels) to establish identity, infer ancestry, estimate phenotype and/or
body fluid identification [11-13]. Some of the advantages of MPS
technology include the ability to simultaneously analyse hundreds or
thousands of different DNA markers in a single workflow, and to detect
variations at the sequence level [11,13].

Within this scientific framework, the need to contribute to the
development and standardization of MPS technologies is highlighted by
scientific societies, with the International Society for Forensic Genetics
(ISFG) endorsing relevant initiatives [14-16]. As one of the ISFG
working groups, the Spanish and Portuguese Speaking Working Group
(GHEP, “Grupo de Habla Espanola y Portuguesa”) has developed a range
of scientific activities through different working commissions dedicated
to specific issues (https://ghep-isfg.org/en/working-commissions).
During the 2016 annual assembly of the GHEP-ISFG, members agreed to
create a commission to oversee the forensic applications of MPS, with
the following aims: (1) to conduct a survey on the implementation of
MPS technology in the GHEP-ISFG laboratories and its future perspec-
tives; (2) to organize a collaborative exercise; and (3) to promote pop-
ulation and validation data generation, and consequent collaboration
with international forensic databases (STRidER [17], EMPOP [18] and
YHRD [19]).

The second initiative of this GHEP-ISFG Working Commission was
achieved in 2019, and its main objectives were to give laboratories the
opportunity to compare their chosen MPS workflows, as well as to check
the concordance of MPS results for DNA markers: autosomal STRs
(auSTRs), Y-chromosomal STRs (Y-STRs), X-chromosomal STRs (X-
STRs), mitochondrial DNA (mtDNA) Control Region, individual identi-
fication SNPs (iiSNPs), lineage informative SNPs (liSNPs), ancestry
informative SNPs (aiSNPs) and phenotype informative SNPs (piSNPs),
and assess their performance against CE analysis. Moreover, the exercise
included an instructional aspect, exploring the limiting factors in the
handling of MPS sequence data that could affect the final result
(sequence threshold values employed, minimum depth of coverage used,
bioinformatic tools applied, etc.). A total of seven GHEP-ISFG labora-
tories from three different countries were involved in this exercise: five
from Spain, one from Colombia and one from Brazil. Most laboratories
belong to public institutions (three Justice Administration Labs, one
Health and University Lab and two Police Labs), and only one was from a
private company. This paper outlines the results and conclusions
generated from this first collaborative exercise.

2. Materials and methods
2.1. Samples

Five samples from the GHEP-ISFG program of proficiency testing
basic level (EIADN No. 27 (2019)) [20,21] were analyzed in this exer-
cise, including three reference samples, M1 (100 pL blood from a male
on an Ahlstrom-Munksjo GenCollect card), M2 (100 pL blood from a fe-
male on a Blood Stain Storage System (BSSS), Whatman® card) and M3
(120 pL saliva from a male on a cotton swab), and two forensic samples,
M4 (50 pL of a 1:2 (v/v) mixture of blood from a female and semen (1/7
dilution) from the same donor as M3 on a piece of towel and M5 (telo-
genic hair shaft from a female donor).

2.2. MPS workflows for library and template preparation, and data
analysis

Participating laboratories used different MPS platforms and analysis
strategies. This section details the analytical characteristics of each
participating laboratory based on data they provided.

2.2.1. Platforms and panels

Four laboratories used the Verogen MiSeq FGx® Forensic Genomics
System (Verogen Inc., San Diego, CA, USA). The other three laboratories
each used a different Ion Torrent™ system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA, herein TFS): one lon PGM™ System; one Ion S5™
system; and one Ion S5™ XL System. All three laboratories used an Ion
Chef™ Instrument to automatically perform certain library preparation
and chip loading processes.

The kits and/or marker panels used by each participant are outlined
in Table 1. Supplementary Table S1 compiles all markers analyzed in the
exercise and Supplementary Table S2 collects the general data on the
sequencing run information: chip/flow cell used, total expected and
obtained reads by chip/flow cell, total number of samples run by chip/
flow cell and the reads per sample in each laboratory. Amongst labo-
ratories using the Verogen platform, two used Primer Mix A of the
ForenSeq™ DNA Signature Prep Kit [22] that includes 27 autosomal
STRs, 24 Y-STRs, 7 X-STRs, the Amelogenin sex marker, and 94 iiSNPs
[23,24]). The other two included Primer Mix B that adds 56 aiSNPs (55
aiSNPs from K. Kidd’s lab [25] with the addition of rs1919550) and 22
PiSNPs (two aiSNPs are also used for phenotype prediction) [26].

Two laboratories with Ion Torrent™ platforms, used the Precision ID
GlobalFiler™ NGS STR Panel v2 [27] comprising 20 CODIS autosomal
STRs, 9 novel autosomal Mini-STRs, 2 penta-nucleotide repeat STR
markers not in CODIS (Penta D and Penta E), 1 Y-STR (DYS391), and
three sex markers (Amelogenin, SRY, rs2032678). Two laboratories used
the Precision ID mtDNA Control Region Panel [28,29]. One laboratory
used the Precision ID Identity Panel [29] comprising 90 autosomal SNPs
[23,24] and 34 upper Y-clade SNPs [30], the Precision ID Ancestry Panel
[29] that includes 165 SNPs (55 SNPs from K. Kidd’s lab [25] and 123
SNPs from M. Seldin’s lab [31], sharing 13 SNPs between them), and the
AmpliSeq™ DNA Phenotyping Panel [32] of 23 SNPs and one Indel [26].

2.2.2. MPS workflow

Although the analytical phases carried out in each of the Verogen
and Ion Torrent™ platforms have specific steps [13], they can all be
summarized as: (1) library preparation; (2) library quantification and/or
normalization; (3) template preparation; and (4) sequencing. The
following sections specify how each of the participating laboratories
applied these processes (Supplementary Fig. S1.1).

(1) Library Preparation. Two of three Ion Torrent™ laboratories
used the Ion Chef™ for library preparation. The other laboratories
performed manual library preparation.
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(2) Libraries Quantification and/or Normalization. All three Ion
Torrent™ laboratories quantified their library preparations using the
Ion Library TagMan™ Quantitation Kit [33] in the AB7500 Real-Time
PCR system. Verogen laboratories performed a normalization using
either bead saturation (three of four), as Verogen recommends [22]; and
in one of four, using the Illumina KAPA Library Quantification Kits [34]
in the LightCycler® System (F. Hoffmann-La Roche Ltd., Basel,
Switzerland).

(3) Template preparation. All three Ion Torrent™ laboratories used
the Ion Chef™ for template preparation. The Verogen laboratories car-
ried out this process manually.

(4) Sequencing. As described above, four laboratories used the
MiSeq FGx® Forensic Genomics System and one laboratory each used
the Ion PGM™; Jon S5™; and Ion S5™ XL sequencing system.

2.2.3. Data analysis tools

Reference genome: Regarding nuclear markers, three laboratories
used the GRCh38 reference genome build suggested by the ISFG [14]
(two Verogen and one lon Torrent™). Four laboratories used the
GRCh37 reference genome build. All laboratories were required to use
the revised Cambridge Reference Sequence (rCRS) to characterise
mtDNA sequences [35].

The analysis of MPS sequence data can be divided into five phases [9,
13]: (1) raw data reading and/or interpretation; (2) determination of the
bases and quality (base calling); (3) sequence alignment to a reference
genome; (4) allele/variant calling; and (5) final analysis and reporting.

Laboratories using the Verogen platform performed all the above
phases with ForenSeq™ Universal Analysis Software (UAS) [36]. These
laboratories used different version 1 releases of the UAS and they did not
report having used any other analysis software.

Laboratories using Ion Torrent™ systems performed the first two
phases using Torrent Suite™ software (TSS) [37]. Two laboratories
performed the sequence alignment and the allele/variant calling by
applying specific plugins with TSS: the HID Genotyper Plugin and/or the
Torrent Variant Caller. One laboratory also used Converge™ Software
v2.1 [38], which analyses results from STRs, SNPs and mtDNA simul-
taneously. Another laboratory, after TSS analysis applied the open ac-
cess software STRait Razor v3.0 [39] for STR sequence analysis.

Table 1
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Additionally, the Ion Torrent™ laboratories applied IGV [40], toaSTR
[41]) and GeneMarker HTS [42].

2.3. Concordance with capillary electrophoresis (CE)

Concordance of genotypes and sequence data for auSTRs, Y-STRs, X-
STRs and mtDNA (comprising HV1 nucleotide positions -nps-
16,024-16,365; HV2 nps 73-340; and HV3 nps 438-574) was tested
using the assigned values established using CE analysis from the EIADN
No. 27 (2019) Exercise (GHEP-ISFG proficiency test). For those markers
not considered in that exercise, data were only compared between
laboratories.

2.4. Depth of coverage (DoC) assessment

Considering the differences between participating laboratories
(Supplementary Table S2), in order to make a comparison of the depth of
coverage (DoC) which would be as realistic as possible, it was necessary
to take into account the output of the chips/flow cell, the number of
samples run in the same chip/flow cell, and the number of markers
analyzed for each sample in the same run. To take account of these three
variables, a correction factor was generated that allowed DoC values to
be normalized among the participating laboratories (Supplementary
Table S2). This correction factor was constructed as an inverse loga-
rithmic ratio of the number of expected reads per marker and relativized
to 1. Those “expected reads per marker” would depend on the following
parameters: the total number of reads per chip/flow cell, the number of
samples run on this chip/flow cell, and the total number of markers
analyzed on this chip/flow cell. Thus, the value 1 of this correction
factor would correspond to that laboratory that had the least number of
"expected reads per marker", and the lowest value of this correction
factor would correspond to that laboratory that had the highest number
of "expected reads per marker". To normalize the DoC between labora-
tories, sequence coverage data for the markers of each laboratory were
multiplied by the correction factor calculated individually for each
laboratory. The laboratories that analyzed the mtDNA control region
were considered independently, since this region does not have a certain
number of markers, but rather different overlapping fragments of the

Panels and kits used for each of the markers analyzed to perform the GHEP-MPSO01 exercise. Light blue shading indicates laboratories using the Ion Torrent™ system
(Thermo Fisher Scientific, TFS), and light green shading indicates those using the Verogen system. Markers: autosomal STRs (auSTRs), Y-chromosomal STRs (Y-STRs),
X-chromosomal STRs (X-STRs), mitochondrial DNA (mtDNA) Control Region, individual identification SNPs (iiSNPs), lineage informative SNPs (liSNPs), ancestry

informative SNPs (aiSNPs) and phenotype informative SNPs (piSNPs).

Lab Platforms auSTRs Y-STRs X-STRs mtDNA iiSNPs aiSNPs 1iSNPs PiSNPs
No.
5 Ion S5™ Precision ID
System / Ion GlobalFiler NGS
Chef™ (TFS) STR Panel v2
7 Ion S5™ XL Precision ID Precision ID
System / Ion GlobalFiler NGS mtDNA
Chef™ (TFS) STR Panel v2 Control Region

11 Ton PGM™
System / Ion
Chef™ (TFS)

24 MiSeq FGx® ForenSeq DNA ForenSeq DNA ForenSeq DNA
(Verogen) Signature Prep Signature Prep Signature Prep

Kit Mix B Kit Mix B Kit Mix B
33 MiSeq FGx® ForenSeq DNA ForenSeq DNA ForenSeq DNA
(Verogen) Signature Prep Signature Prep Signature Prep

Kit Mix B Kit Mix B Kit Mix B
179 MiSeq FGx® ForenSeq DNA ForenSeq DNA ForenSeq DNA
(Verogen) Signature Prep Signature Prep Signature Prep

Kit MixA Kit MixA Kit MixA
265 MiSeq FGx® ForenSeq DNA ForenSeq DNA ForenSeq DNA
(Verogen) Signature Prep Signature Prep Signature Prep

Kit MixA Kit MixA Kit MixA

Panel
Precision ID
mtDNA
Control Region
Panel

Precision ID
Identity Panel

ForenSeq DNA
Signature Prep
Kit Mix B
ForenSeq DNA
Signature Prep
Kit Mix B
ForenSeq DNA
Signature Prep
Kit MixA
ForenSeq DNA
Signature Prep
Kit MixA

Precision ID
Ancestry Panel

ForenSeq DNA
Signature Prep
Kit Mix B
ForenSeq DNA
Signature Prep
Kit Mix B

Precision ID
Identity
Panel

Ion Ampliseq
DNA
Phenotyping
Panel
ForenSeq DNA
Signature Prep
Kit Mix B
ForenSeq DNA
Signature Prep
Kit Mix B
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region are analyzed, and both laboratories used the same panel. All DoC
figures and data analyses were generated using Microsoft Excel.

3. Results and discussion
3.1. Short tandem repeats

3.1.1. Autosomal STRs

In total, six participating laboratories reported autosomal STR results
for samples M1-M4, two using the TFS Precision ID GlobalFiler™ NGS
STR Panel v2 [27] (herein GF-NGS) and all four Verogen laboratories
using the ForenSeq™ DNA Signature Prep Kit [22] (herein FS) (Table 1).
Supplementary Table S3 compiles the autosomal STRs genotypes from
each participant.

Concordance with CE data was tested in 23 autosomal STR markers
(CSF1PO, D1S1656, D2S1338, D2S441, D3S1358, D5S818, D6S1043,
D7S820, D8S1179, D10S1248, D12S391, D13S317, D16S539, D18S51,
D19S433, D21S11, D22S1045, FGA, Penta D, Penta E, THO1, TPOX and
vWA) plus amelogenin. In the reference samples from single sources
(M1, M2, and M3), results were found to be highly concordant (Sup-
plementary Table S3) (98.5 %; 806/818 concordant alleles). A single
laboratory (Lab033) presented a locus drop-out at STR D22S1045,
which cannot be explained by low coverage and may be due to loss
during transcription (clerical error).

It is worth highlighting STR D6S474, which was analyzed by the two
laboratories using the GF-NGS panel with concordant results (e.g.,
reference sample M1, genotype 1414). Nevertheless, discordances were
detected against the CE data (e.g., M1, genotype 13) (Supplementary
Fig. S2.1), which were reported by 10 laboratories participating in the
EIADN No. 27 (2019) using the Qiagen Investigator HDplex kit (Hilden,
Germany). The manual alignment was performed with the updated
Forensic STR Sequence Structure Guide v5 [15] and the sequences ob-
tained with the GF-NGS panel were reviewed with those collected in the
STRSeq catalog [43] (Supplementary Fig. S2.2), confirming that the
allele calling obtained by the GF-NGS panel was correct.

It is interesting to note that there is an isometric heterozygous allele
14 in reference sample M1, because one allele 14 sequence has a SNP in
the flanking region (Supplementary Fig. S2.1). This sequence variant
was only detected by the laboratories using the GF-NGS panel. The
detection of such sequence variants will be of growing interest as certain
STRs benefit from the increased genetic diversity detected by
sequencing [9,11,13-16,44].

There were 11 STRs without previous consensus CE data: seven
(D1S1677, D2S1776, D3S4529, D5S2800, D6S474, D12ATA63,
D14S1434) are exclusive to GF-NGS; three (D9S1122, D17S1301,
D20S482) are exclusive to FS; and one STR (D4S2408) is common to
both panels. In reference samples, concordant results were found be-
tween laboratories (Supplementary Table S3), except one. D354529 was
only typed by two laboratories using the GF-NGS panel, and there were
discordances between them. One of the laboratories, used the reverse
sequence to define the repeat region variation. One laboratory used
STRait Razor [39], which defines the repeat motif as [GATA] (e.g., M1,
genotype 1215); while the other laboratory used Converge v2.1 software
[38], which defines the repeat motif as [AGAT], giving a ‘frame-shift’
effect which adds an extra repeat by counting the repeat motifs from a
position an extra three nucleotides 5 upstream (e.g., M1, genotype 13,
16, Supplementary Fig. S3.1). Analysis with STRait Razor is consistent
with the repeat motif described in the updated Forensic STR Sequence
Structure Guide v5 [15]. While the allele calling using Converge is
consistent with alleles collected in the STRSeq catalog [43] (BioProject:
PRINA396109) (Supplementary Fig. S3.2). The result from the
Converge software is the one that better conforms to the recommenda-
tions from the DNA Commission of the ISFG [45], since the motif
[AGAT] includes the first 5'-nucleotide defining the repeat motif and
corresponds to the original nomenclature described for this marker [46].
Both the Forensic STR Sequence Structure Guide and STRait Razor have
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adjusted the annotation of D3S4529 to an [AGAT] repeat unit since this
exercise was completed (upcoming v6 of the Forensic STR Sequence
Structure Guide).

In the case of the mixed-source sample M4, a higher number of
discordant results were observed (Supplementary Table S3) (94.2 %;
373/396 concordant alleles). A portion of the discrepancies were due to
the reporting of some sequences in stutter positions as real alleles by one
laboratory (Lab005), probably due to the lack of well-defined analytical
thresholds in the case of mixed profiles. Another laboratory (Lab033)
did not report the mixed profile, but the profile of one of the components
that matched the sample M3 profile. In this case, the laboratory per-
formed differential lysis reporting the results of the male fraction.

3.1.2. Y-Chromosomal STRs (Y-STRs)

In total, four participating laboratories reported Y-STR results from
the Supplementary FS kit (two using Primer Mix A, two using Primer Mix
B) (Table 1). Concordance with CE was tested for the following 21 loci
(EIADN No. 27 Exercise): DYF387S1, DYS19, DYS385, DYS389 I,
DYS389 II, DYS390, DYS391, DYS392, DYS437, DYS438, DYS439
(GATA A4), DYS448, DYS460 (GATA A7.1), DYS481, DYS533, DYS549,
DYS570, DYS576, DYS635 (GATA C4), DYS643 and GATA H4. Note that
the FS kit genotypes three additional loci (DYS505, DYS522 and
DYS612) not analyzed by CE.

Supplementary Table S4 shows the Y-STR typing results in male
reference samples M1 and M3, together with the forensic sample M4.
The results for sample M1 were completely concordant between the
participating laboratories. As expected, the Y-haplotype of the male M3
was detected in sample M4 (DNA mixture from a female and M3 donor).
In terms of CE data, concordance was very high (98.2 %; 271/276
concordant alleles). In the case of M3, two different laboratories
(Lab033 and Lab179) reported a single drop-out in two different Y-STRs
(DYS392 and DYS448, respectively). In the case of M4, two laboratories
(Lab179 and Lab265) reported some sequences in stutter positions as
real alleles in two different Y-STRs (DYF387S1 and DYS385, respec-
tively). In addition, it is noteworthy that Lab179 reported the same
drop-out in DYS448 for samples M3 and M4. The results for the markers
analyzed only with MPS were fully concordant.

3.1.3. X-Chromosomal STRs (X-STRs)

The participating laboratories reporting Y-STRs also analyzed X-
STRs (using the same Primer Mix A and B; see Table 1). All seven X-STRs
included in the FS kit were also analyzed with CE technology:
DXS10074, DXS10103, DXS10135, DXS7132, DXS7423, DXS8378 and
HPRTB.

X-STR typing results from laboratories analyzing these markers are
shown in Supplementary Table S5. Regarding reference samples, near
full concordance was observed (99.0 %; 100/101 concordant alleles),
except for a minor error in sample M1 from one laboratory (Lab265),
reporting sequences in a stutter position as an allele in DXS10135. In the
mixed sample M4, one laboratory (Lab033) reported the male compo-
nent, while two laboratories (Lab179 and Lab265) reported sequences in
a stutter position as an allele in DXS7132.

3.2. Mitochondrial DNA control region analysis

The mitochondrial DNA control region (mtDNA-CR) was sequenced
by only two laboratories, using the TFS Ion Torrent™ MPS platforms;
one using the lon PGM™ System (Lab011); and another the Ion S5™ XL
System (Lab007). Both laboratories used the Precision ID mtDNA Con-
trol Region Panel [28,29] (Table 1).

In Supplementary Table S6, the mtDNA-CR haplotypes obtained by
both laboratories are shown. A high concordance was observed between
methods as insertions after np 309 or 16,193 are not assessed in the
reference CE analysis. In the case of sample M1, complete concordance
was observed with the consensus haplotypes of the EIADN No. 27
(2019).
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In the case of sample M2, one laboratory (Lab007) reported a dele-
tion (29.06 % of the sequences) at np 438 within a polymeric tract of
cytosines (C-stretch). When the bam.bai files of both laboratories were
analyzed with IGV software [40] (Supplementary Fig. S4.1), it was
observed that laboratory Lab007 also had other deleted nucleotides at
nps 459 and 498. However, these other deleted positions were not re-
ported by the Converge software as they took place in the sequences of
one of the strands and/or did not reach the threshold established by the
software. All these deletions, associated with a poly-C homopolymeric
sequence segment, appear more or less frequently in the other samples
analyzed in this exercise (Supplementary Fig. S4.2). Various studies
[47-50] have indicated that these deletion errors in the Ion Torrent™
system occur mostly at the end of homopolymeric tracts, more
frequently in those with the highest number of repeated nucleotides and
in poly-C tracts [49]. In all cases, none of the sites where a false deletion
was detected represented 100 % of the sequence reads [49].

In the case of sample M3, one laboratory (Lab007) reported a dele-
tion at np 309 with a frequency of 34.1 %. The other laboratory also
detected this deletion, but with a frequency of 14.3 %. Therefore, the
latter laboratory did not report it because of the threshold of 20 %
applied to sequence data to define heteroplasmy.

In the case of sample M5 (hair from a female), one (Lab007) also
reported the insertion 16193.1C in HV1 at 27.4 % of the sequences
(Supplementary Table S6). The interpretation of the sequence patterns
between nps 16,183 and 16,193 is usually complex [51,52], since sub-
stitutions at A16183C and T16189C generate a homopolymeric tract of
11 Cs, which can generate length heteroplasmy [49]. Analysis of the
bam.bai files with IGV (Supplementary Fig. S5.1) indicated an addi-
tional C insertion in some sequences at np 16,183 (i.e., 16193.1C, in
forensic nomenclature [53]), as well as the A > C transition (Supple-
mentary Fig. S5.2). However, in some of the sequences in which an
additional C is not inserted, an A is deleted at np 16,180 (al6183, in
forensic nomenclature [53]), at a similar percentage to the C insertion.
Therefore, the detection of both the al16183 deletion and the 16193.1C
insertion with frequencies around 25 % by Lab007 could be explained
by alignment errors. However, it is not possible to rule out real endog-
enous sequence differences in the sample, since they were different hair
shafts from the same individual. In any case, variation at these positions
has little value for forensic analysis [53] (despite some contradictory
opinions [51]) and they are usually excluded from the mtDNA tree and
not considered for phylogenetic reconstruction [54].

3.3. Single nucleotide polymorphisms (SNPs)

3.3.1. Individual identification SNPs (iiSNPs)

In total, 5 participating laboratories reported iiSNP results. One
laboratory used the TFS Precision ID Identity Panel [29] (herein Identity
Panel) that includes 90 autosomal SNPs [23,24] and 34 upper Y-clade
SNPs [30] (results described in the next section); and four laboratories
used the FS kit that includes 94 iiSNPs [23,24] (Table 1).

Among the kits of both MPS suppliers, there are 83 iiSNPs in com-
mon: 47 from the SNPforID Consortium [23] and 37 from K. Kidd’s panel
[24], with a single SNP rs2046361 common to both panels. The FS kit
also has 11 wunique SNPs (rs1294331, rs2399332, rs279844,
rs13182883, rs1336071, rs4606077, rs763869, rs2107612, rs2920816,
rs8037429, rs8078417), and TFS Identity Panel has seven unique SNPs
(rs7520386, rs4847034, rs1872575, rs7704770, rs4288409, rs2016276,
1s2292972).

Supplementary Table S7 shows the iiSNP typing results from each
participating laboratory. It should be noted that 21 of 83 SNPs common
to both kits are typed on different strands (highlighted in yellow in
Supplementary Table S7). Sample M5 was not analysed since it was a
hair shaft. In general, good concordance was observed, although there
were some errors in the single-source samples (M1, M2 and M3) (98.9 %;
1378/1393 concordant loci), reported by laboratories using the FS kit,
comprising: genotyping errors, clerical errors and no results. Five
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genotyping errors were reported by Lab024 (rs1493232 in sample M1;
rs1736442 in M1 and M2; and rs1031825 in M3) and Lab179
(rs1294331 in M3). Five clerical errors were reported by Labl179
(rs10773760 and rs576261 in M1; rs2076848 and rs1493232 in M2; and
rs1979255 in M3), since, in their original records, one of the alleles of
the heterozygous SNPs gives zero reads. At five SNPs, no results were
reported by Lab033 (rs1355366, rs2920816 and rs1736442 in M3) and
Lab179 (rs1294331 in M1 and M2). For mixed sample M4, Lab011 using
the TFS kit did not report SNP results, and Lab033 only gave results for
the male component of the mixture (M3), following differential lysis.
Only in those SNPs that were heterozygous in M3 and homozygous in
M4, could genotyping error be confirmed in rs7041158 and rs1736442
(Lab024 and Lab265); and rs1493232 and rs1031825 (Lab265) due to
the lack of the second allele. All mismatches detected were due to the
low DoC levels reported by laboratories using the FS kit.

In most cases, several SNPs from the FS kit gave poor sequence data,
and thus typing errors: rs1031825, rs1294331, rs1355366, rs1357617,
151493232, rs1736442, rs2342747, rs2920816, rs321198, rs338882,
rs7041158 and rs719366. Low sequence coverage levels were already
reported for nine of the above 12 SNPs (rs1031825, rs1294331,
151357617, rs1736442, rs2342747, rs2920816, rs338882, rs7041158
and rs719366) by Sharma et al. [55]. Hussing et al. [56] previously
detected allele dropout in eight SNPs (rs2920816, rs1493232,
rs1031825, rs1294331, rs7041158, rs1736442, rs1454361 and
rs338882). In this exercise, two additional SNPs (rs1355366 and
rs321198) were detected with low sequence coverage levels that were
not previously reported. Therefore, these SNPs can be considered un-
reliable for routine forensic use, and results from the exercise are in
agreement with two independent evaluations of forensic identification
SNPs typed by MPS [55,56].

3.3.2. Lineage informative SNPs (liSNPs)

In the case of liSNPs, only Lab011 reported results for the 34 upper Y-
clade SNPs [30] included in the TFS Identity Panel [29] (Table 1).
Supplementary Table S8 outlines the 1iSNPs typing results obtained for
male samples M1 and M3. There are no consensus genotypes as no other
laboratory reported this form of SNP typing. Lab011 assigned M1 to
haplogroup J and M3 to haplogroup I, using the HID Genotyper Plugin
[37] (Supplementary Figs. S6.1 and S7.1). Haplogroup J is widely
distributed in southern Europe and central Mediterranean [57], while
haplogroup I, close to J, includes about a quarter of all northwest Eu-
ropean men [58]. Predictions of Y-chromosome haplogroups from
Y-STR data can be compared (e.g., http://www.hprg.com/hapest5/?
hapest5, [59,60]), taking into account their limitations [61]. From the
Y-STR consensus results for M1 and M3 provided by the organizers of the
EIADN No. 27 (2019), predictions are concordant with those obtained
using Y-SNPs (Supplementary Figs. S6.2 and S7.2).

3.3.3. Ancestry informative SNPs (aiSNPs)

Three participating laboratories reported aiSNP results (Table 1).
One laboratory used the TFS Precision ID Ancestry Panel [29] (herein
Ancestry Panel) comprising 165 SNPs (55 K. Kidd’s lab [25] and 123 M.
Seldin’s lab SNPs [31], with 13 in common); and two used the 56 aiSNPs
in Primer mix B of the FS kit [22] (which completely overlap with the 55
SNPs from K. Kidd’s lab [25] in the Ancestry panel, except rs1919550).

Supplementary Table S9 outlines the aiSNPs typing results from
participating laboratories analyzing M1, M2 and M3 samples. In 18 of
the 55 shared SNPs the Verogen UAS software reports the reverse strand
genotypes (highlighted in yellow in Supplementary Table S9). All results
obtained for these 55 shared SNPs were concordant between MPS
platforms (100 %; 495/495 concordant loci). For sample M4, Lab011
did not give results, Lab033 gave the same results as for M3, and Lab024
typed this sample as a mixture.

Details of the biogeographical ancestry estimation analyses made by
participating laboratories are summarized in Table 2. Samples M2 and
M3 were predicted to be European by all laboratories. However,
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Biogeographical ancestry estimation based on the SNP profiles in Supplementary Table S9. The TFS columns describe results from Lab011, and the Verogen columns
those from Lab024 and Lab033. In the Percentage column, those estimates that are >51 % are highlighted (in bold).

Platform  TFS

Verogen

Sample Biogeographical ancestry Percentage(>51 Confidence  Population Likelihood  Biogeographical ancestry Distance to Nearest
estimation %) estimation Centroid
European 80 High Greeks 3.66E-42 Admixed American 7.8
M1 Southwest Asia 15 Finns 1.33E-42
Africa 5 Hungarians 6.34E-43
European 100 High Irish 2.87E-38 European 3.28
Europeans-
2.61E-
M2 HapMap 61E-38
Eurogean 2.89E-39
Americans
European 95 High Irish 4.73E-43 European 3.22
E -
M3 Southwest Asia 5 H‘;;“&Z“S 1.58E-44
Europ.ean 3.63E-45
Americans

differences arose for sample M1. The TFS ancestry analysis plugin,
which compares the aiSNP profile to data from 65 reference populations,
reported: 80 % European, 15 % Southwest Asian and 5% African com-
ponents of ancestry (Supplementary Fig. $8.1). The TFS ancestry plugin
distinguishes seven population groups: Americans, East Asians, Ocean-
ians, Africans, Europeans, South Asians and Southwest Asians. From
these 65 populations, M1 was closest to Greeks, Finns and Hungarians,
with likelihood ratios of 3.66E-42, 1.33E-42 and 6.34E-43, respectively.
The Verogen UAS software [36] classifies the sample M1 as "Admixed
American" (Table 2) from the position of the aiSNP profile on a 2D
principal component analysis (PCA) plot, which has four reference
population groups co-analyzed: European, East Asian, Admixed Amer-
ican and African. The unknown aiSNP profile is compared to the cen-
troids established for the reference clusters on the PCA and the distance
between the unknown position and the closest centroid provides an idea
of possible admixture (since co-ancestry deflects the unknown profile’s
position away from the middle of the reference clusters and their cen-
troids). Intermediate points corresponding to 25, 50 and 75 percent
admixture between each reference centroid are also provided (Supple-
mentary Fig. $8.2) [36]. The UAS software uses 14 populations from
1000 Genomes SNP data, with four admixed American populations
grouped together as “Admixed Americans”, comprising: Mexican resi-
dents in Los Angeles (USA); Puerto Ricans; Colombians from Medellin
and Peruvians from Lima (https://www.internationalgenome.org/data
-portal/population). The ancestral composition of the “Admixed Amer-
ican” group consequently has a high European component [62-64].
Despite the initial classification, the M1 sample was also close to the
“European” group centroid in the PCA plot.

To address these limitations there are other open-access online tools
that allow ancestry to be estimated from SNP data. Snipper (http://mat
hgene.usc.es/snipper/) [65] is an online suite of tools that allows
ancestry estimation through likelihood ratio comparisons and PCA
analysis, for both 165 aiSNPs in the Ancestry Panel and 55 aiSNPs in the
FS kit. This software has the advantage that it is open and allows the user
to upload population data from any other study that may be of interest
for analysis of unknown samples. In the case of M1, Snipper software
classified the sample as European, in addition to providing a statistical
assessment based on likelihood ratios (Supplementary Figs. S8.3 and
S8.4). Another alternative is FROG-kb (http://frog.med.yale.ed
u/FrogKB/) [66,67] from K. Kidd’s lab, which can analyse the TFS
Ancestry Panel SNPs (comparing 96 populations), or the 55 aiSNPs of
the FS kit (comparing 161 populations). Sample M1 was classified as
European (Supplementary Fig. S8.5): specifically, with the 165 Ancestry
Panel aiSNPs it has the closest relationship with the Basque population
[68], and with 55 FS aiSNPs it resembles Finnish and Basque pop-
ulations. Lastly, the recently developed GenoGeographer open software
(http://apps.math.aau.dk/aims/) [69,70] makes likelihood ratio

calculations and calculates a z-score to assess the probability that the
relevant ancestry population is represented in the reference populations
used. GenoGeographer has data for 164 of the 165 Ancestry Panel
aiSNPs (rs10954737 missing). Sample M1 was classified as European
(Supplementary Fig. S8.6), whether considering the 164 aiSNPs of the
TFS Ancestry panel or using the 55 aiSNP subset of the FS kit, with the
closest proximity to the Iberian population. When more aiSNPs are
considered, the approximation error is reduced (see the error bar plots in
Supplementary Fig. S8.6).

3.3.4. Phenotype informative SNPs (piSNPs)

Three participating laboratories reported piSNP results. One labo-
ratory used the TFS AmpliSeq™ DNA Phenotyping Panel [32] (herein
the Phenotyping Panel) and two laboratories used the FS kit [22] with
Primer Mix B (Table 1). Both TFS and FS panels genotype the same 23
piSNPs forming the HlrisPlex system [26], for predicting eye colour and
hair colour. Hair shade prediction is also possible using HIrisPlex SNPs
but the Verogen UAS software does not make this prediction [36].

Supplementary Table S10 outlines the piSNP typing results from
each participating laboratory for M1, M2 and M3. One of the 23 SNPs,
rs1800407, is reported from the reverse strand by Verogen (highlighted
in yellow in the Supplementary Table S10). Results were concordant for
M1 and M2 on both platforms, but in sample M3, a single discordancy
was found in rs12896399 (an eye colour predictor) (98.6 %; 213/216
concordant loci). Laboratory Lab011, using the TFS Phenotyping Panel,
typed this SNP as G, T (4947 G sequences and 5141 T), while both FS
laboratories typed this SNP as T, T (Lab024, 13 sequences of G and 177
of T; Lab033, 107 sequences of T only). Considering the low sequence
coverage from Verogen MPS analysis, a typing error cannot be excluded.
For sample M4, Lab011 did not report results, Lab033 reported the same
results as for M3, and the Lab024 typed this sample as a mixture.

Regarding the phenotypic predictions, it should be noted that the
TFS software does not predict phenotypic characteristics but provides
SNP genotypes with the Variant Caller plugin [37]. Predictions can be
made by uploading the SNP data to the Erasmus HlrisPlex webtool (https
://hirisplex.erasmusmc.nl/) [26] for eye and hair colour predictions, or
the FROG-kb webtool (http://frog.med.yale.edu/FrogKB/FrogServlet)
[66] for eye colour. The Verogen UAS software [36] does make pre-
dictions, omitting the option to predict hair shade provided by the
Erasmus HIrisPlex webtool (eye colour = blue, brown and intermediate;
hair colour = blond, black, brown and red; and hair shade =light and
dark). Table 3 outlines the phenotype predictions of the samples
analyzed in this exercise. Identical results were obtained for samples M1
and M2: brown eye colour and dark brown hair colour. Slightly different
blue eye colour predictive likelihoods were obtained for M3, due to the
genotype difference in rs12896399. According to the coordinator of the
EIADN No. 27 (personal communication), the M3 donor has hazel or
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Phenotypic predictions based on the SNP profiles in Supplementary Table S10. The SNP data obtained from each laboratory were uploaded in the “HIrisPlex-S Eye, Hair
and Skin Colour DNA Phenotyping Webtool” (https://hirisplex.erasmusmc.nl/) to obtain each prediction. In the case of Verogen labs, this prediction agrees with that

made by the UAS software.

Sample M1 Sample M2 Sample M3
Lab 11 24 33 11 24 33 11 24 33
Platform TFS Verogen Verogen TFS Verogen Verogen TFS Verogen Verogen
Blue Eye 0.000 0.002 0.784 0.89 0.89
Intermediate Eye 0.013 0.01 0.017 0.02 0.088 0.05
Brown Eye 0.986 0.99 0.99 0.982 0.98 0.98 0.128 0.06
Blond Hair 0.182 0.18 0.145 0.22 0.345 0.35
Brown Hair 0.622 0.59 0.59 0.626 0.54 0.54 0.543 0.55 0.55
Red Hair 0.022 0.03 0.001 0.00 0.003 0.00
Black Hair 0.174 0.20 0.228 0.23 0.110 0.09
Light Hair 0.389 0.403 0.659
Dark Hair 0.611 0.597 0.341

amber eyes, i.e. light brown. It is noted that there is an association of the
1s12896399-G allele with brown eye colour and the T allele with blue
eye colour [71,72]. However, it is not possible to officially confirm the
eye colour of the M3 or other sample donors, as they are completely
anonymous.

3.4. Depth of coverage (DoC)

It is a complex task to achieve equitable depth of coverage (DoC)
assessments when comparing different MPS platforms. We made an
approximation by analyzing markers as groups and taking into account
as much as possible, the limitations of the type of chemistry for the
preparation of libraries and templates, the loading levels of the chips/
flow cells of each of the participating laboratories and the number of
markers analyzed in any one multiplexed library preparation per panel.
To normalize the DoC data from each participating laboratory, a
correction factor was calculated and applied individually for each of
them (Supplementary Table S2).

Regarding auSTRs assessment within each MPS technique, it is worth
mentioning that the average DoC obtained with the TFS GFS-NGS panel
was higher than the one obtained with the FS kit (Fig. 1); up to 2.3 times
higher with normalized values. Not including the sex markers (Amelo-
genin, DYS391, SRY and rs2032678), the GF-NGS panel gave average
coverage which ranged from 21,125 (THO1) to 799 (Penta D) sequences.
While the equivalent range for the FS kit was an average coverage of
8944 (THO1) to 765 (D1S1656) sequences.

Regardless of differences in the chemistry between each platform, it
is important to note that the number of markers in each kit differs
markedly. The TFS GF-NGS panel, analyzes a total of 35 markers,
comprising autosomal STRs plus sex markers. This represents much less
markers than those analyzed by the FS kit, regardless of whether Primer
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Mix A or B is used. In fact, when DoC levels are compared among lab-
oratories using different FS Primer Mix configurations, differences are
observed (Fig. 2), with DNA primer Mix A producing twice as much DoC
on average (1.9 times higher with normalized values). For primer Mix A
(autosomal STRs, Y-STRs, X-STRs and iiSNPs), average coverage ranges
from 10,735 (THO1) to 915 (D1S1656) sequences. While Primer Mix B
(which includes the above markers and adds aiSNPs and piSNPs) gives
average coverage from 4403 (D20S482) to 354 (D1S1656) sequences.

The DoC levels of Y-STRs reflected the observations seen in auto-
somal STRs. On average, the DoC was slightly higher for Primer Mix A
than for Primer Mix B (Fig. 2; 1.3 times higher and 1.2 times higher with
normalized values). Primer Mix A gave a DoC range of 10,874 (DYS392)
to 290 (DYS389II) sequences, while Primer Mix B, gave a DoC range of
5483 (DYS438) to 195 (DYS522) sequences. The DoC levels of X-STRs
again reflect the reduced multiplexing scale when using FS Primer Mix A
(Fig. 2), with almost twice the average DoC levels of Primer Mix B (1.8
times higher and 1.7 times higher with normalized values). Primer Mix
A gave average coverage ranging from 6817 (DXS7132) to 152
(DXS10103) sequences; and Primer Mix B gave 4192 to 49 sequences for
the same STRs, respectively. Fig. 2 gives an overview of the average DoC
values with normalized values for all STRs analyzed with the FS kit. In
general, regardless of the mix used, greater coverage is observed for X-
STRs, followed by autosomal STR markers, with Y-STRs giving the
lowest coverage.

Regarding the DoC of mtDNA-CR obtained for each sample, higher
average coverage levels were observed by Lab007 using the Ion S5™ XL
System (Supplementary Fig. S9.1), which were on average seven times
higher than the DoC of Lab011 using the Ion PGM™ System (7.2 times
higher with normalized values).

The DoC levels obtained for the iiSNPs in both panels indicate that
the TFS Identity panel generates more than five times higher average

Lk ITTTT A

MTFS M Verogen

Fig. 1. Average depth of coverage (DoC) obtained for each of the autosomal STRs markers (averaged across participating laboratory data). Dark bars denote TFS GF-
NGS panel sequence coverage, and light bars coverage from the FS kit. The average DoC has been normalized based on a correction factor (Supplementary Table S2).
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Fig. 2. Average depth of coverage (DoC) obtained per STR marker when typed with FS kit Primer Mix A (light bars), compared with DoC levels when using primer
Mix B (dark bars). The average DoC has been normalized based on a correction factor (Supplementary Table S2).

coverage than the FS kit (Supplementary Fig. $9.2; 5.4 times higher and
4.5 times higher with normalized values). The TFS Identity panel gave
average coverage ranging from 5978 (rs1058083) to 1909 (rs876724)
sequences. While the FS kit gave an average coverage ranging from 4321
(rs1109037 and rs1109037) to 57 (rs1736442) sequences. In addition,
there are significant imbalances among different iiSNPs in the FS kit, in
some cases reaching ratios greater than 1:200 (Supplementary Table
S11). Once again, this may be due to the low overall sequence coverage
of the FS kit which may lead to some allelic drop-out [55,56]. The DoC
levels for Y-SNPs (only included in the TFS Identity panel) indicated a
high average coverage (1823 reads) without significant sequence
imbalance between loci, i.e. marker ratios did not exceed 1:3 (Supple-
mentary Fig. §9.3).

The TFS Ancestry Panel DoC levels were on average more than 15
times higher than those from the FS kit (Supplementary Fig. $9.4) (15.4
times higher and 13.1 times higher with normalized values). With the
Ancestry Panel, average coverage ranged from 3617 (rs459920) to 1038
(rs13400937) sequences, compared with an average coverage ranging
from 1429 (rs1876482) to 102 (rs310644) sequences for the FS kit.
Significant imbalances were observed among different aiSNPs in the FS
kit, which were lower than the iiSNPs in this kit, but reaching ratios
greater than 1:57 (Supplementary Table S11).

The DoC levels obtained for each of the samples, again indicated
higher average coverage from the Phenotyping Panel dedicated to these
SNPs only, compared to those of the FS kit, where they are part of the
enlarged Primer Mix B marker set. On average, TFS gave almost 21 times
higher DoC than FS (Supplementary Fig. S9.5) (20.6 times higher and
14.4 times higher with normalized values). The TFS Phenotyping Panel
had average coverage ranging from 15,464 (rs28777) to 5068
(rs16891982) sequences. The FS kit had average coverage ranging from
1023 (rs201326893) to 133 (rs12203592) sequences. There was also
significant imbalance among the piSNPs in the FS kit, reaching marker
ratios greater than 1:33 (Supplementary Table S11), which could result
in some allelic drop-out. The imbalances observed could explain the
different rs12896399 genotypes recorded amongst laboratories for
sample M3.

4. Conclusions

The results presented from the first GHEP collaborative exercise on
forensic applications of MPS (GHEP-MPSO01) were instigated to evaluate
the consistency and robustness of MPS technology for the analysis of
forensic DNA markers, which included autosomal STRs, Y-STRs, X-STRs,
mtDNA control region, iiSNPs, 1iSNPs, aiSNPs and piSNPs.

Although only seven laboratories participated in this first set of tests,

the results obtained allow interesting conclusions to be drawn regarding
the purposes initially sought from the exercise. With respect to STRs,
good agreement was found among MPS results using different MPS
platforms, as well as by comparing MPS length-based genotypes to
previous consensus CE data from single source samples. Only one
discrepancy was observed at D3S4529 between MPS length-based re-
sults due to a nomenclature issue (different repeat motifs being
considered). In D6S474, MPS analysis detects an error in the number of
allelic repetitions assigned when using the allelic ladder of the CE-based
Investigator HDplex kit. Concordant results were obtained between the
two laboratories that analyzed the mtDNA control region, with slight
discrepancies in the sequencing and description of C-homopolymeric
regions. In general, concordant SNP-MPS results among the different
laboratories were observed, with certain genotype discordancies, mainly
due to low sequence coverage reported for some loci.

The coverage issue in forensic MPS analysis is of primary importance
and should be carefully assessed by forensic laboratories when estab-
lishing their sequence analysis workflows. In TFS platforms, the
sequence coverage of each marker depends on the efficiency of ampli-
fication and the number of wells on the chip used, with the chip effi-
ciency being dictated by the capacity to capture Ionospheres containing
the monoclonally amplified target [73]. In contrast, coverage levels
using the Verogen system depend on the efficiency of amplification,
purification and normalization of the library, and the flow cell used
[74]. In addition, the higher the number of markers in the kit used, the
greater the impact on the final coverage obtained for each marker.
Therefore, a modular system of small-scale multiplexes for a particular
forensic test will be more efficient than an all-in-one marker set.
Furthermore, it gives greater flexibility to the laboratory, in order to
combine only those markers of interest for any case being analyzed. In
any case, it is always important to follow the manufacturers’ recom-
mendations regarding the suggested optimum number of samples that
can be loaded into the chip/flow cell, as well as the internal validation
data performed in each laboratory based on their initial validation ex-
periments (modifying or establishing the analysis thresholds for
different chip/flow cell loading levels), in order to arrive at a DoC
appropriate for the number of analyzed markers and which will avoid
genotyping errors due to low coverage.

Although MPS platforms are already widely implemented in many
forensic genetics laboratories, there are still some weaknesses that
should be considered in this type of DNA analysis. On one hand, there is
progress towards standardization of MPS-based STR nomenclature,
which is in progress led by the work of the STRAND ISFG Working Group
[16]. The uniform availability and application of analysis software can
help the harmonization of sequence-based allele nomenclature,
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highlighted by the discrepancy that still exists between MPS and CE
nomenclature schemes in D6S474. The analysis software associated with
each of the two main MPS systems allows easy use and interpretation [9,
13,14], with the existence of open-access bioinformatic tools [9,13,26,
39-41,65-67,69,70] that can be used in parallel. Forensic laboratories,
like those who took part in this first GHEP MPS exercise, are in collab-
oration with the MPS suppliers developing forensic kits, in order to
optimize the analysis workflows and fully record sequence coverage
problems that may lead to erroneous typing and consequent misinter-
pretation of data in critical samples [14]. To finish on a fundamental
point: it is crucial that laboratories continue to validate and accredit new
MPS techniques in accordance with ISO/IEC 17025:2017, for use in
routine forensic casework [13,47,56,68,73-82].
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