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ABSTRACT

The Precision ID NGS System from Thermo Fisher Scientific is a mainstream next-generation sequencing (NGS)
platform used in forensic laboratories to detect almost all commonly used forensic markers, except for Y-chro-
mosomal short tandem repeats (Y-STRs). This study aimed to: 1) develop a Y-STR panel compatible with the
automatic workflow of the NGS system using Ion AmpliSeq Technology, 2) evaluate the panel performance
following the SWGDAM guidelines, and 3) explore the possibility of using a combination workflow to detect
autosomal STRs and Y-STRs (AY-STR NGS workflow). The GrandFiler Y-STR Panel was successfully designed
using the ‘separating’ and ‘merging’ strategies, including 102 Y-STRs and Amelogenin with an average amplicon
length of 133 bp. It is a mega Y-STR multiplex system in which up to 16 samples can be sequenced simulta-
neously on an Ion 530 ™ Chip. Developmental validation studies of the performance of the NGS platform, species
specificity, reproducibility, concordance, sensitivity, degraded samples, case-type samples, and mixtures were
conducted to unequivocally determine whether the GrandFiler Y-STR Panel is suitable for real scenarios. The
newly developed Y-STR panel showed compelling run metrics and NGS performance, including 92.47% bases
with > Q20, 91.80% effective reads, 2106 x depth of coverage (DoC), and 97.09% inter-locus balance. Addi-
tionally, it showed high specificity for human males and 99.40% methodological and bioinformatical concor-
dance, generated complete profiles at > 0.1 ng input DNA, and recovered more genetic information from severely
degraded and diverse case samples. Although the outcome when used on mixtures was not as expected, more
genetic information was obtained compared to that from capillary electrophoresis (CE) methods. The AY-STR
NGS workflow was established by combining the GrandFiler Y-STR Panel with the Precision ID GlobalFiler ™
NGS STR Panel v2 at a 2:1 concentration ratio. The combination workflow on NGS performance, reproducibility,
concordance, and sensitivity was as stable as the single Y-STR NGS workflow, providing more options for forensic
scientists when dealing with different case scenarios. Overall, the GrandFiler Y-STR Panel was confirmed as the
first to effectively detect a large number of Y-STR markers on the Precision ID NGS System, which is compatible
with 51 Y-STRs in commercial CE kits and 51 Y-STRs in commercial NGS kits and the STRBase. The panel is as
robust, reliable, and sensitive as current CE/NGS Kkits, and is suitable for solving real cases, especially for severely
degraded samples (degradation index > 10).

1. Introduction

male individuals and are passed down from generation to generation,
unless mutational events occur [1]. Y-chromosomal STR (Y-STR)

Short tandem repeats (STRs) in the non-recombining region of the Y- markers have proved helpful in forensic science in numerous scenarios,
chromosome are used as lineage markers that can only be detected in for example: (1) to detect individual male DNA from mixtures with high
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background of female DNA, (2) to confirm the sex of individuals with
Amelogenin Y-deficiency, (3) to highlight multiple male perpetrators in
a ‘gang rape,” and (4) to identify the paternal lineage of male perpe-
trators [1].

Over 4000 Y-STRs have been identified since first reported in 1992
[2-6], but only a small proportion of them have been applied to forensic
science. A set of 9 Y-STRs were selected as core loci and termed the
‘European minimal haplotype’ in 1997, including DYS19, DYS389I,
DYS3891I, DYS390, DYS391, DYS392, DYS393, and DYS385a/b [7,8].
Then, DYS438 and DYS439, combined with the ‘minimal haplotype’
core loci, were recommended for inclusion and termed the ‘extended
haplotype’ by the Scientific Working Group on DNA Analysis Methods
(SWGDAM) in 2003 [9]. Since then, based on capillary electrophoresis
(CE) technology, manufacturers have launched commercial Y-STR Kkits
varying in the total number of Y-STRs, although all of them include these
core sets. The earliest commercial kits were released by Reliagene in
2003, i.e., Y-PLEX 6, multiplexing 6 Y-STRs [10], Promega in 2005, i.e.,
the PowerPlex ® Y System that incorporates 12 Y-STRs [11], and then, in
2006, i.e., the AmpF/ZSTR Yfiler ® PCR Amplification Kit by Thermo
Fisher Scientific including 17 Y-STRs [12]. As CE technology gradually
improved, more commercial kits capable of detecting up to 20-27
Y-STRs in a single reaction became available in 2015 [13-22]. Thus, by
2023, at least six commercial kits were reported as capable of simulta-
neously detecting 32-54 Y-STRs [23-29]. However, as it becomes
excessively crowded, arranging these Y-STRs within the range of a
550-bp window with six to eight fluorescent dyes becomes increasingly
challenging. Thus, new technologies are urgently needed to examine
additional loci in a single reaction.

Compared to CE, next-generation sequencing (NGS) technology can
not only make STR amplicons as short as possible and simultaneously
detect more loci but, additionally, NGS can reveal STR repeat region and
flanking region variants. These advantages have driven forensic scien-
tists to engage in systematic efforts to develop NGS Y-STR detection
systems. Thus, during 2015-2016, Zhao et al. [30] established a 9-plex
Y-STR panel on the Ion Torrent PGM platform, while Warshauer et al
[31] and Kwon et al. [32] developed 28-plex and 23-plex Y-STR panels
on the MiSeq platform, respectively. Further, in 2021, the most extended
Y-chromosomal NGS panel (‘CSYseq’) targeting 202 Y-STRs and 9014
Y-chromosomal single nucleotide polymorphisms (Y-SNPs) was devel-
oped on the MiSeq System [33]. More recently, 31- and 68-plex Y-STR
panels on the MiSeq System have also been reported [34,35]. Among
manufacturers, Verogen (now a part of Qiagen) was the first company to
release a commercial NGS kit that included 26 Y-STR markers, along
with other forensically relevant markers in the ForenSeq ™ DNA
Signature Prep Kit [36]. In turn, Promega released the PowerSeq ™
Auto/Y System, which included 23 Y-STRs [37,38], and two more
commercial kits that can detect over 40 Y-STRs were recently reported:
48 Y-STRs in the MGIEasy Signature Identification Library Prep Kit from
MGI Tech [39] and 81 Y-STRs in the Forensic Analysis System Multi-
plecues SetB Kit from DeepReads Biotech [40]. Consequently, it has
become increasingly convenient for forensic scientists to obtain
sequence-based Y-STR data. Meanwhile, Thermo Fisher Scientific
launched many commercial kits based on Ion AmpliSeq Technology on
the Ion Torrent ™ PGM platform and/or Precision ID NGS System
[41-47]. Custom-designed panels have also been developed in the Ion
Community [48-51]. These commercial kits and custom-designed
panels have covered commonly-used forensic DNA markers in most in-
stances, such as autosomal STRs (A-STRs) [46,47], identity-informative
SNPs (iiSNPs) [41,42], ancestry-informative SNPs (aiSNPs) [43,50,51],
phenotypic-informative SNPs (piSNPs) [50,51], Y-SNPs [48], micro-
haplotypes [49], and mitochondrial DNA [44,45]. However, Y-STR
markers are lacking in this semiconductor sequencing platform. If a
Y-STR marker system compatible with the existing platform is devel-
oped, it would be a cost-efficient tool that laboratories can use to detect
a greater variety of genetic markers without changes in the instrumen-
tation required.
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In this study, we developed a new panel (‘GrandFiler Y-STR Panel’)
that allows co-amplification and detection of 102 Y-STRs and Amelo-
genin on the Precision ID NGS System. Specifically, 51 Y-STRs were used
in commercial CE kits to facilitate compatible data sharing. Another 51
Y-STRs with relatively high gene diversity were selected using com-
mercial NGS kits and the Short Tandem Repeat DNA Internet DataBase
(STRBase; https://strbase.nist.gov/) to improve the discrimination ca-
pacity as a haplotype to minimize adventitious haplotype matches.
Additionally, we validated this panel with respect to three significant
aspects: 1) run performance (run metrics, sample-specific metrics, and
coverage analyses), 2) NGS performance (sample-to-chip arrangement,
depth of coverage, sequence coverage ratio, stutter ratio, and inter-locus
balance), and 3) panel characteristics (species specificity, sensitivity,
repeatability, concordance, degraded samples, case-type samples, and
mixtures). By developing and validating the GrandFiler Y-STR Panel on
the Precision ID NGS System, we aimed to answer the following ques-
tions: (1) Is the Ion AmpliSeq Technology applicable to multiplex Y-
STRs? (2) Can the performance of this newly developed Y-STR panel
meet the needs of forensic scientists in real-world scenarios? (3) Can the
Y-STRs in this study and A-STRs in a commercial panel be jointly
detected?

2. Materials and methods
2.1. Sampling, and DNA extraction and quantification

All samples were extracted, quantified, and stored as described
previously [52]. Informed consent was obtained from all the partici-
pants. Briefly, samples were extracted using the Automatic 96 Channel
Micro DNA Extraction Workstation (Bokun Biotech, Changchun, China)
or the AutoMate Express ™ Forensic DNA Extraction System with the
PrepFiler Express BTA ™ Forensic DNA Extraction Kit (Thermo Fisher
Scientific, MA, USA), according to manufacturer recommendations [53].
The Applied Biosystems ® QuantStudio 5 Real-time PCR System and the
Quantifiler ® Trio DNA Quantification Kit (Thermo Fisher Scientific)
were used for human genomic DNA quantification according to manu-
facturer recommendations [54]. Concomitantly, the Qubit ™ 3.0 fluo-
rometer and Qubit ™ dsDNA HS Assay Kit (Thermo Fisher Scientific)
were used for nonhuman genomic DNA according to manufacturer
recommendations [55]. All DNA was stored at — 20 °C.

Samples involved in the developmental validation studies were
prepared as follows. The details of the sample-to-chip arrangement in
this study can be found in Table S1.

2.1.1. NGS performance, reproducibility, and concordance

Eight standard samples were used, including the Standard Reference
Material ® (SRM) 2395c Components A, B, C, D, and E (NIST, MD, USA),
DNA Control 007 (Thermo Fisher Scientific), 2800 M Control DNA
(Promega, WI, USA), and 9948 Male DNA (Promega). All standards were
sequenced in duplicate with 1 ng of input DNA on two separate Ion 530
™ chips along with other samples.

2.1.2. Species specificity

Eight swab samples (chimpanzee, lemur, cat, dog, cow, pig, sheep,
and chicken) were donated by the Shenyang Forest Zoo (Shenyang,
China). Non-human extracts were sequenced once with 1ng of input
DNA on one Ion 530 ™ chip, along with other samples. Additionally,
eight human female swab samples were sequenced once with 1ng of
input DNA on one Ion 530 ™ Chip along with eight human male samples
to evaluate human male specificity.

2.1.3. Sensitivity

Serial dilutions of 1, 0.5, 0.2, 0.1, and 0.05 ng were prepared with the
quantified male DNA Control 007 and sequenced in duplicate on two
separate Ion 530 ™ chips along with other samples.
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2.1.4. Degraded samples

Four samples with 0.71, 4.52, 63.84, and 146.01 of degradation
index (DI) values were adopted, as described previously [52]. DNA ex-
tracts were sequenced with 1 ng of input DNA for samples with a con-
centration > 0.067 ng/pL; otherwise, 15 pL of the extract was added to
the target amplification.

2.1.5. Case-type samples

Seven samples were collected from routine casework, including
muscle, buccal swab, hair, fingernail, old bloodstain, fresh bloodstain,
and semen/female vaginal secretion mixture samples. The amount of
input DNA was 1 ng for the case-type samples, except for the fingernail
sample (0.045 ng).

2.1.6. Mixture

Male-male mixtures were prepared with the male DNA Control 007
and the male 2800 M Control DNA at different ratios (19:1, 9:1, 4:1, 1:1,
1:4, 1:9, and 1:19), while holding the total amount of input DNA
constantly mixed at 1ng to the target amplification [52]. In turn,
male-female mixtures were prepared with the male DNA Control 007
and the female K562 Genomic DNA (Promega) at ratios of 1:1, 1:10,
1:100, and 1:1000, while holding the male input DNA at 0.1 ng. All
mixtures were sequenced in duplicate on two Ion 530 ™ chips along
with other samples.

In addition, sensitivity and NGS performance, reproducibility, and
concordance were validated using the AY-STR NGS workflow.

2.2. Marker selection and panel design

The selection of markers for the GrandFiler Y-STR Panel was as fol-
lows: (1) common Y-STR loci incorporated in commercial CE kits, (2)
additional Y-STR loci used in commercial NGS kits, and (3) available Y-
STR loci with relatively high gene diversity included in the STRBase.

A core set was selected to cover all Y-STRs (except for DYS447 and
DYS5261I) in commercial CE kits [11-29], including DYF387Sla/b,
DYF404Sla/b, DYS19, DYS385a/b, DYS388, DYS389I, DYS389Il,
DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, DYS439,
DYS443, DYS444, DYS446, DYS448, DYS449, DYS456, DYS458,
DYS459a/b, DYS460, DYS481, DYS508, DYS510, DYS518, DYS520,
DYS522, DYS5261, DYS527a/b, DYS531, DYS533, DYS549, DYS552,
DYS557, DYS570, DYS576, DYS587, DYS593, DYS596, DYS617,
DYS622, DYS626, DYS627, DYS630, DYS635, DYS643, DYS645,
DYS713, Y-GATA-A10, and Y-GATA-H4. An expanded set was adopted
to have the maximum compatibility with Y-STRs in commercial NGS kits
[35,38-40] and STRBase. This expanded set included DYS426, DYS434,
DYS435, DYS436, DYS441, DYS442, DYS445, DYS450, DYS452,
DYS453, DYS454, DYS455, DYS461, DYS462, DYS472, DYS476,
DYS490, DYS492, DYS495, DYS497, DYS502, DYS505, DYS511,
DYS512, DYS513, DYS525, DYS530, DYS532, DYS534, DYS538,
DYS540, DYS541, DYS556, DYS568, DYS572, DYS575, DYS578,
DYS585, DYS590, DYS594, DYS607, DYS612, DYS613, DYS616,
DYS632, DYS638, DYS640, DYS641, DYS644, DYS712, and DYS717.
Approximately 100-150 bases on either side of the repeat motif were
components of the reference sequences, which were obtained from
Ensembl (https://asia.ensembl.org/Homo_sapiens/Info/Index) for the
selected loci. The characteristics of each Y-STR marker are shown in
Figure S1 and Table S2.

The multiplex (108 Y-STRs and Amelogenin) was designed using the
AmpliSeq Custom Pipeline v7.62 in the Ion AmpliSeq Designer (htt
ps://ampliseq.com/; Thermo Fisher Scientific). Some default parame-
ters were selected: ‘DNA Gene designs (multi-pool)’ for Application
Type, ‘cfDNA (140 bp)’ to ‘Standard DNA (375 bp)’ for DNA Type, and
‘Human (hg38)’ for the genome to use. The CSV-formatted file con-
taining the type (REGION), name, chromosome, start, and end of each
target (repeat region) was submitted to AmpliSeq for the design with 5-
bp exon padding. This pipeline filters the resulting primers, maintaining
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the optimal melting temperatures and 20%-80% GC of nucleotide
compositions. Moreover, it avoids the presence of long homopolymers
and known SNPs with > 5% minor allele frequency on primers and
potential interactions between primers in a pool. In addition, the design
considered the following specific aspects: (1) 100% overall coverage of
each target, (2) shortest in silico amplicon size for each target, and (3)
incorporation of all targets into one amplicon pool. Primers were
modified and synthesized by the manufacturer using a proprietary
method specifically for use in the AmpliSeq workflow.

2.3. Library construction

An automatic library construction method was used. Similarly, for Y-
STR markers, the AmpliSeq workflow options for the Precision ID
GlobalFiler NGS STR Panel v2 were used [56]. Briefly, libraries were
constructed on the Ion Chef System (Thermo Fisher Scientific) using the
Precision ID DL8 Kit (Thermo Fisher Scientific) and the GrandFiler
Y-STR Panel: 150 pL of 2x GrandFiler Y-STR Panel was added to Posi-
tions A and B in the Precision ID DL8 Reagents cartridge, 15 pL of
quantified DNA extracts was pipetted into wells Al to H1 of the Preci-
sion ID DL8 IonCode ™ Barcode Adapters 1—32 for Chef DL8 in 96 Well
PCR Plates, and the rest of all consumables and chemicals of the Preci-
sion ID DL8 Kit were loaded onto the Ion Chef System. The AmpliSeq
workflow protocol included one pool of primers, 24 cycles of target
amplification, and 4 min of annealing and extension. Comparisons be-
tween 8 and 16 samples containing sensitivity samples were performed
to determine a more suitable sample-to-chip arrangement for the
developmental stage. All samples described in Section 2.1 were vali-
dated with the GrandFiler Y-STR Panel, including NGS performance,
reproducibility, concordance, species specificity, sensitivity, degraded
and case-type samples, and mixture studies. The details of these samples,
arranged in chips 1-7, are listed in Table S1.

As for the AY-STR markers, the performance of three combinations at
different concentration ratios (1:1, 2:1, and 3:1) of the GrandFiler Y-STR
Panel and Precision ID GlobalFiler ™ NGS STR Panel v2 (Thermo Fisher
Scientific) were compared to determine the optimal experimental pa-
rameters at the initial stage. Briefly, 150 pL of the Y-STR panel was
constantly added in Position A in the Precision ID DL8 Reagents car-
tridge, but 150 pL of the A-STR panel, 75 pL of the A-STR panel + 75 pL
of Hy0, and 50 pL of the A-STR panel + 100 pL of H20 were added in
Position B, respectively. The AmpliSeq workflow protocol included two
pools of primers, 24 cycles of target amplification, and 4 min of
annealing and extension. Sample sensitivity, NGS performance, repro-
ducibility, and concordance were validated for the AY-STR NGS work-
flow. The details of these samples, arranged in chips 8-13, are listed in
Table S1.

Each combined library generated from the Ion Chef System was
quantified on the Applied Biosystems QuantStudio 5 Real-time PCR
System using the Ion Library TagMan ® Quantitation Kit (Thermo Fisher
Scientific) according to the user guide of the Precision ID GlobalFiler
NGS STR Panel v2 [56].

2.4. Templating and sequencing

Templating and sequencing options for the Precision ID GlobalFiler
NGS STR Panel v2 were mainly referenced [56], with some modifica-
tions for the GrandFiler Y-STR Panel. Templating and chip-loading
procedures were automatically performed on the Ion Chef System
using an Ion S5 ™ Precision ID Chef & Sequencing Kit (Thermo Fisher
Scientific). Briefly, each quantified combined library was normalized to
50 pM and pooled according to the arrangements listed in Table S1.
Then, 25 pL of the super-pooled libraries was added to Position (s) A
(and B) of the Ion S5 ™ Precision ID Chef Reagents cartridge. The
consumables and chemicals of the Ion S5 ™ Precision ID Chef &
Sequencing Kit and Ion 530 ™ chip(s) were loaded onto the Ion Chef
System. The default templating protocol for the Precision ID Chef
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Reagents was used in this study. Subsequently, the loaded chip was
sequenced on the initialized Ion GeneStudio S5 ™ Plus System (Thermo
Fisher Scientific) using the Ion S5 ™ Precision ID Chef & Sequencing Kit.
For this study, three parameters were modified: GrandFiler Y-STR
_Panel Targets.bed (or GrandFiler AY-STR Panel Targets.bed) for
‘Target Regions,” GRCh38.fasta for ‘Reference Library,” and 852 for
‘Sequence Flows.” As mentioned in previous studies [46,52], the Ion
samba HID2 flow order was used to improve end-to-end STR sequencing
performance.

2.5. Data processing

Raw data were processed using Torrent Suite ™ Software version
5.12 (Thermo Fisher Scientific). The aligned BAM/BAI files were auto-
matically transferred and genotyped using ForeNGS ™ Analysis Soft-
ware (FNAS; Yuhua BioTech, Beijing, China) [52] at the default analysis
settings (Y-STR markers and AY-STR markers in Table S3). In most in-
stances, the fixed and floating analytical threshold (AT) and interpre-
tation threshold (IT) were set to 100 x AT and 200 x IT in the minimum
read depth and 2.0% AT and 5.0% IT in the maximum read depth,
respectively; the maximum stutter ratio was less than 20% and 15% for
Y-STRs and A-STRs, respectively. Further, the minimum allele coverage
ratio was greater than 0.5 and 0.6 for multi-locus Y-STRs and for A-STRs,
respectively. The STR nomenclature referenced the International Society
for Forensic Genetics (ISFG) considerations [57,58], and the
flanking-region SNP nomenclature was in accordance with the Database
of Single Nucleotide Polymorphism (dbSNP).

2.6. CE typing

Degraded samples were examined using the Yfiler ™ Platinum
Casework PCR Amplification Kit (Thermo Fisher Scientific) according to
manufacturer recommendations [24]. Samples with concentrations
higher than 0.067 ng/pL were amplified using 1 ng of input DNA with 29
thermal cycles in a volume of 25 pL on the ProFlex ™ PCR System
(Thermo Fisher Scientific); otherwise, 15 pL extracts were used.
Amplified products were separated and detected on the Applied Bio-
systems ® 3500XL Genetic Analyzer (Thermo Fisher Scientific). The.hid
files were analyzed with GeneMapper ® ID-X Software v1.6 (Thermo
Fisher Scientific) with a relative fluorescent unit (RFU) analytical
threshold of 150.

2.7. Statistics

The depth of coverage (DoC) was defined as the sum total of all reads
within the locus from which the reads were extracted from the NGS
Genotype reports generated by FNAS. The sequence coverage ratio
(SCR), including % allele, % stutter, and % noise, was calculated by
dividing the reads for the true allele (also known as typed allele or
effective reads), (N — 1) stutter, and noise by DoC for STR markers. The
stutter ratio was estimated as the ratio of stutter to the true allele read.
The allele coverage ratio (ACR), also known as heterozygote balance or
intra-locus balance, was measured as the ratio of lower to higher allele
coverage. Inter-locus balance was assessed as the proportion of loci with
a DoC exceeding 20% of the average DoC across all loci.

The chi-squared test, Fisher’s exact test, and one-way analysis of
variance (ANOVA) were computed using R software version 4.0.5 [59],
and figures were generated by the Package ‘ggplot2’ for R.

3. Results and discussion
3.1. GrandFiler Y-STR Panel
A single set of primers can produce two products at DYF387S1a/b,

DYF404S1a/b, DYS385a/b, DYS459a/b, and DYS527a/b because these
multilocus markers are located on palindromes or inverted repeats of the
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Y-chromosome (Figure S1). A similar trend was observed for Ameloge-
nin X/Y. In addition, two products were generated at DYS389I/II and
DYS5261/11 because one of the primers bound to the flanking region of
the two different repeat regions. Furthermore, DYS460 and upstream
DYS461 were captured within a single amplicon. Thus, 102 pairs of
primers had to be designed for 108 Y-STRs and Amelogenin; however,
DYS526II was not considered because its amplicon was too long to be
detected using NGS.

The panel design, which included ‘separating’ and ‘merging’ pro-
cedures, was a major challenge during the course of our study. First, the
102-plex was submitted for designs using ‘cfDNA (140bp),” ‘FFPE
(175 bp),” ‘Standard DNA (275 bp),” and ‘Standard DNA (375 bp)’ for
DNA Type. The outcome showed 43 pairs of primers designed by ‘cfDNA
(140 bp)’ with 100% overall coverage, the shortest in-silico amplicon
size, and each target incorporated into 1 pool, 33 pairs designed by
‘FFPE (175 bp),” 24 pairs designed by ‘Standard DNA (275 bp),” and 2
pairs by ‘Standard DNA (375bp).” Among them, a small number of
primers contained repeat regions or had excessively long flanking re-
gions, which were redesigned by changing the start and end positions of
the targets.

Second, all successfully designed targets above were copied and
incorporated into a new design using the ‘merge’ function in the Ion
AmpliSeq Designer. The new design was again submitted using ‘Stan-
dard DNA (375 bp)’ for DNA Type and the 5-bp exon padding. Similarly,
unsuccessful primers were redesigned and remerged until 102 amplicon
targets were reached with 100% overall coverage and incorporation of
all targets into one pool. Table S2 shows that the final design included
108 Y-STRs and Amelogenin with an average amplicon size of 133 bp,
from a minimum size of 72 bp (DYS508 and DYS538) to a maximum size
of 322 bp (DYS461 and DYS460 combined). The GrandFiler Y-STR Panel
consists of 75 simple, 26 compound, and 7 complex repeat motif Y-STR
markers having 16 trimer, 78 tetramer, 12 pentamer, and 2 hexamer
repeat units.

Finally, we could not adjust the concentration of primers and
customize the primer placement positions without the help of the White
Glove Service from Thermo Fisher Scientific. Therefore, the pre-wetlab
procedure was conducted using one tube of primer pools with an equi-
molar concentration of 100 nM. Primers that failed target amplification
or sequencing were redesigned, remerged, and resynthesized until the
full profile of DNA Control 007 was obtained (Figure S2). However,
DYF387Sla/b, DYS449, DYS518, DYS627, and DYS713 were not
analyzed in subsequent studies because of their stability or other
technical/quality-related issues.

3.2. Run summary

The run metrics from chips 2 and 3, and the sample-specific metrics
and coverage analyses of male samples with 1 ng of input DNA from
chips 2-5 were evaluated. Details of the run metrics, sample-specific
metrics, and coverage analyses for each chip are listed in Table S1.

As for run metrics, the mean =+ standard deviation (SD) of total bases,
Q20 bases, percentages of bases with a quality score of 20 or higher (%>
Q20), and total reads were calculated as (810.50 + 86.97) M, (749.50 +
81.32) M, (92.47 + 0.11) %, and (6.14 + 0.54) M, respectively. Addi-
tionally, the mean + SD of percentages of ISP loading, usable reads,
polyclonal, test fragment, adapter dimer, and low quality were esti-
mated as (60.50 + 3.53) %, (28.00 + 1.41) %, (35.50 + 2.12) %, (1.00
=+ 0.00) %, (1.00 £ 0.00) %, and (54.40 + 3.53) %, respectively. As this
is the first report on detecting a massive number of Y-STR markers using
the Precision ID NGS System, neither articles nor user guides were
available; hence, only the recommended values in the user guide of the
Precision ID GlobalFiler NGS STR Panel v2 [56] were referenced in this
study. Results showed that ISP loading, polyclonal, test fragment, and
adapter dimer percentages were all within the recommended ranges
(>50%, 25%-45%, 1%, and < 1%, respectively). However, the per-
centage of usable reads was lower than 30% and that of low-quality
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reads was higher than 50%. With the limited information on the results
generated in our laboratory and public documents [45,56,60,61], the
percentage of low-quality reads increased from 12% to 54% in ascending
order, whereas that of useable reads decreased from 61% to 28% in
descending order when sequencing SNPs (identity-informative SNPs,
ancestry-informative SNPs, and Y-SNPs), whole mitochondrial genomes,
A-STRs, combinations of A-STRs and SNPs, and Y-STRs (details found in
Table S4). Unfortunately, comprehensive studies of run metrics for
sequencing different categories of genetic markers are rare, and we
could not determine the actual reason.

Furthermore, sample-specific metrics and coverage analyses were
also computed in order to present a general performance of each sample
with sufficient input DNA, where the mean + SD of the reads, mean read
length, on-target reads, mean depth, and uniformity were (401262.00 +
93086.81) x, (132.64 + 8.34) bp, (80.03 + 4.06) %, (2250.60 +
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540.63) x, and (77.75 + 4.89) %, respectively.
3.3. NGS performance

Lastly, 10 samples from sensitivity studies were used to determine
the sample-to-chip arrangement, and 16 samples from the reproduc-
ibility and concordance studies were used to evaluate the performance
of the GrandFiler Y-STR Panel. The details of the NGS performance
metrics in this study and the default analysis settings in FNAS are listed
in Table S3.

3.3.1. Sample-to-chip arrangement

Five sensitivity samples (1, 0.5, 0.2, 0.1, and 0.05 ng, respectively)
and three or eleven other samples (all at 1 ng) were sequenced sepa-
rately in two chips in this study. When sequencing eight samples on an
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Fig. 1. NGS performance. (A) The depth of coverage (DoC) of the GrandFiler Y-STR Panel shows the average coverage at a locus from lowest to highest. The
horizontal black solid line indicates the mean DoC = 2105 x across 102 Y-STRs and Amelogenin, and the horizontal red dash line indicates 20% of the mean DoC =
421 x. (B) DoC of the AY-STR NGS workflow shows the average coverage distribution for the Precision ID GlobalFiler ™ NGS STR Panel v2 and the GrandFiler Y-STR
Panel separately. The black line indicates the mean DoC across 136 loci = 3117 x, and the red line indicates 20% of the mean DoC = 623 x. The bar graph with a
black outline in (A) and (B) demonstrates that the locus belongs to a sex-determining marker. (C) The sequence coverage ratio (SCR) of the GrandFiler Y-STR Panel
displays % true allele, % (N - 1) stutter, and % noise at each locus, where loci are arranged with % true allele from the lowest to the highest. (D) SCR in the AY-STR
NGS workflow displays the % true allele distribution for A-STR and Y-STR panels, respectively. In (C) and (D), horizontal red or black solid lines indicate the
recommended analytical threshold (2%) or interpretation threshold (5%) in the ForeNGS Analysis Software, respectively. Occasionally, 4% / 10% are given at
DYS391, DYS490, and DYS616. Horizontal white dash lines indicate SCR = 60%. In the AY-STR NGS workflow, Amelogenin and DYS391 are shared in two panels but
assigned to the Y-STR panel for convenience. Details of DoC and SCR are listed in Table S3.
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Ion 530 ™ Chip, DoCs of the sensitivity samples were averaged as 3635
x, 3189 x, 2605 x, 2155 x, and 1368 X, respectively, and full profiles
were generated from FNAS for all samples. When 16 samples were on a
chip, the average DoCs were 1662 x, 1476 x, 1226 x, 1007 x, and 645
x, respectively, and full profiles could be obtained for all, except for the
0.05ng samples that showed DoCs of two Y-STRs below the fixed
analytical threshold (100 x). With respect to balancing cost and effi-
ciency, we consider multiplexing 16 samples per chip as the optimal
sample-to-chip arrangement.

3.3.2. Depth of coverage

The mean =+ SD of DoC was calculated as (2105.39 + 1561.28) x for
the GrandFiler Y-STR Panel, ranging from the lowest observed at
DYS389II (74.44 x) to the highest at Amelogenin (7345.64 x), as shown
in Fig. 1A and Table S3. DYS389II was the only locus with an average
DoC of < 100 x in this panel. This underperformance might be associ-
ated with primer concentration, allele amplicon spread, and/or read
length. First, one pair of primers was shared by DYS389II and DYS389I,
as demonstrated in Section 3.1, where the forward primer bound to the
same upstream flanking region but the reverse primer bound to two
different downstream flanking regions. Thus, the theoretical concen-
tration was halved. Second, the large spread (121 bp) between a longer
amplicon of DYS389II (211 bp) and a shorter amplicon of DYS3891
(90 bp) easily caused preferential amplification using the same pair of
primers, similar to the heterozygote imbalance of A-STR markers. Most
importantly, the large difference between the number of reads for
DYS3891 and DYS389II was probably due to the short read length, which
resulted in fewer reads for interpretation of the second repeat region of
DYS398II, whereas the short read length also increased the number of
reads for DYS389I. This DYS3891/1I pattern is commonly observed using
NGS technology [52,62].

3.3.3. Sequence coverage ratio

As shown in Fig. 1C and Table S3, the percentage of true alleles
averaged 91.08%, from the lowest observed at DYS481 (70.62%) to the
highest observed at 22 Y-STRs (100%). The average % (N - 1) stutter was
8.25%, with the lowest at DYS458 and 22 Y-STRs above-mentioned, and
the highest at DYS481 (27.46%). The 100% true alleles and 0% (N - 1)
stutters at 22 Y-STRs do not necessarily reflect an association with the
natural structures of amplicons, which may be due to the strict filter
settings of FNAS. However, vulnerable % true allele and % (N - 1) stutter
at DYS481 have been reported previously [36,40,63], which is likely
due to the simple trimer-repeat unit (CTT[n]) of this locus. Based on the
limited data set used in this study, we observed that an extremely high %
(N - 1) stutter would appear in the scenario of allele > 27 at DYS481,
especially in a low-quality sample. The average % noise was calculated
at 0.67%, from the highest at DYS391 (9.50%) to the lowest at 66 Y-STRs
(0.00%), where 15 Y-STRs presented >1% noise. It should be noticed
that, in this study, noise was defined as all sequences having the same
length as true alleles and (N - 1) stutters but differing from them at least
one base, and all those having a different length from true alleles or (N —
1) stutters, such as the reads from 1 to 5 nucleotide indels (x.1~x.5
sequences) and other (N =+ k) stutters, which would raise the percentage
of noise in SCR. Overall, it was easy to distinguish true allele sequences
from stutter and noise sequences when the percentage of true alleles was
greater than 60%.

3.3.4. Stutter ratio

The (N — 1) stutter ratios from the Y-STRs within the GrandFiler Y-
STR Panel are listed in Table S3. The average value was 8.15%. All (N —
1) stutter ratios were less than 20%, except for DYS495 (20.03%),
DYS520 (20.63%), DYS570 (22.61%), and DYS481 (27.49%), which fell
below the recommended stutter filter in the FNAS.

3.3.5. Inter-locus balance
The value equal to 20% of the average DoC was calculated as 421 x

Forensic Science International: Genetics 71 (2024) 103059

of the GrandFiler Y-STR Panel, where 100 loci (97.09%) exceeded this
value; however, DYS389II, DYS392, and DYS540 fell below this value
(Fig. 1A and Table S3). Thus, we concluded that the inter-locus balance
of the GrandFiler Y-STR Panel is within an acceptable range (>70%).

3.4. Developmental validation

Species specificity, sensitivity, reproducibility, concordance,
degraded samples, case-type samples, and mixtures were studied to
validate the GrandFiler Y-STR Panel according to the SWGDAM Vali-
dation Guidelines for DNA Analysis Methods (2016) [64] and the
Guidance Document for the FBI Quality Assurance Standards for
Forensic DNA Testing and DNA Databasing Laboratories (2023) [65].

3.4.1. Species specificity

Although the GrandFiler Y-STR Panel was designed for human male
samples, its ability to detect genetic information from non-targeted fe-
male and non-human samples should be determined. Therefore, eight
non-human samples, namely, chimpanzee, lemur, cat, dog, cow, pig,
sheep, and chicken, and 10 human samples including, male DNA Control
007, female K562 Genomic DNA, and eight female extracted DNA, were
used to evaluate species specificity (Figure S3). In the run summary from
the Torrent Suite Software, the length distribution was mainly concen-
trated within 100 — 150 bp and 200 - 250 bp from the human male
sample, whereas those for the human female and non-human samples
were clearly differentiated. When alleles were called by FNAS, 44.44%
(181163 out of 407644) of the reads were assigned to this panel for the
human male, and a full profile could be obtained. Conversely, in the
female samples, the average percentage of reads aligned to this panel
was relatively low (8.95% =+ 2.58%) compared to the male sample. Only
one allele (AMELX) was detected and accounted for the majority of
reads. Some loci with too few reads were detected but filtered out
because they did not meet the AT requirements. Cross-reactivity can be
population-based as well as subgroup-based. However, this would not
have been detected in such a small size of samples. In non-human
samples, the percentage of reads aligned was meager (< 1.3%), and
no allele was called, except for AMELX from the female chimpanzee.
Unfortunately, a male chimpanzee sample was unavailable for this
study; therefore, we could not fully demonstrate the cross-reactivity of
this panel with that species. Species specificity was studied in the Ion
AmpliSeq HID Y-SNP Research Panel by Ralf et al. [48], and a similar
pattern was observed in this study: all non-human samples with a high
number of sample-specific reads in a run summary (> 50000), but a low
percentage of reads aligned to the GrandFiler Y-STR Panel (< 2%) and a
small number of alleles called (< 2). Based on our results, human female
and non-human samples were effectively distinguished from human
male samples in most cases.

3.4.2. Sensitivity

Sensitivity is defined as the ability to reproducibly generate full
profiles from a range of input DNA, especially the lower limit of the
assay, with DoCs above the analytical threshold on the NGS instrument
using the specified conditions. Sensitivity studies were performed in
duplicate using serial dilutions. Figure S4 shows that 100.00% profiles
were obtained from samples with input DNA > 0.1 ng, and an average
95.15% of the profile was generated from 0.05 ng samples with two
dropouts (DYS570 and DYS644) and eight dropouts (DYS38911, DYS446,
DYS458, DYS508, DYS540, DYS556, DYS612, and DYS638) observed
from each replicate. Overall, as expected, the average DoC for serial
dilutions in duplicate decreased linearly as the amount of input DNA
decreased: from 1620.48 x at 1 ng input DNA to 481.44 x at 0.05 ng. In
other words, as the amount of input DNA decreased, the possibility of
allele/locus dropout increased. The sensitivity of the GrandFiler Y-STR
Panel is similar to that previously described in validation studies of CE Y-
STR kits [11-29] and other NGS kits [36,38,52], but it can acquire a
higher resolution of the haplotype in the Y-chromosome than other
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panels from a sample once a test. In order to attain a balance between
the generation of a full profile and performance stability, we recommend
an input DNA > 0.1 ng as the optimal amount to use when 16 samples
are sequenced on a chip.

3.4.3. Reproducibility and concordance

Reproducibility was evaluated using reliable and accurate sequence-
based (SB) and length-based (LB) alleles obtained from the same oper-
ator and/or instrument. Specifically, eight standard control samples
were adapted with 16 different barcodes and sequenced on chips 2 and
3. The results showed that all LB and SB alleles generated by FNAS were
reproducible and accurate.

As alleles at many loci from these samples were unreported, the
concordance was assessed to the utmost extent by allele comparisons
between NGS and CE kits and among different NGS kits. In Table S5, a
total of 359 alleles were compared: 225 LB alleles from DNA Control
007, 2800 M Control DNA, and 9948 Male DNA at 73 Y-STRs and
Amelogenin were compared with those reported by Fan et al. [40], and
134 LB alleles and 127 SB alleles from SRM 2395¢c Components A, B, C,
D, and E at 25 Y-STRs and Amelogenin were compared with those listed
in STRBase. According to the ISFG guidelines [57,58], SB alleles were
changed to forward strands if they were named as reverse strands in the
original documents.

Compared with the LB alleles in Fan et al. [40], two discrepancies
were found at one Y-STR. For DYS572 ([AAAT],), one concordance was
observed from 2800 M (allele 10), but two discordances were found
from 007 (allele 11 in this study vs. 10 in Fan et al. [40]) and 9948 (11
v5.10). However, we obtained all concordant alleles from the five SRM
2395c¢ components at DYS572. As amplicon strings were not available in
Fan et al. [40], we could not determine the real reasons for these dis-
crepancies. Another 15 discrepancies were found at 5 Y-STRs due to the
different motif designations marked in bold, such as DYS552 ([TCTA],
TCTG [TCTAl,, in this study vs. [TCTA], TCTG [TCTA], N4o [TCTA], in
Fan et al [40]), DYS587 ([CAATA], vs. [ATACA], [(GTACA)
(ATACA)]3), DYS613 ([ATGls ATA [ATG], vs. [ATG],), DYS616
([TAT],, CAT [TAT] 3 vs. [TAT],), and DYS626 ([GAAA], Nas [GAAA]3
gagaca [GAAA]s aaa [GAAA], gaag [GAAA] 3 vs. [AAAG], [AGAA],
AGAG [GAAG]3; [AAAG]s3). Fortunately, these 15 discrepancies were
resolved by adjusting the configuration file in FNAS because they had
sequences compatible with those in Fan et al. [40].

Compared with LB and SB alleles in the STRBase, the exceptionally
high (N - 1) stutter percentage that almost approached the read depth of
the parent allele was observed at DYS481 in SRM 2395c¢ C and E, which
was discussed in Section 3.3.3. However, we could still identify the true
alleles 28 for both with caution. An actual discrepancy was observed at
DYS527a/b in SRM 2395c Component E, where LB alleles (22,23) were
the same, but one SB allele, namely, 22, was different ([GAAA]ig
[GGAAJg in this study vs. [GAAA]15 [GGAA]; in STRBase; https://str
base-archive.nist.gov/srm2395.htm), and the other SB allele, i.e., 23,
was absent from STRBase. The reason for this SB discrepancy is un-
known. Except for this discrepancy, all LB and SB alleles were in
agreement with those listed in the STRBase.

Further, the bioinformatic concordance was determined using STRait
Razor v2s [66] and STRinNGS v2 [67]. The results showed that
concordance among different software packages for both LB and SB al-
leles reached 100%. In summary, 99.64% (829/832) of alleles from the
GrandFiler Y-STR Panel called by FNAS were concordant with the
different CE, NGS, and/or bioinformatics interpretations, whereas minor
discordance (0.36%) resulted from two LB alleles at DYS572 and one SB
allele at DYS527a/b.

3.4.4. Degraded samples

Many environmental factors and delay in testing evidence samples
can result in DNA degradation or damage at random locations. To
determine the detection efficiency, samples soaked in tap water at room
temperature were analyzed and categorized as intact (control sample),
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slightly to moderately degraded (Day 3 sample), and severely degraded
(Day 6 and Day 9 samples). Table 1 shows the number of alleles and
percentage of profiles obtained using the GrandFiler Y-STR Panel and
Yfiler Platinum Casework PCR Amplification Kit, respectively. Control
samples contained 104 and 41 alleles with two assays, respectively. In
degraded samples, the difference in profile percentages between the two
assays was not noticeable when detecting the sample that suffered slight
to moderate degradation (p = 0.1795, Fisher’s exact test), but was sig-
nificant in severely degraded samples (p = 0.0063 for Day 6, and p =
7.76 x 107° for Day 9 samples, as per Fisher’s exact test). Furthermore,
when we combined the results of Y-STRs and A-STRs in a previous study
[52], the number of alleles increased by 452.38%, from 21/76 alleles
(27.63%) with CE to 116/156 alleles (74.36%) with NGS in the case of
Day 9 samples. Fig. 2 illustrates the length distribution of fragments
(amplicons + primers) against the samples obtained using the NGS and
CE assays. As expected, the GrandFiler Y-STR Panel showed an over-
whelming advantage in detecting degraded samples, which benefited
from the Ion AmpliSeq Technology that can shorten amplicons and
integrate more loci when designing the panel, as demonstrated in Sec-
tion 3.1.

3.4.5. Case-type samples

The ability to obtain reliable genotypes should be evaluated using
samples that are representative of those typically encountered in
forensic laboratories, such as fresh bloodstains, old bloodstains, buccal
swabs, semen/female vaginal secretion mixtures, and muscle, hair, and
fingernail samples. Table S6 shows that full profiles were obtained using
the GrandFiler Y-STR Panel from all case-type samples, except for the
fingernail (83.65% profile). The fingernail was a challenging sample
with low input DNA (0.045 ng), beyond the lower limits (0.1 ng) of both
CE and NGS assays to obtain full profiles [13,14,24,36,42,46,52].
Although this study had limited data, the results indicate that the
GrandFiler Y-STR Panel is suitable for detecting case-type samples in a
real scenario.

3.4.6. Mixtures

Evidence samples containing body fluids and/or tissues originating
from more than one individual are commonly encountered in forensic
casework. Mixture studies may assist in determining the range of
contributor ratios within which a full profile (or 100% unique alleles)
can be obtained from a minor contributor with a known reference pro-
file. In this study, seven male-male mixtures (19:1, 9:1, 4:1, 1:1, 1:4, 1:9,
and 1:19) and four male-female mixtures (1:1, 1:10, 1:100, and 1:1000)
were sequenced in duplicate to evaluate their ability to detect minor
contributors using the GrandFiler Y-STR Panel. NGS detection provides
not only more genetic information, but also more uncertainty. The fixed
analytical threshold was set at 20x for interpretation at all loci.

For male-male mixtures, 60 unique SB alleles for the male DNA
Control 007 and 59 unique SB alleles for the male 2800 M Control DNA
are shown in Table S7. As the mixture ratio increased, the percentage of
unique alleles identified from the minor contributors decreased.
Table S8 and Figure S5 show that 100% of the unique alleles from the
minor contributors could be obtained only at a 1:1 ratio. When moving
to 4:1 and 1:4 ratios, an average of 98.31% unique alleles from the minor
contributor 2800 M was identified along with dropouts at DYS389II or
DYS527b, and an average of 90.00% unique alleles from the minor
contributor DNA 007 was identified with dropouts at DYF404S1a/b,
DYS19, DYS385a/b, DYS3891I, DYS495, DYS497, DYS527a/b, DYS616,
or DYS626. However, when moving forward to 19:1 and 1:19 ratios,
only 76.27% and 59.17% unique alleles were observed from minor
contributors, respectively. Although these unique allele dropouts were
observed at loci that were underperformed as demonstrated in Section
3.3, had > 200 bp of amplicon length, or presented multi-copy alleles,
the result of the two-sample mixture deconvolution was not as specific as
expected.

As for male-female mixtures, only one SB allele (AMELX) from
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Table 1
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The number of alleles and the percentage of profiles recovered from degraded samples with the GrandFiler Y-STR Panel and the Yfiler ™ Platinum Casework PCR

Amplification Kit.

Sample Degradation Index Concentration (ng/uL) Input DNA (ng)

GrandFiler Y-STR Panel Yfiler Platinum Casework PCR Amplification Kit

# of Allele % profile # of Allele % profile

Control 0.71 7.82
Day 3 4.52 2.82
Day 6 63.84 0.14
Day 9 146.01 0.02
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Fig. 2. Degraded samples. The frequency distribution graphs show true alleles are counted against the length of fragments (amplicons + primers) from the control
sample and three time-period (Day 3, 6, and 9) degraded samples using NGS and CE assays, where the number of true alleles is annotated.

female K562 Genomic DNA was found using the GrandFiler Y-STR
Panel, which indicated that the primers used were specific to the human
Y-chromosome, as previously demonstrated in Section 3.4.1. However,
the recovery performance in the lower limit amount of male DNA
(0.1 ng) mixed with an excess of female DNA (up to 100 ng) was not
significant. As shown in Table S9 and Figure S5, 100% of the profiles
from the male DNA Control 007 were detected in duplicate only ata 1:1
ratio. When 0.1 ng of DNA 007 was mixed with 1 ng of K562, an average
of 96.15% of the male profile was obtained, which was similar to the
percentage obtained using 81 Y-STRs [40]. Furthermore, 83.17% of the
male profile was obtained with 0.1 ng mixed with 10 ng (1:100), which
was higher than that obtained using 859 Y-SNPs at a 1:50 ratio [48].
However, an abrupt decrease was observed at the 1:1000 ratio, in which
case, only 22.60% of the male profile remained. The full male profile
was recovered at a >1:1000 ratio using the Yfiler Plus PCR Amplification
Kit and the Yfiler Platinum Casework PCR Amplification Kit [14,24].
The reason for the discouraging performance with NGS is alluded to in
Ralf et al. [48]. In our study, all male-female mixtures also showed a high
number of sample-specific reads (e.g., 346770 at a 1:1000 ratio) and a
high percentage of off-target reads (e.g., 97.46%) in a run summary, but
a low percentage of reads aligned to the Y-chromosome (e.g., 1.43%) in
FNAS. This may be explained by the target amplification products being
amplified again during the templating step (i.e., emulsion PCR), which is
unavailable in the CE workflow.

3.5. Autosomal STR and Y-STR combination workflow

The GrandFiler Y-STR Panel and the Precision ID GlobalFiler NGS
STR Panel v2 were combined into a single workflow to maximize the
genetic information obtained from forensic samples. The completeness
of the profiles and DoCs of the combinations (1:1, 2:1, and 3:1) were
compared to determine the optimal experimental parameters for the AY-
STR NGS workflow (Table S10). The results showed that 100% profiles
could be obtained from eight standard control samples when the com-
bination was mixed at a 2:1 concentration ratio, which was significantly
(p = 9.46 x 10’5, Fisher’s exact test) higher than that at a 1:1 ratio
containing 34 dropouts at 1 A-STR and 33 Y-STRs. Although 5 dropouts
from A-STRs were observed at a 3:1 ratio, the difference was not sta-
tistically significant (p = 0.0595, Fisher’s exact test). This finding
demonstrates that a decrease in the A-STR panel concentration benefits
the AY-STR NGS workflow. Additionally, the DoC of the combinations
was compared, and there was no statistically significant difference be-
tween the 2:1 and 1:1 ratios (p = 0.8530, one-way ANOVA); however,
the DoC of the 2:1 ratio was significantly (p = 0.0228, one-way ANOVA)
higher than that of the 3:1 ratio, indicating that the overall DoC was
impeded when the A-STR panel concentration was below a specific limit.
In summary, we believe that the completeness of genetic information
and overall NGS performance can be balanced using a combination of Y-
STR and A-STR panels at a 2:1 concentration ratio.

The run summary of the AY-STR NGS workflow was evaluated with
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run metrics from chips 9 and 11-13, and sample-specific metrics and
coverage analyses of males with 1 ng of input DNA from these four
chips. Details of each chip and sample are listed in Table S1. First, the
mean =+ SD of run metrics (i.e., total bases, Q20 bases, %> Q20, and
total reads) were calculated as (895.50 + 43.28) M, (833.50 + 43.56)
M, (93.06 + 0.39) %, and (6.47 + 0.65) M, respectively. The mean + SD
of percentages of ISP loading, usable reads, polyclonal, test fragment,
adapter dimer, and low quality were also calculated as (62.00 + 2.58)
%, (30.50 =+ 3.00) %, (39.00 + 0.82) %, (1.00 £ 0.00) %, (1.75 + 0.96)
%, and (48.00 + 5.23) %, respectively. All results were within the rec-
ommended ranges, except for the adapter dimer. The higher percentage
of adapter dimers was presumably due to the excessive number of
samples with lower input DNA in chips 11 and 12. That is, the chips
contained sensitivity samples as previously explained [41]. Notably, the
percentage of usable reads and low quality of the AY-STR NGS workflow
were better than those of the single Y-STR workflow. The combination
workflow of Y-STRs with easily detected markers may be a way to
enhance run performance. Second, sample-specific metrics and coverage
analyses were also computed, where the mean + SD of the reads, mean
read length, on-target reads, mean depth, and uniformity were
(869312.83 + 147183.02) x, (132.79 =+ 3.73) bp, (83.26 + 4.06) %,
(3398.42 + 561.44) x, and (79.47 + 3.09) %, respectively.

The AY-STR NGS workflow was validated for several aspects,
including NGS performance, reproducibility, concordance, and sensi-
tivity. Notably, two genetic markers (Amelogenin and DYS391) were
shared in the two panels but were assigned to the Y-STR panel for
convenience in this study, as shown in Figs. 2B and 2D and Tables S3, S5,
and S11.

First, the average DoC was calculated as 3117.13 x, 5912.25 x, and
2185.43 x for all 136 markers from both panels, 33 from the A-STR
panel, and 102 Y-STRs and Amelogenin from the Y-STR panel, respec-
tively. The average DoC of the Y-STRs in the AY-STR NGS workflow was
close to that in the single Y-STR workflow, and both workflows shared a
similar DoC distribution trend, with the lowest DoC at the same 22 Y-
STRs (Fig. 1B and Table S3). This demonstrated that the GrandFiler Y-
STR Panel is stable when used alone or in combination with the Preci-
sion ID GlobalFiler NGS STR Panel. Surprisingly, the percentage of non-
alleles, that is, % (N — 1) stutter and % noise, at Y-STRs in the AY-STR
NGS workflow significantly (p = 6.41 x 107, one-way ANOVA)
decreased compared to that in the single Y-STR workflow (Fig. 1D and
Table S3). This pattern was observed in each sample, and there were no
extreme outliers in the Y-STR panel alone or in the AY-STR NGS work-
flow. These findings suggest that co-sequencing Y-STRs with easily
detected markers can enhance the run metrics abovementioned and
benefit FNAS genotyping because more reads are assigned to the true
alleles.

Second, Figure S6 shows an FNAS profile from DNA Control 007, and
Table S5 shows that all LB and SB alleles from eight standard control
samples were effectively obtained from replicates, indicating that the
AY-STR NGS workflow is reproducible and accurate. In addition, all SB
alleles at 102 Y-STRs and Amelogenin for eight samples from the AY-STR
NGS workflow were concordant with those from the single Y-STR
workflow described in Section 3.4.3. In addition, all SB alleles at 31 A-
STRs, Yindel, and SRY for DNA 007, 2800 M, and 9948 achieved 100%
concordance with those reported in a previous study [52]. These results
demonstrate that combining the two panels did not produce adverse
effects in terms of reproducibility or concordance.

Finally, as shown in Table S11, full profiles were obtained from
samples with > 0.1 ng of input DNA and an average of 92.70% from
samples with input DNA at 0.05 ng. These results demonstrate that the
AY-STR NGS workflow is as sensitive as the single Y-STR workflow and
can help forensic scientists achieve the goal of generating more genetic
information while consuming fewer DNA extracts.

In summary, the combination workflow of the GrandFiler Y-STR
Panel and the Precision ID GlobalFiler NGS STR Panel v2 is as robust as
that of the GrandFiler Y-STR Panel, and researchers can choose either
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workflow freely without any concern with regard to the consequences
and variances caused by cross-reactions between primer sets in the two
panels.

4. Conclusions

This article presents the GrandFiler Y-STR Panel, which is the first
massive Y-chromosomal short tandem repeat (Y-STR) panel on the
Precision ID NGS System targeting Amelogenin, 51 core Y-STRs, and 51
expanded Y-STRs in a single reaction with automatic data interpretation
using ForeNGS Analysis Software. Our data allow us to answer the
questions stated in the Introduction. First, the panel was successfully
developed with the Ion AmpliSeq Technology by our ‘separating’” and
‘merging’ strategies, suitable for automatic targeted next-generation
sequencing (NGS). The average amplicon length in the GrandFiler Y-
STR Panel was 133 bp; even with primers, it was approximately 175 bp.
This demonstrates the advantages of lon AmpliSeq Technology. Second,
the GrandFiler Y-STR Panel presents competent run metrics and NGS
performance when 16 samples are sequenced in a chip, such as > 60%
bases with > Q20, > 60% of effective reads, > 2000x of the depth of
coverage (DoC), and > 70% of the inter-locus balance. Furthermore, the
preliminary developmental validation conducted herein revealed
favorable results. Specifically, the system shows high specificity for
human males, generating complete profiles at > 0.1 ng input DNA, and
recovering more genetic information from severely degraded samples
and various case samples, which can meet forensic needs in real sce-
narios. Most importantly, we combined the GrandFiler Y-STR Panel and
Precision ID GlobalFiler NGS STR Panel v2 into a single NGS workflow.
Similarly, the AY-STR NGS workflow is reliable, robust, and sensitive
whereby, 136 genetic markers can be simultaneously obtained from a
sample without primer cross-reactions.

To the best of our knowledge, we achieved promising developments
in an attempt to solve real cases using the GrandFiler Y-STR Panel. The
two cases were obtained from previous population genetic studies [68].
In one case, one haplotype (HT00004) was shared by two individuals
with the same surname but were excluded as close relatives. We could
not tell the patrilineal difference between two samples using 26
sequence-based Y-STRs in the ForenSeq DNA Signature Prep Kit or 41
length-based Y-STRs in the Goldeneye ® DNA ID Y Plus Kit, but mis-
matches were observed at three Y-STRs using the GrandFiler Y-STR
Panel. Whether having more Y-STR loci is better for differentiating un-
related individuals depends on the application. Amplicon size can affect
the success of challenged samples to some degree. Under specific cir-
cumstances, a higher resolution of haplotypes may be helpful. In another
case, we identified null alleles at DYS505 due to an Asian-specific large
deletion (rs2051848397) stretching across its forward primer-binding
region and the upstream locus DYS526I. In addition, simultaneous du-
plications and deletions of DYS448 and DYS626 located on the u2
segment between segments t1 and t2 (i.e., the P3 palindrome spacer)
were identified using the GrandFiler Y-STR Panel. As shown in
Figure S1, the dense loci in Yp11.32-Yq11.23 were incorporated into
this panel, which is a valuable tool for investigating the mechanisms of
duplications and/or deletions on the Y-chromosome, such as
sequence-tagged site (STS) markers. In this regard, the GrandFiler Y-STR
Panel has prospective applications in the field of male infertility [69].

However, the GrandFiler Y-STR Panel is not a finished product, as
some loci (DYF387Sla/b, DYS449, DYS518, DYS627, and DYS713)
proved to be vulnerable and were not analyzed in this study. Primer
concentrations are among the most significant factors in target ampli-
fication that determine the overall performance of each amplicon, and
repeated tests and primer titrations are commonly conducted to achieve
optimal performance [70]. Although we tried to redesign the panel
numerous times, an equimolar concentration of primers directly from
the manufacturer was used without mixing to prevent potential
contamination. Additionally, some expanded Y-STRs require more in-
formation regarding allelic polymorphisms and mutation rates in
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Chinese populations. However, whether such expanded Y-STRs maxi-
mize haplotype diversity remains unclear.

In future experiments, we plan to adjust the concentration of each
primer separately and investigate the population genetic information to
further optimize NGS performance and locus selection of the GrandFiler
Y-STR Panel. In addition, we will update the combination workflow for
the GrandFiler Y-STR Panel and Ion AmpliSeq HID Y-SNP Research
Panel v1 because the AY-STR NGS workflow is practical.
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