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A B S T R A C T

Human DNA profiling using PCR at polymorphic short tandem repeat (STR) loci followed by capillary
electrophoresis (CE) size separation and length-based allele typing has been the standard in the forensic
community for over 20 years. Over the last decade, Next-Generation Sequencing (NGS) matured rapidly,
bringing modern advantages to forensic DNA analysis. The MiSeq FGxTM Forensic Genomics System,
comprised of the ForenSeqTMDNA Signature Prep Kit, MiSeq FGxTM Reagent Kit, MiSeq FGxTM instrument
and ForenSeqTM Universal Analysis Software, uses PCR to simultaneously amplify up to 231 forensic loci
in a single multiplex reaction. Targeted loci include Amelogenin, 27 common, forensic autosomal STRs, 24
Y-STRs, 7 X-STRs and three classes of single nucleotide polymorphisms (SNPs). The ForenSeqTM kit
includes two primer sets: Amelogenin, 58 STRs and 94 identity informative SNPs (iiSNPs) are amplified
using DNA Primer Set A (DPMA; 153 loci); if a laboratory chooses to generate investigative leads using
DNA Primer Set B, amplification is targeted to the 153 loci in DPMA plus 22 phenotypic informative
(piSNPs) and 56 biogeographical ancestry SNPs (aiSNPs). High-resolution genotypes, including detection
of intra-STR sequence variants, are semi-automatically generated with the ForenSeqTM software. This
system was subjected to developmental validation studies according to the 2012 Revised SWGDAM
Validation Guidelines.
A two-step PCR first amplifies the target forensic STR and SNP loci (PCR1); unique, sample-specific

indexed adapters or “barcodes” are attached in PCR2. Approximately 1736 ForenSeqTM reactions were
analyzed. Studies include DNA substrate testing (cotton swabs, FTA cards, filter paper), species studies
from a range of nonhuman organisms, DNA input sensitivity studies from 1 ng down to 7.8 pg, two-person
human DNA mixture testing with three genotype combinations, stability analysis of partially degraded
DNA, and effects of five commonly encountered PCR inhibitors. Calculations from ForenSeqTM STR and
SNP repeatability and reproducibility studies (1 ng template) indicate 100.0% accuracy of the MiSeq
FGxTM System in allele calling relative to CE for STRs (1260 samples), and >99.1% accuracy relative to bead
array typing for SNPs (1260 samples for iiSNPs, 310 samples for aiSNPs and piSNPs), with >99.0% and
>97.8% precision, respectively. Call rates of >99.0% were observed for all STRs and SNPs amplified with
both ForenSeqTM primer mixes. Limitations of the MiSeq FGxTM System are discussed. Results described
here demonstrate that the MiSeq FGxTM System meets forensic DNA quality assurance guidelines with
robust, reliable, and reproducible performance on samples of various quantities and qualities.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Genotyping of human polymorphic, tetra- and pentanucleotide
short tandem repeat (STR) loci, based on fragment sizing, has been
the mainstream method in forensic biology since the 1990s, having
replaced restriction fragment length polymorphism (RFLP) analy-
sis and multiple PCR-based methods [1–3]. Capillary electropho-
resis (CE)-based allele calling is achieved by targeting STR loci with
fluorescently-tagged PCR primers, followed by amplicon length
detection through size separation, and allele calling relative to a
physical allelic ladder [4–7]. One of the limitations of fragment-
length STR genotyping using CE is that the maximum number of
forensically relevant loci that can be multiplexed and simulta-
neously detected is currently limited to <30 loci [8–12]. Therefore
most Y-STRs and any X-STRs must be analyzed in additional PCRs,
instrument runs and data analyses beyond an autosomal workflow.
Such iterative testing requires additional input template from
sometimes limited DNA extracts [9]. This shortcoming can force
forensic analysts to limit their amplification targets (e.g., autoso-
mal STRs and Y-STRs or X-STRs or mtDNA) before DNA quality and
DNA profiling information have been generated for a particular
sample [13,14]. Furthermore, in cases where DNA quality and/or
quantity is low, when a sample contains DNA from more than one
individual, or when analysis of more than one class of polymor-
phism is desired or required (e.g., law enforcement databases), the
need to choose one subset of markers over another may be
challenging and inefficient [13]. A second limitation of CE-based
genotyping is that partial STR profiles or inconclusive results from
degraded or PCR inhibited DNA samples, commonly encountered
in criminal casework, missing person cases, or mass disaster
investigations, are exacerbated due to the STR amplicon lengths
required across each size range of each fluorescently labeled dye
[15–18]. Finally, length-based STR allele typing cannot provide the
genetic discrimination power of sequenced-based typing where
alleles of same length are identified not only by the number of STR
repeats but by the actual nucleotide-by-nucleotide STR sequence
itself [19–23]. These limitations can require accredited forensic
labs to maintain multiple quality assurance (QA) programs across
multiple kit-based marker systems and the associated analysis
software module(s), and to perform more than one workflow per
sample or consider sending samples to a third-party service
provider to attempt additional typing [24–26]. Efforts to compen-
sate for some of these CE-based STR limitations for human
identification include improved DNA extraction methods [27,28],
dual quantitation assays [29–31], and mini-STRs [32].

Since transitioning from RFLP analysis, the forensic genomics
discipline has remained relatively stationary in terms of applying
and incorporating established technologies [20,33]. Numerous
scientific breakthroughs and advancements in molecular and
cellular biology, genetic, and functional dynamics of the human
genome have been made that can improve forensic genomics. For
example, in 2001 the first working draft of the human genome was
announced [34,35], leading directly to the birth of a new era of
biology, genetics, and genomics and an innovation explosion in
DNA sequencing, analysis, and interpretation using massively
parallel sequencing (MPS), also known as next-generation
sequencing (NGS) [36]. NGS ‘reads’ millions of targeted PCR
amplicons, base-by-base. One NGS technology in particular,
sequencing-by-synthesis (SBS) [36], has been most widely adopted
worldwide in multiple areas of research focus and medical
diagnostics including oncology [37,38], microbial genomics [39–
41], agrigenomics [42,43], and complex disease genomics [44–46].
SBS chemistry uses a high-resolution camera to image the
sequential incorporation of a fluorescently labeled dNTP, followed
by cleavage of the terminator to allow incorporation of the next
complementary base in an amplicon’s DNA sequence. A second

sequencing technology is available that uses emulsion PCR, and
semiconductor sequencing to detect release of hydrogen ions, as
indication of nucleotide incorporation, on a complementary metal-
oxide semiconductor CMOS chip, by sequentially exposing an
amplicon’s DNA to individual nucleotides, one at a time [47]. A
clear advantage of targeted SBS, relative to emulsion PCR and
semiconductor sequencing, is that since all four reversible
terminator-bound dNTPs (dATP, dGTP, dTTP, dCTP) are present
during each sequencing cycle, natural competition minimizes
incorporation bias, nearly eliminating errors and missed base calls
associated with homopolymeric regions and repetitive DNA
elements [48–51].

Massively parallel pyrosequencing, semiconductor sequencing,
and sequencing by synthesis (SBS) were previously evaluated for
forensic purposes on both human mtDNA and gDNA (including
forensic STRs). Studies have included reproducibility, hetero-
plasmy analysis, and mixed samples with more than one DNA
contributor, with a strategy intended to facilitate NGS integration
into standard casework laboratories, including for criminal,
missing persons, and disaster victim identification purposes. The
future of this “2nd generation sequencing” was envisioned to
expand the number and types of loci being analyzed simulta-
neously, and predicted that comfort with NGS data would meet
that of CE-based typing by sizing and Sanger sequencing [52,53].
Analysis of mtDNA with NGS continued to mature with optimized
approaches to sequencing the mtDNA genome, as well as
considerations related to targeted NGS data analysis for forensic
purposes [54,55]. Evaluation of massively parallel pyrosequencing
specifically for forensic STR analyses provided early feasibility for
deep sequencing to improve casework and databasing analyses
[56,57]. Further proof of concept was demonstrated using (1) SBS
for high throughput analysis of CODIS STR loci, using an in silico

reference genome, and open source aligners and custom scripts to
locate variant alleles, and (2) pyrosequencing and a different open
source software pipeline [58,59]. Open source software tools
available for analysis of forensic NGS data also include MyFLq and
STRait Razor [60,61]. Other NGS technologies have been evaluated
including a semiconductor sequencing approach on the Ion Torrent
PGM, using a subset of the expanded core CODIS STR loci, and other
STR loci of interest to the forensic community [62,63]. Separate
“panels” have also been reported that interrogate only Y-STRs or
SNP subsets [64,65]. The history of DNA sequencing in forensic
analyses, basics of NGS and solutions for forensic genetics have
recently been reviewed, including the beta version of the MiSeq
Forensic Genomics System [66].

The MiSeq Forensic Genomics (FGxTM) System (Fig. 1) was
developed specifically for human identification and generation of
investigative leads. The system consists of four components: the
ForenSeqTM DNA Signature Prep Kit, the MiSeq FGxTM Reagent Kit,
the MiSeq FGxTM sequencing instrument, and the ForenSeqTM

Universal Analysis Software. The ForenSeqTM DNA Signature Prep
Kit relies on PCR for target amplification and library construction.
This assay contains two primer mixes, one of which may be
selected as desired per analysis: (1) DNA Primer Mix A (DPMA) that
targets Amelogenin, 27 autosomal STRs, 24 Y-STRs, 7 X-STRs, 94
identity informative single nucleotide polymorphisms (iiSNPs)
[67–70], and (2) DNA Primer Mix B (DPMB) that targets each of the
loci in DPMA, as well as biogeographic ancestry informative SNPs
(aiSNPs) [71] and phenotypic informative SNPs (piSNPs) for hair
and eye color estimation [72,73], by incorporating an additional 78
SNPs.

The beta version of the MiSeq FGxTM System was evaluated for
forensic purposes and reviewed [66,74,75]. Subsequently, the
MiSeq FGxTM System was subjected to SWGDAM developmental
validation guidelines [76]. Here we report on the following
SWGDAM validation studies: species specificity, sensitivity, mixed
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samples, stability (inhibitor, degradation), accuracy and precision.
In studies presented here, 96 samples were run simultaneously for
DPMA samples, and 32 samples were multiplexed when DPMB was
employed, to allow for deeper coverage for samples potentially
containing a mixture or requiring increased sensitivity. Data
indicate that the MiSeq FGxTM Forensic Genomics System meets
established forensic guidelines as a reliable method for human
DNA profiling with robust and reproducible performance on
samples of various quantities and quality.

2. Materials and methods

2.1. Human DNA samples and cell lysates

Human male genomic DNA (gDNA) 2800 M (Promega1

Corporation, Madison, WI) was used as the positive amplification
control and library preparation control throughout these studies.
Four additional human gDNA samples NA12877 (male, Caucasian
(CEU)), NA12878 (female, Caucasian (CEU)), NA18507 (male,
African (YRI)), and NA19238 (female, African (YRI)) (Coriell
Institute for Medical Research, Camden, NJ) were used in studies
as described in Results.

Human buccal cell samples were collected from volunteers who
each signed an informed consent form authorizing the use of de-
identified samples for research use. Volunteer buccal cell samples

were collected on three types of substrates: sterile cotton swabs
(Puritan Medical Products, Guilford, ME), FTATM cards (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ), and Bode Buccal
DNA CollectorsTM (Bode Technology, Lorton, VA), and allowed to
dry overnight at room temperature. Cell lysates were prepared
from buccal swabs by incubation in 500 ml QuickExtractTM DNA
Extraction Solution (Epicentre1, Madison, WI) for 1 min at 65 �C,
inverted five times, incubated for two minutes at 98 �C, and stored
at �20 �C. Two microliters of crude lysate were used in each
ForenSeqTM reaction. Cell lysates from 1.2 mm FTATM card punches
were prepared in 96-well plate format. Punches were washed with
100 ml of 1 x TBE and shaken for 2 min at 1800 rpm, in a BioShake
XP (Quantifoil Instruments, Jena, Germany). TBE was removed
from each well and discarded, leaving the punch in the well in
preparation for ForenSeqTM amplification. Cell lysates from 1.2 mm
Bode Buccal DNA Collector filter paper punches were prepared in
96-well plate format by adding 2 ml Bode PunchPrepTM solution,
heating at 70 �C for 20 min to dry the punch, followed by directly
proceeding to the ForenSeqTM amplification.

Human DNA samples were quantified prior to amplification
using either the Quantifiler1 Human DNA Quantification Kit (Life
Technologies, Carlsbad, CA) on the Stratagene Mx3000P qPCR
System (Agilent, Santa Clara, CA), or using the Qubit1 dsDNA HS or
BR Assay Kit on a Qubit1 2.0 Fluorometer (Life Technologies),
according to the respective manufacturers’ instructions.

Fig. 1. Workflow diagram of the MiSeq FGxTM Forensic Genomics System. Genomic DNA from a variety of forensic samples, including those collected on FTA cards and swabs,
are amenable to analysis using 1 ng PCR template, or less (see Fig. 5). Two rounds of PCR are conducted to first amplify the target forensic STR and SNP loci while attaching
universal forward and reverse primer sequence tags (PCR1), and to attach unique, sample-specific indexed adapters or “barcodes” (PCR2). Each amplified, multi-target
uniquely tagged library is then purified and normalized using standard molecular biology techniques. These indexed libraries are pooled into a single tube, pipetted into a
MiSeq FGxTM reagent cartridge, and inserted into the MiSeq FGxTM sequencer. After targeted sequencing of forensic STR and SNP amplicons [36], individual reads are
‘demultiplexed’ or separated, using the index sequences. Data are analyzed using the ForenSeqTM Universal Analysis Software for high-resolution genotype and haplotype
results, and tertiary data analysis.
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2.2. Nonhuman DNA samples

Genomic DNA from nonhuman organisms were tested in
species specificity studies: two Old World primates (female
baboon, Zyagen Laboratories, San Diego, CA; male rhesus monkey,
BioChain1, Eureka, CA), nine non-primate mammals (male cat,
male dog, mixed male and female ferret, female horse (Zyagen
Laboratories, San Diego, CA)), and male cow, mixed male and
female hamster, male mouse, male pig, male rat (BioChain1,
Eureka, CA), one avian species (male domesticated chicken; Zyagen
Laboratories, San Diego, CA), two fungal samples (Candida albicans,
BioChain1, Eureka, CA; Saccharomyces cerevisiae, White Labs, San
Diego, CA), and a pooled bacterial sample of six microorganisms
that was treated as a single sample (Rhodobacter sphaeroides,

Escherichia coli, Bacillus cereus; ATCC, Manassas, VA), Staphylococ-

cus aureus, Neisseria gonorrhoeae, Bacillus subtillis (Cambridge
University Hospital, Cambridge, United Kingdom). Baboon and
monkey (1 ng) and all other nonhuman samples (10 ng) were
amplified with DPMB and processed according to the ForenSeqTM

DNA Signature Prep Guide (Illumina part #15049528) [77].

2.3. Sample preparation for sensitivity, mixture and partially degraded

DNA studies

Serial dilutions of the following amounts of template DNA
(2800 M and NA12878) were prepared in molecular grade water
for sensitivity studies: 1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg,
31.25 pg, 15.625 pg, and 7.82 pg, and amplified with DPMA and
DPMB according to the ForenSeqTMDNA Signature Prep Guide [77].

Human genomic DNA mixtures were prepared from the
following four purified gDNA samples (Coriell Institute for Medical
Research, Camden, NJ): NA12877 (male, Caucasian), NA18507
(male, African), NA12878 (female, Caucasian), and NA19238
(female, African). gDNA mixtures were prepared from two males
(MM; NA12877:NA18507) and from two females (FF; NA12878:
NA19238) at nine ratios (99.9:0.1, 99:1, 95:5, 93.75:6.25, 90.9:9.1,
90:10, 87.5:12.5, 75:25, 50:50). gDNA from a female and from a
male were also prepared as mixtures (FM; NA12878:NA18507) at
four ratios (95:5, 90:10, 75:25, 50:50). Each of the four DNA
samples that served as “contributors” was also run as single source
samples. Each sample was amplified with DPMB and prepared for
sequencing according to the ForenSeqTMDNA Signature Prep Guide
[77].

Partially degraded samples were prepared using two methods:
(1) mechanical shearing alone (500 ng gDNA; 2800 M, NA12878)
using an S2 focused-ultrasonicator (Covaris1, Woburn, MA), and
(2) mechanical shearing with subsequent DNase I digestion (New
England Biolabs Inc., Ipswich, MA) according to manufacturer’s
instructions. Briefly, 1U of DNase I (RNase-free) was added to the
sheared gDNA and incubated at 37 �C for 1 min, after which 0.5 mM
EDTA was added and the entire reaction was heat inactivated at
75 �C for 10 min. These “sheared only” and “sheared + DNase I”
samples, and the original high molecular weight control DNAs,
were amplified with DPMB in triplicate and prepared for
sequencing according to the ForenSeqTM DNA Signature Prep
Guide [77]. Two template input amounts of partially degraded DNA
were tested in PCR1: 1 ng as measured post-shearing/enzymatic
treatments, and additionally the maximum volume of sample
recommended (5 ml), containing approximately 45 ng based on
pre-treatment quantification.

2.4. PCR inhibition study

A variety of known PCR inhibitors were independently “spiked”
into the PCR1 reaction before amplification of 2800 M DNA
samples (in triplicate) with DPMB. Specifically, 16.66 mM,

33.3 mM, 66.66 mM, and 133.3 mM of hematin, humic acid, indigo
dye, tannic acid (Sigma-Aldrich1, St. Louis, MO), or urban dust
(National Institute of Standards and Technology, Gaithersburg,
MD) were added directly to the reaction. Samples were processed
according to the ForenSeqTM DNA Signature Prep Guide [77].

2.5. Repeatability and reproducibility studies

Repeatability and reproducibility studies were performed
independently for DPMA (153 loci) and DPMB (231 loci). For
repeatability studies, one analyst processed five identical 96-well
plates using DPMA and another five plates for DPMB. For
reproducibility studies, five different analysts each processed a
single plate using DPMA and another single plate using DPMB. The
plate layout for samples amplified with DPMA consisted of 96
samples: 95 replicates of 2800 M DNA and one no template control
(NTC). The plate layout for samples amplified with DPMB consisted
of 32 samples: 31 replicates of 2800 M DNA and one NTC sample.
All indexed libraries prepared on a plate were pooled together and
sequenced on one MiSeq FGxTM benchtop sequencer. The same
MiSeq FGxTM instrument was used within each set of repeatability
and reproducibility runs and three instruments were tested in total
(the same instrument was used for the repeatability DPMB and
reproducibility DPMA studies).

2.6. ForenSeq DNA library preparation

NGS libraries of targeted forensic loci from each sample
described here were prepared using the ForenSeqTMDNA Signature
Prep Kit (Illumina Inc., San Diego CA) (Fig. 1) with total reaction
volumes of 15 ml for PCR1 (amplify and tag forensic targets), and
50 ml for PCR2 (enrich forensic targets), using either DPMA or
DPMB, as described for each specific validation study. ForenSeqTM

libraries were prepared using the GeneAmp1 PCR System 9700
with a gold-plated block (Applied Biosystems, Foster City, CA).
Adhesive microseals were applied to 96-well plates, and sealed
using a rubber roller, before following steps in the ForenSeqTM

protocol for shaking, vortexing, centrifugation and thermalcycling.
Microseal ‘B' adhesive seals (Bio-Rad, part # MSB-1001) were used
for shaking, centrifuging, and long-term storage (i.e., steps
conducted between �40 �C to 110 �C), with suitable skirted or
semi-skirted PCR plates; Microseal ‘A' adhesive seals (Bio-Rad, part
number MSA-5001) were used for thermalcycling. PCR1 prepara-
tion was conducted in a discrete pre-PCR area, and then transferred
to a designated post-PCR room for thermalycling to amplify target
loci, as described in ForenSeqTM DNA Signature Prep Guide, and as
follows: a 98� C initial incubation (3 min), 8 cycles of [96� C (45 s),
80� C (30 s), 54� C (2 min) (ramp at 0.2 �C per second), 68� C (2 min)
(ramp at 0.2 �C per second)], 10 cycles of [96� C (30 s) and 68� C
(3 min) (ramp at 0.2 �C per second)], followed by a final extension
at 68� C (10 min) and an infinite hold at 10� C. PCR2 set up and
thermalcycling, for index addition (i7 and i5), were performed in
the post-PCR room, as described in ForenSeqTMDNA Signature Prep
Guide, and as follows: a 98� C initial incubation (30 s), 15 cycles of
[98� C (20 s), 66� C (30 s), 68� C (90 s)], followed by a final extension
at 68� C (10 min) and an infinite hold at 10� C. ForenSeqTM targeted
amplicon libraries were purified using Sample Purification Beads
(SPB) (Beckman Coulter, Brea, CA), followed by bead based
normalization using Library Normalization Beads 1 (LNB1)
(Illumina Inc., San Diego CA) according to the ForenSeqTM DNA
Signature Prep Guide [77].

Normalized ForenSeqTM libraries were quantified and their
quality assessed using the automated capillary electrophoresis
DNA Fragment AnalyzerTM (Advanced Analytical Technologies, Inc.,
Ames, IA) according to the manufacturer’s instructions. This
optional step provides visualization of the general quality of a DNA
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library (e.g., pristine, partially degraded) as well as ForenSeqTM

targeted amplicon size distribution (longer STRs and shorter SNPs),
and is not required for generating high quality data in a routine
operational setting. See Supplementary Fig. 2 for an example.

2.7. MiSeq FGx sequencing

The indexing step described above (PCR2) tags each amplicon
generated from one individual DNA sample with a unique
combination of molecular index sequences on their 50 and 30

ends. This allows a MiSeq FGxTM instrument to sequence and
separate data from pooled DNA libraries in a single sequencing run.
Normalized and indexed ForenSeqTM DNA libraries (5 ml) were
pooled into a single microcentrifuge tube and diluted in
Hybridization Buffer (HT1). Human Sequencing Control (HSC)
(2 ml) from the ForenSeqTM DNA Signature Prep kit was denatured
with NaOH (HP3) by incubation at room temperature for 5 min,
then added to the pooled libraries, followed by an additional heat
denaturation at 96 �C (2 min) to denature the entire library pool.
The HSC is a DNA library pool of 23 ForenSeqTM STRs serving as a
positive sequencing control for the MiSeq FGxTM instrument. The
denatured library pool was immediately pipetted into the MiSeq
FGxTM Reagent Cartridge for sequencing on a MiSeq FGxTM

instrument (Illumina Inc., San Diego, CA), according to manufac-
turer’s instructions. Sequencing runs were organized as follows: 96
samples were pooled when amplified with DPMA, and 32 samples
were multiplexed when DPMB was employed. The sequencing by
synthesis (SBS) [36] run consists of 398 total sequencing cycles
over approximately 30 h. The first read (Read 1) is 351 SBS cycles,
where the first 351 nucleotides (one nucleotide base per cycle) are
sequenced in each of the targeted DNA amplicons (or less,
depending upon amplicon length). The first index read (Index 1)
is 8 cycles that determine the i7 index; the second index read
(Index 2) is 8 cycles that determine the i5 index. Finally, the second
read (Read 2) is 31 SBS cycles that determine the last 31 nucleotides
of each forensic STR and SNP amplicon, in the reverse direction
relative to Read 1.

2.8. Orthogonal genotyping for Concordance studies

Orthogonal, lower resolution STR genotyping data (relative to
deep sequencing) for DNA samples 2800 M, NA12877, and
NA12878 were generated by amplification with the following five
multiplexes: AmpF‘STR1 Identifiler1 PCR Amplification kit,
AmpF‘STR1 NGM Select PCR Amplification kit (Applied Biosys-
tems, Foster City, CA), PowerPlex1 Fusion system, PowerPlex1 Y23
System (Promega Corp., Madison, WI), and the Investigator Argus
X-12 kit (Qiagen, Valencia, CA), according to manufacturers’
instructions. Additionally, DNA samples NA18507 and NA19238,
used in the mixture studies, were genotyped with the above
multiplexes excluding the Argus X-12 kit. PCR products were
separated and detected on an AB 3130�l Genetic Analyzer (Life
Technologies, Carlsbad, CA) following the manufacturer’s recom-
mendations. Samples were injected for 10 s at 3 kV into perfor-
mance optimized polymer (POP-4TM; Life Technologies, Carlsbad,
CA) using the HIDFragmentAnalysis36_POP4 Module (Life Tech-
nologies, Carlsbad, CA) and a 1500 s run time. Capillary electro-
phoresis (CE) data were collected using the AB 3130xl Genetic
Analyzer Data Collection Software 3.0, and analyzed with
GeneMapper1 ID software v3.2.1 (Life Technologies, Carlsbad,
CA) with peak amplitude thresholds for detection and interpreta-
tion (stochastic) each set at 50 relative fluorescence units (RFU).

Orthogonal SNP genotyping data for samples 2800 M, NA12877,
NA12878, NA18507, and NA19238 were obtained from the
Platinum Genomes pedigree data set (vcf files available at FTP
site http://www.illumina.com/platinumgenomes/), and from

publicly available whole genome sequencing data from the 1000
Genomes Project (www.1000genomes.org).

2.9. Secondary and tertiary data analysis

MiSeq FGxTM sequencing data were analyzed using the
ForenSeqTM Universal Analysis Software (version 1.0) for allele
and genotype calling, and tertiary analyses including automated
sample comparisons, generation of population statistics such as
random match probabilities, estimation of eye and hair color as
well as biogeographical ancestry (Illumina, Inc., San Diego, CA).
Based on empirical studies, default analysis parameters used
throughout were a 1.5% analytical threshold (AT) and 4.5%
interpretation threshold (IT), for all loci except for DYS389II
(>5.0% AT, >15% IT), DYS448 (>3.3% AT, >10% IT) and DYS635 (>3.3%
AT, >10% IT), where noise warranted separate values [77]
(Supplemental Table 1). AT and IT values were determined for a
locus by multiplying the analysis parameter percentage value by
the sum of read counts at that locus. In cases of low coverage, a
minimum read number of 650 reads was used for the locus in
determination of the threshold values. Default stutter filter
percentages for autosomal STR, Y-STR, and X-STR markers are
documented in Supplemental Table 1 and range from 7.5% (D2S441,
D4S2408, PentaD) to 50% (DYS481). MiSeq FGxTM run quality
metrics and target ranges of each were as follows: cluster density
(400–1650 K/mm2) on the MiSeq FGxTM flow cell, clusters passing
quality filter (�80%), as well as phasing (�0.25%) and pre-phasing
(�0.15%) for Read 1 and Read 2. If a run falls outside of the target
ranges occasionally, it can still produce sufficient data for analysis
and interpretation; values that deviate substantially from the
target range can negatively impact other quality metrics, and
decrease the quantity of data produced from the run. Approxi-
mately 1736 PCR 1 reactions were analyzed; samples were
analyzed and included whether read counts were more or less
than the general guideline of 85,000 reads/sample (details in
Accuracy, Precision, and Call Rate section), viewable on the Sample
Representation tab of the ForenSeqTM Universal Analysis Soft-
ware’s Quality Metric page (Q page). The HSC positive controls
passed all default QC metrics, including >250 reads per locus.
Negative amplification controls (NTC) where 0–4 loci produced
read counts above the default analytical threshold (AT) were
considered blank; one NTC yielded 4 loci with read counts >AT (see
Results). Semi-automated allele and genotype calls were accom-
plished using the ForenSeqTM Universal Analysis Software,
including application of quality indicators that assisted in manual
data review of loci (e.g., to evaluate samples with low coverage at a
locus or to designate STR stutter products from parent alleles)
(Fig. 2). For the studies presented in this paper, genotype calls were
made as follows for STRs and SNPs: reads were called as alleles
when greater than the analytical threshold (AT), and not identified
as stutter (examples in Fig. 2A were called as 6, 9.3 (Fig. 2-A1);
14,15 (Fig. 2-A2) and 11,12 (Fig. 2-A3)). If a single autosomal allele
was greater than the interpretation threshold (IT), it was called as a
homozygote (e.g., (12,12) in Fig. 2-A4), whereas if reads for a single
allele were detected between the AT and IT, then was designated as
an “Ambiguous Genotype” (e.g., (13,*) Fig. 2-A5), to account for
possible non-detection of a sister allele. In cases where the highest
signal (read counts) was less than the AT (e.g., Fig. 2-A6) an allele
was not called. Additionally, for SNP loci, reads greater than 10% of
the total reads per locus were designated as alleles (e.g., in Fig. 2-B1
the genotype is A, A; Fig. 2-B2 the genotype is C, T); Fig. 2-B3 the
genotype is T, * (where * = reads less than 10% of total reads per
locus); and Fig. 2-B4 a genotype was not called.

Genotype concordance was assessed by comparing allele calls
from forensic loci in the MiSeq FGxTM System (autosomal STRs, X-
STRs, Y-STRs, iiSNPs, piSNPs, aiSNPs) to orthogonal STR and SNP
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Fig. 2. STR and SNP Allele Calling – ForenSeqTM Universal Analysis SoftwareTM.
Top panel: (A) STR locus details for six example data scenarios displayed relative to the number of reads (y-axis), after manual review. Color-coding indicates the following:
dark grey and light grey horizontal shading represent the analytical threshold (AT) and interpretation threshold (IT), respectively. Blue vertical bars are typed STR alleles (A1–
A5); brown bar indicates STR stutter (A4), and light grey bar (A6) indicates reads below the AT. In examples A2 and A3, quality indicators were displayed for “interpretation
threshold” and “imbalanced”, for “interpretation threshold” in example A5, and for “low coverage” in example A6. Data were manually reviewed; alleles between the AT and IT
were typed. For the purposes of genotype concordance, example A5 is classified as “Ambiguous Genotype”, and example A6 classified as “Below AT”.
Lower panel: (B) SNP locus details for four example data scenarios. Quantitative data for each of the four example loci are displayed in a table, above a circle plot where green
indicates a homozygote (B1) and blue/red indicate proportionally the alleles in putative heterozygotes (B2). The “imbalanced” indicator was displayed for examples B2 and B3
and the “low coverage” indicator was displayed for example B4. For the purposes of genotype concordance, example B4 is classified as “Below AT”.
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typing methods. The four possible classifications from these
comparisons were “Concordant”, “Ambiguous Genotype”, “Below
AT” or “Discordant Allele(s)”, as defined by the following criteria. A
“Concordant” result was indicated when the STR (autosomal STR,
X-STR, Y-STR) or SNP (iiSNP, aiSNP, piSNP) genotype was the same
as those generated by the orthogonal methods described
previously. An “Ambiguous Genotype” was obtained when reads
for one allele were detected with read counts between the
analytical and interpretation threshold levels (e.g., Fig. 2, A5 where
a (13,*) was called). The “Below AT” (BAT) classification describes
examples of sequencing coverage where read counts were
detected at less than the default AT (e.g., Fig. 2, A6 and B4). The
last classification, “Discordant Allele(s)”, contains the following six
outcomes where genotype assignment between the ForenSeq
result and that of the orthogonal method differs: 1) an STR locus
where at least one allele call differs from a CE-generated allele call
and the STR genotype is not ambiguous, 2) a Y-STR allele call in a
female sample, 3) an X- or Y-STR with two allele calls in a male DNA
sample (excluding the multi-copy Y-STR loci DYS385a-b and
DYF387S1), 4) SNP loci: orthogonal data indicated a homozygote
“A” and deep sequencing detected a homozygote “B” allele, 5) SNP
loci: orthogonal data indicated a homozygote and deep sequencing
detected a heterozygote, and 6) SNP loci: orthogonal data indicated
a heterozygote, deep sequencing detected a homozygote, and the
SNP genotype is not ambiguous. For the purposes of statistical
analysis for genotype concordance (see Results), only genotypes
classified as concordant are considered in accuracy estimates The
other three categories enable a more discriminating examination
of differences.

3. Results

3.1. Characterization of genetic markers

Mode of inheritance, genomic mapping, and polymorphism
type were reconfirmed for the autosomal STRs X-STR, Y-STR,
identity informative SNP (iiSNP), phenotypic informative SNP
(piSNP), and biogeographical ancestry informative SNP (aiSNP loci
amplified with the ForenSeqTM DNA Signature Prep Kit. Briefly,
data indicate that these forensic, autosomal STRs and SNPs obey
Mendelian inheritance, and that the ForenSeqTM X-STRs and Y-
STRs follow the expected segregation of sex-linked loci and
uniparental inheritance. Genomic locations of the ForenSeqTM loci
(chr:pos) are listed in the ForenSeqTM DNA Signature Prep Guide
[77]. The NGS detection methodology of the MiSeq FGxTM

instrument is described in Materials and Methods and instrument
manual [78,79].

3.2. Collection substrate and cell lysate testing

Performance of the MiSeq FGxTM System (kit, instrument and
software) was evaluated on human body fluid samples and three
types of sample collection substrates. Human sample lysates were
prepared from buccal cells collected on sterile cotton swabs
(n = 78), Bode Buccal DNA CollectorTM filter paper punches (n = 60),
and FTATM card punches (n = 34). Human blood samples were
collected onto FTATM cards (n = 10). These 182 samples were
amplified with DPMA. Additionally, 41 human DNA lysates
prepared from human buccal cells collected on sterile cotton
swabs (n = 22) and on Bode Buccal DNA CollectorTM filter paper
punches (n = 19) were amplified with DPMB. Genetic profile
completeness for the 58 autosomal STRs, Amelogenin, the 94
iiSNPs and 78 ai,piSNPs (DPMB only) are shown in Table 1 and
Supplemental Table 2. Partial data, with most loci not detected
(<10% “completeness ”), were observed for seven samples,
potentially due to variability in sample collection and/or possible
PCR inhibition. Full autosomal STR and ii,ai,piSNP profiles were
produced from >89% and >87% of the samples tested, respectively.

3.3. Species specificity

Performance of the MiSeq FGxTM System was tested by
preparing DNA libraries, from a variety of nonhuman genomic
DNA samples, using the ForenSeqTM DNA Signature Prep Kit. The
following samples from eukaryotic and prokaryotic species were
prepared, in duplicate, along with 2800 M positive control DNA
and one NTC sample: two nonhuman primates (1 ng input each),
nine non-primate mammalian (10 ng input each), one avian (10 ng
input), two fungal (10 ng input each), and a pooled bacterial sample
(10 ng input total), sequenced on a MiSeq FGxTM instrument, and
analyzed with ForenSeqTM Universal Analysis Software.

The number of sequencing reads (intensity) generated by each
of the fifteen species samples, the NTC, and the 2800 M positive
controls are shown in Fig. 3. In comparison to the two 2800 M
positive control samples which averaged �270,000 sequencing
reads, the majority of the species samples yielded sequencing
reads in a range closer to the NTC sample (e.g., 251 reads). The
ferret, S. cerevisiae, and the bacterial pool produced no sequencing
reads. The averaged chicken, dog, horse, hamster, C. albicans, pig
and cat samples each produced �1000 reads and the cow duplicate

Table 1

STR and SNP Profile Percentage Completeness for Substrate and Cell Lysate Testing.

Substrate n= Primer Mix Number of Samples with% aSTR Profile

100% 99–90% 89–50% 49–10% <10%

Cotton Swabs – Buccal 78 DPMA 65 8 1 0 4
Bode Collectors – Buccal 60 DPMA 57 0 1 1 1
FTA Card – Buccal 34 DPMA 33 1 0 0 0
FTA Card – Blood 10 DPMA 10 0 0 0 0
Cotton Swabs – Buccal 22 DPMB 16 5 0 1 0
Bode Collectors – Buccal 19 DPMB 19 0 0 0 0

Substrate n= Primer Mix Number of Samples with% ii,ai,piSNP Profile

100% 99–90% 89–50% 49–10% <10%

Cotton Swabs – Buccal 78 DPMA 66 7 1 0 4
Bode Collectors – Buccal 60 DPMA 57 0 1 0 2
FTA Card – Buccal 34 DPMA 33 1 0 0 0
FTA Card – Blood 10 DPMA 10 0 0 0 0
Cotton Swabs – Buccal 22 DPMB 10 9 1 1 1
Bode Collectors – Buccal 19 DPMB 19 0 0 0 0
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samples produced �3000 reads. Not surprisingly, the two
nonhuman primates, the rhesus monkey and baboon, produced
the highest numbers of sequencing reads, �169 K and �63 K,
respectively. Rodent species (mouse, rat) yielded �21 K and �26 K
reads, respectively (Supplemental Table 3).

STR and SNP allele detection potential in nonhuman species
was evaluated using the ForenSeqTM Universal Analysis Software.
Fig. 4 illustrates allele calls generated for the fifteen nonhuman
samples and 2800 M, for the 58 STRs and 172 SNPs amplified with
DPMB (Supplemental Table 3). Comparable to the sequencing read
count data shown in Fig. 4, the species samples with the higher
number of sequencing reads also produced more genotyped STR
and SNP alleles. Alleles were detected in rhesus monkey and
baboon at �11% of the STR loci and �25% of the SNP loci, and in
bovine sample for �20% of the STRs and �15% of the SNPs. Alleles
were detected in mouse and rat samples for �51% and �60% of the
STR and SNP loci, respectively. These data may be compared to the
2800 M positive control sample, where alleles were detected for
�85% of STRs and 100% of SNPs. Overall, the nonhuman species
amplifications with the ForenSeqTM DNA Signature Prep Kit are
reminiscent of current forensic DNA typing by capillary electro-
phoresis.

Data from the two rodent species were further analyzed.
Differences were noted between the rodent species and human
samples, among replicates of each rodent species, and between the
rat and mouse samples. The rodent species (10 ng input) each
produced partial profiles with elevated numbers of QC Indicators
in the ForenSeqTM software, relative to human samples; multiple
loci were not detected. The following were observed in the rat
samples: For STRs, depending upon the replicate, allele calls were
made at 38 of 60 loci, with 20 and 22 loci having no reads, as well as
34 and 36 loci with 1–4 QC Indicators triggered. For iiSNPs,
depending upon the replicate, allele calls were made at 56 of 94
loci, with 30 and 38 loci having no reads, as well as 48 and 61 loci
with 1–4 QC Indicators triggered. The following were observed in
the mouse samples: For STRs, depending upon the replicate, allele
calls were seen at 30 and 32 of 60 loci, with 28 and 30 loci having
no reads (ND), as well as 43 and 49 loci with 1–4 QC Indicators
triggered. For iiSNPs, depending upon the replicate, allele calls
were seen at 52 and 65 of 94 loci, with 29 and 42 loci having no
reads (ND), as well as 50 and 73 loci with 1–4 QC Indicators
triggered. The typed loci and the undetected loci differed between
the mouse and rat samples. Different patterns of partial profiles
were seen for the piSNPs and aiSNPs between the mouse and rat

samples. Eye and hair color estimations were not viable for rodent
samples as all piSNPs are required. Biogeographical ancestry
estimation placed the rat samples within the East Asian population
group on the principle component analysis (PCA) plot in the
ForenSeqTM software, and the mouse sample among the Admixed
American samples.

More interestingly, multiple sequences were detected within
allele-like products of the same length in rat and mouse samples,
and not observed in human samples. In rat samples multiple
sequences were detected at D13S1358, FGA, DXS10148, DXS10074,
DYS505, DYS635, DYS437, DYS612 and DYS460. The numbers of
individual sequences were inconsistent across rat replicates. For
example, in rat at D3S1358, one replicate produced two 15 alleles
(19 and 103 reads) and four 16 alleles (11,12,15 and 120 reads) while
in the other replicate there were six 15 alleles detected (11–197
reads) and four 16 alleles (11–133 reads). The sequences of the
products resembling human allele 15 differed at one SNP and at
four SNPs between replicates; in the other replicate there were
three SNPs within the different sequences of the 16 allelic
products. Additional visual prompts were apparent in the X-STR
data where five sequences (12–105 reads) were detected at
DXS10074, and eight sequences (13–405 reads) at DXS10148,
differing at five SNP positions. Similar results were detected at the
Y-STR loci listed above. Multiple allele-like products detected in
mouse samples displayed the hallmarks of the rat data but
manifested at different loci as follows: D6S1043, D9S1122,
D16S539, D17S1301, D19S433 (and DYS635, as also observed in
rat samples). Five human-like sequences were detected in one
mouse sample at D19S1122. These observations may serve to assist
an analyst in recognizing a rodent specific pattern, and distinguish-
ing from a human sample, or human/rodent mixed sample.
Additional analyses to investigate reproducible characteristics
across additional rat and mouse sample genotypes could add more
information in this regard. These data may also assist analysts who
seek to monitor rat and mouse cell lines, using polymorphic STRs.

3.4. Sensitivity study

The maximum number of libraries of targeted forensic loci
simultaneously sequenced on a MiSeq FGxTM flow cell depends
upon the total number of reads (depth of coverage) desired per
locus. For example, more samples may be run when single source
samples (e.g., with DPMA) are being analyzed as compared to a run
where some or all samples may consist of a DNA mixture with one

Fig. 3. Number of Sequencing Reads Generated in Species Specificity Testing. The total numbers of sequencing reads (Intensity) are plotted for fifteen species amplified with
DPMB in duplicate.
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Fig. 4. STR and SNP “alleles ” generated in Species Specificity study using ForenSeqTM Universal Analysis Software. Allele calls are shown for fifteen nonhuman species and
human DNA 2800 M (prepared in duplicate), amplified with the ForenSeqTMDNA Signature Prep Kit (DNA Primer Mix B; DPMB), sequenced and analyzed with the ForenSeqTM

Universal Analysis Software. Calls are shown for each replicate for each individual species or the pooled bacterial sample. The 27 autosomal STRs (green ‘+’), 24 Y-STRs (pink
‘o’), and 7 X-STRs (blue ‘x’) are shown in (A). The 94 iiSNPs (blue ‘|’) and 78 ai,piSNPs (orange ‘>’) are shown in (B). The x-axis for both plots is listed in Supplemental Table 3.
Plots were generated using R version 3.2.0 software (https://www.r-project.org/).
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or more minor components of interest (e.g., with DPMB).
Sensitivity studies were conducted using DPMA (152 loci) on 96
samples, and using DPMB (230 loci) on 32 samples, to evaluate the
MiSeq FGxTM System’s ability to generate reliable genotypes and
haplotypes at various gDNA template amounts. D22S1045 was not
included in these two studies. Two gDNA samples, 2800 M and
NA12878, were serially diluted; the input DNA amounts of 1 ng,
500 pg, 250 pg, 125 pg, 62.5 pg, 31.25 pg, 15.625 pg, and 7.82 pg
were amplified in quadruplicate. ForenSeqTM DNA Signature Prep
Kit STR and SNP genotypes and haplotypes, as analyzed with
ForenSeqTM Universal Analysis Software, were compared to
orthogonal genotyping data from CE fragment length detection
for STRs, and from bead array data for SNPs, to determine allele call
rate and comparative accuracy of the sequencing-based genotype
data, in relation to the amount of input gDNA.

Sensitivity results for the 2800 M and NA12878 gDNA samples
amplified with DPMA (Fig. 5A), and DPMB (Fig. 5B) yielded similar
results. Genomic DNA inputs from 1 ng down to 62.5 pg produced
100% call rates (no allele loss) and yielded 100% genotype
concordance for all tested autosomal loci with both primer mixes,
when compared to conventional genotyping methods and kits (CE
for STRs) and SNP arrays. For Y-STR and X-STR loci, gDNA inputs of
1 ng, 500 pg, 250 pg, 125 pg, and 62.5 pg yielded 100% call rates for

all 31 of the loci in DPMA and DPMB, with the exception of one
2800 M amplification where DXS10103 was not detected (read
count = 0) at 125 pg. When amplified with DPMA these five gDNA
input amounts produced the following haplotype concordance
percentages, at Y-STRs and X-STRs, respectively: 1 ng (100%/100%),
500 pg (99.5%/100%), 250 pg (100%/100%), 125 pg (99.0%/100%),
and 62.5 pg (99.0%/96.4%). One or neither allele(s) at autosomal, X-
and Y-STR loci may be detected from less than 62.5 pg gDNA input
(i.e., 31.25 pg, 15.625 pg, 7.82 pg), in both DPMA and DPMB
(Supplemental Table 4).

Sensitivity results for the 94 iiSNPs in both DPMA (Fig. 5A) and
DPMB and the aiSNPs and piSNPs in DPMB (Fig. 5B) were similar.
Genomic DNA inputs of 1 ng, 500 pg, and 250 pg yielded
>99.9%, >99.6%, and >99.6% iiSNP concordance, respectively, from
>99% of called iiSNP loci from both primer mixes with no locus loss.
At aiSNPs and piSNPs, these three DNA input amounts yielded 100%
allele call rates, and 100% genotype concordance. SNP allele calls
from gDNA inputs �125 pg similarly produced high accuracy
values, however, loss of some alleles and some loci, or low coverage
(reads below the default analytical threshold), were noted.
Specifically, genotype concordance for iiSNPs in DPMA, iiSNPs in
DPMB, and for ai,piSNPs in DPMB, were as follows: 99.6%, 98.7%,
99.7% (125 pg), 97.9%, 96.1%, 98.9% (62.5 pg), 90.6%, 86.7%, 92.6%

Fig. 5. Sensitivity Study. Two gDNA samples (2800 M and NA12878) were serially diluted; each input DNA amount was amplified in quadruplicate using the ForenSeqTMDNA
Signature Prep Kit with DNA primer mix A (A) or DNA primer mix B (B). Genotype and haplotype outcomes, as compared to orthogonal typing methods, are designated as
either, “Concordant” (blue), “Ambiguous Genotype” (green), “Below AT” (orange), or “Discordant Allele(s)” (black) (see Materials and methods) and plotted as cumulative
percentage of the total number of outcomes for each of the gDNA inputs (1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg, 31.25 pg, 15.625 pg, 7.82 pg). Shown are the average percentages
of the four reactions of both gDNA samples.
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(31.25 pg), 70.0%, 63.3%, 82.5% (15.625 pg), and 46.4%, 41.0%, 66.4%
(7.82 pg) (Supplemental Table 4).

3.5. Genomic DNA mixture studies

Performance of the MiSeq FGxTM Forensic Genomics System
was evaluated with mixed source samples from two DNA
contributors. Three sets of DNA mixtures were prepared using
four commercially available purified DNA samples (male:male
(MM), female:male (FM), female:female (FF)) in varied ratios from
99.9:0.1% to 50:50% (FM samples were not tested at 0.1% or 1%).
Mixed DNA samples were amplified in triplicate with the
ForenSeqTM DNA Signature Prep Kit using DPMB, and processed
according to the Illumina MiSeq FGxTM User Guide [77,78].
Sequencing reads were analyzed with ForenSeqTM Universal
Analysis Software; genotyping results are provided in Supplemen-
tal Table 5.

The ForenSeqTM Universal Analysis Software provides a visual
“single source” indicator that displays as green when no mixture is
detected and as orange when a mixture may be present. Quality
Control Indicators in the software that can indicate the possible
presence of a DNA mixture include: “allele count” displayed when
more alleles than expected for a single source sample are detected,
“imbalanced” displayed when intralocus balance is less than
expected and thus contributors to a mixture could share an allele,
and “interpretation threshold”. Ratios in mixture studies 100:0,
99.9:0.1, 99:1 (Male:Male) and 95:5 (Female:Male) were displayed
as single source, using the default AT and IT. All other mixture
ratios triggered at least one, or a combination of the QC Indicators
for “allele count”, “imbalanced” and “interpretation threshold”.

ForenSeqTM data analysis of mixed samples consisted of
quantification of the number of alleles detected above the default
analytical threshold for each STR (Fig. 6) and SNP locus (Fig. 7).
Mixture ratios were selected to push the limits of the system, in the
context of default AT and IT. When the default AT is applied, no calls
are expected for the 0.1% minor DNA contributor, and detection of
some minor alleles in the 1% samples are possible. Fig. 6 illustrates
that, as the proportion of minor contributor DNA increased, so did
the number of alleles detected for all three STR categories. As the
percentage of the minor contributor increased from 0% (single
source) to 1%, 5%, 10%, 25%, and finally 50%, the number of called
autosomal STRs increased from 54 alleles (27 loci x 2 alleles, single
source) to an average among replicates of 58, 73, 80, 82, and 83
allele calls, respectively (Fig. 6A). Similarly, for the Y-STRs and X-
STRs, a gender-specific increase in allele number was observed,
depending on the amount of minor contributor present in each
sample. For Y-STRs, male:male (MM) mixtures showed an increase
in allele count relative to the single source (26 alleles). As the
percentage of the minor male contributor increased to 1, 5, 10, and
25–50% of the total DNA sample, the number of Y-STR alleles
identified increased to an average of 27, 41, 43, and 47 alleles,
respectively (Fig. 6B). For the female:male (FM) mixtures, Y-STRs
were not detected in the single source female sample, yet in the
presence of a 5% minor male contributor, 20 Y-STRs were called,
and a full 24 locus Y-STR profile was produced for the 10% minor
contributor (100 pg of the total DNA input) (Fig. 6B). Y-STR alleles
were not detected in the female:female (FF) mixtures. X-STR allele
counts showed a similar increase based on the gender, and on the
minor contributor percentage. For the FM and FF mixtures, the
female single source samples produced full 14 X-STR multilocus
profiles, while in the MM mixtures the single source samples
produced a full 7 allele multilocus profile of the X chromosome.
Upon addition of a female minor contributor at 1% and 5% to the
major female sample (FF mixture) the number of alleles counted
increased from 14 to 18 and 22, respectively; at each proportion
>5%, the total number of X-STR alleles plateaued at 24 (Fig. 6C).

Addition of a minor, male contributor, in either the MM or FM
mixtures, also led to an increase in X-STR allele detection such that
at 5%, 10%, and 25% contributions 10, 11, 12 and 17, 18, 21 X-STR
alleles were called in the MM and FM mixtures, respectively
(Fig. 6C).

ForenSeqTM iiSNPs were selected for inclusion in the multiplex
based on high heterozygosities and low inbreeding (Fst) coef-
ficients, as required to approach similar random match probabili-
ties as compared to core forensic STR loci [69,70]. Biogeographical

Fig. 6. DNA Mixture Study. Allele detection at 58 forensic STR loci. The percentage
of the major contributor in each of three sets of DNA mixtures was plotted relative
to the number of STR alleles detected above the default analytical threshold of the
ForenSeqTM Universal Analysis Software. Single source samples (i.e., major
contributor = 100%; minor contributor = 0%) are shown at the (x,y) origin of each
plot where there are 27 total autosomal STR loci (A), 24 Y-STR total loci (B), and 7 X-
STR loci (C). Male:male (MM), female:male (FM), and female:female (FF) mixtures
exhibited similar increasing trends in the number of alleles called relative to
increasing percentage of minor contributors. Data are plotted as average allele
counts and standard deviations for each mixture sample ratio, tested in triplicate.
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ancestry SNPs (aiSNPs), conversely, possess low heterozygosities
and high Fst values [71,80]. Fig. 7 illustrates the proportions of
biallelic SNP homozygotes (hom) (i.e., AA or BB) and heterozygotes
(het) (i.e., AB), and how those proportions change in the MM, FM,
and FF mixtures. Aforementioned properties of the SNP classes are
evident in Fig. 7 where for single source samples (100% major
contributor) 41.4% of the 94 iiSNP loci were heterozygotic (Fig. 7A),
and only 15.4% of the 78 aiSNPs and piSNPs were heterozygotic
(Fig. 7B). The homozygote and heterozygote SNP genotype
percentages varied for each SNP category as minor contributor
DNA was added and the mixture proportion increased. When the
minor contributor was present at 5% (50 pg DNA of the total input)
the iiSNPs with heterozygous genotypes increased to 66.9%
(Fig. 6A). When the minor contributor proportion was �10%, iiSNP
homozygote and heterozygote genotypes plateaued at 25% and
75%, respectively. When the minor contributor was present at 5%,
the percentage of aiSNP and piSNP homozygotes and hetero-
zygotes were 65.3% and 34.7%, respectively. When the minor
contributor was present at �10%, then the homozygote and
heterozygote genotypes were 52.0% and 48.0%, respectively
(Fig. 7B).

The numbers of unique, minor contributor STR and SNP alleles
detected in the ForenSeqTM data, above the default analytical
threshold of the ForenSeqTM Universal Analysis Software for STRs
and >2% of reads for SNPs, were determined for each of the mixed
DNA samples. For loci in which an intra-STR sequence variant(s)
was present, this information was used to designate unique, minor
contributor alleles. 115 total unshared alleles were detected in the
MM minor contributor, as follows, by locus type: autosomal STR

(31 unique alleles), Y-STR (21 unique alleles), X-STR (4 unique
alleles), iiSNP (31 unique alleles), ai,piSNP combined (28 unique
alleles). 29, 26, 6, 29 and 29 unique minor contributor alleles were
unshared with the major contributor in the FM mixtures for each
locus type, respectively (119 total unique); 29, 0, 9, 26 and 29
unshared minor contributor alleles were present in the FF mixtures
(93 total unique alleles), respectively. The numbers of unique
minor contributor alleles were quantified, at the five categories of
forensic loci, for mixture ratios ranging from 0.l% to 50% (Fig. 8). At
the 1% minor contributor input amount, 4 and 35 unique alleles
were detected in the MM and FF minor contributors, respectively.
At the 5% minor contributor input 55, 68, and 86 unique alleles
were detected from the minor component in the MM, FM, and FF
mixtures, respectively. Similar data were generated in the other
tested minor contributor percentages tested (Fig. 8). At 0.1%, <0.5%
of the minor contributor alleles are detected above the default
analytical threshold. At 1%, �4% (MM) to �40% (FF) of the minor
alleles were detected. In the FF samples at 1%, almost all of the
iiSNP differences between the two DNA contributors are detected
and resolvable to each individual. At 5%, at least 48% and up 90% of
the minor alleles were detected, and 97–100% were detected at 10%
minor contributor.

Thirty-two mixture samples were run in each of these DPMB
studies. Deeper coverage, and increased allele detection at lower
DNA input amounts, can be achieved with NGS by including fewer
samples per run, if desired (minimum of 8 samples/library
preparation recommended to account for pipetting accuracy in
preparing master mix).

Fig. 7. DNA Mixture Study: Allele detection at 172 forensic SNP loci (homozygous and heterozygous) in Two Person DNA Mixtures. The percentage of the major contributor in
each of three sets of DNA mixtures was plotted relative to the total percentage of homozygote (hom, AA or BB) and heterozygote (het, AB) genotypes for the 94 iiSNPs (plot A),
and for the 78 combined aiSNPs and piSNPs (plot B). Single source samples (i.e., major contributor = 100%; minor contributor = 0%) are shown at the (x,y) origin of each plot,
and illustrate that the ratio of homozygous to heterozygous iiSNPs is approximately equal (58.6%/41.4%) in the male–male (MM), female–male (FM), and female–female (FF)
mixtures, and diverge with increasing amounts of minor iiSNP allele contribution. Inversely, the relationship between homozygous and heterozygous aiSNPs and piSNPs is
approximately 84.6% and 15.4% in single source samples and converge with increasing minor contributor allele presence. Data are plotted as the average homozygote and
heterozygote genotype percentages and standard deviations for each mixture sample ratio, tested in triplicate.
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3.6. Degraded DNA studies

Performance of the MiSeq FGxTM Forensic Genomics System
was assessed with partially degraded gDNA that mimic forensic
samples exposed to environmental and chemical stresses. Two
gDNA samples (2800 M, NA12878) were partially fragmented using
mechanical shearing. Aliquots of the sheared samples were also
digested with DNase I endonuclease to nonspecifically cleave the
DNA into smaller fragments. Degraded DNA samples were

amplified with DPMB (231 loci) of the ForenSeqTM DNA Signature
Prep Kit and processed according to the Illumina MiSeq FGxTMUser
Guide [77,78] in two phases. For one sample set (phase I), the 1 ng
recommended DNA input of both “sheared only” and “sheared +
digested” samples was added to PCR1. For the second sample set
(phase II), the maximum input template volume (5 ml) of degraded
DNA (“sheared only” and “sheared + digested”) was added to PCR1.
The physical impact of mechanical degradation and DNase I
digestion for the two gDNA samples was assessed on an Agilent

Fig. 9. DNA Degradation Study. STR and SNP alleles detected. Genomic DNA (2800 M (male), NA12878 (female)) was partially degraded and used as input for library
preparation with the ForenSeqTM DNA Signature Prep Kit with 1 ng DNA input (A and B) and with the maximum input volume input of 5 ml (C and D). DNAs were partially
degraded by mechanical shearing only (“phase I”; A and C) or in combination with 1U DNase I treatment (“phase II”; B and D). The percentage of typed alleles with read counts
exceeding default interpretation thresholds were plotted for autosomal, Y-, and X-STRs, iiSNPs, and ai,piSNPs for the two DNA samples, tested in triplicate.

Fig. 8. DNA Mixture Study. Detection of unique, unshared minor contributor alleles in two person DNA mixtures. The ability of the MiSeq FGxTM Forensic Genomics System to
detect minor contributor alleles that are foreign to the major contributor in male:male (MM), female:male (FM), and female:female (FF) mixtures was assessed using the
ForenSeqTM DNA Signature Prep Kit and Universal Analysis Software. For FM samples, 0.1% and 1% minor ratios were not tested. The average number of unshared minor
contributor alleles, above the default analytical threshold, and standard deviations, were plotted for autosomal, Y-, and X-STRs, iiSNPs, and ai-pi-SNPs at each of the mixture
ratios tested, in triplicate.
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2100 BioAnalyzer. Phase I gDNA samples yielded “sheared only”
and “sheared + digested” DNA ranging from 40 to 80 nt and 40–50
nt, respectively. Phase II fragments ranged from 30 to 300 nt and
30–200 nt for “sheared only” and “sheared + digested”, respective-
ly. As shown in Supplemental Fig. 1, the size distribution for the
1 ng and 5uL samples under the same treatment (shear only or
shear + DNase) is similar. The size distribution of the peaks is quite
broad (particularly for the sheared condition), and extends into the
larger fragment sizes. For the 5uL inputs, �40 x more DNA was
added than the 1 ng samples, greatly increasing the number of
molecules present in the reaction and increasing the probability
that the longer fragments were amplified and detected. Thus,
when analyzing partially degraded DNA, adding a larger input
quantity may generate additional genotypes. ForenSeqTM DNA
libraries of these partially degraded DNA samples were visualized
after automated capillary electrophoresis on the Fragment
AnalyzerTM to assess quality and quantity prior to sequencing
(Supplemental Fig. 2).

Data indicate, for the phase I input samples (1 ng) created by
mechanical shearing alone (Fig. 9A), and those sheared and
digested with DNase I (Fig. 9B), loss of amplifiable STRs (autosomal,
Y- and X-) and SNPs (ii, ai and pi) for both 2800 M and NA12878
relative to amplicon length. In this study, sample NA12878 was
more sensitive to DNA degradation than 2800 M. SNP loci were
particularly robust after partial DNA degradation. Specifically, in
the “sheared only” samples from 2800 M and NA12878,

respectively, >10% more alleles were typed at iiSNP (90%, 50%)
and at ai,piSNP (88%, 58%) loci, than at the autosomal STRs (79%,
35%). For the most degraded samples (from shearing and digestion)
at 1 ng, >15% more SNP loci were typed as compared to autosomal
STR loci.

In phase II, performance of the MiSeq FGxTM System on partially
degraded DNA was assessed by addition of the maximum template
volume (5 ml) accepted by PCR1, in an attempt to recover as much
relevant genetic information as possible. Fig. 9C illustrates that
from sheared only samples >99%, 79%, and >90% of the autosomal,
Y-, and X-STRs were genotyped, respectively, and that 100% of the
iiSNPs and ai,piSNPs were recovered. When compared to the 1 ng
phase I input results, more actionable data were recovered from
the 5 ml input of the most compromised samples (sheared +
digested). Correct, automated genotype results were generated for
the autosomal, Y-, and X-STRs, iiSNPs and ai,piSNPs at >86%, 72%,
62%, >95% and >97%, respectively, of the total possible loci in a full
profile (Fig. 9D). In one NA12878 sample with phase II treatment
(sheared only, 5uL (�45 ng) template) at DXS10135, alleles 20 and
32 were detected, while in the other two replicates the genotype
was (20,20). Genotype results are provided in Supplemental
Table 6.

To examine the degradation results in relation to ForenSeqTM

amplicon length, STRs were subdivided into three categories based
on their average amplicon length: short STRs, medium STRs, and
long STRs (Supplemental Table 7; Supplemental Fig. 3). Genotyping

Fig. 10. DNA Degradation Study. Forensic STR genotyping results relative to amplicon length. Genomic DNA (2800 M) was sheared using the Covaris S2 instrument (Shear
Only), and sheared plus the addition of a 1U DNase I (Shear + Digest). Shown are results for 1 ng phase I input amount (A and C) and phase II (5 ml) input amounts (B and D), for
the sheared, and sheared + digested treatments, respectively. Semi-automatically generated genotypes from the ForenSeqTM Universal Analysis Software were compared to
data from orthogonal methods (see Materials and methods), and the results plotted for autosomal STRs, Y-STRs, and X-STRs, relative to the maximum amplicon length of the
STR marker type (i.e., short, med, long) as described in Supplemental Table 7. Plot was generated in R v3.2.0.
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results for 2800 M and NA12878 were analyzed with respect to
each STR size category and locus type (autosomal, Y-, and X-) for
each degradation treatment (“Shear”, “Shear + Digest”) conducted
in phases I (1 ng) and II (5 ml). Fig. 10 indicates a pattern where
more data from the short and medium STRs was recovered, relative
to the longer STRs for 2800 M (for NA12878 see Supplemental
Fig. 4). Moreover, the increased, phase II input of partially degraded
DNA allowed recovery of actionable data, across all STR sizes.

3.7. PCR inhibition studies

Effects of a set of five known PCR inhibitors on amplification
efficiency of SNP and STR amplicons in the ForenSeqTM DNA
Signature Prep Kit were characterized. The five inhibitors tested
were hematin, humic acid, indigo dye, tannic acid and urban dust,
each of which were independently spiked directly into PCR1
(containing DNA Primer Mix B), at the following concentrations:
16.66 mM, 33.3 mM, 66.66 mM and 133.3 mM. 2800 M allele calls
were semi-automatically generated using the ForenSeqTM Univer-
sal Analysis Software (Supplemental Table 8).

As illustrated in Fig. 11, at the lowest tested concentration
(16.66 mM) of each of the five PCR inhibitors, data indicated that
a > 99% allele call rate was reached, across the 231 loci targeted by
DPMB. Indigo dye, at each of the other three concentrations (33.33,
66.66, 133.3 mM), did not inhibit amplification; 100% genotyping
was achieved at each concentration tested. Results were as follows
for humic acid and urban dust: complete, 231 locus profiles were
generated at 33.33 mM of both inhibitors; >98% call rates were
produced at 66.66 mM where some alleles were not detected above
the analytical threshold, and at 133.33 mM both of these inhibitors
caused nearly complete inhibition of allelic amplification (Fig. 11).
In contrast, hematin and tannic acid impacted amplification at
lower concentrations: at 33.33 mM, a decrease in call rate was
observed where �25% and �67% of loci were no longer detected,
respectively. At the highest tested concentrations of hematin and
tannic acid (66.66 and 133.3 mM), target amplification was
completely inhibited.

3.8. Accuracy, precision, and call rate

Data generated on the MiSeq FGxTM instrument in repeatability
and reproducibility studies using both DPMA (152 loci) and DPMB
(230 loci) of the ForenSeqTM DNA Signature Prep Kit, and analyzed

using the ForenSeqTM Universal Analysis Software, were used to
calculate genotyping accuracy and precision. The autosomal STR
locus D22S1045 was not included, as the primer set was still in
development at the time of these studies. The repeatability study
was defined as a single analyst preparing five identical, full 96-well
plates with 96 samples amplified with DPMA, and five identical 96-
well plates with 32 samples amplified with DPMB. Reproducibility
studies were defined as five analysts each preparing one full 96-
well plate of samples amplified with DPMA, and each preparing
one additional 96-well plate of 32 samples amplified with DPMB.
Data from these 20 MiSeq FGxTM instrument runs were analyzed
with the ForenSeqTM Universal Analysis Software and subjected to
manual review of QC indicators. All of the sequencing runs passed
the QC metrics for run quality; not all samples were above the
85,000 read general guideline (Supplementary Table 10). All non-
NTC samples were included in analysis and interpretation,
regardless of read depth. Resulting semi-automated allele calls
for 2800 M replicates (DPMA n = 950; DPMB n = 310) were
considered as concordant when they were the same as those
produced with orthogonal methods (i.e., fragment length based CE
of STRs or SNP based bead array typing). Accuracy was determined
by concordance analysis of alleles between the orthogonal CE or
SNP genotype and haplotype data and the ForenSeqTM DNA
Signature Prep Kit, excluding “Below AT” outcomes; those are
captured in call rates. Ambiguous genotypes were handled as
follows: if one allele at a locus was called, and was concordant with
a called allele from an orthogonal method, and one allele was
ambiguous, then only one allele was concordant. For example,
genotype (12,13) compared to genotype (12,*) was measured as
concordant at the 12 allele and discordant at the 13 allele).
Precision was calculated by determining the most frequently
observed genotype or haplotype at each locus and totaling the
percentage that genotype was observed over all replicates,
including “Below AT” outcomes. Call Rate was defined as the
percentage of loci that resulted in a genotype or haplotype (i.e. the
percentage of loci that didn’t result in a “Below AT” result)
(Supplemental Fig. 5).

Accuracy and precision statistics are shown for ForenSeqTM

autosomal STRs, Y-STRs, X-STRs, iiSNPs, and for ai,piSNPs, targeted
by DNA Primer Mixes A and B, respectively (Table 2 and
Supplemental Table 9). The accuracy calculations showed that
the 58 autosomal, Y- and X-STR genotypes amplified with DPMA
and DPMB PCR1 were 100.00% concordant across all STR loci. The

Fig. 11. Genotyping Results from PCR Inhibitor Testing. Five known PCR inhibitors were spiked into PCR1 of the ForenSeqTM Kit, with DNA Primer Mix B. Genotyping results
achieved in the presence of varying concentrations of hematin, humic acid, indigo dye, tannic acid and urban dust were plotted vs. triplicate 2800 M control sample genotypes
semi-automatically generated using the ForenSeqTM Universal Analysis Software. Genotype results were categorized as “Concordant” (blue), “Ambiguous Genotype” (green),
“Below AT” (orange), and “Discordant Allele(s)” (black) (see Materials and methods) at the 231 loci targeted by DPMB.
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total 94 iiSNP genotypes targeted by DPMA and DPMB were
�99.16% concordant and complete. Genotypes at the additional 78
ai,piSNP loci targeted by DPMB were 100.00% concordant and
complete.

Further analyses were conducted to investigate impacts of read
number per sample, relative to multilocus profile completeness
(using default thresholds), as well as to no template controls
(NTCs), from the 950 samples amplified using DPMA in the
repeatability and reproducibility studies. Numbers of STR loci and
iiSNP loci with “Ambiguous Genotype”, “Below AT”, or “Discordant
Allele(s)” were plotted relative to total reads per sample (Fig. 12
and Supplemental Table 10). Data ranged from 100% completeness
and concordance to one sample where none of the 58 STRs nor
Amelogenin was detected above the default interpretation
threshold (Fig. 12A), and to 134 samples where four or more
iiSNPs were not called (Fig. 12B). Fig. 11 indicates that as total
reads/sample decreases below approximately 85,000 reads (hori-
zontal blue line) there can be an associated reduction in allele
calling when default ForenSeqTM Universal Analysis threshold(s)
are used. Thus, a general 85 K read guideline may provide a quality
control run metric. Samples with <85 K reads may produce
complete profiles. If some alleles are not detected (ND), then
sufficient data (read counts) may be generated for interpretation of
the partial profile.

The twenty NTC samples from repeatability and reproducibility
studies (one NTC per sequencing run) were assessed. Ten of the
NTCs were amplified with DPMA, and ten with DPMB. Of these,
eight NTCs amplified with DPMA and seven NTCs amplified with
DPMB were 100% blank (zero reads) for all 152 and 230 loci,
respectively. The number of reads above the default AT, ranging

from 11 to 160 reads, were detected in the remaining five NTCs at
no more than four loci per NTC (Supplemental Table 9).

4. Discussion

Next-Generation Sequencing (NGS), also known as Massively
Parallel Sequencing (MPS), allows for targeted forensic NGS and
genotyping based on the fundamental nucleotide sequence of STRs
and SNPs. The MiSeq FGxTM Forensic Genomics System enables
simultaneous PCR amplification and sequencing of STR and SNP
loci in a single reaction, with one workflow and analysis tool, for
operational efficiency and maximum information potential.
Biogeographical ancestry and phenotypic informative SNPs can
provide investigative lead information [71–73,80–85]. While
sequencing by synthesis (SBS) overcomes some limitations of
fragment-length detection by CE, and expands forensic capabili-
ties, there are considerations for MiSeq FGxTM System implemen-
tation. Price of the instrument is similar s those of capillary
electrophoresis platforms. Price per sample depends on the
number of samples/run, and ranges from approximately $50-80
per sample for ForenSeqTM library preparation and MiSeq FGxTM

sequencing. ForenSeqTM DNA library preparation, PCR-based and
comprised of common molecular biology methods, requires more
preparation time than a one-step PCR. Hands-on time for
ForenSeqTM PCR1 is estimated at 15 min and 3 h 35 min of
thermalcycling, and for PCR2 at 10 min of hands on time and
90 min of thermalcycling. Library purification and normalization
using Sample Purification Beads (SPB) require approximately
45 min of hands-on time, and a total of one hour and fifty minutes.
Average run time on the MiSeq FGxTM instrument for the protocol
described herein is approximately 27 h and 14 min (range 25 h
39 m � 29 h 35m). Data analysis of autosomal, X-, Y-STRs and ii,pi,
aiSNPs using the ForenSeqTM Universal Analysis Software typically
required 34 min 49 s (range 10 m � 1 h), for a total sequencing and
data analysis time of approximately 28 h.

Data reported here from SWGDAM developmental validation
studies of the MiSeq FGxTM System demonstrates robust, reliable,
reproducible and semi-automated allele calling that meets
established forensic validation guidelines. Backward compatibility
of allele calling with existing law enforcement STR databases is
maintained. Robustness was assessed through analysis of a range
of environmental and situational circumstances, including species
testing, DNA sensitivity studies, two-person DNA mixture testing,
stability analysis of partially degraded DNA samples and of

Table 2

Accuracy and Precision Statistics for the MiSeq FGxTM Forensic Genomics System.

DPMA

aSTRs (%) Y-STRs (%) X-STRs (%) iiSNPs (%)

Accuracy 100.00 100.00 100.00 99.16
Precision 99.89 99.86 99.04 97.84
Call Rate 99.89 99.86 99.04 99.51

DPMB

aSTRs (%) Y-STRs (%) X-STRs (%) iiSNPs (%) ai,piSNPs (%)

Accuracy 100.00 100.00 100.00 99.73 100.00
Precision 100.00 99.74 100.00 99.45 100.00
Call Rate 100.00 99.74 100.00 100.00 100.00

Fig. 12. Total Reads per Sample Relative to STR and iiSNP Genotype Concordance. The total numbers of ForenSeqTM reads per sample in DPMA (y-axis) are shown relative to
binned outcomes of the number of “Ambiguous Genotype”, “Below AT” or “Discordant Allele(s)” categories (see Materials and methods) for 2800 M (n = 950). 85,000 total
reads (horizontal blue line) provides a general guideline for minimum read count needed to approach a full profile. Boxplots were generated using R v3.1.
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reactions that included known PCR inhibitors. Across all studies,
quality indicators in the ForenSeqTM Universal Analysis Software
assisted analysts in evaluating information content in each run to
verify semi-automated allele calls relative to default thresholds
and filters. Individual laboratories may choose to modify these
values and analysis parameters in enacting specific internal
laboratory policies or in relation to particular questions and
scenarios at hand.

Data used to assess reliability and reproducibility of the MiSeq
FGxTM System allowed for measurements of accuracy and of
precision in allele typing. The gDNA sample 2800 M was sequenced
hundreds of times with >99% accuracy and precision in both STR
and SNP genotype calling. A call rate of >99% was observed for the
152 and 230 loci targeted by DNA Primer Mix A (DPMA) and DNA
Primer Mix B (DPMB), respectively. Conventional amplicon sizing
by capillary electrophoresis can be inaccurate regarding actual
length determination, but precise when length-based allele calls
are made relative to �0.5 bp bins around alleles of a physical allelic
ladder [5]. This report offers a look at both the accuracy and the
precision of higher resolution allele typing that is not based upon
amplicon sizing.

The desired number of reads (depth of coverage) per locus
determines the maximum number of ForenSeqTM DNA libraries
processed simultaneously, in one run. The MiSeq FGxTM System
was assessed with various numbers of libraries; data here are
reported on 96 samples for high-quality, single source DNA
samples, using DPMA, and 32 samples with DPMB. Under these
conditions, the success rate for profiling lysates from various blood
and buccal collection substrates was observed as follows: for
DPMA >88% of samples yielded full profiles (153 loci), while 68% of
samples with DPMB produced full profiles (231 loci). >92% of DPMB
samples produced genotypes at >90% of loci (208 loci). Depending
upon the depth of read coverage and level of profile completeness
required to address the question at hand, individual laboratories
may determine that more or less than these numbers of samples
per run are appropriate. For example, if a lower limit of detection of
minor component(s) in mixed DNA samples is desired, then <32
samples per run can provide deeper coverage per locus than
studies presented here (and vice versa for higher LOD). The
autosomal STR locus D22S1045 should be interpreted with caution
as more imbalance in read counts may be seen between alleles of a
heterogyzote than observed at other loci. Three SNP loci
(rs10776839, rs7041158, rs6955448) displayed higher relative
levels of intralocus imbalance than the majority of loci. The rapidly
mutating Y loci demonstrate higher stutter percentages relative to
the other Y loci, consistent with CE methods.

Results from the species specificity studies are not unexpected,
as species cross reactivity has been reported for the GlobalFiler1

Express kit, PowerPlex1 ESI 16/17 Fast, PowerPlex1 ESX 16/17 Fast
Systems, the AmpF‘STR1Yfiler1 PCR Amplification kit, and several
other forensic PCR multiplexes [10,86,87]. The MiSeq FGxTM

System generated complete, accurate and reproducible genotypes
from input DNA ranging from 62.5 pg to 1 ng in sensitivity studies
(serial dilutions).

Some mixed samples may not be detected with CE systems due
to limit of detection differences, equi-length alleles that differ by
sequence, or minor sequence variant alleles that are masked at a
stutter position of a parent allele. In some mixtures, CE data
indicate a single source sample or a two-person mixture, where
NGS detects alleles from three and upwards of five or more DNA
contributors (David Ballard, personal communication). Since NGS
detects and identifies intra-STR sequence variants [88–90], the
total complement of alleles are provided, at the nucleotide level.
Mixture studies described here demonstrated the ability of the
MiSeq FGxTM System to detect shared, and unshared (unique,
obligate) minor contributor alleles at less than 5% of the major

donor. Initial considerations regarding an approach to nomencla-
ture of refined STR alleles are available from the DNA Commission
of the International Society of Forensic Genetics (ISFG) [91].

Recovery of actionable genetic information from partially
degraded DNA samples is possible using the MiSeq FGxTM System
because >50% of the 230 targeted amplicons are less than 205nt in
length. Partial profiles from template input as low as 7 pg produced
random match probabilities as rare, or rarer, than as those from the
13 CODIS core STR loci.
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