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This work explores the inﬂuence of several variables on stutter formation across sequenced autosomal STR loci
(simple, compound, and complex motifs) and diﬀerent alleles within each locus. The variables are sequence
variations within the repeating motifs and ﬂanking region [1,2]; longest uninterrupted stretch (LUS) [3]; parental allele length [3]; and base pair content and length value of each repeating motif from which the stutter has
generated [3,4]. Over six hundred unrelated individuals from diﬀerent populations were ampliﬁed with the
prototype PowerSeq 46GY System and sequenced on the Illumina MiSeq platform. Raw FASTQ ﬁles were analyzed with STRait Razor v3 [5]. Stutter ratio was calculated for motifs that exhibited stutter using the ratio of the
observed coverage of the stutter sequence at (N-1) position to the observed coverage of the allelic sequence.
Understanding the behavior (abundance, reproducibility, sequence context) of non-allelic artifacts will help in
establishing probabilistic models for the prediction of stutter rate and interpretation of sequence-based STR
proﬁles.

1. Introduction

2. Methods

PCR ampliﬁcation is a standard step for enriching and targeting STR
loci for high-throughput sequencing, thus stutter products and additional artifacts are generated and observed with sequencing data.
Artifacts are in the form of (1) substitutions (sequences with the same
length of the parent allele and/or stutter but with ≥ 1 base substitution); (2) insertions; and (3) deletions [6]. Stutter and artifacts can
cause a challenge in accurately genotyping alleles and assigning the
number of contributors when interpreting low-level mixtures. Thus,
understanding the behavior of artifacts and characterizing the diﬀerent
stutter variants generated from the various motifs of the same parent
allele will assist in generating models for interpreting sequence-based
STR proﬁles. Studying artifacts can also help in establishing analytical
thresholds to discern between allelic and non-allelic sequences. In this
work, we focus on studying those sequences observed for 22 autosomal
STR loci present in the prototype PowerSeq 46GY System (Promega,
Madison, WI) and sequenced on the Illumina MiSeq FGx platform (Illumina, San Diego, CA).

2.1. Sample sequencing
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672 NIST population samples were sequenced using the prototype
PowerSeq 46 GY System (Promega, Madison, WI) following manufacturers’ protocol using 1 ng of DNA template. The resulting library
products were sequenced on a MiSeq FGx instrument (Illumina, San
Diego, CA) using the MiSeq Reagent Kit v3 600-cycle (Illumina). R1 and
R2 reads were collected. The average coverage per sample was greater
than 190,000 X (for all 46 loci).
2.2. Data analysis
The FASTQ ﬁles were analyzed using STRait Razor 3.0 [5]. Data
were further parsed using custom tools in R. The 22 autosomal STR loci
in the kit were examined. Sequences observed at greater than one
percent of the total locus coverage were binned and further examined.
This analysis was performed solely for homozygous loci only to avoid
sequence contributions from a sister allele that might confound the
initial characterization.
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Fig. 1. Sequencing artifacts observed for FGA.

3. Results and discussion
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3.1. Sequencing artifacts and stutter observed for FGA
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Fig. 1 illustrates the results from examining the autosomal STR locus
FGA with the compound repeat structure: [GGAA]n GGAG [AAAG]n
AGAA AAAA [GAAA]n. The artifacts for seven allelic sequences observed in our data are shown. A total of 76 homozygous instances for
FGA were present in the dataset. The y-axis is the coverage ratio (in
percent) relative to the parent allele per sample. The bracketed motif
for each allele is shown at the top of the plot. The red circles represent
N-1 stutter that ranged from 4.9 to 11.6%. The trend of the N-1 stutter
was relatively linear (r2 = 0.986) for FGA and followed expectations of
increasing with the LUS. For alleles with a greater number of observations (alleles: 21, 22, 23, 24) the range of N-1 stutter within the
allele varied up to 4%. Darker red circles represent N-2 stutter products.
Observations of N + 1 stutter (blue circles) were present at longer alleles (21–25). The green circles and triangles represent single base
substitutions observed in the parent allele. These may have originated
from polymerase misincorporation or sequencing bias and warrant
further investigation.
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The targeted sequencing of STR markers will further elucidate not
only variations in stutter motifs but also additional reproducible artifacts that may originate from polymerase error, sequence platform bias,
etc. Understanding the behavior (abundance, reproducibility, sequence
context) of sequences other than the ‘pure’ parent allele will help in
establishing probabilistic models for the prediction of stutter rate and
interpretation of sequence-based STR proﬁles.
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