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Abstract

Traditionally, Sanger sequencing was used to characterize reference materials and con-
firm discordant allele calls from different STR typing kits at the National Institute of
Standards and Technology (NIST). Sequencing can also identify genomic variations
within polymerase chain reaction (PCR) amplicons containing STRs, particularly variants
that result in null alleles and alleles that do not migrate within allele sizing bins provided
by kit manufacturers. However, Sanger methods are low-throughput, time- and labor-
intensive, and require additional procedures for analysis of heterozygous alleles. To ad-
dress these limitations, a quicker, more straightforward protocol that uses next-generation
sequencing (NGS) was developed. By applying NGS technology to forensic samples con-
taining variant alleles, additional information can be obtained about their molecular basis,
and this information can be published and shared across the forensic community. The
development of this protocol can increase awareness and encourage the integration of
NGS technology into forensic laboratories to improve forensic DNA typing for human
identification. This research provides the criteria used to individually sequence thirty-five
autosomal STR loci, with PCR primer locations chosen to increase amplicon length and
maximize the likelihood of detecting variants in the flanking region. The list of targeted
sequences, associated primers, and chromosomal coordinates is also included.

Keywords: variant allele; next-generation sequencing; Sanger sequencing; null allele;
off-ladder allele

1. Introduction

Forensic DNA typing is a comparative technique used by investigators to identify
individuals by analyzing unique patterns within their genetic material. This method fo-
cuses on typing short tandem repeats (STRs), which are short repeating sequences of DNA
at specific locations on a chromosome [1]. Because the number of repeats at any given site
varies from person to person, forensic scientists can measure these lengths to create a
DNA profile. The measured PCR amplicon lengths are compared to an allelic ladder,
which is a mixture of DNA fragments containing the most common known alleles (repeat
lengths) for the assignment of an allele to an unknown sample [1].

Variant short tandem repeat (STR) alleles do not conform to the expected allele sizes that
a kit vendor considers when developing an allelic ladder (or the bins/panels settings within
the analysis software). Most of the variant alleles observed are microvariants and/or “off-
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ladder alleles,” in which an insertion/deletion mutation (indel) is present in the STR or the
region between the STR sequence and the PCR priming site, known as the flanking region,
resulting in an allele size different from the allelic ladder fragments [2]. For these variants,
laboratories can extrapolate the allele designation based on the neighboring allelic ladder frag-
ment sizes or designate that allele as greater or less than the closest ladder allele. A larger indel
can cause an allele to migrate between two loci within the same dye channel in an electropher-
ogram [3]. In extreme cases, the off-ladder allele from one locus can migrate into the region of
a different locus in the electropherogram [4], creating potential for misinterpretation. In addi-
tion to off-ladder alleles, a single-nucleotide polymorphism or an indel in a PCR primer bind-
ing region can lead to reduced or no amplification, also called a null allele, in which the allele
appears at a lower peak height or drops out altogether [2].

As part of the forensic genetics projects at the NIST, samples that were STR typed by
traditional capillary electrophoresis (CE) methods and demonstrated off-ladder or imbal-
anced/null allele calls at a locus were sequenced for that specific locus to identify the cause
of the observed CE electropherogram result. Over the years, candidate samples were com-
piled primarily through discordances identified in the NIST U.S. population samples
when genotyped with multiple commercial CE STR typing kits, during the pre-release
testing of new CE STR typing kits, and in the development of in-house multiplexes [2,5,6].

Historically, this effort relied on Sanger sequencing methods. For heterozygous loci, the
alleles must be physically separated, and the subsequent excised bands incubated overnight
in TE+ buffer prior to Sanger sequencing to avoid “phasing” issues that complicate and ob-
scure the interpretation of the sequencing electropherogram. Otherwise, the sequences would
be obscured by a mixture of signals from the two alleles [2]. The Sanger sequencing method,
as implemented for variant allele sequencing at the NIST, required five to seven nanograms
of extracted DNA template for PCR amplification and sufficient visualization on an acryla-
mide gel, as opposed to a single nanogram being sufficient for an NGS-based method, making
the latter a more favorable option (See Figures 1 and 2 for Sanger and NGS workflow dia-
grams). The nature of NGS methods presents a more efficient technology for this application,
as all reads originate from a single DNA template molecule and are distinctly observable; thus,
the physical separation of heterozygous alleles is not required.
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Figure 1. Sanger sequencing workflow for variant allele characterization. Created in BioRender.
Mullen, L. (2026) https://BioRender.com/aix20du.
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Figure 2. Next-generation sequencing workflow for variant allele characterization. Created in Bio-
Render. Mullen, L. (2026) https://BioRender.com/gey8oxt.

Here, we describe a method for sequencing one or more samples containing a sus-
pected variant at a targeted STR locus included in commercial forensic STR typing kits
using NGS-based techniques. The initial proof of this method was performed for thirty-
five commonly used autosomal STR loci.

2. Materials and Methods
2.1. Samples

Component C from the NIST Standard Reference Material (SRM) 2391d PCR-Based
DNA Profiling Standard (human DNA extracts) at a concentration of 1 ng/uL was used as
the DNA template during the initial phases of protocol development when the PCR pa-
rameters were being modified [7]. After the preliminary phase, NIST U.S. population sam-
ples with known variants were used to evaluate the protocol’s efficacy under the chosen
parameters.

2.2. Primer Design Criteria

With the eventual goal of identifying sequence variations within the flanking regions
of commercial amplification kits, the primer locations were chosen to span a broad range
of the flanking regions on both ends of the target region. Because the exact primer loca-
tions of the targeted loci in commercial amplification kits are proprietary information, we
instead designed primer locations that would result in amplicon sizes larger than those
present in commercial kits, to the extent possible without exceeding approximately 500
base pairs (bp) in amplicon size. To facilitate primer design that encompasses the com-
mercial primer sites, amplicon length comparisons were made across twenty-seven com-
mercial PCR amplification kits from Promega Corporation (Madison, WI, USA), Thermo
Fisher Scientific (Waltham, MA, USA), and QIAGEN (Germantown, MD, USA). Tables of
these amplicon length comparisons can be found in Supplementary Tables S1-S3.
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Initially, thirty-eight autosomal STR loci found across various commercial STR am-
plification kits were targeted for monoplex assay design (See Supplementary Tables S1-
S3). Primer design was performed by first obtaining sequences from the human genome
reference assembly, GRCh38.p14, that contained the STR region and extended flanking
regions on each end of the repeat. The sequences were input into Primer3, and the primer-
selection conditions were set as described in [8-11]. These conditions included the desired
amplicon length range, GC content, primer length range, and primer annealing tempera-
ture (Tm). Initially, the conditions were limited to a small range; if no primers were iden-
tified within that range, the range was expanded. The GC content percentage was initially
set to be between 45% and 55%, and the annealing temperature was set to be between 59
°C and 61 °C. The default setting of 18 to 23 bp was used for the primer size range. The
amplicon length range was determined by identifying the minimum length required to
exceed the amplicon lengths targeted in commercial amplification kits without exceeding
500 bp from end to end. To simplify the protocol development where possible, the primers
were designed so that the subsequent PCR amplification could be performed using one
set of thermal cycler parameters regardless of the locus being targeted, wherein a 60 °C
Tm was chosen as the optimal temperature, with a maximum variation of +2 °C when
primers resulting in the required amplicon length range were unable to be generated at
the optimal Tm. Once primer sequences that fell sufficiently within the chosen parameters
were selected, they were input into the National Institutes of Health’s NCBI Primer Blast
tool to verify chromosomal location and assess non-specific binding [12]. These chromo-
some coordinates were then entered into gnomAD v4.0.0 using GRCh38.p14 as a reference
to identify reported single-nucleotide polymorphisms (SNPs) within the primer binding
sites [13]. If a SNP in the primer binding site occurred at a frequency greater than 0.1% in
any of the population groups recorded in gnomAD v4.0.0, alternative primers were iden-
tified and assessed using the same process described above. Previously designed primers
for Sanger sequencing that did not meet the chosen criteria were redesigned for NGS. A
complete list of primers, sequences, and their chromosomal coordinates (GRCh38.p14) for
the successfully targeted and sequenced loci is provided in Supplementary Table S4.

2.3. PCR Mix and Amplification Parameters

Primers were synthesized by Eurofins Scientific (Luxembourg, Belgium) and diluted
to a working concentration of 10 uM. Platinum II Taq Hot-Start DNA Polymerase enzyme
(Thermo Fisher Scientific) was used because of its optimization for a 60 °C Tm. The master
mix was prepared without primers, as one set of primers targeting a single locus was
added individually to each amplification reaction. Multiple PCR amplifications were per-
formed for each targeted locus, starting at 30 cycles and increasing the number of cycles
until dark bands with minimal smearing were observed using the Lonza FlashGel System
(Walkersville, MD) to visualize the resulting PCR products. It was determined that 35 cy-
cles yielded a sufficient quality and quantity of PCR product at each locus for downstream
sequencing. The final PCR component volumes and amplification parameters are pro-
vided in Supplementary File S1. Three loci (D251338, D353045, and D552500) amplified
poorly and require primer redesign; these three loci were not carried forward to library
preparation and sequencing. PCR products for the remaining thirty-five loci were quanti-
fied using the Qubit Fluorometer (Thermo Fisher Scientific) and the manufacturer’s Qubit
dsDNA High Sensitivity Assay Kit protocol to ensure at least two nanograms per micro-
liter of PCR product was present prior to library preparation [14].

2.4. Adapter Ligation and Library Cleanup

Library preparation was performed using the QIAGEN QIAseq 1-Step Library Am-
plification Kit and the QIAseq 1-Step Amplicon Library UDI-A Kit (96) [15]. This included
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one-step end repair and ligation of dual-index adapters from the QIAseq UDI Y-Adapter
Kit A plate, followed by several wash steps using AMPure XP Beads (Beckman Coulter,
Brea, CA, USA). Amplification of the purified library was performed using the manufac-
turer’s recommended protocol to target 50 ng of PCR product; however, all reagent and
template volumes were halved for the one-step adapter ligation, resulting in a 25 pL total
reaction volume rather than the 50 uL described in the manufacturer’s protocol. In early
testing, this was compared with results obtained with the full reaction volume, and no
differences in library quality or quantity were observed. Manufacturer-recommended re-
agent volumes for all other steps were used for the remainder of the library preparation.

2.5. Quantitation of Libraries

Libraries were quantified using the QIAGEN QIAseq Library Quant Assay Kit fol-
lowing the Real-Time PCR for QIAseq Library Quant Assay Kit for Ion Torrent or Illumina
protocol [16]. All steps were performed following the manufacturer’s recommended pro-
tocol and using primers for the Illumina platform. Instrument parameters were selected
according to the manufacturer’s recommendations for qPCR using the Applied Biosys-
tems 7500 Real-Time PCR System (Waltham, MA, USA).

2.6. Library Pooling

Libraries were prepared for sequencing using the MiSeq System Denature and Dilute
Library Guide Protocol A: Standard Normalization Method, and initially diluted to 4 nM.
Equal volumes of the 4 nM library and 0.2 N NaOH were combined for denaturation, and
then the subsequent denatured library was diluted further, resulting in a 12 pM loading
concentration [17]. This protocol was also used to dilute and denature the PhiX control to
12 pM. A 10% spike-in of 12 pM PhiX Control v3 (Illumina, San Diego, CA, USA) was
combined with the prepared libraries for sequencing.

2.7. Sequencing

The MiSeq Reagent Nano Kit v2 (500-cycles) (Illumina) was used to sequence the
samples on a MiSeq FGx Sequencing System in Research Use Only (RUO) mode. This kit
was chosen for its cost-effectiveness in sequencing a small number of samples, making it
ideal for sequencing a suspected variant. Furthermore, the targeted amplicons in most
commercial PCR amplification kits range from approximately 100 to 500 bp, making a 500-
cycle reagent kit more likely to include the region of interest than a lower-cycle-number
kit. Although the Nano Kit yields up to two million paired reads, compared with at least
fifteen million with other MiSeq reagent kits, this was proven sufficient for accurate vari-
ant allele characterization.

2.8. Verification of Sequences and Data Analysis

Initial sequencing was performed to confirm that sufficiently high-quality sequence
data could be generated at each locus using the selected primers and protocol conditions.
SRM 2391d Component C was amplified in monoplex PCRs (each reaction containing only
one primer set), each monoplex PCR product was labeled with a unique index combina-
tion (barcode) during library preparation, and all barcoded monoplex sample libraries
were combined into a single library pool for sequencing. For analysis, paired-end run
fastq.gz files from the sequencer were imported into Geneious Prime v.2024.0.5 (Dot-
matics Inc., Boston, MA, USA) for sequence analysis. Both read 1 (R1) and read 2 (R2) at
each locus were imported simultaneously to generate a single paired read file. These lo-
cus-specific sequences were then aligned with the corresponding GRCh38.p14 reference
sequence (see Supplementary Table S4 for coordinates used to obtain reference se-
quences). This same data analysis process was performed during later testing of samples
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containing known variants, using GRCh38.p14 as the reference sequence. Once aligned,
sequence differences between the reference and the sample were evaluated.

2.9. Nucleotide Diversity

When a small number of loci are targeted in a sequencing run, and particularly when
the loci exhibit highly unequal distributions of nucleotide bases, all four bases may be
unevenly represented in each cycle of sequencing. If a base is underrepresented in one
cycle and this continues to occur over the course of multiple cycles, the lack of fluorescence
may cause clusters to be rejected by the software filter. The resultant poor sequence qual-
ity and significant fluorescent signal imbalance in a single channel can become problem-
atic [18]. This may be reflected in a cluster density below the recommended target range,
measured in thousands of clusters per square millimeter (K/mm?). This was observed in
the later phases of research once all other aspects of the protocol were optimized and sam-
ples were sequenced individually or in small groups, targeting only a few markers at a
time to identify variants. Specifically, this was observed after a sequencing run targeting
only two loci, both of which were highly unbalanced in their base distributions. This run
had a cluster density of 690 K/mm? which is below the recommended range of 1000 to
1200 K/mm? for sequencing with the Illumina MiSeq Reagent Nano Kit v2, and a passing
filter value of 8%, indicating a significant number of base-calling errors [18]. Because this
protocol was developed to target only a locus containing a suspected variant, this lack of
nucleotide diversity became a recurring issue for many locus combinations. This can be
addressed by increasing the PhiX control concentration in the pooled libraries to produce
a more equal distribution of bases, as recommended by the manufacturer [18]. However,
the volume and concentration of PhiX control would require optimization for each se-
quencing run. As an alternative, PCR primers from five STR loci with a nearly equal dis-
tribution of all four bases were combined for the multiplex amplification of D2251045,
D135317, D165539, D851179, and TPOX. Going forward, when variants are characterized
via sequencing, this five-plex can be amplified with a control sample (e.g., NIST SRM
2391d) and processed alongside the variant samples. This allows the PhiX spike-in to re-
main consistent while ensuring the nucleotide diversity required for high-quality se-
quencing data.

3. Results
3.1. SRM 2391d Component C Sequencing Results

Initial analysis of sequence data was performed using previously established STR
sequence data for SRM 2391d Component C to evaluate the reliability of this methodology
for characterizing variant alleles [7]. An example of sequence data results is shown in Fig-
ure 3 at the Penta E locus. In this example, the GRCh38.p14 reference sequence used to
align the sample sequences is a “5 allele” (an allele containing 5 repeats), and SRM 2391d
Component C is known to be heterozygous at this locus, with a genotype of 12,14. This
analysis of 2391d Component C produced the expected results for the thirty-five loci suc-
cessfully sequenced, confirming that the desired region within the genome was properly
targeted and that the expected repeat motifs, as well as flanking regions, were sequenced.
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Reference Sequence

CTCOTTAGAAT TR TG G @I - - - - - === == === === == === === —ooo oo GAGAETGAGTETTGETTAGTEG

280 296 297 305 315

14 allele

12 allele

[FAGACTGAGTCTTGETCAGTEG
FAGAETGAGTCTTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
[AGACTGAGTCTTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
LFAGACTGAGTETTGETCAGTEG
FAGAGTGAGTETTGETCAGTEG
LFAGACTGAGTETTGETCAGTEG
LFAGACTGAGTETTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
FAGACTGAGTCTTGCTCAGTEG
FAGACTGAGTCTTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
LFAGACTGAGTCTTGCTCAGTEG
[FAGACTGAGTCTTGETCAGTEG
[FAGACTGAGTETTGETCAGTEG
[AGACTGAGTCTTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
[FAGACTGAGTETTGETCAGTEG
FAGACTGAGTCTTGETCAGTEG
GACTGAGTCTTGETCAGTCG

-~ - GAGACTGAGTETTGETCAGTEG
- - - GAGAETGAGTETTGETCAGTEG
-~ -~ GAGACTGAGTCTTGETCAGTCEG
- - - GAGACTGAGTETTGETCAGTEG
""""" GAGACTGAGTCTTGETCAGTEG
--------- GAGACTGAGTCTTGETCAGTEG
-~ - GAGACTGAGTCTTGETCAGTEG
== - GAGACTGAGTETTGETCAGTCG
- - GAGACTGAGTETTGETCAGTEG
-- - GAGACTGAGTETTGETCAGTEG

Figure 3. Sequence data of SRM 2391d Component C at locus Penta E. The GRCh38.p14 reference
sequence contains a 5 allele, whereas SRM 2391d Component C has a genotype of 12, 14. The 5
[TCTTT] repeats of the reference sequence are shown at the top of the figure. Black outlining delin-
eates the 14 [TCTTT] repeats from the 12 [TCTTT] repeats.

3.2. Variant Allele Sequence Data

A suspected null allele at locus D195S253 was initially detected when comparing the
genotype of sample ZT80369 from the NIST population sample set using two different
CE-based assays (referred to herein as assay A and assay B for simplicity). As shown in
Figure 4, the genotype generated using assay A was a well-balanced 11,12 at this locus,
whereas the genotype from assay B appeared as a homozygous 12,12 (4084 relative fluo-
rescent units or RFUs), with a small peak observed in the 11 allelic ladder bin (708 RFUs).
Given the peak height ratio of 17.3% between the 11 and the 12 allele, this peak would
likely be interpreted as an n-1 stutter peak, meaning that the 11 allele observed in assay A
either completely dropped out or amplified poorly with assay B.

[ D195253
320 330 340 350 360 200 .
fi A
I J \I A\
T I T R ¥ I N ™ T ¥ N ¥ M M ¥ N ™ N -{- T
1 1
3405 708
3739 212.19
12 12 .
4.4 4084
(A) 4000 | Assay A (B) 216.28 Assay B

Figure 4. Comparison of results at D195253 from the same sample genotyped with two different CE-
based assays. Assay A resulted in a well-balanced 11,12 genotype (A), and assay B resulted in an
imbalanced (17.3% PHR) 11,12 genotype (B), where the 11 allele would likely be interpreted as an

n-1 stutter. NOTE: Different instruments and software were used to genotype and analyze results

https://doi.org/10.3390/genes17060617



Genes 2026, 17, 617 8 of 11

from assays A and B due to one having been designed for 8-dye chemistry and the other for 5-dye

chemistry.

Through analysis of targeted sequencing data of sample ZT80369 at locus D195253,
a C>T SNP was located in the 5’ flanking region of the 11 allele sequence. It was not ob-
served in the flanking sequence of the 12 allele. This SNP is likely to be within the primer-
binding region of assay B, resulting in the attenuated amplification of the 11 allele when
amplified with this assay. This determination was supported by the sequencing data in
Figure 5, which shows a subset of the 11 allele sequences of the sample in comparison to
a reference sequence from GRCh38.p14 and the location of the C>T SNP (rs920559051) in
the 5’ flanking region. Sequence data of the 12 allele, which does not contain the SNP, is
shown in Figure 6.

388 398 408 418 428 438 448 458 468 478 488 498 508 518 528
t T EGABETRTARACEGTCEAGT G GABATGET GTG ETEATEAT GGRAAT GTATTTATTTATEEAGA CTAATAG GGRT , ‘
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAAATGTATTTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC- - - -A

[
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAAATGTGT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATECTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATG- == =A

r6TGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCC I'GGG/\MTGT/\TTTATTTCTCCAGAGTf\/\TAGA/\TTAATAGGATATCAATATCTACATIETATCTATCT/\TCTATCTATCTATCTATCTATCTATCTATCTATC' mal
rGTGANACCTCTAAAGCCTGCAGTGGGECCTGCTGTGGCT (Y((TGGGAMTGTATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC- ===A
rGTGARACCTCTAAAGCCTE C>T SNP FCTCC fGGGAAATGTATTTATTTCTCCAGAGTAATAGAAT'AATAGGATATCAATATCTACATI‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC--- A
rGTGARACCTCTAAAGCCTG (@ (da YGGGAAATGTATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGARACCTCTAAAGCCTG (r5920559051) CTCCTGGGAAATGTATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC

S TGGGACCTGCTGTGGCTCCTCCTGGGAAATGTATTTAT TTCTCCAGAGI'AATAGAATTAATAGGATATCAATATCTACATIETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTAYC
GCAGTGGGACCTGCTGTGGLTCCTCC TGGGAMTGTATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
AGCCTGC A(JGGGACCTGC7GTGGCTCCTCCTGGGAMTGT.TTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI‘:TATCTATCTATETATCTATCTAT(TATCTATCTATCTATCTATC
CTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAAATGTATTTAT TTCTCCAGAGTAATAGAATTAATAGGATATCAATAT(TACAT!‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTAT(TAT(
rGTGARACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTAT TTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI"TATCTATCTATCTATCTATCTAT(TATCTATCTATCTATCTATC
16TGARACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTAT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATE TATCTATCTATCTATCTATCTATCTATCTATCTABCTATCTATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTAT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATE TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC

rGTGAMACC TCTAAAGC CTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAAT GTATTTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC

rGTGAMACCTCTAAAGC
reTGABACCTCTA

rGTGARACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTATTTAT TTCTCCAGAGTA=TAGAAT TAATAGGATATCAATATCTAC ATI%TAT(TAT.TATC TATCTATCTATCTATCTATCTATCTATCTATC

|
rGTGARACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTAT TTAT TTCTCCAGAGTAATGGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC

rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAAT GTATTTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATE TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAAAT GTAT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTAC ATl‘IYATCTATCT/\TCT/\TCTATCTATCTATCTATCTATCTAT(TATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAAATGTATTTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTAC ATl‘:TATCTAT(TATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCC TGGGAMTGTATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATI‘:TATCTATCTATC TATCTATCTATCTATCTATCTATCTATCTATC
reTeaiiacc TCTAAAGCCTGCAGTGGGACCTGCTGTGGCTCCTCCTGGGAMTGTATTTATTTCTCCAGAGTAATAGAAYTAATAGGATATCAATATCTACATI‘:TATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACC TCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAAT GTATTTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGGAATGTAT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTAC AYlE TATCTATCTATCTATCTATCTATCGATCTATCTATCTATCTATC
r6TGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCC TCCTGGGAAATGTAT TTAT TTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
I GTGABACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCCTGGGAAATGTAT TTATTTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATITATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
GTGAACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCC TGGGAAATGTAT TTATTTCTCCAGAGTAATAGAAT TAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
ACCTCTAAAGCCTCCAGTGGUACCTGLTOTGGCTCCTCC TOOGAR L= CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
r6TGAMACCTCTAAAGCCTGCAGTGGGACCTGC TGTGGCTCCTCC TGGGAAA TATTTATTTCTCCAGAGTAATAGAATTAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGCARACCTCTAAAGCCTGCAGTGGGACCTGC TGTGG| CAGAGTAATAGAATTAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACCTCTAAAGCCTGCAGTGGGACCTGCTGTGE 5’ FlaI\ijlg Reglon CAGAGTAATAGAATTAATAGGATATCAATATCTACATETATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATC
rGTGAMACC TCTAAAGCCTGCAGTGGGACCTGCTGTGE CAGAGTAATAGAATTAATAGGATATCAATATCTAC ATl‘TTATCTATCTATC TATC TATCTAT(TAYCTATCTATCTATCTATLJ

Figure 5. Sample ZT80369 sequence data of a variant allele at locus D195253; The reference sequence
shown in the yellow box at the top of the figure contains 12 [TATC] repeats, and the sample se-
quences below contain 11 [TATC] repeats highlighted in orange. The four dashes immediately after
the repeat region indicate the one repeat difference between the reference and the sample. A C>T
SNP (rs920559051) is observed in the 5’ flanking region of the sample, approximately 100 bp from
the repeat region, in which all the T bases are highlighted in green. This SNP was determined to be
the likely cause of the poorly amplified 11 allele obtained with assay B.
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Figure 6. Sample ZT80369 sequence data of 12 allele at locus D195253; The reference sequence in the
yellow box at the top of the figure contains 12 [TATC] repeats, and the sample sequences below also
contain 12 [TATC] repeats highlighted in pink. The C>T SNP observed in the sample sequences of

the 11 allele (see Figure 5) is not present in the 12 allele sequences.

4. Discussion and Conclusions

Sequencing the region surrounding an STR is important in identifying the cause of
microvariant, “off-ladder”, or null alleles observed as unexpected or missing peaks in tra-
ditional CE analysis of STRs. Variability in primer placements, with exact locations being
proprietary and varying amplicon sizes across commercial CE genotyping kits, makes it
important to investigate the flanking regions of STRs at the sequence level to characterize
the causes of differences observed between kits. By developing an NGS-based protocol,
variant allele sequencing can be performed more efficiently than with Sanger sequencing
for thirty-five autosomal STR loci (see Supplementary Table S4). The clonal nature of NGS
methods eliminated the need to separate and isolate heterozygous alleles prior to sequenc-
ing.

As previously mentioned in Section 2.7, the MiSeq Reagent Nano Kit v2 (500-cycles)
was selected for its cost-effectiveness in comparison to other MiSeq reagent kits. A maxi-
mum of two million reads is sufficient for variant allele sequencing performed at the NIST,
as in most cases, only a few select samples are sequenced at a time. The coverage will vary
depending on how many samples are sequenced in a single run, which can be up to 96
with this chemistry. The variant sample shown in Figures 5 and 6 had over 85,000 paired-
end reads, which confidently identified the SNP in the flanking region that caused the
variant allele. Artifacts such as minus-one stutter are similar to those observed in tradi-
tional CE typing, which was approximately 8% in the discussed example.

During the development of this NGS method, challenges arose in designing primers
with uniform amplification parameters for each monoplexed locus. In many cases, multi-
ple primer pairs were tested for a locus before primers were found that enabled the suc-
cessful sequencing of that marker. PCR parameters may need to be modified to amplify
additional loci not addressed in this work if it is not possible to design primers conforming
to the conditions discussed in Section 2.2. Of the samples containing suspected variants
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sequenced since the protocol’s implementation, all have led to the successful identification
of the variant. However, this may not always be the case. Because the primer regions in
commercial kits are proprietary and unknown, the SNP causing a variant may not be de-
tected if the kit's primers target a region outside the sequenced region at a locus. In sce-
narios where the SNP’s specific location is unknown, primers can be redesigned to extend
further across the 5’ and 3’ flanks. For example, two complementary primer sets can be
utilized: one extending past the 5 boundary to the end of the 3’ repeat region, and another
extending past the 3' boundary to the end of the 5’ repeat region. Areas for future investi-
gation include determining the minimum number of markers required for a single se-
quencing run to provide sufficient nucleotide diversity, thereby minimizing fluorescent
signal imbalance across the four bases and producing high-quality data. For sequencing a
small number of STR loci, the PhiX spike-in concentration can be optimized to mitigate
sequence diversity needs without compromising the depth of coverage of the target sam-
ples. Expansion of this project will continue in the future with the addition of primers
targeting X- and Y-STRs found in commercial STR amplification kits, as well as the rede-
sign of primers for the loci D251338, D353045, and D552500.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes17060617/s1, Supplementary Protocol S1: Variant Al-
lele Sequencing; Table S1. Amplicon length ranges for Promega Corporation (Madison, WI) PCR
amplification kits. Chromosome locations were obtained from the human genome reference assem-
bly, GRCh38.p14. The allele call of the GRCh38 sequence at each locus is indicated in bolded, red
font in column B. Table S2. Amplicon length ranges for Thermo Fisher Scientific (Waltham, MA),
PCR amplification kits. Chromosome locations were obtained from the human genome reference
assembly, GRCh38.p14. The allele call of the GRCh38 sequence at each locus is indicated in bolded,
red font in column B. Table S3. Amplicon length ranges for QIAGEN (Germantown, MD) PCR am-
plification kits. Chromosome locations were obtained from the human genome reference assembly,
GRCh38.p14. The allele call of the GRCh38 sequence at each locus is indicated in bolded, red font in
column B. Table S4. Forward and reverse primer sequences and locations of thirty-five forensically
relevant STR markers for variant allele characterization with NGS. Chromosome locations were ob-
tained from the human genome reference assembly, GRCh38.p14. The grayed-out rows denote the
loci that require primer redesign. Table S5. PCR Amplification Reaction Mix. Table S6. Amplification
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