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Abstract
In the last decade, next-generation sequencing (NGS) technology, alternatively massive parallel sequencing (MPS), was applied
to all fields of biological research. Its introduction to the field of forensics was slower, mainly due to lack of accredited
sequencers, kits, and relatively higher sequencing error rates as compared with standardized Sanger sequencing. Currently, a
majority of the problematic issues have been solved, which is proven by the body of reports in the literature. Here, we discuss the
utility of NGS sequencing in forensics, emphasizing the advantages, issues, the technical aspects of the experiments, commercial
solutions, and the potentially interesting applications of MPS.
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Introduction

Recent developments in sequencing technologies that have
been introduced to research, diagnostic, and forensic labora-
tories have significantly improved the quality of nucleic acid
analysis and increased the applicability of such analyses [1, 2].
Next-generation sequencing (NGS) methods effectively allow
all types of nucleic acids to be sequenced, using a whole
genome or targeted approach, with DNA, mRNA, and small
RNA sequencing as standard analyses. In addition, larger-
scale sequencing of specific RNA subtypes, such as long
non-coding RNAs and snoRNA, as well as methylated
DNA, have become possible with the introduction of NGS.
The prospect of simultaneously analyzing a large number of
markers such as STRs and SNPs in parallel with targeted
mRNA and small RNA analysis makes MPS a very
powerful, relatively easily applicable, tool in forensic
laboratories (see Fig. 1).

NGS methodology

Novel sequencing methods are characterized by a number of
different technologies including sequencing by synthesis
(SBS) following clonal nucleic acid amplification [3],
nanopore sequencing [4], and single molecule sequencing in
real time [5]. Although error rates ofMPS platforms are higher
in comparison with Sanger sequencing and vary between 0.5
and 15% depending on the platform used, this shortcoming
can be overcome with a proper experimental design, namely a
suitable sample coverage [2].

Currently, there are but a few NGS bench-top sequencers
that dominate the forensic genetics landscape: Illumina’s
MiSeq FGx, ThermoFisher’s Ion Torrent PGM, and Ion S5.
While Illumina implements cycle-based sequencing technol-
ogy coupled with a reversible termination strategy of fluores-
cently labeled modified dNTPs, conceptually similar to
Sanger sequencing [6], the Ion Torrent is a semi-conductor
sequencer that measures pH changes—a consequence of the
release of hydrogen ions during synthesis of DNA (see Fig. 2)
[7]. While base substitutions are the most common sequenc-
ing errors generated during sequencing on Illumina machines,
insertions and deletions are the most frequent errors intro-
duced by the Ion Torrent PGM [4]. In the case of the latter,
homopolymer stretches longer than 6 bp are the most difficult
to call, since the correlation between the incorporated nucleo-
tides and the change in detected voltage is not exactly to scale
[4, 6]. Although the error rates generated by the Ion Torrent
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are higher (≥ 1%) [8] and DNA library preparation protocols
can be more time consuming and cumbersome in comparison
with the MiSeq workflow, the lack of optical scanning and
cycle-based sequencing significantly reduces the time of DNA
sequencing [9]. One notable advantage of the Ion Torrent
platforms is the availability of automated library preparation
and chip loading stations, which simplifies the workflow con-
siderably. Recently, similar automation and liquid handling
solutions have been proposed for many MiSeq workflows
[10].

NGS as a tool for STR and SNP genotyping

Traditional STR analysis with gel- or capillary-based electro-
phoresis (CE) estimates the repeat number of the STR marker
through the size of the PCR amplicon. Analysis instead with
NGS allows the full sequence of the PCR product to be deter-
mined including the STR repeat region and the surrounding
flanking areas. Numerous studies have demonstrated that
sequence-based STR analysis, as opposed to amplicon size-
based analysis, results in a pronounced increase in allele var-
iability for many forensically relevant STRs [11–15]. Even
loci that appear to show no additional sequence variation in

individual populations can be informative in others, as dem-
onstrated by a study of four major population groups in the
USA where only TPOX of the commonly used autosomal loci
failed to show added sequence variation in any of the investi-
gated populations [14]. Information regarding forensic STR
reference sequences and the sites of known variation is avail-
able from the STRidER Website [16], while the STRSeq pro-
ject is cataloging all observed sequence alleles for major fo-
rensic STR loci and this is searchable on NCBI [17].

Capturing the additional sequence variation that can be
present in STR repeat and flanking regions can have many
benefits above and beyond merely an improvement in dis-
crimination power when using these markers for direct
matching or relationship calculations. Previous work on
STR allelic stutter proportions has proposed that stutter is
associated with the longest uninterrupted repeat in the STR
allele [18], and Van der Gaag et al. [19] have elegantly dem-
onstrated with MPS data that the stutter ratio for an allele at a
given locus is dependent on the specific sequence of that allele
(i.e., the length of the longest uninterrupted repeat stretch,
which can vary with alleles of the same length containing
compound or complex repeat motifs). This introduces an ad-
ditional MPS advantage compared with CE when analyzing

Fig. 1 Most prevalent applications of nucleic acid analysis in forensic testing
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STRs, namely that the increased information gained from the
allele sequence can be used to predict stutter behaviors with
more accuracy.

For DNA mixtures, the improvement in marker discrimi-
nation will by itself be highly beneficial for identifying extra
sequence-specific alleles that would have previously been
masked due to identical CE amplicon lengths, while the in-
creased discrimination will also make it less likely for an in-
dividual to have an adventitious match between their profile
and the alleles present within a mixed stain. The additional use
of STR flanking variants, which can be detected with NGS
methods, to aid mixture analysis has previously been
highlighted through work carried out on deletion/insertion
polymorphisms present in the flanking regions of STRs
(DIP-STRs) [20]. Further, NGS studies on DNA mixtures
have confirmed that mixture proportions are accurately
reflected by read number [13].

One notable advantage of analysis by MPS rather than CE
is that separation by amplicon size is no longer a requirement
for multiplex STR assay design; this means that all STRs can
be amplified using the smallest feasible amplicon length, im-
proving amplification in cases of degraded DNA, and that the
number of markers amplified simultaneously is no longer
constrained by the fluorescent dye detection capabilities of
electrophoretic systems hence heralding the possibility of
co-amplifying increasing numbers of STRs at the same time.
One use of this would be to allow co-amplification of large
panels of Y and autosomal STRs, providing increased power
for male/female mixed stain analysis, e.g., following sexual
assault.

Amplification of forensic DNA samples by MPS is not
limited to STR loci though, and SNP markers can also be
analyzed either in combination with STRs or on their own.
The advantages of analyzing SNPs for forensic samples with
MPS rather than alternative technologies such as SNaPshot or
SNP array systems, rest predominantly in the fact that it is
possible to target large (compared with historical SNP systems
used in forensic genetics [21, 22]) numbers of markers simul-
taneously from low quantities of DNA [23, 24]. It is also
possible to target microhaplotypes with NGS, that is, sets of
SNPs located in very close proximity to each other on a chro-
mosome, and these microhaplotype markers have shown
promise in forensics for both identification and ancestry pur-
poses [25]. Moreover, the fact that the entire PCR amplicons
are analyzed when typing SNP markers with NGS means that
any observed variation in the PCR flanking regions will also
in effect turn the targeted SNP into a microhaplotype. One
example of this is reported byWendt et al. [25] when studying
a Native American population—they found that 22 of the 94
identity SNPs studied contained flanking region variants in
the tested population of which 14 were informative (i.e., not
in total linkage with one specific allele)—the fact that some
identity SNPs are actually microhaplotypes is to be expected

and the additional information that this extra variation adds
will be valuable for all applications.

Commercial solutions

The ForenSeq DNA Signature Prep Kit (Illumina, CA) is the
first commercially available STR kit for the MiSeq FGx that
allows for amplification of up to 153 (DNA primer mix A) or
231 (DNA primer mix B) loci simultaneously. The multiplex
assay includes 27 forensic autosomal STRs, 24 Y-STRs, 7-X
STRs, the Amelogenin sex marker, and either 94 or 172 SNPs
depending on the multiplex formulation. The 172 SNPs can be
divided into informative identity, geographical ancestry and
phenotypic SNPs. Recent reports describe extensively the per-
formance and technical limitations of this kit using standard
quality metrics. The first version of this kit was tested by
Churchill et al. in 2015 [26] using the MiSeq desktop
sequencer.

The general technical user guidelines were provided by
Jager et al. [27], who obtained complete (27 loci) autosomal
STR profiles from 89% of the 223 tested standard samples,
and from all DNA dilutions between 1 ng and 62.5 pg of input
DNA, although their sensitivity study excluded the poorly
performing marker D22S1045 and hence a complete profile
here consists of 26 autosomal STRs. Sequencing of X- and Y-
STRs generated 100% concordance with 1 ng of input mate-
rial, with only a minor decrease in this figure down to 62.5 pg.
Of the 223 standard samples tested, complete SNP genotypes
were produced in 87% of samples, with SNP typing demon-
strating relative insensitivity to DNA concentration fluctua-
tion within the range of 1 ng–125 pg, with 99.6–99.9% geno-
type concordance observed. Use of lower DNA amounts re-
sulted in the loss of SNP genotypes, with more than 50% of
calls missing if 7.82 pg of gDNA was used. For degraded
samples, SNP loci proved more robust than STRs, with the
best results being observed when maximal DNA amounts (in
max volume of 5 μl) were added rather than the standard
recommendation of 1 ng. In the case of DNAmixtures, chang-
es in SNP homo- and heterozygosity were generally detected
if the minor contributor was present at 5%, with differences
being observed between the SNP subgroups with an increase
in heterozygosity of 63% for the identity SNPs and 125% for
the ancestry and phenotypic SNPs. Importantly, the authors
show that a drop in the number of reads per sample below
85,000 may lead to the increase of ambiguous genotypes and
lack of allele calling, which is a valid observation and can be
used as a guideline in forensic practice.

Independent validation of the ForenSeq DNA Signature
Prep Kit was performed by Xavier et al. (DNA primer Mix
A) [28] and Silva et al. (DNA primer Mix B) [29]. Across the
two studies, all STR genotypes were concordant with CE re-
sults, with the exception of alleles at marker DXS10148 (in
line with previous observations [14]) (see Table 1), a marker
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that has nomenclature issues and has since been removed from
the kit. In addition, full STR profiles were obtained for all
reference samples across both studies with the exception of
two Penta E allele drop-out events in the Mix B set of results.
In the sensitivity study with primer Mix A carried out by
Xavier et al., the first instance of allele drop-out was detected
in marker DX10103 when 250 pg of DNA was used while at
50 pg, a correct profile was obtained for 93.2% of STRs,
although drop-out (2.8%), drop-in (0.6%), and discordancy
(0.6%) events were observed as well. The poor performance
of D22S1045 in this kit has been observed across multiple
studies [15, 18, 30–32] and is characterized by a reduction
in average read number as the allele size increases, with one
suggestion being that the specific ATT repeat motif is the
cause of this sequencing issue [30]. Issues with the perfor-
mance of DYS392 that has a similar ATA repeat motif have
also been reported [30, 31]. In the Xavier study, autosomal
SNP genotypes were concordant in all triplicates with cover-
age between 1072 and 20.6 reads per locus, with correct and
complete genotyping when more than 100 pg of template was
used [33]. Studies overall have highlighted that some autoso-
mal SNPs within this kit perform poorly in specific situations,
including rs6955448 [33, 34], rs7041158 [30], and rs2920816
[30] (see Table 1).

Casework-type validation experiments have also been per-
formed with the ForenSeq DNA Signature Prep Kit.
Male/female DNA mixtures isolated from buccal swabs were
sequenced in triplicates by Xavier et al. [28], and in every
case, all markers of the minor contributor were identified, with
assessed male contributions of 3.3% (1:20 mixture), 4.4%
(1:10 mixture), and 34.8% (1:1 mixture). Silva et al. [29]
analyzed 19 mock case samples, prepared using washed and
previously worn cotton, nylon, and jeans clothing. One nano-
gram of DNA from each extract (blood, saliva, or semen) was

processed in duplicate using both the ForenSeq DNA
Signature Prep protocol and the AmpFISTR Identifiler PCR
Amplification Kit. All, except three samples, analyzed on the
MiSeq FGx produced complete STR and SNP profiles that
were concordant with the donor profile. The genotyping fail-
ure in one of these samples was the result of an insufficient
read number (39,458 total reads), significantly below the pre-
viously suggested threshold of 85,000 per sample. For the
other two samples, a blood stain sample with 140,500 reads
had a drop-out of one ancestry SNP, and in a washed
blood stain sample with 115,311 reads, one identity
SNP was missing [34].

ThemoFisher Scientific has designed and released a variety
of Precision ID Panels for use on the Ion Torrent platform
including those focused on STRs, identity SNPs, ancestry
SNPs, and mitochondrial sequencing. The performance of
the Ion Torrent instrument suite itself in respect of forensic
applications has been tested extensively in the last 4 years for
the genotyping of varied selectedmarkers [35–37]. As relating
to the currently available commercial panels, extensive vali-
dation studies by Pereira et al. [35] and Al-Asfi et al. [36] have
been conducted of the 165 SNP Precision ID Ancestry Panel.

�Fig. 2 Schematic illustration of sequencing with MiSeq FGx and Ion
Torrent, a MiSeq: Forenseq is a library prep used for STR and SNP
sequencing (autosomal STRs, sex, geographical ancestry, and
phenotypic SNPs); alternatively, Nextera is utilized for mtDNA
sequencing. In the process of sample preparation, adaptors are added to
DNA fragments in a two-step PCR reaction in order to enable DNA
binding to a glass slide. In the next step, the fragments are clonally
amplified on the slide and sequenced. The template strand is extended
with one nucleotide at a time. The reaction of polymerization is halted due
to the use of 3′-O-azidomethyl-dNTPs that are fluorescently labeled. The
base incorporation is followed by removal of unincorporated bases and
imaging using CCD camera. Subsequently, the 3′ block and the
fluorescent tag on the incorporated nucleotide are removed and the
reaction proceeds to the next cycle. b Ion Torrent: sample preparation
of DNA fragments for sequencing on Ion Torrent is similar to the
workflow utilized by Roche 454 sequencer, followed by amplification
of adaptor-ligated DNA hybridized to beads using emulsion PCR
(Margulies et al. 2005) [1]. The beads are distributed to microwells,
where sequencing by synthesis occurs. The sensor located at the bottom
of the well converts the changes in pH into a voltage signal proportional
to the number of incorporated bases

Table 1 Platform-specific list of frequently reported forensic markers
with ambiguous genotypes

Sequencing platforms Reported problematic markers

MiSeq FGx by Illumina DYS389II

DYS448

DXS10148

rs459929

rs1029047

rs2399332

rs7251928

rs7722456

rs10488710

T10873C

Ion Torrent D3S1358

D7S820

D8S1179

rs321198

rs576261

rs917118

rs4530059

rs1031825

MinION by NanoPore rs733164

rs873196

rs1029047

rs1493232

rs1031825

Common markers are set in italics
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Both groups investigated the optimal cycling conditions for
efficient amplification, finding that 21 cycles was insufficient
to produce full 165 SNP profiles at input quantities of less than
1 ng [38] and indeed Pereira et al. found that 30% of loci had a
coverage of less than 100 reads even with 1 ng or 500 pg of
input DNA [39]. Both studies reported improved results when
using 25 PCR cycles, albeit with increased locus imbalance;
however, Pereira et al. noted that increased amplification
above 25 cycles resulted in unacceptable preferential amplifi-
cation of shorter DNA fragments. An issue noted in both
studies was the uneven read coverage across the 165 SNPs,
with rs1296819 specifically featuring in both validations due
to the problematically low read count of this marker. Pereira
et al. additionally concluded that three SNPs in the assay per-
formed so poorly that they should be excluded from all future
work with the panel: rs7722456, rs459929, and rs7251928
(see Table 1). Subsequent studies have validated the associat-
ed ancestry prediction software, detailing guidelines to be
used in reporting [40], and assessed the performance of the
panel with degraded and low-level DNA [38].

The STR and identity SNP panels from ThermoFisher have
gone through a number of iterations in both panel design and
software [41–46]. The current main STR kit (the Precision ID
GlobalFiler NGS STR Panel) comprises all CODIS and
European Standard Set loci in addition to nine extra autosomal
STR loci (Fig. 1), DYS391, Amelogenin, and the Y-InDel.
This kit has been assessed on both the Ion PGM [45] and
the Ion S5 [47] instruments. Both studies noted significant
imbalance in read coverage between different markers, with
Wang et al. [44] suggesting that further modifications to the
kit should be undertaken to make coverage levels more con-
sistent across all markers, while Müller et al. [45] demonstrat-
ed that marker balance reproducibly changed when the iden-
tical panel was run in different laboratories. Observed stutter
ratios differed between the studies, with Wang et al. reporting
ratios of under 8% for all but three markers, while Müller et al.
reporting higher stutter ratios of 10–20% for most markers
with 11 loci reaching ratios above 15% (both studies using
an input of 1 ng sample DNA)—the reason for this large
difference between studies is not immediately obvious, al-
though the use of different instrumentation types (with differ-
ent associated sequencing reagents) is one possibility. The kit
demonstrated good sensitivity in both studies, with most al-
leles still being recovered with input DNA amounts below
100 pg.

Multiple different groups have carried out validation stud-
ies on the Qiagen ID-SNP panel targeting 140 autosomal
SNPs using both the MiSeq [24] and Ion Torrent instruments
[49, 50]. Of the 140 SNPs, rs1058083 was found to have
consistently low coverage across all studies, and in general,
the same SNPs performed poorly for all laboratories, indicat-
ing the cause to be low amplification efficiency in the initial
PCR, although coverage variation for some SNPs (such as

rs9951171 which had the 4th lowest coverage for de la
Puente et al. [48] but above average coverage for Grandell
et al. [22]) could potentially be specific to the sequencing
platform used. The analysis of marker rs1029047 was found
to be problematic in all studies with both homozygous and
heterozygous genotypes showing unexpected allele balance
due to the presence of a poly-A tract adjacent to the SNP that
caused alignment/sequencing issues, a problem also observed
for this SNP when sequenced with an alternative PCR multi-
plex [44].

All studies observed issues with rs2399332 which mani-
fested as poor heterozygous balance when run on the MiSeq,
postulated to be due to a primer binding site mutation [24],
and as excess base mis-incorporation in both Ion Torrent stud-
ies [49, 50], believed to be due to an adjacent poly-T tract [44]
introducing length heteroplasmy during the sequencing pro-
cess. Various other SNPs manifested with unusual allele bal-
ance or high mis-incorporation rates, which appeared to be
population or sequencing platform dependent, emphasizing
that further work is still needed in order to fully characterize
the performance of these markers under variable conditions.
One illustration of this is the variability in analysis parameters
that were expected or recommended throughout these three
different studies, with homozygous genotype thresholds of
95% (i.e., a genotype was called as homozygous when at least
95% of reads were for only 1 allele) [50], 90% [24], or 85%
[49].

A variety of offerings produced by Promega, including kits
targeting autosomal STRs, Y-STRs, and mitochondrial DNA,
have been assessed for use within a forensic setting. The
PowerSeq Auto Kit targets 22 commonly used forensic auto-
somal STRs, one Y-STR, and Amelogenin; this kit is run on
the MiSeq platform; however, in contrast with the previously
mentioned performance issues with marker D22S1045 in the
ForenSeq DNA Signature Prep Kit (Verogen), no problems
with D22S1045 have been detailed in any of the PowerSeq
validation studies [49, 50], although it should be noted that the
total number of markers simultaneously typed with the
PowerSeq Auto Kit is 24 compared with over 150 in the
ForenSeq Kit. Sensitivity studies with the PowerSeq Auto
system demonstrate allele dropout observed only at DNA in-
put amounts of less than 62 pg [51], while optimization ex-
periments for the PowerSeq Auto/Y system have been shown
to successfully streamline the laboratory process by removing,
modifying, or automating various steps [52].

Across all these validation studies of different commercial
genotyping solutions, and different methodology, there is little
consensus on universally applicable thresholds for this new
technology, and indeed with respect to minimum read cover-
age requirements, the thresholds can vary considerably. In
addition, the development of fully integrated commercial
NGS systems for STR typing is currently constrained by the
lack of nomenclature guidelines for STR sequence allele
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variants. Various nomenclature systems have been suggested
[11, 53, 54], and the DNA commission of the International
Society of Forensic Genetics have published a considerations
paper [55], but to date, no firm recommendations have yet
been issued. One reason for this delay has been the lack of
sequence-based population data for forensic STRmarkers that
can inform this nomenclature discussion; however, this defi-
ciency has been partially addressed in the last few years with
the publication of high quality population data [14, 15, 56, 57]
and the development of STRseq to catalog STR variants [17].

mtDNA sequencing

Multiple different PCR strategies exist for amplifying the mi-
tochondrial genome, whether it be in two long segments for
whole genome amplification of good-quality DNA [58, 59],
multiple smaller fragments (~ 2 kb) for whole genome ampli-
fication in partially compromised samples [60], or many over-
lapping small amplicons for amplification of either the control
region [61] or entire genome [62] in degraded samples. NGS
analysis with any of these approaches can be carried out using
either an enzymatic fragmentation system or by direct se-
quencing of the PCR products for those methods producing
fragments of less than ~ 500 bp. Additionally, commercial
solutions are available from ThermoFisher Scientific and
Promega that amplify either the control region or the entire
mitochondrial genome in 100–400 bp amplicons. The advan-
tages of mitochondrial analysis with MPS include high sensi-
tivity, better heteroplasmy detection [63], and the introduction
of a feasible method to sequence the entire mitochondrial ge-
nome from forensic quality samples. Detailed analysis of the
complete mitochondrial genome significantly increases the
discriminatory power of the obtained data compared with con-
trol region analysis alone, allowing for maximal resolution of
matrilineal geographic ancestry. Additionally, for severely de-
graded samples, probe capture-NGS methods have been
shown to provide results even in the face of very old or ex-
tensively damaged mitochondrial DNA [64–66].

The utility of NGS platforms for mtDNA analysis has now
been tested in numerous forensic and research labs. In 2014,
King et al. [65] described the first attempt to sequence the
whole mtDNA genome using Illumina’s MiSeq instrument.
In the protocol, mtDNA was processed with the Nextera XT
DNA Sample Preparation Kit that allows for fragmentation of
the two 8 kb amplicons and addition of adapters via a process
called tagmentation (Fig. 2). Although the assay was designed
to sequence the genome with the coverage above 5500× per
base, the experimental data showed coverage was not equal
across the mtGenome and varied within individual
mtGenomes. In particular, two regions were characterized by
inefficient sequencing: the poly-C stretch in HVII and a por-
tion (< 300 bp around nucleotide 3500) of the NADH dehy-
drogenase subunit I (ND1) gene. Despite this, replicate

analysis showed that reliable variant calls were achieved
based on a minimum coverage of only 40 reads. All genotype
calls, including point and length heteroplasmy positions, were
fully concordant between Sanger sequencing and NGS as
tested on nine selected mtDNA samples for HVI/II. The
highest polymorphism density was detected in the HVI/HVII
regions, as expected, with 25.3% (n = 2938) of all the variants
called being located within this area. Importantly, King et al.
[65] observed that the additional variants present when ana-
lyzing the full mitochondrial genome improved the discrimi-
nation power and the resolution of mtDNA haplotypes and
established the reliability and reproducibility ofMPS sequenc-
ing in analyzing the mtDNA genome.

Peck et al. [66] performed a comprehensive NGS valida-
tion study investigating the reproducibility and concordance
of mtDNA sequencing using a MiSeq/Nextera XT workflow.
The data of 90 samples were compared with previously per-
formed Sanger sequencing. Both amplicons generated in the
MPS approach (approximately 8500 bp long each, DNA input
3 ng–100 pg) were sequenced in duplicate at different labora-
tories with average read coverage across all bases per sample
ranging from a low of 90× to a high of over 1000×, with the
coverage distribution consistent across both data sets and hap-
lotypes. A threshold of 10 reads was used for variant calling
and only 55 nucleotide positions out of ~ 3 million analyzed in
total across both runs were excluded from variant calling due
to a coverage of less than this. In line with previous reports,
the coverage was reduced around position 3500 and the poly-
C stretch of HVII, the latter likely being due to the presence of
homopolymeric regions and subsequent difficulties with
alignment. Across all identified variants (n = 3485) in the first
run, only 42 were initially flagged as discordant with previous
Sanger sequencing data, which equates to a 99.9996% con-
cordance rate of the assay (across all ~ 1.5 million analyzed
position in this run). Of these 42 discordances, only 6 were
found to be genuine, representing low-level-point
heteroplasmies detected differentially between methods due
either to the increase in sensitivity with the MPS analysis or
because of normal stochastic variation with such minor vari-
ants. Of the 36 false discordances, 32 were found to be due to
a low-level DNAmixture in a single sample that had not been
detected with Sanger sequencing due to the higher back-
ground noise in traditional sequencing electropherograms,
while the remaining 4 were due to an alignment artifact. The
most problematic genotype calling concerned variant
T10873C present in a stretch of five cytosines, which if pres-
ent at the end of the reads was called a deletion. Similar ob-
servations were made in case of other positions if present at
the end of reads (e.g., 456, 9477, 9545, 12414, 16362). Due to
those shortcomings, the authors strongly suggest optimization
of analysis software and alignment algorithms. Additionally,
on a practical note, it has been suggested that the software
output should indicate the minimum coverage threshold, and
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the positions that reach this threshold, to avoid reference bases
being recorded as present by default for positions failing to
reach the minimum coverage.

Recently, McElhoe et al. [61] suggested replacing a stan-
dard polymerase used in D-loop amplification with a proof-
reading polymerase. The obtained results demonstrated that a
proofreading polymerase enzyme could be substituted with no
associated decrease in amplification efficiency when com-
pared with the standard forensic protocols for mtDNA ampli-
fication from buccal swabs and hair shafts, with the
advantage that the use of a proofreading polymerase in
combination with an enhanced PCR buffer system may
be beneficial in the analysis of low-level mtDNA
heteroplasmy. A proofreading enzyme should be associ-
ated with a reduction in replication error noise, and in
this study, point heteroplasmy could then be reproduc-
ibly detected above a threshold level of 2%

Similarly, the performance of the Ion Torrent was tested
with respect to mtDNA analysis. The first NGS-based at-
tempt of mtDNA genome sequencing was reported in 2012
[68], but it was based on long amplicons, which might not
be a suitable approach for the majority of forensic samples.
Parson et al. [60] modified the amplification protocol in
order to obtain mid-size amplicons 300–500 bp long, uti-
lizing sequencing of 62 amplicons in total to capture the
variation in the entire genome. The most versatile mtDNA
protocol was proposed by Chaitanya et al. (2015) and im-
plements PCR amplification of 161 DNA fragments, 144–
230 bp long [69]. Although more technically challenging
than previously proposed tests, it might be the most suit-
able method for forensic applications dealing with degrad-
ed DNA. Validation of this 161 amplicon method with 20
good-quality DNA samples produced average sequencing
coverage per base between 1302 and 5637 reads, with an
average number of aligned reads per sample of 325,349.
The authors applied a 50-read coverage cut-off and using
such a threshold achieved full genome coverage for 17/20
samples. The discrepancies between the NGS assay and the
known sequence were minimal, although single events
were found in nearly each sample, and were listed as: lack
of detection of a 9-nt deletion (position 8281–8289), base
shifts and insertions in the poly-C and poly-A stretches in
the control region and at position 13128, a phantom inser-
tion after base 539 and a false deletion at position 5824.
Out of 22 point heteroplasmies, 7 were in agreement with
Sanger sequencing, using a 20% threshold. These observa-
tions advocate the necessity of manual assessment of
heteroplasmy and improvement of bioinformatics analysis
in general.

Using Ion Torrent, Ma et al. confirmed that mtGenome
sequencing can increase the discrimination potential of
mtDNA, simultaneously corroborating the difficulty with se-
quencing of poly-C tracts (35552–3575; 8605–8625).Ta
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Conclusions and future perspectives

The ability of genotyping different DNA markers simulta-
neously using NGS benchtop sequencers has been demon-
strated by The ForenSeq DNA Signature Prep Kit which com-
bines synchronized typing of STR and SNP markers. But one
of the most forensically attractive features of NGS-based tech-
nology is the possibility of simultaneous analysis of different
types of nucleic acids. In the last decade, it has been shown
that analysis of RNA is also of forensic relevance with multi-
ple applications such as tissue and body fluid identification,
determination of time of death, etc. (see Fig. 2). Although
RNA is more difficult to work with, mainly due to its suscep-
tibility to degradation by ubiquitously present RNAses, its
usefulness gains more significance and becomes more visible
specifically due to recent technological advances.

Current technological and bioinformatics developments al-
low to correlate transcriptomic data with DNA sequencing
and methylation patterns, which aids the extraction of maxi-
mal biological/phenotypic information from the same sample.
Moreover, integrative analysis of RNA and DNA sequencing
provides additional verification of variant calls in the coding
regions. Traditionally, due to the limited amount of starting
material simultaneous analysis of multiple nucleic acids has
not been utilized in forensic settings. If sample concentration
was sufficient, the standard isolation protocols did not include
synchronous but consecutive RNA and DNA extraction or
alternatively proposed dividing the samples for the separate
isolations [70, 71].

It has been shown that limited concentration of nucleic
acids can influence the quality of the library preparation and
sequencing; hence, sample splitting is not always the preferred
choice [70–73]. Also, recent reports describe a number of
protocol improvements in case of non-human sample testing
[70–72].

In 2015, Zubakov et al. for the first time attempted to se-
quence DNA and RNA markers simultaneously using Ion
Torrent [74]. Although the performed experiments were crude
and require further fine tuning, importantly, the authors show
that such analysis is possible. The goal was to identify 9 au-
tosomal STRs and 12 RNA markers enabling identification
and discrimination of body fluids. The DNA analysis was
performed according to standard protocol with 1 ng of tem-
plate, while 10 ng of RNA was first transcribed to cDNA, and
150 pb long amplicons were subjected to regular library prep-
aration protocol. The amplicons allowed for gene expression
analysis of the following mRNAs: two housekeeping genes
(HPRT1, SDHA), markers of menstrual blood (MMP10,
MMP11), peripheral blood (ALAS2, SPTB), saliva (HTN3,
STATH), semen (PMR1, TGM4), skin (CCL27, LCE1C),
and vaginal secretion (CYP2B7P1, MUC4). Surprisingly, in
the runs, only half of the obtained reads met the standard
quality requirements and were usable for the downstream

analysis. The authors suggest it might be due to a low number
of samples used in relation to the sequencing capacity of the
chip in combination with the barcoding implemented in the
experiments. The specificity of the mRNA markers was very
high, and although a few markers were expressed in multiple
samples (e.g., CYP2B7P1, vaginal mucosa/menstrual blood),
the combination of the expression data allowed for unambig-
uous tissue identification as demonstrated by binary logistic
expression analysis. The idea ofmultiple nucleic acid isolation
appeals to many forensic laboratories, and there are reports
that aim to optimize their simultaneous isolation, exemplified
by Day et al. [82].

Recently published NGS protocols enable us to utilize low-
input samples for simultaneous analysis of RNA and DNA
(see Table 2). Although the procedures are relatively more
intricate and potentially time consuming, these new options
might gain a significant relevance in forensics. While Simul-
seq allows for generation of good-quality library preparations
and sequencing from 50 ng DNA and 100 ng RNA and Gel-
seq from 100 to 1000 cells, the remaining assays: GT-seq,
DR-seq, and SIDR-seq were implemented in single-cell
DNA/RNA sequencing. While simultaneous testing of foren-
sic samples for the remaining types of nucleic acids might not
be visible when the amount of the collected material is limited,
recent reports suggest different RNA types could be suitable
as forensic markers [76]. Small RNAs are short, 1821 nt long
molecules that are conserved throughout the species.
Although small RNA profiling might not be informative as
stand-alone analysis, it could provide forensically relevant
information, following the determination of sample origin.
The first qPCR-based body fluid analysis implementing small
RNA profiling was proposed byHanson et al., but the findings
were difficult to reproduce in other forensic laboratories [77].
In 2018, Tian et al. validated a small RNA expression test to
distinguish semen and non-semen body fluids; moreover, the
analysis of the six molecules: miR-10a, miR-10b, miR-135a,
miR-135b, miR-888, and miR891a, allowed for discrimina-
tion between normal and infertile semen [76]. While the
proposed assays target only candidate small RNA, the
complete profiles, derived from any tissue or fluid,
might provide additional information not only on the
tissue/fluid type but also on the health status of the
individual, since small RNA expression is altered in
many diseases, including cancer [78]. Similar observa-
tions have been made for many different RNA subtypes,
including long non-coding RNAs [78].

Though sequencing by synthesis technology (SBS) domi-
nates the NGS market at the moment, there are many attempts
to introduce different approaches to sequencing and to over-
come the shortcomings of the 2nd-generation sequencing.
Currently, the most promising technology is nanopore se-
quencing based on the detection of ionic current change while
a nucleotide passes through a pore. This technology eliminates
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PCR amplification (which may lead to preferential DNA am-
plification) and the cyclic mode of sequencing is replaced by
sequencing in real time with reads up to 10,000 bp. Although
still inferior to commonly used MPS sequencing (error rates,
costs, time of data analysis, allelic imbalance), the technology
is very promising, and if optimized, may be utilized in many
research fields including forensics. Recently, a portable
nanopore-based sequencer MinION (Oxford Nanopore
Technologies) has been introduced to the market and
Cornelis et al. as first tested its utility in forensic SNP testing
[79]. The authors set out to analyze a single female sample
for 52 SNPs developed by the SNPforID consortium,
and the data was compared with the genotypes obtained
by Illumina sequencing; 2.5 ng of template DNA was
used for generation of amplicons, which were further
pooled and randomly concatenated in order to create
longer DNA fragments. After end-repair, leader and
hairpin adaptors were added and tailed with poly-A.
The data was retrieved as fast five files and analyzed
with Metrichor service, which uses Recurrent Neural
Network for base calling. The average number of reads
per locus was 29,888, with average coverage of 17,933
(SD = 8452), which was sufficient for SNP calling. On
average, 60% of the obtained reads were mapped to the
reference sequences. For rs1029047, a decreased number
of reads was obtained, with only 12% of mapped reads,
likely due to the position in the poly-A stretch. The
difficulties in SNP sequencing and mapping of homo-
polymeric regions were also reported by Loman et al.
[71]. Two loci with SNPs between or inside polymer
stretches, rs143232 and rs1031825 (see Table 1),
displayed significant allelic imbalance, a result also pre-
viously reported by Ion Torrent users [71]. Only one of
the two markers rs1031825 was incorrectly called (het-
erozygote), as compared with Illumina genotyping (ho-
mozygote). Although only SNP genotyping was tested
using the MinION, the significance of this report is
twofold: (1) it demonstrates that it is possible to cor-
rectly call the forensic SNPs using a nanopore sequenc-
er if homopolymer stretches are avoided and (2) a por-
table, low-throughput sequencing device such as the
MinION might be of particular convenience in forensic
analyses. A recent proof-of-concept study [69] testing
the applicability of this technology to DNA identifica-
tion established that a match of 99.9% accuracy could
be achieved in 3 min if comparing a novel sample
against a database of previously sequenced samples.
While the approach used in this study is incompatible
with current forensic methodologies and databases, it
demonstrates the potential for this form of rapid, field-
based identification in both military and law enforce-
ment situations in time-critical cases and where access
to standard DNA profiling technology is limited.

Funding information None.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval Not applicable.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Margulies M, EgholmM, AltmanWE, Attiya S, Bader JS, Bemben
LA, Berka J, Braverman MS, Chen YJ, Chen Z, Dewell SB, Du L,
Fierro JM, Gomes XV, Godwin BC, He W, Helgesen S, Ho CH,
Irzyk GP, Jando SC, Alenquer ML, Jarvie TP, Jirage KB, Kim JB,
Knight JR, Lanza JR, Leamon JH, Lefkowitz SM, Lei M, Li J,
Lohman KL, Lu H, Makhijani VB, McDade KE, McKenna MP,
Myers EW, Nickerson E, Nobile JR, Plant R, Puc BP, Ronan MT,
Roth GT, Sarkis GJ, Simons JF, Simpson JW, Srinivasan M,
Tartaro KR, Tomasz A, Vogt KA, Volkmer GA, Wang SH,
Wang Y, Weiner MP, Yu P, Begley RF, Rothberg JM (2005)
Genome sequencing in microfabricated high-density picolitre reac-
tors. Nature 437(7057):376–380

2. Goodwin S, McPherson JD, McCombie WR (2016) Coming of
age: ten years of next generation sequencing technologies. Nat
Rev Genet 17(6):333–351

3. Ronaghi M, UhlénM, Nyrén P (1998) A sequencing method based
on real-time pyrophosphate. Science 281(5375):363

4. JainM, Fiddes IT, Miga KH, Olsen HE, Paten B, AkesonM (2015)
Improved data analysis for the MinION nanopore sequencer. Nat
Methods 12(4):351–356

5. Rhoads A, Au KF (2015) PacBio sequencing and its applications.
Genomics Proteomics Bioinformatics 13(5):278–289

6. Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton
J, Brown CG, Hall KP, Evers DJ, Barnes CL, Bignell HR, Boutell
JM, Bryant J, Carter RJ, Cheetham RK, Cox AJ, Ellis DJ, Flatbush
MR, Gormley NA, Humphray SJ, Irving LJ, Karbelashvili MS,
Kirk SM, Li H, Liu X, Maisinger KS, Murray LJ, Obradovic B,
Ost T, Parkinson ML, Pratt MR, Rasolonjatovo IM, Reed MT,
Rigatti R, Rodighiero C, Ross MT, Sabot A, Sankar SV, Scally
A, Schroth GP, Smith ME, Smith VP, Spiridou A, Torrance PE,
Tzonev SS, Vermaas EH, Walter K, Wu X, Zhang L, Alam MD,
Anastasi C, Aniebo IC, Bailey DM, Bancarz IR, Banerjee S,
Barbour SG, Baybayan PA, Benoit VA, Benson KF, Bevis C,
Black PJ, Boodhun A, Brennan JS, Bridgham JA, Brown RC,

Int J Legal Med (2020) 134:1291–13031300

http://creativecommons.org/licenses/by/4.0/


Brown AA, Buermann DH, Bundu AA, Burrows JC, Carter NP,
Castillo N, Chiara ECM, Chang S, Cooley RN, Crake NR, Dada
OO, Diakoumakos KD, Dominguez-Fernandez B, Earnshaw DJ,
Egbujor UC, Elmore DW, Etchin SS, Ewan MR, Fedurco M,
Fraser LJ, Fajardo KVF, Furey WS, George D, Gietzen KJ,
Goddard CP, Golda GS, Granieri PA, Green DE, Gustafson DL,
Hansen NF, Harnish K, Haudenschild CD, Heyer NI, Hims MM,
Ho JT, Horgan AM, Hoschler K, Hurwitz S, Ivanov DV, Johnson
MQ, James T, Huw Jones TA, KangGD, Kerelska TH,Kersey AD,
Khrebtukova I, Kindwall AP, Kingsbury Z, Kokko-Gonzales PI,
Kumar A, LaurentMA, Lawley CT, Lee SE, Lee X, Liao AK, Loch
JA, Lok M, Luo S, Mammen RM, Martin JW, McCauley PG,
McNitt P, Mehta P, Moon KW, Mullens JW, Newington T, Ning
Z, Ng BL, Novo SM, O'Neill MJ, Osborne MA, Osnowski A,
Ostadan O, Paraschos LL, Pickering L, Pike AC, Pike AC,
Pinkard DC, Pliskin DP, Podhasky J, Quijano VJ, Raczy C, Rae
VH, Rawlings SR, Chiva Rodriguez A, Roe PM, Rogers J, Rogert
Bacigalupo MC, Romanov N, Romieu A, Roth RK, Rourke NJ,
Ruediger ST, Rusman E, SanchesKuiper RM, Schenker MR,
Seoane JM, Shaw RJ, Shiver MK, Short SW, Sizto NL, Sluis JP,
Smith MA, Sohna JES, Spence EJ, Stevens K, Sutton N,
Szajkowski L, Tregidgo CL, Turcatti G, Vandevondele S,
Verhovsky Y, Virk SM, Wakelin S, Walcott GC, Wang J,
Worsley GJ, Yan J, Yau L, Zuerlein M, Rogers J, Mullikin JC,
Hurles ME, McCooke NJ, West JS, Oaks FL, Lundberg PL,
Klenerman D, Durbin R, Smith AJ (2008) Accurate whole human
genome sequencing using reversible terminator chemistry. Nature
456(7218):53–59

7. Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey
M, Leamon JH, Johnson K, Milgrew MJ, Edwards M, Hoon J,
Simons JF, Marran D, Myers JW, Davidson JF, Branting A,
Nobile JR, Puc BP, Light D, Clark TA, Huber M, Branciforte JT,
Stoner IB, Cawley SE, LyonsM, Fu Y, Homer N, SedovaM, Miao
X, Reed B, Sabina J, Feierstein E, Schorn M, Alanjary M,
Dimalanta E, Dressman D, Kasinskas R, Sokolsky T, Fidanza JA,
Namsaraev E, McKernan KJ, Williams A, Roth GT, Bustillo J
(2011) An integrated semiconductor device enabling non-optical
genome sequencing. Nature 475(7356):34852

8. Zhao X, Li H, Wang Z, Ma K, Cao Y, Liu W (2016) Massively
parallel sequencing of 10 autosomal STRs in Chinese using the ion
torrent personal genome machine (PGM). Forensic Sci Int Genet
25:3438

9. Quail MA, Smith M, Couplnad P, Otto TD, Harris SR, Connor TR,
Bertoni A, Swerdlow HP, Gu Y (2012) A tale of three next gener-
ation sequencing platforms: comparison of Ion Torrent, Pacific
Biosciences and Illumina MiSeq sequencers. BMC Genomics 13:
341

10. Laurent FX, Ausset L, Clot M, Jullien S, Chantrel Y, Hollard C,
Pene L (2017) Automation of library preparation using Illumina
ForenSeq kit for routine sequencing of casework samples.
Forensic Science International: Genetics Supplement Series 6:
e415–e417

11. Gelardi C, Rockenbauer E, Dalsgaard S, Borsting C, Morling N
(2014) Second generation sequencing of three STRs D3S1358,
D12S391 and D21S11 in Danes and a new nomenclature for se-
quenced STR alleles. Forensic Sci Int Genet 12:38–41

12. Gettings KB, Aponte RA, Vallone PM, Butler JM (2015) STR
allele sequence variation: current knowledge and future issues.
Forensic Sci Int Genet 18:118–130

13. Devesse L, Ballard D, Davenport L, Riethorst I, Mason-Buck G,
SyndercombeCourt D (2017) Concordance of the ForenSeq system
and characterisation of sequence-specific autosomal STR alleles
across two major population groups. Forensic Sci Int Genet 34:
57–61

14. Phillips C, Gettings KB, King JL, Ballard D, Bodner M, Borsuk L,
Parson W (2018) "the devil's in the detail": release of an expanded,

enhanced and dynamically revised forensic STR sequence guide.
Forensic Sci Int Genet 34:162–169

15. Gettings KB, Borsuk LA, Ballard D, Bodner M, Budowle B,
Devesse L, King J, Parson W, Phillips C, Vallone PM (2017)
STRSeq: a catalog of sequence diversity at human identification
short tandem repeat loci. Forensic Sci Int Genet 31:111–117

16. Brookes C, Bright JA, Harbison S, Buckleton J (2012)
Characterising stutter in forensic STR multiplexes. Forensic Sci
Int Genet 6(1):58–63

17. Oldoni F, Castella V, Grosjean F, Hall D (2017) Sensitive DIP-STR
markers for the analysis of unbalanced mixtures from “touch”DNA
samples. Forensic Sci Int Genet 28:111117

18. Sanchez JJ, Phillips C, Børsting C, Balogh K, Bogus M, Fondevila
M, Harrison CD, MusgraveBrown E, Salas A, Syndercombe-Court
D, Schneider PM, Carracedo A, Morling N (2006) A multiplex
assay with 52 single nucleotide polymorphisms for human identifi-
cation. Electrophoresis 27(9):17131724

19. van der Gaag KJ, de Leeuw RH, Hoogenboom J, Patel J, Storts DR,
Laros JFJ, de Knijff P (2016) Massively parallel sequencing of
short tandem repeats—population data and mixture analysis results
for the PowerSeq system. Forensic Sci Int Genet 24:86–96

20. Phillips C, Fang R, Ballard D, Fondevila M, Harrison C, Hyland F,
MusgraveBrown E, Proff C, Ramos-Luis E, Sobrino B, Carracedo
A, FurtadoMR, SyndercombeCourt D, Schneider PM, Consortium
SN (2007) Evaluation of the Genplex SNP typing system and a
49plex forensic marker panel. Forensic Science International-
Genetics 1(2):180–185

21. Daniel R, Santos C, Phillips C, Fondevila M, van Oorschot RA,
Carracedo A, Lareu MV, McNevin D (2015) A SNaPshot of next
generation sequencing for forensic SNP analysis. Forensic Sci Int
Genet 14:50–60

22. Grandell I, Samara R, Tillmar AO (2016) A SNP panel for identity
and kinship testing using massive parallel sequencing. Int J Legal
Med 130(4):90514

23. Kidd KK, Pakstis AJ, Speed WC, Lagace R, Chang J, Wootton S,
Haigh E, Kidd JR (2014) Current sequencing technology makes
microhaplotypes a powerful new type of genetic marker for foren-
sics. Forensic Sci Int Genet 12:215–224

24. Pakstis AJ, Fang R, Furtado MR, Kidd JR, Kidd KK (2012) Mini-
haplotypes as lineage informative SNPs and ancestry inference
SNPs. European journal of human genetics : EJHG 20(11):1148–
1154

25. Wendt FR, King JL, Novroski NMM, Churchill JD, Ng J, Oldt RF,
McCulloh KL, Weise JA, Smith DG, Kanthaswamy S, Budowle B
(2017) Flanking region variation of ForenSeq DNA Signature Prep
Kit STR and SNP loci in Yavapai Native Americans. Forensic Sci
Int Genet 28:146–154

26. Churchill JD, Schmedes SE, King JL, Budowle B (2016)
Evaluation of the Illumina((R)) Beta version ForenSeq DNA
Signature Prep Kit for use in genetic profiling. Forensic Sci Int
Genet 20:20–29

27. Jager AC, Alvarez ML, Davis CP, Guzman E, Han Y, Way L,
Walichiewicz P, Silva D, Pham N, Caves G, Bruand J,
Schlesinger F, Pond SJK, Varlaro J, Stephens KM, Holt CL
(2017) Developmental validation of the MiSeq FGx forensic geno-
mics system for targeted next generation sequencing in forensic
DNA casework and database laboratories. Forensic Sci Int Genet
28:52–70

28. Xavier C, Parson W (2017) Evaluation of the Illumina ForenSeq
DNA Signature Prep Kit—MPS forensic application for the MiSeq
FGx benchtop sequencer. Forensic Sci Int Genet 28:188–194

29. Silvia AL, Shugarts N, Smith J (2017) A preliminary assessment of
the ForenSeq FGx system: next generation sequencing of an STR
and SNP multiplex. Int J Legal Med 131(1):73–86

30. Almalki N, Chow HY, Sharma V, Hart K, Siegel D, Wurmbach E
(2017) Systematic assessment of the performance of Illumina’s

Int J Legal Med (2020) 134:1291–1303 1301



MiSeq FGx forensic genomics system. Electrophoresis 38(6):846–
854

31. Eduardoff M, Gross TE, Santos C, de la Puente M, Ballard D,
Strobl C, Borsting C, Morling N, Fusco L, Hussing C, Egyed B,
Souto L, Uacyisrael J, Syndercombe Court D, Carracedo A, Lareu
MV, Schneider PM, Parson W, Phillips C, Consortium EU-N,
Parson W, Phillips C (2016) Inter-laboratory evaluation of the
EUROFORGEN Global ancestry-informative SNP panel by mas-
sively parallel sequencing using the Ion PGM. Forensic Sci Int
Genet 23:178–189

32. Parson W, Strobl C, Huber G, Zimmermann B, Gomes SM, Souto
L, Fendt L, Delport R, Langit R, Wootton S, Lagace R, Irwin J
(2013) Evaluation of next generation mtGenome sequencing using
the ion torrent personal genome machine (PGM). Forensic Sci Int
Genet 7(5):543–549

33. Churchill JD, Novroski NMM, King JL, Seah LH, Budowle B
(2017) Population and performance analyses of four major popula-
tions with Illumina's FGx forensic genomics system. Forensic Sci
Int Genet 30:81–92

34. Just RS, Moreno LI, Smerick JB, Irwin JA (2017) Performance and
concordance of the ForenSeq system for autosomal and Y chromo-
some short tandem repeat sequencing of reference-type specimens.
Forensic Sci Int Genet 28:1–9

35. Pereira V,Mogensen HS, Borsting C,Morling N (2017) Evaluation
of the precision ID ancestry panel for crime case work: a SNP
typing assay developed for typing of 165 ancestral informative
markers. Forensic Sci Int Genet 28:138–145

36. Al-Asfi M, McNevin D, Mehta B, Power D, Gahan ME, Daniel R
(2018) Assessment of the precision ID ancestry panel. Int J Legal
Med 132(6):15811594

37. Jin S, Chase M, Henry M, Alderson G, Morrow JM, Malik S,
Ballard D, McGrory J, Fernandopulle N, Millman J, Laird J
(2018) Implementing a biogeographic ancestry inference service
for forensic casework. Electrophoresis 39(21):2757–2765

38. Fordyce SL, Mogensen HS, Borsting C, Lagace RE, Chang CW,
Rajagopalan N, Morling N (2015) Second-generation sequencing
of forensic STRs using the Ion Torrent HID STR 10-plex and the
Ion PGM. Forensic Sci Int Genet 14:132–140

39. Tasker E, LaRue B, Beherec C, Gangitano D, Hughes-Stamm S
(2017) Analysis of DNA from post-blast pipe bomb fragments for
identification and determination of ancestry. Forensic Sci Int Genet
28:195–202

40. Guo F, ZhouY, Liu F, Yu J, Song H, Shen H, Zhao B, Jia F, HouG,
Jiang X (2016) Evaluation of the Early Access STR Kit v1 on the
Ion Torrent PGM platform. Forensic Sci Int Genet 23:111–120

41. Kulstein G, Pably P, Furst A, Wiegand P, Hadrys T (2019) “The
acid test”—validation of the ParaDNA® Body Fluid ID Test
forroutine forensic casework. Int J Legal Med 133(3):751–757

42. Novroski NMM, King JL, Churchill JD, Seah LH, Budowle B
Characterization of genetic sequence variation of 58 STR loci in
four major population groups. Forensic Sci Int Genet 25(2016):
214–226

43. Borsting C, Fordyce SL, Olofsson J, Mogensen HS, Morling N
(2014) Evaluation of the ion torrent HID SNP 169-plex: a SNP
typing assay developed for human identification by second gener-
ation sequencing. Forensic Sci Int Genet 12:144–154

44. Wang Z, Zhou D,WangH, Jia Z, Liu J, Qian X, Li C, HouY (2017)
Massively parallel sequencing of 32 forensic markers using the
precision ID GlobalFiler NGS STR panel and the ion PGM system.
Forensic Sci Int Genet 31:126–134

45. Muller P, Alonso A, Barrio PA, Berger B, Bodner M, Martin P,
Parson W, Consortium D (2018) Systematic evaluation of the early
access applied biosystems precision ID Globalfiler mixture ID and
Globalfiler NGS STR panels for the ion S5 system. Forensic Sci Int
Genet 36:95–103

46. Avent I, Kinnane AG, Jones N, Petermann I, Daniel R, Gahan ME,
McNevin D (2018) The QIAGEN 140-locus single-nucleotide
polymorphism (SNP) panel for forensic identification using mas-
sively parallel sequencing (MPS): an evaluation and a direct-to-
PCR trial. Int J Legal Med

47. Gettings KB, Kiesler KM, Faith SA,Montano E, Baker CH, Young
BA, Guerrieri RA, Vallone PM (2016) Sequence variation of 22
autosomal STR loci detected by next generation sequencing.
Forensic Sci Int Genet 21:15–21

48. de la Puente M, Phillips C, Santos C, Fondevila M, Carracedo A,
Lareu MV (2017) Evaluation of the Qiagen 140-SNP forensic iden-
tification multiplex for massively parallel sequencing. Forensic Sci
Int Genet 28:35–43

49. Zeng X, King J, Hermanson S, Patel J, Storts DR, Budowle B
(2015) An evaluation of the PowerSeq Auto System: a multiplex
short tandem repeat marker kit compatible with massively parallel
sequencing. Forensic Sci Int Genet 19:172–179

50. Montano EA, Bush JM, Garver AM, Larijani MM,Wiechman SM,
Baker CH, Wilson MR, Guerrieri RA, Benzinger EA, Gehres DN,
Dickens ML (2018) Optimization of the Promega PowerSeq
Auto/Y system for efficient integration within a forensic DNA lab-
oratory. Forensic Sci Int Genet 32:26–32

51. Van Neste C, Van Criekinge W, Deforce D, Van Nieuwerburgh F
(2016) Forensic Loci Allele Database (FLAD): automatically gen-
erated, permanent identifiers for sequenced forensic alleles.
Forensic Science International: Genetics 20:e1–e3

52. Parson W, Ballard D, Budowle B, Butler JM, Gettings KB, Gill P,
Gusmao L, Hares DR, Irwin JA. King JL, Knijff P, Morling N,
Prinz M, Schneider PM, Neste CV, Willuweit S, Phillips C
(2016) Massively parallel sequencing of forensic STRs:
Considerations of the DNA commission of the International
Society for Forensic Genetics (ISFG) on minimal nomenclature
requirements. Forensic Science International Genetic. https://doi.
org/10.1016/j.fsigen.2016.01.009

53. Hares DR, Irwin JA, King JL, Knijff P, Morling N, Prinz M,
Schneider PM, Neste CV, Willuweit S, Phillips C (2016)
Massively parallel sequencing of forensic STRs: considerations of
the DNA commission of the International Society for Forensic
Genetics (ISFG) on minimal nomenclature requirements. Forensic
Sci Int Genet 22:54–63

54. Phillips C, Devesse L, Ballard D, van Weert L, de la Puente M,
Melis S, Alvarez Iglesias V, Freire-Aradas A, Oldroyd N, Holt C,
Syndercombe Court D, Carracedo A, Lareu MV (2018) Global
patterns of STR sequence variation: sequencing the CEPH human
genome diversity panel for 58 forensic STRs using the Illumina
ForenSeq DNA Signature Prep Kit. Electrophoresis 39(21):2708–
2724

55. Gettings KB, Borsuk LA, Steffen CR, Kiesler KM, Vallone PM
(2018) Sequence-based U.S. population data for 27 autosomal STR
loci. Forensic Sci Int Genet 37:106–115

56. Gunnarsdottir ED, Li M, Bauchet M, Finstermeier K, Stoneking M
(2011) High-throughput sequencing of complete human mtDNA
genomes from the Philippines. Genome Res 21(1):1–11

57. Illumina (2016) Human mtDNA Genome for the Illumina
Sequencing Platform. Available at https://support.illumina.com/
content/dam/illumina-support/documents/documentation/
chemistry_documentation/samplepreps_legacy/human-mtdna-
genome-guide-15037958-01.pdf

58. Lyons EA, Scheible MK, Sturk-Andreaggi K, Irwin JA, Just RS
(2013) A high throughput Sanger strategy for human mitochondrial
genome sequencing. BMC Genomics 14:881

59. Eichmann C, Parson W (2008) ‘Mitominis’: multiplex PCR analy-
sis of reduced size amplicons for compound sequence analysis of
the entire mtDNA control region in highly degraded samples. Int J
Legal Med 122(5):385–388

Int J Legal Med (2020) 134:1291–13031302

https://doi.org/10.1016/j.fsigen.2016.01.009
https://doi.org/10.1016/j.fsigen.2016.01.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


60. ParsonW, Huber G, Moreno L, Madel MB, BrandhagenMD, Nagl
S, Xavier C, Eduardoff M, Callaghan TC, Irwin JA (2015)
Massively parallel sequencing of complete mitochondrial genomes
from hair shaft samples. Forensic Sci Int Genet 15:8–15

61. McElhoe JA, Holland MM, Makova KD, Su MS, Paul IM, Baker
CH, Faith SA, Young B (2014) Development and assessment of an
optimized next-generation DNA sequencing approach for the
mtGenome using the Illumina MiSeq. Forensic Sci Int Genet 13:
20–29

62. Molto JE, Loreille O, Mallott EK, Malhi RS, Fast S, Daniels-
Higginbotham J, Marshall C, Parr R (2017) Complete mitochon-
drial genome sequencing of a burial from a Romano–Christian
cemetery in the Dakhleh Oasis, Egypt: preliminary indications.
Genes 8(10)

63. Eduardoff M, Xavier C, Strobl C, Casas-Vargas A, Parson W
(2017) Optimized mtDNA control region primer extension capture
analysis for forensically relevant samples and highly compromised
mtDNA of different age and origin. Genes (Basel) 8(10)

64. Templeton JE, Brotherton PM, Llamas B, Soubrier J, Haak W,
Cooper A, Austin JJ (2013) DNA capture and next-generation se-
quencing can recover whole mitochondrial genomes from highly
degraded samples for human identification. Investig Genet 4(1)

65. King JL, LaRue BL, Novroski NM, StoljarovaM, Seo SB, Zeng X,
Warshauer DH, Davis CP, Parson W, Sajantila A, Budowle B
(2014) High-quality and high throughput massively parallel se-
quencing of the human mitochondrial genome using the Illumina
MiSeq. Forensic Sci Int Genet 12:128–135

66. Peck MA, Brandhagen MD, Marshall C, Diegoli TM, Irwin JA,
Sturk-Andreaggi K (2016) Concordance and reproducibility of a
next generation mtGenome sequencing method for high-quality
samples using the Illumina MiSeq. Forensic Sci Int Genet 24:
103–111

67. Zaaijer S, Gordon A, Speyer D, Piccone R, Groen SC, Erlich Y
(2017) Rapid reidentification of human samples using portable
DNA sequencing. eLife 6:e27798

68. Ralf A, con Oven M, Zhong K, Kayser M (2015) Simultaneous
analysis of hundreds of Y chromosomal SNPs for high-resolution
paternal lineage classification using targeted semiconductor se-
quencing. Human Mutation Journal 36(1):151–159

69. Zubakov D, Kokmeijer I, Ralf A, Rajagopalan N, Calandro L,
Wootton S, Langit R, Change C, Lagace R, Kayser M (2015)
Towards simultaneous individual and tissue identification: a
proof-of-principle study on parallel sequencing of STRs,
amelogenin, and mRNAs with the Ion Torrent PGM. Forensci
Science International 17:122–128

70. Cornelis S, Gansemans Y, Deleye L, Deforce D, von Nieuweburhg
R (2017) Forensic SNP genotyping using nanopore MinION se-
quencing. Scientific Reports 7(41759)

71. Loman NJ, Quick J, Simpson JT (2015) A complete bacterial ge-
nome assembled de novo using only nanopore sequencing data.
Nature Methods 12(8):733–735

72. Borsteing C, Fordyce SL, Olofsson J, Mogensen HS, Morling N
(2014) Evaluation of the Ion Torrent™ HID SNP 169-plex: a SNP
typing assay developed for human identification by second

generation sequencing. Forensic Science International Genetic 12:
144–154

73. Seo SB, King JL, Warshauer DH, Davis CP, Ge J, Budowle B
(2013) Single nucleotide polymorphism typing with massively par-
allel sequencing for human identification. International Journal of
Legal Medicine 127(6):1079–1086

74. Tian F, Hivert M,WenX, Xie C, Niu Z, Fan L, GillmanMW, Chen
W (2017) Tissue differences in DNA ethylation changes at AHRR
in full term low birth weight in maternal blood, placenta and cord
blood in Chinese. Placenta 54:49–57

75. Hanson E, Ingold S, Hass C, Ballanytne J (2015) Targeted
multiplexed next generation RNA sequencing assay for tissue
source determination of forensic samples. Forensic Science
International: Genetics Supplement Series 5:441–443

76. Kakimoto Y, Tanaka M, Kamiguchi H, Hayashi H, Ochiai E,
Osawa M (2016) MicroRNA deep sequencing reveals chamber-
specific miR-208 family expression patterns in the human heart.
International Journal of Cardiology:43–48

77. Dey SS, Kester L, Spanjaard B, Bienko M, Oudenaarden A (2015)
Integrated genome and transcriptome sequencing from the same
cell. Nature Biotechnology 33(3):285–289. https://doi.org/10.
1038/nbt.3129

78. Reuter JA, Spacek DV, Pai RK, Snyder MP (2016) Simul-seq:
combined DNA and RNA sequencing for whole-genome and tran-
scriptome profiling. Nature Methods 13(11):953–958. https://doi.
org/10.1038/nmeth.4028

79. Han KY, Kim K-T, Joung J-G, Son D-S, Kim YJ, Jo A, Jeon H-J,
Moon H-S, Yoo CE, ChungW, EumHH, Kim S, Kim HK, Lee JE,
Ahn M-J, Lee H-O, Park D, Park W-Y (2017) SIDR: simultaneous
isolation and parallel sequencing of genomic DNA and total RNA
from single cells. Genome Res

80. Eduardoff M, Santos C, de la Puente M, Gross TE, Fondevila M,
Strobl C, Sobrino B, Ballard D, Schneider PM, Carracedo A, Lareu
MV, ParsonW, Phillips C (2015) Interlaboratory evaluation of SNP
based forensic identification bymassively parallel sequencing using
the Ion PGM (TM). Forensic Science International-Genetics 17:
110121

81. van der Gaag KJ, de Knijff P (2015) Forensic nomenclature for
short tandem repeats updated for sequencing. Forens Sci Int-Gen
S 5:E542–E544

82. Day JC, Broughton RK, Hinsley SA [2015] Sequence and organi-
zation of the complete mitochondrial genome of the marsh tit
Poecile palustris (Aves: Paridae), Mitochondrial DNA A DNA
Mapp Seq Analyses. https://doi.org/10.3109/19401736.2015.
1007351

83. Hoople GD, Richards A, Wu Y, Pisano AP, Zhang K (2018) Gel-
seq: a method for simultaneous sequencing library preparation of
DNA and RNA using hydrogel matrices. J Vis Exp 26(133). https://
doi.org/10.3791/57315

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Int J Legal Med (2020) 134:1291–1303 1303

https://doi.org/10.1038/nbt.3129
https://doi.org/10.1038/nbt.3129
https://doi.org/10.1038/nmeth.4028
https://doi.org/10.1038/nmeth.4028
https://doi.org/10.3109/19401736.2015.1007351
https://doi.org/10.3109/19401736.2015.1007351
https://doi.org/10.3109/19401736.2015.1007351
https://doi.org/10.3109/19401736.2015.1007351

	Massive parallel sequencing in forensics: advantages, issues, technicalities, and prospects
	Abstract
	Introduction
	NGS methodology
	NGS as a tool for STR and SNP genotyping
	Commercial solutions
	mtDNA sequencing

	Conclusions and future perspectives
	References


