
2642 Electrophoresis 2018, 39, 2642–2654

Brigitte Bruijns1,2

Roald Tiggelaar1,3

Han Gardeniers1

1Mesoscale Chemical Systems,
MESA+ Institute for
Nanotechnology, University of
Twente, Enschede, The
Netherlands

2Life Science, Engineering &
Design, Saxion University of
Applied Sciences, Enschede,
The Netherlands

3NanoLab cleanroom, MESA+
Institute for Nanotechnology,
University of Twente, Enschede,
The Netherlands

Received February 14, 2018
Revised July 7, 2018
Accepted July 23, 2018

Review

Massively parallel sequencing techniques
for forensics: A review

DNA sequencing, starting with Sanger’s chain termination method in 1977 and evolving
into the next generation sequencing (NGS) techniques of today that employ massively par-
allel sequencing (MPS), has become essential in application areas such as biotechnology,
virology, and medical diagnostics. Reflected by the growing number of articles published
over the last 2–3 years, these techniques have also gained attention in the forensic field.
This review contains a brief description of first, second, and third generation sequencing
techniques, and focuses on the recent developments in human DNA analysis applicable in
the forensic field. Relevance to the forensic analysis is that besides generation of standard
STR-profiles, DNA repeats can also be sequenced to look for polymorphisms. Further-
more, additional SNPs can be sequenced to acquire information on ancestry, paternity or
phenotype. The current MPS systems are also very helpful in cases where only a limited
amount of DNA or highly degraded DNA has been secured from a crime scene. If enough
autosomal DNA is not present, mitochondrial DNA can be sequenced for maternal lineage
analysis. These developments clearly demonstrate that the use of NGS will grow into an
indispensable tool for forensic science.
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1 Introduction

Massively parallel sequencing (MPS) has gained a lot of
attention over the last decade. A MPS technique is defined
by the National Cancer Institute dictionary of genetic terms
as ‘a high-throughput method used to determine a portion
of the nucleotide sequence of an individual’s genome. This
technique utilizes DNA sequencing technologies that are
capable of processing multiple DNA sequences in parallel.’
(https://www.cancer.gov/publications/dictionaries/genetics-
dictionary).

MPS is often named next generation sequencing (NGS),
to distinguish the new developments from previous DNA
sequencing methods. Multiple reviews have been reported on
the principles, performance, advantages, and disadvantages
of NGS techniques [1–9]; however, only a few papers discuss
applications of NGS for forensic applications [10–12]. This
topic is the focus of this review.
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dNTPs, deoxynucleotidetriphosphates; em-PCR, emulsion
PCR; MPS, massively parallel sequencing; mtDNA, mitochon-
drial DNA; NGS, next generation sequencing; SMS, single
molecule sequencing; ZMW, zero-mode waveguide

A variety of important developments in first, second, and
third generation sequencing are depicted in Fig. 1. It is clear
that first generation sequencing, with especially Sanger se-
quencing developed in 1977, dominated the market for a
long time. In the years 2005–2007 several second generation
systems were launched onto the market, such as the Solexa
Genome Analyzer and the SOLiD R© system. The so-called
third generation sequencers started with the launch of the
Helicos system in 2007. Lin and co-workers gave an overview
of some recent NGS techniques and patents in 2008 [13].

An overview of the characteristics, such as the sequenc-
ing principle, the read length, the throughput, and the run
time, of the three generations of MPS techniques is given in
Table 1. Note that the read length, throughput, and run time
are subjective to fast changes because the field is advancing
fast, therefore this table only gives an indicative comparison
between the various generations of sequencing techniques
and not an exact evaluation of the limits of each method.

1.1 Terminology

Important characteristics of the different sequencing tech-
niques are the read length, the coverage, and the depth. A read
is the sequence of bases of a single molecule of DNA, whereas
the read length is the actual number of sequenced bases
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read in one run. The coverage is described as the number
of short reads that overlap within a specific genomic region,
while the depth is defined as the amount of reads of the same
region.

Most of the second-generation sequencing techniques
are based on sequencing by synthesis. This is the serial ex-
tension of a primed template by an enzyme, which is either a
polymerase (e.g. 454) or a ligase (e.g. SOLiD R©). Another term
used often in sequencing is homopolymer, which is actually
a polymer with a series of identical components, in the MPS
terminology it means a repetitive DNA sequence.

2 First generation sequencing

Sanger sequencing was developed in 1977 by Frederick
Sanger, who was awarded the Nobel Prize in Chemistry in
1980 [1]. This method, which is now known as the first gener-
ation sequencing, is rather similar to PCR, because a ssDNA
template, a DNA primer, DNA polymerase, and deoxynu-
cleotidetriphosphates (dNTPs) are also required to perform
the reaction. Furthermore, di-deoxynucleotidetriphosphates
(ddNTPs) are needed, which can be incorporated into the
newly synthesized DNA strand, just as normal dNTPs, but
with termination of the elongation process as a result. There-
fore this method is also known as the chain termination
method. The reaction is carried out in fourfold, whereby
in each tube (besides the normal dNTPs) only one of the
four labeled ddNTPs is added in a relatively low concentra-
tion [18]. Nowadays the sequence can be determined by flu-
orescently labeled ddNTPs and capillary (gel) electrophoresis
(Fig. 2A) [14, 19–21]. Sanger sequencing can produce longer
reads than most of the second generation techniques, which
produce short reads.

3 Second generation sequencing

The development of PCR in 1985 has led to major improve-
ments in instrumentation, because alternatives for the prin-
ciple of Sanger sequencing became available [1, 2]. The new
systems such as 454, SOLiD R©, and Ion TorrentTM make use
of a cell free system, whereas for Sanger sequencing bacterial
cloning of DNA fragments was required [3, 8, 14]. Because
this resulted in faster and cheaper methods which are based
on parallel analysis, giving higher throughput, the term ‘next
generation sequencing’ was introduced. Also new sequenc-
ing methods have been developed, such as pyrosequencing
and virtual terminator chemistry [1–3, 5, 13]. Drawback of
the higher throughput is the reduced accuracy of each short
read [8,22]; therefore, with these techniques it is not possible
to read a complete DNA sequence of a genome, but only small
DNA fragments [5].

In 1986 Ansorge and co-workers developed a method
and an instrument for automated DNA sequencing without
the need for radioactive labels [4, 23, 24]. They used a flu-
orescently labeled primer to generate a nested set of DNA

fragments, which become fluorescent because of the incor-
porated labeled primer. By the use of gel electrophoresis in
combination with a laser to excite the bands, it was possible
to detect as low as 0.1 fmol per band and to read 250–300
bases within 6 h [23].

A wide variety of second generation sequencing ma-
chines have been launched on the market, such as the
GE Healthcare (previously Amersham) MegaBACETM sys-
tem [25], the system of Intelligent Bio-Systems Inc. (sub-
sidiary of Qiagen R©) [26, 27], sequencing with nanoballs by
Complete GenomicsTM [28, 29], and the Polonator (devel-
oped by the research group of Church at Harvard) [8, 30].
In this review only the most used and advanced techniques
will be discussed in detail, i.e. the 454 system (Roche) and
the systems from Illumina R© and Applied BiosystemsTM/Life
Technologies.

3.1 454

The technology on which the 454 sequencing technique is
based was patented in 1989 by Melamede [31]. The GS FLX
from 454 Life Sciences (later on Roche), the first NGS tech-
nique on the market, is based on pyrosequencing. This im-
plies that detection takes place by analysis of the signal emit-
ted from the nucleotide that is incorporated in the new DNA
strand (Fig. 2B). This is also called sequencing by synthe-
sis. Several chemical reactions occur (Fig. 2B) that result
in the emission of light detected by a camera, from which
the sequence can be constructed. dNTPs that do not match
are degraded by a pyrase. When the correct nucleotide is
incorporated in the newly synthesized strand, the pyrophos-
phate is converted to adenosine triphosphate with the help of
the enzyme sulfurylase. Next, luciferase converts the adeno-
sine triphosphate and luciferin to oxyluciferin, accompanied
by light emission [32–34]. The use of SBS ensures that de-
tection and analysis via electrophoresis is no longer needed
[2, 4, 16, 35].

A drawback is that library preparation is required before
sequencing can take place. The DNA solution is fragmented
and so-called adaptors, 44-base primer sequences, are added
to both ends of each DNA fragment. At one end adapter ‘A’ is
ligated and on the other end adapter ‘B’, which differs from A
in nucleotide sequence. The exact sample preparation steps
can be found in the supplementary material of the article of
Margulies et al. [36]. The aim of these adapters is to capture the
DNA fragments on a solid surface [16]. In the 454 sequencer
the solid surface is provided by 26 �m beads used for emul-
sion PCR (em-PCR) (Fig. 2C), which means that the DNA
is amplified on the bead inside a water droplet surrounded
by an oil solution [6, 14]. An important feature of em-PCR
is the bias-free amplification of single DNA molecules ac-
quired by entrapping them in lipid microreactors [20]. The
beads, after em-PCR covered with multiple copies of the tem-
plate DNA, are loaded in a fiber-optic slide with recessed
75 pL wells, where each well houses one bead [2, 35, 36].
Roche stopped the production of the 454 system at the end of
2016 [1, 3].
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Figure 2. Overview of
several DNA sequencing
techniques with the principle
of (A) Sanger sequencing,
(B) pyrosequencing (e.g.
454), (C) em-PCR (e.g. 454,
SOLiD R© and Ion TorrentTM)
and D) bridge amplifi-
cation/cluster PCR (e.g.
Solexa).

3.2 Illumina

Also Solexa (acquired by Illumina R© in 2007 (https://www.
illumina.com/science/technology/next-generation-sequenc
ing/illumina-sequencing-history.html) released a sequenc-
ing system based on sequencing-by-synthesis and the use
of reversible dye terminators [3, 4]. Just as with the 454
system, adapters are placed at the ends of the DNA sequence.
Whereas the 454 system used beads and em-PCR, Solexa
makes use of a planar solid glass support [7, 9]. Sequences
complementary to the adapters ‘A’ and ‘B’ are present on
the full inside of flow cell lanes [37]. When the other end
of the target DNA also hybridizes to the complementary
sequence present on the support, a bridge structure is
created (Fig. 2D) [4, 14]. Each bridge-amplified cluster
contains a unique DNA template, which is primed and
sequenced [9]. The ddNTPs have different fluorescent labels
and a removable blocking group. By completing the template
one base at a time and recording the fluorescent signal with
a CCD camera, the DNA sequence can be determined [1].
Higher throughput was achieved by implementing a faster
camera, faster polymerases, higher occupancy, and mono-
clonality within each well and patterned flow cells with fixed

nanowells [3]. Drawback of the reversible dye termination
SBS technique is the short read length, because 100%
efficiency of base incorporation and cleavage in each cycle is
hard to obtain [9]. The HiSeq R© series, and later the MiSeq R©

series, succeeded the Solexa Genome Analyzer [1].

3.3 Applied Biosystems

Over the years Life Technologies, which joined InvitrogenTM

to become Applied BiosystemsTM in 2008, took over several
companies that brought sequencing systems to the mar-
ket (e.g. SOLiD R© and Ion TorrentTM). Nowadays Applied
BiosystemsTM is part of Thermo Fisher Scientific.

3.3.1 SOLiD

SOLiD R© is an abbreviation of Sequencing by Oligo Ligation
Detection, a system based on the Polonator technology, and
brought to the market by Agencourt in 2006 and later by
Applied BiosystemsTM [8,14,16]. This technique was patented
by McKernan et al. in 2006 [38]. The system is based, as the
name suggests, on sequencing by ligation, which means that a
probe sequence is bound to a fluorophore which hybridizes to

C© 2018 The Authors. Electrophoresis Published by Wiley-VCH Verlag GmbH & Co. KGaA www.electrophoresis-journal.com

https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html
https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html
https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html


2646 B. Bruijns et al. Electrophoresis 2018, 39, 2642–2654

Figure 3. Overview of sev-
eral DNA sequencing tech-
niques with the principle of
(A) sequencing by ligation
(SBL, e.g. SOLiD R©), (B) ion
detection (e.g. Ion TorrentTM),
(C) zero-mode waveguides
(ZMWs, e.g. PacBio R©) and
(D) nanopores (e.g. Oxford
Nanopore).

a DNA fragment and is ligated to an adjacent oligonucleotide
for imaging (Fig. 3A) [1, 15]. This method utilizes em-PCR
with small magnetic beads of 1 �m [2, 6, 39]. The technique
makes use of oligonucleotides of eight nucleotides present
in all possible variations of the complementary DNA strand,
with on the 4th and 5th bases a specific fluorescent label
[6]. Next, the ligated octamer is cleaved after the fifth base,
whereby the fluorescent label is removed and the next ligation
cycle can start [4]. Therefore in the first round the bases are
determined on positions 4–5, 9–10, 14–15, etc. In the next
round a primer is used with one less base to sequence the
positions 3–4, 8–9, 13–14, etc. [3, 16].

3.3.2 Ion Torrent

At the end of 2010 the company Ion TorrentTM introduced
their Ion Personal Genome MachineTM (PGMTM) (developed
by Jonathan Rothburg after leaving 454) [1, 21]. This SBS
method also starts with em-PCR on beads (Fig. 2C), which,
in a later stage of the process are kept in position in the wells
of a chip/picowell plate [9,21,40]. The detection method is not
based on fluorescence, but uses the pH change upon addi-
tion of a nucleotide in a sequence. When the new nucleotide

is bound, upon pyrophosphate cleavage, it releases a pro-
ton that is detected by monitoring the potential (Fig. 3B) [1].
The well plate ensures that proton release can be localized
and retained. The signal is proportional to the amount of
protons released, which makes it possible to sequence ho-
mopolymeric regions of the template DNA. Data collection is
carried out by a complementary metal-oxide semiconductor
(CMOS) sensor array chip with the sensor surface present at
the bottom of the well plate. These chips can measure mil-
lions to billions of simultaneous sequencing reactions [40].
Measuring the potential is faster, cheaper and can be ac-
complished with smaller instruments than systems based on
fluorescence read-out [1].

4 Third generation sequencing

Although second generation sequencing techniques are
based on amplification, with the next-next-next (or third
generation) methods single molecules are read in real time.
Therefore these techniques are much faster and longer
reads can be generated than with the previous generations
of sequencing techniques [1, 3, 5, 20, 41]. Single molecule

C© 2018 The Authors. Electrophoresis Published by Wiley-VCH Verlag GmbH & Co. KGaA www.electrophoresis-journal.com
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sequencing (SMS) technologies can be grouped in three
categories. The first category is SBS methods, whereby single
molecules of DNA polymerase are observed at the moment
they are synthesizing a single DNA molecule (e.g. PacBio R©).
Nanopore sequencing techniques are the second category
(e.g. Oxford Nanopores) and the third category consists of
methods that use direct imaging of individual DNA molecules
by means of advanced microscopy (e.g. VisiGen) [41, 42].
The first SMS technique was developed by the laboratory of
Quake and commercially launched by Helicos in 2007, which
went bankrupt in 2012 [4, 22, 43]. The systems of PacBio R©

(fluorescent signal detection) and Oxford Nanopore (current
measurements) are also based on SMS and are described in
more detail below. Other third generation sequencing sys-
tems, such as Heliscope from Helicos [8,42,44], VisiGen (later
Life Technologies/InvitrogenTM [4, 45], and Starlight (also
known as the code name for VisiGen, a patent interference
case involving Pacific Biosciences R©, Life Technologies, and
Helicos resulted in discontinuation of this technique) [7, 46]
will not be discussed here, because these systems are either
not available or not mentioned in literature anymore.

4.1 PacBio

The system of Pacific Biosciences R© (PacBio R© in short) makes
use of Single Molecule Real-Time R© (SMRT R©) technology
[47, 48]. The instrument, available since late 2010, is the
first sequencer for individual DNA molecules and real-time
detection [7]. In contrast to the previously described meth-
ods, this technique is suitable for long-read sequencing [15].
The method is based on fluorescent labeling and SBS and
the sequence is read real time. Glass wells of less than 100
nanometers in diameter are coated with a metal film, form-
ing zero-mode waveguides (ZMWs) because no propagation
modes exist in these tiny wells [5,49,50]. The volume of these
wells is in the order of zeptoliters and the polymerase (�29)
is immobilized beforehand on the bottom of the well. A high-
resolution camera at the bottom of the ZMWs records the
fluorescence of the nucleotide that is incorporated in real
time [16, 49]. Because of the design of the ZMWs, the lowest
30 nm of the well is illuminated, which enables the detec-
tion of the incorporation of the fluorescent nucleotides by the
polymerase [41].

4.2 Nanopore-based systems

With the use of nanopores a single DNA molecule can be
read and this can be done, similar to other third generation
techniques, without the need for amplification or expensive
fluorescent labels [51]. The detection principle of nanopore-
based systems relies on the ion current, which is generated
when a charged molecule, such as a DNA molecule, passes
through a nanoscale pore in a membrane. The membrane
separates two chambers, which are filled with a conductive
electrolyte. A voltage is used to drive the DNA strand through
the pore, resulting in a changing ionic current (Fig. 3D). In

theory the four different bases would produce four distinct
current levels, which can be used for sequencing the DNA
strand. Transport through the pore is usually realized by
�-haemolysin. The transport of ssDNA through a pore can
reach velocities of about 1 nucleotide/�s. To reduce the ve-
locity of a DNA strand through a pore, �-haemolysin can be
replaced by Mycobacterium smegmatis porin A [51, 52]. A mo-
tor protein is attached to the pore and a transport protein
provides the DNA translocation (denaturation of the dsDNA
to become ssDNA) through the pore [5, 15, 21].

The MinIONTM is a nanopore system commercially re-
leased by Oxford Nanopore Technologies in 2014. This device
weighs only 100 gram and can be connected to a computer
via USB [5, 53].

5 MPS in forensics

In the annual report of the Netherlands Forensic Institute
(NFI) of 2015 the need for forensic awareness of NGS was
highlighted. The forensic laboratory for DNA analysis at the
University of Leiden is the first institute in the world that was
accredited to use NGS technology in forensic DNA analysis.
As a consequence the probability of false positive matches
in DNA profiling decreased and it has become easier to
distinguish the different DNA profiles in a complex mixture.
With the use of NGS technology the distinctive character
of the profiles increases and therefore also the value of the
evidence (i.e. the random match probability will be lower)
(https://dnadatabank.forensischinstituut.nl/binaries/dna-jaa
rverslag-2015_tcm37-87649.pdf).

In 2015, Iozzi and co-workers reported that the use
of NGS technologies in forensics has been limited to spo-
radic pilot studies [54]. This was confirmed by a litera-
ture review of the period December 2012–June 2015 by
Alvarez-Cubero et al. [11]. At that time sufficient read lengths
for a complete DNA profile could only be obtained with
pyrosequencing [11, 55, 56].

A survey in 2017 among 33 European forensic laborato-
ries showed that 52% of these laboratories already bought one
or more NGS machines. At the moment the MiSeq R©/NextSeq
and the Ion TorrentTM PGMTM/S5 are most often purchased.
The technology of NGS is mainly used for SNP markers for
identity or ancestry, but also for autosomal STR markers (i.e.
DNA profiling) [57].

By introducing new sequencing techniques and systems,
as well as forensic assays/kits, MPS gathered a lot of at-
tention over the last 2–3 years. Kits, such as the HID-Ion
AmpliSeqTM Identity (SNP) Panel (Thermo Fisher Scientific)
and the ForenSeqTM DNA Signature Prep Kit (Illumina R©

for (X/Y-)STRs and SNPs for identity, biogeographical an-
cestry, and phenotyping applications are commercially avail-
able and comprehensively tested by forensic researchers
[10, 56, 58]. Furthermore, mitochondrial DNA (mtDNA) can
be sequenced to obtain more information about, for exam-
ple, the maternal lineage [10,56,59]. In the review of Børsting
and co-workers from 2015 NGS technology was called “the
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future of forensic DNA analysis” [56]. Although there are
many more applications of NGS in forensics, in this review
only the use of NGS techniques and systems for human DNA
analysis will be discussed.

5.1 STR

Because STRs are used to obtain a DNA profile that can be
compared with profiles in a database, it must be possible with
every NGS technology to sequence these repeats [10, 56]. To
increase the random match probability more STR markers are
needed, but with conventional analysis techniques (i.e. PCR
in combination with capillary electrophoresis) the amount of
markers is limited. With NGS methods these limitations do
not exist [10]. Moreover, NGS of STR markers is also very suit-
able for samples with a low quantity of DNA or degraded sam-
ples [60]. With NGS not only the number of repeats (the classi-
cal STR profile) can be analyzed, but also polymorphisms can
be determined [11]. In order to compare STR-MPS data with
STR profiles obtained by CE, the nomenclature must be well
established. The International Society for Forensic Genetics
suggested minimal nomenclature requirements. The stan-
dard nomenclature for CE obtained profiles is not suitable
for sequence differences (e.g. transversions, insertions, and
deletions) between alleles [61]. When more information on
the paternal inheritance is required, Y-STRs can be used [10].

Van Neste and co-workers performed STR-profiling
on a Roche GS FLX sequencer, since 2012 it was the only
technique that could generate full read lengths of 400–500 bp
that are required for STR-profiling. The results of both single
contributor samples and multiple-person mixtures were
compared with the AmpFISTR R© Profiler Plus R© kit from
Applied BiosystemsTM. A known disadvantage of the Roche
GS FLX is the high error rate on homopolymers, which are
usually widely present in most STR amplicons. Reducing
all homopolymers to a single base with software correction
did not influence the data analysis because of homopolymer
sequencing errors; however, it must be noted that not
all information present in these homopolymers becomes
available with this approach. Van Neste et al. concluded that
using Roche GS FLX technology is not ideal for sequencing
multiplexed STR amplicons, because of this high homopoly-
mer sequencing error rate [55]. Li and co-workers have used
the Precision ID GlobalFilerTM NGS STR panel from Thermo
Fisher Scientific with the Ion TorrentTM PGMTM for paternity
testing with mismatched STR loci. The benefit of using NGS
is that length polymorphisms, as well as detailed sequencing
polymorphism variations can be analyzed, which is not
possible with conventional CE analysis. With the obtained
data, by including enough STR loci, the certainty of paternity
can be supported [62]. When annealing and/or elongation
of a primer cannot take place, because of rare variants in
the DNA at the primer binding place, dropout of one or
both alleles occurs. This situation is also known as null
alleles or silent alleles and hinders STR profiling. Yao and
co-workers determined these sequence variations at several
STR loci by the use of Sanger sequencing [63]. An overview of

articles published on forensic STR analysis by the use of
MPS is given in Table 2.

5.2 SNP

SNPs are single-base variances in a DNA sequence, such
as substitutions, insertions, and deletions [74]. STRs show
a high heterozygosity, but a higher mutation rate com-
pared to SNPs [56, 75]. SNPs are used in forensics for
paternity/ancestry testing (e.g. with Y-SNPs) and to deter-
mine phenotypical characteristics of an individual [10,76,77].
May 30/31 2017 was the opening of a EU Horizon 2020-
funded project called VISAGE, VISible Attributes through
Genomics, which aims at the allocation of previous and
establishment of new DNA predictors. These predictors
can give information on appearance, age, and ancestry.
In addition a forensically validated prototype tool based
on MPS will be developed for simultaneous analysis of
these DNA predictors, which is also suitable for trace DNA
(www.visage-h2020.eu). An overview of articles published
on forensic SNP analysis by the use of MPS is given in
Table 3.

In 2015 Wang et al. screened 44 loci for new forensic
marker microhaplotypes. Subsequently 25 loci were used to
sequence with a MiSeq R©. One microhaplotype locus showed
three SNPs and is therefore suitable as forensic marker [75].
Elwick et al. compared two forensic kits, i.e. the HID-Ion
AmpliSeqTM Library kit (Ion TorrentTM system) and the
ForenSeqTM DNA Signature Prep kit (MiSeq R© system), on
the inhibitory effect of humic acid, melanin, hematin, col-
lagen and calcium. With both kits an inhibitory effect was
observed for high concentrations (30.3 ng/�L) of humic acid.
Hematin and calcium showed the highest inhibition with the
AmpliSeqTM kit (a kit for only SNPs), whereas melanin and
collagen affected the ForenSeqTM kit the most (a kit for STRs
and SNPs) [78]. Apaga et al. compared these two sequenc-
ing systems for their performance on 83 SNP markers. The
MiSeq R© was used in combination with the ForenSeqTM DNA
Signature Prep kit and the HID-Ion PGMTM in combination
with the HID-Ion AmpliSeqTM Identity Panel. The concor-
dance between the two kits was 99.7% [79]. The HID-Ion
AmpliSeqTM Library kit was used by Hollard et al. in a real
forensic case. A carbonized body was found and no direct
physical description or personal belongings could be used for
identification of the body. The obtained DNA profile did not
result in a match with the database. However, by using the
HID-Ion AmpliSeqTM Ancestry Panel, in combination with
the Ion PGMTM, 165 SNPs were sequenced and a probable
origin could be determined [80]. Ambers et al. used the com-
bination of STR and SNP analysis to characterize 140-year-old
skeletal remains. Almost all STRs and SNPs could be typed
with the Ion TorrentTM PGMTM in combination with the HID-
Ion AmpliSeqTM Identity Panel, proving that MPS is suitable
for samples which are limited in both quantity and qual-
ity [81]. In Table 4 an overview is given of articles published on
kits that combine forensic STR and SNP analysis by the use of
MPS.

C© 2018 The Authors. Electrophoresis Published by Wiley-VCH Verlag GmbH & Co. KGaA www.electrophoresis-journal.com
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[9

7] 5.3 mtDNA

When a limited amount of DNA is available, mtDNA can
be used to obtain forensically relevant information, because
the maternal lineage can be investigated with this type of
DNA [10, 59]. The whole mitochondrial genome can be se-
quenced in one run [98]. Besides the multiple copies present
per cell, other advantages of mtDNA are the absence of re-
combination across many generations and the accumulation
of mutations over time [11]. On 16 October 2006, the ED-
NAP mtDNA Population Database (EMPOP) was launched
for frequency estimation of mtDNA sequences. The goal
of this database is to collect, perform quality control, and
give a searchable presentation of mtDNA haplotypes around
the globe [99], (https://empop.online/). However, in 2011
Bandelt and co-workers concluded that NGS, e.g. with the
Roche 454 FLX, was not yet suitable for the forensic case-
work. Comparison of mtDNA sequences of different tissues
from one person varied so much that the minimum qual-
ity standard could not be guaranteed [100]. Nevertheless, the
454 Roche instrument was used in 2013 by Bekaert and co-
workers to sequence the control region of the mitochondrial
genome. A 100% concordance with Sanger sequencing was
observed [101]. In 2014 Mikkelsen and co-workers compared
the Roche 454 GS Junior with Sanger sequencing for determi-
nation of the nucleotide sequence for hypervariable regions
in the mtDNA, HV1, and HV2. They found almost full con-
cordance between all 72942 compared sites, with homopoly-
mers as most often miscalled. The accuracy of sequences of
four, five, and six identical bases is 95, 95, and 85%, respec-
tively. By visual inspection of the data, most of the artifacts
can be identified and manually changed [102]. Kim et al.
used the Roche 454 GS Junior for the analysis of mixtures of
mtDNA. They were successful in obtaining sequences from
about 1 pg genomic DNA or 100–500 mtDNA copies. The
sequences analyzed showed concordance with the Sanger
sequencing results and it was possible to distinguish three
contributors in a mixture sample [103]. Samples were taken
from 194 mother–child pairs from a Chinese population and
sequenced with the Ion TorrentTM system by Ma et al. in
2018. They concluded that the inheritance of the mtDNA
variants of each mother–offspring pair was as expected. They
also noted that by the use of MPS methods more insight
can be gained about mtDNA [59]. Gouveia and co-workers
evaluated the Precision ID mtDNA Whole Genome Panel
from Applied BiosystemsTM, which is specifically developed
for mtDNA in forensic applications. The 162 amplicons were
sequenced with the Ion S5TM system from Ion TorrentTM.
They found concordance of the haplotypes between this kit
and system and previously obtained results with Sanger se-
quencing [104]. The MinIONTM and the MiSeq R© platforms
have been evaluated by Lindberg and co-workers for the anal-
ysis of human mtDNA. As it is known from the specifications
of both techniques, the MiSeq R© shows a greater depth of cov-
erage than the MinIONTM. For single source samples a great
overall concordance (�0.940) was seen between the two tech-
niques, while for the analyzed mixture it was 0.875, which
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makes the MinIONTM less suitable for the analysis of mix-
tures compared to the MiSeq R©. Gallimore and co-workers
have sequenced head and pubic hears, common forensic
traces, to look for the presence of heteroplasmy (mutations in
the mtDNA) and compared the outcome with samples from
blood cells. They concluded that the variant ratios of hetero-
plasmy from hairs can be somewhat different than observed
in blood cells. The analysis was carried out with the MiSeq R©

system in combination with the PowerSeqTM Mito Nested
System Prototype kit [105]. Wai and co-workers have tested
the Early Access AmpliSeqTM Mitochondrial Panel with the
Ion TorrentTM to analyze the performance of the kit with
degraded DNA. To mimic degraded samples, DNA samples
were heat-treated. Although the amplicon coverage decreased
with longer heating times, haplogroup variants could still be
reliably assessed, even with highly degraded samples [106].
Yao and co-workers published a study in 2018 in which they
used the Ion TorrentTM PGM to sequence the complete mito-
chondrial genome of six samples from three forensic cases.
By the use of the Precision ID mtDNA Whole Genome Panel
�99% of the sequencing reads from the aged forensic sam-
ples could be mapped to the reference sequence [107]. With
the use of the Ion Chef for template preparation and the
Ion S5 for sequencing in combination with the Precision ID
mtDNA Whole Genome Panel it was possible to sequence
the complete mitochondrial genome [98]. By sequencing
mtDNA with MPS techniques, it might be possible to analyze
mixtures. Churchill and co-workers used the Ion TorrentTM

PGMTM in combination with the Precision ID mtDNA whole
Genome Panel to sequence two-person mixtures in various
ratios. From 1:1 to 20:1 the major contributor’s haplotype
could be identified correctly. The SNPs from the minor con-
tributor’s haplotype were identified in the 1:1, 5:1, and 10:1
mixtures only [108].

5.4 Other markers

The type of tissue or body fluid, the chronological age of
a person, and differentiation between identical twins is
possible by analyzing DNA methylation [12, 109]. Vidaki
and co-workers used the state of methylation of the DNA
to estimate the age of people. They used the MiSeq R©

to sequence 1156 whole blood samples from people in
the age group of 2–90 years. Although the prediction
method can be improved, the obtained accuracy was lower
than the original model - it is a promising technique for
forensic applications [110]. With the current technique
of STR-typing it is not possible to distinguish between
DNA profiles from identical twins, on the other hand,
with the use of NGS technology this has become possible
(https://dnadatabank.forensischinstituut.nl/binaries/dna-jaa
rverslag-2015_tcm37-87649.pdf). Weber-Lehmann and co-
workers have looked at extremely rare mutations, which can
only be analyzed by MPS. To investigate this, they sequenced
the DNA of monozygotic male twins and also from the wife
and child of one of the twins with the HiSeq R© 2000. Total 12
potential SNPs were found, which were present in the father

and child, but not in the DNA of the uncle [111]. Drawback
of the MinIONTM is the low accuracy and the high error rate
(�12%), being higher than the expected differences between
two people [5, 53]. Nevertheless, Zaaijer and co-workers have
developed a method for the reidentification (e.g. to identify
samples of victims of mass disaster or human trafficking)
of human samples within 3 min. This was illustrated
by analyzing 91 SNPs of a human cell line, obtaining a
confidence level of 99.9% [53].

6 Concluding remarks

The use of MPS for forensic (human) DNA analysis appears to
be very promising. Not only a DNA profile with STR markers
can be obtained, but also ancestry and phenotype can be
determined by the use of SNPs. Besides autosomal DNA
also mtDNA or the state of methylation of the DNA can be
analyzed with MPS systems. Especially from samples low in
quantity and quality significantly more information can be
obtained with MPS than with the conventional techniques.

Nowadays a wide variety of sequencing systems
is commercially available. Since Applied BiosystemsTM,
InvitrogenTM and Life Technologies are part of Thermo Fisher
Scientific at present, this company is market leader in MPS
systems with machines as the Genetic Analyzer series and
the Ion TorrentTM system. The latter system is widely applied
for the forensic SNP analysis, as it is also reflected in Table 3.
Moreover, the Illumina’s R© MiSeq R© system is quite popular
for especially a combination of STR and SNP analysis, as can
be seen in Table 4.

A major limitation is the long measurement time that is
currently still needed by MPS systems. One run, with steps
like DNA isolation, library generation and data analysis, can
easily take several days, as it is also reflected in Table 1. Es-
pecially data analysis, database management, and the lack of
a clear nomenclature are important issues [57]. These chal-
lenges are also mentioned by Van Neste and co-workers, who
plead for the use of one single system to process all the data
acquired with sequencing [112]. Another important reason
for forensic laboratories not to implement MSP techniques
yet is the costs of machines and kits, as mentioned in a sur-
vey of 2017 [57]. Nevertheless, as a logical consequence of
the enormous growth in publications on MPS for forensic
(human) DNA analysis over the last years, the first real case
reports have just recently appeared in literature.

The authors have declared no conflict of interest.
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