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Abstract

The outburst of next generation sequencing has outpaced the traditional capillary electrophoresis (CE) based
forensic genomics in terms of throughput, scalability and allelic resolutions. The limitations of CE-based detection
system for STRs (Short Tandem Repeats) and SNPs (Single Nucleotide Polymorphisms) markers associated with
forensic DNA phenotyping have been greatly overcome through next generation sequencing (NGS). It offers
simultaneous analysis of forensically relevant genetic markers including STRs, SNPs, mutations and transcripts to
improve efficiency, capacity and resolution through massively parallel sequencing. The detailed sequence
information in comparison with ever growing DNA databases across the world may aid mixture interpretation, and
will ensure enhancement in statistical weight of the evidence.

Nowadays, a total of 33 NGS machines with low to high throughput are available but two dedicated systems
including MiSeq® FGx™ Forensic Genomics System (Illumina) and the HID-Ion Personal Genome Machine (PGM)™

(Thermo Fisher Scientific) offer the sequencing of customized forensically informative SNP panels. Ion torrent
launches Ion S5 and Ion S5 XL (with additional feature of local computing which enhances its analysis speed) which
include same core instrument. The future of forensic genomics lies with integrated high throughput approaches to
solve the increasing number of cases or mass disaster studies where forensic specimens and samples are
compromised and degraded. In future new real-time sequencing platforms will revolutionize the field of forensic
genomics.

Keywords: Forensic targeted sequencing; Single nucleotide
polymorphism (SNP); Capillary electrophoresis (CE); Forensic DNA
phenotyping (FDP); Genomics

Introduction
Type of high-throughput sequencing technology which is non-

Sanger-based is called next generation sequencing (NGS) technology.
Simultaneous sequencing of millions/billions of DNA molecules
significantly increases throughput and reduces requirement for
fragment-cloning approach which is employed in Sanger sequencing.

NGS involves analysis of a large number of samples simultaneously
through loop array sequencing and determination of the base
composition of single DNA molecules by second generation and third-
generation sequencing technology, respectively [1]. NGS relies on
preparation of NGS libraries in a cell-free system rather than bacterial
cloning of DNA fragments.

Secondly it has the ability to parallelize thousands to millions rather
hundreds of sequencing reaction; and it also detects output of
sequencing directly without requirement of electrophoresis. It enables
sequencing of entire genomes due to its power to generate vast number
of reads at an unmatched speed. These attributes make NGS a need in
different areas of life sciences, and therefore it is widely in use [2].

DNA analysis provides basic foundation for contemporary forensic
research. Genetic variations exist in human populations in terms of
factors such as length and sequence. These forms of variation make
possible forensic DNA testing because many different alleles can exist
in non-coding regions of the genome. When information from

multiple unlinked genetic markers is combined, higher powers of
discrimination are possible. Over the past decade, the primary way for
forensic DNA profiling is through length variation; in the terms of
markers such as short tandem repeat (STR) [3,4] (Figure 1).

Figure 1: Workflows: A) SNP based methods B) STR based
methods.
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Millions of STR profiles based on a few core STR markers are now
contained in large national DNA databases [5-7]. STR analysis is likely
to remain the most important and commonly-used genetic technique
in forensic science for the foreseeable future. Nevertheless, NGS
technology has many potential advantages for STR analysis. These
include high throughput, low cost, simultaneous detection of large
numbers of STR loci on both autosomes and sex chromosomes, and
the ability to distinguish alleles with similar length or digital read
count. Over the last more than 20 years, the STRs markers have served
as gold standard choice for human identification [8,9]. As SNPs
amplifies a small target region hence have ability to work excellent on
degraded low quality DNA and compared to STRs, it has lower
mutation rates which assist in kinship testing. In future these SNPs
have a potential part in helping investigators through predicting
ancestry or phenotypic attributes [10-13] (Figure 1).

Literature Review

Implication of NGS in forensics research
High throughput sequencing has brought fruitful enrichment in

research covering many fields of biological and applied sciences. The
use of NGS in forensic genetics brought applications mainly in human
identification and determination of phenotypic attributes. NGS
technology would therefore significantly facilitate in a diverse range of
areas including the identification of mixed DNA samples and analysis
of complex paternity cases, ultimately greatly increasing the efficiency
and cost-effectiveness of legal cases. A sketch has been shown in Figure
2 to describe the diversity of NGS applications in forensic DNA
research.

Figure 2: Diversity of NGS implementation in forensic analysis.

Since one decade, forensic DNA phenotyping (FDP) that exploits
SNP genetic markers associated with bio-geographical ancestry (BGA)
and externally visible characters (EVCs) is the yard stick for criminal
investigation when power of STRs is limited [14]. The merits of SNPs
over STRS are; lower mutation rates, abundance in genome, short
amplicon length, multiplexicity, analysis of degraded DNA, high
throughput genotyping, amenability for forensic applications etc.
[13,15,16]. The forensic genotyping using SNaPshot® assay implicates
single base extension (SBE) with capillary electrophoresis (CE)-
detection system which is a method of choice for SNPs [16,17-20]. A
number of SNP-based SNaPshot® assays including SNP for ID 34-plex,

Eurasiaplex, Irisplex and HIrisplex etc. [21-25]. In certain cases of
forensic genomics Sanger sequencing has also been used to unveil the
specific regions of mitochondrial genome based on CE-detections.
However, limitations of STRs in FDP and even CE-based SNPs
detection in terms of throughput, scalability and resolution have
strained their uses in FDP intelligence [26,27].

Recently, there is dramatic outburst of data in terms of number of
samples but the CE-based methods remained static. After the advent of
next generation sequencing a decade ago, the forensic genomics has
benefitted a lot [2]. The establishment of national DNA databases and
their facilitation in investigations and suspect identification have
persuaded more and more countries to set up forensic databases.
Consequently there is a huge demand of DNA intelligences in solving
criminal cases through forensic genomics. The scope of forensic
genomics has been broadened by its crucial role in DNA-based
investigation of the identification of missing persons, kinship testing,
ancestry investigations, and other human identification applications.
This increasing demand of DNA-based test cases and broader
applications of forensic genomics have strains the limited scale
capabilities of CE-based conventional methods. Therefore there is need
for low cost high throughput sequencing in forensic genomics.

High throughput sequencing or massively parallel sequencing
(MPS) in forensic genomics can genotype hundreds of markers in
multiple samples using small quantity of DNA. Different platforms
available to date include, Roche, Ion torrent (Thermofisher), Illumina,
Solid, PacBio, Helicose, Oxford Nanopore, Qiagen and BGI etc. [28].
Two of the MPS platforms that are currently available are the MiSeq®

FGx™ Forensic Genomics System [29] (Illumina) and the HID-Ion
Personal Genome Machine (PGM)™ (Thermo Fisher Scientific) [30,31]
which are coupled with the ForenSeq™ DNA Signature Prep kit
(Illumina) [29] and the HID-Ion AmpliSeq™ Identity Panel (Thermo
Fisher Scientific), respectively [32]. The name of the panel ID-Ion
AmpliSeq™ Identity Panel changed to “Precision ID Identity Panel” in
May 2016 [33]. The work flow with little variations includes sample
preparation, cluster generation, DNA sequencing and imaging and
finally data analysis. These platforms utilize sequencing by synthesis
(SBS) technology for parallel sequencing of PCR amplicons and allow
forensic scientists worldwide to harness the full power of NGS. With
attributes like deep sequencing, maximum coverage, the highest yield
of error-free reads, best performance in repetitive sequence regions,
and lowest base-by-base price, Illumina SBS sequencing is the most
widely adopted chemistry in the industry [34,35]. Using contemporary
NGS systems, examiners can generate data that span the entire genome
and address a wider range of questions in a single, targeted assay.
Moreover, NGS-generated STR allele calls are fully compatible with
current database formats, providing integrative seamless link between
CE-based and NGS data. With the use of NGS it will be possible to
achieve the simultaneous analysis of the standard autosomal DNA
(STRs and SNPs), mitochondrial DNA, and X and Y chromosomal
markers [36]. Early studies are providing a promising view of the
advantages NGS brings to the analysis of even the smallest, most
compromised, and highly mixed evidentiary samples. Thus, MPS is
important for human DNA genotyping in cases like mass disasters or
other events where forensic specimens and samples are compromised
and degraded. Additionally, micro-biome typification could be an
interesting application to study for crime scene characterization [36].
New NGS platforms are in pipelines with real-time sequencing will
revolutionize forensic genomics with speedy identification of donor
individual.
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MiSeq FGx™ (Illumina) system
The MiSeq FGx™ (Illumina) system along with the ForenSeq™ DNA

signature panel (Illumina) is commercial MPS product available for
operational forensic purposes. This multiplex kit consists of more than
200 markers including 27 autosomal STRs, 24 Y-STRs, 7 X-STRs, 94
identity SNPs, 56 ancestry SNPs, 24 phenotypic SNPs and Amelogenin.
The ForenSeq™ workflow (Figure 3) involves template and library
preparation, sequencing and the analysis of sequence data using
Illumina’s Universal Analysis Software (UAS) [37,38]. Several
manufacturers have designed MPS kits for forensic testing that include
the Combined DNA Index System (CODIS) STRs that are used in the
United States for criminal investigations. These kits often include
additional autosomal X and Y chromosome STRs, as well as identity,
ancestry, and phenotypic SNPs (iSNPs, aSNPs, pSNPs). The latter, in
combination with complete MPS mitochondrial sequencing kits, could
add important information for the identification of missing persons
when only partial or skeletal remains are available. These kits were
designed to be utilized with the major MPS sequencing platforms
currently in use: Illumina’s MiSeq (San Diego, CA) and Thermo
Fisher’s Ion PGM and S5 (Waltham, MA). A study by Li [39] described
an application of MPS to paternity testing on the Ion torrent PGM
platform. With more STR loci simultaneously detected by MPS, it is
more conducive for distinguishing between mutations and exclusions.
Meanwhile, because MPS technology identifies STR loci based on
sequence so that repeat motif variation within STRs could be detected,
it may help one to infer the origin of the mutation in some cases, and
the discrimination power could be increased.

Figure 3: Multiplex Kit and workflow of MiSeq FGx™ (Illumina).

Limitations of STRs and SNP based Identification
Though CE-based assays including STRs and SNP genotyping

remained the method of choice in forensic research over the past two
decades [9,16], buts they also bear limitations in throughput,
scalability and allelic resolution just name but a few. One of the most
undesirable limitations of the CE-based detection is multiplexing
incapacity. A maximum of 24 loci can be PCR amplified and detected
resulting in size and overlap constraints of fluorescently tagged
amplicons [26,27]. This inability of sample multiplexing leads to
individual processing of samples. Consequently the work is not only
tedious but also error prone. There is an absolute obscurity in
polymorphic allelic capture harbouring substitution variants as CE-
based analysis with length-based typing cannot capture sequence
differences present in alleles of the same length. Hence even
polymorphic samples cannot be detected out of mixture which limits

the resolution of technology. In case of compromised and degraded
samples the sometime it may not be feasible to generate the required
DNA data for forensic casework samples. Even iterative sampling will
result in complete depletion of samples and desirable results may not
be achieved to solve a particular case. Another important limitation of
the STRs and SNP methods is the genetic dead end of the investigation
in case there is no database hit while doing genome wide association
studies in case of exclusion mapping.

Advantages of high throughput targeted sequencing in
forensic genomics

Whole-genome sequencing (WGS) manifests complete blue print of
allelic variations in genome structure of the individuals but analysis
and management of huge genomic data is a cumbersome. Therefore,
targeted sequencing of relevant loci seems to be the best strategy for
forensic genomics research. It is a high frequency HTS approach for
screening variations within target regions in populations through
extraction and sequencing these genomic targets from a sample library.
Targeted sequencing has emancipated the genotyping procedure from
CE-based fragment length detection [40,41]. As already mentioned
NGS-based forensic typing [37,42] based on SBS chemistry implicates
SBS cyclic reversible termination chemistry [43], a major advantage
associated with this synthesis is low incorporation bias, removal of
error and missed base calls in the homo-polymers and repetitive
regions [44].

The detection of Intra-STR SNPs is a direct benefit of NGS
application in forensic genomics. It has the resolving power to
differentiate or sort out the alleles that are identical in length but
different in sequence. This hold true for intra-STR SNPs, SNPs for mt-
DNA, and the whole sequence of signals that are unexpected as well as
evaluation of data artifacts at the level of nucleotide facilitating a
robust and precise strategy for casework and applications in human
identification. The MPS is supplemented with software that has a user
friendly interface, thus facilitating easy and simple visualization of
intra-STR SNPs data. With MPS, multiple polymorphisms can be
analyzed simultaneously now, which was a prominent constraint of
CE-based genotyping [37,45-47]. Analysis of degraded samples has
improved due to short read length of the amplicons. The phenotypic
study of externally visible characteristics such as biogeographic
ancestry, hair and eye color is also getting better accompanying with
genotyping [38]. The compatibility of MPS with STRs and databases
not only maintain standard allele nomenclature but also enable
consolidation of overlapping marker set in use across the world. A
prominent merit of MPS is the higher sensitivity with digital data
instead of analog metrics for example color of peak, shape, size, and
height resulted in CE-based system. The data generated by NGS
platforms in quantitative in the form of discrete read counts. Further
sensitivity can be increased by coverage level and in depth sequencing.
This helps in revealing the minor contribution of donor individual in a
complex mixture. This is not possible with CE-based methods. A
simple example is that in case of mt-DNA heteroplasmy examination,
NGS deep sequencing has the ability to recognize minor alteration
frequencies of approximately 1% of the major in comparison to
>10-20% minor mutation frequencies resulted from CE-based
sequencing. NGS allows library multiplexing to assist scalable
throughput at an altitude which is not possible with alternative CE
methods. This is because; NGS performs this multiplexing by
attachment of distinctive barcodes (index sequences). Forensic
libraries can be merged in a controlled way to sequence up to 96
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libraries at a time. This can be done using ForenSeq DNA Signature
Prep Kit (384 potential) or 384 libraries with the Nextera XT DNA
Library Prep Kit.

MPS has the ability to investigate familial relationships and personal
identification using X and Y STRs, without iterative testing. This
reduces consumption of DNA samples and the need for deciding
which assay to implement, as all classes of forensically significant loci is
amplified in one forensic NGS multiplex. Forensic scientists over the
globe are actively investigating and implementing NGS systems for
forensic genomics due to their ability to improve DNA typing
[42,44,48]. By delivering targeted data on forensically significant loci, a
broad span of queries can be responded in a single assay by forensic
scientists.

NGS platforms for targeted sequencing
Presently, a number of companies have offered NGS systems. There

are around 33 different machines in the market with low to high
throughput capacity [28]. These include Roche, Ion torrent
(Thermofisher), Illumina, Solid, PacBio, Helicose, Oxford nanopore,
Qiagen, BGI etc. At present available MPS platforms includes MiSeq®

FGx™ Forensic genomics system (Illumina) and HID-Ion personal
genome machine (PGM)™ (Thermo fisher scientific) which are
integrated with the ForenSeq™ DNA signature prep kit (Illumina) and
the HID-Ion ampliSeq™ Identity panel (Thermo fisher scientific)
respectively [32].

Illumina is the widely spread accepted platform in the world. It uses
sequencing by synthesis chemistry with cyclic reversible termination
method [43]. MiSeq FGx™ Forensic genomics system, a dedicated
system for forensic genomics, is a completely integrated, DNA-to-data
program, which offers library preparation, resource for DNA
sequencing, and data analysis software. The MiSeq FGx System is the
present available fully integrated workflow. Over 200 forensically
relevant genetic markers are included in a single, efficient workflow
ForenSeq™ DNA Signature Prep Kit hence removing multiple STR kits
requirement [49]. The kit not only integrates the autosomal STR
markers which are in use around the world for casework and criminal
DNA data basing but it also merges marker sets of Y-STRs, X-STRs

and SNPs which are not usually available with conventional CE-
methods. These include a heavy set of iiSNPs, piSNPs as well as aiSNPs.
iiSNPs is identity-informative single nucleotide polymorphisms, useful
for determination of source attribution, specifically with samples that
are degraded, PCR-inhibited or mixed [45,50]. Phenotypic-informative
SNPs (piSNPs) which give approximation of externally visible
characteristics such as eye and hair color (blue, brown, black, blond,
red, and intermediate etc.) [25,51,52]. In research, MiSeq FGx that uses
only (RUO) mode, can be employed for analysis of mtDNA as well as a
wide span of applications. For mt-DNA, after DNA extraction step,
mtDNA is amplified. Amplification is done using methods such as D-
loop amplification or with a whole mitochondrial genome [53].
Nextera® XT DNA Library prep kit is used for preparation of
sequencing library. It can generate data about a maximum data od 3.5
to 3.8Gb in a single run with less than 0.1% substitution error rate.
ForenSeq Universal Analysis software is available for data analysis.

Ion torrent’s PGM system has also been used for forensic genomics
[32,54]. It uses sequencing by synthesis chemistry with single
nucleotide addition method. Using life technologies’ Ion torrent PGM
system, 136 unique SNPs contained in grouped PCR amplicons, were
sequenced. Sequence (~72 Mb) was generated from two chips (10 Mb
Ion 314TM v1) [55]. Raw sequencing data was processed in the Ion
torrent Suite™ Software for the HID-Ion PGM™. This software is with
the HID SNP Genotyper plugin which is transformed for data analysis.
Matlab v.2 (Mathworks, Natick, MA, USA) and R software v.3.3.1
using the ggplot2 package can be employed for data analysis and
presentation. In comparison with Illumina, Ion torrent induces 1%
indels errors which are undesirable.

NGS workflow
All the NGS platforms have different chemistry but the most

commonly used platforms for targeted sequencing such as Ion torrent
and Illumina have chemistry of sequencing by synthesis. Few
characteristics of both have been compared in Table 1. Illumina uses
cyclic reversible termination while Ion torrent makes use of single
nucleotide addition method. The basic difference between CE-
sequencing and NGS is scalability.

Characteristics Illumina ION-torrent PGM References

Amplification Strategy Solid phase bridge PCR Bead based Emulsion PCR 56

Sequencing Chemistry Cyclic reversible termination Single nucleotide addition; semiconductor sequencing 43, 56

Read Length 36 (SE); 25-300 (PE) 200-400 (SE) 28

Pair End Sequencing Yes No 28

Run Time 27 h 2 h 57

Throughput Up to 15 Gb

Ion 314TM v2 Up to 100 Mb

28

Ion 316TM v2 Up to 1 Gb

Ion 318TM v2 Up to 2 Gb

Instrument Cost $128 K $80 K including PGM, server, onetouch and onetouch ES 57

Cost Per Gb $502 $1000 (318 chip) 57

Errors 0.1% Substitution 1% Indels 28
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Forensically Significant MiSeq® FGxTM Forensic HID-Ion Personal Genome Machine

Platform Genomics System (PGM)TM 32

Kit ForenSeq™ DNA Signature Preparation kit

Ion PGM™ Template OT2 200

Kit and the Ion onetouch™ ES 32

SNP Markers sequenced in one
reaction 173 124 32

Data Processing and Analysis Tool
ForenSeq™ Universal Analysis software
(UAS)

Ion torrent Suite™ software with HID SNP Genotyper
Plugin 32

Compatibility with Capillary
Electrophoresis Yes Yes 49,54

Table 1: Comparison of Illumina Mi-Seq and Ion torrent PGM sequencing platforms.

A single DNA fragment is sequenced by CE. In comparison, NGS in
a massively parallel fashion expands this process covering millions of
fragments. Forensic genomic applications use targeted sequencing
approach rather whole genome sequencing. In this case bar coded
sequences (forensically relevant) are targeted via an amplicon-based
workflow. Both the Ion torrent and Illumina workflows consist of four
basic steps given below as well as illustrated in Figure 4.

Figure 4: Workflow of Ion torrent and Illumina sequencing
platforms.

Sample preparation
Instead of genomic DNA fragmentation, in forensic, relevant

amplicon are sequenced. For this purpose a library is prepared by PCR
amplification using sequence-specific, tagged primer pairs. Indexes
and adapters are attached with the amplicons during the 2nd PCR step.
The amplicon libraries following purification, are merged into a single
tube, and finally linearized.

Generation of clusters
Clonal templates are prepared during this step. Illumina uses solid-

phase bridge amplification method. Free templates are allowed to
hybridize with solid-bound adapters. Hybridized templates outer ends
interact with nearby primers. This is the point where amplification can

takes place. Clonal clusters are formed after many (100-200 million)
amplification rounds. On flow cells, Microwells guide cluster
generation, hence expanding cluster density. Ion torrent uses bead
based emulsion PCR for cluster generation. Along with primers,
templates, dNTPs and polymerase, Micelle droplets are also loaded.
Templates are amplified after hybridization to bead bound primers.
The complement strand dissociates following amplification, leaving
bead bound single stranded DNA templates. 100 to 200 million beads
with 1000’s of bound templates come as a final product. After cluster
generation, sequencing of the templates can be done.

Sequencing and imaging
Illumina employs sequencing by synthesis technology with

reversible termination method of cyclic fashion [43]. Fluorophore-
labeled nucleotides which are blocked from ends are hybridized to a
complementary base. On the slide every single cluster can add a
different base. Two or four laser channels are used to obtain slides
image. Emission of a color by each cluster corresponds to addition of a
specific base during cycle. From the flow cell following removal and
cleavage of Fluorophore, regeneration of 3-OH group is done. The
incorporation of a new nucleotide initiates a new cycle. Natural
competition of nucleotides during their incorporation minimizes bias
and greatly reduces raw error rates even within repetitive sequence
regions and photopolymers [34,35,56,57]. Ion torrent is also called a
semiconductor sequencer in which addition of a base results in release
of a single H+ ion which further leads to 0.02 unit change in pH. To
detect this released H+ ion, integrated device such as CMOS
(complementary metal-oxide semiconductor) and ISFET (ion-sensitive
field-effect transistor) is employed. During each cycle only one dNTP
species is there for incorporation of a single nucleotide. Addition of
several identical dNTP’s during a cycle, leads to an increase in the
emitted ions which are detected by pH change.

Data analysis and application
After trimming the read for Phred quality control, alignment of the

sequence reads to a reference genome is done. Specific analysis can be
done depending on nature of the experiments for example
investigation of single nucleotide polymorphism (SNP), mitochondrial
DNA study, STR typing, phylogenetic or metagenomic studies etc.
ForenSeq Universal Analysis Software is available for analysis Illumina
sequence files. For the HID-Ion PGM™, processing was done for raw
data of sequencing in the Ion torrent suite™ software with the HID SNP
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Genotyper plugin designed for data analysis. In Matlab v.2
(Mathworks, Natick, MA, USA) and R software v.3.3.1 using the
ggplot2 package, Data can be presented and analyzed.

Advancements in NGS
Ion torrent is launching the third iteration of its technology in the

Ion S5 and Ion S5 XL. These systems include the same core instrument,
but the Ion S5 XL adds local computing to enhance analysis speed.
Taking a step back from the whole-genome market, these Ion torrent
instruments are aimed at targeted sequencing workflows, with the goal
of greatly simplifying the hands-on time. The first released applications
will be amplicon based via Ion AmpliSeq technology, a well-tested and
robust multiplex amplification method for creating sequencing
templates [58,59] and will require a reported 45 minutes of hands-on
time when coupled with the supporting Ion Chef system. The output of
both instruments will use one of three chips, with outputs per chip
ranging from 600 Mb to 15 GB and read lengths of 200 or 400
nucleotides (nt), although current specifications list the highest-output
mode (10-15 Gb) as being limited to 200-nt reads [60]. Other NGS
technologies have been developed by companies like Qiagen, Helicos
biosciences, and Pacific biosciences (now part of Roche). These
platforms sequence directly from template DNA, while the previously
discussed NGS technologies amplify the DNA template during the
library preparation steps. Thus, these technologies are called third-
generation sequencing technologies (to distinguish from NGS
technologies). The leader of the third-generation sequencing field is
Roche. Roche has released PacBio RS II from Pacific biosciences
technology [61], and the PacBio RS II generates several thousands of
long reads with up to 20,000bp. Recently, Oxford nanopore developed
a pocketsize MPS device called MinION. This study demonstrates
proof-of-concept forensic SNP genotyping using the Oxford nanopore
MinION sequencing platform and shows the current capabilities of the
system [62].

Sequencing in Nanopore

The MinION is a 90 g portable device. At its core is a flow cell
bearing up to 2048 individually addressable nanopores that can be
controlled in groups of 512 by an application-specific integrated circuit
(ASIC). Prior to sequencing, adapters are ligated to both ends of
genomic DNA or c-DNA fragments. These adapters facilitate strand
capture and loading of a processive enzyme at the 5′-end of one strand.
The enzyme is required to ensure unidirectional single-nucleotide
displacement along the strand at a millisecond time scale. The adapters
also concentrate DNA substrates at the membrane surface proximal to
the nanopore, boosting the DNA capture rate by several thousand-fold.
In addition, the hairpin adapter permits contiguous sequencing of both
strands of a duplex molecule by covalently attaching one strand to the
other. Upon capture of a DNA molecule in the nanopore, the enzyme
processes along one strand (the ‘template read’). After the enzyme
passes through the hairpin, this process repeats for the complementary
strand (the ‘complement read’). As the DNA passes through the pore,
the sensor detects changes in ionic current caused by differences in the
shifting nucleotide sequences occupying the pore. These ionic current
changes are segmented as discrete events that have an associated
duration, mean amplitude, and variance. The information from
template and complement reads is combined to produce a high-quality
‘2D read’, using a pairwise alignment of the event sequences [63].
Sequence scalability, by using chips of various capacity ranging from 50
Mb to 1 Gb combined with short run times are the main advantages of
the platform, although the 2-hour run time is only theoretical, as the

run time is 5 h for a 318 chip and the whole procedure takes 1 working
day, taking into account reagent preparation and PGM initialization
[64].

Limitations of Next-Generation Sequencing
Although NGS beneficial in various aspects but comes with several

limitations too. As it provides information on a number of molecular
abnormalities, but for many of these, clinical significance is currently
unknown. With evolution of technology, new challenges emerge,
covering entire NGS workflow from sample preparation to steps of
data analysis. Coping up with these challenges is not only difficult but
also do not ensure good impact on human health [1]. Although much
cost and time effective compared to 1st-generation sequencing, NGS is
still an expensive tech for many labs. NGS platforms as a start-up can
cost $100,000, and $1,000 per genome is cost for single sequencing
reactions. Wrong sequencing of spans of repeating nucleotides i.e.
homopolymer regions, on platforms such as Ion torrent PGM, and
short read sequencing of 200 to 500 nucleotides can lead to sequence
errors. Platforms such as Illumina and Ion torrent as disused in detail
in current review also have limitations. Possibility of substitution error
rates and lagging strand dephasing are Illumina’s limitations. Moreover
it can have relatively few reads and more cost per Mb. Ion torrent also
needs more time and yields fewer reads at higher cost per Mb. A
persistent up-gradation of overall sequencing technology, vigorous
data infrastructure, analytical tools development, vast al-time
knowledge of genome and aberrations in it are still required for further
development of this field. NGS requires costly resources including fast
processing of data, advanced efficient bioinformatics systems and large
data storage potential. Another limitation is lack and shortage of
trained manpower, computational aid, and special knowledge of
bioinformatics to garner accurate information to analyse and interpret
data [65].

Conclusion
Next generation sequencing launched a broad brand new field of

study and research with the abilities to transform forensic sciences.
Forensic workflows available at present which employs those old
approaches existing before Human Genome Project and needs several
analysis rounds to generate thorough genetic profiles, prune the
potential of genomics. NGS is facilitating forensic scientists by giving
access to a large number of important loci, better study of devalued
samples as well as providing higher sequencing resolution and
significant overall throughput with the help of library multiplexing.
Such advancements assist in resolving large number of cases in a time
effective way and will also yield productive results for those cases that
would have reached blind alley. Specifically for forensic genomic
applications, the pioneer NGS system which was designed is MiSeq
FGx System [66] with Illumina SBS as its fundamental technology. For
an enhanced well-planned worldwide collaborative work with
respective regional law enforcement, DNA database organizations are
increasing number of their marker sets. It is a never ending journey of
research teams world-wide as with every passing day, they persistently
bringing novel potential using NGS for applications in human identity
testing as well as forensic. At present research efforts and attempts are
analyzing piSNPs that gives link with physical characteristics including
overall facial morphology for example shape of features like nose, lips,
ears etc. as well as with nature of hair (straight or curly). Whether
present or forthcoming, all of these NGS tools have the capability to
make revolutionary science possible and also has potential in forensic
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genomics applications. Although having an important part in future
forensic studies, NGS still needs more efforts to fully attain goals
including: overcoming problems of error rate, issues with low-template
library preparation, type estimations and issues related to mining and
processing of NGS data. There is also need to lay-out a proper
guideline for the application of NGS in forensics. NGS will soon
become an approachable routine in forensic practice due to the
technical advances in it and persistent translational attempts of
forensic scientists.
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