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Chapter 15 '
Future of DNA Fingerprinting: Application ‘ S
of NG5S in Forensic Science

Jahangir Imam, Pankaj Shrivastava. Shivani Dixit. and Amita Shrivastava

Abstract In the relatively short ume frame since 2005, NGS hos fundamentally
altered penomics rescarch and allowed investgators 1o conduct expeniments that
were previcashy not techrrcally feasible or affordable. The vanous technolopies that
constitute this new paradigm confinue o evolve, and furber improvements 1n
technolory mbustness and process streambimng wall pave the path for translation
into chinical diagnostics. NGS 15 no doubt one of most important and noteworthy
technological advances in the hiological scicnces in the last two decades. NG5S has
also made 1ts mark mn the apphicabon in forensic scences. It has overcome the
limitations of capillary electrophoresis and also have the potential o provide mulu-
information like sequence vanation detections, differentiating monozygotic twins,
STR typing of degraded samples, efc. The best part of NGS 15 that we can parallel
do the typng of CODIS STRs loa and sequencing stody to detect the allelic
vanations simultancously. Currently many NGS kits are being developed and
available which have huge application in forensic field. This chapler reviews the
discovery, advancement, apphicatons, and development of new NGS-based forensic
kits and hizhhighted the apphcabons of NGS in the beld of forensic science and
cnminal pstice system.

Keywords NGS - CODIS - Genomics - Forensic science - Molt-informative -
Monorygotc bwins
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151 Introduction to Forensic DNA Typing: Discovery

Over the past more than three decades, a huge amount of stodies has helped o
improve our understancing of vnigee differences among individuals and also to
decipher buman ongin. The analvsis of genetoc diferences among humans has long
been used 1o courts of law 1o prove identity with certmnty. Forensic DINA typang
uses DNA analvsis and companson to resolve legal 1ssues. such as patemity tests
and mhentance matters, cstablish dentity in cominal cases where hiological
evidence 15 found al cnme scenes, and 1dentfy vichms of mass disasters and missing
persons from human remains. Alec Jeffreys at the University of Leicester,  the
UK, discovered vanable and hentable patterns from repetiive DNA using mula-
loces probes, and he named the techmgue “DNA Angerpnnting™ [33, 341 Alec
Jeffreys was the hrst to wdentfy common polymorphisms wiath the help of RFLP
micthod, and this led to the dscovery of different formats of DNA polymorphism
study; which hes the potential to wdentify o parhcular person (except for wdentcal
twins). This invention led the stone of a new area of soience and further developed
in doe course of nme as the most believed technology in cnminal myvestgations.
The lechnology earlier discovered by Jeffreys 15 obsolete now. It has gone o a
vanety of changes to make the technolopy simpler, vser-fnendly, and above all
more convincing. Beswdes proving 1ts uiility 1n cnmanal investigabon, this has also
proved as mulbtfaceted technology and & now being used 1in many bological
disciplines, nemely, in diversity, populsthon genetics, conservation studies, and
chinical snd anthropological studics. Besides this DNA lechnolopy has become the
technology which has crossed the boundary to acadermics. and this has become o

socially acceptable technology as well. Forensic DNA typing 1s based on companson
of the noclear DNA 10 a person with that identthed 1n mological matenal found wath
the DMNA of other person or at the scene of occurrence for the purpose of conclusive
mclusion or exclusion. The first case which was solved 1n March 1985, using
Jeffreys techmques, was not a forensic case, but 1t was a case of immugration [33,
34]. This hrst apphication of DNA fechnolosy not only saved a yoong boy from
deportation but also established the technology 1in the public eve as the technology
which can save the innocent. The techmigoe ientified mdividenks ond helped m
individualization of biological evidences, and 10 1ts first application, 1t was based on
restriciion enzyme digestton, followed by Southern blot analvsis. Southern blot
techmgue was labonous and requires good-guahty DNA for further analvsis. The
onginal technology developed by Jeffrevs s now obsolete for forensic use and
underwent a huge and continual transformation in the basic technology (Fag. 15,10

15.2 Capillary Electrophoresis-Based DNA Technology:
The Present Technology

Capillary electrophoresis {CE) 15 one of most important sdvancements as a part of
instrumentation in the held of forensic DNA typing. After PCR invention, scienbsts
consider 1t as the sccond most needed development Already presence of DNA
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oL Qe

Fip 15.1 Technological developmental trunsformaton o forensic DNA typing technigue since st
InCepticon

repeais and 1= application were known, and amalgam of capallary electrophoresis in
forensic apphications not only makes the work caster but also more accurate and
authentic which 15 of parmamount 1mporance 10 forensic DNA analvsis [59]. The
application of capllary electrophoresis 15 not only himited for bological samples
but has huge importance tn the analysis of gonshot residues, explosive restdues, and
drugs. For forensic DNA analysis, STR profihng {(haghly polymorphic markers)
which 15 based on fragment analysis 15 of great value for homan identstheation (HID
due to the single-base resolution capability of CE [30, 31, 59]. Introduction of
capillary electrophoresis 1n STR tvping circumvents the tedious and expensive
approach of DNA sequencing for STR tvpng. The approach of CE ke precise
sizing. 115 sensitivity for the detection of fluorescence emitted by different dyes,
putomatic clectrophoresis, and data collecton software are key factors 1n the
worldwide adopbon of CE as the preferred platform for forensic DNA anabvais, The
most common CE systems used in forensic DNA analysis include the ABI PRISM®
310, 310d, 3100 Avant and 3130, 3130xl, 3500, and 3500xL. Genetic Analyzers
{GAs). The advanced CE automated machines are developed with advanced features
which 15 useful for forensic scientists [35, 36 I has many advantapges like
normalization of peak height, accurate sizing of fragments, sample injechon, single-
base resoduton, high run to run precision, pood temperature control end antomation,
better seamtivity, high throughput, wser-friendly, and casy softwere features to
analyze the raw data 1o the level of precise accuracy [59]. Definitely the incorporation
of CE mn forensic apphicaton must be considered as a milestone for the mankind
SEIVICE.

153 NGS: The Upcoming Technology in Forensics

15.3.1 Whait Is NGS Technology?

Mext-penerabion sequencing (NGS) technology whach has overcome the himatations
of conventional Sanger sequencing lechnology has grown repidly 10 recent years n
the field of genomics research becaese of 1ts high-throsghput capacity and low cost
and encient DNA analysis. So far in the advancement in technology, NGS 1s no
doubt one of most important and noteworthy technological advances in the brological
sciences m the last two decades. The evolution of seguencing technology from first
to thard peneration 15 demicted as shown i Fag. 152 [45, 551 NGS 15 a highly

hirakdashil greail com
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Fig. 152 Development in 5G8 technology: from incepbon to present

sensibive, high-throughput, low-cost, and moech more faster technological advance-
ment which makes 1t the choice for many biclogical research along wath forensic as
compared to other sequencing methods. NGS 15 now progressing towerd moturity
and expecied to replace tradibonal sequencing method for IINA profiling which 1s
considersd gold standard nll date.

15.3.2 Multi-informative Potential of NGS Technology

In recent vears, as the technology 15 advancing, NGS 1s also not lagging behind wath
the introduction of STR analysis and parallel sequencing with MPS { massively paral-
le] sequencing). This has proved exceptionally advantageous as the ime, cost, speed,
and improvement n sequence lensth and accurmey 15 dramatically improved [5, 17,
21, 22, 24, 50, 53, 57). Several NGS platforms have become common mn forensic
research and commercial applications. The technology promises continued 1mprove-
ment and may become the next “gold standard™ for forensic genetics [14). The
Mumina MiSeq FGx Forensic Genomics System became avarlable in early 2015 and
has been vahidated by the manufacterer. NGS analysis nol only saves a sigmficant
amount of ime and but can also provide 0 number of genetic mformation i a sigle
mm {Fig. 15.3). Fornhermore, NGS-based methods provide the full sequence data
along wath the length-based genotypes [25, 61). The avalability of full sequence
mformation from NGS makes it possible to investigate the mutation andfor the true
vanaton {at the nocleotde level) within STR loc and identify previously unknown
alleles and mutational events dunng patermity establishment [7]

15.3.3 NGS Application in STR Sequence Variation Detection

in today's forensic work, STR analvsis has beea mainly performed by size-based
DMA separation using capillary electrophoresis (CE) [13]. This 1s mostly serving
the purpose of forensic scientists 10 solving the vanous types of forensic cases. But
as far as mternal segoence vanstion 15 concerned i STR alleles. capallary

hir skdashidl' graas com
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Fig. 153 Powential fredds of applcatson of next-gecerstion sequencing icchoology m forensse
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electrophoresis fals which 15 only based oa detection of the length of PCR product
This sequence vanstion in STR alleles i= now considered very imporiant in vanous
cases where very low guantity of DMNA s present o for mixed samples which makes
the interpretation difficalt. Few important techniques hke mass spectroscopy and
next-generation sequencing (NGS) have been now utithized in forensic also to study
and sdentify the potential internal sequence vanations in STR alleles [51-53]. 5TR
sequence variation analysis 15 nowadays becorming more important as this will
improve the discnmination between two mdivideals and also o muxed DNA
samples. This also mds in the study of motation mtes 1n STR alleles and increases
our knowledge about the STR mutability rate for that particular allele. NGS 15 the
solution for the detection and exact identification of vanatons in 5TR alleles.

There are a lot of vanatons in 5TR repeats which alwavs put the forensic scien-
tists to think for better and comect interpretations. These STR loo are charactenzed
on the basis of their STR repeat category hke simple repeat, vanant allele, com-
pound repeat, and complex repeat [8]. The CE-based STR assay may 1deatify the
alleles according to their relative size compared to an allehe ladder contaiming
sequenced alleles; even though internal sequence vanotion may be present [25].
Another dement of CE-based STR analymis = allele peak vanations with respect o
allelic ladder sizing bean if there are insertions or deletions (indels) in the Aanking
regions of that allele which 15 not common bat poteatially present. The PCR-CE-
based assay can be done in 1 day for a specific markes. Bot the big advantage of
MNGS 15 15 combaned STR analysis and NGS assav even if it takes relatively Iittle
longer tme [8]. Another impostant advantage of NGS s 1ts capability to analvee
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degraded DNA samples which 1s difficult with CE-based analysis. Among the van-
ous NGS methods avarlable, sequencing by ligations has the lowest error rate. and
for STR sequencing which 1s short-read length, sequencing by heations 15 the best
platform for forensic genctic apphcabons [§]

Manv countries are building thewr STR peofile DNA database of convicted and
amrested persons concerned with offences, and this scems that STR prohling sull

valueble tool in forensic analvsis work even though NGS will take over. Therefore,
development of NGS with incorporated currently used STRs 15 the need of bme as
STRs alope contnbuole 15% of the human genome [4, 25] Gettings et al. [25]
presented the summary of each STR marker (24 aptosomal forensic STR. loct)
which includes classafication of STR marker, repeat umit length, the locaton of
chromosome, repetiive STR. region phy=ical location m chromosome, and many
more. The detmls about these markers have been presented in Table 151 (After
Gettings et al. [25]).

Sequence vanabion stody by NGS provides informabon about the sequence
which can be very useful for the in-depth evaloation of STR alleles: The NGS result
mupst be compared with the PCR-CE-length-based senotvpe. Three categones of
discord were observed 1n companng the NGS results to the CE data.

ia) Presence of ivoalleles: If the allele sequence information 15 available, the koo
which contmn numerous 1soalleles having internal sequence vanation withun
the repeat regton provide bester resolution.

{b) Flanking region indels: In many STR loc, the 5" and 3" Aanking regions showed
vanations which are within the range of PCR prodoct. These are munly SNPs,
for example, at the 135317 locus, where a four-base deletion 1n the 3’ flanking
region resulted 1na “97" allele by CE and a *107 allele by NGS [25].

ic) Bioinformatic nedl allele: This is of two types, Tvpe 1, where the deletion of one
base sometimes poes undetected as a result of which homozyeous result appears
{e.g., at Peata D locus). and Type 2, where the allchic ladder ban did not contain
the matching allele (e.g., D12539]1 loces, where o “17, 17.1 appears as

homozygotes) [25].

Among the 24 autosomal STR loci, 9 loc showed the increase in alleles sreater
than 305 when sequenced with NGS platform as compared to PCR-CE-leagth-hased
senotype [25]. The remaimng 15 STR oot showed less vanation n the repeat
region, for cxample, loci such as DSS81E, D7SE20, and 135317, But less vanation
15 also nseful which are mainly in the Aanking region which helpsin the understanding
of muotational events with evolution perspectives. The sequencing by NGS reveals
the trie vanation of STR loci as new alleles have been detected by sequencing of
simple STRs which 1s tmportant as it will improve the statistical power of analy=is
[25]. If the vanability in STR loct wall be more, better will be the statistical power
of investigation which helps in redocing the number of loci which 15 reguired 1n
typing. Another advantage of NGS 15 to differentiate the STR typmng homozygoos
genotype o heterorygous when the individual loo are sequenced.
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15.3.4 Application of NGS in Differentiating Monozygotic
Twins

Monozyeotc twins, as the word suggests, anse from a single fertilized epp, and thus
they are genetically 1dentical as compared to fraternal twins who ere not genetically
wdentical. This puts: the block in differentiating the monozygobc teans through
autosomal STR prohling. Both mmdividuels have exactly the same DNA sequence:;
convenbonal penotyping approaches such as STR. SNP. sex-chromosome STR, and
miDMNA analyses connot differentiate between them. In paternity cases and other
cascs where one of the monozygotic twins are mvolved, the other twin cannot be
excloded through avtosomal STR profiling. This scenano can puot the legal justice
sysiem 1o & difficult position to exactly match the hiological evidence with one of
the wdentical twins conclosively. Monozygotc (MZ) twins are senetically wdentical,
bot they must have some genctic differences which have accumalated 10 therr
genome penerally called as epigenctc changes [11, 39, 41). These epigenchc or
somatic changes are normal bot not exception. and if it occurs duang the embryonic
development of the MZ twins, 1t will be more prevalent 1o the tssues of that
paricolar individual [12). Somatic mutations or epigenctic changes are mndom, and
surcly the MZ twins acquire different mutations [12]. May evidence supports that
epigenchc markers can be used to distingmsh monozygotic (MZ) twins [40], predict
tissue type [23], and accurately determune the age of a3 DNA donor [6].

Epigenctic approaches based on NGS technology mnclude whole-genome bisal-
file sequencing [27], methviation beadchips, reduced representation of bisulfie
sequenciag [44], and methylated DNA immune precipitation sequencang [64]. All
these NGS technolopies basically work well wath larger DNA fragments, but the
challenge with forensic samples 15 having low and highly degraded DNA samples
even mixed with other elements. So a laghly accurate NGS technology 15 requined
for forensic DNA analysis for epigenctc changes, Genome-wide amplificaton of a
bisulfite-modified DNA templote, followed by guantitative methylation detection
using pyrosequencing, 1s one of the best NGS methods for extremely low amounts
of DNA [47]. Ideathcaton of extremely rare motatons to differeniiate between the
M7 twins using ultra-deep NGS technology 1s the landmark work for the salution
to patermity and forensic cases where MZ twins are involved [65]. Mlomena Human
Methylabion BeadChip NGS lechnology & also used to smdy the methylation
pattern (CpG sites) a5 an epigenctic chanpe for differentating the MZ twins [40].
The hich mutation rate of the mitochondnal DNA (mtDNA) has the potential to
become a promising momarker for the differenbiation between MZ twins. With the
advancement m venous NGS techaologies, it s now possible to charactenze minor
differences of miDNA penomes (mtGenomes) between MZ twins. In the stody
conducted by Wang et al. [62]. nucleotrde differences and heteroplasmies of M2
twins" miGenomes were mapped for from six pairs of adolt MZ twins by NGS
technology usming the Mumena HiSeg 2000 sequencing sysiem. Their expenimental
evidence suggests that vanants of miGenomes could be o perspective momarker 1o
distingursh M7 twins from each other [62]
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154 NGS5 in Forensic Casework

MNGS 15 a highly sought technology in the held of hiclogical scence, and it has been
there sance over a decade and now also has become an integral part in the feld of
forensac sciences [61]. Many attempts have been taken such as Y-chromosome
sequencing among related male, metagenomic stady of biological stuns, miDNA
sequencing for forensic apphcabons, and so on with the help of venous NGS
platforms [3, 10, 32, 42, 46, 48_ 49]. Vanous studics have been ondertaken for the
sequencing of markers employed for forensic DNA analysis ke STRs. SNPs,
microRNA, and miDNA [9, 16, 19,20, 22 74, 26, 28, 37_34, 43, 58_ 62, 63, 66-68].
Many of these studies proved the applicaton of NGS in forensic science as o
incorporates multplexing, sequence vanation stedy of STRs, and hish throsghpot
With the promuse which NGS holds as a potent technology 1n forensic. many
commercial kis are released by different compamies [16, 22, 28, 66, 67].

154.1 STR Typing of Degraded Samples Using NGS

CE-based system 15 commonly used for STR genotyping 1n forensic, but frequently
1t 15 observed that this system fails to penerste the DNA prohle data from degraded
DNA samples and thus put the forensic scientists o a situation where it become
impossible to imerpret the results [1-3, 15, 29, 54, 65 Figure 15.4 depicts the
CE-based STR genotvping vs NGS which clearly shows the improved results wath
NG5S, Recently few forensic analyses were done for STR sequencing via NGS
routine casework [18. 21, 53, 56, 57, 60].

15.4.2 Massively Parallel Sequencing of Forensic CODIS 13
Autosomal STRx

The hmitattons of CE-based STR genotyping are known, and many improvements
have plso been incorporated 10 this system, but using NGS for all the 13 CODIS
ETR markers for human DNA profiling 15 being tned recently, and 1t 15 believed 1n
the foreasic scientist communsty that this can be the parallel method with CE-based
STR genotvping. Figure 15.5 depicts the NGS analvsis of 18 markers {13 COIDIS
STRs, D251338. 2195433, Penta D, Penta E, end amelogenin) which 15 based on
mulaplex PCR system and NGS analysis, and this analysis produced consistent
resulis with CE-based STR genotvping. Many addinonal applications hke, detection
of sequence vanations at target regron, pencrabon of STR profiles with degraded
DNA samples and even fomo mixed stams 1s a hmitstion with only CE-based DNA
Profiling [37].
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CE Vs. NGS

Poscible strategles
*Increased cycle number
*Past-polymerase chain reaction
{PCR) cleanup

=Fre-PCR DINA repair methods
*Raduced STR amplicon sizes

Fig. 154 Efforts for improved results i forensac DNA typeng CE ws NGS for better resulis

Fig. 155 Scheme of 18 forensic markers {13 CODIS shown in gray color) i the developed mul-
inplex PCR system for NGS analyses. (Modified after Kim et ol [37])
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Toble 152 Avalable NGS-based ks for forensic use

Manufacturer’
Mame of kit suppdicr STR koca inchaded
HIID-lom Thermo Fusber | 124 amtosomal SMNPs (most of the SNPGoAD and indondiual
AmpliSeg™ Sceentihic pdemthcatron S™Ps (1SN and 34 Y-chromosoame SNPs
Identity Panel
HID-lom Thermo Fusher | Ancestry mformatve markers ( AIMs)
AmpliSeq™ Sceentific
Ancestry Panel
loo Torreni™ | Thermo Fisher | All-ip-one solugon from amphbcabon of STRs and
HID STR Scrontific ameiogenn and sequencing o datn anolyss
| 0-Plex panel
loa Torrent Thermwo Fsber | Inchades §6 of 20 expanded combmed DNA index systom
patform
24-plex STR Thermo Fesher | Cover all ecommended combmed [DNA index system
panel Scsentihe expansin markers (CODIS core focs, ESS markers,
Y5391, and amelogenm )
Precizion T Thermo Fisher | 20 sutosomal STR CODIS and expanded COTIS locr, |
GlchalFler Screntific Y-chromozome STR locus, 1 sutosomal MNO02 locus, 3
MNIGS ETR amiosomal low probabelety of idennty (PU (009 STR loci 5
pancls amiosomal nexi-generntion sequencing (NG5} STR koo, |
indel polymorphe: marker on the ¥ chromosome (Y indel),
X and ¥ amelogenmn, the sox determining marker
FarenSeq™ | Himmina 77 autosomal, 24 Y STRx. 7 X STRs and O identity, 56
I[INA Signatare ancestry, ond 22 phenotypec SNPs m o single reacton
Prep Kit
ProwerSeq™ Promoga 22 sutosomal STRs, 23 Y-5TRs, and 10 amphcons covenng
Systems { Auba, the mutochondnal and amelogemin conral remon
Y. and Miio)

15.4.3 NGS-Based Other Kiis Available for Forensic Purposes

Since the inception and development of the technology, Thermo, Ilumina, and
Promega have made kits available for forensic purposes (Teble 15.2).

155 Conclusion

NGS provides a possibility for constructing sn all-in-one multiplex with relevant
forensic markers that include STRs, SNPs, indels, and mtDNA markers and along
with many other informaton., It 15 evident from the publications in the last few years
that the use of NGS in forensic genetics 15 presently an important research area and
will be 1n the near future as well. The technology has the enormous potential and
could offer the first real aliernotive to PCR-CE analysis. Future research for
development and improvement of NGS wall make the technology be apphied more
smoathly, convemently, and effectively for forensic DNA typing.
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