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Abstract

Forensic analysis of deoxyribonucleic acid (DNA) evidence is a powerful tool for law
enforcement that can provide a link between a suspect and a crime or eliminate a suspect from
suspicion. Forensic analysis of DNA has two broad purposes: forensic identification and
forensic DNA phenotyping (FDP). The purpose of identification is to associate a suspect with
a crime based on DNA evidence, a feat that is achieved using genetic markers, such as short
tandem repeats and single nucleotide polymorphisms (SNPs). Effective DNA identification
relies on comparison between a reference DNA profile and an evidentiary DNA profile, which
allows for the inclusion or exclusion of a suspect. If no reference profiles are available or there
is a large pool of suspects, DNA profiling has limited capacity to resolve a crime. In these cases,
police investigators often depend on eyewitness statements, which are notoriously unreliable.
By contrast, FDP is the process of inferring phenotypic traits from DNA and can be used as a
biological witness. FDP utilises SNPs along with other markers such as insertions-deletions and
microhaplotypes. SNPs are the most common markers for FDP because of their low mutation

rates and account for more than 85 percent of variance in the human genome.

Genome-wide association studies have identified a variety of SNPs associated with phenotypic
traits, such as eye colour, hair colour, skin colour, baldness and freckles. These SNPs must be
typed appropriately to generate FDP profiles. A range of SNP genotyping technologies exist,
including: real-time polymerase chain reaction (PCR) based assays with probe hybridisation
such as TagMan (Thermo Fisher Scientific—TFS); microfluidic technology such as Fluidigm
Biomark or Open array (TFS); single base primer extension assays such as SNaPshot™ (TFES);
and post-PCR assays such as high resolution melt (HRM) analysis. Most recently, massively
parallel sequencing (MPS) assays incorporating sequencing by synthesis are represented in the
forensic field by lon Torrent (TFS) and Illumina technologies. These SNP-typing technologies
differ in cost, throughput, detection methods and run times, which can make it difficult to
choose between them for FDP purposes. Some forensically important criteria include simplicity
of operation, reliability, reproducibility, flexibility and modularity. An ideal method should be
cost effective, able to process degraded samples and have the ability to sequence a large battery
of FDP SNPs. This thesis compares forensic SNP genotyping techniques for three categories of

throughput: low, medium and high.



HRM analysis is a low-throughput genotyping method and was applied to the IrisPlex eye
colour FDP panel of six SNPs. It is a simple and fast post-PCR real-time method. HRM
produced reproducible profiles at 0.5 ng DNA input amounts. Its cost-effectiveness can be
further increased by using half-volume reactions. IrisPlex includes a symmetrical SNP
(rs16891982) and a SNP with high guanine-cytosine content regions (rs1800407) critical to eye
colour inference. HRM underperformed in genotyping these SNPs, which might present a
challenge in terms of their application for these types of panels. HRM also possesses limited

multiplexing capability.

SNaPshot™ (TFS) is the most common forensic SNP-typing tool and was assessed as a
medium-throughput genotyping method. This evaluation was also performed using the IrisPlex
eye colour panel. The workflow involved a PCR step (amplification of templates) and
minisequencing step (single base extension) that introduced a contamination risk due to
multiple tube-to-tube transfers. SNaPshot generated reproducible profiles at 0.1 ng DNA and
other studies confirmed their reproducibility at 0.062 ng. The assay is able to multiplex up to
40 SNPs and can be applied to both forensic identification—using identity informative SNPs—

and FDP. This thesis includes a published review of SNaPshot forensic SNP genotyping assays.

The Illumina MiSeq MPS platform was evaluated as a high-throughput tool. It was used to
simultaneously genotype 136 SNPs from five SNaPshot assays: the SNPforID 52-plex,
SNPforID 34-plex, Eurasiaplex, Pacifiplex and IrisPlex. MPS libraries were generated from
0.05 ng input amounts for each multiplex. A total of 24 samples were pooled in a single run
using unique oligonucleotide barcodes as sample identifiers. MPS was demonstrated to be
applicable to degraded samples, UV-exposed samples and humic acid inhibited samples.
Sequencing on the MiSeq produced genotypes that were 98 percent concordant with genotypes
derived from SNaPshot and lon Torrent sequencing. It generated 100 percent reproducible
profiles. This unique approach demonstrated the capacity to multiplex SNP panels from existing
SNaPshot assays (identity and phenotyping) and apply them to multiple samples with no
requirement for investing in new panel designs. Further, this thesis describes an automated
workflow in a forensic laboratory for routine application of MPS. Two major library
normalisation procedures—magnetic bead-based and real-time PCR-based—were compared

with real-time PCR to demonstrate the best performance.

In summary, this thesis compares and contrasts three FDP SNP genotyping methods available

for forensic applications with different throughput requirements. It is anticipated that the



findings may serve as a starting point and guide for forensic laboratories in implementing FDP
SNP-typing for routine cases.
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Chapter 1;
Introduction



1.1 Background

This project was a part of an Australian Research Council Linkage grant, From Genotype to
Phenotype: Molecular Photofitting for Criminal Investigations (LP110100121). Many criminal
investigations have neither knowledge of suspects who committed crimes nor how they may
appear. In these cases, deoxyribonucleic acid (DNA) profiles obtained using forensic analysis
of short tandem repeats (STRs) are uninformative unless a reference profile becomes available.
Often, investigators look for eyewitness testimonies to find suspects to obtain reference
profiles, although these eyewitness statements are notoriously inaccurate and unreliable [1].
DNA evidence may be considered to act as a ‘silent witness’ to a crime and has the potential to
provide molecular photofits, independent of human eyewitnesses. The goal of molecular
photofitting is to infer phenotypes from DNA genotypes. This process is known as forensic
DNA phenotyping (FDP). Unlike forensic identification, which commonly uses STRs, FDP
utilises other markers, including single nucleotide polymorphisms (SNPs) to make phenotypic
inferences. Genome-wide association studies (GWAS) have discovered many FDP SNPs
associated with phenotypic traits, such as biogeographical ancestry (BGA) [2], eye, hair and
skin colour [3], fingerprint patterns [4] and facial composites [5]. These suggest hundreds of
FDP SNPs would be required to construct a complete ‘molecular photofit’. STRs are most
commonly typed using the capillary electrophoresis (CE)-based fragment analysis method in
forensics [6]. SNPs can be genotyped using a variety of technologies and chemistries [7].
Different SNP-typing methods could be applied depending on the FDP application throughput
requirements. For example, a laboratory needing to run a small FDP assay may only require a
low-throughput SNP-typing tool, while another laboratory typing hundreds of FDP SNPs would
need a high-throughput tool. This thesis examines the applicability of three SNP-typing
technologies for FDP: high resolution melt (HRM) analysis (low-throughput method); single
base extension-based SNaPshot™ (Thermo Fisher Scientific: TFS) assays (medium-throughput
technique); and sequencing by synthesis (SBS)-based Illumina massively parallel sequencing
(MPS) (high-throughput tool). Chapters 2, 3 and 4 are peer-reviewed publications.

1.2 Forensic analysis of biological evidence

The precipin test was developed in 1901, which identified whether a blood stain is from human
or animal origin. This test was used in a 1901 German child murder investigation and formed
part of the evidence cascade that led to the execution of Ludwig Tessnow in 1904 [8]. ABO

blood grouping test [9] was applied in the most famous Robert Payne’s case, in which the



suspect’s blood group matched with the non-victim sample found at the crime scene. In light of
above evidence, along with other evidence including fibre analysis, the suspect, Robert Payne,
was convicted [10]. Another historical case was in 1983 at Sheffield, UK in which the suspect
Andrew Hutchinson was convicted of a triple murder based on blood group test evidence that
identified his rare blood group—found in only 1 in 50,000 people—along with palm print
evidence [11]. In 1953, Watson and Crick determined the structure of DNA [12]. DNA evidence
is a powerful forensic investigative tool as their analysis generates valuable genetic code
information that can be linked to a suspect or eliminate a suspect from suspicion of a crime
[13].

1.2.1 DNA fingerprinting

In the 1980s, Sir Alec Jeffreys and co-workers brought a revolution in forensics with their DNA
fingerprinting technique [14]. In a 1986 Leicester double-murder case, a 17-year-old kitchen
potter confessed to two murders and confirmed circumstantial evidence against him. However,
the DNA fingerprinting technique proved that he could not have been the murderer. Using this
DNA technology as a means of screening all men in the area surrounding the crime scene led
to Collin Pitchforkthe being identified as the real perpetrator [15]. This landmark case proved
both innocence and guilt based on DNA technology.

The DNA fingerprinting technique used variable number tandem repeats (VNTRs)—genetic
markers, also called minisatellites—which have nucleotide unit repeats ranging from eight to
several thousands and vary from person to person [16, 17]. The method employed restriction
endonucleases that cleaved the DNA sequence at specific sites (e.g., Hae Il cuts the sequence
repeat GGCC [18]), followed by gel electrophoresis to detect the different-sized fragments.
Individual DNA fragments were extracted and processed using southern hybridisation [19].
Targeted single locus probes were utilised to obtain the VNTR locus banding pattern and these
band patterns were called ‘DNA profiles’ [14, 17]. The profiles with VNTR fragments
occupying corresponding positions were recognised as a match and others as a mismatch.
VNTR alleles differing by one or two repeats were indistinguishable and hence the bands of
similar size were grouped into bins. This reduced the total number of alleles from hundreds to
twenty or thirty. The frequencies of allele falling into various bins were used to calculate match
probability [13].

VNTRs provided better discriminatory power in comparison to restrictions fragment lengths

polymorphism (RFLPs) markers. However, the technique was not very sensitive as it required



a large amount of input DNA (in the range of 50-100ng) and could not be used in polymerase
chain reactions (PCR) due to the large size of VNTR markers [13]. In addition, the technique

was time consuming and lacked applicability to samples with small amounts of DNA [13].

1.2.2 STR profiling

In the early 1990s, STRs—also referred to as microsatellites—were applied to forensic DNA
evidence analysis. STRs consist of an array of tandem repeats, with each repeat generally 2—7
base pairs long [20, 21]. STRs were much shorter than VNTRs and could be analysed using
PCR, which was invented in 1986 [22, 23]. Application of PCR to DNA analysis enabled the
generation of profiles with low input amounts of DNA and made DNA profiling possible for a
wide variety of biological material recovered from crime scenes. STRs were the first set of

markers to be amplified using PCR technology in forensics [24].

In 1991, Alec Jeffery applied STR analysis on challenging casework samples to establish the
identity of a murder victim in the United Kingdom [25]. In 1992, the identity of skeletal remains
exhumed in Brazil was confirmed of Josef Mengele using STRs [26]. The early STR profiling
methods contained STRs with dinucleotide repeats, which suffered from high levels of stutters
and led to their replacement by tetra-nucleotide repeats, which decreased stutter levels and
increased diversity [27]. PCR multiplexing of STR markers became easier with the
development of fluorescent labels and one of first STR multiplexes (a quadraplex) was
developed in 1994 by Forensic Science Services (FSS) [27]. This was followed by a six STR
locus multiplex assay with the amelogenin gender identification marker [28]. The first
commercial STR multiplex kit for silver stain analysis was released by Promega in 1994—
commonly referred as ‘CTT’ triplex [29]. To date, a variety of commercial STRs multiplex Kkits
exist, such as GlobalFiler™ (TFS) [30], Identifiler™ (TFS) [31] and Powerplex™ 21
(Promega) [32].

1.3 Forensically relevant DNA markers

STRs are the most commonly used marker for forensic identification. These identity markers
have characteristics of being highly polymorphic, codominant, high heterozygosity, low FST—
a measure of genetic distance—between global populations, low mutation rates and high
discrimination power [33]. STRs have been firmly established in forensics since the early
1990s. More than 10° STRs are found in the human genome and forensics uses STRs from non-

coding regions of human DNA for forensic identity profiling [33]. STRs, due totheir long repeat



regions, sometimes cannot be applied to degraded samples. Mitochondrial DNA (mtDNA)
sequencing is an alternative method utilised when nucleus DNA is degraded or not available.
The hypervariable regions of human mtDNA are sequenced and compared with reference for
identification [34, 35]. The mtDNA sequencing process is laborious, time consuming,
expensive and non-discriminative compared to STR analysis [35]. In addition, STRs—due to
their mutation rates up to 0.05 nucleotide per generation—have limitations in applying to
paternity cases in which there is no availability of the mother’s DNA [36]. There are other
forensically relevant marker sets such as SNPs, insertions-deletion (INDELs) and

microhaplotypes (MHSs), which can be considered in the above situations.

1.3.1 Single nucleotide polymorphisms

SNPs are a single base change in a DNA sequence, in which the least frequent allele must
have an abundance of one percent or higher in a population, by convention [37]. SNP
variation is observed when a single nucleotide (A, T, G or C) differs between members of a
species or chromosome (paired) in the genome of an individual. The vast majority of SNPs in
the genome are bi-allelic; however, tri- and tetra- allelic SNPs also exist [37, 38]. Of the
approximately 14-15 million SNPs recorded in the human database, 94,000 are tri-allelic
[39].

SNPs have a low mutation rate, approximately 2.5 x 10® per nucleotide site per generation
[40]. Other studies estimate SNP mutation rates between 1 x 10° and 5 x 10 per nucleotide
per year at neutral positions in mammals [41]. The average mutation rate is ~1.1x 10® per
nucleotide site per generation [42]. Therefore, the probability of two independent base

changes occurring at a single position is very low.

More than 85 percent of human variance is derived from SNPs [43, 44], which are mainly bi-
allelic. SNPs are robust markers in data interpretation, laboratory handling, inheritance stability
and population genetic analysis [45]. SNPs are also applied to various forensic applications,
including paternity testing and kinship testing. A battery of identification SNPs (usually 40—
50) are used to get the discrimination power equivalent to 13 STRs [46]. Due to their smaller
size, SNPs offer advantages for degraded samples over STRs and having low mutation rates
makes them markers of choice for lineage and ancestry prediction applications. Due to
occurrence in both coding and non-coding regions, SNPs are used to make the phenotypic
association of human traits. While STRs are still the most accepted markers for identification,

SNPs offer application versatility in both forensic identification and FDP [1].



1.3.1.1  SNP categories used in forensics

SNPs for forensic applications can be broadly classified into four categories [47, 48]:

e Individual identification SNPs (IISNPs): These SNPs are used to complement STRs
in forensic identification. IISNPs have high heterozygosity and low FST between
global populations.

e Lineage informative SNPs (LISNPs): These uniparental inherited markers are used
to make lineage inferences of the sample. LISNPs are used in the identification of
missing persons, paternity and maternity testing, sexual assault cases and kinship
analyses. For example, mtDNA SNPs and Y SNPs are used to solve kinship cases.

e Ancestry informative SNPs (AISNPs): AISNPs can be used for inferring
biogeographical ancestry—this term is generally reserved for autosomal ancestry
informative markers. Contrary to IISNPs, AISNPs have low heterozygosity and high
FST between global populations.

e Phenotype informative SNPs (PISNPs): PISNPs helps in inferring individual having
particular externally visible characteristics (EVCs), such as eye, hair and skin

colour.

1.3.1.2 SNPs for forensic identification

IISNPs are utilised in forensics for identification in the same way as identity STRs. These SNPs
collectively provide extremely low probabilities of two individuals having the same multisite
genotype as STR loci. It delivers the genetic information to distinguish two people and excludes
suspects that cannot be a source of an evidentiary sample [47]. IISNPs to be used in forensic
applications should have high heterozygosity and low FST between global subpopulations.
Kidd (2011) indicates that ideal 1ISNPS for forensic use should satisfy the criteria of being
easily typed unique locus, highly informative for the required purpose and possess well-

documented relevant characteristics [48].

SNP identification panels such as 21 SNP panel [49] and a SNPforID 52-plex SNP panel [50]
were developed earlier. Later, Kidd et al (2006) identified a set of 19 SNPs by interrogating a
public database of 90,000 potential SNPs from 40 population groups [51]. Pakstis et al. (2007),
developed a 40 SNP identification panel with FST<0.06 and heterozygosity >0.4. More
recently, a 45 SNP universal identification panel was published [52, 53]. The discrimination
power of bi-allelic SNPs is not as high as STR loci. Some studies shows 10-15 tri-allelic SNPs



have the same discrimination power as 40-50 bi-allelic SNPs for forensic identification [54,
55].

IISNPs variation does not have repetitive sequences like STRs, as ISNP profiling avoids stutter
artefacts and can be used in cases with trace amounts of DNA [46]. Short amplicon lengths are
generated when analysing IISNPs, which are useful in the analysis of degraded samples and in
disaster victim identification (DVI) cases [1]. Tri-allelic SNPs are a useful option in reducing
the large number of bi-allelic IISNPs required to achieve high discrimination power and in the

resolution of mixed-source samples.

STR criminal databases are extensive and have been generated over decades. This is not the
case with 1ISNP databases therefore, [ISNPs are not likely to replace STRs for routine identity
testing, although they are appropriate for use in small, closed populations, as encountered in
DVI. Bi-allelic IISNPs have limited application to mixed samples or mixture analysis in
comparison with STRs, which have higher heterozygosity and multiple alleles. STR markers
remains the ‘gold standard’ for forensic identification purposes [1]. ISNPs may not replace
STRs for identification, but they can complement STR profiling in the case of degraded

samples.

1.3.2 Insertion/Deletions

Insertion/deletions (INDELS) are length polymorphisms created by insertions or deletions of
one or more nucleotides in the genome. Di-allelic INDELs were known in 2002, which
demonstrated the potential of these markers in genetic studies [56]. Mills et al. (2006) identified
more than 400,000 unique INDEL polymorphisms and further estimated that the human
genome would harbor more than 1.5 million INDELS [57]. A class of INDELs with allele
length variations between 2bp and 10kb spanned ~41 percent of total INDELSs across the
genome, with nearly all of them under 100bp [57]. These small INDELs can be applied to
analyses using PCR and CE. INDELs are the second most common class of mutation in the
human genome [58]. These makers have low mutation rates of approximately ~2 x 108 [40].
INDELSs finds their applicability in forensics due to the following characteristics: i) wide
distribution across the genome; ii) low mutation rates; iii) allelic frequency differences among
different populations groups is significant, which could be potential ancestry informative
markers; iv) large scale multiplexing capability by analysing small INDELSs in short amplicons
and can be applied to degraded samples; v) genotyping easily existing PCR and CE technologies
in forensics; and vi) suitability of small INDELSs for high-throughput technologies [59]



38-plex human identification (HID) assay is an example of INDEL identification assay that can
obtain profiles from 0.3 ng to 5 ng input DNA amount, with discrimination power greater than
99.999 percent [59]. A commercial DIPplex (Qiagen), 30-plex INDEL (with an amelogenin
marker) assay also exists, which has shown to obtain profiles from 62 pg of input DNA amount
[60]. INDELSs are also known to be applicable in ancestry inferences. 46 AIM-INDELSs assay
can distinguish African, European, East Asian and North American populations [61].

1.3.3 Microhaplotypes

Haplotypes are sets of DNA variations or polymorphisms that are co-inherited. Haplotypes are
a combination of alleles at multiple location on a single chromosome [62, 63]. SNPs in close
proximity (<10kb) tend to have low recombination rates, less than 10*. Due to the history of
origin of the variants at different sites, rare recombination events, and the impulses of random
genetic drift and selection, suggests the existence of multiple haplotypes in the genome [64]. A
microhaplotype (MH) marker is an SNP-based multiallelic locus. MH loci have two or more
SNPs in close proximity, usually within less than 200 nucleotides and with three or more allelic
combinations. These MHs have characteristics including: i) they can be covered in short
amplicons and are applicable to high-throughput technologies; ii) no stutters as for STRs; iii)
low mutation rates; and iv) all alleles at a locus are the same size [64, 65].

MHs can be forensically informative in mixture detection, deconvolution and identification of
close biological relationships [66, 67]. Recently developed, 74-plex MHs assay differentiated
African-American, European-American and South-West Hispanic populations [68]. One
hundred and thirty MHs were recently published with their estimated allelic frequencies in 83
different populations. Many of those loci were shown to be highly informative for identification

and mixture detection and deconvolution [66].

1.4 Need for alternative genotyping technologies for forensic DNA analysis

Electrophoresis was developed in 1955 [69] and successfully utilised in the development of the
Sanger DNA sequencing method as the detection system [70, 71]. The development of CE in
the 1990s assisted in the automation of the DNA sequencing technique [72]. CE-based fragment

analysis method for STR profiling is now routinely used for forensic identification.

PCR and CE-based fragment analysis methods can be also utilised to genotype SNPs, INDELs
and MHs. One limitation of CE is in analysing multiple samples together. CE-based technology
is widely used in forensic identification that requires only a few STRs (15-23) to genotype [29,



33]. In FDP, the DNA association to phenotypic traits—eye, skin and hair colour—is depicted
predominantly using genetic marker SNPs. INDELs and MHs also have the potential to be used
as FDP markers. The expansion of the current repertoire of forensic DNA analysis tools is
required to genotype forensically relevant markers, including SNPs, INDELs and MHs, along

with STRs together for FDP analysis.

1.5 Forensic DNA phenotyping

In many forensic cases, there are no suspects or a large pool of suspects exists, and investigators
are often left depending on eyewitnesses statements, which are notoriously unreliable. In such
instances, the inference of EVCs and biogeographical ancestry (BGA) from DNA—which is
called FDP—can provide intelligence or leads for the investigators in the form of ‘biological

eyewitness.’

Forensic DNA identification involves the analysis of markers in the non-coding region of the
genome, whereas FDP analyses utilise markers in both the coding and non-coding regions of
the genome [73]. The conventional DNA profiling aims to exclude a particular suspect from
some population, whereas FDP can help determine the population in which a suspect can be
included [74].

The FDP have raised ethical issues and ethicists emphasise the limits of regulation, education,
active monitoring and appropriate guidelines for interpretation [73]. In Netherlands, FDP is
explicitly regulated by legislation, with the permission of determining the race, gender and
EVCs from birth, which solely contributes to criminal investigation. Germany—except the state
of Bavaria [75]—and some states of the United States—such as Indiana, Rhode Island and
Wyoming—disallow FDP by legislation [76]. In a majority of states in the United States, it is
not written in legislation. In UK, FDP is implicitly implemented in legislation [76]. With the
advancement of technology and forensic/scientific quests, specific legislation may arise relating
to FDP, considering societal and parliamentary debates on their acceptability. Regulatory
issues, such as privacy and data protection, stigmatisation and non-discrimination, the right not-
to-know and avoiding slippery slopes must be considered but their certain relevance to FDP
should not be overestimated [76]. FDP can be used in crime investigations, for inculpation or
exculpation of suspects or groups for further investigation, suggesting criminal legislation for

intelligence-led policing [73, 77].



1.6 FDP markers

The process of FDP is dependent on genetic markers used for their purpose. Currently, the
information produced by the FDP approach can be broadly classified as inferring lineage and
biogeographical ancestry and EVCs directly from DNA samples. For the above purposes,
specific genetic markers are used. Genetic markers employed for inferring lineage ancestry are
referred to as lineage informative markers (LIMs), for BGA are ancestry informative Markers
(AIMs), and those inferring EVCs are known as phenotypic informative markers (P1Ms)

1.6.1 Lineage informative markers

Lineage-based analyses utilise mitochondrial DNA (mtDNA) and the non-recombining portion
of the Y-chromosome (NRY). mtDNA (inherited maternally) and NRY (inherited paternally)
have been useful in human evolution and genealogical studies [47]. LIMs are haploid,
uniparental, not subject to recombination and can be used to construct maternal and paternal
lineages [78]. LIMs include SNPs, INDELs, MHs, and STRs.

1.6.2 Ancestry informative markers

Lineage ancestry markers analyses focus only on maternal or paternal lineages. Autosomal
genetic ancestry markers can differentiate among biogeographical ancestral groups and are
more commonly referred to as AlMs—previously referred to as population-specific alleles.

AlIMs demonstrate substantial differences in allele frequency across population groups [78].

A forensic scientist may need to perform AIMs analysis to infer ancestry, which aids in active
investigations. BGA is used to express the heritable component of the ancestral group
(population) and their inference from DNA using AIMs [79]. Low mutation rate AIMs are
considered for BGA inference to make it applicable to a wide number of populations with
accuracy. AlMs with high FST between global populations are preferred as these provide more
genetic differentiation between subpopulations [79, 80]. Along with STRs [81], AIMs also
includes SNPs, INDELs and MHs.

1.6.3 Phenotypic Informative markers

DNA markers with the capacity to describe phenotype traits can enable genetic prediction of
appearance and can help investigators to identify offenders of a crime. These genetic markers
are referred as PIMs, which can also be applied by forensic anthropologists for facial

reconstruction of unknown human remains [47].
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Some of the common phenotypic traits of individual appearances are eye colour, hair colour,
skin pigmentation and androgenic alopecia or male pattern baldness. The single term used is
EVCs. EVCs prediction using PIMs is rapidly growing in the forensics community [82]. The
immense amount of genetic information on EVCs and human phenotypes is available due to
GWAS [83]. SNPs, INDELSs and copy number variants are the source of phenotypic variation
[83, 84]. SNPs are the most common markers used for FDP.

1.7 SNP genotyping technologies

The discovery of FDP SNPs is an ongoing process for inferring phenotypic traits. However, an
appropriate platform and chemistry for reliably genotyping these FDP SNPs to use in forensic
laboratories for intelligence purposes is one of the most important forensic needs. Recently,
various SNPs typing technologies have come into existence, based on different allelic
discrimination and detection platforms. The products resulting from allelic discrimination
reactions can be detected with many methods and the same detection method can be used to
analyse products of various assay formats. Most of the existing SNP genotyping technologies
can be divided into six types, based on molecular mechanisms: allele specific hybridisation,
primer extension, allele specific oligonucleotide ligation, invasive cleavage, MPS and HRM
(see Table 1.1). The products from these molecular mechanisms can be analysed using various
detection methods such as fluorescence and mass measurements. The assay formats for the
reactions can be categorised as solution-based—one occurring in solutions, also known as
homogenous reactions—and solid support based, such as glass slide and chips—array
hybridisation [7].

Basis for Representative Detection Assay formats Reference

technique assay method

Allele specific Reverse Blot Colorimetry Membrane-based | [85]

hybridisation Light Cycler Fluorescence Solution-based [86]
(Roche)
TagMan (TFS) Fluorescence Solution-based [87, 88]
Molecular Beacons | Fluorescence Solution-based [89]
Amplifluor assay Fluorescence Solution-based [90]
Gene Chip Fluorescence Solution-based [91]
(Affymetrix)

Primer Extension | SNaPshot (TFS) Fluorescence Solution-based [50]
PinPoint (Applied | Mass Solution-based [92]
Biosystems) spectrometry
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Array primer Fluorescence Chip-based [93]
extension (APEX)
Allele specific Infinium bead chip | Fluorescence Chip-based [94]
oligonucleotide array (lllumina)
ligation i
SNPlex (TFS) Fluorescence Chip-based [95]
Invasive cleavage | Invader assay Fluorescence Solution-based [96]
(Third Wave
Technology)
Next Generation | lon Torrent pH based Chip-based [97]
Sequencing lllumina SBS Fluorescence Solid surface - [98]
based
Melting High Resolution Fluorescence Solution-based [99]
Temperature Meting
Temperature
(HRM) analysis

Table 1.1: Classification of SNP genotyping methods on broad molecular mechanisms

1.7.1 Allele specific hybridisation

The selection between two DNA targets varying at a single nucleotide position using
hybridisation is known as allele specific hybridisation or allele specific oligonucleotide (ASO)
hybridisation (see Figure 1.1) [100]. In ASO-based reactions, two probes with a polymorphic
base in a central position of the probe sequence are designed. These probes are allele specific
and bind to the target DNA only if stable at optimised assay conditions. The mismatch probe-
target hybrids are unstable. The reverse blot format ASO probes were used first to detect PCR
analysed polymorphism in forensics [7, 85]. Most of the ASO hybridisation SNP-typing
methods use fluorescence detection methods and can be divided into two groups, based on assay

formats, as solution-based or chip-based.
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Figure 1.1: Allele specific hybridisation mechanism of SNP genotyping. The left hand
side represents the presence of allele specific oligonucleotide (ASO) probes which
facilitate perfect hybridisation. The right hand side represents the absence of ASO
probes leading to no hybridisation.

1.7.1.1  Solution-based ASO hybridisation using fluorescence detection

The fluorescence resonance energy transfer (FRET) is the main principle in these assays. FRET
occurs when two fluorescent dyes are close to each other and the emission spectrum of one
fluorophore overlaps the excitation spectrum of the other [101]. These solution-based
genotyping techniques combine ASO hybridisation allelic discrimination with real-time PCR
reactions. Hence, two PCR primers are required in addition to the ASO probes. The intensity
of fluorescence is measured in real-time PCR either during PCR or on completion of PCR.
Many typing methods have been developed based on the above principle with some
modifications. The significant advantage of solution-based methods is that no post-PCR step is

required, enabling PCR and detection being performed in the same reaction [7].

1.7.1.1.1 TagMan assay

TagMan assay is also called 5’ nuclease allelic discrimination assay. It requires forward and
reverse PCR primers and two differently labelled TagMan minor groove binder (MGB) probes
[88]. The assay is based on the 5’ nuclease activity of the Taq polymerase that displaces and
cleaves the oligonucleotide MGB probes hybridised to the target DNA, which generates a
fluorescent signal detected by real-time PCR [87]. Two MGB probes differ at the polymorphic
site—one probe is complimentary to the variant allele and the other to the wild type allele.
These probes are labelled with different fluorescent dyes—for example, FAM and VIC dyes if
ABI Prism 7900HT detection system is used [88]—at 5” end and a quencher at 3’end [87]. The
quencher interacts with fluorophore by FRET only if the probes are intact, quenching their
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fluorescence. In the PCR annealing step, MGB probes hybridise with target DNA. In the
following extension step, Taq polymerase cleaves fluorescent dye, resulting in an increase of
the reporter dye fluorescence. The wrongly hybridised probes or mismatch probes are dislodged
without fragmentation. The intensity measurements of two different dyes determine the

genotype of the unknown sample [88].

The other detection method for the 5” nuclease assays is fluorescence polarisation (FP) [7]. In
this method, the emissions are obtained from the excited fluorophore by plane—polarised light
remains polarised. In any allele discrimination reaction based genotyping method, FP can be
used if the product of the reaction is larger or smaller than the starting fluorescent molecule [7].
Fluidigm Biomark real-time PCR systems is an alternative for 5’ nuclease assays SNP-typing

technique to achieve high sensitivity and high-throughput [102].

1.7.1.1.2 Molecular beacons

Molecular beacons are oligonucleotides probes with two complementary sequences flanking
the complementary sequence to the target DNA. Molecular beacons have fluorophore in the 5’
end and a quencher at the 3’end. There is no fluorescence observed when the fluorophore is
quenched by the quencher if the probe and the target DNA are not hybridised.. In this non-
hybridised condition the probe is designed to adopt a hairpin loop confirmation. The
fluorescence appears when the molecular beacon is hybridised perfectly to the complementary
target DNA [89]. Two molecular beacons are employed in SNP-typing, one for wild type allele
and another for variant allele. Each is labelled with different fluorescent dyes enabling allele
discrimination in a single PCR reaction [89, 103]. Various targets can be detected in a single
reaction using different molecular beacons with different colour fluorescent dyes. The number

depends on the capability of the detection platform available [7, 89].

1.7.1.1.3 Ampliflour assays

Ampliflour assays use the Ampliflour universal primer system [90]. These assays are also based
on FRET from an excited fluorophore to a sophisticated acceptor moiety resulting in quenching
(see Figure 1.2). The fluorophore and the acceptor 4-(dimethylamino) azo benzene sulfonic
acid are linked to an oligonucleotide primer, which accomplishes quenching. Each of these
uniprimers consists of a different 3’ primer sequence and 5’ hairpin region that is labelled with
a unique and specific energy transfer dye. The primer sequences helps to bind unlabelled target-

specific primers to the target DNA. These target-specific primers are designed in such a way

14



that their 5’ tail sequence is identical to the 3’ region of uniprimers, which allows them to
hybridise to the PCR products. In the PCR reaction, the incorporated uniprimer acts as a
template for DNA polymerisation, which results in replication and displacement of the hairpin
sequence catalysed by DNA polymerase. The efficient fluorescence quenching is obtained in
the hairpin confirmation when fluorophore is at 5’ base of the primer and quencher is linked to
complimentary nucleotide of the 5’base. The fluorescent signal intensity signifies the amount

of amplified DNA [104].

Ampliflour SNP genotyping assays utilises two Ampliflour SNPs primers (uniprimers) and
three unlabelled primers—two allele specific primers and one common primer [105]. It is a
single tube system. The pair of Ampliflour primers is attached with fluorescent dyes (FAM, SR
or JOE). Two SNP-specific primers and a common reverse primer [106, 107] are designed to
amplify over the SNP, each with 5’ tail corresponding to one of the Ampliflour SNPs primers.
As the SNP-specific products are generated, the primer sequence of Ampliflour SNPs primers
binds to the complementary tail sequence of the newly generated PCR product and amplifies
further with the help of common reverse primer. Depending on the base present, fluorescent

signal is generated [104].
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Figure 1.2: Steps of Amplifluor assay for SNP genotyping. The example illustrates the
typing of SNP G/T with left hand side of the figure showing the steps for allele call G
and right hand side for allele T.

1.7.1.1.4 Roche Light Cycler assay

The Roche Light Cycler (LC) assays employs two fluorescent labelled specific oligonucleotide
probes. Probe 1 is attached with fluorescein label at 3’ end and probe 2 carries another label
(for example, LC red) at 5’end. These probes are designed to attach adjacent to each other on
the target DNA sequence. As a result of probe hybridisation, the two fluorescent dyes come in
close proximity to each other. The fluorescein dye’s green emission excites the LC red dye to
emit because of their close proximity positions. This FRET is dependent on the distance
between the two dye molecules and high efficiency of FRET is only seen if the spacing between
two fluorescent dyes is 1-5 nucleotides. The fluorescence is measured after the annealing step
as LC red emits light after the hybridisation of both the oligonucleotide probe. LC red light
intensity followed by filtration is measured by an LC instrument. The signal intensity is

proportional to the amount of target DNA amplification product [86].
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The target polymorphic SNP base is located in central position in one of the probes and the
other must be adjacent to allow for FRET. A mismatch can significantly reduce the melting
temperature of the oligonucleotide probe and this temperature reduction is primarily dependent
on the length of the oligonucleotide and the position of mismatch. This phenomenon of reduced
temperature can be measured using melting curve analysis. The combination of using different
fluorescent labels with probes at different melting temperature can enable the genotyping of

more than one SNP at a time [7].

1.7.2 Primer extension

Primer extension approach is based on the DNA polymerase activity and is dependent on the
ability of DNA polymerase to incorporate specific deoxyribonucleotides complementary to the
template DNA sequence. Further, many modifications of these reactions are known, but broadly
classified into two single nucleotides—primer extension and allele specific primer extension.
In single nucleotide primer extension—also known as minisequencing methods—the addition
of dideoxynucleotidetriphosphate (ddNTP) complementary to the base cross-examined by
DNA polymerase determines the polymorphic site (base). In allele specific extension, the

amplification by DNA polymerase is done only if the primer-template hybrid is a perfect match

[7].

1.7.2.1  Single nucleotide extension methods

In single nucleotide extension reactions, the primer anneals to the target DNA at the immediate
adjacent to SNP position, which is extended by DNA polymerase with a single nucleotide
complementary to the polymorphic site [108, 109].

The primer extension reaction products can be analysed by different methods depending on
detection technique chosen such as using labelled or unlabelled nucleotide, only ddNTP or a
combination of ddNTP and deoxynucleotidetriphospate (ANTP). The most common available
technologies using single nucleotide extension approaches are electrophoresis with
fluorescence detection (SNaPshot) and matrix assisted laser desorption/ionisation time of flight

(MALDI-TOF) mass spectrometry (MS) and microarrays with fluorescence detection [7].

1.7.2.1.1 SNaPshot assay (TFS)

SNaPshot is the technology available in commercial Kkits supplied by Applied Biosystems and
works on the principle of single nucleotide extension reactions followed by electrophoresis and

fluorescence detection methods (see Figure 1.3). The method uses fluorescent ddNTPs. An
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unlabelled primer is positioned in such a way that their 3’end is at the immediate base upstream
to the SNP base and is extended by DNA polymerase with a single fluorescent labelled ddNTP.
Each ddNTP is labelled with a different fluorescent dye. The reactions are multiplexed by
spatial separation of the single nucleotide extension reaction products using tails at 5’ end of
the SNaPshot primers with varying lengths of non-human sequence. Further, the products are
separated in an automated CE DNA sequencer [50, 110].

Step 1: Template Preparation and Amplification

Target nucleotide
~ /M\ ~ A /
A \(‘?“(T\/\/ l‘/\p>/ /
11111 /TOGRIVGOODY
Genomic DNA Purified template DNA
Amplification by Multiplex PCR (By removal of dNTPs and primers

) :_ using Exol or SAP digestion)

3 |

)

l Step 2: Single base primer extension
Reaction sample preparation Multiplex SBE thermal cycler reaction Removal of unincorporated ddNTPs

o|  (Template + SBEprimers + (cycle sequencing) using SAP or CIP

ol  SNaPshot multiplex mix
8

)

0 l Step 3: Electrophoresis and analysis of genotyping data

m . .

% Sample preparation for CE electrophoresis Run on CE platform Analyse data using genotyping software
T

SNaPshot workflow diagram

SBE- single base extension; dNTP- dioxy-nucleotide tri-phosphate; ddNTP- dideoxy nucleotide tri-phosphate
SAP-shrimp alkaline phosphate; Exol- exonuclease I; CIP- calf intestinal phosphate; CE- capillary electrophoresis

Figure 1.3: The figure illustrates the three main steps of the SNaPshot SNP typing:
template preparation and amplification, single base primer extension and
electrophoresis and analysis of data.

1.7.2.1.2 MALDI-TOF-MS

This method measures the molecular weight of the single nucleotide primer extension products.

It is the direct method of detection in comparison to assay methods identifying products using
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fluorescent emitted signals. The base mass added to the primer extended is known by the
increasing mass of ddNTPs nucleotides added [92]. MALDI-TOF-MS resolution is high
enough to detect the smallest mass different of nine Daltons between ddA and ddT and the
specific ddNTP incorporated in primer extension can be detected. The primer extension
products are run on the matrix placed on the chip or plate or slide. A desorption process is
undertaken, in which both the DNA product and matrix are emitted by laser beam pulse. A
flight tube collects the expelled DNA product, resulting from the vapours due to the laser beam
energy transfer to the matrix. Time of flight is measured, which is the time between the
application of laser beam pulse and collision of DNA product to the detector. This time of flight
is correlated into mass measurements as lighter products travel faster than heavier products.

The software linked to the instrument reveals the mass measurements [7].

The SNPs genotyping methods based on MALDI-TOF-MS are: PROBE assay (MassEXTEND,
Sequenom), which combines the use of ddNTP and dNTPs in primer extension reactions to
increase the mass differences between SNPs alleles; [111] and the PinPoint assay (Applied

Biosystems), which uses only ddNTPs [92].

1.7.3 Arrayed primer extension (APEX)

APEX reactions are microarray-based with a single nucleotide primer extension performed on
chip or solution [93]. In one method, the minisequencing reaction primers are attached to chips
and extended by DNA polymerase using labelled ddNTPs and the microarray is checked for
fluorescence. In the second method, single base extension is carried out with specific 5’
sequence tag primers, distinct for each SNP [112]. The multiplex primer extension products
done in solution are hybridised to the reverse complementary tag sequences arrays onto the chip
[112].

1.7.3.1  Allele specific extension

This method is dependent on DNA polymerase extension efficiency between matched and
mismatched 3’ ends of primers. It means DNA polymerase extends the primer with a perfect
hybridisation of their 3’end to the complementary DNA target. Two primers are used, one
specific to each allele of a SNP and detecting which primer formed the product-determined
SNP genotype. The product can be detected using fluorescent labelled nucleotides on a
microarray [93]. There is another variation to this approach, known as allele specific PCR. This

uses a common reverse primer in addition to allele specific primers and the matching primer
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permits the amplification of a specific allele in the target DNA. The detection of PCR product
reveals the genotype of the target DNA [106]. Germer et al. (1999) studied the use of tag primers
based on melting curve analysis for identification of allele specific PCR products. FRET

detection method can also be used [113].

1.7.4  Allele specific oligonucleotide ligation

ASO is based on the DNA ligase activity. The oligonucleotide ligation assay was developed on
the ability of ligase to covalently join two oligonucleotides when they hybridise next to each
other on a DNA template (see Figure 1.4) [114]. This method uses three probes, one common
and two allele specific. The allele specific probes bind to each allele and the common probes
anneals immediately downstream to the SNP target. The enzyme DNA ligase will only bind the
perfectly matched allelic probe with the common probe. Ligase chain reaction, generating
exponential ligation products, requires both strands of gDNA to consist of targets. The products
from the first ligation become targets and the chain reaction continues. Many assay formats
were developed for detection of this method, including use of biotinylated common probes with

reporter group on allele specific probes and the use of fluorescent labelled dyes [7].

SNPlex™ technology utilised ASO ligation principles, in which the fragmented gDNA was
analysed using three unlabelled ligation probes per SNP target in a multiplex assay. Following
ligation, PCR amplification was performed using two universal primers with one carrying a
biotin molecule. These biotinylated products were made bound to streptavidin-coated plates, in
which fluorescent probes bind to the PCR products and detected using CE genetic analysers
[7]. The array based detection technology like Bead Array™ (Illumina Inc) utilised by
GoldenGate™ (Illumina Inc) assays uses a combination of ligation and allele specific extension

principles [7].
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Figure 1.4: Allele Specific Oligonucleotide (ASO) ligation mechanism for SNP
genotyping. The left hand side of the figure represents the presence of allele specific
probe leading to perfect ligation. The right hand side of the figure shows no ligation in
the absence of allele specific probe.

1.7.5 Invasive cleavage

The invader assay is based on the specificity of recognition, and cleavage, by Flap
endonucleases, of the three-dimensional structure formed when two overlapping

oligonucleotides hybridise perfectly to a target DNA (see Figure 1.5) [96]
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Figure 1.5: Invasive Cleavage mechanism for SNP genotyping. The left hand side of the
figure represents the presence of allele specific probe leading to perfect cleavage. The
right hand side of the figure shows no cleavage in the absence of allele specific probe.
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1.7.6 Melting temperature

DNA melting temperature (melt curve) analysis is a post-PCR analysis method based on

biophysical measurement of the amplified DNA. Figure 1.6 illustrates the steps involved in

HRM analysis workflow. It has been used for various applications such as to detect

primer/dimers and detection of genetic variation in DNA sequences. The most common method

used today is referred to as HRM analysis. In HRM analysis, the target DNA is amplified by

PCR in the presence of double stranded (ds) DNA binding fluorescent dyes, followed by

gradual melting of PCR product through a range of temperatures. The emitted fluorescence is

detected and characteristics melting curves are generated [99].
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Figure 1.6: Steps involved in HRM analysis (adapted from [115]). The PCR design and
optimisation is followed by PCR amplification. This is followed by post-PCR Melt

analysis in real-time.

1.7.7 DNA sequencing technologies

DNA sequencing technologies were developed historically from first generation to third

generation over a last few decades.
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1.7.7.1  First generation sequencing

Alan Coulson and Frederick Sanger’s ‘plus and minus’ system and Allan Maxam and Walter
Gilbert’s chemical cleavage technique in 1975 began the DNA sequencing era [71, 116]. The
first DNA genome sequenced was of bacteriophage ¢X174 (PhiX), which used the plus and
minus system [116]. Maxam and Gilbert’s system used chemical cleavage to fragment DNA at
specific bases, which was widely adopted [71]. However, the DNA sequencing revolution
began in 1977, when Sanger developed the chain termination dideoxy technique for DNA
sequencing [70]. This method used the chemical analogous of deoxynucleotidetriphospates
(ANTPs). ddNTPs do not have 3’ hydroxyl group, which is required for DNA extension and
therefore terminates chain reaction by not forming bond with the 5° phosphate of the next ANTP.
The first developed methods used radiolabelled ddNTPs electrophoresed in four parallel lanes
of polyacrylamide gels, utilising autoradiography to identify the corresponding radioactive
band to determine which nucleotide was being incorporated [70]. There were several
improvements over the years in the Sanger sequencing methods, with radiolabelled ddNTPs
replaced by fluorescently labelled ddNTPs and the use of CE as a detection system [117, 118].
This led to the development of automated sequencers with ABI PRISM range [119] used in the
completion of the Human Genome Project and the first draft of human genome produced in
2001 [120].

1.7.7.2  Second generation sequencing

The need for higher throughput sequencing led to the development of sequencing technologies
that could sequence multiple DNA regions in parallel. This is more commonly referred to as
next generation sequencing (NGS) or MPS. Second generation sequencing is classified into
main two types: SBS and sequencing by ligation (SBL) [121]. The overview of the workflow
of SBS and SBL sequencing methods is provided in Figure 1.7.
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Figure 1.7: Workflow of the most common SBS and SBL chemistries (adapted from

[122]). 454, lon Torrent and llumina sequencing chemistries are SBS whereas SOLID

represents SBL chemistry.

1.7.7.2.1 Sequencing by synthesis

There are three main types of SBS technologies: pyrosequencing, sequencing by reversible

termination and sequencing by detection of hydrogen ions [121].

1.7.7.2.1.1  Pyrosequencing

The technique that established NGS used the luminescent method of measuring pyrophosphate

sequencing. This method was commonly known as pyrosequencing. The sequence was inferred

by pyrophosphate production as each nucleotide washed through the system of template DNA
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affixed to the solid phase [123]. Despite differences between Sanger and pyrosequencing, both
methods are SBS techniques, as they rely on DNA polymerase to produce observable output
measurement. In this method, single-strand DNA with an annealed primers and four enzymes—
DNA polymerase, luciferase, apyrase and adenosine triphosphate (ATP) sulfurylase—are
present in the reaction mixture, which is followed by the addition of four nucleotides. If the
added nucleotide is complimentary to the target DNA, the DNA polymerase incorporates
nucleotide, resulting in the release of pyrophosphate, which is converted to ATP by ATP
sulfurase. Luciferase uses this ATP to generate detectable light signal and intensity of this signal
Is proportional to the number of specific incorporated nucleotides. The excess nucleotides are
degraded by apyrase (see Figure 1.8). The light signal is not produced if the added nucleotide
is not incorporated by DNA polymerase [124, 125]. This technology requires the preparation
of single stranded templates from PCR products library prior to analysis, which is one of the
limiting factors along with their low multiplexing capabilities and inaccurate photopolymer
sequencing [7, 121].

Pyrosequencing was licensed to 454 Life Sciences, a biotechnology company led by Jonathan
Rothberg. The first commercial second generation sequencer was named 454, which allowed
mass parallelisation of sequencing reactions and increased the amount of DNA that could be
sequenced in a run. Libraries of DNA molecules first attached on the beads using adapters, in
which ideally a single DNA molecule was coated on one bead and clonally amplified in their
own emulsion droplet. These DNA coated beads were washed over a picotitic plate that fit one
bead per well; pyrosequencing occurred as bead-linked enzymes and dNTPs were washed over
the plate, and the release of pyrophosphate measured by charge coupled device (CCD) sensor
under the well. The 454 sequencing was capable of producing long reads up to 500bp, for
millions of wells together [126]. The first commercial high-throughput NGS sequencer widely
used by customer was GS 20 in 2005, which was superseded by the GS FLX. The benchtop
GS-Junior was also released. The 454 sequencer was bought by Roche in 2007, which closed
the 454 sequencers business in the global market in mid-2016 [127].
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Figure 1.8: Enzymatic reactions involved in Pyrosequencing (1) during complementary
nucleotide incorporation and (2) when nucleotide is not incorporated (adapted from
[121]).

1.7.7.2.1.2  Sequencing by reversible termination

The earlier developed sequencing by reversible termination technology was Solera sequencing,
which was acquired by Illumina in 2006 [128]. In this method, adapter-attached DNA libraries
are passed over a flow cell with a lawn of bound complementary oligonucleotides. A clonal
amplification PCR occurs at each DNA molecule, commonly known as bridge amplification
(or bridge PCR) as the replicating DNA strands need to arch over to prime the next round of
polymerisation off neighbouring surface-bound oligonucleotides [128]. This is followed by
sequencing by reversible termination using fluorescently labelled reversible terminating
dNTPs, which halts the binding of further nucleotide due to fluorophore occupying the 3’
hydroxyl position. Fluorophore is cleaved for polymerase to continue their activity and
sequencing happens in synchronous manner (see Figure 1.9) [129]. At each cycle, these
modified dNTPs and DNA polymerase are washed on the flow cell and the incorporated base
is identified by CCD, measuring the fluorophore excitation by specific laser. Initial genome
analyser (GA) produced very short reads (up to 35bp) but offered paired-end advantage. Later,
GAlIx was developed, replaced by four-channel sequencing system HiSeq that, which provided
greater read lengths and depths as these instruments are used in whole genome and exome
sequencing application [130]. In 2011, IHllumina released the benchtop sequencer MiSeq,
wherein each base was detected by individual image and provided less throughput compared to
Hisses [98]. This technology performs paired-end sequencing, allowing users to sequence DNA
targets from both ends [121].
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Figure 1.9: Sequencing by reversible termination (a) during complementary nucleotide
incorporation and (b) when nucleotide is not incorporated (adapted from [121]).

1.7.7.21.3  Sequencing by hydrogen ion detection

lon Torrent sequencing was developed by Jonathan Rothberg and then acquired by Life
Technologies (now TFS) in 2010. The first lon Torrent sequencer was the lon Personal Genome
Machine (PGM) and was the first ‘post-light sequencing’ technology as it neither used
fluorescence nor luminescence. The method performed bead-based clonal amplification using
emulsion PCR in a manner analogous to 454 sequencing, but did not measure pyrophosphate
production, as it measured the difference in pH from the release of H+ ions during
polymerisation using complementary metal oxide semiconductor (CMOS) technology from
microprocessor chip manufacturing [97]. Thus, referred to as semiconductor sequencing or pH-

mediated sequencing [121].

The DNA target post-library preparation and clonal amplification is bound on the proprietary
ion sphere particles (ISPs) present in the microwells of the semiconductor chips. A single type
of dNTP flows on the chip at a time and the release of H+ ions signifies their incorporation.
This results in a change of pH, which is detected by a sensing layer underneath microwells,
which converts the chemical signal to digital and is measured as a voltage (see Figure 1.10). In
comparison to other sequencing technologies, which use indirect laser scanners or CCD

cameras, the detection is direct and independent of any imaging devices [121].
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Figure 1.10: pH change involved in Sequencing by detection of hydrogen ions (1) during
complementary nucleotide incorporation and (2) when nucleotide is not incorporated
(adapted from [121]).

1.7.7.2.2 Sequencing by ligation

Another technology in second generation sequencing is sequencing by oligonucleotide ligation
and detection (SOLID) systems from Applied Biosystems (now TFS). SOLID is an SBL-based
system and does not use DNA polymerase (i.e., not SBS), based on ‘polony’ sequencing

developed in 2005 [131].

This method involves the hybridisation and ligation of a variety of one or two base encoded
probes to the target DNA. In this method, the oligonucleotide probe is generally eight to nine
base pair long made up of one or two bases, followed by three degenerative bases and three
universal bases, which are attached to a fluorescent label. A primer along with fluorescent
labelled oligonucleotide probes, which anneals with target DNA having a complimentary
sequence, are mixed. The probes ligates with primers using DNA ligase and are detected by
fluorescent imaging. The non-ligated probes are washed away. The fluorescent label cleaves
from the oligo-probes after each detection as they have cleavable linkage and become ready for
the next round of ligation. This cascade continues until the target DNA sequence is complete
(see Figure 1.11). At the end of each round, the sequence of known bases is only in positions
other than the degenerative bases. The sequence of missing or skipped positions occur in the
successive round with a shorter primer. Thus, the sequence of target DNA is completed using
anchors of different lengths [121].

The sequencing chemistry only allowed read lengths from 35 bp to 85 bp, which was a major

limitation [121]. The assembly of shorter sequences remained a challenge; however, SOLiD
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offered a competitive cost per basis in comparison to lllumina [132]. SOLiD was discontinued
by Life Technologies in 2016 [133].
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Figure 1.11: Diagrammatic representation of enzymatic reactions involved in SBL
(adapted from [121]). The fluorescently labelled oligonucleotide probe ligates with a
short primer which together hybridises with the target sequence being complementary
followed by fluorescent imaging detection. The cleavable linkage cleaves after each
detection and preparing the system for another round of ligation. The cascade continues
until the target sequencing gets completed.

1.7.7.3  Third generation sequencing

The second generation sequencing technologies have two main general challenges: i) they
cannot perform long read sequencing; and ii) PCR bias at the base detection/incorporation level
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due to clonal amplification [127]. The third generation sequencing technologies were developed
mainly to overcome above challenges. In these methods of sequencing, the DNA template is
sequenced in real-time and are referred to as single molecule real-time (SMRT) sequencing.
The use of biochemicals are minimised, which led to the miniaturisation of the entire process
to nanoscale level. There are three main technologies in this category: Pacific Biosciences
SMRT, Helicos single molecule sequencing (SMS) and Oxford Nanopore DNA sequencing
[121].

1.7.7.3.1 Helicos single molecule sequencing

The first SMS was developed by Stephen Quake [134], which was then commercialised by
Helicos Biosciences. The library preparation does not require ligation or amplification. The
DNA template is sheared, tailed with poly-A and blocked at 3’-OH end using terminal
transferases and a dNTP. These poly-A fragments are hybridised on to the flow cell surface
with oligo-dT for initiating SBS. The Helicos Scope sequencers utilise fluorescent labelled
nucleotides for sequencing DNA template that are attached to the flow cell through poly-T tails
[121]. The DNA template gets attached to the planar surface and then proprietary fluorescent
reversible terminating dNTPs, as virtual terminators[135] are washed over one base at a time
and imaged.

This first non-amplified DNA-based technology was relatively slow and expensive compared
to second generation sequencing [136]. The technique also allowed sequencing and quantitation
of RNA directly without requiring cDNA conversion. The technology only offered short read
sequencing lengths (24 to 70 bases) and generated data output up to 20 GB [121]. Helicos filed
for bankruptcy in 2012 [137].

1.7.7.3.2 Pacific BioSciences SMRT

Pacific Biosciences is another third generation sequencing platform based on SMRT
technology. DNA polymerisation happens in zero mode waveguides (ZMWSs), which are
nanostructures on the metallic film covering a chip. ZMW:s have illuminated regions and DNA
polymerases are deposited in these regions, so sequencing happens with the wash of DNA
libraries and fluorescent labelled dNTPs. The extension of DNA is monitored in real-time and
fluorescence is detectable only from nucleotides in which dye is cleaved [138]. This allows
SMS in a very short time [139]. PacBio platforms are capable of producing long reads, up to

~40KB in length and the technology can be utilised in de novo assemblies [136, 140]. However,
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the technology has an accuracy of 85 percent, which is much lower than the second generation
sequencing technologies [121].

1.7.7.3.3 Oxford Nanopore DNA sequencing

Oxford Nanopore Technologies was the first company to release nanopore sequencing
platforms, GridlON and MinION [141, 142], the latter being only 10cm in size and 100g in
weight. The system is primarily comprised of a nanopore embedded in the artificial membrane
and a motor protein molecule assists in the translocation of DNA molecules from one side of
the membrane to the other through the nanopore. An electric current runs through the nanopore
and as DNA molecules passes through the nanopore, the current is modified, with each base
having their signature effect. These voltage changes are converted to bases and help reconstruct
the DNA sequence. The technology currently has very high error rates, especially in
homopolymers stretches of DNA [142, 143]. The technology is capable of directly sequencing
RNA molecules, eliminating the need of performing reverse transcriptase PCR [144].The
MinlON nanopore sequencer has 512-2000 nanopores and each nanopore has a sequencing
speed of 120-1000 bases per minute. The sequencer is like a USB and can be used only once.
This technology can allow sequencing to be performed directly in field, reducing cost, time and
effort tremendously, although it requires improvement in their current sequencing error rates
[121].

1.7.7.4  MPS for forensic applications

Sanger sequencing would not be suitable for forensics identification and FDP as it is low-
throughput. Sanger sequencing is used in forensics for mtDNA sequencing, but the resolution
may be low [145]. On the contrary, third generation sequencing technologies are not mature
enough to gain applicability in forensics [146]. Second generation sequencing, or MPS, has
been around for more than a decade and displays potential for forensic applications. MPS offers
a battery of capabilities for forensics including: i) simultaneous analysis of multiple markers in
multiple samples, which reduces depletion of evidence material [147]; ii) improved mixture
analysis [148]; iii) FDP capability [149]; iv) whole mitochondrial DNA sequencing [145]; v)
RNA sequencing of body fluid specific markers [145]; and vi) sequencing of epigenetic markers
for age estimation [150].

MPS technologies can perform a range of applications, including whole genome (de novo)

seguencing, exome sequencing, transcriptomic sequencing and targeted amplicon sequencing.
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Whole genome sequencing capabilities are useful for mitochondrial applications in forensics.
Targeted sequencing is the main capability of MPS useful for forensics as it allows analysis of
specific forensically informative markers—SNPs, STRs and INDELs. Targeted MPS in
forensics will enable the genotyping of hundreds of markers for multiple samples. The
technology offers potential to be used in the complete forensic DNA analysis spectrum of
identification and phenotyping (see Figure 1.12). MPS benchtop platforms would be most
suitable to forensics for the required throughput for targeted sequencing applications. There are
two main platforms for forensic applications: lon™ PGM and GeneStudio™ S5 (TFS); and

MiSeq (Illumina)/MiSeq Forensic Genomics (FGx™) (Verogen).
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Figure 1.12: Potential of MPS to provide forensic identification and forensic
phenotyping information spectrum (adapted from [145]).

1.7.7.4.1 lon Torrent sequencers

lon Torrent benchtop sequencers, lon PGM or lon GeneStudio S5 (TFS), offer simple, scalable,
faster technology for forensic applications. lon sequencers convert the pH change to voltage
signals, which is detected by semiconductor chips. Each voltage change corresponds to the
nucleotide base (A, T, G or C) being sequenced [97]. The entire process of sequencing involves

three main steps: library preparation, template preparation and lon chip sequencing.

1.7.74.1.1 lon library preparation

The process involves the amplification of DNA templates and attachment of DNA barcodes.
DNA barcode labelling enables multiplexing of multiple samples [151]. Once the genomic
DNA is isolated and quantitated, the DNA template is subjected to library preparation. The
general input amount of genomic DNA required to initiate library preparation is 1ng. lon

AmpliSeq library preparation chemistry also allows the use of lower quality and input of DNA,
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with slightly higher PCR amplification cycles [152]. The first step involves the multiplex PCR
amplification of targets using the specific primers. Then the amplicons are subjected to partial
digestion using FuPa reagents to create blunt ends for adapters and DNA barcodes ligation
[152]. The next step is the ligation of lon P1 adapters and lon Xpress Barcodes, with the partial
digested amplicons using DNA ligase. This is followed by library purification, which involves
removal of excess dNTPs—non-ligated adapters and barcodes. Library purification is generally
performed used magnetic beads, such as Agencourt™ AMPure XP reagents (Beckman Coulter)
[152]. Following purification, library normalisation is performed using equaliser beads, qPCR
or Qubit (TFS)/Bioanalyzer™ (Agilent Technologies). The aim of library normalisation is to
add the normalised (equimolar) quantities of each libraries for the next step of sequencing. The
Ion Library Equilizer™ kit (TFS) provides a method of library normalisation to ~100pM using
equaliser beads [152]. gPCR provides more accurate quantitation using the specific TagMAN
probes targeting the lon P1 adapter sequence. gPCR method takes little longer compare to bead
equaliser method [152, 153]. Figure 1.13 demonstrates the steps of lon Torrent AmpliSeq
library preparation (adapted from [154]).
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Figure 1.13: Overview of the lon AmpliSeq library preparation step (adapted from
[154]). The first step is multiplex PCR which generates amplicons followed by partial
digestion of primer sequences. These are further ligated to DNA barcodes and adapters
which makes a barcoded library.

1.7.74.1.2 lon Template preparation and chip loading

The main purpose of template preparation is to create clonal copies of each library, which is
also referred to as clonal amplification. Each ISP consists of a lawn of complementary
oligonucleotides to lon P1 adapter sequence. The amplification is monoclonal only if one
library DNA fragment binds to an ISP. This is done using oil-in-water emulsion, known as
emulsion PCR. Template preparation using manual approach requires Ion One Touch™ 2

(OT2) System (TFS) [147].

The normalised libraries, along with all standard PCR components—buffers, dNTPS, DNA
polymerase—are added to ISPs, which provide primers and oil. The lon OT2 system creates an
emulsion environment optimised to achieve 1:1 ratio of bead to library fragment. The library
fragment binds to the ISP via the P adapter. Emulsion PCR begins simultaneously for millions
of ISPs. As a final step, NaOH is added to separate the strands. The strands not attached to ISPs
will be washed away, leaving clonally amplified ISPs ready for sequencing. These ISPs are
loaded onto semiconductor chips for sequencing. The manual loading is carefully performed to
ensure all the microwells of chips are filled with ISPs. The size of microwells are designed in
the chip in such a way that only one ISP fits each well [147]. The lon Chef System (TFS) is
another option that automates the procedure of template preparation and loading of chips [155].

After the chip is loaded, it is ready to be sequenced on lon PGM or lon Gene Studio S5.

1.7.74.13 lon chip sequencing and data analysis

Once the chip is filled with clonally amplified ISPs, it is loaded onto the sequencer for
sequencing. Each microwell on the semiconductor chip contains clonally amplified copies of a
single stranded DNA template and DNA polymerase. The chip is flooded sequentially with
unmodified dNTPs (A, C, G or T). If an introduced dNTP is complementary to the nucleotide
on DNA template, H+ ions are released as it gets incorporated into the growing strand. These
H+ ions bring a change in pH, which is detected by chips. The unattached dNTPs are washed
away before the next round of flowing other dNTP into the chip [156, 157].

lon-sensitive field effect transistor (ISFET) sensor layer is engineered beneath the layers of

microwells. All layers are contained within a CMOS of the semiconductor chip, similar to a
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chip used in computers. These ISFET sensors detect the pH change electric signals, which are
translated into a DNA sequence on a computer [157, 158].

Data analysis involves four basic steps—signal processing, base calling, alignment and variant
calling (see Figure 1.14). Signal processing—from electric to digital—occurs on the lon Torrent
suite (TS) software. Base calling is then performed by the TS software, which converts digital
signals into bases. These unaligned bases are stored in FASTQ format files. The next step is
alignment of the sequence to the reference genome and is stored in binary alignment (BAM)
file formats. The Torrent Variant caller plugin is used to make variant calls from the BAM files
and is stored in the variant call file format [147]. lon Torrent have also developed special
plugins suitable for forensics, such as the HID SNP genotype plugin, which provides SNP

genotypes of forensically interested SNPs for the samples included in the run [159].
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Figure 1.14: Overview of the lon Torrent analysis steps. Conversion of signal processing
input files (DAT) to binary raw signals represents the signal processing step. These
binary signals are in turn converted to unaligned binary alignment (UBAM) files after a
baseCalling step by the Torrent Suite Software. UBAM files are then converted to
FASTQ files via a binary file in standard flowgram format (SFF) as well as to BAM files
which produce a variant calling file (VCF) after a variant calling step. The HID SNP
Genotyper plugin provides genotypes for forensic application from VCF files.

Ion PGM systems offer scalable capabilities using three chips: Ion 314™ chip v2 (Output: ~60—
100 MB); Ion 316™ chip v2 (Output: ~600 MB-1 GB); and Ion 318™ chip v2 (Output: ~1.2—

2 GB). The recently released lon GeneStudio S5 series of MPS platforms offer scalable options
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from 2 million reads to 130 million reads using their new chips series: Ion 510™ chip (Output:
~300-500 MB); Ion 520™ chip (Output: ~600 MB-1 GB); Ion 530™ chip (Output: 3 GB-5
GB); Ion 540™ chip (Output: ~10-15 GB); and Ion 550™ chip (Output: ~20-25 GB). lon
Torrent have many commercial MPS panels released for forensic application, such as: Precision
ID GlobalFiler (TFS), a NGS STR panel capable of genotyping 21 autosomal STRs for forensic
identification; Precision ID Ancestry panel (TFS), with the ability to genotype 165 autosomal
SNPs for inferring BGA of a sample; and Precision ID mtDNA Whole Genome Panel (TFS)
[160], which allows forensic users to interrogate the mtDNA for paternity and kinship
applications. The lon AmpliSeq Designer (TFS) tool also offers potential to build custom panels
and access DNA phenotyping community panels such as HlrisPlex [161].

1.7.7.4.2 lllumina MiSeq sequencer

Illumina MiSeq or Verogen MiSeq FGx benchtop sequencers involve the incorporation of
fluorescently labelled dNTPs into the DNA template strand during sequencing cycles of DNA
synthesis catalysed by DNA polymerases. The nucleotides are identified by fluorophore
excitation at the time of incorporation during each cycle [162]. There are three steps in the

sequencing process: library preparation, sequencing and data analysis.

1.7.7.4.21  Library preparation

TruSeq Amplicon library preparation protocol is used for preparing libraries via a ligation
approach [163]. The input material is generally PCR amplicons or products. The input amount
can vary between 1ng and 100ng [165]. PCR product quantitation is recommended using Qubit
(TFS) and size check using Bioanalyser (Agilent Technologies). PCR products are first
subjected to an end repair step, which converts the 5’ overhangs from incomplete
polymerisation during PCR to blunt ends. The phosphorylation of the 5° ends also happens in
this step [165]. The magnetic bead clean-up removes excess and unattached reagents. The next
step involves the adenylation of 3” ends, in which a single ‘A’ nucleotide is added to the 3’
blunt end of PCR amplicons mainly to avoid their ligation to each other during adapter ligation

b

step [165]. The adapters have corresponding ‘T’ nucleotide on the 3’ end, which becomes
complimentary to the added A nucleotide. Adenylation is followed by RNA adapter ligation
[165]. Each index has overhangs of P5 (5> AAT GAT ACG GCG ACC ACC GA 3’) and/or P7
(5> CAA GCA GAA GAC GGC ATA CGA GAT 3’) adapters. Both P5 and P7 adapters are
required for paired-end sequencing. The entire index-adapter oligonucleotide is ligated with

DNA amplicon/template [165]. The ligated product is referred to as a library (see Figure 1.15).
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This is followed by PCR enrichment of libraries, in which only those fragments that are ligated
with adapters are selectively enriched, using PCR primers complementary to the P5 and P7
adapter sequences. Library purification is then undertaken, using magnetic beads to remove
excess reagents and non-adapter ligated DNA fragments. This is followed by library evaluation,
using Bioanalyser (Agilent Technologies) to ensure the correct sized libraries are present.
Library normalisation is undertaken, using Qubit (TFS), Bioanalyser (Agilent Technologies),
gPCR or equaliser beads. The normalised libraries pool (~10 nM) is made single stranded, using

NaOH, and a small amount is loaded onto the flow cell for sequencing on MiSeq [163, 164].

Verogen ForenSeq DNA library preparation uses a different library preparation workflow than
the one detailed above. It is a PCR-based library preparation workflow rather than a TruSeq
ligation-based approach. Genomic DNA is first subjected to PCR, using ForenSeq primer sets
to generate PCR amplicons. Then, a second PCR performed to attach i5 and i7 indices to the
DNA fragments (see Figure 1.16). They use universal primer sequences complimentary to
adapter sequences for attaching indices, barcodes and adapters to the DNA template [165]. The
libraries are then purified, using magnetic beads to remove excess reagents and unattached
oligonucleotides. Purified and normalised libraries are recommended, using normalisation
beads to achieve consistent cluster density for each library [165]. The normalised libraries are
pooled and denatured to single stranded, using NaOH and loaded onto the flow cell for
sequencing on MiSeq FGx (Verogen) [166].
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Figure 1.15 Overview of the library preparation step using Illumina TruSeq ligation-
based chemistry (adapted from [167]). The steps involves magnetic bead clean up, End-
repair & A-tailing of PCR amplicons followed by ligation of P5/P7 Y adapters which
makes a barcodes library.
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Figure 1.16: Verogen ForenSeq DNA Signature library preparation workflow (adapted
from [168]). This process involves the PCR amplification to generate PCR amplicons
followed by attachment of barcodes using universal PCR step to generate libraries.
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1.7.7.4.22  Sequencing and data analysis

The normalised libraries are loaded onto the flow cell for sequencing. MiSeq flow cell is a
glass-based substrate, in which cluster generation and sequencing occurs. These are single use
and have a lawn of hanging oligos complementary to P5 (i5) or P7 (i7) adapters, which are
found in DNA libraries [164, 169]. DNA libraries bind to flow cells using the above oligos and
clonal amplification process—also known as cluster generation—yvia a bridge PCR process (see
Figure 1.11). Once the strand binds to complementary oligos on the flow cell, DNA polymerase
extends the strand. The forward strand is washed away and a cluster generation of newly
synthesised (reverse strand) strand begins. The newly extended strand bends and attaches to
another adapter complimentary oligo sequence and the polymerase extends again, denaturing
and washing the first strand once the extension is complete. The bridge PCR clonal
amplification of hundreds to thousands of DNA libraries happens simultaneously, potentially
generating millions of clonal clusters [169].

At the end of clonal amplification, the reversed strands are washed away, leaving only forward
strands. Sequencing primers anneals to the forward strand and polymerase extension
commences, using fluorescently labelled dNTPs. A single base is added per cycle as reversible
terminators on each nucleotide, which prevents the addition of other bases during the same
cycle. The fluorescence is emitted and detected using a CCD camera. Reversible terminators
are cleaved before the next cycle of sequencing and the process repeats. Once the forward strand
sequencing is complete, it will sequentially sequence from Index 1, Index 2 and finally from
the reverse strand until the paired-end sequencing is complete [169, 170] (see Figure 1.17).

1) Read 1 primer 2) 17 index primer
i v, e
—
3)———————————mm e -—  mmmmmmmmmm————— ——4)
P5 Oligo 15 index primer Read 2 primer

Figure 1.17: MiSeq (Illumina) paired-end sequencing sequential order: 1) sequencing of
forward strand; 2) sequencing of Index 1; 3) sequencing of Index 2; and 4) sequencing of
reverse strand (adapted from [171]).

Data analysis on MiSeq occurs in the following sequence. First, Miseq control software (MCS)
on the sequencer process the images and perform base calling (.bcl file), along with quality
scoring of bases. Sequencings Analysis viewer is used to monitor data. This is followed by the
raw base calling files (fastq files) being processed by MiSeq Reporter (MSR) software for
alignment (BAM files), assembly and variant calling (vcf files; see Figure 1.18) [172].
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BaseSpace Hub (Illumina) is a cloud option of MSR for performing alignment, assembly and

variant calling [173].
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Figure 1.18: MiSeq (lllumina) data analysis pipeline. The primary analysis involves
calling of bases followed by secondary analysis of alignment and variant calling.

Miseq FGx employs a different data analysis pipeline for ForenSeq DNA Signature Kit
(Verogen) data. The sequencing is partial paired-end and only the last 31 bp is sequenced in
reverse direction compared to 351 cycles in forward direction [174]. The analysis software
package is ForenSeq Universal Analysis Software (UAS) (see Figure 1.19). The MCS
component of UAS controls the image processing process, while the real-time analysis software
component performs image analysis, base calling and quality scoring. ForenSeq UAS performs

alignment, allele calling, genotyping and reporting [175], and can also generate pdf reports.

Run Set-Up

MiSeq Control Software Sequencing Chemistry

MiSeq Control Software Cycle-by-cycle chemistry

Real time Analysis Software Image Analysis, Basecalling and
Quality Scoring

Alignment, Allele Calling,
Genotyping and Reporting

Figure 1.19: ForenSeq UAS analysis workflow (adapted from [176]).



Illumina have commercial mtDNA analysis Kits [177], which allow forensic users to interrogate
mtDNA for paternity and kinship applications [160]. For example, Verogen ForenSeq DNA
Signature Prep Kit (Illumina) was the first all-in-one NGS solution for forensics, comprising of
27 autosomal STRs, 24 Y-STRs, 7 X-STRs, 94 I1ISNPs, 56 AISNPs and 22 PISNPs [168].

1.7.7.4.3 Other forensic MPS solutions

PowerSeq™ Auto/Mito/Y-system (Promega) has the ability to simultaneously analyse
autosomal and Y-STRs, along with mitochondrial data from one sample [178]. PowerSeq uses
the MiSeq (Illumina) platform. More recently, GeneReader (Qiagen) technology integrates
fluorescent-based SBS chemistry with detection of the respective fluorescent signal templates
that have been clonally amplified using GeneRead QIAcube [179]. Pyrosequencing is also

known to be applied for methylation forensic application of age estimation [180].

1.8 Research aims

Forensic DNA identification cannot be utilised for cases in which there are no database
matches, no suspects and missing eyewitness statements. FDP has the potential to provide leads
for investigators, acting as a ‘molecular eyewitness’ for such cases when forensic DNA
identification has failed to draw conclusions. SNPs are the most common markers for forensic
DNA phenotyping, requiring forensic laboratories to type these markers to generate FDP
profiles. There are a large number of SNP-typing technologies and each has their own
requirements—such as the number of SNPs that can be typed, throughput suitability, platform
availability—which makes it difficult for forensic laboratories to choose the most suitable

technology. In addition, forensic laboratories also require platforms that are:

e simple to use

e cost effective

o flexible and modular

e sensitive and reproducible

e able to work with degraded DNA or low input amounts

e able to obtain maximum information from scarce evidentiary DNA material

e able to sequence a large battery of FDP markers.

Each platform is subjected to forensics validation criteria for it to be considered for routine
samples testing. Due to the limited availability of resources, forensic laboratories cannot
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conduct evaluations of all SNP-typing technologies and platforms using forensic validation
criteria for FDP. The aim of this doctoral project is to assess and evaluate three SNP-typing
techniques on key forensic validation criteria useful for FDP, to be used as a preliminary guide
for forensic scientists. The three methods were representative of low-, medium- and high-
throughput genotyping technologies. The research presented in this thesis provides a starting
point for forensic personnel to investigate FDP processes.

Each SNP genotyping technique described above differs on throughput levels, in which each
method can genotype a variable number of SNPs and samples in a run. The throughput
requirements of each FDP application may vary. For example, one laboratory may be required
to genotype only eye colour FDP assay, and that requires typing less than ten SNPs. Another
laboratory may be required to genotype hair and eye colour, ancestry and baldness FDP assays,
which require typing of larger number of SNPs (~100). Hence, the SNP-typing techniques
investigated in this thesis are representative of three categories: low-, medium- and high-
throughput.

HRM is a low-throughput SNP genotyping technique capable of genotyping a small number of
SNPs (<10). SNaPshot™ (TFS) is the most common SNP-typing method currently employed
in forensics and a variety of SNaPshot™ FDP assays exist. It is a medium-throughput SNP
genotyping technique. This thesis also aims to list the common forensically relevant
SNaPshot™ SNP-typing assays. Finally, MPS is a high-throughput SNP genotyping technique,

which has the potential to simultaneously genotype hundreds of SNPs for multiple samples.
The research aims of this thesis are:

1 Survey the most common forensic SNP assays that can be typed, using existing CE-based
detection systems in forensic laboratories.

2  Assess and evaluate HRM analysis as a low-throughput genotyping tool for FDP SNP-
typing.

3 Assess and evaluate SBE-based SNaPshot™ as a medium-throughput tool for FDP SNP-
typing.

4 Assess and evaluate Illumina MiSeq as a high-throughput tool for FDP SNP-typing.

5 Compare and contrast these three indicative SNP genotyping technologies, describing

their advantages and disadvantages for particular applications.
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1.9 Chapter descriptions
1.9.1 Chapter 2: Forensically relevant SNaPshot™ assays for forensic SNP genotyping

CE-based fragment analysis, SNaPshot (TFS) is the most common method used for forensic
SNP-typing. A large number of forensic assays have been typed using this technique. This
chapter lists the forensically relevant SNaPhsot™ SNP assays categorised in to four: identity
informative SNP assays; lineage informative SNP assays; ancestry informative SNP assays;
and phenotype informative SNP assays. Chapter 2 addresses the gap in the field, in which a
quick guide is required for forensic scientists to select the most appropriate set of markers for

their respective applications. Chapter 2 is presented as a published paper:

Mehta B, Daniel R, Phillips C, McNevin D (2017) Forensically relevant
SNaPshot® assays for human DNA SNP analysis: a review. International Journal
of Legal Medicine 131(1): 21-37.

1.9.2 Chapter 3: Low- and medium-throughput genotyping tools: High resolution
melting and single base extension (SNaPshot™)

HRM analysis is a post-melting PCR technique that utilises real-time PCR technology. The
method has been utilised in clinical diagnostics for SNP genotyping for a small number of SNP
panels [181, 182]. Chapter 3 describes HRM forensic assessment on criteria including:
sensitivity, reproducibility, multiplexing capability and the effects of different DNA isolation

methods. The assay was assessed using the six SNP IrisPlex assay for eye colour prediction.

The SNaPshot™ single base extension assay uses the CE-based detection system available in
forensic laboratories and, is capable of multiplexing up to 40 SNPs [183]. Chapter 3 also
describes the forensic evaluation of SNaPshot™ SNP genotyping on criteria, including
sensitivity, reproducibility, multiplexing capability, mixture detection and cost efficiency. It is
compared with the HRM method using the same IrisPlex eye colour prediction assay. This

chapter is presented as three published papers:

Venables SJ, Mehta B, Daniel R, Walsh SJ, van Oorschot RAH, McNevin D
(2014) Assessment of high resolution melting analysis as a potential SNP
genotyping technique in forensic casework. Electrophoresis 35 (21-22):3036—
3043.

Mehta B, Daniel R, McNevin D (2013) High resolution melting (HRM) of
forensically informative SNPs. Forensic Science International: Genetics
Supplement Series 4 (1):e376-e377.
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Mehta B, Daniel R, McNevin D (2017) HRM and SNaPshot as alternative
forensic SNP genotyping methods. Forensic Science, Medicine, and Pathology
13 (3):293-301.

1.9.3 Chapter 4: High-throughput genotyping tools: Illumina MiSeq Massively Parallel
Sequencing
MPS, also referred to as NGS, can genotype multiple markers simultaneously for many samples
[149]. Markers for hundreds of BGA and EVCs are known and genotyping them together may
be beneficial in providing investigators with FDP leads quicker and more cost efficiently. Two
MPS technologies have dominated the forensic sphere: lon Torrent (TFS) and fluorescent-based
SBS (lllumina). Chapter 4 focuses on the forensic evaluation of Illumina SBS chemistry using
the MiSeq (Illumina) sequencer. The evaluation was performed on forensic criteria, including
sensitivity, reproducibility, multiplexing capability, mixture detection, and the ability to type
difficult samples—UV degraded and humic acid inhibited. The assessment further included
forensic casework samples and genotype concordance with SNaPshot™ genotypes. One of the
important features described in the chapter is the capability of MPS to genotype amplicons from
existing SNaPshot™ PCR assays and resulting benefits to the forensic community. MPS is also
capable of typing SNPs and STRs together. For example, the ForenSeq DNA Signature Prep
kit (Verogen) is such an assay that can be typed on the MiSeq FGx (Verogen) [148]. Chapter 4
also describes the workflow forensic laboratories can utilise for MPS with automation of sample
and library preparation steps, using the ForenSeq DNA Signature Kit (Verogen). It includes a
comparison between different library quantitation methods required in the MPS sample

processing workflow. Chapter 4 is presented as two published papers:

Mehta B, Daniel R, Phillips C, Doyle S, Elvidge G, McNevin D (2016)
Massively parallel sequencing of customised forensically informative SNP
panels on the MiSeq. Electrophoresis 37 (21):2832-2840

Mehta B, Venables S, Roffey P (2018) Comparison between magnetic bead and
gPCR library normalisation methods for forensic MPS genotyping. International
Journal of Legal Medicine 132 (1):125-132.

1.9.4 Chapter 5

This chapter draws conclusions comparing and contrasting three FDP typing technologies. It

also outlines potential future directions.

44



1.10 References

1. Kayser, M. and P. de Knijff, Improving human forensics through advances in genetics,
genomics and molecular biology. Nature Reviews Genetics, 2011. 12(3): p. 179-192.

2. Phillips, C., et al., Inferring ancestral origin using a single multiplex assay of ancestry-
informative marker SNPs. Forensic Science International: Genetics, 2007. 1(3—4): p. 273-280.

3. Sulem, P., et al., Genetic determinants of hair, eye and skin pigmentation in Europeans.
Nature Genetics, 2007. 39(12): p. 1443-1452.

4. Ho, Y.Y.W., et al., Genetic variant influence on whorls in fingerprint patterns. The
Journal of investigative dermatology, 2016. 136(4): p. 859-862.

5. Claes, P., H. Hill, and M.D. Shriver, Toward DNA-based facial composites: Preliminary
results and validation. Forensic Science International: Genetics, 2014. 13: p. 208-216.

6. Butler, J.M., M.D. Coble, and P.M. Vallone, STRs vs. SNPs: thoughts on the future of
forensic DNA testing. Forensic Science, Medicine, and Pathology, 2007. 3(3): p. 200-205.

7. Sobrino, B., M. Brion, and A. Carracedo, SNPs in forensic genetics: a review on SNP
typing methodologies. Forensic Science International, 2005. 154: p. 181-194.

8. Tilstone, W.J., K.A. Savaga, and L.A. Clark, Forensic science : an encyclopedia of
history, methods, and techniques. 2006, Santa Barbara, Calif: ABC-CLIO. 307.

9. Landsteiner, K., Zur Kenntnis der antifermentativen, lytischen und agglutinierenden
Wirkungen des Blutserums und der. Lymphe. Zentbl. Bakt. Orig., 1900. 27: p. 357-362.

10.  Cameron, J.M., R. V Payne. Medico-Legal Journal, 1972. 40(1): p. 18-26.
11. TheTrueCrimeEnthusiast. When life means life — The Dore Massacre. 2016.

12. Watson, J.D. and F.H.C. Crick, Molecular structure of Nucleic Acids. Nature, 1953.
171: p. 737-738.

13. NI1J, The Future of Forensic DNA Testing : Predictions of the research and development
working group. 2000, National Institute of Justice.

14, Jeffreys, A.L., V. Wilson, and S.L. Thein, Individual specific ‘fingerprints’ of human
DNA. Nature, 1985b. 316: p. 75-79.

15.  Aronson, J.D., DNA fingerprinting on trial: the dramatic early history of a new forensic
technique. Endeavour, 2005. 29(3): p. 126-131.

16. Wyman, A.R. and R.A. White, Highly polymorphic locus in human DNA. Proceedings
of National Academic Science, 1980. 77: p. 6754-6758.

17.  Jeffreys, A.L., V. Wilson, and S.L. Thein, Hypervariable ‘minisatellite’ regions in
human DNA. Nature, 1985a. 314(67-72): p. 67.

45



18. Budowle, B., et al., Hae I11--a suitable restriction endonuclease for restriction fragment
length polymorphism analysis of biological evidence samples. Journal of Forensic Science,
1990. 35(3): p. 530-536.

19.  Southern, E., Detection of specific sequences among DNA fragments separated by gel
electrophoresis. Journal of Molecular Biology 1975. 98: p. 503-517.

20.  Andersen J, et al., Report on the third EDNAP collaborative STR exercise. Forensic
Science International, 1996. 78: p. 83-93.

21.  Smith, R.N., Accurate size comparison of short tandem repeat alleles amplified by PCR.
BioTechniques, 1995. 18(1): p. 122-128.

22. Mullis K, et al., Specific enzymatic amplification of DNA in vitro: The polymerase chain
reaction. Cold Spring Harbor Symposia on Quantitative Biology, 1986. 51: p. 263-273.

23.  Saiki, R., et al., Enzymatic amplification of beta-globin genomic sequences and
restriction site analysis for diagnosis of sickle cell anemia. Science, 1985. 230(4732): p. 1350-
1354.

24. Butler, J., Genetics and genomics of core short tandem repeat loci used in human
identity testing. Journal of Forensic Science, 2006. 51(2): p. 253-265.

25. Hagelberg, E., I.C. Gray, and A.J. Jeffreys, Identification of the skeletal remains of a
murder victim by DNA analysis. Nature, 1991. 352: p. 427.

26.  Jeffreys, A., et al., Identification of the Skeletal Remains of Mengele, Josef by DNA
Analysis. Vol. 56. 1992. 65-76.

217. Kimpton, C., et al., Evaluation of an automated DNA profiling system employing
multiplex amplification of four tetrameric STR loci. Vol. 106. 1994. 302-311.

28.  Sparkes, R., et al., The validation of a 7-locus multiplex STR test for use in forensic
casework. (I), Artefacts, casework studies and success rates. Vol. 109. 1996. 195-204.

29. Butler, J.M., Chapter 5 - Short Tandem Repeat (STR) Loci and Kits, in Advanced Topics
in Forensic DNA Typing: Methodology. 2012, Academic Press: San Diego. p. 99-139.

30.  AppliedBiosystems, GlobalFiler® PCR Amplification Kit User Guide. Life
Technologies Corporation, Carlsbad, CA, 2012.

31.  Collins, P., et al., Developmental Validation of a Single-Tube Amplification of the 13
CODIS STR Loci, D251338, D19S433, and Amelogenin: The AmpF&#x2113;STR&req;
Identifiler&reg; PCR Amplification Kit. 2004.

32. Promega, Technical manual: PowerPlex1 21 System. Promega Corporation, Madison,
WI, 2012.

33. Butler, J., Forensic DNA Typing: Biology, Technology and genetics of STR markers.
2005, London: Elsevier Academic Press, London.

46



34.  Wilson, M.R., etal., Validation of mitochondrial DNA sequencing for forensic casework
analysis. International Journal of Legal Medicine, 1995. 108(2): p. 68-74.

35. Budowle, B., et al., Forensics and Mitochondrial DNA: Applications, Debates, and
Foundations. Annual Review of Genomics and Human Genetics, 2003. 4(1): p. 119-141.

36.  Schneider, P.M., Beyond STRs: The Role of Diallelic Markers in Forensic Genetics.
Transfusion Medicine and Hemotherapy, 2012. 39(3): p. 176-180.

37. Brookes, A.J., The essence of SNPs. Gene, 1999. 234: p. 177-186.

38.  Vignal, A, etal., A review on SNP and other types of molecular markers and their use
in animal genetics. Genetics Selection Evolution 2002. 34(2002): p. 275-305.

39.  Sherry ST, et al., dbSNP: the NCBI database of genetic variation. The Nucleic Acid
Research, 2001. 29(1): p. 308-311.

40.  Nachman, M.W. and S.L. Crowell, Estimate of the Mutation Rate per Nucleotide in
Humans. Genetics, 2000. 156(1): p. 297-304.

41. Martinez-Arias R, et al., Sequence variability of a human pseudogene. Genome
Research, 2001. 11: p. 1071-1085.

42. Roach, J.C., et al., Analysis of Genetic Inheritance in a Family Quartet by Whole-
Genome Sequencing. Science, 2010. 328(5978): p. 636-639.

43.  Cooper, D.N., et al., An estimate of unique DNA sequence heterozygosity in the human
genome. Human Genetics, 1985. 69(3): p. 201-205.

44, L Holden, A., The SNP Consortium: Summary of a private consortium effort to develop
an applied map of the human genome. Vol. Suppl. 2002. 22-4, 26.

45, Li, M., M. Boehnke, and G.R. Abecasis, Efficient Study Designs for Test of Genetic
Association Using Sibship Data and Unrelated Cases and Controls. American Journal of
Human Genetics, 2006. 78(5): p. 778-792.

46. Budowle, B. and A. vanDaal, Extracting evidence from forenisc DNA analyses: Future
molecular biology directions. Biotechniques, 2009. 46(5): p. 339-350.

47. Budowle, B. and A. vanDaal, Forensically relevant SNP classes. Biotechniques, 2008.
44(5): p. 603-610.

48. Kidd, K.K., Population Genetics of SNPs for forensic purposes (updated). 2011,
National Institute of Justice.

49. Dixon, L.A., et al., Validation of a 21-locus autosomal SNP multiplex for forensic
identification purposes. Forensic Science International, 2005. 154(1): p. 62-77.

50. Sanchez, J.J., et al., A multiplex assay with 52 single nucleotide polymorphisms for
human identification. Electrophoresis, 2006. 27(9): p. 1713-1724.

47



51. Kidd, K.K., et al., Developing a SNP panel for forensic identification of individuals.
Forensic Science International, 2006. 164(1): p. 20-32.

52. Pakstis, A.J., et al., Candidate SNPs for a universal individual identification panel.
Human Genetics, 2007. 121(3): p. 305-317.

53. Pakstis, A.J., et al., SNPs for a universal individual identification panel. Human
Genetics, 2010. 127: p. 315-324.

54.  Westen, A.A,, et al., Tri-allelic SNP markers enable analysis of mixed and degraded
DNA samples. Forensic Science International: Genetics, 2009. 3(4): p. 233-241.

55.  Zha, L., et al., Analysis of tri-allelic SNPs for forensic purpose in Chinese Han
population. Forensic Science International: Genetics Supplement Series. 3(1): p. e107-e108.

56.  Weber, J.L., et al., Human Diallelic Insertion/Deletion Polymorphisms. American
Journal of Human Genetics, 2002. 71(4): p. 854-862.

57. Mills, R.E., et al., An initial map of insertion and deletion (INDEL) variation in the
human genome. Genome Research, 2006(16): p. 1182-1190.

58. Mullaney, J.M., et al., Small insertions and deletions (INDELS) in human genomes.
Human Molecular Genetics, 2010. 19(R2): p. R131-R136.

59. Pereira, R., et al., A new multiplex for human identification using insertion/deletion
polymorphisms. ELECTROPHORESIS, 2009. 30(21): p. 3682-3690.

60.  Wei, Y.-L., etal., A validation study of a multiplex INDEL assay for forensic use in four
Chinese populations. Forensic Science International: Genetics. 9: p. e22-e25.

61. Pereira, R., et al., Straightforward Inference of Ancestry and Admixture Proportions
through Ancestry-Informative Insertion Deletion Multiplexing. PLOS ONE, 2012. 7(1): p.
£29684.

62.  Gabriel, S.B., et al., The structure of haplotype blocks in human genome. Science, 2002.
296: p. 2225-2229.

63.  Ge, J., et al., Haplotype block: a new type of forensic DNA markers. Vol. 124. 2010.
353-61.

64. Kidd, K.K,, et al., Current sequencing technology makes microhaplotypes a powerful
new type of genetic marker for forensics. Forensic Science International: Genetics. 12: p. 215-
224,

65. Kidd, K.K.,, et al., Microhaplotype loci are a powerful new type of forensic marker.
Forensic Science International: Genetics Supplement Series. 4(1): p. e123-e124.

66. Kidd, K.K., et al.,, Evaluating 130 microhaplotypes across a global set of 83
populations. Forensic Science International: Genetics, 2017. 29: p. 29-37.

67. Kidd, K.K. and W.C. Speed, Criteria for selecting microhaplotypes: mixture detection
and deconvolution. Investigative Genetics, 2015. 6(1): p. 1.

48



68.  Oldoni, F., et al., Microhaplotypes for ancestry prediction. Forensic Science
International: Genetics Supplement Series, 2017. 6: p. e513-e515.

69.  Smithies, O., Zone electrophoresis in starch gels: group variations in the serum proteins
of normal human adults. Biochemical Journal, 1955. 61(4): p. 629-641.

70.  Sanger, F., S. Nicklen, and A.R. Coulson, DNA sequencing with chain-terminating
inhibitors. Proceedings of the National Academy of Sciences of the United States of America,
1977. 74(12): p. 5463-5467.

71. Maxam, A.M. and W. Gilbert, A new method for sequencing DNA. Proceedings of the
National Academy of Sciences of the United States of America, 1977. 74(2): p. 560-564.

72. Karger, B.L. and A. Guttman, DNA Sequencing by Capillary Electrophoresis.
Electrophoresis, 2009. 30(Suppl 1): p. S196-S202.

73.  Kayser, M. and P.d. Knijff, Improving human forensics through advances in genetics,
genomics and molecular biology. Nature Reviews, 2011. 12: p. 179-192.

74. M'charek, A., Contrasts and Comparison: three practices of forensic investigation.
Comparative Sociology, 2008. 7: p. 387-412.

75.  Vogel, G., German law allows use of DNA to predict suspects’ looks. Science, 2018.
360(6391): p. 841-842.

76. Koops, B.-J. and M. Schellekens, Forensic DNA phenotypong: regulatory issues. The
Columbia Science and Technology Law Review, 2008. 9: p. 158-202.

77.  Ossorio, P.N., About face: forensic genetic testing for race and visible traits. Journal of
Law Medicine and Ethics, 2006. 34: p. 277-292.

78.  Shriver, M.D. and R.A. Kittles, Genetic ancestry and the search for personalized
genetic histories. Nature Reviews, 2004. 5: p. 611-618.

79. Frudakis, T.N., Molecular photofitting: predicting ancestry and phenotype from DNA.
2008, Amsterdam, Netherlands: Academic Press Publishers (Elsevier).

80. Rosenberg, N.A., et al., Informativeness of genetic markers for inference of ancestry.
The American Journal of Human Genetics, 2003. 73: p. 1402-1422.

81. Phillips, C., et al., Development of a novel forensic STR multiplex for ancestry analysis
and extended identity testing. ELECTROPHORESIS, 2013. 34(8): p. 1151-1162.

82.  Kayser, M. and P.M. Schneider, DNA-based prediction of externally visible
characteristics in forensics: Motivations, scientific challlanges and ethical consideration.
Forensic Science International: Genetics, 2009. 3: p. 154-161.

83. Giardina, E., A. Spinella, and G. Novelli, Past, present and future of forensic DNA
typing. Nanomedicine, 2011. 6(2): p. 257-270.

49



84. Beckmann, J.S., K. Estivill, and S.E. Antonarakis, Copy number varaints and genetic
traits: closer to the resolution of phenotypic to genotypic varaibility. Nature Reviews: Genetics,
2007. 6: p. 639-646.

85.  Saiki, R.K.,, et al., Genetic analysis of amplified DNA with immobilized sequence-
specific oligonucleotide probes. proceedings of National Academic Science USA, 19809.
86(16): p. 6230-6234.

86. Lareu, M., et al., The use of the LightCycler for the detection of Ychromosome SNPs.
Forensic Science International, 2001. 118(2-3): p. 163-168.

87. Livak, K.J., Allelicdiscrimination using fluorogenicprobes and the 5' nuclease assay.
Genetic Analysis: Biomolecular Engineering, 1999. 14(5-6): p. 143-149.

88.  Shen, G.-Q., K.G. Abdullah, and Q.K. Wang, The TagMan method for SNP genotyping,
in Single nucleotide polymorphims:Methods and protocols, A.A. Komar, Editor. 2009, Humana
Press. p. 293-306.

89.  Tyagi, S., D.P. Bratu, and F.R. Kramer, Multicolor molecular beacons for allele
discrimination. Nature Biotechnology, 1998. 16(1): p. 49-53.

90.  Nazarenko, I.A., S.K. Bhatnagar, and R.J. Hohman, A closed tube format for
amplification and detection of DNA based on energy transfer. Nucleic Acid Research, 1997.
25(12): p. 2516-2521.

91. Mei, R., et al., Genome-wide Detection of Allelic Imbalance Using Human SNPs and
High-density DNA Arrays. Genome Research, 2000. 10: p. 1126-1137.

92. Haff, L.A. and I.P. Smirnov, Multiplex genotyping of PCR products with MassTag-
labeled primers. Nucleic Acid Research, 1997. 25(18): p. 3749-3750.

93. Pastinen, T., et al., A System for Specific, High-throughput Genotyping by Allele-
specific Primer Extension on Microarrays. Genome Research, 2000. 10(7): p. 1031-1042.

94. Ding, C. and S. Jin, High throughput methods for SNP genotyping, in Single nuceotide
polymorphisms: methods and protocols, A.A. Komar, Editor. 2009, Humana Press. p. 245-276.

95. Delahunty, C., et al., Testing the feasibility of DNA typing for human identification by
PCR and an oligonucleotide ligation assay. American Journal of Human Genetics, 1996. 58(6):
p. 1239-146.

96.  Lyamichev, V., et al., Polymorphism identification and quantitative detection of
genomic DNA by invasive cleavage of oligonucleotide probes. Nature Biotechnology, 1999.
17(3): p. 292-296.

97. Rothberg, J.M., et al., An integrated semiconductor device enabling non-optical genome
sequencing. Nature, 2011. 475: p. 348.

98. Quail, M.A,, et al., A tale of three next generation sequencing platforms: comparison of

lon Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC genomics, 2012. 13(1):
p. 341.

50



99. Reed, G.H., J.O. Kent, and C.T. Wittwer, High resolution DNA melting analysis for
simple and efficient molecular diagnostics. Pahrmacogenomics, 2007. 8(6): p. 597-608.

100. Wallace, R.B., et al., Hybridisation of synthetic oligodeoxyribonucleotides to phi 174
DNA: the effect of single base pair mismatch. Nucleic Acid Research, 1979. 6: p. 3543-3557.

101. Clegg, R., Clegg, R.M. Fluorescence resonance energy transfer and nucleic acids.
Methods Enzymol. 211, 353-388. Vol. 211. 1992. 353-88.

102.  Fluidigm, Fuidigm system for rapid, reliable and cost effective SNP genotyping. 2012,
Fluidigm.

103. Kaostrikis, L.G., etal., Spectral Genotyping of Human Alleles. Science, 1998. 279(5354):
p. 1228-1229.

104. International, C., Amplifluor SNPs genotyping system for assay development, in
Chemicon International. 2010. p. 1-45.

105. Warden, D.R. and H. Refsum, Detection of Single-Nucleotide Polymorphisms by PCR
with Universal Energy Transfer—Labeled Primers: Application to Folate- and Cobalamin-
Related Genes. Clinical Chemistry, 2005. 51(9): p. 1713-1716.

106. Okayama, H., et al., Rapid, nonradioactive detection of mutations in the human genome
by allele-specific amplification. Journal of Laboratory and Clinical Medicine, 1989. 114(2): p.
105-113.

107. Newton, C.R., et al., Analysis of any point mutation in DNA. The amplification
refractory mutation system (ARMS). Nucleic Acids Research, 1989. 17(7): p. 2503-2516.

108. Syvénen, A.-C., et al., A primer-guided nucleotide incorporation assay in the
genotyping of apolipoprotein E. Genomics, 1990. 8(4): p. 684-692.

109. Sokolov, B.P., Primer extension technique for the detection of single nucleotide in
genomic DNA. Nucleic acids research, 1990. 18(12): p. 3671.

110. Quinténs, B., et al., Typing of mitochondrial DNA coding region SNPs of forensic and
anthropological interest using SNaPshot minisequencing. Forensic science international, 2004.
140(2): p. 251-257.

111. Braun, A, D.P. Little, and H. Koster, Detecting CFTR gene mutations by using primer
oligo base extension and mass spectrometry. Clinical chemistry, 1997. 43(7): p. 1151-1158.

112.  Hirschhorn, J.N., et al., SBE-TAGS: An array-based method for efficient single-
nucleotide polymorphism genotyping. Proceedings of the National Academy of Sciences of the
United States of America, 2000. 97(22): p. 12164-121609.

113. Myakishev, M.V, et al., High-Throughput SNP Genotyping by Allele-Specific PCR with
Universal Energy-Transfer-Labeled Primers. Genome Research, 2001. 11(1): p. 163-1609.

114. Landergren, U., et al., A ligase-mediated gene detection technique. Science, 1988. 241:
p. 1077-1080.

51



115. AppliedBiosystems, A guide to High Resolution Melting (HRM) analysis. 2012, Applied
Biosystems. p. 1-20.

116. Sanger, F. and A.R. Coulson, A rapid method for determining sequences in DNA by
primed synthesis with DNA polymerase. Journal of Molecular Biology, 1975. 94(3): p. 441-
448.

117. Luckey, J.A., et al., High speed DNA sequencing by capillary electrophoresis. Nucleic
Acids Research, 1990. 18(15): p. 4417-4421.

118. Smith, L.M., et al., The synthesis of oligonucleotides containing an aliphatic amino
group at the 5' terminus: synthesis of fluorescent DNA primers for use in DNA sequence
analysis. Nucleic Acids Research, 1985. 13(7): p. 2399-2412.

119. Smith, L.M., et al., Fluorescence detection in automated DNA sequence analysis.
Nature, 1986. 321: p. 674.

120. Cousins, M.M., et al., Comparison of a High-Resolution Melting Assay to Next-
Generation Sequencing for Analysis of HIV Diversity. Journal of Clinical Microbiology, 2012.
50(9): p. 3054-3059.

121. Ambardar, S., et al., High Throughput Sequencing: An Overview of Sequencing
Chemistry. Indian journal of microbiology, 2016. 56(4): p. 394-404.

122.  Knief, C., Analysis of plant microb interactions in the eaa of next generation sequencing
technologies. Vol. 5. 2014. 216.

123. Hyman, E.D., A new method of sequencing DNA. Analytical Biochemistry, 1988.
174(2): p. 423-436.

124. Ronaghi, M., M. Uhlén, and P. Nyrén, A Sequencing Method Based on Real-Time
Pyrophosphate. Science, 1998. 281(5375): p. 363-365.

125. Ronaghi, M., et al., Real-Time DNA Sequencing Using Detection of Pyrophosphate
Release. Analytical Biochemistry, 1996. 242(1): p. 84-89.

126. Margulies, M., et al., Genome sequencing in microfabricated high-density picolitre
reactors. Nature, 2005. 437: p. 376.

127.  AllSeq. 454 (Roche). 2017.

128. Voelkerding, K.V., S.A. Dames, and J.D. Durtschi, Next-Generation Sequencing: From
Basic Research to Diagnostics. Clinical Chemistry, 2009. 55(4): p. 641-658.

129. Turcatti, G., et al., A new class of cleavable fluorescent nucleotides: synthesis and
optimization as reversible terminators for DNA sequencing by synthesis. Nucleic Acids
Research, 2008. 36(4): p. e25-e25.

130. Balasubramanian, S., Sequencing nucleic acids: from chemistry to medicine. Chemical
Communications, 2011. 47(26): p. 7281-7286.

52



131. Shendure, J., et al., Accurate Multiplex Polony Sequencing of an Evolved Bacterial
Genome. Science, 2005. 309(5741): p. 1728-1732.

132. GLENN, T.C., Field guide to next- generation DNA sequencers. Molecular Ecology
Resources, 2011. 11(5): p. 759-769.

133. Perkel, J.M. and P.A. Fung, 2016 Next-Gen Sequencing Buyer's Guide. 2016.

134. Harris, T.D., etal., Single-Molecule DNA Sequencing of a Viral Genome. Science, 2008.
320(5872): p. 106-109.

135. Bowers, J., et al., Virtual Terminator nucleotides for next generation DNA sequencing.
Nature methods, 2009. 6(8): p. 593-595.

136. Schadt, E.E., S. Turner, and A. Kasarskis, A window into third-generation sequencing.
Human Molecular Genetics, 2010. 19(R2): p. R227-R240.

137. GenomeWeb. Helicos BioSciences Files for Chapter 11 Bankruptcy Protection. 2012;
Available from: https://www.genomeweb.com/sequencing/helicos-biosciences-files-chapter-
11-bankruptcy-protection.

138. Eid, J., et al., Real-Time DNA Sequencing from Single Polymerase Molecules. Science,
2009. 323(5910): p. 133-138.

139. Flusberg, B.A., et al., Direct detection of DNA methylation during single-molecule,
real-time sequencing. Nature methods, 2010. 7(6): p. 461-465.

140. van Dijk, E.L., et al., Ten years of next-generation sequencing technology. Trends in
Genetics. 30(9): p. 418-426.

141. Clarke, J., et al., Continuous base identification for single-molecule nanopore DNA
sequencing. Nature Nanotechnology, 2009. 4: p. 265.

142. Eisenstein, M., Oxford Nanopore announcement sets sequencing sector abuzz. Nature
Biotechnology, 2012. 30: p. 295.

143. Branton, D., et al., The potential and challenges of nanopore sequencing. Nature
Biotechnology, 2008. 26: p. 1146.

144. Haque, F., et al., Solid-state and biological nanopore for real-time sensing of single
chemical and sequencing of DNA. Nano Today, 2013. 8(1): p. 56-74.

145.  Yang, Y., B. Xie, and J. Yan, Application of Next-generation Sequencing Technology
in Forensic Science. Genomics, Proteomics & Bioinformatics, 2014. 12(5): p. 190-197.

146. Sobiah R, et al., Implications of Targeted Next Generation Sequencing in Forensic
Science. Journal of Forensic Research, 2018. 9(2): p. 416.

147. Daniel, R., et al., A SNaPshot of next generation sequencing for forensic SNP analysis.
Forensic Science International: Genetics, 2015. 14(0): p. 50-60.

53


https://www.genomeweb.com/sequencing/helicos-biosciences-files-chapter-11-bankruptcy-protection
https://www.genomeweb.com/sequencing/helicos-biosciences-files-chapter-11-bankruptcy-protection

148.  Churchill, J.D., et al., Evaluation of the Illumina® Beta Version ForenSeq™ DNA
Signature Prep Kit for Use in Genetic Profiling. Forensic Science International: Genetics, 2016.
20: p. 20-29.

149. Mehta, B., et al., Massively parallel sequencing of customised forensically informative
SNP panels on the MiSeq. Electrophoresis, 2016. 37(21): p. 2832-2840.

150. Vidaki, A., etal., DNA methylation-based forensic age prediction using artificial neural
networks and next generation sequencing. Forensic science international. Genetics, 2017. 28:
p. 225-236.

151. Binladen, J., et al., The Use of Coded PCR Primers Enables High-Throughput
Sequencing of Multiple Homolog Amplification Products by 454 Parallel Sequencing. PLOS
ONE, 2007. 2(2): p. e197.

152.  ThermoFisherScientific, lon AmpliSeq™ Library Kit 2.0 User Guide. 2019.

153. Mehta, B., S. Venables, and P. Roffey, Comparison between magnetic bead and qPCR
library normalisation methods for forensic MPS genotyping. INTERNATIONAL JOURNAL
OF LEGAL MEDICINE, 2018. 132(1): p. 125-132.

154. Floragenex, Technical Brief: lon Torrent™ NGS and AmpliSeq™ Genotyping, in
www.floragenex.com. 2015.

155.  Mogensen, H.S., C. Barsting, and N. Morling, Template preparation of AmpliSeqTM
libraries using the lon ChefTM. Forensic Science International: Genetics Supplement Series,
2015. 5: p. e368-e369.

156. Rusk, N., Torrents of sequence. Nature Methods, 2010. 8: p. 44.

157. Pennisi, E., Semiconductors Inspire New Sequencing Technologies. Science, 2010.
327(5970): p. 1190.

158. Merriman, B., I.T. D Team, and J.M. Rothberg, Progress in lon Torrent semiconductor
chip based sequencing. ELECTROPHORESIS, 2012. 33(23): p. 3397-3417.

159. Al-Asfi, M., et al., Assessment of the Precision ID Ancestry panel. International journal
of legal medicine, 2018.

160. ThermoFisherScientific, Integrate NGS into your forensic DNA lab workflow. 2017,
161. ThermoFisherScientific. lon AmpliSeq Designer. 2019.

162. Jager, A.C., et al., Developmental validation of the MiSeq FGx Forensic Genomics
System for Targeted Next Generation Sequencing in Forensic DNA Casework and Database
Laboratories. Forensic Science International: Genetics, 2017. 28: p. 52-70.

163. Illumina, TruSeq Forensic Amplicon : Preparing Samples for the Illumina Sequencing
platform. 2014.

164.  Illumina MiSeq System User Guide. 2018. Document # 1000000061014 v0O.

54


file:///C:/Users/u1009074/Dropbox/Capstone/Completed%20Jobs/Doc%20No%206856/www.floragenex.com

165. Hlumina, ForenSeq™ DNA Signature Prep. 2015.
166. Verogen, MiSeq FGx™ Instrument : Reference Guide. 2018.

167. Leray, M., Q. Haenel, and S. Bourlat, Preparation of Amplicon Libraries for
Metabarcoding of Marine Eukaryotes Using lllumina MiSeq: The Adapter Ligation Method.
2016. p. 209-218.

168. llumina, ForenSeq™ DNA Signature Prep Kit 2016.
169. Hlumina. lllumina Sequenicng Technology. 2010 05.08.15].

170. Jeon, Y.-S., etal., Improved pipeline for reducing erroneous identification by 16S rRNA
sequences using the lllumina MiSeq platform. Journal of Microbiology, 2015. 53(1): p. 60-69.

171. Technologies, I.D., Unique, dual-matched adapters mitigate index hopping between
NGS samples. 2017.

172.  lllumina, MiSeq® Reporter Software Guide. 2017. p. 25-26.
173.  lllumina. BaseSpace Sequence Hub. 2018.

174. Silvia, A.L., N. Shugarts, and J. Smith, 4 preliminary assessment of the ForenSeq™
FGx System: next generation sequencing of an STR and SNP multiplex. International Journal
of Legal Medicine, 2016: p. 1-14.

175. Jager, A.C., et al., Developmental validation of the MiSeq FGx Forensic Genomics
System for Targeted Next Generation Sequencing in Forensic DNA Casework and Database
Laboratories. Forensic Science International: Genetics, 2017. 28: p. 52-70.

176. Verogen, ForenSeq Universal Analysis Software

2018: https://verogen.com/wp-content/uploads/2018/08/ForenSeq-analysis-software-data-
sheet-\VVD2018004.pdf.

177. Wumina. Introduction to mtDNA  Analysis. 2018; Available from:
https://sapac.illumina.com/areas-of-interest/forensic-genomics/forensic-analysis-
methods/mtdna-analysis.html.

178. Faith, S.A. and M. Scheible, Analyzing Data from Next Generation Sequencers Using
the PowerSeq® Auto/Mito/Y System. PromegaCoorporation, 2016.

179. Qiagen. GeneReader Platform. 2018; Available from:
https://www.giagen.com/cn/products/ngs/mdx-ngs-genereader/library-preparation/qiagen-
genereader-platform/#productdetails.

180. Zbiec-Piekarska, R., et al., Development of a forensically useful age prediction method
based on DNA methylation analysis. Forensic Science International: Genetics, 2015. 17: p. 173-
179.

55


https://verogen.com/wp-content/uploads/2018/08/ForenSeq-analysis-software-data-sheet-VD2018004.pdf
https://verogen.com/wp-content/uploads/2018/08/ForenSeq-analysis-software-data-sheet-VD2018004.pdf
https://sapac.illumina.com/areas-of-interest/forensic-genomics/forensic-analysis-methods/mtdna-analysis.html
https://sapac.illumina.com/areas-of-interest/forensic-genomics/forensic-analysis-methods/mtdna-analysis.html
https://www.qiagen.com/cn/products/ngs/mdx-ngs-genereader/library-preparation/qiagen-genereader-platform/#productdetails
https://www.qiagen.com/cn/products/ngs/mdx-ngs-genereader/library-preparation/qiagen-genereader-platform/#productdetails

181. Tindall, E.A., et al., Assessing high-resolution melt curve analysis for accurate
detection of gene variants in complex DNA fragments. Human Mutation, 2009. 30(6): p. 876-
883.

182. Twist, G.P., et al., High-resolution melt analysis to detect sequence variations in highly
homologous gene regions: application to CYP2B6. Pharmacogenomics, 2013. 14(8): p.
10.2217/pgs.13.66.

183.  AppliedBiosystems, ABI PRISM® SNaPshot™ Multiplex Kit. Thermo Fisher Scientific.
p. 1-42.

56



Chapter 2:
Forensically relevant
SNaPshot™ assays
for forensic SNP

genotyping



2.1Mehta B, Daniel R, Phillips C, McNevin D (2017) Forensically relevant
SNaPshot® assays for human DNA SNP analysis: a review. International
Journal of Legal Medicine 131(1): 21-37

FORM E: DECLARATION OF CO-AUTHORED PUBLICATION CHAPTER

For use in theses which include publications. This declaration must be completed for each co-
authored publication and to be placed at the start of the thesis chapter in which the publication
appears.

Declaration for Thesis Chapter 2
Declaration by candidate

In the case of Chapter 2, the nature and extent of my contribution to the work was the following:

Nature of contribution Extent of
contribution (%)
Proposal and writing of the review; writing the first draft of the manuscript 65

The following co-authors contributed to the work.

Name Nature of contribution Extent of Contributor is
contribution (%) also a student
UCY/N
Dennis McNevin Revising and editing of the manuscript, critical 15: N
feedback
Runa Daniel Revising and editing of the manuscript, critical 15 N
- feedback
Chris Phillips Critical feedback 5 N
' Candidate’s - ok sl VST Date 04/04/2018
Signature | S SRR TN

Declaration by co-authors

The undersigned hereby certify that:

1. The above declaration correctly reflects the nature and extent of the candidate’s contribution to this
work, and the nature of the contribution of each of the co-authors.

2. They meet the criteria for authorship in that they have participated in the conception, execution, or
interpretation, of at least that part of the publication in their field of expertise;

3. They take public responsibility for their part of the publication, except for the responsible author who

58



accepts overall responsibility for the publication;

There are no other authors of the publication according to these criteria;

Potential conflicts of interest have been disclosed to (a) granting bodies, (b) the editor or publisher of

journals or other publications, and (c) the head of the responsible academic unit; and

6. The original data are stored at the following location(s) and will be held for at least five years from
the date indicated below:

O

Location(s) National Centre for Forensic Studies, Faculty of STeM, University of Canberra

[Please note that the location(s) must be institutional in nature, and should be indicated here as a
department, centre or institute, with specific campus identification where relevant.]

Date Name of the co-author Signature

04/04/2018 Dennis McNevin Vljb MON R

418 Puut Dawvia M/@/WM

[ * Please insert additional rows as needed.]

59



accepts overall responsibility for the publication;

4. There are no other authors of the publication according to these criteria;

5. Potential conflicts of interest have been disclosed to (a) granting bodies, (b) the editor or publisher of
journals or other publications, and (c) the head of the responsible academic unit; and

6. The original data are stored at the following location(s) and will be held for at least five years from
the date indicated below:

Location(s) National Centre for Forensic Studies, Faculty of STeM, University of Canberra

{Please note that the location(s) must be institutional in nature, and should be indicated here as a
department, centre or institute, with specific campus identification where relevant.]

Date Name of the co-author Signature
04/04/2018 Dennis McNevin &/’Vu S MoN
06/04/2018 Chris Phillips

[ * Please insert additional rows as needed.]

[ Mehta, B., Daniel, R., Phillips, C. et al. Forensically relevant SNaPshot® assays for human DNA
SNP analysis: a review. Int J Legal Med 131, 21-37 (2017). https://doi.org/10.1007/
s00414-016-1490-5 ]

60



Int J Legal Med (2017) 131:21-37
DOI 10.1007/s00414-016-1490-5

@ CrossMark

REVIEW

Forensically relevant SNaPshot® assays for human DNA SNP

analysis: a review

Bhavik Mehta' - Runa Daniel® - Chris Phillips® - Dennis McNevin '

Received: 11 August 2016 /Accepted: 31 October 2016 /Published online: 14 November 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Short tandem repeats are the gold standard for
human identification but are not informative for forensic
DNA phenotyping (FDP). Single-nucleotide polymorphisms
(SNPs) as genetic markers can be applied to both identifica-
tion and FDP. The concept of DNA intelligence emerged with
the potential for SNPs to infer biogeographical ancestry
(BGA) and externally visible characteristics (EVCs), which
together enable the FDP process. For more than a decade,
the SNaPshot® technique has been utilised to analyse identity
and FDP-associated SNPs in forensic DNA analysis.
SNaPshot is a single-base extension (SBE) assay with capil-
lary electrophoresis as its detection system. This multiplexing
technique offers the advantage of easy integration into opera-
tional forensic laboratories without the requirement for any
additional equipment. Further, the SNP panels from
SNaPshot® assays can be incorporated into customised panels
for massively parallel sequencing (MPS). Many SNaPshot®
assays are available for identity, BGA and EVC profiling with
examples including the well-known SNPforID 52-plex iden-
tity assay, the SNPforID 34-plex BGA assay and the HIrisPlex
EVC assay. This review lists the major forensically relevant
SNaPshot® assays for human DNA SNP analysis and can be
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used as a guide for selecting the appropriate assay for specific
identity and FDP applications.

Keywords Single-nucleotide polymorphism (SNP) -
SNaPshot - Forensic genotyping - Capillary electrophoresis
(CE) - Forensic DNA phenotyping (FDP) - DNA intelligence

Introduction

Short tandem repeats (STRs) are the markers of choice for
forensic human identification due to their highly polymorphic
nature and, therefore, their ability to differentiate between
individuals [1]. In the past decade, genome-wide association
studies (GWASSs) have flooded databases with novel single-
nucleotide polymorphisms (SNPs) [2]. In addition, numerous
studies have contributed population data associated with
SNPs to these databases, creating a valuable scientific re-
source [3]. The forensic community has been utilising these
resources to apply SNPs to forensic DNA analysis, for both
human identification and intelligence. SNPs can offer some
key advantages over STRs including lower mutation rates
(ideal for ancestry affiliation), higher abundance in the human
genome, short PCR amplicon length suitable for high
multiplexing capability and the analysis of degraded DNA,
amenity to high-throughput genotyping and application to
many forensic applications outside of human identification
[4-6]. SNPs can be classified according to their forensic
application such as identity-informative SNPs (IISNPs) for
human identification, lineage-informative SNPs (LISNPs)
for inferring genealogies (especially useful in kinship analysis
and paternity testing), ancestry-informative SNPs (AISNPs)
for inferring biogeographical ancestry (BGA) and
phenotypic-informative SNPs (PISNPs) for inferring external-
ly visible characteristics (EVCs) (such as eye, hair and skin
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colours). IISNPs are less informative than the equivalent num-
ber of STRs because many of them are bi-allelic, and hence,
50-60 IISNPs are required to provide approximately the same
discriminating power as 13 STRs [7]. In addition, bi-allelic
markers have limited mixture resolution capability. Thus,
while STRs are considered the gold standard for identification
purposes, IISNPs can be used to supplement STR profiling
and other LISNPs, AISNPs and PISNPs can provide valuable
forensic intelligence by inferring lincage, BGA and EVCs,
respectively, in cases when no STR inclusions are obtained
and/or STR profiles are partial and non-informative [8].

The first PCR-based genotyping system interrogated SNPs
at the HLA-DQA1 locus [9, 10]. The AmpliType® PM and
DQAT1 PCR amplification-reverse blot DNA typing system
(Applied Biosystems, formerly PerkinElmer) was very popular
in forensic laboratories nearly two decades ago [11, 12]. The
system consisted of six loci and was developed as an alterna-
tive to the use of restriction fragment length polymorphisms
(RFLPs) employing variable number tandem repeats
(VNTRs). It was useful in casework applications, particularly
when the evidentiary samples yielded low amounts of DNA or
degraded DNA which could not be utilised for RFLP profiling
[11, 13, 14]. However, it had a lower discrimination power
than the RFLP method (~1:2000) due to the limited number
of alleles available, was limited in its application to mixtures
and was discontinued [12, 14]. VNTRs were later replaced by
STRs [15] where DNA was amplified by PCR using commer-
cial amplification kits and detected by capillary electrophoresis
(CE) or ‘genetic analysers’.

A variety of SNP genotyping techniques are available such
as high resolution melting (HRM) analysis [16-18],
TagMan™ hybridisation probes (Applied Biosystems), invad-
er technology [19], hybridisation microarrays [20], massively
parallel sequencing (MPS) [21] and the SNaPshot® (Applied
Biosystems) minisequencing method. Sobrino et al. [19] pro-
vided a comprehensive review on SNP genotyping methodol-
ogies [19]. Of these, SNaPshot®, based on minisequencing,
has been most commonly applied to forensic DNA analysis
due to its sensitivity and high multiplexing capability with the
added advantage of not requiring additional equipment to that
already utilised in forensic laboratories [22].

Background to the minisequencing method

Minisequencing is a genotyping method that falls under the
broad category of primer extension techniques [19] which also
includes other methods such as arrayed primer extension [23],
primer oligo base extension [24] and pin-point assay [25]. In
minisequencing, a detection primer is designed to anneal to
the target DNA adjacent to the SNP of interest and is extended
by a DNA polymerase using fluorescently labelled single
nucleotides [19, 26]. The primer extension technique for
detecting single nucleotides was developed in 1990 and was
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used mainly for diagnosis of genetic disorders and genotyping
proteins [27, 28]. Earlier, singleplex minisequencing assays
were performed using detection methods including gel and
ELISA formats [26]. Later, multiplex assays that could simul-
taneously detect many sequence polymorphisms were devel-
oped [29]. The availability of enhanced detection methods
including electrophoresis and fluorescence detection, matrix-
assisted laser desorption/ionisation time-of-flight (MALDI-
TOF) mass spectrometry (MS) and microarrays [19] enabled
multiplex SNP genotyping.

The development of a multiplex solid-phase fluorescent
minisequencing assay for the detection of 12 mitochondrial
DNA sequence polymorphisms showed the potential of this
method for forensic applications [29]. This assay was sub-
sequently validated for forensic casework [30]. The
minisequencing assay was then applied to genotype
markers associated with phenotypes. Grimes et al. [31]
developed a multiplex minisequencing assay detecting
12 mutations in the human melanocortin 1 receptor
(MCIR) gene of which eight had an association with the
red hair colour phenotype. The availability of the robust
and accurate SNaPshot® (Applied Biosystems) kit [32],
which involves electrophoresis and a fluorescence detec-
tion method, has led to the development of a series of
forensically relevant multiplex assays.

Principle and workflow of SNaPshot® assays

The SNaPshot® assay is the most common commercial
minisequencing method that works on the principle of
single-base extension (SBE). Firstly, the DNA template is
subjected to multiplex PCR to generate the target amplicons
containing the SNPs of interest. Purification of the PCR prod-
uct is then performed by adding exonuclease I and shrimp
alkaline phosphatase (SAP) to degrade unbound primers and
unincorporated dNTPs, which would interfere with the subse-
quent SBE reaction. The 3’ end of the oligonucleotide
SNaPshot® (detection) primer binds immediately adjacent to
the SNP of interest and is extended by 7zg DNA polymerase
which incorporates a fluorescently labelled dideoxyribo nu-
cleotide triphosphate (ddNTP) complementary to the base on
the opposite strand at the SNP position. Each detection primer
can be augmented with (non-binding) oligonucleotide tails at
the 5" end (for example, poly C or CT) that assist in the spatial
separation of the SBE products when detected by CE
[22, 33]. The manufacturer’s protocol recommends a
maximum 10-plex; however, highly multiplexed custom as-
says often incorporating in excess of 20 SNP targets have been
developed [32, 34-37]. The SBE products are further purified
by adding SAP to eliminate unincorporated ddNTPs that po-
tentially interfere with fluorescence detection. The purified
products are prepared for CE and spatially separated on
genetic analysers [32, 33]. Software such as GeneMapper™
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ID-X (Applied Biosystems) is used to analyse the data and
genotype the samples. Figure 1 illustrates the principle and
workflow of the SNaPshot® method.

Primer design for multiplex assays

Primer design is critical for the successful development of
multiplex SNaPshot® assays. The PCR and SBE primers can
be designed using freely available primer designing tools such
as Primer 3 [38] for primer sequences, AutoDimer [39] and
IDT OligoAnalyzer [40] for secondary structure analysis (in-
cluding the formation of primer dimers) and NCBI primer
blast [41] for specificity. It is important that all primers in
the same multiplex have similar melting temperatures
(£3 °C) as they will all be subject to the same PCR cycling
conditions [42]. In the same way, GC content of all the primers
in the multiplex should be in the range 40-70% [35]. The tails
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added to the 5" end of the SBE primers should not bind to any
region of the genome in order to avoid non-specific binding in
the SBE assay [33].

SNaPshot™ multiplex optimisation

Each SNaPshot® multiplex assay requires optimisation in this
order: multiplex PCR, multiplex SBE reaction and SBE prod-
uct mobility. Generally, HPLC grade purified PCR and SBE
primers are recommended for SNaPshot® assays to remove
artefacts [43]. Prior to multiplex PCR optimisation, singleplex
PCR is carried out to assess the performance of PCR primers
and optimise assay conditions such as concentrations of
primers, MgCl,, dNTPs, Taq polymerase and thermal cycling
conditions. The singleplex products are run on an agarose gel or
microfluidic capillary electrophoresis (e.g. 2100 Bioanalyzer;
Agilent Technologies) to verify the amplicon size distribution.
The primers that yield low or no PCR product are redesigned at
this stage. The multiplex PCR is then optimised, ensuring
that all PCR products are more or less equally amplified
[43, 44]. Exonuclease—shrimp alkaline phosphatase
(Ex0SAP-IT®; Affymetrix) purification of the optimised
multiplex PCR products involves the removal of un-
bound primers and nucleotides that may hinder the sub-
sequent analysis steps. After clean-up, the enzyme is
inactivated by heating the product mixture to 80 °C
for 15 min [35, 42, 45].

Singleplex SBE primer reactions without PCR template are
performed to check for SBE primer self-extension. SBE
primers should be redesigned if self-extension occurs.
Multiplex PCR product is then added to singleplex SBE reac-
tions to assess their specificity. The absence of one or more
peaks requires redesign of the SBE primer. In order to proceed
to multiplex SBE optimisation, the singleplex SBE products
should show peaks higher than 500 relative florescence units
(RFU) using the purified multiplex PCR amplicons [43].
During multiplex SBE optimisation, the concentration of
SBE primers is adjusted depending on the signal intensities
of the peaks. The sensitivity of the assay can be optimised by
adjusting the volume of the SNaPshot® reaction mix (relative
to DNA template amount), adjusting the number of PCR cy-
cles and/or adjusting the number of SBE amplification cycles.
Artefacts in the electropherogram may be due to factors such
as poor quality of SBE primers, SBE primer interactions with
other SBE primers, a non-specific PCR primer or very short
PCR products. These artefacts can be neglected if they do not
hinder accurate allele calling; otherwise, each SBE primer is
removed serially from the multiplex to diagnose the cause of
the artefact. A multiplex SBE reaction without PCR template
can be carried out to identify any issues regarding the SBE
primer interactions [33, 42].

It is also necessary to optimise the mobility of SBE primers
to prevent SBE product overlap during CE. This optimisation
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generally involves the redesign of the SBE primers with dif-
ferent length non-binding tails. It may also require redesign of
both PCR and SBE primers and repetition of the entire process
if the multiplex optimisation is unsuccessful [33].

CE and analysis

Purified SBE products are electrophoresed to obtain an elec-
tropherogram which is used to genotype samples. CE param-
eters including the dye set, type of polymer, capillary array
length and run protocol are dependent on the type of platform
used [33, 42]. For example, the 3500x] (Applied Biosystems)
genetic analyser with POP-4 polymer and 36-cm array uses
SNaPshot_pop4 default run protocol, GeneScan™ 120
LIZ™ Size Standard (Applied Biosystems) and Matrix
Standard Set DS-02 (Applied Biosystems) for dye set ES.
The electropherograms are analysed using fragment analysis
software such as GeneMapper™ ID-X (Applied Biosystems)
or GeneMarker™ (SoftGenetics®) [33]. The horizontal axis of
the electropherogram represents the product length in the num-
ber of base pairs (bp), and the vertical axis represents the fluo-
rescence signal intensity in RFUs. The product lengths derived
from the horizontal axis will not correlate exactly with the SBE
product lengths because the incorporated fluorophores will
affect their electrophoretic mobilities. Each peak in the electro-
pherogram represents the allele of a SNP with each of the four
possible bases (A, C, G and T) labelled with a different
fluorophore (ddATP-dR6G, ddCTP-dTAMRA™, ddGTP-
dR110 and ddUTP-dROX™, respectively). Within the analy-
sis software, bins and panels are used for genotype calling, and
for each assay, different bins and panels are designed. Panels
are determined based on the SNPs included in each assay
while bins mark the bp range within which each peak falls.
When a peak falls in a particular bin, the software makes a
corresponding allele call. A single peak is obtained for homo-
zygote genotypes, and two peaks (of different colours) are
seen for heterozygous genotypes [22].

Forensically relevant SNaPshot® assays

Forensic SNaPshot® assays are here broadly classified into
four categories based on their application such as IISNP
assays, LISNP assays, AISNP assays and PISNP assays.

TISNP SNaPshot® assays

Forensic identity markers require the following characteristics:
(i) minimal deviation from Hardy—Weinberg equilibrium
(HWE), ensuring within-locus independence of alleles; (ii)
minimal deviation from linkage equilibrium (LE), ensuring
between locus independence; (iii) high heterozygosities to
maximise the polymorphic nature of the loci, resulting in
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higher discrimination between genotypes; and (iv) these prop-
erties should apply both within and between multiple sub-
populations [46]. One indication of this is that there is little
genetic distance between these sub-populations, as measured
by Wright’s Fgr, the inbreeding coefficient within sub-
populations relative to the total population [47]. IISNPs with
these properties can be useful for providing identity informa-
tion from degraded DNA or low DNA template amounts when
STR profiling is not informative. Table 1 shows some of the
potential IISNP assays.

Blood grouping assays

One of the ecarliest SNaPshot® assays differentiated
between ABO blood groups. The multiplex assay was de-
signed using six SNPs from the ABO gene. The assay correct-
ly identified ABO genotypes when tested on casework sam-
ples involving bones, teeth and nails. ABO genotypes from
semen-contaminated vaginal fluid casework samples were
completely concordant with ABO phenotypes. This assay
was species specific for human and higher-order primates.
The assay was sensitive enough to generate ABO profiles
from 0.1 ng of DNA [48].

Subsequently, a 17-plex SBE assay was developed to type
all 10 of the known blood group systems. These SNPs repre-
sent the antigen and amino acid changes associated with each
blood group. The method was tested on 29 samples with blood
groups previously determined from hemagglutination, and it
accurately predicted all the blood groups for all the samples.
The assay was designed in three multiplexes (Multiplex I-
Duffy and Dombrock blood group systems; Multiplex II-
Landsteiner-Wiener, Colton, Scianna, Diego, Kidd, Lutheran
and MN blood group systems; and Multiplex III-Kell and SS
grouping systems) using genomic DNA extracted from 200 pl
blood, and the turnaround time was 12 h for 32 samples [49].

Other (non-blood group) human identification SNP assays

One of the earliest human identification assays was a 24-plex
SNaPshot” assay developed for the Korean population. The
probability of identity for this assay was 2 x 10'°, but the
power of exclusion was 98.9% which is lower than that for
Profiler Plus® (99.9%) [50]. The SNPforID 52-plex assay,
incorporating a set of two multiplexes (a 23-plex and a 29-
plex) [35], provided a combined power of exclusion greater
than 99.999% and a mean random match probability value in
the order of 5 x 10”'°. The assay was forensically validated as
a modified 49-plex assay [51] to be used in ISO 17025-
accredited laboratories [52]. The 52-plex assay has also shown
its versatility when applied in paternity testing [53]. It could be
adapted by forensic casework laboratories as a supplementary
method along with STR profiling and is useful for trace DNA
amounts [54]. The 52-plex assay was tested in an Italian
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Table 1  Identity-informative single-nucleotide polymorphism (IISNP) SNaPshot® assays
Assay Target Number of SNPs  Sensitivity (ng DNA) Application References
Blood grouping assays
6-plex Autosomal 6 0.1 ABO blood group genotyping Doi et al. [48]
SNPs
17-plex Autosomal 17 - Genotyping of 10 blood group systems  Palacajornsuk et al. [49]
SNPs
Non-blood grouping assays
SNPforID Autosomal 52 0.5-70 Human identification Sanchez et al. [35]
52-plex SNPs
24-plex Autosomal 24 1-2 Korean population identification Lee et al. [50]
SNPs
16-plex X-SNPs 16 0.05-10 Identification of degraded samples Oki et al. [60]
18-plex Histone SNPs 18 0.078 Identification of highly degraded samples Freire-Aradas et al. [61]
55-plex Autosomal 55 0.125 Human identification Wang et al. [22
SNPs

population, and the power of discrimination obtained was
>99.99% with a 99.98% power of exclusion [55]. A sensitised
version of SNPforID 52-plex with increased SBE cycles (100
from 30) and use of the AmpFISTR® SEfiler Plus™ Master
Mix enhanced typing success from degraded and challenging
DNA samples [56]. More recently, a 55-plex IISNP assay has
been developed based on the Kidd 92 1ISNP panel, enhanced
from their earlier 44-plex assay [22, 57]. This assay was ef-
fective at 125 pg DNA with a power of exclusion >99.99% for
the Hebei Han population [22].

IISNP SNaPshot® assays have also been developed for tri-
allelic SNPs, which improve the resolution of degraded and
mixed DNA samples. Westen et al. [58] developed a 16-plex
SNP assay using Dutch sample sets. The assay was designed
in three multiplexes of seven, four and five markers, and 15
SNPs were confirmed to be tri-allelic. When SGM Plus® and
SNaPshot® profiles were compared, 14% of the alleles were
lost with 5 min of UV degradation for the SGM plus® STR kit
while 120 min of UV exposure was required for the same loss
in the tri-allelic SNaPshot® assay. The first allelic loss for the
SNaPshot® assay was observed after 60 min of UV irradiation.
Resolution of two-person mixtures was possible for up to 1:8
ratios [58]. Another 20-plex SNaPshot® assay with tri-allelic
SNPs generated reproducible identity profiles at 1 ng DNA
input amount. The assay did not produce any profiles when
tested on animal species including pig, chicken, rabbit, rat and
loach fish [59]. A 16-X SNP SNaPshot™ assay (in
combination with mini X-STRs) enhanced the identification
of degraded DNA in Japanese samples. The sensitivity of the
assay ranged from 50 pg to 10 ng DNA input amounts. The
combined power of discrimination and the power of exclusion
were greater than 99.99 and 99%, respectively [60].

The histone-DNA complexes of nucleosomes are known
to be the sites preventing DNA degradation including apopto-
sis due to bacterial and environmental degradation [61]. An
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18-plex SNaPshot® assay including the SNPs from these nu-
cleosome regions had a sensitivity of 78 pg and was more
effective than the SNPforID 52-plex as well as the
AmpFISTR® Minifiler™ (Applied Biosystems) and
AmpFISTR® Identifiler™ (Applied Biosystems) STR assays
for degraded DNA [61].

LISNP SNaPshot® assays

Lineage markers mostly include Y chromosome and mito-
chondrial (mt) DNA markers. Many Y-SNP and mtSNP
SNaPshot® assays are available as shown in Tables 2 and 3.
Before these, a solid-phase fluorescent minisequencing multi-
plex assay for 12 mtDNA polymorphism markers was devel-
oped and validated to identify British Caucasians and British
Afro-Caribbeans [29, 30].

Y-SNP SNaPshotf™ assays

In 2003, a 35-Y-SNP preliminary SNaPshot® minisequencing
assay was developed with the intention of setting forensic
parameters for SNaPshot® typing [62]. The sensitivity of the
assay was in the range 100 pg to 10 ng DNA with an optimum
of 1-2 ng. Reproduc