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ABSTRACT
Within forensic genetics, the typing single nucleotide polymorphisms (SNPs) is an
alternative to short tandem repeats (STRs). It has potential for analysing forensic
samples that show high levels of degradation and can also be used to obtain information
on aspects relating to phenotype and ancestry. The availability of massively parallel
sequencing (MPS) platforms and commercial ready SNP panels makes the

implementation of SNP testing feasible for a large number of laboratories.

This study was design to evaluate the massive parallel sequencing workflow within the
Forensic Laboratory of Qatar using two ready-to-use MPS panels, namely, the Precision
ID Ancestry Panel and the Precision ID ldentity Panel with the lon Chef system for
template and library preparation and the lon Torrent PGM sequencer. Both panels were

evaluated using population samples and forensic samples.

The Precision ID Ancestry panel comprises 165 Autosomal SNPs that can be used to infer
the biogeographical origin of unknown samples. A total of 300 unrelated Qatari
individuals collected from the eight official municipalities were analysed for this study.
All loci proved to be in HWE after applying Bonferroni correction (p < 0.0003). The
forensic parameters were estimated to be combined probability of match (CPM) and the

combined power of exclusion (CPE) was 1.35x10#2and 0.999998, respectively.

From the original 300 samples, 105 samples were profiled using Precision ID Identity
Panel that includes 90 autosomal SNPs and 34 upper Y-Clade SNPs. The CMP and the
CPE for the 90 autosomal SNPs were 7.5674 x 1037 and 0.999998714. There was no
significant deviation from HWE across all 90 autosomal SNPs after applying Bonferroni
correction (p <0.0006). When the population samples were split into three geographical
regions the Fstvalues between the groups, as expected, was very low with no detectable
genetic differentiation. For 34 Y-SNPs, 10 different Y-haplo-groups were observed and
the most common haplogroup in Qatar population is J followed by R1al, R2 and E. The
sensitivity was assessed for both panels and full profiles could be obtained down to 0.25

ng with 21 cycles.

For the casework samples experiments, 148 real casework samples from 76 cases were
collected from different security departments between 2005 and 2018. The samples

varied from routine stains with high amounts of DNA to challenging samples. The



Precision ID Ancestry Panel was used to analyse 143 casework samples from the 76 cases
with two workflows: manual and automated library preparation, using the lon Chef.
There were no significant differences seen between the two workflows in terms of
success rates. However, the automated workflow saved considerable hands-on

laboratory time.

Sixty casework samples were chosen from 46 cases (from the 76 cases above), of which
55 samples were analysed using the Precision ID Identity panel. Adding the maximum
volume of template DNA and increasing the PCR cycles helped to generate useful
profiles in Ancestry and Identity experiments with DNA input down to 0.12 ng and 0.06
ng, respectively. However, neither panel was as robust as the STR typing that was also
tested. This finding suggested that sensitivity was reduced in comparison to the STR
technology either through the chemistry of the PCR, PCR inhibition or the reduced
volume of template DNA (a maximum of 6 ul template could be added to the SNP library

construction whereas 15 ul could be added to the STR amplifications).

The ancestry prediction was undertaken using HID SNP Genotyper v5.2.2 as admixture
prediction and population likelihood. The results obtained from the population
experiment showed that most of Qatari population were, as expected, predicted to have
Southwest Asian and South Asian ancestry, with a few samples predicted to have
African, East Asian and European ancestry. The results supported the historical
migration and settlement theory in the country. With the casework samples a different
pattern of populations was seen, with increased proportion samples predicted to be of
South Asian origin, which is not surprising given the demographic makeup of Qatar, with

many foreigners residing in the country.

It is concluded that the MPS panels were successful in terms of DNA profiles being
generated. However, they were not as robust as the existing STR systems currently
employed. Additional information, in terms of ancestry, could be derived with the
ancestry panel but given the composition of the Qatari population the relevance in most
casework is questionable. Also, increasing the number of reference databases might
improve the precision of the prediction. The additional information generated by the

both panels would provide useful information in complex kinship cases.
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CHAPTER: 1 Introduction

1.1 A historical perspective of forensic science and its application

The ABO blood grouping system described by Karl Landsteiner (Landsteiner 1900) was
the first genetic marker used in forensic analysis to distinguish between individuals.
This simple test was useful in case of exclusion but was difficult when an inclusion was
made (Butler, 2005). The serological techniques were extended with the discovery and
the use of several blood groups markers and soluble blood serum protein markers.
They were analysed in combination to produce high discrimination results. However,
there were limitations with the use of serological tests such as the low discrimination
power and, in many cases, the large amount of biological sample that was required.
Also, the proteins are not present at sufficient levels for typing in many types of
evidence, and they are unstable in biological samples affected by environmental

conditions (Budowle & Van Daal, 2008; Geserick & Wirth, 2012; Goodwin et al., 2011).

In 1984, Alec Jeffreys discovered hypervariable minisatellite loci (Jeffreys et al., 1985a).
These minisatellites loci were detected by hybridization of multi locus probes (MLPs)
to Southern blots of restriction-enzyme-digested genomic DNA. MLPs were used
successfully in paternity testing and immigration cases but were difficult to interpret
and were replaced with single locus probes (SLPs) detection assays, which produced
simplified patterns that were easier to interpret. In 1983, Kary Mullis developed the
polymerase chain reaction (PCR) technique (Mullis et al., 1986). The introduction of
PCR revolutionized molecular biology, including forensic DNA. With the development
of PCR forensic DNA analysis became more rapid and sensitive, allowing minute
amounts of degraded DNA to be analysed (Jobling & Gill, 2004; Parson, 2018; Tamaki &
Jeffreys, 2005).



1.2 Recent DNA typing in forensic analysis

DNA typing has played an important role in forensic analysis since its introduction in
1985 (Jeffreys et al., 1985a). The first use of DNA fingerprinting was to resolve an
immigration dispute in 1985 (Jeffreys et al., 1985b); it was soon after used to link the
two murders of young girls in Leicestershire to Colin Pitchfork who was convicted of
both murders in 1988 (Seton, 1988). Since then, variable tandem repeat (VNTR)
markers have been replaced by short tandem repeat (STR) markers. STR with several
developments leading to a robust system for analysing biological evidence (Jobling &

Gill, 2004; Shrivastava et al., 2016).

STRs are short repeated sequences (2—6 bp), and the number of repeat units is highly
variable among individuals, which lead to the high discrimination power. STRs are
short when compared to VNTRs and therefore easier to amplify using PCR. In addition,
amplifying multiple STR loci, which can then be detected in one assay using capillary
electrophoresis, enables the generation of DNA profiles with a high power of

discrimination (Wyner et al., 2020; Butler, 2007; Roewer, 2013).

STR typing has become the primary tool for individual identification in criminal
casework, paternity testing, and identification of missing persons (Parson et al., 2016).
Currently, forensic DNA casework worldwide depends on the use of STR technology
with over 20 loci routinely analysed in a single PCR. The commercial companies
Thermo Fisher Scientific (TFS), Promega Corporation (PC) and Qiagen provide widely-
used STR kits with amplicons that range in size from 100 base pairs (bp) to 450 bp for

crime scene casework, paternity and database samples.

Since the early 2000s, two kits, the Identifiler™ and PowerPlex® 16 system, were
widely used. More powerful commercial kits are now available, such as an improved
Identifiler™ released as Identifiler™ Plus, to improve the typing of degraded and
inhibited forensic samples (Ip et al., 2014). Subsequently released kits added more loci
and therefore had higher powers of discrimination were also more sensitive; examples
of widely used kits with 20 plus loci include Globalfiler™ (TFS) (Martin et al., 2014),
PowerPlex® Fusion 6C (PC) and Investigator® 24plex QS (Qiagen™) (Zgonjanin et al.,
2017).



An insertion- deletion polymorphisms (INDEL) kit has also become commercially
available; the Investigator DIPplex® kit (Qiagen™) is an assay for 30 bi-allelic INDEL

markers and amelogenin (LaRue et al., 2012).

In addition to the above robust autosomal STR kits, several Y-STR multiplexes available
and are routinely used in certain forensic casework analysis (Corach et al., 2001;
Hanson & Ballantyne, 2007). Lineage Y-chromosome markers in combination with
autosomal STRs can provide additional data to paternity disputes of male offspring,
and also to male identification cases involving human skeletal remains such as in mass
disaster victim and missing person identification where only distant relatives are
available (Kayser, 2017; Ambers et al., 2018). Y-STR profiles can also play an important
role when analysing mixtures samples female- male samples and help in the
identification of persons in sexual assault cases. For Y chromosome analysis the latest
kits include PowerPlex® Y23 (PC) (Oostdik et al., 2014) and YFiler™ Plus with 27 loci
(TFS) (Gopinath et al., 2016).

Typing forensic samples can be challenging, leading to incomplete profiles or no
profiles with the current STR commercial kits. Especially when dealing with old and/or
degraded DNA. Also, sometimes the analysis of STRs is limited in close relative kinship
testing and crime cases with no suspect. Looking to a complementary tool(s) to use

with STR typing may help in some contexts (Canturk et al., 2014).

Recent advances in next generation sequencing, also called massive parallel
sequencing (MPS), has started to be used in forensic genetics, with the aim of
providing more discriminating data from both routine and challenging samples. The
MPS approach offers the potential to enhance profiling by amplifying shorter
amplicons and providing greater sensitivity and higher success rates with degraded
material. New MPS platforms have been released and new ‘forensic ready’ SNP panels
and commercial kits have been developed for SNP sequencing, STR sequencing and

mitochondrial sequencing (Guo et al., 2016; lozzi et al., 2015).

1.3 Single nucleotide polymorphisms (SNPs)
SNPs are defined by single base differences at a specific position in the genome and

represent about 90% of human genetic variation. For such, a single base change to be



considered a SNP, the minor frequent allele should have a frequency of 21% (rarer
SNPs are characterized, but are of limited utility for forensic applications). SNPs are
abundant in human genome and exist at approximately 1 in every 1000 bp. SNPs in
coding and regulatory regions can affect the encoded protein and have been the focus
of medical, pharmaco-genetics and forensic phenotyping. SNPs that occur in the non-
coding region are typically selected for studies in population genetics, evolutionary
studies and forensic studies (Carracedo, 2005; Collins et al., 1998; Daniel & Walsh,
2006; Venter et al., 2001).

The simplest difference between two homologous DNA sequences is a base
substitution where one base is exchanged for another: transitions are more common
than transversions. Transition is when a pyrimidine base is exchanged for another
pyrimidine (for example, C for T), or a purine for another purine (for example, A for G),
When a pyrimidine is exchanged for a purine, or vice versa, this is a transversion

(Jobling et. al., 2013).

Within the category of SNPs an insertion or deletion (INDEL) of a single base is also a

possibility but the formation and analysis of these single nucleotide indels is different
from the transversions and transitions. An INDEL is defined as insertion or deletion of
bases in the genome, it is the result of either insertion or deletion of a DNA sequence

ranging from one nucleotide to hundreds of nucleotides (Butler, 2011).

SNPs are usually bi-allelic (or di-allelic); the nucleotide that is present is one of two
possibilities (Daniel & Walsh, 2006). Multiple-allele SNPs are potentially useful for
forensic DNA analysis as they can provide more discrimination power than normal
binary SNPs. Tri-allelic SNPs are much less frequent than their binary equivalents, while
tetra-allelic SNPs with all four A, C, G and T alleles at one nucleotide position will be
even more rare (Phillips et al., 2015). Tri-allelic SNPs are loci with three substitutions
recorded at the variant nucleotide position. The six genotypes in tri-allelic SNPs clearly
increase the overall level of polymorphism per marker compared to binary SNPs,
making tri-allelic variants compelling markers for forensic application, since a multiplex
of such SNPs. Moreover, they allow the analysis and interpretation of samples with
simple mixture by detection of the third alleles. The allele frequency of tri-allelic SNP

markers tends to show high levels of population stratification, making many tri-allelic


https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-determination

SNPs suitable for use as ancestry markers (Phillips, 2012; Phillips et al., 2020). Two
studies have identified tri-allelic SNPs for forensic casework purposes (Phillips et al.,
2004; Westen et al., 2009). The study of Phillips et al. (2015) identified 24 tetra-allelic
SNPs with good discrimination power in Europeans or Africans, although few loci were
informative for East Asians. In addition to being SNPS very useful tool in forensic fields,
SNPs also provide powerful tools for disease diagnosis and drug response studies. In
disease genetics studies utilising SNPs, the aim is to identify SNPs that cause changes in
cellular biological processes inducing diseased states ((reviewed by (Kim & Misra,
2007)) (Toma et al., 2018; Enoch et al., 2006; Araujo et al., 2016; Bhaskar et al., 2017,
Wen et al., 2016; Bandera et al., 2013).

1.3.1 SNP Resources and Databases

1.3.1.1 The Human Genome Project HGP

The Human Genome Project (HGP) was initiated in 1990 in the US with the goal of
determining the complete nucleotide sequence of the human genome, to identify and
map the thousands of human genes and more so to make these data accessible to all
researchers for further scientific study. It coordinated by the National Institutes of
Health (NIH) and the U.S. Department of Energy (DOE), and completed the first draft in
2001. Celera Genomics also participated to assemble the human genome. The
International Human Genome Sequencing Consortium used hierarchical shotgun
sequencing (HS) in contrast to Celera Genomics that adopted the whole-genome
shotgun approach. HS is based on the sequencing of overlapping bacterial artificial
chromosomes (BACs) with known locations in the human genome and provides a
guaranteed route for producing an accurate finished genome sequence, because the
sequence assembly is anchored to the genome. In WGS approach the genome was
fragmented into individual random reads, which was then stitched together to
produce a single contig for each chromosome.

In 2001, the International Human Genome Sequencing Consortium reported a draft
sequence of the euchromatic portion of the human genome. In 2003, HGP leaders
announced the Human Genome Project was completed, and then in October 2004 it

was published the near complete human genome sequence (Human Genome



Sequencing Consortium, 2004; Chial, 2008; Lander et al., 2001; Waterston et al., 2002;
Venter et al., 2001; Giani et al., 2020). Throughout, the HGP was instrumental in
facilitating and driving the development of high-throughput technologies for
sequencing DNA using the Sanger method, which is usually referred to as first-

generation sequencing (Hood & Rowen, 2013).

1.3.1.2 The SNP consortium (TSC)

The SNP consortium (TSC) was established in 1999 as a collaboration between major
pharmaceutical companies, the Wellcome Trust, and five leading academic and
genome sequencing centres (http://snp.cshl.org) with the mandate to produce a public
resource of SNPs with an initial target to discover 300,000 SNPs in two years. the TSC
project ended with several million human SNP markers mapped and characterized, in

samples from African, European and Asian populations (Thorisson & Stein, 2003).

1.3.1.3 HapMap Project

In 2002, the International HapMap Consortium developed the International HapMap
Project to build a haplotype map (“HapMap”) of the human genome. The aim was to
identify patterns of genetic variation and linkage disequilibrium (LD) in 269 individuals
from four populations with ancestry in Africa, Europe, and Asia (Belmont et al., 2003).
The project was conducted in three phases. Phase | released in 2005, with 1,007,329
SNPs identified. Phase Il released in 2007 with over 3.1 million SNPs genotyped from
the same individuals. In phase three the sample number increased to 1,184 from 11
global populations, released in 2010. The HapMap 3 data was released with 1.6 million
common SNPs genotyped using Affymetrix 6.0 and Illumina 1.0 Million SNP mass
arrays (Belmont et al., 2003; Belmont et al., 2005; Frazer et al., 2007; International

HapMap 3 Consortium, 2010).

1.3.1.4 HGDP-CEPH Diversity Panel Database

The HGDP-CEPH Human Genome Diversity Cell Line Panel database was designed to
receive and store polymorphic marker genotypes, copy number variant (CNVs) calls,
and Sanger DNA sequences which are generated by users of the DNA samples provided
by the HGDP-CEPH Diversity Panel. The data are publicly accessible via

http://www.cephb.fr/hgdp/. The panel was developed by a group of scientists at
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Stanford University that collaborated with the Centre for the Study of Human
Polymorphism (CEPH) at the Foundation Jean Dausset in, Paris. Its collection consists
of 1,064 lymphoblastoid cell lines (LCLs) from 52 populations around the world. LCLs
were collected for reasons of accuracy and renewability (Cavalli-Sforza, 2005). The
populations are from Africa, Europe, the Middle East, South and Central Asia, East Asia,
Oceania and America. The samples have been characterised at more than 650,000 SNP
loci using the lllumina BeadStation. The resource has been a useful resource for SNP
discovery and characterisation, and for determining global sequence variation at
various loci (Cann et al., 2002; Cavalli-Sforza, 2005; Fullerton & Lee, 2011; Li, J et al.,
2008; Rosenberg et al., 2002) even though political, ethical, legal and social
implications have impeded the project since its inception (Greely, 2001). Reference
population of HGDP-CEPH were also used in several studies such as ‘MAPlex’
(Multiplex for the Asia-Pacific) that aimed to improve differentiation of East Asian,
South Asian and Near Oceanian populations (Phillips et al., 2019) and Eurasiaplex
which is a SNP panel for differentiating European and South Asian ancestries (Phillips

et al.,, 2013).
1.3.1.5 The Single Nucleotide Polymorphism Database (dbSNP)

This is a public-domain archive for simple genetic polymorphisms. The National Center
for Biotechnology Information (NCBI) developed the Single Nucleotide Polymorphism
Database dbSNPS (https://www.ncbi.nlm.nih.gov/snp/) to supplement GenBank in
collaboration with the National Human Genome Research Institute (NHGRI). It includes

SNPs, INDELs, retro-transposable element insertions and STRs (microsatellites).

In 2008, there were approximately 12.8 million human reference SNPs

(https://www.ncbi.nlm.nih.gov/snp/). dbSNP is integrated with other public variation

databases, such as The SNP Consortium (TSC) where all SNPs listed in the SNP
consortium are listed to dbSNP (Smigielski et al., 2000).
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1.3.1.6 1000 Genomes Project

The 1000 genomes project was initiated in 2008 to establish a deep catalogue of
human genetic variation that could serve as a baseline for further research into the
relationship between genotype and phenotype and for identifying the genetic basis of

human disease (Zheng-Bradley & Flicek, 2017).

The main goal was to find and characterise most genetic variants that have frequencies

of at least 1% and identify the haplotypes and characterize their LD patterns.

The pilot phase evaluated different strategies for genome-wide sequencing with high
throughput platforms including Illumina, Roche 454 and SOLID from Life Technologies

through three projects and the samples from the extended HapMap project.

A trio project: whole-genome shotgun sequencing at high coverage (average 42x) of
two families (one Yoruba from Ibadan, Nigeria (YRI); one of European ancestry in Utah

(CEU)), each including two parents and one daughter.

Low-coverage project: whole-genome shotgun sequencing at low coverage (2—6x) of
59 unrelated African individuals (YRI), 60 unrelated European individuals (CEU) and 60
unrelated East Asian individuals 30 unrelated Han Chinese individuals in Beijing (CHB)

and 30 unrelated Japanese individuals in Tokyo (JPT).

Exon project: targeted high-coverage (average >50x) sequencing of 8140 exons from
906 randomly selected genes (total of 1.4 Mb), in 697 individuals from seven
populations of African (YRI, LWK), European (CEU, TSI), and East Asian (CHB, JPT, CHD)

ancestry (1000 Genomes Project Consortium, 2010).

After the pilot phase, Phase 1 of the project focused on low coverage (2-6x) whole
genome sequence data and exome sequence data (50-100x) for 1092 individuals from
14 populations from Europe, East Asia, sub-Saharan Africa and the Americas. Phase 1
identified 38 million single nucleotide polymorphisms, 1.4 million INDELs, and more
than 14,000 larger deletions (1000 Genomes Project Consortium, 2012). Phase 2
focussed on data production and technical development (Zheng-Bradley & Flicek,

2017).



In 2015 the final phase (Phase 3) of the 1000 Genomes was published and includes
data for 2,504 individuals from 26 populations in Africa (AFR), East Asia (EAS), Europe
(EUR), South Asia (SAS), and the Americas (AMR). Phase 3 discovered 88 million
variants (84.7 million SNPs, 3.6 million short INDELs, and 60,000 structural variants)

(1000 Genomes Project Consortium, 2015).

1.4 Typing and detection methods
1.4.1 SNP typing methods

Several methods of SNP typing assays have been emerged, based on different methods
of allelic discrimination with different detection platforms. SNPs assays are based on
the following mechanisms: allele specific hybridization, primer extension,

oligonucleotide ligation, and invasive cleavage. (Sobrino et al., 2005; Twyman, 2009).
1.4.1.1 Allele specific hybridization

Hybridization using allele specific oligonucleotide (ASO) probes is a relatively simple
method for discriminating between alleles: two ASO probes are needed, one specific
for each allele and with the polymorphism located in a central portion of the probe
sequence. When optimized only the perfectly matched probe-target hybrids are stable
and remain bound to the target sequence as shown in Figure 1.1. ASO probes with
reverse dot-blot formats were the first method employed to detect SNP

polymorphisms in a forensic context (Sobrino et al., 2005; Twyman, 2009).
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Figure 1.1 Diagram showing hybridization with allelic-specific oligonucleotides (ASO)
[Taken from (Sobrino et al., 2005)].

1.4.1.2 Primer Extension

1.4.1.2.1 Mini-sequencing

Single-base extension (SBE) technique is also known as mini-sequencing. This method
involves a primer that anneals to its target DNA immediately adjacent to the
polymorphic SNP. Extension with a DNA polymerase adds a single labelled nucleotide
to the probe (primer). SNaPshot is a commercial kit for single-base extension released
by Life Technologies (TFS) and incorporated fluorescently labelled probes followed by
capillary electrophoresis. Over the last decades the mini-sequencing has been the most
widely used SNP detection method in forensic laboratories, especially the SNaPshot,
largely because it utilised the same instrumentation as used in STRs analysis (Sobrino
et al., 2005), until the introduction of Massive Parallel Sequencing (MPS)-based
systems. Several panels have been developed in different forensic laboratories using
SNaPshot technology (Fondevila et al., 2013; Lao et al., 2010; Phillips et al., 2007a;
Sanchez et al., 2006).
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1.4.1.2.2 Pyrosequencing

Pyrosequencing is a sequencing-by-synthesis technology and is a real-time sequencing
process. During DNA sequencing when dNTPs are incorporated into a nascent DNA
strand, an inorganic pyrophosphate PPi is released, leading to an emission of a light
that is detected by CCD camera (Harrington et al., 2013; Sobrino et al., 2005). In 2005,
the first “massively parallel” ““next-generation sequencer’” based on the
pyrosequencing reaction was developed by Rothberg and colleagues: the Roche 454

sequencer (Harrington et al., 2013).

Invasive cleavage and allele specific oligonucleotide ligation are other methods, but
not particularly suitable for forensic applications because of the large amount of DNA

required for the analysis (Phillips et al., 2007b; Tobler et al., 2005; Tomas et al., 2008).

1.4.2 Detection methods
The product of each type of method can be analysed using different detection
methods such as fluorescence, luminescence, and mass measurement (Kwok, 2001;

Sobrino et al., 2005; Twyman, 2009) as shown in (Figure 1.2).

Reaction principle Assay format, Detection method Name (company)
separation step

- Genetic bit analysis
Ificeect coldfimietio SNPit, SNPstream,
(Orchid Biosciences)

Hybridization with Solid-phase
allele-specific probes [="y microtitre plate

\ 4
N

Primer oligo base
extension (PROBE),
MassEXTEND (Sequenom)

Multiplex minisequencing,
| SNaPshot (Applied
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microarrays: SNPcode
Oligonucleotide (Orchid Biosciences),
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Dynamic allele-specific
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(ThermoHybaid)
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transfer (Applied Biosystems)

Single nucleotide
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(Third Wave
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Template-directed dye
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Elmer Life Sciences)
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Pyrosequencing
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Figure 1.2. Flow diagram showing modular design of some of the assays for SNP
genotyping. Coloured arrows are used to show the reaction principles, assay format
and detection methods that make up a particular genotyping method [Taken from
(Syvanen, 2001)].
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Until recently, the only platform that was widely used in forensic genetics was the
SNaPshot system, as it used capillary electrophoresis systems. However, with the
advent of MPS and in particular the lllumina and Thermo Fisher platforms typing large

numbers of SNPs is now possible for a large number of forensic laboratories.

1.5 SNPs in forensic analysis

A panel discussion on SNPs and their application in forensic identity and relationship
testing was held at the International Society of Forensic Genetics (ISFG) in
Copenhagen, Denmark in 2007. Scientists presented their SNP panels, discussing the
benefits, limitations and requirements for SNP analysis in terms of both
implementation and interpretation (Budowle, B. & Van Daal, 2008; Butler et al., 2008;
Butler, 2011). The applications were classified into four general uses as shown in Table

1.1.
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Table 1.1. Data showing categories of SNP markers [Taken from (Butler 2011)].

Categories Characteristics Examples
Identity SNPs: SNPs that collectively give FSS 21plex (Dixon et al.,
Individual identification SNPs  very low probabilities of two 2005)
(IISNPs) individuals having the same SNPforID 52plex(Sanchez et
multi-locus genotype. al., 2006)
Kidd group SNPs(Pakstis et al.,
2010)
Lineage SNPs: Sets of tightly linked SNPs that mtDNA coding region SNPs
Lineage Informative SNPs function as multi-allelic (Coble et al., 2004)
(LISNPs) markers that can serve to
identify relatives with higher Japanese Y-SNPs (Mizuno et
probabilities than simple bi- al., 2010)
allelic SNPs. Haplotype blocks (Ge et al.,
2010)
Ancestry SNPs: SNPs that collectively give a SNPforlID 34-plex (Phillips et
Ancestry Informative SNPs high probability of an al., 2007a)
individual’s ancestry being
(AISNPs) from one part of the world or
being derived from two or 24 SNPs (Lao et al., 2010)
more areas of the world FSS YSNPs (Wetton et al.,
2005)
Phenotype SNPs: SNPs that provide a high Red Hair (Grimes et al.,
Phenotype Informative SNPs probability that the individual 2001)
(PISNPs) has particular phenotypes,
such as a particular skin “Golden” gene pigmentation
colour, hair colour, eye colour, (Lamason et al., 2005)
etc. IrisPlex eye colour (Walsh et
al., 2011a)

1.5.1 Identity SNPs

Forensic laboratories analyse most casework samples using the available commercial
STR kits, mini-STRs or in some cases both used. However, some cases/samples remain
challenging, and the use of additional markers may be useful in cases where DNA is
highly degraded and also in complex kinship cases. Samples can be typed with SNPs
which are small in length 50-150 bp. SNPs selected for identity should ideally have low
Fst values (i.e., low variation between populations) and high heterozygosity (Budowle

& Van Daal, 2008). Several efforts have been made to build SNP multiplex assays.
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1.5.1.1 SNPforID 52plex

In 2003, several members of the European forensic DNA typing community launched a
SNPforlD project for developing SNP loci for forensic DNA analysis. Two sets of SNPs,
identity and ancestry, in highly multiplexed assays using unlinked loci that were spread
throughout the human genome were developed. Population data were also gathered
to measure SNP allele frequencies in various groups (Butler, 2005; Butler, 2011). In
addition, a web-based browser was developed to support the assay and included a
world map which is clickable at any population selected. The SNPforlD studies were
carried out on populations from across Africa, America, Europe, East-Asia, Central-

South Asia, Middle East and Oceania (Amigo et al 2008).

The identity multiplex was a set of 52 SNPs amplified in a single tube PCR reaction
followed by two single-base extension (SBE) reactions and visualized with
electrophoresis (CE) system, 3 SNPs were later removed from the assay due to their
poor performance (Bgrsting et al., 2009a).The amplicon size ranged from 59 bp to 115
bp and showed full profiles from degraded samples which where gave partial STR

profiles (Sanchez et al., 2006; Bgrsting et al., 2009a).

1.5.1.2 Ken Kidd SNPs

For Individual identification Kidd et al. (2006) designed a preliminary panel of 19 SNPs
with high heterozygosity and low Fsr values and gives an average match probability of
<107 in most of the 40 populations studied; 432 SNPs were screened. An expanded
panel was subsequently developed with 92 SNPs for individual identification (Kidd et
al., 2006; Pakstis et al., 2007). The 92 IISNPs showed an average heterozygosity >0.4
with Fst values <0.06 based on the global 44 populations studied. This was later
reduced to a set of 86 SNPs of the 92 IISNPs, none of which showed significant linkage
disequilibrium (LD) in any of the 44 populations. The remaining 6 lISNPs show strong
LD in most of the 44 populations. From the 86 SNPs 45 showed no genetic linkage and
were proposed to be of value for the testing of close biological relationships. Match
probabilities in the 44 tested populations ranged between 103! and 10-° (Kidd et al.,
2012; Pakstis et al., 2010).
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1.5.2 Ancestry SNPs

Estimating the source origin of an unknown sample can potentially provide intelligence
when the routine identity STR/SNP genotypes do not match to an individual by
identifying the likely population of origin (Phillips et al., 2007a). Ancestry Informative
Markers (AIMs) have alleles with frequency differences between populations; ideally a
SNP would be fixed in one population and at a low frequency or absent in another
population. SNPs tend to be better at estimating biogeographical origins than STRs

because SNPs are more stable than STRs (Butler, 2011).
1.5.2.1 Early panels of ancestry informative markers (AIMs)

Several panel of ancestry informative markers (AIMs) were been developed for
estimating ancestry (Daniel & Walsh, 2006). In 2003 Shriver and co-workers listed a
panel of 34 AlMs based on the relationships of skin pigmentation to individual
ancestry. The study was undertaken in two populations with primarily African
ancestry, African Americans and African Caribbean. Significant correlations between
estimates of individual ancestry and skin pigmentation were observed.

An ancestry classifier was built by Frudakis and co-workers in 2003 with 211 SNPs that
were screened from panels of human pigmentation and xenobiotic metabolism genes.
A panel with 56 SNPs was identified with varying allele frequencies between groups of
unrelated donors of Asian, African and European descent. An algorithm incorporating
the 56 SNP was 99%, 98%, and 100% accurate for inferring individuals of European,

African, and Asian origin.

A further panel was published in 2008 that comprised 176 autosomal AlMs. the AIMs
were identified in two stages by screening publicly available databases: the first stage
identified 71 AIMs and the second identified another 105 AlMs. The panel was able to
differentiate individual biogeographical ancestry (I-BGA) and admixture proportion from
four continental ancestral population: European, West Africans, Indigenous Americans,
and East Asians (Halder et al., 2008) . Single-base primer extension was used in a tagged
fluorescent assay using the 25 K SNP stream ultra-high-throughput genotyping system
(Beckman Coulter, Fullerton, CA) (Halder et al., 2008). The panel led to a commercially
available multiplex for biogeographical ancestry known as "DNAWitness" by a company

DNAPrint (DNAPrint, Inc., Sarasota, FL).
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1.5.2.2 SNPforID 34-plex

A single tube assay was developed with 34 SNPs for forensic ancestry tests and based
on the most informative AIMs that showed highly contrasting allele frequency
distributions between the three major population-groups (Phillips et al., 2007a).
Training sets for the classifications were created for each population from collecting
two population samples from sub-Saharan Africans, Europeans, and East Asians. To
test the classification performance the CEPH human genome diversity cell line panel
(CHPH-HGDP and achieved consistently high classification probabilities, even when a
reduced subset of SNPs was used). A single SNP rs727811 was later replaced with the
highly informative rs3827760 that shows a near-fixed East Asian specific allele and also
some adjustments were done on amplification and CE chemistry. The revised SNP set
was examined using Standard Reference Material (SRM) 2391c and were typed along
with the standard forensic positive control DNAs: AB/Promega 9947a; Qiagen XY5,
and; Promega 2800M and 66 reference populations from the 1000 Genomes Project
and the CEPH panel (Fondevila et al., 2013). The 34-plex was found to be useful to
analyse highly degraded samples and routine forensic casework samples (Phillips et al.,

2012).
1.5.2.3 Ancestry-Sensitive Markers ASMs

A panel comprising with 47 SNPs was developed by (Kersbergen et al., 2009) and
served as a panel of ASMs at a continental level. In a study by Kersbergen and co-
workers they preferred to use the term ancestry-sensitive markers (ASMs) because, in
their opinion, ancestry sensitivity better reflects the uncertainties related to such
marker, whereas ancestry informativity implies that they clearly reveal ancestry. They
analysed 74 worldwide Y Chromosomal Consortium (YCC) samples from six
geographical regions with the Affymetrix Mapping 10K assay. STRUCTURE software
was used to detect genetically distinct subgroups. Later, in order to identify a single
best performing set of ASMs they used a pairwise Fsr ranking procedure among all

pairs of genetic subgroups.
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1.5.2.4 Lao panels

Lao et al., (2006) showed a set of reduced 10 SNPs was able for detecting continental
population structure. An algorithm was to identify a set of markers that maximized the
genetic differentiation between populations and minimized the number of markers
needed. Analysis of the 10 SNPs set on samples from the CEPH Human Genome
Diversity Panel (HGDP-CEPH) was able to assign the genetic ancestry of individuals
from all four continents represented in the original data set (Lao et al., 2006). Lao et
al.,, (2010) also developed a panel of 24 SNPs that were genotyped by two 12-plex

SNaPshot multiplex reactions.
1.5.2.5 Seldin group 128-AlMs

Kosoy et al. (2009) validated and developed a panel of SNPs that comprised 128 AlMs
for estimating continental ancestry. They analysed 825 individuals from 20 designated
populations; TagMan assays were used to type the alleles. They found that with 128
AlMs and subsets as small as 24 AIMs to be useful to confirm the origin of subjects
from particular continents, and to correct for population stratification in admixed

population sample sets (Kosoy et al., 2009).
1.5.2.6 41-SNP panel

Nievergelt et al., (2013) developed a 41-AIM AISNP panel for multiplex genotyping for
the ABI SNPlex genotyping system and also a subset with 31 AlMs for analysis using the
Sequenome iPLEX system. The panel was found to be highly informative for estimating
ancestry with samples from Africa, the Middle East, Europe, Central/South Asia, East
Asia, the Americas and Oceania. They validated the 41-panel with a large reference
data with 4018 unrelated subjects from 120 global populations (Nievergelt et al.,
2013).

1.5.2.7 Kidd Laboratory 55 AlMs

Kidd et al., (2014) developed and published a panel of reduced highly informative SNPs
that showed seven to eight biogeographic regions could be distinguished. To develop
the panel, they analysed 3884 individuals from 73 populations using TagMan assays
(Kidd et al., 2014).
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1.5.3 Lineage SNPs

SNPs locate on mtDNA and Y-Chromosome play useful role in forensic DNA testing
particularly in providing individual's lineage due lack of recombination and a low
mutation rate. These markers can be informative for evolutionary and Kinship studies

(Budowle & Van Daal, 2008).

The Y chromosome represents only 2% of the human genome with an overall size of
approximately 60 Mb. The majority of the Y chromosome comprises the largest non-
recombining block of DNA (NRY) 95% (Hammer & Zegura, 2002; Quintana-Murci et al.,
2001). Single nucleotide polymorphism (SNP) and STR haplotypes on the NRY provide
powerful tools for inferring the histories of populations (Mountain et al., 2002).The
simplicity of the SNP markers that they are likely to have two allelic and also their
much lower mutation rates (about 2 x8) geographic ancestry signatures are retained
for longer. Y-SNP s are informative for paternal bio-geographic ancestry inference,

population evolution and migration patterns (Jobling, 2001; Muro et al., 2011).

1.5.3.1 Y-haplogroup and YCC tree

Y-haplogroups can infer population membership of a male lineage that may contribute
to forensic casework analysis (Lessig et al., 2005; Muro et al., 2011). The term
haplogroup indicates the combination of alleles at multiple SNPs, while the
combination of alleles at multiple Y-STRs on a single Y chromosome defines a Y-STR
haplotype (Hammer & Redd, 2006; Y Chromosome Consortium, 2002).

The Y chromosome Consortium (YCC) was an international group of scientists lead by
Michael Hammer from the University of Arizona (Butler, 2011). In 2002 the YCC
constructed a highly resolved tree of NRY binary haplo-groups by genotyping most
published PCR-based markers on a common set of samples. Based on the tree it
created a new nomenclature system that was flexible enough to allow later
modifications (Y Chromosome Consortium, 2002). In 2002, the YCC published
phylogenetic tree of 153 different haplo-groups as 18 major clades based on almost
250 markers genotyped. In 2003 the haplo-group tree was slightly modified and
updated (Jobling & Tyler-Smith, 2003), and then in 2008 was revised and expanded to

311 haplo-groups with 2 new major clades (S and T), combining approximately 600
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binary markers (see Figure 1.2 ; (Karafet et al., 2008; Y Chromosome Consortium,
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