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Abstract  

Conventional DNA profiling of Short Tandem Repeats (STR) provides little evidentiary 

value in the absence of reference profiles or in the case of a non-match. Recently, the 

forensic DNA intelligence field has flourished to provide investigators with valuable 

information from DNA samples that can narrow the collection of potential matches by 

identifying previously unknown reference individuals. Intelligence data of special 

interest includes the biogeographical ancestry (BGA) and external visible characteristics 

(EVC) such as the eye, hair and skin colour of unknown DNA samples donors. 

Innovative technological advances like next-generation sequencing and microarrays 

have been crucial to the establishment of population diversity repositories comprising 

millions of DNA markers, the most abundant of which include single nucleotide 

polymorphisms (SNPs). Large-scale SNP studies of global populations have enabled 

reconstructions of mitochondrial (mtDNA) and non-recombining Y-chromosome 

(NRY) phylogenies, providing highly comprehensive population specific patterns of 

maternal and paternal genetic variation. Similarly, numerous patterns of autosomal 

genetic variation have been identified between different populations. These studies have 

culminated in panels of markers capable of resolving ancestry at the continental level. 

The identification of autosomal SNPs associated with human pigmentation variation has 

also resulted in the discovery of specific SNPs capable of predicting EVCs. Several 

DNA intelligence and phenotyping assays for the inference of BGA and for the 

prediction of eye, hair and skin colour have subsequently been developed. However, 

most of these intelligence tools have primarily focused on the analysis of one class of 

SNPs, hence limiting the amount of ancestry intelligence that could be obtained. The 

scarcity and often environmentally compromised nature of forensic biological evidence 

means that performing numerous individual intelligence tests is not optimal and a 

consolidated DNA intelligence diagnostic test is very much needed.  

This study aimed to develop a SNP genotyping system that combined autosomal, NRY 

and mtDNA markers for comprehensive predictions of BGA and EVCs. Candidate 

SNPs were selected through literature and database searches to identify loci exhibiting 

skewed allele frequency differences between Sub-Saharan African, North African, 

Middle Eastern, European, South and East Asian populations. A hierarchical 
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arrangement comprising five separate multiplexes was implemented, in which SNP 

typing was performed by single-base extension assays. The haploid mtDNA and NRY 

SNPs were grouped into Multiplex 1 to 4, with SNPs defining maternal and paternal 

lineages (haplogroups) affiliated with the same geographic region grouped in the same 

reaction. The markers defining basal haplogroups were included in Multiplex 1, which 

is then used to identify the subsequent multiplex(es) required to achieve further 

haplogroup resolution and to minimise the number of tests required. The autosomal 

SNPs are typed separately in Multiplex 5.  

A performance evaluation of the 5-multiplex SNP assay was undertaken on 146 

individuals originating from the six major population groups of interest. Population 

genetic analyses of the mtDNA and NRY haplotypes and autosomal genotypes revealed 

that a greater degree of population differentiation was achieved with the selected NRY 

and autosomal SNPs than with the mtDNA SNPs. Moreover, the results indicated that 

the assay primarily allowed for the differentiation of continental ancestry, with 

populations in close proximity within continents, such as Europe, the Middle East and 

South Asia, often difficult to distinguish. However, the observed correlation between 

the declared and inferred geographic regions of maternal and paternal origin was high; 

73-100% for maternal and 79-100% for paternal regional BGA. The bi-parental BGA 

predictions ranged from 85 to 95%, provided Middle Easterners and Europeans were 

grouped into a single Western Eurasian population. In 99% of cases, two of the three 

SNP classes correctly predicted the same ancestry from one of the five broad 

geographical regions (Sub-Saharan Africa, North Africa, Western Eurasia, South Asia 

and East Asia). High prediction accuracies were also observed for the inference of 

EVCs including hair (86-88%) and eye colour (81-95%). The DNA intelligence assay 

also demonstrated advanced performance with low starting amounts of genomic DNA, 

with full profiles observed for up to 100pg of template and for the analysis of routine 

casework biological samples. Consequently, this study presented the successful 

development of a novel, consolidated DNA intelligence tool that has displayed high 

performance for the inference of regional (continental) BGA and EVC in preliminary 

tests. Further validations of the assay are required; however the developed 5-multiplex 

SNP assay remains a valuable DNA intelligence diagnostic tool for the forensic science 

community. 
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 Chapter 1. Introduction 

1.1 Preface 

Innovative technological advances in molecular biology have revolutionised the 

investigation of human genetic and biological variation and their potential relationship 

with individual ancestry. The correlation between genetics and ancestry has long been 

debated (Foster and Sharp, 2002, Burchard et al., 2003, Royal and Dunston, 2004). 

However, the Human Genome Project has pioneered the study of the interrelationship 

between genetic variation, phenotype and biological function (Hood and Rowen, 2013). 

Human genetic variation is affected by the combined action of molecular factors such as 

mutation, recombination and random assortment, and population factors including 

inbreeding, selection, genetic drift and migration (Hedrick, 2011a). Single nucleotide 

polymorphisms (SNPs) are abundant markers of human genetic variation that occur in 

nuclear DNA approximately every 1900bp (Sachidanandam et al., 2001) and comprise 

single base pair positions in DNA for which typically two sequence alternatives (alleles) 

exist between different individuals [For review see Brookes (1999)]. The collaborative 

efforts of the SNP Consortium (Sachidanandam et al., 2001) and the Human Genome 

Project (International Human Genome Sequencing Consortium, 2001), as well as 

ongoing research, have currently identified over 60 million human SNPs, 44 million of 

which have been validated and are available in the National Center for Biotechnology 

Information (NCBI) public SNP database (dbSNP) [NCBI (2013), dbSNP build 138]. 

Similar large-scale genomic resources such as the HapMap (The International HapMap 

Consortium, 2010), Centre d’Etude du Polymorphisme Humain (CEPH) (Cann et al., 

2002) and 1000 Genomes (Abecasis et al., 2010) databases are not only catalogues of 

human variability but also provide population information for the samples studied, thus 

facilitating the investigation of interpopulation differences in human genetic variation.  

Nuclear DNA (nDNA) SNPs exhibit relatively low mutation rates of 2.5×10-8

nucleotides per generation compared to other DNA polymorphisms such as Short 

Tandem Repeats (STR) for which estimates range from 0.85-1.93×10-3 depending on the 

length of the repeat motif (Zhivotovsky, 2001). This makes SNPs relatively stable and 

confers a reduced rate of recurrent mutation, such that SNPs have been used as novel 
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markers in population genetic analyses for studies of human evolution [For review see 

Cavalli-Sforza and Marcus (2003) and Morin et al. (2004)]. Population studies have 

revealed widely accepted patterns of genetic variation across major population groups 

and numerous genetic polymorphisms capable of identifying and distinguishing 

different global populations have been uncovered (Torroni et al., 1996, Hammer et al., 

2001, Underhill et al., 2001, Rosenberg et al., 2002, Tanaka et al., 2004, Jakobsson et 

al., 2008, Lao et al., 2008, Li et al., 2008). Such polymorphisms, termed ancestry 

informative markers (AIMs), have demonstrated the ability to infer ancestry affiliations 

in diverse and admixed populations (Shriver et al., 2003, Collins-Schramm et al., 2004, 

Kim et al., 2005, Yang et al., 2005, Baye et al., 2009, Kersbergen et al., 2009, Kosoy et 

al., 2009, Nassir et al., 2009, Kidd et al., 2011, Pereira et al., 2012). 

Nuclear SNPs have also been invaluable as genetic markers in association studies, 

assisting in the identification of causative genes for complex diseases such as diabetes 

(Willer et al., 2007, Zhong et al., 2010) and cancer (Zhu et al., 2001, Easton et al., 

2007, Tomlinson et al., 2007). Coding region SNPs have been associated with 

numerous inherited monogenic disorders (Kerem et al., 1989, Thyagarajan et al., 2008) 

whilst regulatory region SNPs have been linked with common diseases (Davignon et al., 

1988). This causative association of specific SNPs with inherited disease or disease 

susceptibility has resulted in their application as diagnostic markers in medicine 

(Nishizuka et al., 2003, Darabi et al., 2012) [also reviewed by Schaaf et al. (2011)]. 

Furthermore, the association between ancestry and disease susceptibility has now been 

firmly established. The population frequencies of SNPs associated with susceptibility to 

inherited disorders such as sickle cell anaemia (Neel, 1953, Penaloza and Salamanca-

Gomez, 1996) and cystic fibrosis  (Kalman et al., 1994, Bobadilla et al., 2002) have 

been reported and have demonstrated significant links to particular ethnic groups. 

1.2 Tracing the origins and phylogeny of modern humans using 

haploid markers 

Prior to the development of major genotyping techniques, which facilitated the analysis 

of DNA sequence variation, archaeological fossil evidence provided the only source of 

information regarding the possible origins of Homo sapiens. Archaeological and 
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anthropological findings have generally shown support for the origin of modern humans 

in East Africa between 150 000 and 200 000 years ago and their initial spread to the rest 

of the continent, before expanding throughout the Old World approximately 50-60 000 

years ago (Stringer, 2002, White et al., 2003, McDougall et al., 2005). The discovery of 

new molecular techniques in the early 1980’s initiated the study of DNA variation 

(Brown, 1980, Johnson et al., 1983) prompting interest in using genetic data to estimate 

the time for the emergence of modern humans from Africa, also commonly referred to 

as TMRCA (Time of the Most Recent Common Ancestor). Early studies investigating 

autosomal restriction length polymorphisms (RFLPs) were in accordance with previous 

archaeological estimates (Bowcock et al., 1991, Mountain and Cavalli-Sforza, 1994) 

however the utility of haploid markers soon became apparent and the discovery of SNPs 

located in mitochondrial DNA (mtDNA) and the ‘non-recombining region of the Y 

chromosome’ (NRY) have since significantly advanced the reconstruction of human 

population history [reviewed in (Underhill and Kivisild, 2007)]. 

1.2.1 MtDNA and Y chromosomal variation: 

Unlike autosomes, mtDNA and the Y-chromosome are haploid and demonstrate 

uniparental inheritance, maternal in the case of mtDNA and paternal in the case of the 

Y-chromosome (Figure 1.1) The Y-chromosome, depicted in Figure 1.2, expresses 

relatively few genes and contains two pseudoautosomal regions (PARs) comprising 

approximately 5% of the sequence which are situated at each end of the chromosome 

(Rappold, 1993).  The PARS have been shown to undergo recombination with similar 

PARS on the X-chromosome (Henke et al., 1993, Lien et al., 2000) [also reviewed in 

Flaquer et al. (2008)]. The remainder of the Y-chromosome which does not recombine 

is referred to as the ‘non-recombining region of the Y-chromosome’ (NRY) and 

consists of highly repetitive sequences which are transposon rich (Skaletsky et al., 

2003). However, Skaletsky et al. (2003) also proposed that gene conversion (non-

reciprocal recombination) between the palindrome arms was a frequent occurrence in 

both the human and chimpanzee lineages when sequencing Y-linked orthologues of 

human NRY palindromes. Despite these findings, no other evidence of recombination 

has since been put forward and an established route for human NRY recombination is 

yet to be proposed.  
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Figure 1.1: Model of autosomal, Y-chromosomal and mitochondrial DNA 
inheritance. 
The large pair of chromosomes depicts autosomal sequences that undergo 
recombination and random assortment at each generation. In contrast, the non-
recombining Y-chromosome sequences (small chromosome) and mitochondrial DNA 
sequences (small circle) are inherited relatively unchanged along the paternal and 
maternal lineages, respectively. Thus, an individual’s autosomal DNA sequences may 
be traced back to multiple ancestors whilst the Y-chromosome (excluding the 
pseudoautosomal regions) and mitochondrial DNA sequences have descended from a 
single ancestor.  
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Figure 1.2: Schematic of the human Y chromosome, depicting major regions and 
active genes. 
Shown on the far right, are the pseudoautosomal region 1 (PAR1), pseudoautosomal 
region 2 (PAR2) and non-recombining region (NRY). The location of genes is specified 
on the schematic with genes in red identifying housekeeping genes, genes in black 
denoting those only expressed in the testes whilst the green genes are neither widely 
expressed or testes specific.  
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Similar to the NRY, mtDNA, which is a small 16,569 base pair closed circular molecule 

abundant in cells (Figure 1.3) is considered to not undergo recombination (Moraes et 

al., 2002). Reports of rare transmission of paternal mtDNA in mammalian cells have led 

to speculations of the possibility of limited recombination (Thyagarajan et al., 1996). 

Mutational events characteristic of self-mtDNA recombination in the form of low 

frequency rearrangements of somatic mtDNA (replication intermediates) have been 

reported in human heart muscle (Kajander et al., 2001). However paternal mtDNA 

inheritance has not been observed in humans either in pedigree studies (Jazin et al., 

1998, Sigurdardottir et al., 2000) or cases of in vitro fertilization (Houshmand et al., 

1997, Torroni et al., 1998, Marchington et al., 2002). As such, it is still currently widely 

accepted that mtDNA and NRY are strictly uniparentally inherited without 

recombination.  

The uniparental inheritance of mtDNA and NRY implies that all individuals have 

descended from a single ancestral mtDNA and Y type, with genetic variation arising 

from the sequential accumulation of polymorphisms, predominantly in the form of 

SNPs scattered throughout the mitochondrial and NRY genome and which remain 

linked within diverging maternal and paternal lineages [reviewed in (Underhill and 

Kivisild, 2007)]. This genetic drift or change in allele frequencies within a population 

over time eventually culminates in the sorting of SNPs among different populations. 

Inbreeding between individuals within the same population, restricts the shuffling of 

SNPs among population groups inhabiting different geographical areas. Notably, as 

humans dispersed, independent lineages known as haplotypes emerged. Each haplotype 

is defined by a specific motif of accumulated SNP alleles which have become fixed in 

these diverging populations because they are inherited as a ‘block’ through the 

generations, directly from mother to child for mtDNA and directly from father to son 

for NRY (Underhill and Kivisild, 2007). Consequently, haplotypes are commonly 

restricted to specific populations, with each population demonstrating a unique 

combination of haplotypes (Torroni and Wallace, 1994, Hammer et al., 1997). 
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Figure 1.3: Schematic of the human mitochondrial DNA genome, showing major 
regions and active genes 
Shown above, is an enlarged segment of the control region (D-loop) (light blue region), 
depicting hypervariable region 1 (HV1) and hypervariable region 2 (HV2).  The 
location of genes is shown on the genome map with the orange regions specifying 
ribosomal RNA (rRNA) genes, green regions indicate NADH dehydrogenase (ND) 
genes, pink regions are those containing cytochrome C oxidase (CO) genes, dark blue 
regions represent ATP synthase (ATPase) genes, yellow regions are transfer RNA genes 
and the black region specifies ubiquinol: cytochrome oxidoreductase genes. The origins 
of heavy (OH) and light (OL) strand replication are also shown. 
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The extent of mtDNA and NRY diversity in different populations is also affected by 

migration which results in admixture and increases diversity, as admixed populations 

contain both ancestral alleles and those of new arrivals [reviewed in Wilkins (2006)]. 

Throughout history, migration events stemming from warfare, colonisation or trade 

generally involved men who admixed with native populations, resulting in the 

introgression of NRY instead of mtDNA from these male immigrants into the native 

population (Wilkins, 2006). Numerous studies of Native American populations have 

shown elevated frequencies of European NRY haplotypes but not mtDNA haplotypes 

suggesting predominant male contact in these regions (Carvajal-Carmona et al., 2000, 

Mesa et al., 2000, Carvajal-Carmona et al., 2003).  

The non-recombinant haploid characteristic of mtDNA and the NRY has been useful in 

evaluating contemporary population diversity and global migration patterns, where the 

mtDNA reflects the demographic history of females and the NRY reflects the 

demographic history of males. However, mtDNA haplotypes have been viewed as less 

informative indicators of geographic origin compared to the NRY haplotypes, which 

has been attributed to the nearly eight times greater migration rate for females than 

males (Seielstad et al., 1998). The higher female migration rate has been associated 

with the widespread practice of patrilocality throughout history, where it is more 

common for women to leave their birth place and relocate to the homeland of their 

husbands than the opposite, resulting in more geographically structured Y-

chromosomes compared to mtDNA (Seielstad et al., 1998). 

Interestingly, a study investigating global patterns of Y-chromosome and mtDNA 

variation for 389 individuals representing ten geographically sparse global populations, 

revealed that genetic diversity at the global and continental scale were not shaped by an 

elevated migration rate of females (Wilder et al., 2004a). Patrilocality has been shown 

to have more significant effects at the local/regional scale, with higher Y chromosome 

differentiation observed between patrilocal Northern Thailand Hill tribes, whilst the 

opposite was observed in matrilocal groups (Besaggio et al., 2007). Similarly, patrilocal 

Bedouin tribes of the Sinai Peninsula and populations of the Caucasus, Russia, Kurds 

and Kalmyks also demonstrated parallel genetic patterns consistent with patrilocality 

(Salem et al., 1996, Malyarchuk et al., 2004, Nasidze et al., 2004, Nasidze et al., 2005a, 

Nasidze et al., 2005b). It has been suggested that genetic patterns observed within local 
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regions mainly reveal recent historical events whilst in contrast the genetic patterns of 

broader geographic areas are more reflective of ancient demographic histories 

coinciding with pre-agricultural human societies (Wilkins and Marlowe, 2006). As 

such, the effect of female migration due to patrilocality and relocation to the marital 

residence associated with the advent of sedentary agricultural practices would be more 

readily observed between regional populations rather than more geographically isolated 

populations. This has been proposed by Wilkins and Marlowe (2006) to be the likely 

reason for the lack of concordance between the Seielstad et al. (1998) study whose 

dense, global sampling scheme showed evidence of higher female migration rate whilst 

the more geographically sparse sampling of the Wilder et al. (2004a) study did not.  

Social and cultural practices have also had major effects on mitochondrial and Y 

chromosomal diversity. Using a population genetic statistic measuring heterozygosity, it 

was demonstrated that some Central African populations have low Y-chromosome 

diversity caused by a reduction in the number of Y chromosomes in the population 

contributing genes to the next generation (Hammer et al., 1997). It was suggested that 

this reduction is caused by the high rate of polygamy observed in Central African 

populations (Lucotte et al., 1994), with similar polygamy-associated reduction in Y 

chromosome diversity also identified in the patrilocal Bedouin tribes of the northern 

Sinai peninsula (Salem et al., 1996). Other gender specific activities such as war or 

hunting, as well as demographic differences between the sexes, including the higher 

mortality rate for males were proposed by Hammer and Zegura (1996) to also cause 

reductions in the Y-chromosome population. Nonetheless, differences between maternal 

and paternal lineages may provide the answer to understanding the origin of modern 

humans and the migration events that have left the specific genetic patterns, which 

characterise our modern global populations, particularly if cultural practices and local 

history are taken into account. 

1.2.2 Uncovering the origin of modern humans using mtDNA and NRY SNPs 

An initial population study analysing DNA sequence variation in human mtDNA by 

targeting RFLPs provided evidence for the correlation between mtDNA variation and 

geographical ancestry by demonstrating that RFLP patterns were shared across different 

racial groups (Brown, 1980). Two further RFLP studies, which explored mtDNA 
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variation in individuals representing a variety of geographical regions, identified 

significant mtDNA variation between major ethnic groups with the greatest variation 

occurring in Africa (Johnson et al., 1983, Merriweather et al., 1991).  However, all 

mtDNA haplotypes were related under a single phylogenetic tree, with closely related 

mtDNA haplotypes forming clusters according to geographic origin (Johnson et al., 

1983, Merriweather et al., 1991). This confirmed Brown’s (1980) initial findings 

regarding the association of mtDNA variation with geographical origin and the African 

origin of humans, which culminated in the currently accepted ‘Out of Africa’ model 

(Cann et al., 1987). 

The utility of NRY SNPs in the investigation of human genetic variation became 

apparent much later. MtDNA is a small and abundant molecule and the genome can be 

entirely analysed at the molecular level relatively easily (Lansman et al., 1981). 

However due to the much larger size of the Y chromosome the discovery of sequence 

polymorphisms such as RFLPS and SNPs was more difficult and it was not until the 

construction of Y-chromosome DNA libraries in the late 1980’s that tools for the study 

of Y-DNA polymorphisms emerged. Numerous human Y specific DNA probes were 

isolated and used to identify the first NRY RFLPs and SNPs (Casanova, 1985, Lucotte 

and Ngo, 1985, Ngo et al., 1986). This encouraged Y- chromosome applications in 

human evolution studies, although these earlier studies were aimed primarily at testing 

or complimenting inferences made using mtDNA and autosomal markers [For a review 

of early studies see Hammer and Zegura (1996)] 

In 1995, Hammer conducted the first investigation of human NRY haplotype diversity 

across 16 global geographical regions (Hammer, 1995). A 2.6kb fragment referred to as 

the ‘YAP’ region that encompasses a 300bp Alu insertion was sequenced. This Alu 

element belongs to a family of short repeat sequences which contain the recognition site 

for the restriction enzyme AluI and which are polymorphic in diverse human genomes.

The study uncovered three SNPs and a variable length poly(A) tail associated with the 

YAP element, which resulted in the identification of five YAP haplotypes (Hammer, 

1995). These haplotypes showed the greatest frequency in African populations and were 

consistent with earlier mtDNA and autosomal propositions regarding the origin of 

humans in Africa, followed by dispersal to Europe and Asia. A subsequent study by 

Hammer et al. (1997) investigating these 5 aforementioned YAP haplotypes, along with 
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the DYS271 A-G transition (Seielstad et al., 1994) and the DYS19 microsatellite 

(Roewer et al., 1992) in 60 different global populations found similar results in support 

of the ‘Out of Africa’ model.  

Other models of human origin have been proposed, including the multiregional 

continuity model which advocates that contemporary human populations originated on 

separate continents before evolving and diverging through a network of worldwide 

genetic exchanges into modern humans (Wolpoff et al., 1984). However, there is 

currently little evidence to support such theories. In contrast, anthropological evidence 

(Stringer, 2002) compliments accumulated genetic data (Brown, 1980, Cann et al., 

1987, Seielstad et al., 1994, Hammer, 1995) in support of the ‘Out of Africa’ model. 

Nonetheless, the successful extraction and sequencing of Neanderthal DNA has 

challenged our understanding of human origins. Neanderthals are a group of extinct 

Hominids believed to have coexisted with modern humans in Europe and parts of 

western Asia (Hublin, 2009). Early studies comparing Neanderthal and modern human 

DNA found no evidence of inbreeding (Krings et al., 1997), however recent genetic 

studies have showed that a small percentage of Europeans, Central Asians and Siberians 

carry Neanderthal DNA whilst Africans do not, strongly suggesting the likelihood that 

inbreeding occurred between Neanderthals and non-African modern humans. (Krause et 

al., 2007, Wall et al., 2009, Green et al., 2010, Sankararaman et al., 2012, Wall et al., 

2013, Vernot and Akey, 2014). These novel findings indicate the strong possibility that 

a mixture of both the ‘Out of Africa’ and multiregional continuity model were plausible, 

where the majority of Modern Humans originated in parallel to Neanderthals and 

dispersed out of Africa but were subjected to complex interactions and inbreeding post-

dispersal. 

Current evidence for the origin of humans in Sub-Saharan Africa approximately 

100,000 to 200,000 thousand years ago and subsequent dispersal throughout the World 

was recently reviewed by Beyin (Beyin, 2011). Several TMRCA estimates have been 

proposed using mtDNA and NRY data; however a specific estimate for the exact time 

since the emergence of modern humans remains to be identified. Interestingly, NRY 

estimates are more recent than mtDNA derived estimates and range from 46 to 91 

thousand years ago (Pritchard et al., 1999) to 60 to 130 thousand years ago (Tang et al., 

2002). In comparison, mtDNA estimates suggest a more ancient origin with estimates 
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ranging from 171±50 thousand years ago to 200-281 thousand years ago (Ingman et al., 

2000, Tang et al., 2002). The twofold difference between mtDNA and NRY TMRCAs 

was proposed to have resulted from the reduced effective population size of males 

which arises from contrasting demographic factors between the sexes, including the 

common practice of patrilocal marriage, an increased rate of male mortality and the 

greater variability in reproductive success for males than females (Wilder et al., 2004b).  

Since the first formulation of the ‘Out of Africa’ model by Cann et al. (1987), much of 

the model has been elucidated using complementary studies of mtDNA and Y-

chromosome diversity. The current model suggests that modern humans expanded 

throughout the African continent and dispersed out of East Africa into Eurasia about 

100-150 thousand years ago (Beyin, 2011) (Figure 1.4). Two major dispersal routes 

have been proposed for the Africa-Eurasia migration which have been reviewed in 

Beyin (2011). The first supports an upward continental route through the Levantine 

corridor and the Near East, followed by dispersal into eastern and western Eurasia (Bar-

Yosef and Belfer-Cohen, 2001, Maca-Meyer et al., 2001, Derricourt, 2005, Olivieri et 

al., 2006, Badro et al., 2013), and the second, supports the dispersal of humans out of 

the Horn of Africa following a coastal route through to South Asia into eastern Eurasia 

and Oceania (Lahr and Foley, 1994, Macaulay et al., 2005, Petraglia et al., 2010, 

Armitage et al., 2011, Mellars et al., 2013). However, it appears likely that both routes 

were used concurrently (Luis et al., 2004, Rowold et al., 2007), although it has also 

been suggested that the Levantine corridor may have been the preferred route over the 

Horn of Africa (Rowold et al., 2007). Dispersal then continued into northern Eurasia 

and east across the Americas (Torroni et al., 1993, Bailliet et al., 1994, Bianchi et al., 

1998, Hammer et al., 1998, Bergen et al., 1999, Richards et al., 2000, Pakendorf et al., 

2006), followed by recent back migration of Eurasians from Europe and the Near East 

into North Africa (Hammer et al., 1997, Richards et al., 2000, Oliveri et al., 2006). 

Polynesia was the last part of Oceania to be colonised about 2000-3000 years ago 

(Kayser et al., 2006).  
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Figure 1.4: The migration of modern humans 
The schematic depicts the ‘Out of Africa ‘origin of modern humans between 150,000 to 
100,000 years ago followed by radiation from East Africa throughout the African 
continent. Dispersal and expansion occurred from the same region via a northern (A) 
and a southern (B) route between 60,000 to 40,000 years ago. Oceania, Europe and 
America were settled from Asia in this order. Image adapted from Cavalli-Sforza and 
Marcus (2003). 

1.2.3 Reconstructing human mitochondrial and NRY phylogeny 

In the 1990’s, large-scale studies mtDNA of ethnically diverse subjects were carried 

out. These involved either RFLP survey of the complete mtDNA molecule, mainly 

targeting the coding region, or sequencing the HV1 control segment [reviewed in 

Torroni et al. (2006)]. The elevated mutation rate of the control region (3 10-3

nucleotides/generation) (Sigurdardottir et al., 2000) has been associated with relatively 

high levels of recurrent mutations that arise in different populations at the same site to 

create parallel haplotypes, resulting in a phenomenon known as homoplasy  (Non et al., 

2007, Salas et al., 2007). Contrastingly, the mtDNA coding region demonstrates a 

reduced frequency of homoplasies due to its much lower constant mutation rate of 2

10-5 nucleotides/generation (Sigurdardottir et al., 2000, Silva et al., 2002). The 

abundance of HV1 homoplasies led to suggestions that using HV1 polymorphisms 

alone cannot adequately distinguish the basal structure of the mtDNA phylogenetic tree 

(Stewart, 1993, Finnila et al., 2001). However, studies coupling high resolution RFLP 
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with HV1 sequencing produced good estimates of mtDNA phylogeny (Richards and 

Macaulay, 2001, Macaulay et al., 2005). For instance, a study of Native American tribes 

demonstrated that HV1 SNPs complemented RFLPs to form complex haplotypes which 

could still be distinguished when reversions and/or parallel mutations occurred (Torroni

et al., 1993). Similarly, a study of Japanese mtDNA diversity using HV1 sequence 

polymorphisms identified 169 haplotypes and 147 polymorphic sites, which correlated 

with Japanese-specific haplotypes previously established using coding region 

polymorphisms (Maruyama et al., 2003). 

Population studies assessing mtDNA variation in different ethnic groups, using a variety 

of methods have identified countless numbers of mtDNA polymorphisms. This has 

resulted in the establishment of MITOMAP, a database of human mtDNA sequence 

variation which unifies data regarding ‘mitochondrial genome structure and function, 

pathogenic mutations and their clinical characteristics, population associated variation, 

and gene-gene interactions’ (Kogelnik et al., 1996). This tool has allowed scientists to 

resolve the basal branching structure of mtDNA variation in most parts of the world, to 

produce a refined mtDNA phylogenetic tree. Torroni et al.’s (1993) analysis of Native 

American populations provided the framework for the current accepted mtDNA 

haplogroup nomenclature, by identifying four basal branches of the tree each 

representing separate groups of related haplotypes, termed haplogroups (A, B, C, D) 

(Torroni et al., 1993). As the haplogroup structure of other continental populations 

became resolved, cladistic rules for the hierarchical organisation of haplogroups and sub 

haplogroups became firmly established (Richards, 1998). A complete mtDNA tree was 

constructed by Ruiz-Pesini et al. (2007) using over 3000 coding region SNPs and a 

small number of informative control region SNPs (Ruiz-Pesini et al., 2007).  

Despite the establishment of cladistic rules for mtDNA haplogroup designation 

(Richards, 1998) there still remained a lack of uniformity and consistency in mtDNA 

haplogroup nomenclature with different authors using the same name for different 

haplogroups or others using different names for the same haplogroup. A study 

investigating 55 publications describing mtDNA variation unified the nomenclature and 

produced an updated and complete mtDNA phylogeny using control and coding region 

data (van Oven and Kayser, 2009). A simplified form of the tree is shown in Figure 1.5. 

The updated mtDNA tree with universal nomenclature is now available online at 
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http://www.phylotree.org and is regularly updated, providing researchers with a 

valuable tool in their study of mtDNA diversity.  

The complexity of the NRY and the initial difficulty encountered in finding 

polymorphisms masked its utility in human population studies and for the 

reconstruction of NRY phylogeny. Less than 60 NRY polymorphisms had been 

discovered by 1996, which included only 3 SNPs (The Y Chromosome Consortium, 

2002). However use of the denaturing high performance liquid chromatography 

(DHPLC) technique for mutation detection enabled identification of 19 new SNPs in a 

sample of 718 males representing 54 global populations (Underhill et al., 1997). A more 

complex phylogeny was reconstructed with each branch of the tree representing one 

haplogroup which are each defined by a specific SNP (Underhill et al., 1997). 

Subsequently DHPLC has been used in various population studies investigating global 

NRY diversity, resulting in the discovery of over 200 NRY SNPs which have been used 

to produce good estimates of NRY phylogeny (Shen et al., 2000, Underhill et al., 2000, 

Hammer et al., 2001, Underhill et al., 2001). Whilst identification of NRY SNPs is 

more challenging than for mtDNA SNPs, the lower NRY mutation rate means that there 

is a reduced risk of homoplasy, which can be problematic when reconstructing 

phylogenies from the rapidly mutating mtDNA (Stewart, 1993, Finnila et al., 2001). 

Thus, it has been suggested that phylogenetic reconstructions are facilitated when using 

NRY sequence polymorphisms and the derived phylogenetic relationships are more 

accurate, as the motif of accumulated sequence polymorphisms is more preserved in 

different paternal lineages (Jobling and Tyler-Smith, 2003). 
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Figure 1.5: Simplified schematic of the mtDNA phylogenetic tree 
The star at the root of the tree represents the most recent common maternal ancestor of modern humans. The African specific macro haplogroup L and 
its descendant haplogroups (orange) constitute the deep roots of the tree and represent the African origin of modern humans. Haplogroup L3 (yellow) 
gave rise to haplogroups M, N and R. All descendant haplogroups of L (orange), M (purple), N (blue) and R (green) are represented as alphabetical 
letters at the branch tips. Haplogroups accompanied by an asterisk (*) represent all other descendant lineages of a clade other than those already shown. 
Note that this tree is only a simplified depiction of the topology of major mtDNA haplogroups. For the complete global mtDNA phylogeny see the full 
tree at http://www.phylotree.org. Image modified from van Oven and Kayser (2009).
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The explosion of NRY data was however problematic, as the increase in number of 

NRY polymorphisms became plagued by the establishment of various systems used to 

name newly discovered polymorphisms. By 2002, there were over seven different 

nomenclature systems in the literature, which complicated the comparison of results 

between different publications (The Y Chromosome Consortium, 2002). In 2002, the Y 

chromosome consortium (YCC) was established to gather and unify NRY data. The 

YCC genotyped 245 published markers in 74 males from different global populations 

and reconstructed a single phylogeny from the 153 haplogroups observed (The Y 

Chromosome Consortium, 2002). The tree produced showed various nested 

monophyletic clades (haplogroups), which make up the branches and consist of sets of 

paternal lineages which are related by a shared, derived state at one or several 

polymorphic sites. Interestingly, out of the 245 markers, there were only eight recurrent 

mutations which occurred across different haplogroups and as such could be easily 

distinguished (The Y Chromosome Consortium, 2002). The YCC also established a 

hierarchical nomenclature system for NRY haplogroups, which unified past systems. 

The cladistic rules for the hierarchical organisation of NRY haplogroups were based 

upon results from a previous study of 43 NRY SNPs in 50 human populations which 

identified hierarchical patterns of global NRY diversity (Hammer et al., 2001). The 

YCC nomenclature system is now broadly accepted and has standardised the names of 

NRY haplogroups (Shen et al., 2004, Pericic et al., 2005, Kumar et al., 2007, Rosa et 

al., 2007, Battaglia et al., 2009, Zhong et al., 2011, Dulik et al., 2012). 

In 2008, Karafet et al. genotyped 599 NRY markers and produced a revised NRY tree 

following the YCC cladistic rules for haplogroup nomenclature and classification 

(Karafet et al., 2008). The tree contains 311 distinct haplogroups including two new 

haplogroups, S and T (Karafet et al., 2008). A simplified version of the tree is depicted 

in Figure 1.6. The selected markers included previously reported SNPs from a major 

study used to characterise DNA variation in 3 major populations which had identified 

334 NRY SNPs in 33 males of African, European and Asian descent (Hinds et al., 

2005) but also included SNPs that had been previously mapped to the 2002 YCC tree 

and newly identified SNPs from RFLP or direct sequencing PCR (Karafet et al., 2008). 

The major rearrangements to the 2002 YCC tree included new sub-groups of major 

previously identified haplogroups, which are defined by newly identified SNPs or the
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Figure 1.6: Simplified schematic of the NRY phylogenetic tree. 
The star at the root of the tree represents the most recent common paternal ancestor of 
modern humans. The haplogroups are represented as capital letters at the branch tips. 
Defining mutations for each haplogroup are shown along the branches or in the box on 
the bottom left for those shorter branches of the tree. Haplogroups accompanied by an 
asterisk (*) represent all other descendant lineages of a clade other than those already 
shown. Note that this tree is only a simplified depiction of the topology of major NRY 
haplogroups. For the complete global NRY phylogeny see the full tree at 
http://www.isogg.org/tree/index.html. Image modified from Karafet et al. (2008). 
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revision and restructuring of several haplogroups and their branches, including 

haplogroup E, K, N and R (Karafet et al., 2008). The International Society of Genetic 

Genealogy was established to create a web-based NRY phylogeny using this unified 

nomenclature and which is routinely updated to incorporate developments in the field. 

The most recent NRY tree is available online at http://www.isogg.org/tree/index.html

(International Society of Genetic Genealogy, 2012).  

1.2.4 Global distribution of mtDNA and NRY haplogroups 

Extensive studies of mtDNA and NRY diversity in different populations have revealed 

correlations between the major branches of the trees, which represent major 

haplogroups and continental/regional populations, indicating that mtDNA and NRY 

haplogroup distributions can vary significantly at the sub-population level [reviewed in 

Underhill and Kivisild (2007)]. The distinct trend observed in population studies is the 

occurrence of haplogroups at high frequencies in particular geographical regions, 

coupled with either complete absence in other regions, or low frequencies usually in 

neighbouring regions that are attributed to migration or admixture. For example, 

mtDNA paragroup L and its haplogroup L3 (refer to Figure 1.5) are overwhelmingly 

predominant in Sub-Saharan populations, but with low frequencies detected in North 

Africa and the Middle East (Salas et al., 2002, Gonder et al., 2007).  

Paragroup M and its various haplogroups predominate in eastern Eurasia, for example 

relatively high frequencies of mtDNA haplogroup D is found in all Asian regions except 

South Asia (Torroni et al., 1993, Kivisild et al., 2002, Metspalu et al., 2004, Kong et 

al., 2006, Sun et al., 2006). Europeans are predominantly mtDNA haplogroups H, U, J 

and T however these haplogroups also predominate in North Africa and the Middle East 

(Richards et al., 2000, Finnila et al., 2001, Brandstatter et al., 2003, Badro et al., 2013). 

Haplogroup distributions frequently also vary at the regional level. For example the 

incidence of mtDNA haplogroup T varies in Western Mediterranean populations, with a 

lower incidence in Andalousians and Basques compared to other Spanish, Portuguese 

and Italian populations (Plaza et al., 2003). Major differences in mtDNA haplogroup 

distribution between various regional districts of France have also been identified 

(Dubut et al., 2004) and distinct differences in mtDNA haplogroup diversity in the Han 
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ethnic group, which constitutes 93% of the Chinese population, have been identified in 

different regions of China (Yao et al., 2002, Gan et al., 2008).  

Similar trends are found for NRY haplogroups, where haplogroup E is predominant in 

Sub-Saharan Africa but a lower incidence is also observed in North Africa, the Middle 

East and Europe (Cruciani et al., 2004, Luis et al., 2004, Cruciani et al., 2007, Badro et 

al., 2013). The NRY haplogroups Y, BT and B also occur in relatively high frequencies 

in Sub-Saharan Africans (Luis et al., 2004, Gomes et al., 2010, de Filippo et al., 2011, 

Badro et al., 2013). Haplogroups R1b and I predominate in Europeans but lower 

incidences of other haplogroups, like G and J, which are typically prevalent in North 

Africa and the Middle East, are observed in Europe (Cinnioglu et al., 2004, Battaglia et 

al., 2009, Myres et al., 2011, Badro et al., 2013). Again regional variations exist, for 

example NRY haplogroup I occurs at a high frequency in Sardinia but is relatively low 

in the Basque region where haplogroup R1b predominates (Underhill et al., 2000). 

Furthermore R1b is observed in greater frequencies in Western Europe compared to 

Eastern Europe where R1a is more prevalent (Kayser et al., 2005). On the other hand, 

whilst NRY haplogroups C, K and O predominate in Asia (Kayser et al., 2003, 

Sengupta et al., 2006, Xue et al., 2006) there exists differences in haplogroup 

frequencies between various Asian populations. NRY haplogroup C is found in high 

frequencies in North Asian and Native American populations (Bianchi et al., 1998, 

Zerjal et al., 2002, Nasidze et al., 2005a, Dulik et al., 2012) contrastingly to haplogroup 

O which is predominant in South, East and South-East Asia (Kayser et al., 2006, Xue et 

al., 2006, Zhong et al., 2011). A moderate frequency of haplogroup O is also observed 

in South Asians and Oceanians, with sub-haplogroup O2a, occurring at high frequencies 

in central and east Indian populations (Kumar et al., 2007, Sharma et al., 2012).  

  

It is evident that the mtDNA and NRY trees clearly depict continent and region specific 

variation and phylogeny. This has not only been relevant to trace human dispersal and 

evolution, but has also played a fundamental role in the advancement of modern 

forensic intelligence tools allowing for the prediction of biogeographical ancestry. In 

this project the distribution of major mtDNA and NRY haplogroups in continental 

populations of interest have been compiled from haplogroup frequencies reported in the 

literature and are described in detail in chapter 3.  
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1.3 Autosomal SNPs 

Whilst the applications of haploid markers in population genetics flourished, autosomal 

markers have had a less prominent role in studies of human evolution. The main reason 

for this is that differences in autosomal polymorphisms between different populations 

can arise from both mutation, random assortment and recombination, unlike haploid 

polymorphisms, which solely arise due to mutational events and are inherited as a block 

by each generation within that specific lineage (Jorde et al., 1998). Prior to the human 

genome project, only a limited number of autosomal polymorphisms exhibiting distinct 

population differences had been discovered. These markers primarily emerged from 

disease association studies, particularly those assessing differences in patterns of genetic 

variation in blood grouping genes such as the ABO genes (Iwasaki et al., 2000) and the 

FUT-2 locus (Pang et al., 2001), tumor necrosis factor genes (Bridges et al., 2002), 

cytochrome genes (Wooding et al., 2002) and the -globin gene (Wainscoat et al., 

1986) in various populations. Autosomal polymorphisms associated with pigmentation 

genes have also been of interest for applications in population genetics, since 

phenotypic characteristics such as hair, eye and skin colour are distinctly different 

between various global populations (Alaluf et al., 2003, Shriver et al., 2003, Myles et 

al., 2007, Soejima and Koda, 2007). 

1.3.1 Autosomal SNPs: ancestry informative markers 

Wainscoat et al.  (1986) investigated five RFLPs in the human adult -globin gene in 

individuals from eight diverse global populations and showed that African populations 

were characterised by a unique haplotype solely restricted to that group, whilst other 

global populations demonstrated diverse haplotypes which were common amongst them 

(Wainscoat et al., 1986). This supported previous mtDNA evidence in favour of the 

proposed ‘Out of Africa’ hypothesis (Brown, 1980, Johnson et al., 1983) and suggested 

that patterns of genetic diversity derived from autosomal polymorphisms could be used 

to reconstruct human phylogeny (Wainscoat et al., 1986). A later study of -globin gene 

RFLPs found similar results but advocated that polymorphisms located in small gene 

clusters, such as the -globin gene, could not solely be used to calculate divergence and 

TMRCA estimates (Long et al., 1990). This culminated in various studies investigating 

numerous autosomal RFLPs scattered throughout the human genome, from which were 
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reconstructed only simple human phylogenies (Bowcock et al., 1991, Mountain and 

Cavalli-Sforza, 1994). However the few phylogenies derived from autosomal markers 

were not as informative as those obtained using haploid markers because autosomal 

polymorphisms are affected by recombination during meiosis. This has complicated the 

process of tracing genealogies and consistent TMRCA estimates from different 

autosomal genes have been more difficult to obtain, with most varying considerably 

between 500,000 to 1 million years ago (Mountain and Cavalli-Sforza, 1994, Harding et 

al., 1997, Templeton, 2002). These estimates are approximately four to five times 

greater than those obtained using mtDNA and NRY data, which was attributed to the 

larger effective size of the autosomal DNA population relative to the mtDNA or Y 

chromosome DNA population (due to the random assortment of diploid maternal and 

paternal alleles) (Cavalli-Sforza and Marcus, 2003). Furthermore, heterozygote 

advantage, a form of balancing selection has also been suggested to increase TMRCA 

estimates (Cavalli-Sforza and Marcus, 2003).  

Although recombination has disadvantaged the application of autosomal 

polymorphisms in human evolutionary studies, study of autosomal ancestry instead of 

uniparental ancestry has been of increasing interest in recent years due to its ability to 

capture the genetic diversity contributed by all ancestors rather than just a limited few 

within a uniparental lineage (Royal et al., 2010). Thus, autosomal polymorphisms can 

provide useful data regarding more recent genetic events. Autosomal markers have been 

utilised to measure the degree of admixture and population structure within particular 

population groups, sometimes in conjunction with mtDNA and Y chromosome data, in 

order to investigate variations in the contributions of ancestral populations across the 

different classes of DNA (Jorde et al., 1998, Jorde et al., 2000, Mesa et al., 2000, 

Collins-Schramm et al., 2004, Yang et al., 2005, Lind et al., 2007, Li et al., 2008, 

Watkins et al., 2008, Corach et al., 2010, Lao et al., 2010). In recent years, informative 

sets of autosomal markers useful in admixture mapping have been compiled (Halder et 

al., 2008, Baye et al., 2009, Kosoy et al., 2009, Galanter et al., 2012, Nievergelt et al., 

2013). Such applications of autosomal polymorphisms have clarified certain aspects of 

human evolution such as migrations, bottlenecks and local demographic processes 

including sex-based gene flow, which may be responsible for differences in admixture 

proportions between different DNA classes (Lind et al., 2007, Hunley et al., 2009). 
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1.3.2 Autosomal markers of human pigmentation 

One of the most notable examples of interpopulation differences in human phenotypic 

variation is reflected by the range of hair, eye and skin colour pigmentation. This has 

promoted the desire to identify key pigmentation genes and their polymorphic variants 

that characterise distinct phenotypic differences at the individual as well as 

interpopulation level. Human pigmentation is controlled by the combined effects of 

multiple genes (Sturm et al., 2001). Many SNPs in genes associated with normal human 

pigmentation variation within or between populations have been identified to date and 

will be discussed in more detail in chapter 4. A number of these polymorphic variants 

have also been linked to disease states and are reviewed in Sturm (2006) and Tully 

(2007).  

1.4 SNP Databases 

The Human Genome Project has resulted in the identification of millions of autosomal 

polymorphisms and the collaborative International HapMap project was subsequently 

established to categorise human genetic variants shared across different population 

groups of African, Asian and European ancestry into a single database (The 

International HapMap Consortium, 2003). By the end of Phase II, a total of 3.5 million 

SNPs were identified (The International HapMap Consortium, 2007), with the final 

phase of the HapMap project, known as HapMap3 resulting in the creation of an 

integrated dataset containing 1.5 million common and rare SNP and copy number 

variant alleles (The International HapMap Consortium, 2010). The Human Genetic 

Diversity project was a parallel effort which developed a Human Genome Diversity 

Panel (HGDP) comprising a collection of cell lines from 1050 individuals from 52 

global populations that was compiled from laboratories worldwide to provide a source 

of DNA and RNA for studies of modern human population history (Cavalli-Sforza, 

2005). All genotyping and sequencing results generated using this panel are submitted 

to a central database (available at http://www.cephb.fr/en/hgdp/main.php) that currently 

contains 1 million SNPs as well as microsatellites and indels.  

The emergence of next-generation sequencing platforms have contributed to the recent 

1000 Genomes project which aims to identify genetic variants with a frequency of at 
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least 1% in the European, East and South Asian, West African and Native American 

populations studied (Abecasis et al., 2010). The ultimate goal of the project is to 

sequence 2,500 samples from these five global population groups with the Phase 1 

sequencing results for 1092 individuals now freely available at 

http://www.1000genomes.org/home. Not only can the sequences, genotypes and allele 

frequencies be accessed on each of these individual databases, the National Center for 

Biotechnology Information database of Single Nucleotide Polymorphisms (dbSNP) of 

nucleotide sequence variation is a public domain archive of SNPs, indels and 

microsatellites which also houses the HapMap, HGDP-CEPH and 1000 Genomes data 

(Sherry et al., 2001). The dbSNP also accepts individual laboratory submissions of 

variations from any species, from any part of the genome. It is possible to search SNPs 

and other variants in the dbSNP using identifiers known as reference SNP (refSNP) 

cluster ID numbers (rs#) or submitted SNP accession numbers (ss#) (Sherry et al., 

2001). 

As a result of such collaborative efforts, AIMs which include polymorphisms in the 

autosomes, mtDNA and sex chromosomes have been identified which exhibit distinct 

allele frequency differences between ancestral populations. From these databases, 

several panels of informative AIMs have since been reported (Shriver et al., 2003, 

Collins-Schramm et al., 2004, Smith et al., 2004, Yang et al., 2005, Kim and Borevitz, 

2006, Halder et al., 2008, Baye et al., 2009, Kosoy et al., 2009, Paschou et al., 2010, 

Kidd et al., 2011, Galanter et al., 2012). These panels have revolutionised the 

applications of genetic polymorphisms in admixture mapping and association studies, 

particularly for the inference of physical appearance and biogeographical ancestry.  

1.5 Applications of genetic polymorphisms in forensic casework: 

Advances in DNA sequencing and typing have not only enabled the identification of 

distinct patterns of human genetic variation within and between various global 

populations, but have also contributed to the progress of forensic science capabilities. 

The forensic applications of genetic polymorphisms have come a long way since the 

initial use of DNA typing in forensic casework in 1986 (Gill et al., 1985). At present, 

DNA evidence constitutes one of the primary sources of identification evidence and 
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DNA typing using individual variation in STR length is the commonest technique 

utilised for the analysis of biological forensic evidence (Butler, 2004). However, there 

has been an increased interest in establishing new DNA analysis systems targeting 

AIMs to obtain intelligence information about unknown DNA samples. 

1.5.1 SNP analysis in forensic identification  

DNA typing for forensic identification is traditionally performed using nuclear STRs 

due to the abundance of alleles per locus, which confers a higher discriminatory power 

than can be achieved with nuclear SNPs (Butler et al., 2007). It is estimated that 50-100 

SNPs are required to achieve the same degree of discrimination as current 9-15 STR 

loci multiplex DNA profiling kits (Gill, 2001, Gill et al., 2004), which suggests that 

forensic SNP assays must demonstrate a high multiplexing capability as well as 

suitability for the analysis of forensic biological evidence. However a major difficulty 

encountered in forensic DNA profiling is that conventional STR typing requires 

amplicons that are too large for the analysis of nDNA extracted from trace amounts of 

biological sample or from samples that have been compromised by exposure to extreme 

environments. In such cases SNP typing can be valuable because these polymorphisms 

can be typically analysed on smaller amplicons. Presently, various multiplex autosomal 

SNP assays for forensic identification have been developed (Dixon et al., 2005, Kidd et 

al., 2006, Sanchez et al., 2006, Phillips et al., 2007a, Kim et al., 2010, Pakstis et al., 

2010, Lou et al., 2011).  

The use of SNP microarrays as a supplement to standard STR typing to identify 

individuals in a mixture has also been demonstrated (Homer et al., 2008). Alternatively, 

the application of insertion/deletion (INDEL) polymorphisms for forensic identification 

has been recently explored because these markers combine the desirable features of 

STRs and SNPs such as a widespread distribution throughout the genome, variable 

allele frequencies and analysis on short amplicons that is amenable to large-scale 

automated multiplexing (Weber et al., 2002, Mills et al., 2006). This has resulted in the 

development of several multiplex INDEL assays and panels (Pereira et al., 2009, LaRue

et al., 2012, Li et al., 2012, LaRue et al., 2014), with the Investigator DIPlex® INDEL 

typing kit (Qiagen, USA) demonstrating suitability to the analysis of degraded samples 

(Hollard et al., 2011). However, due to the greater discriminatory power achieved with 
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STRs (Butler et al., 2007) compared to SNPs and INDELs (Neuvonen et al., Amorim 

and Pereira, 2005), particularly for parentage and kinship analysis, recent developments 

have also investigated reduced sized STR amplicons incorporated in several 

commercially available ‘mini-STR’ assays that are specifically designed for the analysis 

of degraded material (Parsons et al., 2007, Hill et al., 2008).  

Nonetheless, severely degraded samples or biological samples containing limited nDNA 

(shed hairs, bone, teeth) can still be problematic to analyse using autosomal SNP and 

mini-STR typing, as much lower quantities of nDNA is present in these tissues 

(Andréasson et al., 2006). More recently, specific SNPs located in nucleosomes, 

genomic regions that are protected from DNA degradation by the histone-DNA 

complex, have been incorporated in a nucleosome SNP multiplex assay that could 

achieve greater genotyping success rates for severely degraded DNA compared to 

existing autosomal SNP and mini-STR assays (Freire-Aradas et al., 2012). Whilst this 

research demonstrates a promising future for the application of novel autosomal 

markers, the use of mtDNA typing remains advantageous due to the high mtDNA copy 

number per cell (more than one thousand copies in certain cell types) (Miller et al., 

2003, Legros et al., 2004).  

MtDNA typing is usually performed for disaster victim identification (DVI) and 

missing person cases where the DNA evidence is usually compromised and nDNA 

recovery less likely (Anjos et al., 2004, Sudoyo et al., 2008, Coble et al., 2009, Just et 

al., 2009, Alvarez-Cubero et al., 2012, Templeton et al., 2013). Currently, mtDNA 

typing involves sequence analysis of the HV1 and HV2 region, targeting a total of 

610bp of the control region (Figure 1.3), which encompasses the region containing the 

highest mutation rate and thus the greatest level of variation between individuals 

(Parson and Bandelt, 2007). However, mtDNA HV1/HV2 forensic typing has a lower 

discriminatory power than nDNA typing due to the non-recombining matrilineal mode 

of inheritance of the molecule which is inherited as a single locus and thus, results in 

no, or only slight differences in the mtDNA profile of members of the same maternal 

line [For review see Zietkiewicz et al. (2012)]. Despite the higher mitochondrial SNP 

mutation rates, nuclear SNP profiles are more individualized due to random assortment 

and recombination during meiosis (Kaestle et al., 2006). The abundance of homoplasies 

due to recurrent mutations in the control region have also resulted in numerous common 
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HV1/HV2 haplotypes currently indistinguishable solely based on HV1/HV2 data 

(Stewart, 1993, Finnila et al., 2001). This is problematic in forensic casework as there is 

a high probability that two unrelated individuals will match by chance due to identical 

HVI/HV2 alleles being shared as a result of parallel emergence in different lineages 

rather than inheritance from a common ancestor (Non et al., 2007, Salas et al., 2007). 

However, the discriminatory power of mtDNA typing has been increased using 

informative coding region SNPs in addition to HV1/HV2 sequencing (Brandstatter et 

al., 2003, Coble et al., 2004, Quintans et al., 2004, Alvarez-Iglesias et al., 2007, 

Andreasson et al., 2007, Nilsson et al., 2008, Kohnemann et al., 2009).  

The typing of Y-STRs and SNPs has also demonstrated applicability in forensic 

casework to characterise DNA from a male perpetrator in biological evidence recovered 

from sexual assault and rape cases (Honda et al., 1999, Betz et al., 2001, Prinz et al., 

2001, Prinz and Sansone, 2001, Sibille et al., 2002, Maiquilla et al., 2011). The primary 

form of evidence in such cases is a post-coital swab or semen sample that often contains 

a mixture of both the victim and male perpetrator’s DNA. The two DNA profiles are 

usually able to be distinguished through the use of a differential DNA extraction method 

which separates the DNA from epithelial cells of the female victim from the more 

robust sperm cells of the male perpetrator (Butler, 2005). Y-chromosome typing is 

applied in such casework scenarios when the signal from the female DNA overwhelms 

the male DNA, or when it is difficult to separate male and female cell types, for 

example in vasectomised or azoospermic male perpetrators, where the only source of 

male DNA is epithelial cells from the exterior of the penis or those lining the urethra 

and which are shed during ejaculation (Honda et al., 1999, Prinz et al., 2001, Prinz and 

Sansone, 2001). More recently the applications of Y-chromosome typing have also been 

extended to the analysis of other mixed samples including saliva after kissing 

(Kamodyova et al., 2013) and fingernail scrapings (Malsom et al., 2009). 

1.5.2 Applications of genetic polymorphisms in forensic intelligence 

1.5.2.1 Prediction of biogeographical ancestry and physical appearance 

STR DNA profiling for identification which is routinely used in forensic casework is of 

limited value when reference samples are not available, as these are required for 
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comparison and the calculation of match probabilities for unknown DNA profiles 

(Jobling and Gill, 2004). In cases where biological samples have been collected from a 

crime scene in the absence of eyewitness evidence, it is of great interest to obtain 

intelligence information to narrow the collection of potential matches and facilitate 

investigations. Information regarding an individual’s physical characteristics (skin, hair, 

eye colour) or ancestry can provide informative sources of intelligence. For example, 

biogeographical ancestry (BGA) inferences would provide invaluable data in cases of 

mass casualties such as air crash disasters that usually involve compromised human 

remains, often of individuals from diverse geographic regions. Consequently, ancestry 

and phenotypic information would assist the identification process by reducing the 

search for reference samples or of potential matches to individuals of a specific 

ancestry/physical appearance [for review see Kayser and de Knijff (2011)]. The 

identification of patterns of genetic variation in the autosomes and haploid genomes that 

are characteristic of specific geographical regions (Torroni and Wallace, 1994, 

Underhill et al., 2000, Hammer et al., 2001, Pang et al., 2001, Rosenberg et al., 2002, 

Collins-Schramm et al., 2004, Kayser et al., 2006, Li et al., 2008, Lao et al., 2010, 

Howes et al., 2011) and of EVCs (Frudakis et al., 2003a, Graf et al., 2005, Frudakis et 

al., 2007, Sulem et al., 2007, Han et al., 2008, Kayser et al., 2008b, Sturm et al., 2008, 

Sulem et al., 2008, Branicki et al., 2009, Mengel-From et al., 2010, Candille et al., 

2012, Zhang et al., 2013, Durso et al., 2014) indicates that such polymorphisms can be 

informative sources of forensic intelligence.  

The use of genetic variation as markers of biogeographical ancestry was explored as 

early as 1994 through the use of sequence-specific oligonucleotide (SSO) hybridisation 

to the mitochondrial hypervariable regions for ancestry prediction of 525 individuals 

from 5 different ethnic groups (Connor and Stoneking, 1994). Both logistic regression 

and discriminant function analysis were applied and yielded similar classification 

accuracy results ranging from 31.1-81% and 36.5-80.3% respectively. The lower 

classification accuracy achieved for certain ethnic groups, such as South-East Asians 

and Japanese, was attributed to the fact that the haplotypes detected might be shared 

across ethnic groups, which may contain migrants from other mtDNA lineages because 

socially defined ethnic groupings do not always correlate with the mtDNA phylogeny 

(Connor and Stoneking, 1994). This study showed that there may be limitations to using 

mtDNA to classify ethnic groups, however though the classification accuracy achieved 
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was rather average, the study clearly demonstrated the ability to predict ancestry from 

DNA.  

In 1997, STRs were used to estimate the ethnic affiliation of major US populations 

using log likelihood ratios as a classification approach (Shriver et al., 1997). The study 

identified a series of informative STRs for the ethnic affiliation estimation of African, 

European and Hispanic ancestry and further demonstrated the utility of genetic markers 

in predicting BGA. In 2003, a linear discriminant classification method incorporating 56 

autosomal pigmentation SNPs into a classifier model for the inference of ancestry was 

developed (Frudakis et al., 2003b). The assay was able to correctly identify individuals 

of European, African and Asian ancestry with 99, 98 and 100% accuracy, respectively. 

The classification method showed comparable accuracy to the log likelihood ratio 

approach applied by Shriver et al. (1997) on STR data. This earlier log likelihood 

classification method was criticised by Brenner (1998) as being inappropriate in 

establishing classification accuracy and only useful in assigning a value to genetic 

markers for BGA inferences. This was supported by Frudakis et al. (2003b) who also 

claimed that though their linear classifier achieves similar classification accuracy to the 

log likelihood method, more SNPs are required than STRs to achieve the same 

resolution and that their technique is relevant only for inferences of major ancestry 

affiliations. Frudakis et al., (2003b) proposed that due to the underlying level of 

admixture in populations, a classification method which infers ancestry proportions 

(admixture) in individuals may be more accurate. 

Interestingly, a study published a short time prior to Frudakis et al. (2003b) utilised 

admixture mapping to measure the effects of candidate genes on pigmentation as well as 

individual ancestry using a panel of 34 autosomal AIMs and demonstrated that it is 

possible to estimate the ancestry and physical appearance of an individual using DNA 

analysis and an appropriate number of informative markers (Shriver et al., 2003). The 

incorporation of highly informative markers suggests that a reduced number of 

polymorphisms are required to be genotyped to obtain meaningful predictions, which 

has promoted the need to measure the extent at which specific markers contribute to 

ancestry inferences. A statistic, In, was proposed which measures the informativeness of 

markers for the inference of ancestry (Rosenberg et al., 2003). However, this test was 

developed using autosomal markers and has not been applied to haploid markers. The 
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informativeness of haploid markers is reflected through the population frequencies and 

continental specificity of the haplogroups they identify, which are now widely accepted. 

The Shriver et al. (2003) study thus paved the way for the development of assays for the 

inference of BGA and EVCs. Several multiplex assays for the inference of BGA have 

now been developed which target autosomal (Ray et al., 2005, Phillips et al., 2007b, 

Halder et al., 2008, Daniel et al., 2009, Kersbergen et al., 2009, Nassir et al., 2009, Lao

et al., 2010, Londin et al., 2010, Paschou et al., 2010, Pereira et al., 2012, Nievergelt et 

al., 2013, Phillips et al., 2013) or NRY markers (Brion et al., 2005, Wetton et al., 2005, 

Onofri et al., 2006, van Oven et al., 2011a). More recently, autosomal SNP multiplex 

assays for the inference of physical characteristics such as eye, hair and skin colour 

have also been developed (Liu et al., 2009, Valenzuela et al., 2010, Branicki et al., 

2011, Spichenok et al., 2011, Walsh et al., 2011, Allwood and Harbison, 2013, Ruiz et 

al., 2013, Walsh et al., 2013). In 2009, 10 autosomal SNPs located within 6 

pigmentation candidate genes were incorporated in an assay that was used to 

successfully infer both the biogeographical origin and pigment phenotype of ancient 

skeletal remains (Bouakaze et al., 2009). 

.      

Although the utility of mtDNA for inference of BGA is clearly evident from population 

studies, mtDNA SNP assays for BGA prediction have been slower to develop. This may 

be attributed to the conviction that mtDNA polymorphisms demonstrate reduced 

geographical informativeness compared to those in the Y-chromosome due to the 

widespread practice of patrilocality, which has favoured the analysis of NRY SNPs as 

the preferred markers of BGA (Seielstad et al., 1998). Nevertheless inferences based on 

mtDNA SNPs are also informative and may provide the sole source of information for 

compromised and highly degraded samples (Alvarez-Cubero et al., 2012). Since the 

first applications of mtDNA to predict ancestry in 1994 (Connor and Stoneking, 1994), 

several successful multiplex assays have since been developed (Nelson et al., 2007, 

Schlebusch et al., 2009, Paneto et al., 2011, van Oven et al., 2011b, Ballantyne et al., 

2012). These assays have shown improved classification accuracy compared to those 

achieved by Connor and Stoneking (1994) as they have incorporated more informative 
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population specific markers identified through the newly refined mtDNA phylogeny. 

All of these autosomal, NRY and mtDNA SNP assays have incorporated a variety of 

different SNPs, genotyping techniques and assignment methods for prediction, yet all 

have shown a strong ability to successfully infer the BGA and EVCs of individuals 

from diverse and admixed populations. 

1.5.2.2 Genotyping strategies 

The current genotyping strategy of choice for most DNA intelligence assays has been 

the minisequencing technique using the SNaPshot™ kit (Life Technologies, USA). This 

genotyping strategy involves the single base extension of unlabelled primers with 

labelled dideoxyribonucleotide triphosphates (ddNTPs) (Budowle, 2004). The extended 

primers are separated using capillary electrophoresis and the allele is identified by 

detection of the incorporated fluorescent tag (Budowle, 2004). The SNaPshot™ kit has 

been widely used for the development of identification and intelligence SNP assays 

(Brandstatter et al., 2003, Vallone et al., 2004, Sanchez et al., 2005, Onofri et al., 2006, 

Phillips et al., 2007b, Daniel et al., 2009, Lao et al., 2010, Lou et al., 2011, Ballantyne

et al., 2012, Ruiz et al., 2013, Walsh et al., 2013) and has been identified as the leading 

technique for the analysis of forensic samples and for the validation of SNP allele 

frequencies (Amigo et al., 2008a) as it is relatively cheap, robust, highly sensitive and 

has high multiplexing capacity with multiplexes simultaneously typing up to 42 SNPs 

being developed (Paneto et al., 2011). The technique also only requires instrumentation 

(automated DNA sequencer) already commonly found in forensic laboratories 

(Budowle, 2004).  

Matrix-assisted laser desorption ionisation time of flight (MALDI-TOF) mass 

spectrometry (MS) has also been used as an effective alternative to capillary 

electrophoresis to genotype multiplex single-base extension products (Bray et al., 2001, 

Wise et al., 2003, Mengel-Jorgensen et al., 2004, Sun and Guo, 2006), with several 

human identification assays (Petkovski et al., 2005, Johansen et al., 2013) and 

patrilineage (Paracchini et al., 2002, Lessig et al., 2005) and matrilineage (Xiu-Cheng 

Fan et al., 2008, Cerezo et al., 2009) tracing assays designed specifically for the 

MALDI-TOF MS genotyping platform. Other genotyping strategies explored for the 

development of forensic identification SNP assays include pyrosequencing (Andreasson
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et al., 2007) and microarray technology, which has demonstrated high throughput and 

high multiplexing capability with the analysis of 150 coding mtDNA SNPs reported 

(Sigurdsson et al., 2006).  

Numerous genotyping technologies have contributed to the establishment of population 

diversity repositories comprising millions of DNA markers (International Human 

Genome Sequencing Consortium, 2001, The International HapMap Consortium, 2003, 

2007, 2010), which have been invaluable to the identification of panels of AIMs 

(Kersbergen et al., 2009, Kosoy et al., 2009, Nassir et al., 2009, Paschou et al., 2010, 

Galanter et al., 2012). Genotyping technologies capable of simultaneously typing 

thousands of markers scattered throughout the human genome, such as the GeneChip® 

Human Mapping (Affymetrix Inc., USA) and HumanCore (Illumina Inc., USA) arrays 

have been developed, potentially opening the possibility of individual phenotypic 

determination. Advances in large-scale next generation sequencing technologies such as 

MiSeq (Illumina, Inc., USA) and SOLiD (Life Technologies, USA) have resulted in the 

increasingly widespread availability of this technology in research laboratories in recent 

years [reviewed in Kumar et al. (2012)] and is likely to prove an invaluable tool for 

forensic SNP detection.  

The application of oligo-ligation assays, which utilise fluorescent labelled probes 

specific to each SNP/allele combination that are then identified using capillary 

sequencers, has also been explored for the development of both forensic identification 

and intelligence assays. One example of an oligo-ligation assay includes the GenPlexTM 

(Life Technologies, USA) system. This assay was adapted from the SNPlexTM (Life 

Technologies, USA) assay and was developed to genotype 49 of the 52 autosomal SNPs 

in Sanchez et al. (2006)’s forensic identification panel (Phillips et al., 2007a). 

GenPlexTM (Life Technologies, USA) has been validated as a technique that provides 

comparable and possibly enhanced SNP genotyping than the SNaPshot™ assay (Life 

Technologies, USA) (Phillips et al., 2007a, Tomas et al., 2008). Several ancestry 

prediction multiplex assays have been developed using SNPlexTM (Life Technologies, 

USA) technology (Lee et al., 2010, Nievergelt et al., 2013) and other oligo-ligation 

techniques such as Taqman® (Life Technologies, USA) technology (Yang et al., 2005, 

Kosoy et al., 2009, Nassir et al., 2009). 
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1.5.2.3 Assignment methods 

Assays for inference of BGA or EVCs not only require an appropriate genotyping 

technique, but also mathematical models to compute statistics from the genotype data to 

provide probative values for the correlations observed between the genetic data and the 

ancestry/phenotypic information. There are two major methods used for the assignment 

of individuals to specifically defined populations (these can be defined for example as 

continental populations or groups of individuals which share similar physical 

characteristics) using multilocus genotypes generated from the analysis of multiple 

polymorphic (SNP) loci. Both involve classifications using maximum likelihood 

calculations, which are methods that find or approximate the probability that makes the 

observed data most likely (Manel et al., 2005). The first is a frequentist assignment test 

that assumes random mating in the tested populations and involves the calculation of a 

log-likelihood value for the expected frequency of a particular genotype which is 

derived by multiplying the allele frequencies across all loci. This is calculated for each 

observed genotype, for each population, using the allele frequencies within the 

respective populations. The individual is then assigned to the population with the 

highest log likelihood (Paetkau et al., 1995, Paetkau et al., 2004). This model is 

available with several software for population genetic analyses such as GenAlEx 6.5 

(Peakall and Smouse, 2012) and GeneClass2 (Piry et al., 2004).  

The alternative model utilises a Bayesian approach to calculate log likelihood values to 

assign multilocus genotypes to specified populations (Rannala and Mountain, 1997). 

The probability of a multilocus genotype occurring within a population is calculated 

using the allele frequencies in that population. Monte Carlo simulations are performed 

to generate a large number (up to 10,000) of random multilocus genotypes for each of 

the other candidate populations, using allele frequencies estimated from reference 

population samples to create a likelihood distribution (Rannala and Mountain, 1997). 

The likelihood of the observed genotype is compared to that of the simulated genotype 

likelihood distribution for each candidate population. A likelihood threshold is specified 

and any population for which the probability falls below this value is rejected (Rannala 

and Mountain, 1997). The population for which the likelihood of the observed genotype 

is highest is assigned as the population of origin. A version of this assignment test is 

also available in GeneClass2 which also incorporates a ‘leave one out’ option to exclude 
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the tested individual from its population sample in order to avoid bias when estimating 

allele frequencies (Piry et al., 2004).  

A revised version of this model which does not require predefined reference populations 

was proposed (Pritchard et al., 2000) and a clustering algorithm was developed which 

has been incorporated in the software STRUCTURE (Falush et al., 2003, 2007, Hubisz

et al., 2009). This software computes the posterior probability that an observed 

multilocus genotype originates from one of the candidate populations and compares this 

probability to a specified threshold. Any population for which the probability is less 

than the threshold is rejected as the population of origin for the observed multilocus 

genotype (Pritchard et al., 2000). Thus it is possible to investigate population 

stratification, infer the presence of distinct populations identified as clusters based on 

similarities in multilocus genotype data, assign individuals to populations, identify 

migrants and admixed individuals and estimate population allele frequencies, 

particularly for populations which have increased incidence of migrants or admixture 

(Falush et al., 2003, 2007, Hubisz et al., 2009). It is also possible to specify the number 

of populations (K) with which to analyse the data sets and as such this allows for the 

identification and correction of population stratification caused by admixture (Falush et 

al., 2003, 2007, Hubisz et al., 2009). 

Bayesian based assignments have been suggested to be less accurate than frequency 

based models (Cegelski et al., 2003), however STRUCTURE has been the software of 

choice for the identification of AIMs and for the development of BGA prediction assays 

using autosomal markers (Rosenberg et al., 2003, Shriver et al., 2003, Ray et al., 2005, 

Phillips et al., 2007b, Halder et al., 2008, Bouakaze et al., 2009, Kersbergen et al., 

2009, Kosoy et al., 2009, Londin et al., 2010, Paschou et al., 2010, Nievergelt et al., 

2013). These modern assays have demonstrated improved classification accuracies 

compared to the earlier methods used (Shriver et al., 1997, Frudakis et al., 2003b), 

which strongly suggest that the ability to measure admixture within populations, as is 

possible with STRUCTURE, can improve ancestry predictions.  

More recently, a Bayesian classification system was applied for the inference of BGA 

from profiles obtained using a 34-Plex SNP assay and was incorporated in an open 

access web portal (http://mathgene.usc.es/snipper/) which can be used to analyse SNP 
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genotypes uploaded by the user (Phillips et al., 2007b). Log likelihood values are 

calculated for the individual genotypes for each population group, using allele 

frequencies estimated from training set samples. These training sets encompass groups 

of samples representative of each ancestral population. All training set samples could be 

assigned to the correct ancestral origin, including when only 3 fixed difference SNPs 

were used, which are SNPs where one allele is found exclusively in one population and 

the other allele in the other populations. Samples of the CEPH-HGDP panel were tested 

to ensure that the training sets selected were representative of the populations studied 

and results showed a very low misclassification rate of 1%.  

The study also showed the effect of partial profiles on classification probabilities. It was 

demonstrated that using less than 34 SNPs had minimal effects on the likelihood ratios 

and that half the SNPs in the assay were not essential to achieve correct ancestry 

assignment, reinforcing the concept that informativeness is more crucial than the 

number of SNPs used and the applicability of the assay for the analysis of compromised 

DNA samples where partial profiles may result (Phillips et al., 2007b). The assay was 

successfully used to infer the European or North African ancestry of 4 out of 7 samples 

extracted from forensic exhibits recovered from the 11th March Madrid Commuter train 

bombings (Phillips et al., 2009). Though the 34-plex SNP assay was initially designed 

to infer African, Asian and European ancestry, it was still possible to assign individuals 

a European or North African ancestry with the use of appropriate training sets. The 

geographical proximity of these populations increases the likelihood of admixture and 

was the likely cause for the failure to assign 3 samples with low likelihoods. It was 

further demonstrated that using smaller scale AIM panels which focus on more specific 

differentiations can improve the classification probabilities, thus demonstrating that 

multiplex BGA assays must be tailored to the populations to be investigated (Phillips et 

al., 2009). 

Most BGA prediction assays incorporating haploid markers have mainly involved the 

development of classification systems using the haplogroups as a geographic 

assignment method (Brion, 2005, Wetton et al., 2005, Onofri et al., 2006, Nelson et al., 

2007, van Oven et al., 2011a, van Oven et al., 2011b, Ballantyne et al., 2012). Due to 

the uniparental and non-recombining mode of inheritance of mtDNA and Y 

chromosome markers, these markers are inherited as a block (haplotype) and remain 
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linked. As such, frequentist and Bayesian assignment tests are not applicable as these 

assume independence and linkage equilibrium between loci. However, there is now 

sufficient population data available which has identified haplogroups diagnostic of 

major global continental and regional areas and that can be directly used to determine an 

individual’s a geographic origin.  

Contrastingly, multinomial logistic regression has been the classification method of 

choice for the inference of EVCs using autosomal markers (Liu et al., 2009, Branicki et 

al., 2011, Walsh et al., 2011, Walsh et al., 2013). This statistical model estimates the 

probability of membership to more than two categories using maximum likelihood 

calculations. The initial prediction model based on multinomial logistic regression was 

developed by Liu et al. (2009) for the inference of eye colour. The model was modified 

slightly for the prediction of hair colour using 12 SNPs in pigmentation genes (Branicki

et al., 2011). The accuracy of prediction was evaluated through area under the receiver 

characteristic operating curve (AUC) measurements, which showed high values for 

differentiating between blonde, brown, red and black hair colour (Branicki et al., 2011). 

Liu et al (2009)’s model was also later applied for the prediction of blue/brown eye 

colour using 6 pigmentation SNPs (Walsh et al., 2011) and more recently 18 SNPs were 

added and incorporated in an updated HIrisplex assay for the inference of both eye and 

hair colour (Walsh et al., 2013). A macro to calculate the probability of an individual 

having blue, brown or otherwise coloured eyes, as well as blonde, brown, black or red 

hair based on the alleles observed at each of the 24 pigmentation markers was generated 

(Walsh et al., 2013). The macro incorporated all the necessary model parameters 

derived from Liu et al.’s (2009) model building data set of 3804 Dutch individuals.  

Recently, the Snipper Bayesian classifier which was initially developed for ancestry 

inferences from multi-locus genotypes (Phillips et al., 2007b) was modified for the 

prediction of eye, skin and hair colour using 37 pigmentation-associated SNPs (Ruiz et 

al., 2013). The Bayesian classifier was observed to be comparable to the Walsh et al.

classifier through AUC analyses and was demonstrated to be a simple and user friendly 

alternative to multinomial logistic regression capable of analysing partial profiles. 

Though there are a variety of classification methods for the prediction of BGA and 

pigmentation phenotype, an appropriate method is generally selected to suit the type of 
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data in order to identify the most informative markers and maximise prediction 

accuracy. 

1.6 Project background 

The development of new genotyping technologies such as microarrays has consolidated 

our knowledge of genetics and human origins and resulted in the identification of 

numerous DNA polymorphisms with widespread applications in medical, population 

and forensic research [for reviews see (Cavalli-Sforza and Marcus, 2003, Underhill and 

Kivisild, 2007, Kayser and de Knijff, 2011, Schaaf et al., 2011)]. In particular, these 

advancements have strongly influenced the field of forensic science which has evolved 

dramatically over the past 15 years. Whilst STR typing is now widely used in forensic 

casework for identity testing and kinship analyses, it is primarily reliant on the 

availability of reference samples which are required to establish a link with DNA 

profiles extracted from forensic evidence samples (Jobling and Gill, 2004). Though 

STR markers are highly polymorphic and thus more suitable to applications in forensic 

identity testing (Moretti et al., 2001a), the utility of SNPs has been widespread, from 

their applications as forensic identity markers to their use for intelligence gathering 

purposes [reviewed in Budowle and van Daal (2008)]. The low mutation rate and varied 

locations of SNPs in the genome across both non-coding and coding regions have 

contributed to their utility as candidate markers in various ancestry (Onofri et al., 2006, 

Phillips et al., 2007b, Halder et al., 2008, Daniel et al., 2009, Kersbergen et al., 2009, 

Paschou et al., 2010, Paneto et al., 2011, van Oven et al., 2011a, van Oven et al., 

2011b, Nievergelt et al., 2013) and EVC prediction assays (Liu et al., 2009, Valenzuela

et al., 2010, Branicki et al., 2011, Walsh et al., 2011, Ruiz et al., 2013, Walsh et al., 

2013). These assays have demonstrated that SNPs located in the autosomes, mtDNA 

and NRY are each informative markers of BGA and/or EVCs.  

Nonetheless, most of the currently developed diagnostic tools for DNA intelligence 

have predominantly been developed to analyse different DNA intelligence elements 

individually such as bi-parental BGA or eye colour only and have targeted only SNPs of 

the same class [for example Kersbergen et al.(2009), Nievergelt et al. (2013) and Walsh 

et al. (2011)]. Numerous autosomal multiplex SNP assays for the inference of ancestry 
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have investigated mtDNA or NRY typing in addition to the autosomal markers. In their 

analysis of forensic material recovered from the 11th March Madrid commuter train 

bombings using a 34-plex assay for the inference of ancestry, Philips et al. (2009) also 

performed additional NRY SNP and mtDNA typing to confirm ancestry predictions 

made using the autosomal 34-plex panel. In an earlier study, mtDNA typing had already 

successfully demonstrated the ability to identify and broadly infer the BGA from the 

degraded human remains of 9/11 terrorists (Edson et al., 2004). Other studies have 

investigated the ancestry of self-declared US Americans using AIMs from all three 

genetic classes to detect the paternal, maternal and bi-parental ancestry of four major 

US populations (Lao et al., 2010) and of Argentinians (Corach et al., 2010) These 

studies have shown that the autosomes, mtDNA and NRY region may each reveal 

unique aspects of an individual’s genetic history and that these markers are more 

informative in combination by allowing us to study different levels of admixture to 

provide a comprehensive overview of an individual’s ancestry.  

Many AIMs are located in pigmentation genes and have been shown to also be strongly 

associated with certain physical characteristics such as rs1426654 and rs16891982 

(Nakayama et al., 2002, Soejima and Koda, 2007), thus adding further valuable 

intelligence information that may be collected from the genotypes. The Philips et al. 

(2009), Corach et al. (2010) and Lao et al. (2010) studies combined 3 different genetic 

classes, however these required 3 separate large scale assays to be performed including 

sequencing of the entire mtDNA control region. Nevertheless, the broad range of SNP 

genotyping strategies currently available strongly favour the development of novel 

diagnostic DNA intelligence tools combining informative autosomal, NRY and mtDNA 

markers for comprehensive predictions of both BGA and EVCs and which is yet to be 

attempted. 

The possibility of combining several types of SNPs in one assay was demonstrated by 

Divne et al. (2005) who developed a microarray for forensic identification of degraded 

DNA samples which successfully combined 12 nuclear and 21 HV1 mtDNA markers 

(Divne and Allen, 2005).  In 2009, a novel multiplex PCR for the analysis of highly 

degraded samples was developed as a preliminary test to gather intelligence such as sex 

determination and to assess the applicability of a sample for further DNA typing using 

STR or mtDNA analysis (Von Wurmb- Schwark et al., 2009). The assay was validated 
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to have a detection threshold of 25pg and successfully analysed two autosomal STRs, 

two Y-STRs, the gender determining amelogenin locus, two different sized fragments of 

the mtDNA HV1 region as well as a 344bp fragment of Hydra vulgaris actin gene 

which is included as a quality sensor for PCR efficiency and the presence of inhibitors 

in a sample (Von Wurmb- Schwark et al., 2009). This study provided a solid framework 

from which more substantial multiplexes combining a larger collection of BGA and/or 

EVC informative autosomal, mtDNA and NRY markers could be developed and 

provides an insight into novel DNA typing strategies that may significantly improve the 

analysis of forensic DNA evidence. 

1.7 Objectives 

Throughout this introductory chapter, the utility of genetic polymorphisms as markers 

of BGA and pigmentation phenotype was established and the potential utility of 

combining different types of markers in forensic DNA typing to obtain a more 

comprehensive overview of the genetic history of an individual was demonstrated. The 

current doctoral project aims to select autosomal, mtDNA and NRY chromosome SNPs 

which exhibit strong associations to specific population groups and/or EVCs and to 

incorporate these candidate markers in a novel SNaPshot™ (Life Technologies, USA) 

multiplex assay for inferences of maternal, paternal and bi-parental BGA and EVCs of 

unknown individuals present at a crime or disaster scene. This particular SNP 

genotyping strategy was selected for its cost, multiplexing capability, sensitivity and 

equipment requirements, which are desirable for implementation of the assay in forensic 

casework (Budowle, 2004). A large panel of polymorphisms was selected for the 

prediction of both continental and more regional inferences of population groups 

comprising the broad Australian population, namely Sub-Saharan Africa, North Africa, 

the Middle East, Europe, South and East Asia.  

An initial performance evaluation of the developed multiplex SNP assay was performed 

on 146 DNA samples to investigate the degree of correlation between the genetic data 

and the inferred BGA/EVC against the self-declared ancestry and phenotype of the 

DNA donors, in order to obtain a preliminary assessment of the predictive accuracy and 

reliability of the system. A sufficiently predictive multiplex SNP assay should be able to 
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clearly distinguish between different population groups and pigmentation phenotypes. 

However, since no polymorphism is wholly specific to a particular population or 

physical trait, various statistical tests including population genetic analyses and 

classification methods were applied on the multilocus haplotypes and genotypes to 

investigate the degree of population differentiation achieved with the candidate SNPs to 

achieve meaningful predictions.  

Ultimately, the goal was to develop a rapid and robust assay that can provide 

comprehensive DNA intelligence regarding the ancestry and potential physical 

appearance of an unknown individual. A preliminary validation of the SNP genotyping 

system for applications in casework was also carried out to test assay robustness and 

sensitivity on different types of common forensic biological specimens. Furthermore, 

we anticipate that the observed distribution of the candidate SNPs across the different 

population groups will complement global population data concerning the specific 

ancestry and phenotypic associations of these markers. This study is the first of its kind 

and offers preliminary insights into the performance of a novel consolidated DNA 

intelligence diagnostic tool for the inference of BGA and EVCs from autosomal, 

mtDNA and NRY SNPs. 
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CHAPTER 2 

MATERIALS AND METHODS 
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 Chapter 2. Materials and Methods 

2.1 Materials 

All materials are listed in alphabetical order with the name of the supplier provided for 

each item. 

2.1.1 Reagents, kits and consumables 

Boric Acid- MP Biomedicals LLC, USA  

Dithiothreitol (DTT)- Thermo Scientific, USA 

DNA Grade Agarose – Progen Industries Ltd, Australia 

50bp DNA ladder- New England Biolabs, USA 

2mM dNTP mix- Fisher Biotec, Australia 

10mM dNTP mix- Fisher Biotec, Australia 

EDTA disodium salt, Analar grade- Sigma-Aldrich Co.LLC, USA 

FTA® Classic card or Mini Card- Whatman International Ltd, UK 

Hi-Di™ Formamide- Life Technologies, USA 

Harris Micro-Punch™ 2.0mm (with cutting mat)- Whatman International Ltd, UK 

GelRed™ Nucleic Acid Gel stain (10000× in water)- Biotium Inc., USA 

Genescan-120 LIZ® size standard- Life Technologies, USA 

310 Genetic Analyzer capillary, 47cm- Life Technologies, USA  

1.5mL graduated reaction tube- Greiner Bio-One, Germany 

6× Loading Buffer, Blue- New England Biolabs, USA 

25mM Magnesium chloride (MgCl2)- Fisher Biotec, Australia 

MicroAmp® 8-tube strip (0.2mL)- Life Technologies, USA  

10×PCR reaction buffer- Fisher Biotec, Australia 

0.2mL PCR tubes- Astral Scientific, Australia 

0.5mL PCR tubes- Astral Scientific, Australia 

POP-4™ polymer for the 310 Genetic Analyzer, 5mL- Life Technologies, USA 

POP-6™ polymer for the 310 Genetic Analyzer, 3mL- Life Technologies, USA 

PureLink™ Genomic DNA Mini kit- Life Technologies, USA 

Qubit™ dsDNA HS Assay- Life Technologies, USA 

310 10× Running buffer (with EDTA), 25mL- Life Technologies, USA 
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SNaPshot® Primer Focus kit- Life Technologies, USA 

SNaPshot® matrix standard set DS-02- Life Technologies, USA 

ABI PRISM® SNaPshot™ Multiplex kit 100 reactions- Life Technologies, USA 

Sterile foam tipped applicator- Whatman International Ltd, UK 

Sterile soft rayon swab –Interpath Services, Australia 

Tris, ultra pure grade- Amresco LLC, USA 

2.1.2 Enzymes 

Calf-intestinal alkaline phosphatase (CIP) 1000U (10000U/mL)- Thermo Scientific, 

USA 

ExoSAP-It 100 reactions (200μL)- USB Corporation, USA 

Illustra ExoStar 1 Step 100 reactions (200 μL)- GE Healthcare, USA 

Taq Polymerase 500U (5.5 U/mL)- Fisher Biotec, Australia 

2.1.3 Solutions 

All solutions were prepared using Analar reagents and deionised water (dH20) and were 

sterilised by autoclaving: 

5× TBE electrophoresis buffer; 0.45M Tris-Borate, 0.01M EDTA, pH 8.0 

TE buffer pH 8.0; 10mM Tris-HCl (pH7.5), 1mM EDTA (pH 8.0) 

TE 0.1 buffer pH 8.0; 10mM Tris-HCl (pH 7.5), 0.1mM EDTA (pH 8.0) 

Tris-HCl buffer (pH 7.5); 1M Tris, pH 7.5 

2.1.4 Synthetic Oligonucleotides 

All oligonucleotides were synthesised by Invitrogen (Life Technologies, USA) with 

polymerase chain reaction (PCR) and single-base extension (SBE) primer sequences for 

each multiplex assay shown in Table 2.1 and Table 2.2 respectively. The PCR primers 

were supplied dry and desalted and the SBE primers were cartridge purified. All primers 

were hydrated with sterile TE buffer (pH 8.0) to 100 M based on the quantity (nmoles) 

stated by the manufacturer on the Certificate of Analysis. The concentration of the final  
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Table 2.1: Designed (a) mtDNA, (b) NRY and (c) autosomal PCR primers  

(a) MtDNA 
SNP 

         PCR Primer Sequences (5’-3’)  
          (F: forward, R:Reverse) 

Tm
(ºC)

Amplicon 
size (bp) 

M
U

L
T

IP
L

E
X

 1
 

C10400T F CCACAACTCAACGGCTACATAGAA 
GGAGGATATGAGGTGTGAGCGATA 

59 
60 

426 
R

T10238C Same amplicon as C10400T   

C8281G F CATGAGCTGTCCCCACATTAGG 
GGTGATGAGGAATAGTGTAAGGAGTATGG 

60 
61 

268-359 
R

C10873T F TGGCCTAGACTACGTACATAACCTAAA 
CGTGATAGTGGTTCACTGGATAAGT 

58 
57 

308 
R

C3970T* F CCTTCGACCTTGCCGAAG
GTGAGTGGTAGGAAGTTTTTTCATAGG 

58 
59 

301 
R

C3970T F CTTGCCGAAGGGGAGTCC 
GTGAGTGGTAGGAAGTTTTTTCATAGG 

60 
59 

297 
R

T12705C F TATTCATGTGCCTAGACCAAGAAGT 
AGCCGATGAACAGTTGGAATAG 

57 
57 

273 
R

A1736G F ACAAGTCGTAACATGGTAAGTGTACTGG 
CATCTTTCCCTTGCGGTACTATATCTA 

60 
59 

246 
R

M
U

L
T

IP
L

E
X

 2
 

T7028C F GAGCATATTTCACCTCCGCTACC 
GGATTTTGGCGTAGGTTTGGTCTA 

60 
61 

333 
R

A12308G F GAAAGCTCACAAGAACTGCTAACTCA 
GTTCGAGATAATAACTTCTTGGTCTAGGC 

59 
60 

323 
R

T4216C F GACCCTACTTCTAACCTCCCTGTTCTT 
TGATAGGTGGCACGGAGAATTT 

61 
59 

297 
R

A15607G F CCACATCAAGCCCGAATGA 
ACGGATGCTACTTGTCCAATGA 

59 
58 

270 
R

M
U

L
T

IP
L

E
X

 3
 

G3010A F GATCCAATAACTTGACCAACGG 
TATCATTTACGGGGGAAGGCG 

60 
61 

287 
R

T980C F GCAATGCAGCTCAAAACGCTTAG 
AAAGCCACTTTCGTAGTCTATTTTGTGT 

62 
60 

267 
R

C12633A F CCTGTAGCATTGTTCGTTACATGGT 
ATTGCTTGAATGGCTGCTGTG 

60 
60 

245 
R

A3348G F CAAGAACAGGGTTTGTTAAGATGG 
TTGGGGCCTTTGCGTAGTTG 

61 
61 

204 
R

M
U

L
T

IP
L

E
X

 4
 

C4140T F CTTCATAGCCGAATACACAAACA 
TCCTAGAAATAAGGGGGTTTAAG 

59 
60 

360 
R

G4491A F AGAATCGAACCCATCCCTGAG 
CGGTTGCTTGCGTGAGGAAA 

61 
61 

326 
R

A4715G F CCGCATCCATAATCCTTCTAATA 
CACCTCAACTGCCTGCTATGA 

60 
61 

312 
R

C4883T Same amplicon as A4715G   

T9824C F ACCCCGCTAAATCCCCTAGA 
GCAGATAGTGAGGAAAGTTGAG 

60 
60 

290 
R

C12403T F ACAGCTATCCATTGGTCTTAGG 
TGGCTCAGTGTCAGTTCGAGATA 

60 
60 

265 
R

* Original C3970T PCR primer pair excluded from the final Multiplex 1 assay 
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(b) NRY SNP              PCR Primer Sequences (5’-3’)  
              (F: forward, R:Reverse) 

Tm  
(ºC)

Amplicon 
size (bp) 

M
U

L
T

IP
L

E
X

 1
 

M9 F CGGCGTTTAAAACAATCGAAA 
CATTGAACGTTTGAACATGTCTAAAT 

59 
57

192 
R

M207 F GGGCAAATGTAAGTCAAGCAAGA 
TTTCTAGGCTGTTCGCTGCTAC 

59 
58

163 
R

M89 F GAGTCTTATCCTATGAGGTGCCATGA 
CCAGGATCACCAGCAAAGGTAG 

61 
60

148 
R

M201 F AGTTTCTCAGATCTAATAATCCAGTATCAAC 
AGGTTCAAATCCCATATCCAGC 

57 
58

101 
R

M45 F AACCTTTTAACAGTAACTCTAGGAGAGAGGA 
GGCCTGGACCTCAGAAGGAG 

60 
60

92 
R

M
U

L
T

IP
L

E
X

 2
 

M174 F CTGACCGTTAATTGGAGAGAACATCT 
GCACCCCTCACTTCTGCACT 

60 
59

259 
R

M180 F TGCAAGACAGTCTTCATCAACCAC 
TCTCTACATGAACAGCACATGCATT 

60 
60

249 
R

M130 F CTCAGGAGACATGTATAAGGAAGTGTTTA 
GCAACAGTAAGTCGAATGCCCT 

58 
59

230 
R

M181 F GGCAGGAAAACATGAAGCCAT 
GCACACTAGCTATAAGCAAAAGAAATCT 

60 
58

208 
R

M40 F TTGTATTTTTAGTAGAGACCCAGTTTCACC 
GATGTGATTAATTGACCTACTGATAAGACTC 

60 
58

192 
R

M217 F AGGCCAGTATCTCCAAAATCCTCT 
AAAGCTGCTGTGGCTTTCATC 

59 
58

181 
R

M38 F AGGAGATCTGTTGGCTACTGTTACCC 
CATCTGTCATAATAAACTTTTTCATACTTCCAC 

61 
61 

171 
R

M91 F GCAAAAATCCCCCTACATTGCTATT 
TTCTGGCAGTGCCCTTCCA 

61 
61

150 
R

M215 F CAAACTGTTGGTAAATTTTAGAG 
ACTTGGAACAACTGCGAGCA 

60 
60

140 
R

M
U

L
T

IP
L

E
X

 3
 

M343 F TTCTTGCCTTGCTTAGAATTAGG 
ACCCCCACATATCTCCAGG 

59 
60 

355 
R

M170 F ATGGGTTCCAGATTTTGCAT 
TGAGACACAACCCACACTGAA 

59 
60 

233 
R

M124 F AGCAAAGTTGAGGTTGCACA 
ATTCATGCTCTCAGGGGAAA 

60 
60

218 
R

M172 F TTTATCCCCCAAACCCATTTTG 
GGATCCATCTTCACTCCATGTTG 

61 
59

151 
R

M69 F CTCTGCAAACTGTACTCCTG 
ATCTCCCCTTAGCTCTCCTG 

59 
61

136 
R

SRY 10831.2 F ATAGCAAAAAATGACACAAGGCACC 
TGCCTTTCCTGGATATTTCATATACA 

61 
60

125 
R

M
U

L
T

IP
L

E
X

 4
 

M175 F TTGAGCAAGAAAAATAGTACCCAA 
GCATTTTCAGTTAGCCTTGATTGA 

58 
60

231-226 
R

M70 F TTCTGTAGGCACCATCTGTGAA 
ACCCAGGAGTACAGTTTGCAG 

60 
61 

208 
R

M147 F GGATTGTTTAAGGCCAGGAGG 
CAAAATACCTGAATAAGCTGGTG 

61 
60

197-198 
R

P31 F TTTTGGGGAACAGGTAGGTG 
ACTTGGGAGGCTGATACACG 

58 
60

179 
R

M119 F GTTATGGGTTATTCCAATTCAGCA 
ACCCTAAGGAAGTCACGAAG 

60 
58

153 
R

M22 F TCCTGGTTTCCCTATTTGTTTTAAG 
CCATGTTTCGTGCAGATTAAGG 

61 
58

141 
R

P256 F AGGCCTTTCTGCCCTACACTAGAT 
TGTCATAAAGCAGAAGTTCTGAGGA 

60 
58

99 
R

M122 F TTGCTCTGTGTTAGAAAAGATAG 
CAAGGTAGAAAAGCAATTGAGATA 

58 
58 

82 
R
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(c)  Autosomal   
    SNP 

         PCR Primer Sequences (5’-3’)  
         (F: forward, R:Reverse) 

Tm
(ºC)

Amplicon 
size (bp) 

M
U

L
T

IP
L

E
X

 5
 

OCA2-3 
rs4778138 

F TAAACATACTTCCAAATAATCCAGG 
ACTTGCTCTCCTTTTGATACCAG 

60 
61 

173 
R

SLC24A5
rs1426654 

F CATACTCTTTCACTTTATTAGGCA 
AGTAAGCAAGAAGTATAAGGAGCA 

58 
60 

164 
R

OCA2-4 
rs1545397 

F TGGAATTGGATACTGACAATGG 
TGAAATCATGGGGGAGAGAG 

58 
58 

150 
R

ASIP 
rs6058017 

F GTGCCGCTTCTTCCGCAG 
GGAAGCCGCCCTGTTAGG 

61 
61 

141 
R

DARC 
rs2814778 

F CAGTGGGCGTGGGGTAAG 
ACAGAAGGGCTGGGACGG 

61 
61 

121 
R

MATP 
rs16891982 

F TGCACACAACTCCACAGAGT 
CTTAGGAGAGAGAAAGACTTACA 

58 
60 

120 
R

FUT2 
rs1800021 

F CCATGCTGGTCGTTCAGATG 
CATGGCTTGAATCTTCGCTAG 

60 
60 

116 
R

OCA2-1 
rs7495174 

F GACTCAGCCGCGCTAGGT 
GCAGGGAGGGTTTACACAG 

61 
60 

115 
R

F13B 
rs6003 

F AATGCACTAAGCCTGACCTGAGT 
TCCAGTGGTTTTGTACCCTGAA 

58 
58 

110 
R

IL-6 
rs1800795 

F GCCTCAATGACGACCTAAGC 
GGGTGGGGCTGATTGGAAA 

60 
60 

105 
R

OCA2-2 
rs4778241 

F ACTCCTGCATCACCAATGGGA 
AATTGTTGGCTGGTAGTTGCA 

61 
58 

103 
R

MC1R 
rs885479 

F CGCTACCACAGCATCGTGA 
AGTAGGCGATGAAGAGCGTG 

60 
61 

97 
R

HERC2 
rs12913832 

F GGCTCTCTGTGTCTGATCCAAGA 
GCCCCTGATGATGATAGCG 

59 
60 

85 
R
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Table 2.2: Designed (a) mtDNA and NRY and (b) autosomal SBE primers 
(a)  SNP St      5’aspecific tail-Target specific primer sequence (5’-3’) Size   

(nt) 
Alleles 

& 
colour

M
U

L
T

IP
L

E
X

 1
 

M
TD

N
A

 
C10400T* s ggtgccacgtcgtgaaagtctgacaaGACTACAAAAAGGATTAGACTGAAC 52 C/T
C10400T a taccgaaacCGTTTTGTTTAAACTATATACCAATTC 36 G/A
T10238C a (gact)3gaCAATTTCTAGATCAAATAATAAGAAGGT 43 A/G
C8281G s gtgccacgtcgtgaaagtctgacaaACCCTATAGCACCCCCTCTA 46 Ca/Gd

C10873T s (gact)3gagactGCCTAATTATTAGCATCATCCC 41 C/T
C3970T* a gtgaaagtctgacaaTGTGTATTCGGCTATGAAGAATA 39 G/A
C3970T# a gtgaaagtctgacaaTGTGGATTCGGCTATGAAGAATA 39 G/A
T12705C* a acgtcgtgaaagtctgacaaGTAACTAAGATTAGTATGGTAATTAGGAA 50 A/G
T12705C a GGTAACTAAGATTAGTATGGTAATTAGGAA 31 A/G
A1736G s gtagccaaTTAGCCAAACCATTTACCCA 28 A/G

N
R

Y
 

M9 s atataCGGCCTAAGATGGTTGAAT 25 C/G
M207 a gactTCAAAAGGTATTGTTATTCTCTTT 29 T/C
M89 s (gact)2atCTTCCTAAGGTTATGTACAAAAATCT 37 C/T
M201 a acagtctCAACACTAAGTACCTATTACGAAAA 33 C/A
M45 a TCAGAAGGAGCTTTTTGC 19 C/T

M
U

L
T

IP
L

E
X

 2
 M

TD
N

A
 T7028C s ACGACACGTACTACGTTGTAGC 22 T/C

A12308G s gATTGGTCTTAGGCCCCAA 19 A/G
T4216C s cacttagtaACTCACCCTAGCATTACTTATATGA 35 T/C
A15607G a GCAAGGACGCCTCCTAG 18 T/C

N
R

Y
 

M174 s (gact)2gaGAATACCTTCTGGAGTGCCC 31 T/C
M180 a gactgCAGCACATGCATTAGTAAAAGTC 29 A/G
M130 s (gact)4gaAGGGCAATAAACCTTGGATTTC 41 C/T
M181 a gactgaCTATTCAAGCTACTACCTTAAAGCA 32 A/G
M40 s gactgacTCACCCTGTGATCCGCT 25 C/T
M217 a (gact)3gATGTATTTTTCCTTCTGAAGAGTT 38 T/G
M38 a (gact)4gACAGGGGAATGCTTACTGAATAAAA 43 A/C
M91 s (gact)3gacgactCCCTACATTGCTATTCTGTTTTTTTT 46 T/A
M215 a gacCATCAGCTGGAACAGTTAGAAAG 27 T/C

M
U

L
T

IP
L

E
X

 3
 

M
TD

N
A

 G3010A a gactgTAATAGCGGCTGCACCAT 24 C/T
T980C a gactCCCTCCCCAATAAAGCTAAAAC 27 T/C
C12633A a CACAGTGAGAATTCTATGAT 21 G/T
A3348G s gactgCTACTCCTCATTGTACCCATTCT 29 A/G

N
R

Y
 

M343 s AGTGCCCTCGTGTTCCA 18 C/A
M170 a (gact)4gacGACACAACCCACACTGAAAAAAA 43 T/G
M124 s (gact)4gaGTTGCACAAACTCAGTATTATTAAACC 46 G/A
M172 s (gact)3gCCCAAACCCATTTTGATGCTT 35 T/G
M69 s (gact)2gAGGCTGTTTACACTCCTGAAA 31 T/C
SRY10831.2 s (gact)3gaCATAGGTGAACCTTGAAAATGTTA 39 C/T

M
U

L
T

IP
L

E
X

 4
 M
TD

N
A

 

C4140T s (gact)4gaGAATTCGAACAGCATACCC 38 C/T
G4491A a gactCAAAGATGGTAGAGTAGATGA 26 C/T
A4715G a AGTATTGGTTATGGTTCATTG 22 T/C
C4883T a (gact)5GAGATTTGGTATATGATTGAGAT 44 G/A
T9824C a TTGAGCCAATAATGACGTG 20 A/G
C12403T s CCCCATCCTTACCACC 17 C/T

N
R

Y
 

M175 s (gact)3ACATGCCTTCTCACTTCTC 32 Ta/Ad

M70 a (gact)3gaTTCTGTTGTGGTAGTCTTAG 35 T/G
M147 s (gact)4gacCCCTGTCTCTGAAAGAAAAAAA 42 Ca/Ti

P31 a (gact)4gATCGCAAAAAAACCCCAAAAAA 40 A/G
M119 s (gact)6gTTCCAATTCAGCATACAGGC 46 T/G
M22 a t(gact)3CACTGGGGGAAGGAGG 30 T/C
P256 s gacGCCCTACACTAGATAGAAAG 24 G/A
M122 s (gact)2gAGATTTTCCCCTGAGAGC 28 A/G

DNA strand homologous to the SBE primer, where s =sense strand and a= antisense strand 
*SBE primers excluded from final multiplex assays 
# redesigned C3970T SBE primer showing inserted mismatch
a= ancestral allele, d= allele detected when deletion is present, i= allele detected when insertion is present
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(b)  SNP St     5’aspecific tail- Target specific primer sequence  
   (5’-3’) 

Size 
 (nt) 

  Alleles  
&  

colour 
M

U
L

T
IP

L
E

X
 5

 
OCA2-3 
rs4778138 

a (gact)5CACTGATTTAGCTGTGTTCTG 42 C/T

SLC24A5 
rs1426654 

s (gact)3gaTCTCAGGATGTTGCAGGC 33 A/G

OCA2-4 
rs1545397 

s (gact)4gacCAACTTTGTGAATATACTAAAATAC 45 A/T

ASIP*
rs6058017 

a gactgacTCCCCGAAGCCCTGCC 24 C/T

ASIP#

rs6058017
s ACTCCCGTCCGCGAGC 17 A/G

DARC
rs2814778 

a gacGCGCCTGTGCTTCCAAG 21 A/G

MATP*
rs16891982 

s gactgacGGTTGGATGTTGGGGCTT 26 C/G

MATP
rs16891982 

s (gact)2gaGGTTGGATGTTGGGGCTT  29 C/G

FUT2
rs1800021 

s (gact)4gCTTTGTCTTTACGGTTTCCACT 40 A/G

OCA2-1 
rs7495174 

a gactgacAGGCAAGTTCCCCTAAAGGT 28 T/C 

F13B
rs6003 

s (gact)3GTATAAAATTCAAGAGAACATGC 36 G/A

IL-6 
rs1800795 

s (gact)5gacCCCCCTAGTTGTGTCTTGC 47 G/C 

OCA2-2*
rs4778241 

a (gact)4TGTTGGCTGGTAGTTGCAATT 38 T/G

OCA2-2 
rs4778241 

a (gact)3gacTGTTGGCTGGTAGTTGCAATT 37 T/G

MC1R
rs885479 

a aATGGCCGCAACGGCT 17 C/T

HERC2
rs12913832 

s gactgacGCCAGTTTCATTTGAGCATTAA 30 A/G

DNA strand homologous to the SBE primer, where s =sense strand and a= antisense strand 
*SBE primers excluded from final multiplex 5 assay 

redesigned ASIP SBE primer showing inserted mismatch 
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stocks was verified using the ND-1000 Spectrophotometer (NanoDrop Technologies, 

USA) and primer stocks were then diluted as appropriate and aliquoted into multiple 

2 M and 20 M working solutions with dH20 and stored at -20°C. For each multiplex 

assay, the relevant PCR or SBE primers were combined in a single primer mix to be 

added to each sample. The concentration of each primer in the multiplex assays was 

modified during assay optimisation to achieve relatively balanced amplification and 

allelic signals for all SNPs in the multiplex. 

2.1.5 Population samples 

DNA samples were from the University of Technology, Sydney (UTS) DNA database 

which was compiled from a sampling regime conducted at the university in accordance 

with UTS Human Research Ethics Committee approval (03/76). DNA samples were 

collected from consenting participants and included staff and students of the science 

faculty as well as other individuals in the greater Sydney region. Participants rubbed the 

interior of each cheek for 15 seconds, using each side of a foam tip swab (Interpath, 

Australia), to collect saliva and buccal cells. Both sides of the swab were then pressed 

onto the circular sample areas of a numbered FTA® Custom mini card or classic card 

(Whatman, United Kingdom). The FTA® cards were air dried at room temperature and 

were then returned to their correspondingly labelled envelopes by each participant, to 

avoid cross contamination. Over 300 FTA® bound DNA samples are contained in the 

UTS DNA Database and remain securely stored at room temperature. Each DNA donor 

completed an informed consent and ancestry and phenotype declaration form providing 

details of their biogeographical ancestry (BGA) over 3 generations and external visible 

characteristics (EVC) including hair (blonde, light brown, red, dark brown, black), eye 

(blue, green, hazel, dark brown) and skin (fair, olive and dark) colour. The classification 

of BGA groups used on the ancestry declaration form was derived from the Australian 

standard classification of cultural and ethnic groups (ASCCEG) defined by the 

Australian Bureau of Statistics (2001).  

A total of 146 samples (116 males and 30 females) whose parents and maternal and 

paternal grandparents originated from the same population were selected from the UTS 

DNA database for analysis. All 146 samples were divided into six major sub-population 
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groups according to the declared population of origin (Table 2.3) and were genotyped 

using the developed 5-multiplex SNP assay (refer to section 2.2.2).  

Table 2.3: Distribution of the Australian population samples genotyped using the 
developed 5-multiplex SNP genotyping system 

Sub-population Country Number of individuals (N) 
Sub-Saharan Africa (N=9) Cameroon 

Uganda 
Eritrea 
Ghana 
Nigeria  
West Africa 

3 
2 
1 
1 
1 
1 

North Africa (N=21) Egypt 21 
Middle East (N=15) Lebanon 

Iran 
Iraq 
Kurdistan 
Afghanistan 

7 
3 
2 
2 
1 

Europe (N=41) Australian Caucasian 
Greece 
England 
Italy 
Ireland 
Croatia 
Sweden 
Malta 
Scotland  
Poland 

15 
6 
5 
5 
3 
2 
2 
1 
1 
1 

South Asia (N=21) India 
Pakistan 
Sri Lanka 
Bangladesh 

12 
4 
4 
1 

East Asia (N=39) China 
Philippines 
Korea 
Taiwan 
Vietnam 

27 
5 
4 
2 
1 

TOTAL  146 
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2.1.6 Software 

Arlequin version 3.5.1.3- Excoffier & Lischer, 2010, at 

http://cmpg.unibe.ch/software/arlequin35/Arl35Downloads.html

AutoDimer version 1.0- Vallone & Butler, 2004, at 

http://www.cstl.nist.gov/div831/strbase/AutoDimerHomepage/DownloadPage.htm

CLUMPP version 1.1.2- Jakobsson & Rosenberg, 2007, at 

http://www.stanford.edu/group/rosenberglab/clumpp.html

Distruct version 1.1- Rosenberg, 2004, at 

http://www.stanford.edu/group/rosenberglab/distruct.html

FigTree version 1.4- Rambaut, 2012, at http://tree.bio.ed.ac.uk/software/figtree/

GenAlEx version 6.501- Peakall & Smouse, 2006, 2012, at 

http://biology.anu.edu.au/GenAlEx/Download.html

GeneScan® Analysis software version 3.7- Life Technologies, USA 

GeneScan® Data Collection software version 1.1- Life Technologies, USA 

Genetic Distance Analysis (GDA)- Lewis and Zaykin, 2002 at 

http://hydrodictyon.eeb.uconn.edu/people/plewis/software.php

IBM® SPSS® Statistics for Windows version 19- IBM Corp., USA 

OligoExplorer® 1.5- Genelink, USA, at  

http://www.genelink.com/tools/gl-downloads.asp

PrimerBLAST- NCBI, USA at http://www.ncbi.nlm.nih.gov/tools/primer-blast/

Primer Express® version 2.0- Life Technologies, USA 

Snipper App Suite 2.0- University of Santiago de Compostela, Spain, hosted at 

http://mathgene.usc.es/snipper/  

STRUCTURE version 2.3.4- Pritchard et al., 2000; Falush et al., 2003, 2007; Hubisz et 

al., 2009, at http://pritchardlab.stanford.edu/structure.html

Structure Harvester web version 6.93- Earl & vonHoldt, 2012, at  

http://taylor0.biology.ucla.edu/structureHarvester/

TreeView version 1.6.6- Page, 1996, at 

http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
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2.2 Methods 

2.2.1 Multiplex SNP Assay design 

Extensive literature and database searches were conducted to select mtDNA, NRY and 

autosomal SNPs which demonstrate skewed allele frequencies in the Sub-Saharan 

African, North African, Middle Eastern, European, South Asian and East Asian 

populations or which have previously been identified as ancestry informative markers 

(AIM). Several autosomal SNPs showing major allelic associations to pigmentation 

phenotype were also selected to allow for inference of EVC such as hair, eye and skin 

colour. The literature and database investigations performed and the SNP selection 

criteria used are described in detail in chapters 3 and 4. 

A total of 21 coding region mtDNA, 28 NRY SNPs and indels and 13 autosomal SNPs 

were selected. Due to the large number of loci investigated, a hierarchical multiplex 

design approach using five separate multiplex assays was implemented to facilitate 

genotyping. All haploid SNPs were grouped within Multiplexes 1 to 4. The 

development of each multiplex assay involved (1) the development of a primary 

multiplex PCR containing all desired SNP-containing amplicons and (2) the 

development of a multiplex SNaPshot® reaction to simultaneously genotype all SNP 

loci. Multiplex assay development and optimisation is discussed in detail in chapters 3 

and 4.  

2.2.1.1 Multiplex polymerase chain reaction (PCR) primer design 

For successful multiplexing, PCR primers must be designed to enable specific 

amplification of desired target sequences in the presence of unrelated combinations of 

primer sets and under the same cycling conditions. In order to facilitate this, all PCR 

primers were designed to have theoretical melting temperatures (Tm) of approximately 

60±3°C (180mM salt concentration) with all primers in the same multiplex within 4°C 

of each other and a GC content of 35-65%. Primer length was restricted to 18-35 bases 

and if possible, the last 4 bases on the 3’end were designed to contain the same base 

composition of mostly G and A bases and a low number of C and T bases, to prevent 

primer dimer formation between two related or unrelated primers. Regions surrounding 
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the SNP of interest were screened and long runs of repeats or palindromes were 

excluded if possible, to ensure low complexity amplicons with a GC content of 30-60% 

(Tm 73-85°C) and to reduce the formation of template secondary structure.  

Amplicon sizes were restricted to 80-430bp, ideally with a minimum 7bp spacing 

between products to allow for visualisation in agarose gels and with the SNP site 

located at least 30bp from either amplicon end to allow for sufficient room to design the 

SBE primers. In general, primers for the NRY and autosomal SNPs were designed to 

produce the smallest amplicons (<200bp) to allow for the analysis of degraded/trace 

DNA samples. The mtDNA amplicons were designed to be larger (250-430bp) due to 

the larger copy number of mtDNA in contrast to the Y-chromosome and autosomes. 

Whenever possible, SNPs located in close proximity were amplified together on the 

same amplicon to reduce the number of primer pairs in the multiplex.  

Primer design was conducted using Primer Express version 2.0 (Life Technologies, 

USA) and OligoExplorer 1.5 (Genelink, USA, available at 

http://www.genelink.com/tools/gl-downloads.asp). The PCR primers were screened for 

hairpin formation and primer dimer interactions using AutoDimer version 1.0  

[(Vallone and Butler, 2004), available at 

http://www.cstl.nist.gov/div831/strbase/AutoDimerHomepage/DownloadPage.htm]. 

The PCR primers were also checked for template specificity against other regions of the 

human genome using PrimerBLAST (NCBI, USA, available at 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers with more than 5 consecutive 

matches at the 3’ end to any non-target DNA sequence were excluded if the amplified 

product of this non-specific template interaction was predicted to be less than 500bp. 

The PCR primers designed for each multiplex are shown in Table 2.1. 

2.2.1.2 Multiplex single base extension (SBE) primer design

The design of SBE primers for use in multiplex SNaPshot® assays requires that all 

alleles within a mixture be individually distinguishable electrophoretically through a 

combination of size and allele colour. This was primarily achieved by altering the 

primer lengths through the addition of non-homologous 5’tails that typically consist of 

poly-GACT or polymers of A, T, C or G bases.  In most cases, the length of the tail was 
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kept smaller than that of the homologous portion of the primer, however, for those 

primers where the melting temperature and GC content of the homologous sequence 

was high (>54°C), the tails were permitted to be larger. The final length of the extended 

SBE primers was maintained between 17 to 50 nucleotides with SNPs in the same 

multiplex sharing at least one polymorphic nucleotide (i.e. colour) having a minimum 

separation of 3 nucleotides.  

The homologous portion of the primer was designed from either the sense or the 

antisense strand and comprised 16-30 nucleotides directly upstream of the SNP loci (5’ 

to 3’). Since the recommended annealing temperature of the SNaPshot® multiplex kit is 

50°C, the melting temperature of the primer was maintained between 50-56°C (180mM 

salt concentration) with all primers within 2-3°C of each other. OligoExplorer 1.5 

(Genelink, USA) was used to design the homologous sequences and the tails were 

manually selected to minimise primer dimer interactions and non-specific template 

interactions. The SBE primers were also tested for hairpin and primer dimer (or self-

extension) formation using AutoDimer version 1.0 (Vallone and Butler, 2004).The SBE 

primers designed for each multiplex are shown in Table 2.2.  

2.2.1.3 SNaPshot® Primer Focus reaction 

It is not possible to completely predict the exact size of SBE products since the 

electrophoretic mobility of extended primers shorter than 35bp is strongly affected by 

the nucleotide composition and attached fluorophore. Hence the electrophoretic 

mobility of all SBE primers was checked for potential overlap using the SNaPshot®

Primer FocusTM reaction (Life Technologies, USA). This reaction involves the single 

base extension of a primer with fluorescently labelled dideoxyribonucleotide 

triphosphates ([F]ddNTPs), however, no template DNA is added and the Primer 

FocusTM enzyme extends each SNaPshot® primer by attaching all four nucleotides 

randomly so that 4 coloured peaks are visualised for each primer.  

The SBE primers were tested at a final concentration of 0.2 M in a total reaction 

volume of 10 L as described in Table 2.4 and incubated at 37°C for 60 minutes 

followed by enzyme deactivation at 70°C for 10 minutes. Primer FocusTM products were 

stored in the dark at 4°C (overnight) or -20°C (long term) until post-reaction clean-up 
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by treatment with 1U calf-intestinal alkaline phosphatase (CIP) at 37°C for 60 minutes 

followed by enzyme deactivation at 72°C for 15 minutes. 1 L of purified sample was 

then added to 8.5 L of Hi-Di® Formamide (Life Technologies, USA) and 0.5 L of 

GeneScan®-120 LIZ size standard (Life Technologies, USA), denatured at 95°C for 5 

minutes and chilled on ice prior to electrophoresis on the ABI PRISM® 310 Genetic 

Analyzer (Life Technologies, USA) and data analysis using GeneScan® Analysis 

software v3.7 (Life Technologies, USA), as detailed in section 2.2.2.7. 

Table 2.4: SNaPshot® Primer FocusTM reaction preparation 

2.2.2 Multiplex Assay optimisation and genotyping 

2.2.2.1 Isolation and purification of buccal cells 

A Harris Micro-PunchTM with 2mm tip (Whatman, United Kingdom) was used to 

extract 2mm discs from buccal swab-containing FTA® cards. Discs were placed in 

microfuge tubes, washed twice in 500 L 10mM sodium hydroxide (NaOH) for 5 

minutes at room temperature on a rotating wheel, followed by two washes in 500 L TE 

0.1 buffer (pH 8.0) for 5 minutes. Disc were then dried at 55°C for 15 minutes and 

stored at -20°C for up to one month prior to PCR amplification.  

Kit Reagent Volume ( L) 

SNaPshot® Primer FocusTM ddNTP mix 4.0 

SNaPshot® Primer FocusTM 10× reaction mix 1.0 

SNaPshot® Primer FocusTM Co-Factor 1.0 

SNaPshot® Primer FocusTM Enzyme 0.1 

SNaPshot® primer (2 M) 1.0 

Sterile dH20 2.9 
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2.2.2.2 Polymerase Chain Reaction (PCR) 

Fragments of DNA encompassing the selected SNP loci were amplified by PCR in a 

total reaction volume of 25 L containing a single buccal swab disc sample as template. 

For each of the five multiplex assays, optimisation of the PCR reaction commenced 

with the singleplex amplification of each primer pair. For Multiplex 1, the singleplex 

PCR reactions contained 3mM magnesium chloride (MgCl2), 0.2mM dinucleotide 

triphosphate (dNTP) mix, 1× reaction buffer, 0.75U Taq Polymerase and the relevant 

PCR primer pair at 0.1μM for mtDNA primers or 0.2μM for NRY and autosomal 

primers. PCR reactions were carried out using an Eppendorf MasterCycler gradient 

PCR machine (Eppendorf, Germany) with an initial denaturation at 95°C for 3 minutes 

followed by 35 cycles of denaturation at 95°C for 1 minute, annealing at 57°C for 1 

minute and extension at 72°C for 1 minute, with a final extension at 72°C for 7 minutes. 

These cycling parameters were used for all five multiplexes throughout the optimisation 

process. The samples were then held at 4°C and stored at -20°C long term prior to 

subsequent electrophoresis or SNaPshot® reactions.  

Upon confirmation of correct sized products in singleplex amplifications, the relevant 

PCR primer pairs were then grouped in small multiplex PCR reactions and then 

combined in the final multiplex reaction for each assay. For example, Multiplex 1 PCR 

primers were tested in 5-Plex, 6-Plex and 11-plex PCR reactions amplifying 5, 6 and 11 

loci respectively. When optimising the Multiplex 1 PCR, the same reagent 

concentrations as for singleplex PCR reactions were used initially, except that all PCR 

primer concentrations were 0.2μM. Individual reagent concentrations including MgCl2, 

dNTP mix, reaction buffer, Taq Polymerase and PCR primer concentration were then 

varied as described in chapters 3 and 4 until relatively equalised product yields were 

achieved. The final optimised PCR reagent concentrations for Multiplex 1 contained 

4mM MgCl2, 0.4mM dNTP mix, 1.75U Taq polymerase, 2× PCR buffer and these 

concentrations were also used for the singleplex and multiplex amplification of 

multiplex 2 to 5 PCR reactions, excluding the PCR primer concentrations. Final 

concentrations of PCR primers for each multiplex SNaPshot® assay were achieved by 

adjustment of both individual PCR and SBE primers as discussed in chapters 3 and 4. 

PCR negative controls containing no FTA® disc were included with every PCR 

reaction.  
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2.2.2.3 Agarose gel electrophoresis 

To confirm that the correct sized fragments were amplified, the singleplex and 

multiplex PCR products were electrophoresed in 4% (w/v) agarose/0.5× TBE gels 

containing 0.5× GelRedTM (Biotium Inc., USA) nucleic acid stain alongside a 50bp DNA 

ladder (New England Biolabs, USA), which includes 17 fragments ranging from 50 to 

1350bp at 50bp intervals. Samples were prepared for electrophoresis by combining 2 L 

of PCR product with 2 L 6× gel loading dye, blue (New England Biolabs, USA) and 

6 L 0.5× TBE buffer to a final loading volume of 10 L. Samples were electrophoresed 

in 0.5× TBE buffer at 85V for 120-150 minutes then visualised on a UV 

transilluminator and photographed using a Canon G4 Digital Camera and Ultra Cam 

Digital Imaging Hood (SciTECH, Australia). 

2.2.2.4 Post-PCR purification of DNA template 

Prior to performing the SNaPshot® reaction, the primary PCR product must be purified 

to avoid the participation of PCR primers and residual dNTPs in the primer extension 

reaction. Exonuclease I (ExoI) degrades excess single stranded PCR primers and 

Shrimp Alkaline Phosphatase (SAP) catalyses the removal of 5’phosphate groups from 

residual dNTPs. 1 L of the commercially available ExoSAP-It kit (USB Corporation, 

USA) or the Illustra™ ExoStar kit (GE, Healthcare, USA) which incorporate these 

enzymes, was added to 1.5 L PCR product and incubated at 37°C for 30 minutes, 

followed by enzyme deactivation at 80°C for 15 minutes. The purified PCR products 

were then stored at 4°C (24 hours) or -20°C (long term). It was found that more than 4 

freeze/thaw cycles substantially decreased ExoSAP-It and ExoStar reagent activity, 

evident through an increase in artefact peaks, thus the ExoSAP-It and ExoStar stocks 

were aliquoted into small 20 L working stocks and stored at -20°C prior to their use.  

2.2.2.5 SNaPshot® reaction  

SNP genotyping was performed using a commercially available SNaPshot® multiplex 

kit (Life Technologies, USA) in which unlabelled SBE primers anneal to purified PCR 

templates one base short of the SNP site and are then extended by the addition of a 

single [F]ddNTP that is complementary to the base on the template strand at the SNP 
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site (as depicted in Figure 2.1). Extension is then terminated as the ddNTP lacks a 

hydroxyl group, preventing further phosphate bond formation. Each [F]ddNTP is 

labelled with a different fluorophore (Table 2.5). 

Figure 2.1: Schematic of the SNaPshot® reaction 

Table 2.5: Dye labels assigned to individual ddNTPs in the SNaPshot® reaction 

ddNTP Dye label (Fluorophore) Peak colour 

A dR6G Green 

C dTAMRATM Black 

G dR110 Blue 

T  dROXTM Red 
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The SNaPshot® reactions were initially performed in a total reaction volume of 5 L 

containing 2.5 L SNaPshot® Multiplex Ready Reaction Mix, 1 L SBE primer mix, and 

1.5 L purified multiplex PCR product. Optimisation of each multiplex assay 

commenced with the singleplex extension of individual SBE primers at a final 

concentration of 0.2μM to confirm that the expected alleles are correct. The SBE 

primers were then tested in small multiplex SNaPshot® reactions and finally combined 

in a single multiplex SNaPshot® reaction for each assay. For example, Multiplex 1 SBE 

primers were tested in 5Plex, 6Plex and 11plex SNaPshot® reactions genotyping 5, 6 and 

11 loci respectively using the purified Multiplex 1 PCR product as template. All SBE 

primers of the multiplex were pooled into a primer mix and 1 L was added such that all 

SBE primers had a final concentration of 0.2μM in a total reaction volume of 5 L. 

The concentration of individual SBE primers in the pooled primer mixes were modified 

during the optimisation phase of each assay to achieve relatively equalised allele peak 

heights, as described in detail in chapters 3 and 4, with all final optimised SBE primer 

concentrations summarised in Table 3.4 and Table 4.3. Positive and negative SNaPshot®

(no template) controls were routinely performed (Table 2.6). The PCR negative (no 

template) controls were also used as template in SNaPshot® reactions to monitor 

contamination at the PCR stage. Thermal cycling of the SNaPshot® reactions was 

performed on an Eppendorf MasterCycler gradient PCR machine using 25 cycles of 

96°C for 10 seconds, 50°C for 5 seconds and 60°C for 30 seconds. Samples were stored 

at -20°C in complete darkness to prevent continual loss of fluorescence from the light 

sensitive [F]ddNTPs. 

  

Table 2.6: Preparation of SNaPshot® reaction controls  

Kit Reagent Positive control 
( L) 

Negative control 
( L) 

SNaPshot® Multiplex Ready Reaction mix 2.5 2.5 

SNaPshot® Control Primer mix 0.5 0.5 

SNaPshot® Control Template 1.0 1.0 

Sterile dH20 1.0 2.0 
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2.2.2.6 Post- extension treatment 

The SNaPshot® products were purified with CIP to remove the fluorescent label from 

the 5’ phosphoryl groups of unincorporated [F]ddNTPs because these have been shown 

to co-migrate with the extended primers during capillary electrophoresis (ABI PRISM®

SNaPshotTM Multiplex kit Protocol, Life Technologies, USA). The CIP enzyme was 

diluted with 1×NEBuffer 3 (5mM KCl, 1mM Tris-HCl (pH 8.2), 0.1mM MgCl2. 

0.01mM ZnCl2 and 5% glycerol) (Thermo Scientific, USA) to a concentration of 1U/ L 

and one unit of CIP was added directly to 5 L of SNaPshot® products. Samples were 

thoroughly mixed and incubated at 37°C for 60 minutes, followed by CIP deactivation 

at 75°C for 15 minutes. Treated SNaPshot® products were stored in the dark at 4°C (2 

days) or -20°C (long term) prior to electrophoresis.

2.2.2.7 Capillary electrophoresis and Genescan® Analysis 

Prior to analysing the SBE products with capillary electrophoresis on the ABI PRISM®

310 Genetic Analyzer, spatial and spectral calibrations were performed according to the 

manufacturer’s instructions provided with the SNaPshot® multiplex kit. To prepare 

samples for electrophoresis, 0.5 L of treated SNaPshot® products was added to 9 L of 

Hi-DiTM Formamide and 0.5 L of GeneScan -120 LIZ® size standard, then heat 

denatured at 95°C for 5 minutes. The samples were then transferred to MicroAmp® 8-

tube strips, loaded onto an automated ABI PRISM® 310 Genetic Analyzer and 

electrophoresed in a single 36cm×50 m capillary, filled with POP-6 polymer (Life 

Technologies, USA). The SBE primers separate according to their size and are detected 

when the fluorescently labelled extended primer is excited by a laser beam at the 

detector window of the instrument. A spectrophotometer separates the light emitted by 

the different fluorophores and a CCD camera processes the data. The run module GS 

POP-4 (1mL) E5.md5 specified by the manufacturer was used for analysis of 

SNaPshot® products. The electrophoresis conditions encoded by this module are 

outlined in Table 2.7. A slight modification to the sample preparation and run module 

were used for Multiplex 5 where 0.5 L of each of the treated ASIP singleplex and 

Multiplex 5 12-Plex SNaPshot® products were added to 8.5 L of Hi-DiTM Formamide 

and 0.5 L of GeneScan -120 LIZ® size standard and the injection time was increased 

from 5 seconds to 10 seconds.  
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Although, the manufacturer recommends that the SNaPshot® products are separated 

using POP-4 polymer, it has been shown that POP-6, which is usually used for 

sequencing applications, increases resolution and discrimination of SNaPshot® products 

by increasing sizing accuracy (Vallone et al., 2004, Brion, 2005). For this reason, POP-

6 polymer was implemented instead of POP-4 during capillary electrophoresis whilst 

still maintaining the GS POP-4 (1mL) E5.md5 run module.  

The raw data generated by the GeneScan® Data Collection software version 1.1 (Life 

Technologies, USA) was analysed using GeneScan® Analysis software version 3.7. The 

analysed data is presented in a profile (electropherogram) as a series of coloured peaks 

representative of each extended SNaPshot® primer and incorporated [F]ddNTPs. The 

following default analysis parameters were used: matrix standard set DS-02, filter set 

E5, minimum peak size of 50 relative fluorescent units (RFU) and Local Southern 

Method for size calling. 

Table 2.7: Run parameters encoded by module GS POP-4 (1mL) E5.md5 used for 
electrophoresis of SNaPshot® products on the ABI PRISM® 310 Genetic Analyzer 

Parameter Module GS POP-4 (1mL) E5.md5 

Capillary array 36cm (distance to detector) 

POP-6 polymer* 

Injection time 5 seconds 

Electrophoresis voltage 15 kV 

Run time 24 minutes 

Run voltage 15 kV 

Heat plate temperature 60°C 

*module GS POP-4 (1mL) E5.md5 is designed to be used with POP-4 polymer however 
for our applications POP-6 polymer was used instead. 
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2.2.2.8 Haplogroup and genotype determination 

Alleles at each locus were manually called following analysis of the electropherograms. 

A minimum peak height of 80 RFU was used for allele calling of the haploid mtDNA 

and NRY SNPs. The final mtDNA and NRY haplogroups were assigned based on the 

haplotypes derived from the results of Multiplex 1 to 4 using the phylogenies shown in 

Figure 3.3 to Figure 3.6. For the autosomal alleles in Multiplex 5, a minimum peak 

height ratio of 4:2:1:1 was applied for the interpretation of heterozygote genotypes to 

account for the differences in fluorophore emissions between the dR110 (G-blue), 

dR6G (A-green), TAMRA (C-yellow) and dROX  (T-red) dyes and a minimum peak 

height ratio of 3:1 was used for accepting a heterozygote genotype at any particular 

locus as recommended by Sanchez et al. (2006). One exception was the implementation 

of a modified 4:1 ratio for heterozygotes at the rs12913832 (HERC2) locus due to the 

strong imbalance observed between the A and G alleles, which was also encountered by 

Phillips et al. (2012). Thus a minimum peak height of 400RFU (blue), 200RFU (green) 

and 100 RFU (yellow and red) was applied for allele calling of autosomal SNPs. 

2.2.3 Statistical Analysis 

Genotyping results for the 146 population samples tested were recorded in Microsoft 

Excel worksheets as haplotypes for the mtDNA and NRY SNPs (one column for each 

locus) and as genotypes for the autosomal SNPs where each locus is represented as two 

columns, one for each of the two possible alleles. Missing data was recorded as ‘?’. 

Three separate worksheets were maintained for the mtDNA, NRY and autosomal data. 

These Excel files were then modified accordingly to suit the requirements of the 

different statistical programs used.  

2.2.3.1 Calculating haplogroup, allele and genotype frequencies 

MtDNA and NRY haplogroup frequencies in the Sub-Saharan African, North African, 

Middle Eastern, European, South Asian and East Asian populations were calculated 

using the direct counting method. Allele and genotype frequencies were calculated for 

all 13 candidate autosomal SNPs in each of the six populations using GenAlEx v6.501 
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(Peakall and Smouse, 2012). The ‘Frequency’ option for co-dominant data was used 

and the ‘Frequency by pop’ parameter was selected. 

2.2.3.2 Assessing mtDNA and NRY population diversity 

Arlequin v3.5 (Excoffier and Lischer, 2010) was used to calculate various diversity 

measures and their associated standard deviations from the mtDNA and NRY haplotype 

data for the Sub-Saharan African, North African, Middle Eastern, European, South 

Asian and East Asian populations. The ‘standard diversity indices’ and ‘molecular 

diversity indices’ options under the Molecular Diversity setting were selected to 

calculate the following diversity measures: 

1) Number of haplotypes (k)  

This refers to the number of different combinations of alleles at multiple loci 

identified in each population. 

2) Gene diversity (H)  

A diversity index that is equivalent to the expected heterozygosity for diploid data. 

It calculates the probability that two randomly selected haplotypes are different 

within a population group according to the statistic proposed by Nei (1987) (page 

180). 

3) Mean number of pairwise differences (P)  

A molecular index which refers to the mean number of differences between all pairs 

of haplotypes in a population group, calculated according to the methods of Tajima 

(1983, 1993) which assume no recombination between sites and selective neutrality. 

4) Nucleotide diversity ( )  

This statistic measures the probability that two randomly selected nucleotide sites 

are different and is equivalent to the gene diversity at the nucleotide level. The 

calculation of nucleotide diversity in Arlequin is derived from the methods of Nei 

(1987) (page 257)  and Tajima (1983). 
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2.2.3.3 Assessing population diversity using autosomal SNPs

The observed and expected heterozygosity were calculated for all the genotypes at each 

of the thirteen autosomal SNP loci for all six populations using GenAlEx v.6.501 

(Peakall and Smouse, 2012). The observed heterozygosity (Ho) is derived from the 

number of heterozygotes in a given population of sample size, N which is determined 

by direct counting and the expected heterozygosity (He) describes the genetic diversity 

within the population which is calculated as 1 minus the sum of the squared allele 

frequencies (Hartl and Clark, 2006). Both Ho and He were calculated by selecting the 

‘Frequency’ menu for co-dominant data followed by the ‘Het, Fstat and Poly by pop’ 

parameter in GenAlEx. 

2.2.3.4 Analysis of Molecular Variance (AMOVA) 

An Analysis of Molecular Variance (AMOVA) was performed in GenAlEx v.6.501 

(Peakall and Smouse, 2012) on the mtDNA and NRY haplotype data and the autosomal 

genotype data of the 146 individuals tested using the 5-multiplex SNP assay. GenAlEx 

calculates the PT statistic for haploid (mtDNA and NRY) data and FST for diploid 

(autosomal) data. Both statistics estimate the amount of genetic variation that exists 

among population groups from the molecular variance of the gene frequencies as 

defined by Excoffier et al. (1992). The PT statistic is simply a standardised version of 

FST for haploid data derived according to the methods of Meirmans (2006).  

For all analyses, the population samples were grouped into six population groups (Sub-

Saharan African, North African, Middle Eastern, European, South Asian and East 

Asian) according to the declared maternal and paternal ancestry of the donors (see Table 

2.3). The ‘AMOVA’ menu was selected and the ‘Haploid’ option was specified for the 

analysis of mtDNA and NRY haplotypes, whilst the ‘Codom-Allelic’ option was used 

for the autosomal genotypes. Under the ‘Total Data Options’ tab the following 

parameters were also selected for all analyses: 999 permutations and suppress within 

individual analysis.  
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2.2.3.5 Genetic Distance and Number of Migrants  

GenAlEx v.6.501 (Peakall and Smouse, 2012) was used to calculate population pairwise 

PT and FST distances for the haploid (mtDNA and NRY) data and autosomal genotypes 

respectively. This is also available under the ‘AMOVA’ option and the same parameters 

described in section 2.2.3.4 were applied except additional parameters were specified 

under the ‘Pairwise Population Options’ tab including ‘Output pairwise FST or PT’ 

(depending on whether haploid or diploid data is analysed) and 999 permutations. The 

option to ‘include Nm matrix’ was also selected to calculate the number of migrants 

(gene flow) between populations according to the method of Wright (1969) (page 312-

317). 

2.2.3.6 Principal Co-ordinates Analysis (PCoA) 

A Principal Co-ordinates Analysis (PCoA) was performed in GenAlEx v.6.501 (Peakall 

and Smouse, 2012) on the population pairwise PT and FST distances derived from the 

haploid (mtDNA and NRY) data and autosomal genotypes as described in section 

2.2.3.5. This multivariate technique implemented in GenAlEx is used to identify major 

axes of variation in a multi-dimensional dataset that can be used to visualise the genetic 

separation between populations and is based on an algorithm published by Orloci 

(1978). The ‘PCoA’ menu was selected and the input data type specified as ‘Tri 

Distance Matrix’. The ‘Covariance-Standardised method’ was applied to produce a plot 

of the first two axes (co-ordinate 1 v co-ordinate 2) to visualise the mtDNA, NRY and 

autosomal genetic distances. 

2.2.3.7 Neighbour-joining (NJ) trees 

Neighbour-Joining (NJ) trees were produced from the derived population pairwise PT 

(mtDNA and NRY) and FST (autosomal) distance matrices (refer to section 2.2.3.5) using 

the Genetic Data Analysis (GDA) program (Lewis and Zaykin, 2002). The matrices 

were first converted into the appropriate format and were then imported into the 

program. The ‘Show Phenogram’ option was selected from the ‘Distance’ menu to 

generate Neighbour-Joining (NJ) trees. The output trees produced by GDA were saved 

as .TRE files and opened using TreeView version 1.6.6 (Page, 1996) to produce an 
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output file suitable for the FigTree version 1.4 program (Rambaut, 2012) which was 

then used to format the trees and save them as .pdf files.  

2.2.3.8 STRUCTURE analysis 

STRUCTURE v2.3.4 (Pritchard et al., 2000, Falush et al., 2003, 2007, Hubisz et al., 

2009) was used to detect population sub-structure within our autosomal genotype 

dataset of 146 individuals originating from six major sub-population groups (Sub-

Saharan African, North African, Middle Eastern, European, South Asian and East Asian 

populations) in Australia. The program applies clustering algorithms to analyse multi-

locus genotype data to identify sub-groups (clusters) with similar allele frequencies 

under the assumptions of Hardy-Weinberg equilibrium (HWE) and linkage equilibrium 

(LE) (Pritchard et al., 2000, Falush et al., 2003, 2007). In this way, the uppermost 

hierarchical level of population structure can be detected and individuals 

probabilistically assigned to the estimated ancestral populations (i.e. clusters), without 

the need to specify population of origin or sampling location prior to the analysis 

(Pritchard et al., 2000, Falush et al., 2003, 2007). Several models are available, however 

the admixture model which assumes that each individual has inherited ancestry from 

each of the K ancestral populations has been recommended for the inference of 

population stratification (Falush et al., 2003, Evanno et al., 2005). Recent developments 

to the STRUCTURE program have seen the implementation of new models in version 

2.3.4 that are particularly beneficial for the analysis of small or medium sized datasets 

and that allow for the proportion of individuals assigned to a specific cluster to vary 

according to the sampling location or a priori population of origin (Hubisz et al., 2009). 

Population structure was estimated for our Australian population dataset from the 13 

autosomal SNP loci genotypes of 146 individuals typed with Multiplex 5 and using the 

admixture model and the correlated allele frequency option available in STRUCTURE 

v2.3.4. Two separate analyses were performed, the first without considering prior 

population information (Analysis 1) and the second using the a priori population of 

origin (LOCPRIOR option, Analysis 2). Parameters used for both analyses included 

specifying the ‘infer alpha’ option to allow the degree of admixture (α) to be inferred 

from the data, setting the value for lambda (λ) to 1, using a burn-in period of 100,000 
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iterations and a Markov Chain Monte Carlo (MCMC) length equal to 50,000. For each 

analysis 10 independent runs for each K=1 to K=8 were performed.   

The STRUCTURE results for all 10 runs at each K were converted into a single .zip 

archive and uploaded into the STRUCTURE Harvester program (Earl and vonHoldt, 

2012) available at http://taylor0.biology.ucla.edu/structureHarvester/. This program 

implements the Evanno method (Evanno et al., 2005) and was used to estimate the most 

likely number of population clusters (K), which is identified as the highest value of ΔK. 

Refer to Evanno (2005) for details of the method including the calculation of ΔK. The 

program also produces the output files for the program CLUMPP V1.1.2 (Jakobsson 

and Rosenberg, 2007), which aligns the multiple replicate analyses of the same dataset 

to sort the cluster labels, that can then be used to produce graphical displays of the 

original STRUCTURE results. The .ind and .pop files for the desired value of K to be 

plotted were extracted from the STRUCTURE Harvester output and were then analysed 

in CLUMPP V1.1.2 using the ‘Greedy’ algorithm (Option 2) with 10000 repeats and all 

other parameters maintained at the default value. The CLUMPP output file was then 

imported directly into the Distruct V1.1 (Rosenberg, 2004) program to visualise the 

individual cluster membership proportions for each individual, specify cluster colours 

and labels and produce resulting bar plots in PostScript (.ps) format. 

A STRUCTURE analysis of the 1000 Genomes (Phase I) genotypes that were used as 

reference samples for the inference of BGA using the Snipper (Phillips et al., 2007b) 

portal (see section 2.2.3.10) was also performed to assess the differentiation achieved 

with the candidate autosomal SNPs between the Sub-Saharan African, European and 

East Asian populations. The multilocus genotypes for the 912 individuals were analysed 

using the admixture model without considering prior population information and the 

correlated allele frequency option. All other parameters were the same as those 

previously described for the analysis of our dataset of 146 genotypes, with the exception 

of a burn-in period of 50,000 iterations and MCMC length equal to 30,000. A total of 10 

independent runs for each K=1 to K=6 were performed. Bar plots depicting each 

individual’s ancestry proportions were produced using CLUMPP V1.1.2 and Distruct 

V1.1 as described previously.  
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2.2.3.9 Investigating departures from independence 

Departures from independence (HWE and LE) in the autosomal data were assessed 

using Fisher’s exact test for allelic association (Guo and Thompson, 1992, Zaykin et al., 

1995) available in GDA (Lewis and Zaykin, 2002). Independence testing was 

performed on each of the six major populations by selecting the ‘Disequilibrium’ menu, 

followed by the ‘Exact test’ option as the analysis type. Under the ‘Options’ tab, the 

measure parameter was set to ‘Fisher’, the ‘Discard’ missing data option was selected 

and the number of shufflings set at 10000. Depending on whether HWE or LE was 

tested, the following parameters were then also selected according to the analysis 

performed: 

1) Hardy-Weinberg Equilibrium: Analyse subsets ‘up to 1 locus’ and shuffle method 

‘break up all loci’. 

2) Linkage Equilibrium: Analyse subsets ‘up to 2 loci’ and shuffle method ‘preserve all 

loci’. 

The p-values resulting from Fisher’s exact tests are considered significant when their 

value exceeds a set level of significance (typically 0.05 or 5%). This refers to the 

proportion of genotypic arrays generated by permutation, whose probability is less than 

the observed probability in the sample that would lead to the rejection of the null 

hypothesis that the populations are in HWE or that the pair of loci is in LE (Zaykin et 

al., 1995). When a large number of tests are performed it is expected that at a significant 

level of 5%, there will be an increased risk of making a type I error, that is that a result 

is significant by chance given that the null hypothesis is true (Miller, 1981). To correct 

for the effect of multiple testing encountered in independence testing of multilocus 

genotype data, the Bonferroni method (Miller, 1981) was applied whereby the 

significance level, α (0.05), is divided by n, the number of simultaneous tests 

performed. This ensures that the probability of making a type I error is no greater than 

α/n and is a conservative way of reducing the risk of incorrectly rejecting the null 

hypothesis when it is true. Thus, the significance thresholds of p<0.0038 (13 tests) and 

p<0.0006 (78 tests) were applied for HWE and LE testing respectively, in this study.  
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2.2.3.10 Inference of bi-parental BGA using the Snipper App Suite 2.0 

The Snipper App Suite 2.0 (Phillips et al., 2007b), which is hosted on a web portal 

available at http://mathgene.usc.es/snipper/, is a maximum likelihood estimate method 

(MLE) method that was tested for the inference of the bi-parental BGA of 146 

individuals genotyped using Multiplex 5. The test is derived from a Bayesian 

classification system (Duda et al., 2001) that allows for unknown multilocus genotypes 

to be assigned to populations using training sets of reference samples for each ancestral 

population (Phillips et al., 2007b). For each unknown profile, log-likelihoods are 

estimated for each reference population using the allele frequencies in the respective 

training sets under the assumption of HWE and LE (Phillips et al., 2007b). Individuals 

are assigned to the population with the highest log-likelihood value, in this case the least 

negative. The assigned population is regarded as the inferred bi-parental BGA of the 

individual. 

Multilocus genotypes for each of the 13 candidate autosomal SNP loci were retrieved 

for 1000 Genomes (Phase I) samples from the SPSmart v5.1.1 database (available at 

http://spsmart.cesga.es/). These genotypes for 912 individuals of Sub-Saharan African, 

European and East Asian ancestry were uploaded into the Snipper App Suite as 

reference populations to be used as training sets. The genotypes for the 146 individuals 

tested in this study were entered as ‘unknowns’ and assigned to one of the three 

ancestral populations. The ‘Classification of multiple profiles using a custom Excel file 

of populations’ option was selected to perform the assignments. 

2.2.3.11 Inference of bi-parental BGA using GenAlEx v6.501 

The population assignment test available in the GenAlEx v6.501 program (Peakall and 

Smouse, 2012) was also used for the inference of bi-parental BGA. This frequency-

based test (Paetkau et al., 1995, Paetkau et al., 2004) assigns individuals to populations 

using MLE. These MLE are derived for each individual by calculating the expected 

genotype frequency at each locus, assuming random mating in the population in 

question. The frequencies are then multiplied across all loci and log transformed to give 

a log-likelihood value (i.e. MLE). Log-likelihood values are calculated for each 

individual, in each population using the allele frequencies for the relevant population so 
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that individuals are assigned to the population with the highest log-likelihood (Paetkau

et al., 2004).  

To perform the test, the multilocus genotypes for each individual were organised 

according to their declared ancestry, which represented six population groups (Sub-

Saharan African, North African, Middle Eastern, European, South Asian and East Asian 

populations). The ‘Assignment’ menu was selected in GenAlEx, followed by the ‘Pop 

Assign’ option from the sub-menu. The ‘Assign All Pops’ and ‘Likelihood Positive’ 

options were chosen in the ‘Population Assignment Options’ menu. The ‘Likelihood 

Positive’ option is used to convert the negative log-likelihoods to positive values. The 

default ‘Leave One Out’ option for frequency estimates and a 0.01 value for allele 

frequencies of zero encountered for any particular alleles were maintained. The ‘Leave 

One Out’ option provides a bias correction for population frequency by excluding the 

individual to be assigned before calculating the adjusted allele frequencies used to 

estimate the log-likelihoods (Paetkau et al., 2004).  

The bi-parental BGA was predicted using population assignment tests conducted on the 

six population groups. Further tests were performed where individuals were also 

assigned to five populations comprising a Western Eurasia population in which were 

grouped Europeans and Middle Easterners, followed by assignments to four 

populations, with further grouping of the Europeans, Middle Easterners and South 

Asians in a single Eurasia population. A bi-plot of the assignment indices for the four 

populations was also produced by selecting the ‘Assignment Graph’ option under 

‘Graph Options’.  

2.2.3.12 Assessing allelic associations of nine pigmentation SNPs with external visible 

characteristics 

The allelic association of the nine pigmentation SNPs (rs885479, rs16891982, 

rs1426654, rs1545397, rs6058017, rs7498174, rs4778241, rs4778138, rs12913832) with 

hair, eye and skin colour was determined through the calculation of Fisher’s exact test 

(2-tailed) and odds ratios (OR) with associated 95% confidence intervals (CI) using 

IBM® SPSS® Statistics for Windows version 19 (IBM Corp., USA). The associations 

were evaluated from the nine pigmentation SNP genotypes of the 40 individuals with 
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declared ancestry from Europe (Table 2.3). Individuals were grouped according to their 

declared hair, eye and skin colour as shown in Table 2.8. To perform Fisher’s exact 

tests, the genotypes at each locus in each hair, eye or skin colour category were 

designated according to the presence or absence of the minor allele (MA) which was 

assumed to be dominant using the value 1 or 0 respectively. For example if the MA was 

T and the alternate allele was G, the genotypes TT and TG would be designated a value 

of 1 and the genotype GG, a value of 0. The association of the OCA2 haplotype for 

SNPs rs7495174, rs4778241 and rs4778138 with hair, eye and skin colour was also 

tested where individuals heterozygous or homozygous for the TGT haplotype were 

designated a value of 1 and those homozygous for any other alternative haplotype were 

given a value of 0. The null hypothesis that there is no relationship between the 

presence of the minor allele/haplotype and the pigmentation phenotype (e.g. dark hair) 

in question was rejected when the resultant p-value was less than 0.05. The odds of 

demonstrating a specific phenotype whilst having a particular genotype was assessed 

from the calculated OR for the positively associated pigmentation SNPs (when p<0.05).  

Table 2.8: Phenotype categories used in Fisher’s Exact tests of allelic association on 
40 Europeans. 
Individuals were grouped according to their declared hair, eye and skin colour. 

External visible 
characteristic Declared shade N* Test category 

Hair 

Black 7 Dark hair 
Dark brown 19 Dark hair 
Light brown 9 Light hair 
Blonde 5 Light hair 

Eyes 

Blue 13 Blue or Non-brown 

Hazel/Light brown 16 Non-blue or Non-brown 
Green 1 Non-blue or Non-brown 

Dark brown 10 Brown or Non-blue 

Skin 
Fair 26 Fair 

Olive 14 Dark 
*N: number of individuals 
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2.2.3.13 Inference of pigmentation phenotype and external visible characteristics 

Population assignment tests were performed using GenAlEx v6.501 program (Peakall 

and Smouse, 2012) to infer the external visible characteristics of the 146 individuals 

genotyped using multiplex 5. The same procedure and parameters as those applied for 

the inference of BGA were used (refer to section 2.2.3.11), however instead of grouping 

the samples according to the declared population of origin, the individuals were grouped 

into various phenotype categories according to their declared hair, eye and skin colour 

as shown in Table 2.9. The phenotype category that the individual was assigned to was 

regarded as the inferred EVC. Two different population assignments were performed, 

the first using only the genotypes for SNPs showing significant associations with hair, 

eye and/or skin colour in the exact tests (refer to section 5.2.6 for allelic association 

results of individual SNPs) and the second used the genotypes for all nine candidate 

pigmentation SNPs (rs885479, rs16891982, rs1426654, rs1545397, rs6058017, 

rs7498174, rs4778241, rs4778138, rs12913832).  

Table 2.9 Hair, eye and skin colour categories used in population assignment tests 
for the inference of the pigmentation phenotype of 146 individuals using nine 
pigmentation SNPs. 
Individuals were grouped according to their declared hair, eye and skin colour. 

External visible 
characteristic Declared shade N* Assignment category 

Hair 

Black 79 Dark hair 
Dark brown 50 Dark hair 
Light brown 11 Light hair 
Blonde 5 Light hair 
Red 1 Light hair 

Eyes 

Blue 16 Blue/Green 
Green 3 Blue/Green 
Hazel/Light brown 25 Hazel/Dark brown 

Dark brown 102 Hazel/Dark brown 

Skin 
Fair 46 Fair 
Olive 73 Olive 

 Dark 27 Dark 
*N: number of individuals 
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2.2.4 Sensitivity testing 

The sensitivity of the forensic intelligence 5-multiplex SNP genotyping system was 

tested on genomic DNA extracted from a sample of whole blood from an individual of 

European descent using the PureLink Genomic DNA Mini kit (Life Technologies, 

USA) according to the manufacturer’s instructions. The genomic DNA (gDNA) 

concentration was quantitated using the Qubit™ dsDNA HS Assay (Life Technologies, 

USA) which involves the use of a fluorescent dye that is highly selective for double 

stranded DNA and measurement of the fluorescent signal to calculate the DNA 

concentration using the Qubit® 2.0 Fluorometer (Life Technologies, USA). Quantitation 

was performed according to the manufacturer’s instructions and three separate readings 

of the sample were taken and the average used as the final gDNA concentration, which 

was determined to be 15 ng/μL. A dilution series of the gDNA extract was prepared to 

produce 2, 0.6, 0.2, 0.06, 0.02, 0.006 and 0.002ng/μL stocks. A 5μL aliquot of each 

diluted stock solution was added to seven individual PCR reactions such that the total 

amount added to each reaction was 10, 3, 1, 0.3, 0.1, 0.03 and 0.01ng. These sensitivity 

PCR and subsequent SNaPshot® reactions were prepared for each of multiplex 1 to 5 

and genotyped, as described in sections 2.2.2.2 to 2.2.2.8. A PCR negative (no template) 

control as well as positive and negative SNaPshot® reaction controls were also prepared 

in addition to the sensitivity samples.  

2.2.5 Preliminary validation of the forensic intelligence 5-multiplex SNP 

genotyping system for forensic casework  

2.2.5.1 Mock casework DNA samples 

A preliminary validation of the applicability of the 5-multiplex SNP assay in forensic 

casework was performed on the following commonly collected biological samples from 

four donors of different biogeographical origin: 

Donor 1: Individual of declared European ancestry provided a sample of whole blood 

and liquid semen. A 50μL aliquot of blood was deposited on a fragment of sterile cotton 

cloth to simulate blood stained clothing and was left to dry at room temperature 
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overnight prior to DNA extraction. The liquid blood and semen samples used had been 

stored at 4°C for approximately 12 months before casework validation was performed. 

Donor 2: Individual of declared European ancestry provided a sample of liquid semen 

which was stored at 4°C overnight post collection. The next day, a 50μL aliquot was 

deposited on a fragment of sterile cotton cloth to simulate semen stained clothing and 

was left to dry at room temperature. The cloth sample was then stored in a paper 

envelope at room temperature for approximately 3 weeks prior to DNA extraction. 

Donor 3: Individual of declared East Asian ancestry provided a smoked cigarette butt 

which was stored in a paper envelope at 4°C until DNA extraction was carried out. 

Donor 4: Individual of declared East Asian ancestry. The donor consumed a can of soft 

drink and provided it for testing. The can was stored in a large paper envelope at 4°C 

until DNA extraction was carried out, at which time a wet swab of the rim of the can 

was taken to simulate a trace saliva sample. 

2.2.5.2 Genomic DNA extraction of casework DNA samples 

Genomic DNA was extracted from the casework samples using the PureLink™ Genomic 

DNA Mini kit (Life Technologies, USA) according to the manufacturer’s instructions, 

except for the following modifications to the lysate preparation protocol depending on 

the type of biological sample extracted: 

Blood or semen stained cloth: A 5mm by 5mm square was removed from the blood 

stained or semen stained cloth and was cut into smaller pieces using sterile scissors and 

placed in sterile 1.5mL microcentrifuge tube. Note that the preparation of the 

bloodstained or semen stained sample lysates is performed separately ensuring that 

different sterile scissors are used for each sampling to avoid cross-contamination.  

Cigarette butt: A 5mm strip of the filter paper was removed, cut into small pieces using 

sterile scissors and placed in a sterile 1.5mL microcentrifuge tube.  

Soft drink can swab: The swab was cut into half using sterile scissors and was placed in 

a sterile 1.5mL microcentrifuge tube. 
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Liquid semen: 5μL was placed in a sterile 1.5mL microcentrifuge tube. 

To each sample, 180μL of PureLink™ Genomic digestion buffer and 20μL of Proteinase 

K were added, ensuring that all substrate pieces were submerged. For the semen cloth 

and liquid semen samples, an additional 20μL of 0.39M dithiothreitol (DTT) was also 

added. The samples were incubated at 56°C for 1 hour or 90 minutes in the case of the 

semen cloth and liquid semen samples, with occasional vortexing. After the incubation 

time, all lysates were centrifuged at 13,000 revolutions per minute (rpm) for 3 minutes 

to pellet any of the paper/cloth/swab material. The samples were then transferred to new 

sterile 1.5mL microcentrifuge tubes, to which was added 20μL of RNAse A. The 

samples were vortexed and left to incubate at 37°C for 5 minutes, followed by the 

addition of 200μL of PureLink™ Genomic Lysis/Binding buffer. The samples were 

vortexed to achieve a homogenous solution and incubated for 5 minutes at room 

temperature. Then, 200μL of absolute ethanol was added to the lysates, which were left 

to incubate at room temperature for 2 minutes. The ‘Purification protocol’ was then 

carried out according to the manufacturer’s instructions. The gDNA was eluted through 

two repeat elution steps in 50μL of PureLink™ Genomic Elution Buffer, resulting in a 

final DNA extract volume of 100μL. 

2.2.5.3 Genomic DNA quantitation 

The gDNA extracted from the various mock casework samples was quantitated using 

the Qubit™ dsDNA HS Assay (Life Technologies, USA) and the fluorescence measured 

using the Qubit® 2.0 Fluorometer (Life Technologies, USA) according to the 

manufacturer’s instructions. Three separate readings were taken for each sample and the 

average of the triplicates was calculated as the final gDNA concentration, which was 

used to determine the volume of DNA extract required to add 3ng of gDNA to the PCR 

reactions. The gDNA yield of some extracts was too low to add 3ng, in which case the 

maximum volume of 7μL was added. For gDNA yields and volume of DNA extracts 

added to the PCR reactions for each mock casework sample refer to Table 2.10. 
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Table 2.10: Concentration of gDNA extracted from mock casework biological 
samples determined using the Qubit™ dsDNA HS Assay. 
The concentration of the gDNA extracts was used to determine the volume (μL) of 
extract required to add approximately 3ng to the PCR reaction. The final amount (μg) of 
gDNA template that was added for the amplification of each casework sample is also 
shown. 

Casework 
sample 

Concentration 
(ng/μL) 

Volume of extract 
added to PCR (μL) 

Amount of gDNA 
added to PCR (μg) 

Blood cloth 2.90 1.00 2.90 
Semen cloth 4.69 0.64 3.00 
Liquid semen 0.46 6.50 3.00 
Can swab 0.15 7.00 1.05 
Cigarette butt 0.39 7.00 2.73 

2.2.5.4 Genotyping mock casework samples 

The mock casework samples were genotyped using only the multiplexes within the 

hierarchical set (Multiplex 1 to 4) which were required to derive the final mtDNA and 

NRY haplogroups based on the result of Multiplex 1. All samples were then also 

genotyped with Multiplex 5. Genotyping including the preparation of PCR and 

SNaPshot® reactions was performed as described in sections 2.2.2.2 to 2.2.2.8 except for 

the volume of DNA extract added as template for each sample which was as depicted in 

Table 2.10. Positive controls of buccal swab samples immobilised on FTA® cards, 

which were provided by each donor, were also performed to confirm the profiles. The 

maternal and paternal BGA were inferred from the geographical origin of the derived 

mtDNA and NRY haplogroup respectively, according to the key specified in Figure 3.1 

and Figure 3.2. Bi-parental BGA was inferred as described in section 2.2.3.11, except 

that the autosomal genotypes of the casework samples were added to the excel 

worksheet as ‘unknowns’, after the ‘reference’ genotypes of the 146 population samples 

grouped into five groups (Sub-Saharan Africa, North Africa, Western Eurasia, South 

Asia and East Asia) according to their declared BGA. The casework samples were 

assigned to one of the five populations by selecting the ‘Last Pop Unknown’ option in 

the ‘Population Assignment Options’ menu. The hair, eye and skin colour of the donors 

was inferred from the genotypes for the nine autosomal pigmentation SNPs (rs885479, 

rs16891982, rs1426654, rs1545397, rs6058017, rs7498174, rs4778241, rs4778138, 

rs12913832) as described in section 2.2.3.13. 
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CHAPTER 3 

MULTIPLEX SNP ASSAY DEVELOPMENT 
STAGE 1: 

MULTIPLEX 1 TO 4 FOR THE INFERENCE OF MATERNAL 
AND PATERNAL ANCESTRY 
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 Chapter 3.  Multiplex SNP Assay Development (Stage 1): Multiplex 1 

to 4 for the Inference of Maternal and Paternal Ancestry 

3.1 Introduction 

Determining the biogeographical ancestry (BGA) and external visible characteristics 

(EVCs) of an unknown DNA sample from a crime scene is a useful source of 

intelligence information when, in the absence of a reference sample, conventional short 

tandem repeat (STR) DNA typing fails to identify the unknown donor. Assays 

developed for the inference of BGA and EVC usually target single nucleotide 

polymorphisms (SNPs) since their low mutation rate makes them stable markers. 

Furthermore, SNPs can be typed on short fragments of DNA, making them more 

applicable to the analysis of low DNA template samples, which constitute a large 

proportion of forensic biological evidence (Jobling and Gill, 2004). 

Studies of haploid mitochondrial DNA (mtDNA) and non-recombining Y chromosome 

(NRY) SNPs in population genetics have revealed distinct patterns of SNP motifs 

termed haplotypes that are related under a single phylogenetic tree [reviewed in 

Underhill and Kivisild (2007)]. The branches of the tree represent groups of related 

haplotypes termed haplogroups that demonstrate geographic specificity. Many 

autosomal SNPs have also been identified to be ancestry informative markers (AIMs) 

capable of identifying and distinguishing different population groups (Collins-Schramm

et al., 2004, Yang et al., 2005, Halder et al., 2008, Kersbergen et al., 2009, Kosoy et al., 

2009, Nassir et al., 2009, Kidd et al., 2011, Galanter et al., 2012, Nievergelt et al., 

2013). Autosomal SNPs in pigmentation genes that have strong associations with 

human pigmentation variation have also been found to be useful markers of EVCs 

(Sulem et al., 2007, Han et al., 2008, Kayser et al., 2008b, Sturm et al., 2008, Branicki

et al., 2009). Numerous forensic intelligence SNP assays for the prediction of 

continental BGA or EVC have been reported, some of which have been validated for 

use in casework (Phillips et al., 2007b, Kersbergen et al., 2009, Londin et al., 2010, 

Paneto et al., 2011, van Oven et al., 2011a, van Oven et al., 2011b, Walsh et al., 2011, 

Pereira et al., 2012, Phillips et al., 2013, Ruiz et al., 2013, Walsh et al., 2013). However 

these existing BGA and EVC prediction assays have predominantly targeted only SNPs 
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of the same class (i.e. mitochondrial, NRY or autosomal), although autosomal multiplex 

SNP assays for the inference of BGA have sometimes been supplemented by mtDNA or 

NRY typing to support inferences made using the autosomal markers (Phillips et al., 

2009, Corach et al., 2010, Lao et al., 2010). An assay, that combines SNPs from each of 

these three classes in a logical decision tree, is expected to provide enhanced and 

mutually supportive predictions as to maternal, paternal and bi-parental ancestry, as 

well as the EVCs of an unknown DNA sample. Development of such a novel forensic 

intelligence tool focusing on six population groups of interest (Sub-Saharan Africa, 

North Africa, Middle East, Europe, South Asia, East/South-East Asia) was the primary 

objective explored in this thesis. This chapter describes the design and optimisation of a 

hierarchical multiplex assay typing haploid mtDNA and NRY chromosome SNPs. The 

development of a multiplex assay typing diploid autosomal SNPs follows in chapter 4.  

3.2 SNP Assay development- Stage 1 

3.2.1 Haploid SNP loci selection 

In order for a forensic intelligence assay to achieve high predictive ability it is important 

to consider the informativeness as well as the number of SNP loci to be targeted. To 

select population informative candidate SNPs, extensive literature reviews were 

conducted to identify mtDNA and NRY haplogroups that are characteristic of Sub-

Saharan African, North African, Middle Eastern, European, South Asian, East/South 

East Asian populations. Haplogroup databases were compiled by pooling various 

published frequencies and from these, several mtDNA and NRY haplogroups that 

occurred at high frequencies and showed specific associations with our global regions 

of interest were identified. The global distribution of these candidate mtDNA and NRY 

haplogroups and their estimated frequencies are illustrated in Table 3.1 and Table 3.2. 

The SNP assay was not primarily intended to discriminate Oceanian populations, 

however some of the candidate mtDNA markers were later identified to be recurrent 

and inadvertently define other haplogroups such as P, which is frequent in Oceania. 

Thus, frequency estimates for the targeted mtDNA and NRY haplogroups in Oceania 

were also provided in Table 3.1 and Table 3.2. It is evident from these estimated 

frequencies that no one haplogroup is 100% specific to a particular population, however  



  

81 

Table 3.1: Global distribution (%) of candidate mtDNA haplogroups. 
It must be noted that the frequencies shown are estimates only and were derived by 
combining reported frequencies from multiple studies that did not always investigate all 
of the same haplogroups. 

MtDNA 
haplogroup§  

Sub-
Saharan 
Africaa

North 
Africa/ 
Middle 
Eastb

Europec South 
Asiad

East/South 
East Asiae Oceaniaf

N= 2513 N=3517 N=4355 N=2798 N=3912 N=2198 
L 82.05  0.92 1.6 0.03  
M* 0.04 1.14 0.30 61.47 13.06 42.36 

M1 9.03 0.88 0.11  0.03  
M7    0.07 10.40 0.18 
M8  0.11  1.47 5.80  
M9    0.39 3.02 3.87 
M10    0.04 1.53  
M80’D  0.31 0.11 1.64 24.28 0.77 

N* 0.40 7.25 5.76 0.39 5.01  
N1 1.47 1.71  0.32   
A  0.14 0.09 1.29 6.06  

R* 3.30 11.80 4.68 12.08 2.66  
B4’5  0.20 0.02 0.93 13.52 35.99 

B4a1     1.20 3.09 
H* 0.24 25.39 47.07 2.61 0.33  

H1  0.14 3.10    
P      13.69 
R2’JT* 0.40 7.28 7.65 0.50 0.10  

J1  3.38 2.59 0.29 0.05  
T* 0.64 5.94 7.87 0.93 0.10  

T1  2.81 1.33  0.05  
R9     11.96  

U* 1.31 18.45 17.84 8.94 0.77  
U6 1.11 2.87 0.11    
U7  1.76 0.41 2.14 0.03  

§ Van Oven et al, (2009) nomenclature corresponding to the mtDNA tree (Build 15, updated 30th

September 2012) available at http://www.phylotree.org. 
* All other descendant lineages of the haplogroup excluding those already shown.
a Ethiopia, Eritrea, Mozambique, Khoisan, Bantu, Central, East and West Africa, Somalia (Cinnioglu et 
al., 2004, Gonzalez et al., 2007, Carina et al., 2009, Mikkelsen et al., 2012) 
b Nubia, Egypt, Bedouins, Yemeni Jews, Iraq, Iran, Syria, Jordan, Palestine, Druze, Turkey, Kurdistan, 
Armenia, Azerbaijan, Uzbekistan, Morocco, Libya, Afghanistan, Algeria, Tunisia, Mauritania, Berbers, 
Persia, Tajikistan (Richards et al., 2000, Gonzalez et al., 2003, Plaza et al., 2003, Cinnioglu et al., 2004, 
Kivisild et al., 2004, Derenko et al., 2007, Behar et al., 2008)  
c Switzerland, Austria, France, Italy, Germany, Iceland, Scotland, Spain, England, Wales, Portugal, Sicily 
(Helgason et al., 2001, Plaza et al., 2003) 
d India, Bangladesh, Pakistan, Sri Lanka (Kivisild et al., 2004, Behar et al., 2008) 
e China, Thailand, Korea, Manchuria, Vietnam, Japan, Philippines, Indonesia, Malaysia (Kivisild et al., 
2004, Tanaka et al., 2004, Trejaut et al., 2005) 
f Papua New Guinea, Louisiades, New Britain, New Hanover, New Ireland, Bougainville, Solomons, 
Santa Cruz, Vanuatu, New Caledonia, Fiji, Australia, Cook, Samoa, Tonga, Futuna, Tuvalu, Trobriand 
(Merriwether et al., 2005, Kayser et al., 2006, Hudjashov et al., 2007)  
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Table 3.2: Global distribution (%) of candidate NRY haplogroups. 
It must be noted that the frequencies shown are estimates only and were derived by 
combining reported frequencies from multiple studies that did not always investigate all 
of the same haplogroups. 

NRY 
haplogroup§

Sub-
Saharan 
Africaa

North 
Africa/ 
Middle 
Eastb

Europec South 
Asiad

East/South 
east Asiae Oceaniaf

N= 2062 N=2115 N=1961 N=2200 N=2330 N=2055 
Y 6.01   0.05 0.39 
BT 4.56 0.24    
B 4.07  0.05   
C*  0.28 0.31 3.86 3.39 6.81 

C2     0.56 12.85 
C3   0.05 0.55 4.89 

D 1.99    4.98 0.05 
E* 16.10 0.47 0.20 0.32  0.05 

E1b1a 52.18 2.36 0.46 0.05  
E1b1b 4.95 32.20 8.47 0.09  

F* 0.29 22.70 1.58 11.95 1.29 0.54 
  G 0.29 4.78 4.49 1.14  
  H  0.09 0.92 18.05 0.04 

I 1.65 2.70 20.81 0.05  
J2 0.24 17.92 6.83 8.23 0.39 

K* 0.73 1.65 2.29 3.05 7.60 33.19 
K1    1.36  
L1  2.32  9.36  
M   0.05  0.60 32.99 
O*  0.05 0.05 0.18 3.61 0.34 
O1a     13.00 1.70 
O2 0.10  0.05 6.91 28.54 0.19 
O3   0.15 2.95 26.87 9.34 
P 0.34 0.95 0.31 4.68 0.56 0.10 
R* 0.10 0.76 0.15 1.68 1.97 0.97 
  R1a1 0.53 2.08 14.79 17.55 0.73 
  R1b 5.63 5.25 37.68 0.86 0.56 0.88 
  R2a  0.14  7.09  
T 0.24 3.07 0.25  0.04 

§ Y Chromosome Consortium (2002) nomenclature corresponding to the NRY tree (v8.64, updated 19th

July 2013) available at http://www.isogg.org/tree/index.html. 
* All other descendant lineages of the haplogroup excluding those already shown. 
a African Americans, Khoisan, Bantu, Pygmy, Uganda, Kenya, Tanzania, Benin, Rwanda, Burkina Faso, 
Ethiopia (Hammer et al., 2001, Bortolini et al., 2003, Luis et al., 2004, Hammer et al., 2006, Badro et al., 
2013) 
b Egypt, Saudi Arabia, Tunisia, Morocco, Oman, Lebanon, Yemen, Palestine (Luis et al., 2004, Zalloua et 
al., 2008, Badro et al., 2013) 
c Italy, Balkans, Slovakia, European Americans (Hammer et al., 2006, Badro et al., 2013) 
d Sri Lanka India, Pakistan (Hammer et al., 2001, Ramana et al., 2001, Cordaux et al., 2004, Sengupta et 
al., 2006) 
e Vietnam, China, Mongolia, Siberia, Korea, Japan, Taiwan,  Cambodia, Philippines, Malaysia, Bali, 
Sumatra, Borneo, Moluccas (Hammer et al., 2001, Scheinfeldt et al., 2006, Sengupta et al., 2006, Xue et 
al., 2006, Kayser et al., 2008a) 
f Papua New Guinea, Australian Aborigines, Micronesians, Fiji, Vanuatu, Cook islands, Tonga, New 
Britain, New Ireland, Tokelau, Futuna, Tuvalu, Niue, Trobriand (Hammer et al., 2001, Scheinfeldt et al., 
2006, Kayser et al., 2008a) 
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the global distribution of the most basal haplogroups (paragroups) correlates strongly 

with broad geographical regions, such as mtDNA paragroup L which predominates in 

Sub-Saharan Africa, paragroups N, H and U which are prevalent in North Africa, 

Europe and the Middle East and paragroup M which occurs primarily in Asia and 

Oceania (Table 3.1). Similarly, NRY paragroups Y, B and E occur at high frequencies 

in Sub-Saharan Africa, paragroup F in North Africa and the Middle East, paragroup R 

in Europe and South Asia and paragroup K and O in Asia and Oceania (Table 3.2).  

To further discriminate between populations that share geographic borders and which 

are more closely genetically related, haplogroups and sub-haplogroups were also 

investigated. MtDNA haplogroups R9, B4’5 and M80’D as well as sub-haplogroups 

M7, M8, M9 and M10 are found in much greater frequency in East and South-East 

Asian populations compared to South Asia and were subsequently selected to 

distinguish these populations. Sub-haplogroup M1 occurs in 10-15% of Africans 

(Gonzalez et al., 2007, Mikkelsen et al., 2012) and was also chosen to distinguish these 

populations from the South and East Asian groups, in which most lineages of mtDNA 

paragroup M predominate (Kivisild et al., 2002, Kong et al., 2006, Chandrasekar et al., 

2009). Sub-haplogroups N1, U6 and U7 were selected as these occurred in higher 

frequencies in North African and Middle Eastern populations compared to Europe 

where in contrast, haplogroups H*, T* and sub-haplogroup H1 predominate (Table 3.1). 

Likewise, though NRY paragroup E is found predominantly in Sub-Saharan Africa, it 

also occurs in a large proportion of North Africans and Middle Eastern individuals 

(Table 3.2). However, at the sub-haplogroup level, E1b1a predominates in Sub-Saharan 

Africa (52%) compared to E1b1b, which is found at higher frequencies in North Africa 

and the Middle East (32%), such that these sub-haplogroups were also incorporated to 

distinguish these populations. 

Descending from NRY paragroup F, which shows a wide distribution throughout 

Europe, the Middle East and Asia, are haplogroups G, J2 and T, which were also chosen 

for their high occurrence in North African and Middle Eastern populations, compared to 

European and Asian populations (Table 3.2). To distinguish individuals originating 

from Europe, prevalent haplogroups in this population such as I (21%), R1a1 (15%) and 

R1b (38%) were targeted, whilst haplogroups H and L1 were targeted for their high 

frequencies in South Asia (Table 3.2). Haplogroups D, O and its subgroups O1a, O2 
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and O3 as well as sub-haplogroup C3 that occur at high frequencies in East and South 

East Asian populations were included to identify these groups (Table 3.2). Some NRY 

haplogroups including M and sub-haplogroup C2 that are prevalent in Oceania were 

also selected to complement the data provided by the unplanned inclusion of the 

Oceania specific mtDNA haplogroup P (Table 3.2).   

The defining SNPs for the candidate haplogroups and sub-haplogroups that were 

identified to be prevalent in our populations of interest were selected from the mtDNA 

and Y-DNA phylogenetic trees available at http://www.phylotree.org (van Oven and 

Kayser, 2009) and http://www.isogg.org/tree/index.html (International Society of 

Genetic Genealogy, 2012) respectively. Only SNPs located in the mtDNA coding 

region were selected due to the higher mutation rate of the control region which results 

in recurrent mutations that are homoplastic between different population groups (Non et 

al., 2007). For those mtDNA and NRY haplogroups that had multiple defining SNPs, 

the SNP that showed the lowest level of homoplasy within the mtDNA/NRY tree at the 

time was selected. Some recurrent mutations were however also selected if these could 

be used to identify different population specific haplogroups, as this would minimise the 

number of loci to be included in the multiplex. An example is mtDNA SNP T10238C, 

which defines both sub-haplogroups N1 and B4a1. A total of 21 mtDNA SNPs and 28 

NRY SNPs were selected for incorporation into the assay. Diagrammatic 

representations of the mtDNA and NRY phylogenies for the selected SNP loci showing 

the global geographical distribution of the mtDNA and NRY haplogroups are provided 

in Figure 3.1 and Figure 3.2 respectively.  

As new genetic data becomes increasingly available, the mtDNA and NRY haplogroup 

phylogeny becomes more refined, resulting in the re-organisation of markers and the 

progressive identification of recurrent SNPs. For example NRY marker M180 which 

initially defined haplogroup E1b1a (Karafet et al., 2008) now defines sub-haplogroup 

E1b1a1a1 according the most current NRY tree (v8.64, updated 19 July 2013) available 

at http://www.isogg.org/tree/index.html). In addition, several candidate mtDNA SNPs 

were also recently identified to be recurrent in multiple unintended lineages such as the 

8281-8289 deletion which defines the East Asian/Oceanian haplogroups B6 and B4’5 

(Kivisild et al., 2006, Kong et al., 2006) that are indistinguishable in this assay, as well 

as African sub-haplogroup M1a1d (Olivieri et al., 2006). Consequently, the haplogroup 
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Figure 3.1: Phylogenetic tree of the 21 selected mtDNA SNPs showing the 
geographical affiliation of the defining haplogroups. 
The haplogroup phylogeny follows the van Oven et al. (2009) nomenclature 
corresponding to the most updated mtDNA tree (Build 15, updated 30th September 
2012, available at http://www.phylotree.org).The coloured boxes represent the 
geographical region of origin of the haplogroup as specified in the key. 

The candidate SNPs for this research are shown along the branches as nucleotide 
positions and substitutions observed within the revised Cambridge Reference Sequence 
(rCRS). The suffix ’d’ denotes a deletion and the underlined SNPs indicate recurrent 
mutations. Haplogroups with an asterisk (*) identify individuals that belong to one of 
the other descendant lineages of the haplogroup not targeted in the assay. 

The bracketed numbers (1, 2, 3 and 4) associated with each SNP represent the multiplex 
in which the SNP is grouped in this project.  
  



  

86 

Figure 3.2: Phylogenetic tree of the 28 selected NRY SNPs showing the 
geographical affiliation of the defining haplogroups. 
The haplogroup phylogeny follows the Y Chromosome Consortium (2002) 
nomenclature corresponding to the most updated NRY tree (v8.64, updated 19th July 
2013, available at http://www.isogg.org/tree/index.html). The coloured boxes represent 
the geographical region of origin of the haplogroup as specified in the key. 

The candidate SNPs for this research are shown along the branches. The suffix ’d’ 
denotes a deletion and the underlined SNPs indicate recurrent mutations. Haplogroups 
with an asterisk (*) identify individuals that belong to one of the other descendant 
lineages of the haplogroup not targeted in the assay. The # symbol indicates a SNP 
which was recently identified as a private SNP and has been removed from the 2013 Y-
DNA haplogroup tree (v8.64). Investigations revealed that M147d did not meet the 
population distribution criteria for placement on the tree.  

The bracketed numbers (1, 2, 3 and 4) associated with each SNP represent the multiplex 
in which the SNP is grouped.  
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nomenclature and phylogeny for the candidate SNPs selected at the start of this project 

in 2009 have been updated in Figure 3.1 and Figure 3.2 to correspond with the most 

current mtDNA (Build 15, 30 September 2012) and Y DNA haplogroup trees (v8.64, 19 

July 2013). 

3.2.2 Hierarchical multiplex assay design 

A total of 49 haploid SNPs were selected to be assayed using the SNaPshot® kit (Life 

Technologies, USA), a simple, sensitive and robust genotyping technique (see Section 

2.2.2.5) which utilises equipment already available in most forensic laboratories. 

Although, single-base extension (SBE) multiplex assays simultaneously typing up to 35 

SNPs have been developed (Sanchez et al., 2003), the number of SNPs required for our 

project (including the diploid autosomal SNPs) is large and would be challenging to 

type simultaneously using a single multiplex assay.  

A widely used strategy for assays targeting haploid SNPs involves the hierarchical 

arrangement of markers within small multiplexes which parallel the hierarchical 

structure of the mtDNA and NRY phylogeny (Paracchini et al., 2002, Brion, 2005, 

Onofri et al., 2006, Wiesbauer et al., 2006, van Oven et al., 2011b, Ballantyne et al., 

2012). This hierarchical strategy requires the preliminary determination of the most 

basal branches of the tree, then proceeding along the branches to the shallowest markers 

to assign the final haplogroup. Hierarchical multiplex assays can reduce cost since 

irrelevant SNPs do not need to be typed and are also more time effective, particularly 

when a large number of loci is to be analysed, as is usually the case with mtDNA and Y 

chromosome lineage studies. The hierarchical strategy is also fairly simple and easily 

reproducible in a casework setting. Consequently a hierarchical design strategy was 

adopted to facilitate the grouping of the mtDNA and NRY SNPs within our DNA 

intelligence assay.  

The 49 selected haploid SNPs were grouped within four multiplexes, with those SNPs 

defining basal mtDNA and NRY haplogroups arranged together in Multiplex 1. The 

result of this primary multiplex is then used to determine which of Multiplexes 2, 3 or 4 

is to be performed next. These multiplexes contain the shallowest haplogroups, which 

mainly stem from the same clade (branch) and are used to achieve further haplogroup 
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resolution. MtDNA and NRY SNPs defining haplogroups with similar geographical 

origins are typed within the same multiplex, to reduce the number of tests required and 

to decrease analysis time. The arrangement of all the selected mtDNA and NRY SNPs 

across the four multiplexes is demonstrated in Figure 3.1 and Figure 3.2 respectively. 

The haplogroup defining haplotypes and phylogenies of markers incorporated in each 

individual multiplex are shown in Figure 3.3 to Figure 3.6. As will be discussed in 

chapter 4, 13 autosomal SNPs demonstrating associations with BGA and EVCs were 

also selected. Since these markers are diploid, a maximum of two allele peaks are 

expected per SNP loci and thus the autosomal SNPs were grouped separately in 

Multiplex 5 to facilitate primer design and allele calling/genotype interpretation. 

  

3.2.3 Multiplex primer design 

In a SNaPshot® multiplex SNP genotyping assay all regions containing the target SNPs 

are amplified in one multiplex PCR reaction and all single base extension (SBE) 

reactions for each SNP are carried out in one multiplex SNaPshot® reaction. Thus, 

multiplex PCR primers must be able to produce similar quantities of specific products 

under the same reaction conditions with minimal interactions between the various 

primer sets present. Each multiplex contains high copy number mtDNA and single copy 

number NRY DNA, thus to promote balanced amplification, mtDNA amplicons were 

designed to be larger (250-430bp) than NRY SNP amplicons (less than 200bp) because 

small amplicons amplify more efficiently than larger ones. Candidate SNPs that are 

located in close proximity such as T10238C/ C10400T and A4715G/C4883T were 

amplified on the same amplicon using the same primer pair. Primer design programs 

such as Primer Express (Life Technologies, USA), PrimerPlex (Premier BioSoft, USA) 

and MP Primer (Shen et al., 2010) can be used to design multiplex PCR primer sets. 

However, these programs utilise stringent parameters and it is often difficult to achieve 

large multiplex PCR primer sets. For this reason, each primer pair was designed 

individually using the criteria described in Section 2.2.1.1 and the multiplex PCR 

primer sets were then tested for any non-specific interactions using AutoDimer version 

1.0 (Vallone and Butler, 2004) and Primer BLAST (NCBI, USA).  
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Figure 3.3: MtDNA and NRY SNP phylogenies and haplogroup defining haplotypes for Multiplex 1. 
Recurrent SNPs are underlined. The alleles of deletion 8281-8289 are denoted as ‘a’ (ancestral) and ‘d’ (deletion). Alleles shown in red are the 
minimal SNPs required for haplogroup assignment. Additional multiplexes required for further haplogroup resolution are noted. 
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Figure 3.4: MtDNA and NRY SNP phylogenies and haplogroup defining haplotypes for Multiplex 2.  
Alleles shown in red are the minimal SNPs required for haplogroup assignment. SNPs marked with an asterisk (*) indicate SNPs typed in a 
previous multiplex. Additional multiplexes required for further haplogroup resolution are noted. 
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Figure 3.5: MtDNA and NRY SNP phylogenies and haplogroup defining haplotypes for Multiplex 3. 
Recurrent SNPs are underlined. Alleles shown in red are the minimal SNPs required for haplogroup assignment. SNPs marked with an asterisk 
(*) indicate SNPs typed in a previous multiplex.  
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Figure 3.6: MtDNA and NRY SNP phylogenies and haplogroup defining haplotypes for Multiplex 4. 
Alleles shown in red are the minimal SNPs required for haplogroup assignment. SNPs marked with an asterisk (*) indicate SNPs typed in a 
previous multiplex. The alleles of deletion M147 and M175 are denoted as ‘a’ (ancestral) and ‘d’ (deletion). 
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As described in section 2.2.1.2, the design of SBE primers for use in multiplex 

SNaPshot™ reactions must ensure that all SNaPshot™ products can be resolved and 

detected without any overlap in size and colour and that the primers are specific and 

efficiently extended. The DNA region used to design the SBE primers is restricted, as 

the primer must anneal one base short of the SNP site on either the sense or antisense 

strand, making it more difficult to design primers which abide to the same criteria, 

particularly in terms of GC content. All multiplex SBE primers were designed manually 

and non-homologous 5’ tails that would allow for allele discrimination based on size 

differences with minimal primer interactions were added according to the criteria 

outlined in section 2.2.1.2. The designed SBE primer sets were also analysed for non-

specific interactions using AutoDimer version 1.0 (Vallone and Butler, 2004) and 

Primer BLAST (NCBI, USA). The selected PCR and SBE primer sequences designed 

for multiplex 1 to 4 are provided in Tables 2.1 to 2.4.  

3.3 Results and Discussion 

Multiplex SNaPshot® reactions require extensive optimisation of the preliminary 

multiplex PCR and SBE reactions to achieve simultaneous and balanced amplification 

of multiple DNA fragments and SBE products that can be unambiguously detected. 

Low sensitivity, poor specificity and preferential amplification are common problems, 

thus in addition to careful primer design it is necessary to optimise PCR conditions by 

varying reagent concentrations such as MgCl2, dNTP, primer, template and Taq

polymerase and altering annealing temperatures to maximise amplification success 

(Markoulatos et al., 2002).  Each of the Multiplex 1 to 4 PCR and SBE reactions was 

optimised as outlined in Section 2.2.2.  Since all primers were designed according to the 

same criteria, the optimised Multiplex 1 PCR conditions were used as the starting 

conditions for the optimisation of the Multiplex 2, 3 and 4 PCR reactions.  

3.3.1 Multiplex 1 assay optimisation 

3.3.1.1 Singleplex and multiplex amplification of Multiplex 1 PCR primers 

To test PCR primer specificity and efficacy Multiplex 1 PCR primer pairs were 

amplified individually in singleplex PCR reactions (25 L) containing one 2mm purified 
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FTA disc, 3mM MgCl2, 0.2mM dNTP mix, 1× reaction buffer, 0.75U Taq Polymerase, 

PCR forward and reverse primer concentrations of 0.2μM for Y-SNP primers and 

0.1μM for mtDNA SNP primers and an annealing temperature of 57°C. Successful 

amplification of all individual Multiplex 1 PCR primer pairs was confirmed by agarose 

gel electrophoresis, where similar yields of all PCR products of expected size were 

visualised in the absence of non-specific products (Figure 3.7) An exception was the 

C3970T singleplex product, which showed the lowest PCR product yield and a faint 

primer dimer band indicating that some non-specific interactions were occurring 

between the forward and reverse PCR primers (Figure 3.7, lane 11). Note that the 

mtDNA SNPs for T10238C and C10400T were amplified by the same PCR primer pair 

and are located on the same amplicon.  

To test whether all multiplex 1 PCR products could be amplified simultaneously, the 

PCR primers were then grouped into a 5-Plex containing PCR primers for C8281G, 

C3970T, A1736G, M207, M201, a 6-Plex which contained PCR primers for T10238C/ 

C10400T, C10873T, T12705C, M9, M89, M45 and an 11-Plex combining all multiplex 

1 PCR primers. The 5-plex and 6-plex combinations were performed to enable 

unambiguous identification of amplicons of similar sizes, which are difficult to identify 

in the 11-plex PCR product. The same conditions as those used in the singleplex 

reactions were applied, except that all PCR primers in each of the 5-Plex, 6-Plex and 

11-Plex had an equimolar final concentration of 0.2μM. Agarose gel electrophoresis 

confirmed the presence of five PCR products in the 5-Plex and six PCR products in the 

6-Plex, but only ten PCR products were identified in the 11-Plex (Figure 3.7). Since the 

C10873T (308bp) and the C3970T (301bp) products were visible separately in the 6-

Plex and 5-Plex respectively, it was assumed that they were present in the 11-Plex 

reaction but could not be resolved in the 4% agarose gel due to the difference of only 

8bp in their size. The minor primer dimers visualised in the 11-Plex are indicative of 

minimal non-specific interactions occurring between Multiplex 1 PCR primer pairs. The 

Multiplex 1 PCR product yields were slightly reduced in the multiplex reactions 

compared to the individual singleplex reactions due to competition between primer pairs 

and depletion of reagents. There were also noticeable differences in amplification 

efficiencies between PCR products. Overall the mtDNA PCR products (with the 

exception of C3970T) were more abundant compared to the NRY PCR products, 

especially M9 which showed the lowest yield in the 11-Plex (Figure 3.7, Lane 8). This    
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Legend: 
L: 50bp DNA ladder  
1: T10238C/ C10400T (426bp)  
2: C10873T (308bp)   
3: T12705C (273bp)  
4: M9 (192bp) 
5: M89 (148bp)  
6: M45 (92bp)  
7: 6-Plex: T10238C/ C10400T, C10873T, T12705C, M9, 
M89, M45  
8: 11-plex: All multiplex 1 PCR primers 
9: 5-Plex: C8281G, C3970T, A1736G, M207, M201 
10: C8281G (359-368bp)  
11: C3970T (301bp)  
12: A1736G (246bp)  
13: M207 (163bp)  
14: M201 (101bp)  
15: 11-plex negative control  

Figure 3.7: Multiplex 1 singleplex and multiplex PCR products. 
Multiplex 1 PCR primer pairs were amplified individually and in 6-Plex, 7-Plex and 13-Plex reactions using standard PCR conditions. The NRY 
loci (M9, M89, M45, M207, M201) were amplified at 0.2μM and the mtDNA loci (T10238C/C10400T, C10873T, T12705C, C8281G, C3970T, 
A1736G) at 0.1μM in singleplex. All PCR primers were amplified in the 6-Plex, 7-Plex and 13-Plex at an equimolar concentration of 0.2μM. 
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is presumably due to the higher copy number of these targets compared to the Y-

chromosome.  

3.3.1.2 Multiplex 1 PCR optimisation- Adjusting magnesium and dNTP concentration 

When amplifying numerous loci simultaneously, the more efficiently amplified loci will 

have a negative effect on the product yield of less efficient targets as there is a limited 

pool of reagents for which all the PCR products compete thus the reagent concentrations 

in multiplex PCR reactions are usually greater than those applied for singleplex 

reactions. Since Taq polymerase is magnesium dependent, magnesium concentration 

optimisation is essential. However dNTPs also bind magnesium, so an optimum 

magnesium/dNTP balance is also important in achieving optimal PCR product yields.  

A variety of magnesium/dNTP concentrations ranging from 1mM MgCl2/0.2mM dNTP 

to 5mM MgCl2/0.5mM dNTP were tested on 11-Plex Multiplex 1 PCR reactions with 

all other reagent concentrations maintained as per the original 11-Plex reaction 

described in section 3.3.1.1. The lowest PCR product yields were observed when using 

1mM MgCl2/0.2mM dNTP, with some PCR products such as M9 (192bp) amplifying 

very little or not at all (Figure 3.8, lane 1). Amplification success was improved as the 

magnesium/dNTP concentration was increased, with the greatest yields achieved when 

using 5mM MgCl2/0.5mM dNTP (Figure 3.8, lane 8).  However, though the yield for 

M9 was greatest at this concentration, there were striking amplification imbalances 

between the mtDNA and NRY loci. Generally, more balanced amplification between 

the mtDNA and the NRY loci were observed when using MgCl2 concentrations greater 

than 3mM and dNTP concentrations greater than 0.4mM (Figure 3.8). Despite the 

overall reduced product yield and substantial primer dimers observed when using 4mM 

MgCl2/0.4mM dNTP, these concentrations were tested against variable Taq polymerase 

concentrations to identify the optimum concentration that would improve product yield 

and reduce non-specific interactions, whilst maintaining balanced amplification between 

the mtDNA and NRY loci. 
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Legend: 
L: 50bp DNA ladder  
1: 1mM MgCl2/0.2mM dNTP  
2: 2mM MgCl2/0.2mM dNTP  
3: 2mM MgCl2/0.3mM dNTP  
4: 3mM MgCl2/0.3mM dNTP 
5: 3mM MgCl2/0.4mM dNTP  
6: 4mM MgCl2/0.4mM dNTP  
7: 4mM MgCl2/0.5mM dNTP  
8: 5mM MgCl2/0.5mM dNTP  
9: 11-plex negative control 

Figure 3.8: Multiplex 1 PCR optimisation of magnesium and dNTP concentration. 
Multiplex 1 PCR primer pairs were simultaneously amplified at an equimolar 
concentration of 0.2μM in 11-Plex reactions using standard PCR conditions and 
variable magnesium and dNTP concentrations as indicated. 

3.3.1.3 Multiplex 1 PCR optimisation- Adjusting Taq polymerase concentration 

To optimise Taq polymerase concentration a range from 0.75U to 2U of Taq

polymerase per 25 L reactions was tested on Multiplex 1 11-plex reactions using one 

2mm purified FTA disc, 4mM MgCl2, 0.4mM dNTP mix, 1× reaction buffer and 

equimolar multiplex PCR primer concentrations of 0.2μM (Figure 3.9). A concentration 

of 1.75U Taq was judged to be the optimal enzyme concentration as it showed the most 

balanced yields between the mtDNA and NRY loci, whilst also demonstrating minimal 

primer dimer formation. When using 2U Taq polymerase the PCR product yield, 

particularly for the Y loci, began to decrease and there was an increase in primer dimer 

formation. This was attributed to the high glycerol content in the stock solution due to 

excessive enzyme likely inhibiting amplification.  



98 

Figure 3.9: Multiplex 1 PCR optimisation of Taq polymerase concentration. 
Multiplex 1 PCR primer pairs were simultaneously amplified at an equimolar 
concentration of 0.2μM in 11-Plex reactions using standard PCR conditions including 
4mM MgCl2, 0.4mM dNTP mix and (1) 0.75U, (2) 1U, (3) 1.5U, (4) 1.75U and (5) 2U 
Taq polymerase. The 50bp DNA ladder (L) and the 11-Plex negative control (6) are 
also shown.  

Figure 3.10: Multiplex 1 PCR optimisation of PCR buffer concentration. 
Multiplex 1 PCR primer pairs were simultaneously amplified at an equimolar 
concentration of 0.2μM in 11-Plex reactions using standard PCR conditions including 
4mM MgCl2, 0.4mM dNTP mix, 1.75U Taq polymerase and (1) 1×buffer, (2) 
1.5×buffer, (3) 2×buffer. The 50bp DNA ladder (L) and the 11-Plex negative control (4) 
are also shown. 
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3.3.1.4 Multiplex 1 PCR optimisation- Adjusting PCR buffer concentration: 

Though the mtDNA and the NRY loci show relatively balanced amplification after the 

optimisation of magnesium, dNTP and Taq concentrations, the mtDNA PCR product 

yields remained much stronger compared to the NRY PCR products yields (Figure 3.8 

and Figure 3.9). It was been reported that large PCR products amplify better at lower 

salt concentrations whilst short PCR products amplify better at higher salt 

concentrations (Henegariu et al., 1997). Thus, in an attempt to further equalise the 

amplification between the mtDNA and NRY loci, the PCR buffer concentration of the 

Multiplex 1 11-plex reactions was increased. As shown in Figure 3.10, increasing the 

PCR buffer concentration to 1.5× resulted in an overall increase in yield across all PCR 

products. Increasing the buffer concentration to 2× reduced the mtDNA product yields, 

but to a greater extent than the NRY products, giving better equalisation between the 

mtDNA and NRY loci (Figure 3.10, Lane 3). Hence, the 11-Plex PCR product using 

4mM MgCl2, 0.4mM dNTP mix, 1.75U Taq polymerase, 2× PCR buffer and a final 

equimolar PCR primer concentration of 0.2μM was used as template for preliminary 

SBE singleplex and multiplex reactions, with the possibility for further optimisation of 

PCR primer concentrations if suggested during Multiplex 1 SBE optimisation. 

3.3.1.5 Singleplex extension of Multiplex 1 SBE primers using Multiplex 1 PCR 

template 

Following preliminary Multiplex 1 PCR optimisation, Multiplex 1 SNaPshot™ 

optimisation commenced. Prior to multiplexing it is important to verify that all 

SNaPshot™ products can be resolved and detected without any overlap in size and 

colour. The electrophoretic mobility of Multiplex 1 SBE primers was tested using the 

SNaPshot® Primer FocusTM kit (Life Technologies, USA) as described in section 

2.2.1.3, before undertaking any SNaPshot™ reactions. The results indicated that the 

multiplex 1 SBE primers showed sufficient spatial separation and unambiguous 

detection of all extension products (data not shown) allowing for the commencement of 

Multiplex 1 SNaPshot™ optimisation.  

The Multiplex 1 SBE primers were first extended individually using as template the 11-

plex Multiplex 1 PCR product depicted in Figure 3.10 (Lane 3), which was amplified 
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with the optimised conditions summarised in Section 3.3.1.4. Singleplex SNaPshot™ 

reactions were prepared as per section 2.2.2.5, with each SBE primer at a final 

concentration of 0.2μM.  SNaPshot™ products were purified prior to capillary 

electrophoresis as described in sections 2.2.2.6 and 2.2.2.7. Electropherograms for these 

singleplex products showed unsatisfactory results, with the majority of alleles 

demonstrating signals less than 1000RFU with the exception of A1736G, which showed 

the strongest signal (>3000RFU). The SBE primers for C3970T, T12705C and 

C10400T failed to amplify at all (Figure 3.11). The alleles that were detected were the 

correct size and expected colour and the majority of missing alleles were those of the 

longest primers (>50bp).  

The Multiplex 1 PCR product used as template for these singleplex SNaPshot™ 

reactions showed strong PCR product yields (Figure 3.10, Lane 3), thus it was assumed 

that the low signals observed were due to inadequate SBE primer concentrations and the 

singleplex SNaPshot™ reactions were repeated using 2μM SBE primer. With this 10-

fold increase in SBE primer concentration, the signal of most alleles increased to greater 

than 2000RFU and the SBE primer for T12705C that initially failed to amplify at 

0.2μM was now visible (Figure 3.12). Though an increase in primer concentration 

appeared to have a positive effect, SBE primers greater than 45bp still showed signals 

averaging 500-1000RFU. However, the longest primer C10400T as well as the C3970T 

primer still failed to amplify when using 2μM.  

3.3.1.6 Multiplex 1 SBE reactions using Multiplex 1 PCR product as template. 

Despite several problematic SBE primers failing to be detected in singleplex 

SNaPshot™ reactions, the Multiplex 1 SBE set was also tested in multiplex SNaPshot™ 

reactions to investigate potential inhibitory non-specific primer interactions. The primer 

set was divided into two separate 6-Plex SBE reactions, 6-Plex A (M45, M207, M89, 

C10873T, T12705C, C10400T) and 6-Plex B (M9, A1736G, M201, C3970T, C10238T, 

C8281G) and a 12–plex reaction containing all SBE primers. Each SBE primer in these 

reactions was extended at a final equimolar concentration of 0.2μM. All Multiplex 1 

SBE primers were also grouped in two 12-Plex reactions. An additional 12-plex2 

reaction was tested to compare the effect of varying the SBE primer concentrations in 
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Figure 3.11: Capillary electropherograms of singleplex extensions of 0.2μM 
Multiplex 1 SBE primers using Multiplex 1 PCR product as template. 
Black arrows indicate the expected position for alleles C3970T and C10400T that have 
failed to extend. The 11-Plex PCR negative control is also shown (NC).  
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Figure 3.12: Capillary electropherograms of singleplex extensions of 2μM 
Multiplex 1 SBE primers using Multiplex 1 PCR product as template. 
Black arrows indicate the expected position for alleles C3970T, T12705C and C10400T 
that have failed to extend. The 11-Plex PCR negative control is also shown (NC). 
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line with the strength of extension seen in the singleplex reactions. In the 12-Plex2 

multiplex, the concentration of SBE primers was set at 0.4μM except for T12705C, 

C3970T and C10400T, which were set at 2μM and C10873T and A1736G, which were 

the strongest alleles in the singleplex SNaPshot™ reactions and were maintained at 

0.2μM. The same Multiplex 1 PCR product used for the singleplex SBE reactions was 

used as template for these reactions.  

Electropherograms for the separation of these Multiplex 1 SNaPshot™ products (Figure 

3.13A-C) showed successful extension of all Multiplex 1 SBE primers when using a 

concentration of 0.2μM except M201 (34bp), C3970T (40bp) and C10400T (53bp), the 

latter two of which had also failed in the singleplexes. However, the signal of the 

extended alleles was low, ranging from 200RFU to 1200RFU, with the exception of 

A1736G, which was the most efficiently amplified at over 2000RFU.  Modifications in 

SBE primer concentrations in 12-Plex2 had minimal effects on the signal of alleles 

compared to equimolar SBE concentration of 0.2μM, except for T12705C, which 

showed roughly a four-fold increase in signal when 2μM of SBE primer was used. 

(Figure 3.13D). The M201 allele also appeared to have extended at an SBE primer 

concentration of 0.4μM however a blue artefact peak masked the green allele peak. 

3.3.1.7 Investigating the failed extension of the C10400T, C3970T, and T12705C 

alleles  

Since the C10400T allele failed to extend in the multiplex and the singleplex 

SNaPshot™ reactions despite the PCR product for this locus showing a strong yield, it 

was deduced that the failed extension resulted from an inefficient SBE primer. Though 

T12705C could be extended, the signal of this allele was still low when using a SBE 

primer concentration of 2μM, which is considerably high. These inefficient SBE 

primers were the longest and had 5’ aspecific tail lengths larger than the specific 

homologous primer sequence, which also had low GC content (~30%). It was 

hypothesised that these long tails were too ‘floppy’ and prevented the primer from 

strongly annealing to the complimentary target sequence, and that this was exacerbated 

by the low GC content of the homologous portion, thereby decreasing SBE primer 

amplification efficiency. For this reason, the SBE primer for C10400T was redesigned 

to be homologous to the alternate strand and the final expected size was reduced to 
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36bp. The SBE primer for T12705C was also modified and reduced in size to 31bp by 

removing the 5’ aspecific tail and adding an extra homologous ‘G’ base. The modified 

SBE primer sequences for these alleles are provided in Table 2.2. 

Legend:  
(A) 6-plexA: M45, M207, M89, C10873T, T12705C, C10400T SBE primers = 0.2μM. 
(B) 6-PlexB: M9, A1736G, M201, C3970T, C10238T, C8281G SBE primers = 0.2μM. 
(C) 12-Plex: All Multiplex 1 SBE primers =0.2μM. 
(D) 12-Plex2: All SBE primers = 0.4μM except C10873T and A1736G=0.2μM and 
T12705C, C3970T and C10400T=2μM. 
(NC) 11-Plex PCR negative control with SBE primer concentrations used in (D). 

Figure 3.13: Capillary electropherograms of Multiplex 1 SBE primer optimisations 
using Multiplex 1 PCR product as template. 
Multiplex 1 PCR product was prepared using the optimised conditions summarised in 
Section 3.3.1.4 and an equimolar PCR primer concentration of 0.2μM. The SBE primer 
concentrations were modified as detailed in the legend. The black arrows indicate the 
position for alleles M201 (34bp), C3970T (40bp) and C10400T (53bp) that have failed 
to amplify.  
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The C3970T allele could not be detected in either singleplex or multiplex SBE reactions 

using multiplex 1 PCR product as template, despite increases in SBE primer 

concentration (Figure 3.11-Figure 3.13). Failure to observe a blue or green allele of 

expected size for C3970T indicated that the specific template containing the SNP was 

likely to be absent and that the SBE primer was only able to self-extend. The C3970T 

PCR product was initially assumed to have successfully amplified since ten correct 

sized bands were resolved when 11-Plex PCR products were visualised in 4% agarose 

gels and non-specific interactions between multiplex PCR primer sets were thus 

excluded, as two products should be affected if this was the case (Figure 3.7, lane 8). 

The reason for only observing ten out of the expected eleven bands was attributed to the 

likelihood that the C3970T amplicon could not be resolved from the C10873T 

amplicon, which is only just 7bp larger and that these PCR products were visualised as 

a doublet band.  However, failure of the C3970T allele to be detected raised the 

possibility that the C3970T PCR product may not be amplifying efficiently in the 

multiplex PCR as it is difficult to ascertain the yield within the doublet. Furthermore, 

the singleplex amplification of the C3970T PCR primer pair was the only Multiplex 1 

PCR singleplex to show primer dimers and the lowest singleplex PCR product yield 

(Figure 3.7, Lane 11) indicating the possibility of non-specific interactions between the 

C3970T primers.  

The autodimer results for the C3970T PCR primer pair were re-evaluated and a primer 

dimer interaction between the forward PCR primer was identified and is depicted in 

Figure 3.14. An alternate forward primer for C3970T was designed which produced a 

297bp amplicon (Table 2.1). The original and modified C3970T PCR primer pairs were 

tested at a concentration of 0.3μM in a duplex PCR reaction also containing T12705C 

(0.1μM) and in an 11-Plex PCR reaction containing all other Multiplex 1 PCR primers 

at 0.2μM except M9, which was increased to 0.4μM, as this product showed the lowest 

yield after preliminary multiplex 1 PCR optimisation (Figure 3.10). All other optimised 

PCR conditions were as summarised at the end of section 3.3.1.4. Use of the modified 

C3970T primer pair resulted in considerably greater C3970T PCR product in both 

duplex and 11-plex reactions, compared to use of the original PCR primer pair (Figure 

3.15). Since the new C3970T amplicon is smaller than the original amplicon it could 

now be resolved from C10873T, allowing visualisation of all 11 Multiplex 1 PCR 

products. The replacement of the forward C3970T primer at a concentration of 0.3μM 
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Figure 3.14: Autodimer result for C3970T PCR forward primer dimer screen 

Legend: 

L: 50bp DNA ladder 
1: T12705C /original C3970T duplex 
2: T12705C /modified C3970T duplex 
3: Multiplex 1 11-Plex with original 
C3970T PCR primers 
4: Multiplex 1 11-Plex with modified 
C3970T PCR primer 
5: 11-plex negative control 

Figure 3.15: Amplification of the original and modified C3970T PCR primer pair 
in duplex and Multiplex 1 PCR reactions.  
Multiplex 1 duplex and 11-Plex PCR products were prepared using the optimised 
conditions described in Section 3.3.1.4. The original and modified C3970T PCR 
primers were amplified at 0.3μM in duplex with T12705C at 0.1μM. An equimolar PCR 
primer concentration of 0.2μM was used for the 11-Plex PCR, except for C3970T and 
M9, which were amplified at 0.3μM and 0.4μM respectively.   

3970T-F CCTTCGACCTTGCCGAAG versus 3970T-F CCTTCGACCTTGCCGAAG
Matches = 12
Score = 7
CTTCGNCNNNGNCGAAG
est. tm = 8.6 oC
DeltaG 37 degrees = -2.65 kcal/mole
                  3'-GAAGCCGTTCCAGCTTCC-5'
                     |||||x|xxx|x|||||
                 5'-CCTTCGACCTTGCCGAAG-3
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had little effect on the yield of other multiplex 1 PCR products, with relatively balanced 

amplification remaining. 

The efficacy of the SBE primer for the C3970T allele was also tested (0.2μM) in a 

singleplex SNaPshot™ reaction using singleplex C3970T PCR product generated using 

standard amplification conditions.  As shown in Figure 3.16, a black peak was observed 

at the C3970T allele position instead of the expected blue or green allele. Re-review of 

the autodimer results for the C3970T SBE primer showed a notable hairpin involving 

the 3’ end of the primer (Figure 3.17), suggesting that the observed black peak is an 

artefact arising from the 3’end extension of the hairpin depicted in Figure 3.17 with a C 

base. Numerous smaller black peaks were also observed that were deduced to be 

products arising from the extension of truncated SBE primers from low purity primer 

batches and were only mainly visible in singleplex SNaPshot™ reactions.  The SBE 

primer could not be redesigned to be homologous to the alternative sense strand as the 

5’ to 3’ sequence adjacent to the SNP site is very GC rich (>80%) and showed strong 

self-annealing for up to 20 bps from the C3970T SNP site. As an alternative solution the 

original C3970T SBE primer homologous to the antisense strand was modified by the 

addition of a mismatch. As shown in Figure 3.17, a ‘G’ nucleotide was substituted for 

the ‘T’ nucleotide to reduce the strength of the hairpin at the 3’ end. The modified 

C3970T primer sequence is provided in Table 2.2.  

3.3.1.8 Singleplex extension of modified multiplex 1 SBE primers using the modified 

multiplex 1 PCR product as template 

The modified SBE primers for C3970T, T12705C and C10400T were tested in 

singleplex SNaPshot™ reactions using Multiplex 1 PCR product incorporating the 

modified C3970T PCR primer pair as template. Multiplex 1 PCR reactions were 

prepared using one 2mm purified FTA disc and the optimised PCR conditions 

summarised at the end of section 3.3.1.4 were applied. All PCR primers were kept at an 

equimolar concentration of 0.2μM, except for the modified C3970T PCR primers at a 

concentration of 0.3μM and M9 at concentration of 0.4μM. All modified SBE primers 

were extended at a concentration of 0.2μM.  
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Figure 3.16: Capillary electropherograms of the singleplex extension of 0.2μM 
C3970T SBE primer using singleplex PCR product as template. 
Extended brackets highlight non-specific extension products. 

Figure 3.17: Autodimer result for C3970T SBE primer hairpin screen. 
The ‘G’ nucleotide coloured in red denotes the template nucleotide for the extension of 
the above hairpin which will result in the single base extension of the C3970T SBE 
primer with a ‘C’ nucleotide that will be visualised as a black non-specific peak. The 
underlined ‘T’ nucleotide denotes the site where the mismatch was inserted within the 
modified C3970T SBE primer via substitution with a ‘G’ nucleotide to minimise the 
impact of the hairpin amplification. 
  

As evident in Figure 3.18, separation of the singleplex SNaPshot™ products using 

capillary electrophoresis demonstrated successful extension of all modified SBE 

primers and much improved signals compared to when using the original SBE primers 

which required concentrations of up to 2μM to amplify (Figure 3.12). The signals for 

alleles T12705C and C10400T were greater than 2000RFU when using an SBE primer 

concentration of only 0.2μM. Extension of the original C3970T SBE primer was now 

detectable in a singleplex SNaPshot™ reaction using multiplex 1 PCR product 

containing the modified C3970T PCR primer pair, suggesting that the template 

C3970T
Matches = 5
Score = 3
NNGAATA
est. tm = less than zero
DeltaG 37.0 degrees = -0.93 kcal/mole 

 TCGGCTTATGTGTAACAGTCTGAAAGTG-5'
A  XX|||||
 TGAAGAATA-3'
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insufficiency had initially contributed to the failed extension of this allele. However, an 

approximately tenfold increase in signal was observed for the modified C3970T SBE 

primer with the inserted mismatch (Figure 3.18B) compared to the original SBE primer 

(Figure 3.18A) thus confirming that the inefficient original SBE primer also contributed 

significantly to the failure of detecting this allele. 

Figure 3.18: Capillary electropherograms of singleplex extensions of 0.2μM of the 
modified C3970T, T12705C and C10400T Multiplex 1 SBE primers using 
Multiplex 1 PCR product as template. 
The Multiplex 1 PCR product was prepared using the optimised conditions described in 
Section 3.3.1.4 and an equimolar PCR primer concentration of 0.2μM, except for the 
modified C3970T PCR primers at 0.3μM and M9 at 0.4μM. The original C3970T SBE 
primer was also extended at 0.2μM for comparison. All SBE primers were extended at a 
concentration of 0.2μM. The 11-Plex PCR negative control is also shown (NC).  
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3.3.1.9 Equalisation of allele signals through the optimisation of Multiplex 1 PCR and 

SBE primer concentrations 

Initially, the modified Multiplex 1 SBE primers were grouped and tested in 12-Plex 

SNaPshot™ reactions with the same Multiplex 1 PCR product used for the singleplex 

SNaPshot™ reactions as template (see section 3.3.1.5). Most of the original SBE 

primers that showed lower signals in previous optimisation experiments were tested at a 

concentration of 0.4μM except for C10873T and A1736G and the modified T12705C, 

C3970T and C10400T SBE primers, which showed higher signals and so were tested at 

a lower concentration of 0.2μM. Another 12-Plex SNaPshot™ reaction was also tested 

on an alternative Multiplex 1 PCR product that incorporated all the same PCR primer 

and reagent concentrations, except that the original C3970T PCR primer pair was 

included. Capillary electrophoresis of the Multiplex 1 SBE products showed successful 

extension of all twelve alleles with correct size and colour extension products with 

either of the Multiplex 1 PCR products as template (Figure 3.19A & B).  However, the 

signal for the modified C3970T SBE primer increased to approximately 2500RFU when 

using the Multiplex 1 PCR product containing the modified C3970T PCR primer pair as 

template (Figure 3.19B) compared to the PCR product with the original PCR primer 

pair where amplification of this allele was rather minimal (Figure 3.19A). This 

confirmed that the failure of this allele to amplify in the past was caused by both 

inefficient PCR and SBE primers. 

Whilst all alleles could now be successfully simultaneously detected in a single 12-Plex 

SNaPshot™ reaction with the modified SBE primers, noticeable differences in peak 

heights required further optimisation (Figure 3.19B). The majority of alleles tested at 

0.4μM SBE primer concentration showed signals averaging about 1000RFU. The 

A1736G and the modified C10400T and T12705C SBE primers, which were at the 

lower concentration of 0.2μM, showed the strongest signals (2000-4000RFU). In order 

to increase the signals of weak loci, the PCR primer concentrations were further 

investigated since contrastingly to base extension reactions, PCR is an exponential 

rather than linear process. Thus, the greatest effect on allele signal is likely to be 

achieved by modifying PCR primer concentration, which influences the amount of 

template available for the single base extension of each allele. 
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Legend: 
(A) Multiplex 1 11-plex PCR template was prepared using PCR conditions described in 
Section 3.3.1.5 and incorporating the original C3970T PCR primers. All SBE primers 
were tested at 0.4μM, except for C10873T, A1736G and the modified T12705C, 
C3970T and C10400T SBE primers= 0.2μM. 
(B) Same PCR conditions as (A) but includes the modified C3970T PCR primers.  
(C) Optimisation of PCR primer concentration was performed by reducing mtDNA 
PCR primer concentrations (except C3970T) to 0.1μM and increasing M9 to 0.5μM and 
M207 and M89 to 0.3μM. All SBE primers maintained at an equimolar concentration of 
0.2μM.  
(D) Optimisation of SBE primer concentrations using the same PCR product as in (C) 
as template. All SBE primers were maintained at a concentration of 0.2μM except for 
T12705C, A1736G and C10400T =0.1μM and M45, M9, M89, C8281G and C10238T= 
0.4μM.  
(E) The final optimised Multiplex 1 SNP assay derived from further PCR and SBE 
modifications to (D) with M201 and M89 PCR primers increased to 0.4μM and 
C8281G to 0.3μM. The M9 and C8281G SBE primers were also increased to 0.5μM, 
M201 to 0.4μM, M207 to 0.3μM and T12705C to 0.15μM.
(F) The 11-Plex PCR negative control with SBE primer concentrations used in (E).  
Figure 3.19: Capillary electropherograms for the optimisation of Multiplex 1 12-
Plex SNaPshot™ reactions incorporating the redesigned SBE primers and using 
Multiplex 1 PCR product as template.  
Optimisations involved the modification of PCR and/or SBE primer concentrations as 
detailed in the legend. 
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As evident in Figure 3.15, the majority of mtDNA PCR products showed strong yields 

and demonstrated relatively stronger allele signals than the NRY SNPs (Figure 3.19B).  

The PCR primer concentration for the mtDNA loci A1736G, C10238T/ C10400T, 

C10873T and T12705C was reduced from 0.2μM to 0.1μM to test if the yields of NRY 

products would increase by reducing competition for reagents. The PCR primer 

concentrations were also increased for alleles showing the lowest signals, with primers 

for M9, increased from 0.4μM to 0.5μM and for M207 and M89 increased from 0.2μM 

to 0.3μM. These PCR primer concentration modifications tested using equimolar SBE 

primer concentrations of 0.2μM showed generalised signal increases across all alleles 

(Figure 3.19C), including for mitochondrial alleles for which the PCR primer 

concentrations had been reduced. However, fluorescence intensity decreases with the 

age of SNaPshot™ kit reagents and with increased freeze/thaw cycles. A new kit had 

been used in Figure 3.19C, which most likely contributed to the over amplified mtDNA 

alleles that showed evidence of pull up, such as A1736G (>4000RFU), even though 

PCR primer concentrations were reduced.  

The effect of modifying both PCR and SBE primer concentrations was then tested on 

the same PCR product as was used in Figure 3.19C as template. The SBE primer 

concentration for T12705C, A1736G and C10400T was reduced from 0.2μM to 0.1μM,  

whilst M45, M9, M89, C8281G and C10238T were increased from 0.2μM to 0.4μM, 

with all other alleles maintained at a concentration of 0.2μM (Figure 3.19D). 

Reductions in SBE primer concentration diminished the signal of the previously over 

amplified A1736G, C10400T and T12705C alleles though the latter showed dramatic 

reduction in signal at a SBE concentration of 0.1μM which was not deemed suitable. 

Increases in both PCR and SBE primer concentration showed improvements in the 

signal of weaker alleles, including M45, M9, C10238T and C8281G. Other alleles 

which were not directly modified, such as C3970T and C10873T, also showed a slight 

increase in signal arising from the PCR and SBE primer modifications of other alleles in 

the Multiplex 1 set. 

To further improve the low signal of alleles M207, M201, M89 and C8281G the PCR 

primer concentrations for M201 and M89 were increased to 0.4μM and for C8281G to 

0.3μM. The SBE primer concentration was increased for M9 and C8281G to 0.5μM, 

M201 to 0.4μM and M207 to 0.3μM. The SBE primer concentration for T12705C was 
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also adjusted to an intermediate 0.15μM as 0.1μM had decreased the signal too 

dramatically, whilst 0.2μM caused over amplification.  As shown in Figure 3.19E, these 

PCR and SBE primer modifications achieved fairly balanced amplification of all 

Multiplex 1 alleles, with all peaks averaging between 2000-3000RFU. The PCR and 

SBE primer concentrations used in Figure 3.19E were retained as the final optimised 

conditions for Multiplex 1 and were applied in the preliminary testing of population 

samples.  

The presence of a noisy baseline between the 20nt to 30nt position was also commonly 

observed and did not appear to diminish at the conclusion of Multiplex 1 SNaPshot™ 

optimisation. It was found that the noise became more prominent when the Multiplex 1 

PCR template was inadequately purified using older aliquots ExoSAP-It (USB 

Corporation, USA) or ExoStar (GE Healthcare, USA) (data not shown). The reagent 

activity was observed to dramatically decrease after more than 4 freeze/thaw cycles so it 

is recommended that the stock be stored in smaller aliquots to ensure optimum 

purification of the PCR templates and minimise noisy baselines, which can interfere 

with allele detection. 

3.3.1.10 Effect of polymer concentration on the electrophoretic mobility of Multiplex 1 

SBE primers 

POP-6™ polymer was used for capillary electrophoresis instead of the POP-4™ 

polymer recommended by the manufacturers of the SNaPshot™ kit because better 

resolution and size discrimination of SBE primers, particularly for similar sized 

fragments, have been reported for POP-6™ polymer (Vallone et al., 2004, Brion, 2005). 

The higher 6% polydimethylacrylamide concentration of POP-6™ polymer is typically 

applied for the separation of sequencing products, which differ by only 1 nucleotide, 

whilst the lower 4% polydimethylacrylamide concentration of POP-4™ polymer has 

been used for fragment analysis. Though the separation of SNaPshot™ extension 

products is typically classified as a form of fragment analysis, the difference in size 

between products is usually quite small and in some cases differs by only 1-2bp. It is 

therefore reasonable to propose that POP-6™ polymer can be applied instead of POP-

4™ polymer. Though the higher polymer concentration will delay the migration of the 

fragments, usually requiring longer run times, no changes are required to the capillary 
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length or run module for products up to 65 nucleotides which can still be resolved 

during the 24 minute run time (Vallone et al., 2004). 

To confirm the suitability of POP-6™ polymer over POP-4™ polymer for our 

applications, final optimised Multiplex 1 extension products were separated by capillary 

electrophoresis using both POP-4™ and POP-6™ polymer and the run parameters 

specified by the SNaPshot™ GS POP-4 (1mL).E5.md5 module (Table 2.7). As shown 

in Figure 3.20, visible differences in the migration of alleles and in peak morphology 

were observed with POP-6™ polymer, providing greater spatial resolution and 

discrimination of alleles compared to POP-4™ polymer. This was most evident when 

comparing alleles M207, T12705C and M201, which overlapped in POP-4™ but could 

be discriminated in POP-6™. The peak width in POP-6™ polymer was also 

approximately half that observed in POP-4™ and contributed to the greater resolution 

achieved when using this higher polymer concentration.  

When comparing the sizing of Multiplex 1 extension products in both polymers (Table 

3.3), it was found that the most accurate sizing (defined by the expected size of the 

primer matching the observed size of the product) was achieved when using POP-6™ 

polymer, where the observed size of the multiplex alleles was only about 1 to 3 

nucleotides larger than the expected size. In contrast, much greater differences were 

observed in POP-4™ polymer where the observed allele size was 3 to 5 nucleotides 

larger than the expected size particularly for alleles less than 35 nucleotides. However, 

it was generally found that the sizing accuracy improved as the length of the primer 

increased when using both POP-4™ and POP-6™ polymer, with the greatest mobility 

differences observed for primers less than 45 nucleotides. The spatial resolution and 

sizing accuracy differences observed between the POP-4™ and POP-6™ polymers for 

the Multiplex 1 SBE alleles paralleled those from previous studies in the literature 

(Vallone et al., 2004, Brion, 2005). This confirmed that using POP-6™ polymer to 

separate SNaPshot™ extension products is more beneficial than POP-4™ polymer 

particularly for similar sized products, as the higher concentration improves the 

resolution and discrimination of alleles. Thus, this supported the decision to use POP-

6™ polymer for the capillary electrophoresis of our multiplex assays. 
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Figure 3.20: Capillary electropherograms of multiplex 1 SNaPshot™ reactions 
separated in (A) POP-4™ and (B) POP-6™ polymer.  

Table 3.3: Comparison of expected and observed sizes of multiplex 1 SBE primers 
in POP-4™ and POP-6™ polymer. 

SNP Expected Size (nt) Observed Size (nt) 
POP-4™  POP-6™  

M45 19 24.26 21.63 
M9 25 29.04 27.18 
A1736G 28 30.83 29.98 
M207 29 34.31 32.17 
T12705C 31 34.51 32.99 
M201 33 35.29 34.26 
C10400T 36 38.31 37.39 
M89 37 40.56 39.01 
C3970T 39 41.59 40.49 
C10873T 41 44.64 43.38 
C10238T 43 46.10 45.37 
C8281G 46 47.29 46.54 
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3.3.2 Multiplex 2 assay optimisation 

3.3.2.1 Preliminary optimisation of the Multiplex 2 PCR reaction 

As for Multiplex 1, each Multiplex 2 PCR primer pair was first amplified in singleplex 

PCR reactions and then grouped in 6-Plex (A12308G, A15607G, M180, M181, M217, 

M91), 7-Plex (T7028C, T4216C, M174, M130, M40, M38, M215) and 13-Plex PCR 

reactions. The optimised Multiplex 1 PCR conditions of 4mM MgCl2, 0.4mM dNTP 

mix, 1.75U Taq polymerase and 2× PCR buffer were used. In the singleplex PCR 

reactions the NRY primers were tested at 0.2μM and the mtDNA primers at 0.1μM, 

whilst in the multiplex PCR reactions all primers were maintained at 0.2μM. As shown 

in Figure 3.21, all loci, both individually and in combination, were successfully 

amplified without major non-specific interactions. A total of twelve PCR products were 

detected in the 13-Plex reaction, with the T7028C (333bp) and A12308G (323bp) 

amplicons assumed to appear as a doublet band due to the 10bp size difference that 

could not be resolved in the 4% (w/v) agarose gel. 

Minor differences in yield were observed between different Multiplex 2 PCR products 

thus PCR primer concentrations were optimised from a starting concentration of 0.2μM 

to achieve balanced amplification of all loci. The mtDNA loci that demonstrated the 

highest yields at 0.2μM were reduced to 0.1μM whilst less efficiently amplified 

products such as M174, M180 and M130 were increased to 0.3μM until relatively 

equalised Multiplex 2 PCR product yields were achieved (Figure 3.22). This optimised 

Multiplex 2 PCR product was then used as template for the optimisation of Multiplex 2 

SBE reactions.  



117 

Legend:
L: 50bp DNA ladder  
1: T7028C (333bp)  
2: T4216C (297bp)  
3: M174 (259bp)  
4: M130 (230bp)  
5: M40 (192bp)  
6: M38 (171bp)  
7: M215 (140bp)  
8: 7-Plex: T7028C, T4216C, M174, M130, M40, 
M38, M215  
9: 13-Plex: All multiplex 2 PCR primers  
10: 6-Plex: A12308G, A15607G, M180, M181, 
M217, M91  
11: A12308G (323bp)  
12: A15607G (270bp)  
13: M180 (249bp)  
14: M181 (208bp)  
15: M217 (181bp)  
16: M91 (150bp)
17: 13-plex PCR negative control 

Figure 3.21: Multiplex 2 singleplex and multiplex PCR products. 
Multiplex 2 PCR primer pairs were amplified at equimolar concentrations of 0.2μM in 6-Plex, 7-Plex and 13-Plex reactions using optimised 
Multiplex 1 PCR conditions summarised in section 3.3.1.4. The PCR primers for the NRY loci (M174, M130, M40, M38, M215, M180, M181, 
M217, M91) were also amplified individually at 0.2μM and for the mtDNA loci (T7028C, T4216C, A12308G, A15607G) at 0.1μM in 
singleplex.
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Legend: 
1: All PCR primers=0.2μM 
2: All PCR primers= 0.2μM except T4216C, 
T7028C, A12308G and C15607G= 0.1μM and 
M174, M180 and M130= 0.3μM 
3: 13-plex PCR negative control 

  
Figure 3.22: Optimisation of Multiplex 2 PCR primer concentrations 

3.3.2.2 Optimisation of the multiplex 2 SNaPshot™ reaction 

Use of the SNaPshot® Primer FocusTM kit (Life Technologies, USA) as described in 

section 2.2.1.3 confirmed that the Multiplex 2 SBE primers provided sufficient spatial 

separation with no alleles overlapping in both size and colour upon separation in POP-

6™ polymer (data not shown). Optimisation of the Multiplex 2 SNaPshot™ assay 

involved the preliminary extension of Multiplex 2 SBE primers at 0.2μM in singleplex 

SNaPshot™ reactions using the optimised Multiplex 2 PCR product described in 

section 3.3.2.1. All thirteen alleles of expected size and colour were detected (Figure 

3.23) confirming the specificity of the SBE primers. The allele signals averaged 2000-

3000RFU with the exception of A12308G, which showed over amplification and pull-

up, and of M180 and M130, which had the lowest signals at 1000-1500RFU. Overall, 

singleplex amplification of the Multiplex 2 SBE primers achieved generally balanced 

signals and was less problematic than for Multiplex 1. 
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Figure 3.23: Capillary electropherograms of singleplex extensions of 0.2μM 
multiplex 2 SBE primers using optimised Multiplex 2 PCR product as template. 
Multiplex 2 PCR product was prepared using the optimised conditions described in 
section 3.3.2.1. The 13-Plex PCR negative control is also shown (NC). 
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The SBE primers were then tested in 6-Plex (A12308G, M40, M180, M181, M217, 

M38), 7-Plex (A15607G, T7028C, M215, M174, T4216C, M130, M91) and 13-Plex 

SNaPshot™ reactions at an equimolar concentration of 0.2μM, using the same 

optimised multiplex 2 PCR product as template. As shown in Figure 3.24A-C, all 

expected alleles were detected in each of these multiplex reactions, though marked 

differences in signal were observed between loci, with the stronger alleles detected at 

greater than 3000RFU and the weaker alleles averaging 1000-2000RFU. The signal of 

alleles decreased between the smaller multiplexes (Figure 3.24A-B) and the 13-Plex 

(Figure 3.24C), most likely due to competition between greater numbers of SBE 

primers in the larger multiplex. To achieve more balanced allele signals across all loci, 

SBE primer concentrations of the weaker loci M215, M180, M217 and M130 were 

increased to 0.4μM and of M174 to 0.3μM. Though A15607G and M38 were not 

overextended in the 13-Plex depicted in Figure 3.24C, these alleles showed strong 

signals in the 6-Plex (Figure 3.24A). Thus, the SBE primer concentration for these loci 

was decreased to 0.1μM to observe if this would have a positive effect on the other loci. 

As shown in Figure 3.24D, the reduction in A15607G and M38 SBE primer 

concentrations had minimal effect on their individual signals, but increased signals were 

observed for other unmodified alleles such as A12308G, T7028C and M40, indicating 

that the A15607G and M38 primers were likely in excess and competing with these 

primers. Weaker alleles for which the SBE primer concentrations were increased also 

showed improved signals, with the exception of M215. 

Further optimisation experiments were carried out to test the effect of increasing the 

PCR primer concentration for M180, M174 and M130 alleles to 0.4μM and for M217 

allele to 0.3μM, whilst maintaining the SBE primer concentrations used in Figure 

3.24D. These changes resulted in relatively balanced extension of all loci to 3000-

4000RFU, with the greatest improvement observed for M217 (Figure 3.24E). 

Additionally, though M215 PCR primer concentrations were not altered, the signal for 

this allele also improved under these modified PCR and SBE conditions. However as 

the A12308G allele still appeared slightly over extended in Figure 3.24E, the SBE 

primer concentration for this allele was further decreased to 0.1μM to finalise assay 

optimisation. The final optimised multiplex 2 assay is depicted in Figure 3.24F and the 

optimised PCR and SBE conditions used for this reaction were applied in the 

preliminary testing of population samples. 
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Legend: 
(A), (B) and (C) 6-Plex, 7-Plex and 13-Plex SBE reactions respectively, using 
Multiplex 2 13-plex PCR template shown in Figure 3.22 (Lane 2). All SBE primers 
were extended at equimolar SBE primer concentrations of 0.2μM.  
(D) Same PCR product as (C) but the SBE primer concentrations were modified with 
M215, M180, M217, M130 =0.4μM, M174= 0.3μM and A15607G, M38=0.1μM and 
all other primers at 0.2μM.  
(E) The PCR primer concentrations were modified from (D) with M180, M174, 
M130=0.4μM and M217=0.3μM. The SBE primer concentrations were as in (D). 
(F) Final optimised Multiplex 2 SNP assay using the same conditions as (E) with minor 
reduction of A12308G SBE primer to 0.1μM. 
(NC) 13-plex PCR negative control with SBE primer concentrations used in (F). 
(NC2) 13-plex PCR negative control with no SBE primers confirms the non-specific 
extension of multiplex PCR products visualised as a 46.5nt ‘G’ peak (black arrow). 
Figure 3.24: Capillary electropherograms for the optimisation of Multiplex 2 
SNaPshot™ reactions using Multiplex 2 PCR product. 
Optimisations involved the modification of PCR and/or SBE primer concentrations as 
detailed in the legend. 
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A blue artefact peak appearing at the 46.5nt position (denoted by a black arrow) was 

observed in all multiplex reactions (Figure 3.24A-F). The presence of this peak in the 

PCR negative control (Figure 3.24, NC) indicated that the artefact was likely to be the 

product of non-specific SBE primer interactions or arising from the PCR template. To 

investigate this, another negative control was tested which included Multiplex 2 PCR 

template as well as all SNaPshot™ reagents, with the exception of the SBE primers. 

The blue artefact peak was also detected in this negative control (Figure 3.24, NC2) and 

indicated the likelihood that non-specific extension of multiplex 2 PCR products or 

undigested PCR primers was occurring. However, though close to the M38 allele, the 

signal for this artefact peak decreased following optimisation of the Multiplex 2 

SNaPshot™ reaction and the colour did not interfere with the detection of the 

alternative C allele (black) at the M38 locus. Thus, no further attempt was made to 

eliminate it. 

3.3.3 Multiplex 3 assay optimisation 

3.3.3.1 Preliminary optimisation of the Multiplex 3 PCR reaction 

Initially, Multiplex 3 PCR primers were amplified in singleplex PCR reactions and then 

grouped in two 5-Plex PCR reactions, 5-Plex1 (M343, T980C, M170, A3348G, M69) 

and 5-Plex2 (G3010A, C12633A, M124, M172, SRY10831.2) and then combined in a 

single 10-Plex reaction. The reactions were prepared using the same reagent and PCR 

primer concentrations as those applied for the Multiplex 2 singleplex PCR reactions 

(section 3.3.2.1). All loci could be individually amplified and showed the expected 

sized product (Figure 3.25). All expected PCR products were also visualised in each of 

the 5-Plex reactions, however only nine bands were observed in the 10-Plex reaction, 

with C12633A (245bp) and M170 (233bp) appearing as a doublet band that could not 

be resolved in the 4% (w/v) agarose gel due to the 12bp difference (Figure 3.25).  
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Legend:
L: 50bp DNA ladder  
1: M343 (355bp) 
2: T980C (267bp) 
3: M170 (233bp) 
4: A3348G (204bp) 
5: M69 (136bp) 
6: 5-Plex1: M343, T980C, M170, A3348G, M69 
7: 10-plex: All Multiplex 3 PCR primers 
8: 5-Plex2: G3010A, C12633A, M124, M172, 
SRY10831.2 
9: G3010A (287bp)  
10: C12633A (245bp)  
11: M124 (218bp) 
12: M172 (151bp)  
13: SRY10831.2 (125bp)  
14: 10-plex PCR negative control 

Figure 3.25: Multiplex 3 singleplex and multiplex PCR products. 
Multiplex 3 PCR primer pairs were amplified at equimolar concentrations of 0.2μM in 5-Plex and 10-Plex reactions using optimised Multiplex 1 
PCR conditions summarised in section 3.3.1.4. The PCR primers for the NRY loci (M343, M170, M69, M124, M172, SRY10831.2) were also 
amplified individually at 0.2μM and for the mtDNA loci (T980C, A3348G, G3010A, C12633A) at 0.1μM in singleplex. 
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Legend: 
1: All PCR primers=0.2μM 
2: All PCR primers= 0.2μM except T980C, 
A3348G, G3010A, C12633A= 0.1μM and 
M124, M343=0.3μM 
3: Same as lane 2 except M170=0.3μM 
4: 13-plex PCR negative control 

Figure 3.26: Optimisation of Multiplex 3 PCR primer concentrations. 

Preliminary optimisation of PCR primer concentrations from a starting concentration of 

0.2μM was required to balance the visible PCR products yield differences in the 10-

Plex, particularly for the M343 product (355bp) which was almost absent and the poorly 

amplifying M124 (218bp) loci. The PCR primer concentration for these loci was 

increased to 0.3μM, whilst the PCR primer concentration for the high yield mtDNA loci 

was reduced to 0.1μM. As shown in Lane 2 of Figure 3.26, relatively balanced yields 

were obtained using these concentrations, with a visible increase in the M343 yield. The 

yield for M170 appeared lower using these conditions so an increased PCR primer 

concentration of 0.3μM was also tested (Figure 3.26, Lane 3). However, this PCR 

primer modification had a negative effect on M343, which showed a similarly reduced 

yield to when the M170 PCR primer concentration was 0.2μM. Consequently, the PCR 

conditions used in Figure 3.26 (Lane 2) appeared to be the most suitable template for 

the optimisation of Multiplex 3 SBE reactions. 
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3.3.3.2 Optimisation of the Multiplex 3 SNaPshot™ reaction 

Use of the SNaPshot® Primer FocusTM kit (Life Technologies, USA) as described in 

section 2.2.1.3 confirmed that all Multiplex 3 SBE primers could be resolved and 

unambiguously detected with no overlapping peaks (data not shown). Following the 

same optimisation process as for Multiplexes 1 and 2, the Multiplex 3 SBE primers 

were first extended at a concentration of 0.2μM in singleplex SNaPshot™ reactions 

using the Multiplex 3 PCR product shown in Figure 3.26 (Lane 2) as template. As 

shown in Figure 3.27, all alleles were detected at the expected size and colour and 

showed strong signals ranging from 3000-6000RFU, with the exception of M343, which 

appeared much weaker at 500RFU. This was likely caused by the lower yield of the 

M343 PCR product compared to the other products in the multiplex even though PCR 

primer concentration for this locus was increased to 0.3μM during preliminary PCR 

optimisation (Figure 3.26, Lane 3). 

Further testing of the Multiplex 3 SBE primers at an equimolar concentration of 0.2μM 

in separate 5-Plex and 10-Plex SNaPshot™ reactions showed successful amplification 

of all alleles (Figure 3.28A-C). As anticipated, allele signals were slightly decreased 

compared to those achieved in the singleplex SNaPshot™ reactions due to the increased 

number of competing primer sets. The minor signal imbalances observed between 

alleles were optimised by first modifying PCR primer concentrations. Since the 

preliminary Multiplex 3 PCR optimisations showed that increasing the PCR primer 

concentration for M170 had a negative effect on the yield of the M343 product (Figure 

3.26, Lane 3), the PCR product in Lane 2 with M170 at 0.2μM was used as template for 

10-Plex SNaPshot™ reactions with SBE primers at an equimolar concentration of 

0.2μM. Major improvements were observed in the signal of all alleles, especially M343, 

under these modified PCR conditions (Figure 3.28D). However, over amplification of 

M124 was observed, so the PCR primer concentration for this locus was also reduced 

back to 0.2μM. Unfortunately, when using an equimolar SBE primer concentration of 

0.2μM this PCR primer reduction had little effect on the M124 signal which remained 

over amplified (Figure 3.28E). 
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Figure 3.27: Electropherograms of the singleplex amplification of 0.2μM multiplex 
3 SBE primers using optimised Multiplex 3 PCR product as template. 
The multiplex 3 PCR product depicted in Figure 3.26 (Lane 3) was used as template. 
The 13-Plex PCR negative control is also shown (NC). 



127 

Legend: 
(A), (B) and (C) 5-Plex1, 5-Plex2 and 10-Plex SBE reactions respectively, prepared 
using Multiplex 3 10-plex PCR template shown in Figure 3.26 (Lane 3). All SBE 
primers were extended at equimolar SBE primer concentrations of 0.2μM.  
(D) 10-Plex SBE reaction prepared using Multiplex 3 10-plex PCR template shown in 
Figure 3.26 (Lane 2). All SBE primers= 0.2μM. 
 (E) Same PCR primer concentrations as (D) except M124= 0.2μM. All SBE primers= 
0.2μM. 
 (F) The same PCR primer product as (E) but SBE primer concentrations were modified 
with C12633A, G3010A, M124 = 0.1μM, A13348G = 0.075μM and all others= 0.2μM 
(G) Final optimised Multiplex 3 SNP assay with the same conditions as (F) except SBE 
primer concentrations were modified with T980C= 0.1μM, M172, M170= 0.15μM and 
M124= 0.05μM 
(NC) 13-plex PCR negative control with SBE primer concentrations used in (G). 
Figure 3.28: Capillary electropherograms for the optimisation of Multiplex 3 
SNaPshot™ reactions using Multiplex 3 PCR product as template.
Optimisations involved the modification of PCR and/or SBE primer concentrations as 
detailed in the legend. 
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To further optimise the Multiplex 3 SNaPshot™ reaction, the PCR conditions used in 

Figure 3.28E were maintained and tested on a series of SBE primer concentration 

modifications. The SBE primer concentration for over amplified alleles C12633A, 

G3010A and M124 was halved to 0.1μM and A13348G was slightly reduced to 

0.075μM. The SBE primer concentration for the weaker M343 allele was also increased 

to 0.3μM. These adjustments were able to achieve mostly balanced signals, though 

some alleles remained high and showed pull up and split peaks (Figure 3.28F). The SBE 

primer concentration for T980C was then halved to 0.1μM, M172 and M170 were 

slightly reduced to 0.15μM and M124 was reduced further to 0.05μM. As depicted in 

Figure 3.28G, these conditions finalised Multiplex 3 SNaPshot™ reaction optimisation, 

as balanced amplification of all alleles within a signal range of 3000-4000RFU was 

achieved. These final PCR and SBE concentrations were applied in the testing of initial 

population samples. 

3.3.4 Multiplex 4 assay optimisation 

3.3.4.1 Preliminary optimisation of the Multiplex 4 PCR reaction 

Multiplex 4 PCR primers were initially tested in singleplex reactions using the same 

reagent and PCR primer concentrations used for Multiplex 2 described in Section 

3.3.2.1. As shown in Figure 3.29, all Multiplex 4 PCR products could be individually 

amplified and were the expected size when visualised in a 4% (w/v) agarose gel. The 

PCR primers were then tested in 6-Plex (G4491A, T9824C, M175, M147, M11 9, 

P256), 7-Plex (C4140T, A4715G/4883T, C12403T, M70, P31, M22, M122) and 13-

Plex PCR reactions at equimolar concentrations of 0.2μM. All expected products were 

visualised in the 5- or 6-Plex multiplexes but only twelve product bands were visible in 

the 13-Plex, presumably due to the co-migration of the G4491A and A4715G/C4883T 

products, which are only separated by a 14bp difference and could not be resolved in the 

4% (w/v) agarose gel. The results indicated that all primers could work together under 

the conditions, in the absence of detrimental non-specific interactions (Figure 3.29, 

Lane 8-10). as observed for multiplexes 2 and 3, there were noticeable 

differences in product yields with the mtDNA loci amplifying much more efficiently 

than the NRY loci. 
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Legend:
L: 50bp DNA ladder  
1: C4140T (362bp) 
2: A4715G/C4883T (312bp) 
3: C12403T (265bp) 
4: M70 (208bp) 
5: P31 (179bp)  
6: M22 (141bp) 
7: M122 (82bp) 
8: 7-Plex: C4140T, A4715G/4883T, 
C12403T, M70, P31, M22, M122 
9: 13-plex: All Multiplex 4 PCR primers 
10: 6-Plex: G4491A, T9824C, M175, 
M147, M119, P256 
11: G4491A (326bp) 
12: T9824C (290bp) 
13: M175 (226-231bp) 
14: M147 (197-198bp) 
15: M119 (153bp) 
16: P256 (99bp) 
17: 10-plex PCR negative controls 

Figure 3.29: Multiplex 4 singleplex and multiplex PCR products. 
Multiplex 4 PCR primer pairs were amplified at equimolar concentrations of 0.2μM in 6-Plex, 7-Plex and 13-Plex reactions using optimised 
Multiplex 1 PCR conditions summarised in section 3.3.1.4. The PCR primers for the NRY loci (M70, P31, M22, M122, M175, M147, M119, 
P256) were also amplified individually at 0.2μM and for the mtDNA loci (C4140T, A4715G/C4883T, C12403T, G4491A, T9824C) at 0.1μM in 
singleplex. 
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Legend:
1: All PCR primers=0.2μM 
2: All mtDNA PCR primers= 
0.1μM and M70, M147, 
P31=0.3μM 
3: Same as lane 2 except 
C12403T=0.075μM, M175=0.3μM 
and P31 =0.4μM 
4: 13-plex PCR negative control 

Figure 3.30: Optimisation of Multiplex 4 PCR primer concentrations. 

To achieve more balanced amplification the PCR primer concentration for the stronger 

mtDNA loci (C4140T, G4491A, A4715G/C4883T, T9824C and C12403T) were 

reduced to 0.1μM, whilst those for the weaker amplifying M70, M147 and P31 loci 

were increased to 0.3μM. These modifications successfully reduced the yield of the 

mtDNA loci, although C12403T still demonstrated a higher yield whilst the yield for 

P31 only showed minor improvement (Figure 3.30, Lane 2). Further decrease of 

C12403T primer concentration to 0.075μM and increase in M175 and P31 primer 

concentrations to 0.3μM and 0.4μM respectively, resulted in an optimised preliminary 

Multiplex 4 PCR product which showed relatively balanced amplification of all PCR 

products (Figure 3.30, lane 3). 

3.3.4.2 Optimisation of the multiplex 4 SNaPshot™ reaction 

Use of the SNaPshot® Primer FocusTM kit prior to commencing Multiplex 4 SNaPshot™ 

optimisation had demonstrated adequate spatial separation of all Multiplex 4 SBE 
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primers except M22 and M175 in POP-6™ polymer (data not shown). The M22 and 

M175 loci share a ‘T’ allele that is detected at the 33.80nt and 34.70nt position 

respectively. A separation of only one nucleotide between the same coloured peaks of 

neighbouring loci is not recommended, however it was decided to examine the mobility 

of Multiplex 4 SBE primers extended in the 14-Plex SNaPshot™ reaction prior to any 

decision to alter the size of these primers. 

The optimised Multiplex 4 PCR product depicted in Figure 3.30 (Lane 3) was used as 

starting template for the optimisation of the Multiplex 4 SNaPshot™ reaction. The SBE 

primers were first extended individually at a concentration of 0.2μM in singleplex 

SNaPshot™ reactions. All alleles were found to be the correct size and colour within a 

satisfactory signal range of 2000-3000RFU (Figure 3.31). Multiplex SNaPshot™ 

reactions were then tested by grouping primers in two separate 7-Plex reactions and a 

single 14-Plex reaction with all SBE primers at a concentration of 0.2μM. All alleles 

were successfully detected in each of these multiplexes, in the absence of problematic 

non-specific primer interactions (Figure 3.32A-C). The M22 and M175 ‘T’ alleles, 

which showed only one nucleotide separation with Primer FocusTM appeared merged at 

the base but could both be resolved as separate peaks. This highlighted that altering the 

size of these primers was not necessary. 

Minor signal differences were observed between alleles within the 14-Plex reaction 

requiring only increase of SBE concentration to 0.3μM for the slightly less efficiently 

extending loci M175, C4140T and M147 to produce relatively balanced signals across 

all alleles (Figure 3.32D). The peak heights achieved with these optimised SBE primer 

concentrations only ranged between 900-1500RFU, which was lower than that observed 

for other multiplexes. However the peak heights observed in Figure 3.32D were within 

the recommended 1000-2000RFU range and increased when a new SNaPshot™ kit was 

used (data not shown). Consequently, the PCR and SBE primer concentrations of Figure 

3.32D were selected as the final optimised conditions for the Multiplex 4 SNaPshot™ 

reaction and were applied during initial population testing. 
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Figure 3.31: Capillary electropherograms of singleplex extensions of 0.2μM 
Multiplex 4 SBE primers using optimised Multiplex 4 PCR product as template. 
The optimised Multiplex 4 PCR product depicted in Figure 3.29 (Lane 3) was used as 
template. The 13-Plex PCR negative control is also shown (NC). 
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Legend:  
(A), (B) and (C) 7-Plex1, 7-Plex2 and 14-Plex SBE reactions respectively, prepared 
using Multiplex 4 13-plex PCR template shown in Figure 3.29 (Lane 3). All SBE 
primers= 0.2μM.  
(D) Same conditions as (C) except that SBE primer concentrations M175, C4140T and 
M147 were increased to 0.3μM. All other SBE primers maintained at 0.2μM. 
(NC) 14-plex PCR negative control with the SBE primer concentrations used in (D). 

Figure 3.32: Capillary electropherograms for the optimisation of Multiplex 4 
SNaPshot™ reactions using Multiplex 4 PCR product as template.  
Optimisations involved the modification of SBE primer concentrations as detailed in the 
legend. 

3.3.5 Initial population testing 

Prior to performing large-scale genotyping of population samples, the optimised haploid 

SNP assays were tested on five DNA samples originating from donors with different 

declared biogeographical ancestries. One donor with the same declared maternal and 

paternal grandparental BGA was selected for each population group, which included 

individuals of English, Chinese, Cameroonian, Egyptian and Indian origin. The final 

optimised PCR and SBE primer concentrations for Multiplexes 1 to 4 are summarised in 
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Table 3.4 and were used to genotype these population samples. The haploid SNP 

multiplex assays developed in this chapter follow a hierarchical design, which does not 

normally require the samples to be tested using all four multiplexes to obtain the final 

genotype. However for quality control purposes, the five population samples were 

genotyped using each of the Multiplex 1 to 4 SNP assays.  This was done to ensure that 

there is no ambiguity in the genotypes across the four multiplexes for the haplogroups 

detected. Preliminary population testing is also important to monitor any variations in 

peak heights between alternate alleles at different locus that were not previously 

detected in the sample used to optimise the assays.

The electropherograms of the Multiplex 1 to 4 profiles for the five population samples 

tested are depicted in Figure 3.33 and Figure 3.34. Variations in peak heights were 

observed between the samples due to differences in the amount of starting DNA 

template contained on the sampled discs. Despite this, all alleles were detected in each 

of the multiplexes, including the alternate alleles not previously visualised in the DNA 

sample used during the optimisation experiments. The only exception was the Chinese 

DNA sample for which the P31 allele failed to amplify to a detectable level in multiplex 

4 (Figure 3.34B). This sample also demonstrated lower peak heights in the other 

multiplexes, which suggested that the FTA® card for this sample contained less DNA 

than the others. Overall, the peak heights within each multiplex also remained relatively 

equalised regardless of these variations in template DNA concentration and no major 

differences were observed between the peak heights of two alternate alleles at a given 

loci. 

There were no ambiguities in the Multiplex 1 to 4 profiles of all five individuals, which 

indicated that the hierarchical strategy was effective. For example, considering the 

Cameroonian sample, the individual was deduced to have mtDNA haplogroup L and 

NRY haplogroup A-E from Multiplex 1 (Figure 3.33C). No further testing was required 

for mtDNA haplogroup assignation but further testing using Multiplex 2 was necessary 

to identify the final NRY haplogroup (refer to Figure 3.3), which was deduced to be 

E1b1a (Figure 3.33C). The Multiplex 3 and 4 profiles showed no other mtDNA or NRY 

SNP alleles, only ancestral alleles (Figure 3.34C). This result was expected since the 

haplogroups were already previously identified from the other multiplexes. The mtDNA 

and NRY haplogroup status of the five individuals genotyped using the optimised  
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Table 3.4: Final optimised PCR and SBE primer concentrations for Multiplex 1- 4  

 SNP PCR primer concentration (μM) SBE primer concentration (μM) 
M

U
L

T
IP

L
E

X
 1

 
M45 0.2 0.4 
M9 0.5 0.5 
M207 0.3 0.3 
M201 0.4 0.4 
M89 0.4 0.4 
C8281G 0.3 0.5 
T12705C 0.1 0.15 
C3970T 0.3 0.2 
C10873T 0.1 0.2 
C10238T* 0.1 0.4 
A1736G 0.1 0.1 
C10400T* 0.1 0.1 

M
U

T
L

IP
L

E
X

 2
 

T7028C 0.1 0.2 
A12308G 0.1 0.1 
T4216C 0.1 0.2 
T15607G 0.1 0.1 
M174 0.4 0.3 
M180 0.4 0.4 
M130 0.4 0.4 
M181 0.2 0.2 
M40 0.2 0.2 
M217 0.3 0.4 
M38 0.2 0.1 
M91 0.2 0.2 
M215 0.2 0.4 

M
U

L
T

IP
L

E
X

 3
 

M343 0.3 0.3 
G3010A 0.1 0.1 
T980C 0.1 0.1 
C12633A 0.1 0.05 
M170 0.2 0.15 
M124 0.2 0.05 
A3348G 0.1 0.05 
M172 0.2 0.1 
M69 0.2 0.2 
SRY10831.2 0.2 0.2 

M
U

L
T

IP
L

E
X

 4
 

C4140T 0.1 0.3 
G4491A 0.1 0.2 
A4715G* 0.1 0.2 
C4883T* 0.1 0.2 
T9824C 0.1 0.2 
C12403T 0.075 0.2 
M175 0.3 0.3 
M70 0.3 0.2 
M147 0.3 0.3 
P31 0.4 0.2 
M119 0.2 0.2 
M22 0.2 0.2 
P256 0.2 0.2 
M122 0.2 0.2 

*Amplified by the same PCR primer pair within their respective multiplex.  
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Figure 3.33: Initial population testing electropherograms of the Multiplex 1 and 2 profiles for five individuals with differing BGA. 
(A) Chinese individual with mtDNA haplogroup (hpg) M8 and NRY hpg C3, (B) Egyptian individual with mtDNA hpg H*and NRY hpg E1b1b, 
(C) Cameroonian individual with mtDNA hpg L and NRY hpg E1b1a, (D) Indian individual with mtDNA hpg M* and NRY hpg R1a*, (D) 
English individual with mtDNA hpg H1 and NRY hpg I. The minimal SNPs required for mtDNA and NRY haplogroup assignation are shown in 
red and blue respectively. 
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Figure 3.34: Initial population testing electropherograms of the Multiplex 3 and 4 profiles for five individuals with differing BGA. 
(A) Chinese individual with mtDNA haplogroup (hpg) M8 and NRY hpg C3, (B) Egyptian individual with mtDNA hpg H*and NRY hpg E1b1b, 
(C) Cameroonian individual with mtDNA hpg L and NRY hpg E1b1a, (D) Indian individual with mtDNA hpg M* and NRY hpg R1a*, (D) 
English individual with mtDNA hpg H1 and NRY hpg I. The minimal SNPs required for mtDNA and NRY haplogroup assignation are shown in 
red and blue respectively. 
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haploid SNP assays was found to correlate with their declared maternal and paternal 

grandparental BGA (Figure 3.1 and Figure 3.2). These preliminary population results 

provided a promising example of the ability of the multiplex haploid SNP assays to 

successfully infer maternal and paternal BGA. Evidently, the initial population testing 

results have demonstrated that Multiplex 1 to 4 were adequately optimised and that the 

hierarchical design is operational. This concluded the first part of the development of 

our multiplex SNP assay, with the Multiplex 1 to 4 haploid SNP assays ready for 

validation through large scale population sample testing. 

3.4 Summary 

This chapter described the first stage of development of a multiplex genotyping assay 

based on single base extension technology targeting three different classes of SNPs 

(mtDNA, NRY and autosomal) for inferences of BGA and EVCs. Extensive literature 

searches resulted in the selection of 49 haploid SNPs (21 mtDNA and 28 NRY SNPs) 

that define haplogroups, which show distinct frequency differences between major 

global populations. A hierarchical strategy was used to design the assay to 

accommodate for the large number of SNPs selected. The haploid mtDNA and NRY 

SNPs were grouped into four multiplexes, with SNPs defining basal mtDNA and NRY 

haplogroups arranged together in Multiplex 1. The results from Multiplex 1 determine 

which subsequent multiplex is to be performed to achieve further haplogroup resolution.  

For each of Multiplex 1 to 4, PCR and SBE primers were designed. Preliminary 

optimisation of the PCR reactions was performed by initially testing the PCR primers in 

singleplex reactions prior to combining them in a single multiplex reaction. Reagent and 

PCR primer concentrations were altered for Multiplex 1 until relatively equalised PCR 

product yields were obtained. The optimised reagent concentrations determined from 

Multiplex 1 were then applied to the other multiplexes, for which only PCR primer 

concentrations were varied to achieve balanced amplification of all loci.  

The SBE reactions were then optimised using the optimised multiplex PCR products as 

template. The specificity of the designed SBE primers was first verified through 

extension in singleplex SNaPshot™ reactions, followed by detection in multiplex 

SNaPshot™ reactions. Allele peak heights for each of the multiplexes were optimised 
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through the adjustment of PCR primer and/or SBE primer concentrations until all alleles 

could be unambiguously detected and peak heights ranging from 2500-4000RFU were 

obtained. Though some Multiplex 1 PCR and SBE primers required redesign, the issues 

encountered in the development of this multiplex culminated in improved primer design 

guidelines and facilitated the development of subsequent multiplexes. Following the 

completion of multiplex assay optimisations, allele specificity and satisfactory allele 

spacing were achieved in all 4 multiplexes, which confirmed good primer design. The 

decision to use POP-6™ polymer for capillary electrophoresis instead of the 

recommended POP-4™ polymer also played a role in achieving adequate spacing 

between alleles as greater spatial resolution and sizing accuracy were observed in POP-

6™ compared to POP-4™ polymer.   

Initial population testing was performed to evaluate the four optimised multiplex 

haploid SNP assays. All four multiplexes were used to genotype five individuals with 

different declared BGA to detect the alternate alleles at each locus. Initial population 

testing results were promising and demonstrated that the hierarchical system was 

effective as no ambiguous genotypes were detected across the four multiplexes. The 

peak heights detected were satisfactory and remained adequately equalised despite 

variations in the DNA content of FTA® discs from different donor samples.  The 

haplogroup status of the five genotyped individuals demonstrated correlations between 

the geographic affiliation of these mtDNA and NRY haplogroups as reported in the 

literature and each individual’s declared BGA. The first stage of multiplex assay 

development was thus completed, as all four haploid SNP multiplexes were confirmed 

to be adequately optimised and ready for large-scale genotyping of population samples, 

the results of which are discussed in chapter 5. The successful development of the 

haploid multiplexes explored in this chapter instigated the commencement of the next 

stage of hierarchical multiplex assay development, namely that of the fifth multiplex 

autosomal SNP assay, which is detailed in chapter 4.  
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CHAPTER 4 

MULTIPLEX SNP ASSAY DEVELOPMENT 
STAGE 2: 

MULTIPLEX 5 FOR THE INFERENCE OF BI-PARENTAL 
ANCESTRY AND PIGMENTATION PHENOTYPE 
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 Chapter 4. Multiplex SNP Assay Development (Stage 2): Multiplex 5 

for the Inference of Bi-parental Ancestry and Pigmentation 

Phenotype 

4.1 Introduction 

As discussed in chapter 1, ancestry informative markers (AIMs) which are genetic 

polymorphisms that demonstrate considerable allele frequency differences between 

global populations, have been successfully used to infer the biogeographical ancestry 

(BGA) of individuals originating from diverse and admixed populations (Shriver et al., 

2003, Collins-Schramm et al., 2004, Kim et al., 2005, Yang et al., 2005, Baye et al., 

2009, Kersbergen et al., 2009, Kosoy et al., 2009, Nassir et al., 2009, Kidd et al., 2011, 

Pereira et al., 2012). The primary objective of this study was to develop a forensic 

intelligence assay genotyping three separate classes of SNPs, including AIMs, for the 

prediction of maternal, paternal and bi-parental biogeographical ancestry (BGA) and 

external visible characteristics (EVC). The first stage of assay development discussed in 

chapter 3 involved the selection of 21 mitochondrial DNA (mtDNA) and 28 non- 

recombining Y-chromosome (NRY) SNPs defining population-specific haplogroups. 

The selected haploid SNPs were separated and grouped into four multiplexes following 

a hierarchical design, in which the result of Multiplex 1, which types SNPs defining 

basal mtDNA and NRY haplogroups, is used to determine which subsequent 

multiplex(es) is required to assign the final haplogroup. The maternal and paternal BGA 

of the individual is assigned to be the population of origin defined by their final mtDNA 

and NRY haplogroups.  

Uniparentally inherited haploid markers represent ancient lineage based ancestries and 

are frequently asymmetric, reflecting the likelihood of maternal and paternal lineage 

ancestors from different geographic locations (Royal et al., 2010). However, mtDNA 

and NRY SNPs only reflect part of the total genetic ancestry of an individual. The bulk 

of the genetic history is found in the autosomes, with bi-parentally inherited autosomal 

SNPs constituting the most abundant class of AIMs. Due to the shuffling of autosomal 

DNA through random assortment and recombination, only a small fraction of ancestors 

are represented by any given genetic loci in an individual and so, in contrast to haploid 
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markers, the ancestry information obtained from an individual may reflect quite recent 

ancestry contributions (Royal et al., 2010). Nonetheless autosomal SNPs that show 

strong associations with specific biogeographical origins have been identified (Collins-

Schramm et al., 2004, Yang et al., 2005, Kersbergen et al., 2009, Kosoy et al., 2009, 

Nassir et al., 2009, Paschou et al., 2010, Kidd et al., 2011, Phillips et al., 2013). 

Autosomal SNPs can also be used to investigate admixture and the effects of migration 

in populations (Shriver et al., 2003, Sankararaman et al., 2008, Baye et al., 2009, 

Galanter et al., 2012, Nievergelt et al., 2013). Moreover, since genes determine 

phenotypic characteristics, autosomal SNPs can exhibit strong associations with specific 

traits (Kim and Borevitz, 2006) and several have been associated with pigmentation 

variation in humans (Sulem et al., 2007, Han et al., 2008, Kayser et al., 2008b, Sturm et 

al., 2008, Branicki et al., 2009). The final stage of assay development thus involved the 

selection of thirteen autosomal SNPs that demonstrate strong associations with BGA 

and/or EVCs. These autosomal SNPs were grouped separately in a fifth multiplex to 

facilitate primer design and genotype interpretation. The design and optimisation of the 

preliminary Multiplex 5 PCR and SNaPshot™ reactions are discussed in detail in this 

chapter. 

4.2 SNP Assay development- Stage 2 

4.2.1 Autosomal SNP selection 

The selection of appropriate autosomal SNP loci for applications in ancestry 

investigations requires SNPs that demonstrate low heterozygosity and thus are not 

highly polymorphic, as well as SNPs that demonstrate high inter-population diversity 

among and between global population groups (Budowle and van Daal, 2008). The SNP 

loci that have been subjected to genetic drift and are progressing towards fixation due to 

positive selection in these population groups are considered the most informative loci 

(Budowle and van Daal, 2008). Allele frequencies are used to examine the population 

associations of SNP loci, with ideal AIMs demonstrating fixed difference allele 

frequencies, where one allele is exclusive to one population and the alternative allele is 

found exclusively in the other(s) (Rosenberg et al., 2003). The rs1426654 and 

rs16891982 SNPs located in the SLC24A5 and SLC45A2 pigmentation genes 

respectively, as well as rs2814778 in the blood group DARC gene, are fixed difference 
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markers that have previously been incorporated in a 34-Plex ancestry prediction assay 

(Phillips et al., 2007b). However, due to the nature of human genetics, these fixed 

difference alleles are rare, as most alleles are generally shared among populations. For 

this reason, skewed allele frequencies where one allele is prevalent in one population 

but extremely rare in the other can also identify SNP loci capable of distinguishing 

different population groups. A SNP with an allele frequency differential between 

populations of at least 0.6 has been suggested to qualify as a skewed frequency marker 

(Shriver et al., 1997). Alternatively, population-specific markers where one allele 

occurs in one or two populations but is absent from the others also provide good 

candidates for ancestry estimation (Phillips et al., 2004). 

Various statistics such as Absolute Allele Frequency Difference ( ), Shannon 

Information Content (SIC), Fisher Information Content (FIC), F-statistics (FST) and the 

Informativeness for Assignment measure (In) have been proposed for the selection of 

the most informative ancestry SNP loci and have been described in detail in Rosenberg 

et al. (2003). A study comparing the performance of these statistics revealed that In was 

the most effective at selecting the set of AIMs with the lowest bias and mean square 

error in ancestry estimations (Ding et al., 2011). Several panels of AIMs have been 

identified using these statistics (Shriver et al., 2003, Collins-Schramm et al., 2004, 

Phillips et al., 2004, Smith et al., 2004, Yang et al., 2005, Halder et al., 2008, Baye et 

al., 2009, Kosoy et al., 2009, Kidd et al., 2011) and numerous markers have been 

incorporated in autosomal ancestry prediction assays (Ray et al., 2005, Yang et al., 

2005, Alloco et al., 2007, Phillips et al., 2007b, Halder et al., 2008, Kersbergen et al., 

2009, Lao et al., 2010, Londin et al., 2010, Paschou et al., 2010, Pereira et al., 2012, 

Phillips et al., 2013). However, the AIMs incorporated in these assays were selected for 

their associations to the target populations investigated by the authors of these studies. 

Thus, these previously developed assays were merely consulted and only appropriate 

markers demonstrating associations with our populations of interest were chosen for 

incorporation into our multiplex assay.   

Literature and database reviews were conducted to identify population specific 

autosomal SNPs, fixed difference and skewed allele frequency markers that distinguish 

Sub-Saharan African, European, Middle Eastern, South Asian and East Asian 

populations. The databases from which genotype and allele frequency data can be 
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retrieved include the HapMap, CEPH, 1000 GENOMES and NCBI dbSNP databases 

(refer to Section 1.4). The web interface, SPSmart v5.1.1 (available at 

http://spsmart.cesga.es/), can be used to search for SNP data across these major 

databases and can also provide statistical summaries including allele frequencies, 

heterozygosity and FST (Amigo et al., 2008b). However, the main issue with using these 

public SNP databases to search for suitable AIMs is that SNP data may not always be 

available for all populations of interest, such as the Middle East and South Asian 

populations, for which SNP data is currently limited to the CEPH database. For this 

reason, the literature was reviewed first to identify appropriate SNP loci and the 

SPSmart v5.1.1 interface was then used to retrieve SNP frequency data for the selected 

SNPs to confirm population associations from the literature.  

From the literature reviews, allele and genotype frequency data was gathered and used 

to select autosomal SNPs demonstrating strong population specific associations. A total 

of thirteen candidate autosomal SNPs located in blood group, cytokine and 

pigmentation genes were chosen to differentiate the major population groups in 

Australia. Some autosomal SNPs were also selected for their associations with EVCs. 

The candidate SNPs for Multiplex 5 are summarised in Table 4.1, which also shows the 

SNP position, nucleotide substitution and amino acid substitutions for candidate SNPs 

arising in the coding region acquired from the NCBI dbSNP database (Sherry et al., 

2001). The allele frequencies for each candidate SNP were retrieved from the 1000 

Genomes Database (Phase I) using SPSmart v5.1.1 and are provided in Table 4.2. The 

characteristics of the candidate SNPs that contributed to their incorporation within 

Multiplex 5 are discussed in the following section.

4.2.1.1 AIMs in blood grouping and cytokine genes 

The Duffy blood group is one of the most commonly investigated blood groups to 

reconstruct global population genetic relationships and migrations (Mourant and 

Domaniewska-Sobczak, 1962). The Duffy Antigen/Receptor for Chemokine (DARC) 

gene encodes the Duffy glycoprotein found in the erythrocyte membrane which 

functions as a chemokine receptor as well as a binding site for the malaria parasites 

Plasmodium vivax and Plasmodium knowlesi (Miller et al., 1975, Horuk et al., 1993).
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Table 4.1: Multiplex 5 candidate autosomal SNPs   

*Reference assembly (build 36.3) and #Protein accession taken from the NCBI dbSNP database (available at 
http://www.ncbi.nlm.nih.gov/projects/SNP/). 

SNP Name dSNP ID 
number 

Gene Chromosome Nucleotide 
Position* 

Base Change 
(Ancestral>Variant) 

Protein Accession#, 
Amino acid substitution 

MC1R rs885479 MC1R 16 89986154 G>A NP_002377.4, R163Q 

MATP rs16891982 SLC45A2 5 33951693 C>G NP_057264.3, F374L 

SLC24A5 rs1426654 SLC24A5 15 48426484 G>A NP_995322.1, A111T 

OCA2-1 rs7495174 OCA2 15 28344238 G>A - 

OCA2-2 rs4778241 OCA2 15 26012308 A>C - 

OCA2-3 rs4778138 OCA2 15 26009415 G>A - 

OCA2-4 rs1545397 OCA2 15 28187772 A>T - 

DARC rs2814778 DARC 1 159174683 T>C - 

F13B rs6003 F13B 1 197031021 G>A NP_001985.2, R115H 

HERC2 rs12913832 HERC2 15 28365618 A>G - 

ASIP rs6058017 ASIP 20 32856998 G>A - 

FUT2 rs1800021 FUT2 19 49206286 A>G NP_000502.4, I25V 

IL-6 rs1800795 IL-6 7 22766645 G>C - 
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Table 4.2: Allele frequencies for Multiplex 5 candidate autosomal SNPs retrieved 
from the 1000 Genomes Database (Phase I) using SPSmart v5.1.1. 

SNP Alleles Sub-Saharan Africaa

N=246 
Europeb

N=380 
East Asiac

N= 286 
rs885479 G 0.970 0.913 0.353 

A 0.030 0.087 0.647 
rs16891982 C 0.941 0.029 0.983 

G 0.059 0.971 0.017 
rs1426654 G 0.917 0.004 0.986 

A 0.083 0.996 0.014 
rs7495174 G 0.177 0.070 0.647 

A 0.823 0.930 0.353 
rs4778241 A 0.598 0.218 0.766 

C 0.402 0.782 0.234 
rs4778138 G 0.709 0.142 0.717 

A 0.291 0.858 0.283 
rs1545397 A 0.961 0.921 0.086 

T 0.039 0.079 0.914 
rs2814778 C 0.943 0.003 0.000 

T 0.057 0.997 1.000 
rs6003 C 0.646 0.079 0.014 

T 0.354 0.921 0.986 
rs12913832 A 0.961 0.289 0.998 

G 0.039 0.711 0.002 
rs6058017 G 0.762 0.104 0.198 

A 0.238 0.896 0.802 
rs1800021 A 0.896 1.000 1.000 

G 0.104 0.000 0.000 
rs1800795 C 0.026 0.417 0.000 

G 0.974 0.583 1.000 
a Yoruba, Lunya, Gambians, Mende, Esan  
b Utah residents with Northern and Western European ancestry, Tuscans, Brits from England and 
Scotland, Iberians 
c Han Chinese from Beijing and South China, Japanese, Vietnamese Kinh
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The DARC gene has two co-dominant alleles, FY*A and FY*B which are differentiated 

by a single G125A nucleotide substitution that results in a Asp to Gly amino acid 

change at position 42 and produces two antigenic protein variants Fya and Fyb (Iwamoto

et al., 1995). There are four Duffy phenotypes, Fy(a+b+), Fy(a+b-), Fy(a-b+) and Fy(a-

b-). The expression of the Duffy antigens is affected by a T to C substitution at position 

-33 of the promoter region of the DARC gene. This SNP (rs2814778) disrupts the 

binding site for the erythroid transcription factor and prevents expression of the Duffy 

antigens in erythrocytes, resulting in the Fy(a-b-) phenotype (Tournamille et al., 1995).  

The Duffy alleles show distinct geographical patterns of genetic variation, with the 

Fy(a-b-) phenotype observed at high frequencies in individuals of African  descent  

compared to other population groups where this phenotype is practically non-existent 

(Sanger et al., 1955, Welch et al., 1977, Cavalli-Sforza et al., 1994, Howes et al., 2011). 

The frequency of the rs2814778*C allele which contributes to the Fy(a-b-) phenotype 

ranges from 80-100% in African American and Sub-Saharan African individuals. 

However, this allele is almost absent from European and Asian populations where the 

rs2814778*T allele is partially fixed (Cavalli-Sforza et al., 1994, Olsson et al., 1998, 

Nickel et al., 1999, Halder et al., 2008, Howes et al., 2011). These allele frequencies 

reported in the literature complement those retrieved from the 1000 Genome Database 

(Table 4.2). Individuals of African ancestry who are homozygous for the rs2814778*C 

allele are completely resistant to P. knowlesi and P. vivax as these parasites require the 

expression of the DARC protein in order to infect erythrocytes, which suggests positive 

selection of this locus in the Sub Saharan African population where Malaria is endemic 

(Miller et al., 1975, Miller et al., 1976, Hedrick, 2011b). Due to the partial fixation of 

the rs2814778 polymorphism in the African population, this AIM has also demonstrated 

one of the highest level of population differentiation as measured by FST (Cavalli-Sforza

et al., 1994). Accordingly, the rs2814778 was selected for its potential to distinguish 

Sub-Saharan African individuals from those of European and Asian ancestry.  

AIMs have also been identified in the Fucosyltransferase 2 (FUT2) gene, which is one 

of the major components of the ABO blood group system. The ABO blood group 

antigens consist of (1,2)-linked fucose containing glycans which are found on the 

glycoproteins and glycolipids of erythrocyte membranes and epithelial cells (Oriol et 

al., 1986). Whilst the FUT1 gene is responsible for the expression of the precursor H 
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antigen on erythrocytes, the FUT2 gene encodes the (1,2) fucosyltransferase 2 enzyme 

which generates the expression of H antigens in mucus and other secretions such as 

saliva (Oriol et al., 1981, Le Pendu et al., 1985, Clausen and Hakomori, 1989).  There 

are two enzyme variants, which are expressed by a functional Se allele and a non-

functional se allele. Individuals who are able to present ABO antigens in secretions 

must have at least one functional Se allele and those who fail to express ABO antigens 

are homozygous for the non-functional se allele (Kelly et al., 1995). These non-secretor 

phenotypes arise from mutations in the second exon of the FUT2 gene, with the most 

frequently observed including the se428 allele in Europeans, Iranians and Africans (Kelly

et al., 1995, Liu et al., 1998, Koda et al., 2001, Ferrer-Admetlla et al., 2009) as well as 

se385 in South East and East Asians (Koda et al., 2001, Soejima et al., 2007, Ferrer-

Admetlla et al., 2009).    

Numerous FUT2 polymorphisms have been associated with the secretor phenotype and 

many of these are population specific (Koda et al., 2001). The Se40, Se375 and Se481

polymorphisms are predominant in Xhosas from South Africa (Liu et al., 1998, Koda et 

al., 2001), whilst the Se357 and Se480 variants are observed in African, European and 

Middle Eastern populations (Kelly et al., 1995, Liu et al., 1998, Koda et al., 2001, 

Soejima et al., 2007). More recently, the Se375 polymorphism has demonstrated a higher 

allele frequency in Oceanian populations (0.2830) compared to Sub-Saharan African 

populations (0.0120) where this SNP was initially detected but has not been observed in 

other populations (Ferrer-Admetlla et al., 2009). Of particular interest, the functional 

Se40 (rs1800021) variant is a non-synonymous A to G substitution which causes the 

I25V amino acid change in the FUT2 protein and is detected in 10-28% of African 

individuals, particularly the Xhosa population where the allele occurs at a frequency of 

0.21 but is practically absent from the European and Asian populations (Liu et al., 1998, 

Koda et al., 2001, Soejima et al., 2007). As a result, the Se40 (rs1800021) variant was 

selected as a candidate allele as the marker is capable of distinguishing the African 

population from other populations.    

Population genetic variations have also been identified in cytokine genes particularly 

those of the interleukin (IL) family including IL-4, IL-6 and IL-10 (Eskdale et al., 1998, 

Mok et al., 1998, Cox et al., 2001, Wu et al., 2001, Hoffmann et al., 2002, Meenagh et 

al., 2002, Hassan et al., 2003). Interleukins play a central role in the modulation of 
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immune responses and IL-6, a pleiotropic cytokine expressed by many cell types in 

response to inflammatory stimuli, not only regulates the immune response but also has 

roles in acute inflammation and haematopoiesis particularly in the differentiation of B 

and T cells (Kishimoto et al., 1995). This cytokine has been associated with various 

inflammatory, autoimmune and malignant diseases such as juvenile rheumatoid 

arthritis, neuroblastoma, breast cancer, susceptibility to Alzheimer’s, atherosclerosis and 

cardiovascular disease (Fishman et al., 1998, DeMichele et al., 2003, Licastro et al., 

2003, Tzoulaki et al., 2005, Lagmay et al., 2009, Yin et al., 2012).  

One IL-6 polymorphism of interest, rs1800795, is a G to C substitution arising at 

position -174 of the promoter region of the IL-6 gene that results in decreased 

production of the IL-6 cytokine (Fishman et al., 1998, Rivera-Chavez et al., 2003, 

Lagmay et al., 2009). The rs1800795 SNP, which is also known in the literature as IL6-

174, shows heterogeneity across global populations. The C allele is polymorphic in 

Europeans where it occurs at frequencies ranging from 0.30 to 0.40 but is rare in Asian 

and African populations where the G allele predominates (0.90-1.0) (Cox et al., 2001, 

Hoffmann et al., 2002, Lim et al., 2002, Meenagh et al., 2002, Hassan et al., 2003, Lei

et al., 2003). Similar allele frequencies retrieved from the 1000 Genomes Database are 

reflected in Table 4.2. The CC genotype is absent from Chinese, Korean and Japanese 

populations but occurs in 10-20% of Europeans (Lim et al., 2002, Lei et al., 2003). The 

CG and GG genotypes occur at intermediate frequencies in Europeans but Middle East 

and South Asian populations show a higher incidence of CG genotypes (~0.25) 

compared to Africans and East Asians where this genotype is relatively not detected 

(Fishman et al., 1998, Meenagh et al., 2002). Accordingly, the rs1800795 

polymorphism was included as a candidate SNP as it has the ability to distinguish 

Europeans from Asians and Africans.  

Another variant, which has been identified as an AIM is the rs6003 polymorphism. This 

SNP encodes a C to T substitution in the F13B gene, which causes a R115H amino acid 

change in the coagulation factor XIII B subunit. The rs6003 variant was identified 

through studies compiling ancestry informative marker panels which demonstrated 

greater than 0.3 between population groups through extensive SNP database searches 

(Shriver et al., 2003, Smith et al., 2004, Salari et al., 2005, Choudhry et al., 2006, Ziv et 

al., 2006, Halder et al., 2008). The ancestral C allele occurs at high frequencies ranging 
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from 0.65 to 0.70 in the African population but is found at low frequencies in European 

(~0.08) and Asian (~0.03) populations where the T allele (>0.9) predominates (Shriver

et al., 2003, Smith et al., 2004, Salari et al., 2005, Choudhry et al., 2006, Ziv et al., 

2006, Halder et al., 2008). The allele frequencies shown in Table 4.2 retrieved from the 

100 Genome Database parallel those reported in the literature and the calculated  value 

comparing Africans and Europeans was in the range of 0.62-0.64 (Shriver et al., 2003, 

Salari et al., 2005, Choudhry et al., 2006, Halder et al., 2008). This confirmed that the 

rs6003 polymorphism is a suitable skewed frequency AIM that has the potential to 

distinguish the African population from other populations and resulted in the 

incorporation of this marker in Multiplex 5.  

4.2.1.2 SNPs in Human pigmentation genes  

Human pigmentation variation arises due to differences in the number, size and 

distribution of melanosomes, the organelles in which the pigment melanin accumulates 

as well as the type of melanin pigment they produce, either eumelanin (brown/black) or 

phaeomelanin (yellow/red), with the ratio of the two giving rise to a variety of 

pigmentation colours (Sturm et al., 1998). As illustrated in Figure 4.1, melanin 

production is controlled by the combined effects of multiple genes. The Melanocortin-1 

Receptor (MC1R) gene encodes the MC1R-G protein coupled membrane receptor for -

melanocyte stimulating factor ( -MSH) which is found in the membrane of 

melanosomes (Donatien et al., 1992). Activation of this receptor through the binding of 

-MSH, triggers an increase in intracellular cyclic adenosine monophosphate (cAMP), 

which promotes the production of eumelanin (Hunt et al., 1995, Busca and Ballotti, 

2000). The microphthalmia transcription factor (MITF) is activated by cAMP and 

stimulates the production of tyrosinase (TYR), tyrosine related protein-1 (TYRP1) and 

dopachrome tautomerase (DCT) which catalyse the transformation of tyrosine to 

eumelanin under optimum conditions (Yasumoto et al., 1997, Bertolotto et al., 1998, 

Smith et al., 1998, Ludwig et al., 2004). In contrast to activation of MC1R by -MSH, 

the Agouti Signalling Protein (ASIP) antagonistically binds to the MC1R receptor, 

blocking the -MSH induced signalling pathway within melanocytes and effectively 

inhibits eumelanin production in favour of phaeomelanogenesis (Lu et al., 1994, Suzuki

et al., 1997, Yang et al., 1997).  
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Figure 4.1: Overview of melanogenesis  
Binding of -melanocyte stimulating factor ( -MSH) to the MC1R membrane receptor triggers the production of intracellular cAMP and 
activates the MITF. MITF activates tyrosinase (TYR), tyrosine related protein-1 (TYRP1) and dopachrome tautomerase (DCT), which catalyse 
the transformation of tyrosine to eumelanin under optimum conditions. MATP, P protein and SLC24A5 are also essential and produce the 
conditions, which favour eumelanosome maturation. When cAMP levels are low, such as during antagonism of MC1R by Agouti Signalling 
Protein (ASIP), phaeomelanosome formation is favoured through the activation of tyrosinase, which converts tyrosine to dopaquinone, to which 
cysteine is added and this product is then oxidised to produce phaeomelanin. Image acquired from Bouakaze et al. (2009). 
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Other proteins that favour eumelanosome maturation include the membrane associated 

transporter protein (MATP) encoded by the SLC45A2 gene (Du and Fisher, 2002); the 

trans-melanosomal P protein, encoded by the Oculocutaneous Albinism 2 (OCA2) gene 

(Rebbeck et al., 2002) and the solute carrier family 24 member 5 (SLC24A5) which is a  

member of the potassium-dependent sodium/calcium exchanger family (Lamason et al., 

2005). The role of the latter three proteins remains unclear, though it has been proposed 

that the P protein may act as an anion transporter to regulate melanosomal pH and 

subsequently the activity of the TYR enzyme, the rate of melanin production and the 

ratio of eumelanin/phaeomelanin (Ancans et al., 2001, Brilliant, 2001). Alternatively 

the P-protein may be involved in trafficking of the tyrosinase enzyme during 

melanosome maturation (Toyofuku et al., 2002).   

The HERC2 gene, though not classified as a pigmentation gene, has been suggested to 

contain regulatory elements for the OCA2 gene (Eiberg et al., 2008, Kayser et al., 

2008c, Sturm et al., 2008, Visser et al., 2012) and is located 11.7kb downstream of the 

OCA2 gene (Ji et al., 1999). A conserved region in intron 86 of HERC2 contains a 

binding site for the helicase-like transcription factor (HLTF) (Sturm et al., 2008), in 

which recruits the SWI-SNF chromatin remodelling complex that catalyses the 

conversion of the initially closed heterochromatin state of the HERC2/OCA2 locus to a 

more relaxed and open euchromatin state (Visser et al., 2012). This allows association 

of MITF and Lymphoid enhancer-binding factor 1 (LEF1) to this locus control region in 

HERC2, which enhance assembly of RNA Polymerase 2 to the OCA2 promoter and 

hence initiation of OCA2 transcription (Visser et al., 2012), thereby favouring 

eumelanosome production and brown/black pigmentation. A HERC2 variant G allele at 

rs12913832 located in intron 86 results in the inhibited expression of a luciferase 

reporter gene by 60-70% in OCA2 mRNA expressing Caco2 cells (Eiberg et al., 2008). 

It was proposed that the rs12913832*G allele changes the HLTF binding site so that the 

chromatin remains closed, resulting in decreased OCA2 expression and light 

pigmentation (Visser et al., 2012). As outlined in the subsequent sections, many SNPs 

in genes associated with normal human pigmentation variation have been identified 

which are associated with specific phenotypes and/or populations, some of which have 

been chosen for incorporation into Multiplex 5.
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4.2.1.2.1 Fixed difference markers in the SLC24A5 and SLC45A2 genes 

The rs16891982 C>G SNP in the SLC45A2 gene which encodes the MATP and results 

in a non-synonymous mutation (Phe373Leu), has been shown to be associated with 

pigmentation variation within and between populations (Nakayama et al., 2002). The 

ancestral C allele was found to be fixed in Europeans but relatively absent from the 

other more darkly pigmented populations, including Africans, Asians and Oceanians 

where the G substitution is more predominant (Nakayama et al., 2002, Yuasa et al., 

2004, Graf et al., 2005). The low frequency of European individuals who carry the G 

allele tend to have darker pigmentation, with the rs16891982*G substitution strongly 

correlated with black hair, olive skin and brown eyes in Europeans (Graf et al., 2005). 

Similarly, the rs1426654 G>A (Ala111Thr) variant causes a missense mutation in the 

SLC24A5 cation exchanger gene has also demonstrated distinct population pigmentation 

differences. The ancestral G allele predominates in African, Native American and Asian 

populations, in contrast to the A allele, which is almost fixed in Europeans, but has also 

been observed at high frequencies of 50-90% in South Asian populations (Smith et al., 

2004, Yang et al., 2005, Phillips et al., 2007b, Soejima and Koda, 2007). This AIM has 

also demonstrated strong associations with the fair skin and light hair phenotype 

observed in European populations (Soejima and Koda, 2007). 

The two SNPs, rs1426654 and rs16891982 have been previously incorporated in an 

autosomal ancestry prediction assay and may be considered as fixed difference markers 

(Phillips et al., 2007b). Consequently both the rs1426654 and rs16891982 SNPs were 

selected here for incorporation into Multiplex 5 for their ability to distinguish 

Europeans from other population groups as well as the correlations of these markers 

with pigmentation variation in the European population. 

4.2.1.2.2 Polymorphisms in the MC1R gene 

Nine SNPs in MC1R were initially found to be linked with red hair, fair skin and 

increased sensitivity to UV radiation (Valverde et al., 1995). Subsequent studies of 

these SNPs in Europeans confirmed the Arg151Cys, Arg160Trp and Asp294His 

variants to be most strongly associated with red hair and fair skin, (Valverde et al., 



154

1995, Box et al., 1997, Palmer et al., 2000, Bastiaens et al., 2001, Grimes et al., 2001, 

Sulem et al., 2007)  Further, homozygotes or compound heterozygotes for these three 

variants were found to be more likely to develop this phenotype. These MC1R receptor 

variants were still capable of binding -MSH but had decreased ability to activate 

cAMP (Frandberg et al., 1998), thereby contributing to the switch from eumelanin to 

phaeomelanin production and hence to lighter pigmentation (Cone et al., 1996). Over 30 

other variant MCR1 alleles that show some associations with hair and skin colour in 

Caucasian populations comprising British, Irish and Australian subjects have been 

identified (Valverde et al., 1995, Box et al., 1997, Rana et al., 1999, Harding et al., 

2000, Grimes et al., 2001).  

Studies investigating the frequencies of MC1R variants in Asian and African 

populations have identified Arg67Gln, Val92Met and Arg163Gln variants at high 

frequencies in Asian populations (Box et al., 1997, Rana et al., 1999, Harding et al., 

2000, Grimes et al., 2001, Yuasa et al., 2007, Masui et al., 2009, Spichenok et al., 

2011) but an overall limited variability in African populations (Rana et al., 1999, 

Harding et al., 2000). For example the allelic frequencies for the Arg163Gln (rs885479 

G>A) variant show skewed interpopulation differences with the A allele occurring in 

50-80% of East Asians including individuals from China, Japan and Indonesia whilst 

the ancestral G allele is partially fixed in Europeans and Africans (Valverde et al., 1995, 

Box et al., 1997, Rana et al., 1999, Harding et al., 2000, Grimes et al., 2001, Yuasa et 

al., 2007, Masui et al., 2009, Spichenok et al., 2011). Interestingly, the A allele is found 

at much lower frequencies (0.07-0.1) in South Asian populations where G allele is 

prevalent (Rana et al., 1999, Yuasa et al., 2007). 

The three variants identified in Asian populations did not show associations with 

particular hair or skin colours (Box et al., 1997, Palmer et al., 2000, Grimes et al., 

2001). A Thr314Thr MC1R variant that is found at high frequency in African 

populations (Harding et al., 2000) was also observed to not play a significant role in 

distinguishing pigmentation differences between ethnic groups (Shriver et al., 2003).   

However, the Arg163Gln and other MC1R polymorphisms have been associated with 

variations in eye colour (Frudakis et al., 2003a), particularly when combined with SNPs 

in other pigmentation genes (Branicki et al., 2009, Spichenok et al., 2011, Pneuman et 

al., 2012).  In particular the rs885479 (G>A) SNP shows strong associations with brown 
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eye, fair skin and brown hair colour when combined with the SNPs in the OCA2 

(rs4778138) and HERC2 (rs12913832) pigmentation genes (Branicki et al., 2009, 

Spichenok et al., 2011, Pneuman et al., 2012).which have also been selected as 

candidate SNPs in this assay.  Thus, the rs885479 marker was incorporated into the 

Multiplex 5 assay as it can distinguish East Asians from other population groups and 

has been identified as a useful predictor for eye, hair and skin colour when analysed 

with other pigmentation SNPs. 

4.2.1.2.3 SNPs in the OCA2 gene 

The OCA2 gene has been identified as a major contributor of human eye colour 

(Frudakis et al., 2003a, Sturm and Frudakis, 2004, Duffy et al., 2007, Frudakis et al., 

2007) and many SNPs with associations to specific eye colours have been identified. 

For example, individuals who carry the Arg305Trp or Arg419Gln variants or a 

combination of both, were less likely to have blue or grey eyes (Rebbeck et al., 2002). 

Using Fisher’s exact test and multiple regression analysis to investigate the correlation 

between 271 OCA2 polymorphisms and eye colour variation (measured using iris colour 

as the melanin indicator), Frudakis et al. (2007) confirmed 6 previously described 

associations (Frudakis et al., 2003a) and identified 27 new associations with eye colour 

(Frudakis et al., 2007). Of particular interest, three SNPs, rs7495174 (G>A), rs4778241 

(A>C) and rs4778138 (G>A) located in intron 1 of the OCA2 gene have shown the 

strongest association with blue/non-blue eye colour when grouped together as a 

haplotype block, with the ACA/ACA genotype occurring in approximately 90% of 

individuals with blue or green eyes (Duffy et al., 2007).  

Frequency analysis of the Duffy et al. (2007) OCA2 intron 1 haplotype using the 

HapMap database have revealed interpopulation differences, with the highest frequency 

(0.835) for the ACA haplotype in Europeans (Duffy et al., 2007). Minor frequencies 

were observed in Asian (0.121) and Africans (0.074) suggesting positive selection of 

this haplotype in European populations (Duffy et al., 2007). Retrieval of individual 

allele frequencies for the rs7495174, rs4778241 and rs4778138 using the 1000 

Genomes database also demonstrate the population specific associations for these 

markers. The rs74955174 ancestral G allele is found in 65% of East Asians whilst the A 

allele predominates and European populations and is found at intermediate frequencies 
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in Africans (Table 4.2). The rs4778241 C and rs4778138 A alleles are found in 

approximately 80% of Europeans whilst the alternate alleles predominate in the other 

populations (Table 4.2). These three SNPs were therefore selected for Multiplex 5 to 

distinguish European and Asian populations and for their contributions to the prediction 

of blue/non-blue eye colour.  

Another OCA2 SNP, rs1545397 A>T (His615Arg) has been identified as a population 

specific marker which occurs in 85-90% of East Asians, particularly those of Japanese 

and Chinese ancestry with the ancestral allele predominating in European and African 

populations (Edwards et al., 2010, Spichenok et al., 2011). This SNP has also been 

identified as a predictor of brown eye and hair colour and fair skin when combined with 

the rs12913832 in the HERC2 gene (Spichenok et al., 2011, Pneuman et al., 2012). The 

rs1545397 marker was also incorporated into the Multiplex 5 assay as it is an AIM 

capable of distinguishing East Asian populations from other populations and may 

additionally reinforce EVC associations of other pigmentation SNPs incorporated in the 

multiplex such as rs12913832, which is discussed in the following section.  

4.2.1.2.4 Polymorphisms in the HERC2 gene 

The rs12913832 (A>G) SNP located in intron 86 of the HERC2 gene has demonstrated 

very strong correlations with blue/brown eye colour (Eiberg et al., 2008, Sturm et al., 

2008). The G substitution which disrupts the HLTF transcription binding site for OCA2

thereby decreasing OCA2 gene expression and results in lighter pigmentation (Sturm et 

al., 2008, Sturm and Larsson, 2009, Visser et al., 2012), was shown to have almost 

complete association with blue eye colour in individuals from Denmark, Turkey and 

Jordan (Eiberg et al., 2008).  An alternative study identified the HERC2 SNP rs1916977 

as the strongest determinant of eye colour, with the C allele associated with blue iris 

colour and the T allele with brown iris colour in Europeans (Kayser et al., 2008c). A 

different study reported conflicting results suggesting that rs12913832 was the most 

informative predictor of eye colour, however also demonstrated that rs1916977, 

amongst other HERC2 SNPs such rs1129038 and rs1667394, showed significant 

associations to eye colour when the SNPs were analysed together as a haplotype (Sturm

et al., 2008). Both the Kayser et al. (2008c) and Sturm et al. (2008) studies showed that 

combining these HERC2 genotypes with OCA2 genotypes such as the three SNP- 
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haplotype in intron 1 of the OCA2 gene (Duffy et al., 2007) and OCA2 SNP Arg419Gln 

(Rebbeck et al., 2002) improved eye colour prediction compared to when only the 

OCA2 SNPs were used  (Kayser et al., 2008c, Sturm et al., 2008).  

Though the HERC2 gene appears to play a central role in eye colour pigmentation, it 

has also been linked with other pigmentation phenotypes such as hair (Han et al., 2008, 

Branicki et al., 2009, Branicki et al., 2011) and skin (Branicki et al., 2009, Valenzuela

et al., 2010, Spichenok et al., 2011) colour. In particular, the rs12913832 substitution 

has demonstrated the strongest association to both hair and skin colour compared to 

other HERC2 variants (Han et al., 2008, Branicki et al., 2009, Valenzuela et al., 2010). 

This HERC2 SNP has been incorporated in several EVC prediction assays, including 

Irisplex and HIrisplex, to complement other pigmentation SNPs such as rs1545397 

(OCA2), rs1426654 (SLC24A5), rs16891982 (SLC45A2) and rs885479 (MC1R) 

(Spichenok et al., 2011, Walsh et al., 2011, Pneuman et al., 2012, Allwood and 

Harbison, 2013, Ruiz et al., 2013, Walsh et al., 2013) to achieve high eye and hair 

colour prediction accuracies (>90%), though less effective skin colour predictions (~70-

80%).  

The allele frequencies of rs12913832 derived from the HGDP-CEPH database also 

reflect the observed eye colour distribution across global populations, demonstrating the 

potential utility of this polymorphism for ancestry predictions. The rs12913832 G allele 

is predominantly restricted to Europe where blue and intermediate eye colours are 

expected and which correlates with the high incidence of GG/AG genotypes observed in 

these populations (Walsh et al., 2011). In contrast, the rs12913832 ancestral A allele 

which is associated with brown eye colour, is found almost exclusively in African, East 

Asian and Native American populations where this phenotype is expected (Walsh et al., 

2011). The rs12913832 ancestral A allele occurs at lower frequencies in Middle Eastern 

and South Asian populations where a moderate incidence of AG genotypes and low 

incidence of GG genotypes is observed. This correlates with the low occurrence of 

intermediate and blue eye colours in some individuals originating from these 

populations and which are relatively absent from African, East Asian and Native 

American populations.  Similar allele distributions are observed for the 1000 Genomes 

database (Table 4.2). The rs12913832 SNP was selected as a candidate SNP as it can 

distinguish Europeans from other populations and is a good predictor of eye colour, 
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which can also be used to infer hair and skin colour when combined with other 

Multiplex 5 candidate SNPs.   

4.2.1.2.5 Agouti Signalling Protein polymorphisms 

A G8818A (rs6058017 G>A) substitution in the 3’ untranslated region of the Agouti 

Signalling Protein (ASIP) gene has been proposed to increase the antagonist action of 

ASIP to -MSH by binding to MC1R and blocking cAMP signalling within the 

melanocytes (Kanetsky et al., 2002) This favours phaeomelanin production and 

explains the lighter skin pigmentation observed in individuals carrying the substitution 

(Kanetsky et al., 2002, Bonilla et al., 2005). In contrast, Europeans carrying the 

ancestral G allele demonstrated a higher likelihood of having brown hair and brown 

eyes (Kanetsky et al., 2002). A population study of the rs6058017 polymorphism 

revealed skewed allele frequencies between global populations, where the ancestral G 

allele occurred in 80% of Africans, 28% of Asians and 12% of Europeans (Zeigler-

Johnson et al., 2004). These allele frequencies are similar to those acquired from the 

1000 Genomes database (Table 4.2) and complement the observed global pigmentation 

distribution, as the A substitution associated with lighter hair and eye colour shades 

were observed at higher frequencies in Europeans where these phenotypes are prevalent. 

The ancestral G allele was also found in 66% of African Americans and was associated 

with higher melanin indexes, suggesting a likely correlation between the rs6058017 

SNP and skin pigmentation (Bonilla et al., 2005). Whilst other polymorphisms of the 

ASIP gene have also been associated with eye and hair colour variation (Frudakis et al., 

2003a, Sulem et al., 2007, Valenzuela et al., 2010, Walsh et al., 2013), the rs6058017 

was incorporated into Multiplex 5 due to the skewed allele frequencies which can 

distinguish Europeans and Africans as well as the pigmentation phenotypes associated 

with these population groups.  

4.2.2 Multiplex primer design 

Similarly to Multiplex 1 to 4, PCR and SBE primers were designed for each of the 

Multiplex 5 candidate SNPs using the design criteria outlined in sections 2.2.1.1 and 

2.2.1.2. The final Multiplex 5 PCR and SBE primer sequences are provided in Table 
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2.1c and Table 2.2b respectively. The PCR primers were designed so that all amplicons 

are less than 200bp in size to ensure that the assay would be applicable to the analysis of 

degraded and compromised DNA samples. The efficiency of multiplex PCR reactions is 

improved when amplicons are similar sizes as these products will generally require 

similar amplification conditions, thereby increasing the likelihood of obtaining balanced 

amplification of all PCR products in the multiplex (Sanchez et al., 2005). For this 

reason, the minimum 7bp spacing requirement between PCR products was not 

maintained and a few Multiplex 5 PCR products overlap in size. Whilst this prevents the 

assessment of individual PCR products yields in the multiplex as the amplicons cannot 

be resolved in a 4% agarose gel, preliminary optimisation of PCR primer concentrations 

is achievable by grouping the PCR primers in smaller multiplexes. The final PCR 

primer concentration optimisations for the 13-Plex PCR reaction can then conducted in 

conjunction with the optimisation of the 13-Plex SNaPshot™ reaction. The SBE 

primers were manually designed and both the Multiplex 5 PCR and SBE primer sets 

were tested for non-specific interactions including hairpin and dimers in the same way 

as for Multiplex 1 to 4 (section 3.2.3).  

4.3 Results and Discussion 

4.3.1 Multiplex 5 assay optimisation 

4.3.1.1 Preliminary optimisation of the Multiplex 5 PCR reaction 

A similar optimisation process to that used for Multiplexes 1 to 4 was employed for 

Multiplex 5. Each Multiplex 5 PCR primer pair was individually amplified in singleplex 

PCR reactions to test the specificity of the designed PCR primers. The PCR reactions 

were carried out using the optimised PCR conditions and cycling parameters established 

for Multiplex 1 (section 2.2.2.2), except that initial PCR primer concentration were 

0.2μM.  

Visualisation of the singleplex PCR products in a 4% (w/v) agarose gel confirmed the 

successful and specific amplification of each Multiplex 5 PCR primer pair (Figure 4.2) 

with all products of expected size and generally in the absence of non-specific products. 

However, SLC24A5, HERC2, OCA2-4 and F13B showed some evidence of primer 
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Legend: 
L: 50bp ladder 
1: OCA2-3 (173bp) 
2: ASIP (141bp) 
3: 4PlexA (OCA2-3, ASIP, FUT2, 
IL-6) 
4: FUT2 (116bp) 
5: IL-6 (105bp) 
6: SLC24A5 (164bp) 
7: DARC (121bp) 
8: OCA2-1 (115bp) 
9: 5Plex (SLC24A5, DARC, 
OCA2-1, OCA2-2, HERC2) 
10: OCA2-2 (103bp) 
11: HERC2 (85bp) 
12: OCA2-4 (150bp) 
13: MATP (120bp) 
14: 4PlexB (OCA2-4, MATP,   
F13B, MC1R) 

                   15: F13B (110bp) 
                   16: MC1R (97bp) 
                   17:13-plex PCR negative control 

Figure 4.2: Multiplex 5 singleplex and multiplex PCR products 
Multiplex 5 PCR primer pairs were amplified at equimolar concentrations of 0.2μM in singleplex, 4-Plex, and 5-Plex reactions using optimised 
Multiplex 1 PCR conditions summarised in section 2.2.2.2.  
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dimers at the 50bp position, indicating the presence of mild non-specific interactions 

between the forward and reverse primer in these pairs. Nevertheless, these products 

showed strong yields so primer dimer formation was attributed to an excess primer 

concentration in the singleplex PCR reaction and were not considered to be problematic.  

The Multiplex 5 PCR primers were then grouped in small multiplexes to test for non-

specific interactions between primer pairs in the set. Since the Multiplex 5 PCR 

products were designed to be less than 200bp, some products overlap in size and cannot 

be resolved through agarose gel electrophoresis. For this reason, the PCR primers of the 

complete Multiplex 5 13-Plex PCR were separated and amplified in 4-PlexA (OCA2-3, 

ASIP, FUT-2, IL-6), 4-PlexB (OCA2-4, MATP, F13B, MC1R) and 5-Plex (SLC24A5, 

DARC, OCA2-1, OCA2-2, HERC2) PCR reactions using an equimolar PCR primer 

concentration of 0.2μM and the optimised Multiplex 1 reagent concentrations and 

cycling parameters described in section 2.2.2.2. All expected sized products were 

observed in each of these multiplexes, with the exception of ASIP, which failed to 

amplify in 4-PlexA at a concentration of 0.2μM (Figure 4.2).  

As depicted in Figure 4.2, mild variability in PCR product yields was also observed 

within each of these multiplexes. Preliminary optimisations of the PCR product yields 

were carried out by adjusting PCR primer concentrations to obtain relatively balanced 

amplification of Multiplex 5 PCR products within the 4-PlexA, 4-PlexB and 5-Plex 

PCR reactions. The failure of ASIP to amplify at 0.2μM in 4-PlexA, as shown in Figure 

4.2, was overcome by increasing the PCR primer concentration for this locus to 0.3μM. 

The ASIP loci could be successfully amplified at this higher concentration, however, 

the yield for this PCR product was lower than that of the OCA2-3, FUT2 and IL-6 

products in 4-PlexA (Figure 4.3, 4-PlexA- Lane 2). The ASIP PCR primer 

concentration was increased further to 0.4μM, which effectively equalised the yields of 

all four PCR products in 4-PlexA (Figure 4.3, 4-PlexA-Lane 3). Only minor PCR 

primer optimisations were required for the 4-PlexB and 5-Plex, as MC1R and OCA2-1 

only showed slightly reduced yields respectively. The PCR primer concentration for 

these loci was increased to 0.3μM and achieved relatively balanced amplification of all 

products within both the 4-PlexB and 5-Plex PCR reactions (Figure 4.3, 4-PlexB/ 5-

Plex-Lane 2). These preliminary optimised PCR primer concentrations determined for
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Legend:

4-PlexA: 
1: Equimolar PCR primer concentration = 0.2μM 
2: All PCR primers = 0.2μM except ASIP= 0.3μM 
3: All PCR primers = 0.2μM except ASIP=0.4μM 

4-PlexB: 
1: Equimolar PCR primer concentration = 0.2μM 
2: All PCR primers = 0.2μM except MC1R= 0.3μM 

5-Plex:  
1: Equimolar PCR primer concentration = 0.2μM 
2: All PCR primers = 0.2μM except OCA2-1= 
0.3μM 

NC: 13-Plex PCR negative control 

Figure 4.3: Preliminary optimisation of Multiplex 5 PCR primer concentrations. 
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4-PlexA, 4-PlexB and 5-Plex were then tested as a 13-plex PCR reaction, which was 

used as template for the optimisation of the Multiplex 5 SNaPshot™ reaction. 

4.3.1.2 Optimisation of the Multiplex 5 SNaPshot™ reaction 

4.3.1.2.1 Singleplex extension of Multiplex 5 SBE primers using preliminary Multiplex 

5 PCR product as template.  

As for Multiplex 1 to 4, the electrophoretic mobility of the Multiplex 5 SBE primers 

was initially tested using the SNaPshot® Primer Focus™ kit as described in section 

2.2.1.3 prior to commencing optimisation of the SNaPshot™ reaction. Overall, adequate 

spatial separation of the Multiplex 5 alleles was observed with no obvious overlap in 

size and colour (data not shown). However, a potential overlap between the OCA2-1*C 

and MATP*C allele was identified, with less than 1nt difference detected through the 

Primer Focus™ results for these alleles. Prior to redesigning these SBE primers, their 

mobility within the multiplex reaction was first examined to see if the alleles could be 

resolved as separate peaks despite the minute sizing difference. 

The first stage of Multiplex 5 SNaPshot™ optimisation involved the preliminary 

extension of Multiplex 5 SBE primers in singleplex SNaPshot™ reactions. These and 

subsequent SNaPshot™ reactions in this chapter were prepared as detailed in section 

2.2.2.5 and purified and separated using capillary electrophoresis as outlined in sections 

2.2.2.6 and 2.2.2.7. The SBE primers were individually extended at a concentration of 

0.2μM using Multiplex 5 PCR product as template. The 13-Plex PCR product template 

was prepared by combining the optimised PCR primer concentrations for 4-PlexA, 4-

PlexB and 5-plex in a single reaction described in section 4.3.1.1. All other PCR reagent 

concentrations and cycling parameters used were the same as for the optimised 

Multiplex 1 PCR described in section 2.2.2.2. Visualisation of the singleplex 

SNaPshot™ products in POP-6™ polymer confirmed the specificity of the SBE primers 

as all alleles were detected to be the expected size and colour except for ASIP, which 

failed to extend (Figure 4.4). Variability in peak heights was observed between alleles, 

particularly for the heterozygous loci such as OCA2-1, OCA2-3 and OCA2-4 where 

both alleles were detected at about half the average 1500RFU peak height (Figure 4.4). 

The OCA2-2, FUT-2 and IL-6 alleles showed the strongest signals.
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Figure 4.4: Capillary electropherograms of the singleplex extension of 0.2μM 
Multiplex 5 SBE primers using Multiplex 5 PCR product as template. 
Multiplex 5 13-Plex PCR product was prepared by combining the optimised conditions 
and PCR primer concentrations for 4-PlexA, 4-PlexB and 5-plex described in Section 
4.3.1.1. Black arrows indicate the expected position for allele ASIP that failed to 
extend. The 13-Plex PCR negative control is also shown (NC). 



165

4.3.1.2.2 Multiplex extension of Multiplex 5 SBE primers using preliminary Multiplex 

5 PCR product as template 

The Multiplex 5 SBE primers were tested in 6-Plex, 7-Plex and 13-Plex SNaPshot™ 

reactions at an equimolar concentration of 0.2μM. The same Multiplex 5 PCR product 

for the singleplex SNaPshot™ reactions was also used as a template (refer to Section 

4.3.1.2.1). All expected alleles were detected in these multiplex SNaPshot™ reactions 

in the absence of problematic non-specific interactions (Figure 4.5A-C) with the 

exception of ASIP which again failed to extend in both the 7-Plex (Figure 4.5B) and 13-

Plex (Figure 4.5C). The OCA2-1*C and MATP*C alleles, which were identified as 

potentially overlapping through the Primer Focus™ results, could be resolved as 

separate peaks, with the MATP-C peak detected between the OCA2-1*C and OCA2-

1*T peaks (Figure 4.5C). However, the Multiplex 5 allele signals were observed to vary 

dramatically between different loci. The heterozygous alleles showed the lowest peak 

heights (1000RFU) whilst homozygous loci signals varied between 1600RFU and 

5000RFU.  

The Multiplex 5 SBE primer concentrations in the 13-Plex were modified with the aim 

of achieving balanced allele signals and the successful extension of the ASIP allele(s). 

The failure of the ASIP SNP to extend was hypothesised to have resulted from using an 

inadequate SBE primer concentration and was consequently increased to 0.4μM. The 

SBE primer concentration for other low signal loci including OCA2-1, HERC2- OCA2-

3 and OCA2-4 was also increased to 0.3μM, whilst the higher signal OCA2-2 and IL-6 

alleles were reduced to 0.1μM. These SBE primer modifications did not appear to have 

a positive effect on ASIP, which still failed to extend at 0.4μM (Figure 4.5D). Although, 

relatively balanced peak heights were observed when using these modified SBE primer 

concentrations (Figure 4.5D), the overall allele signals were lower than achieved when 

using an equimolar concentration of 0.2μM (Figure 4.5C). A considerable amount of 

noise was detected in the 18-24nt region, indicative of inadequate purification of the 

PCR product used as template for the SNaPshot™ reaction. This was likely caused by 

an old ExoSAP-It/ExoStar aliquot, which would have contributed to the decreased 

signals observed. Furthermore, loss of spatial resolution could also be seen in Figure 

4.5D with the OCA2-1*C and MATP*C alleles merging into a single black peak 

(identified as a star) despite having been adequately resolved in Figure 4.5C. The loss of 
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resolution is typically observed when using older POP-6™ polymer, which may also 

result in a reduction in allele signal. Consistent with this, the OCA2-1*C and MATP*C 

alleles could be spatially resolved when using fresh polymer (data not shown). However 

to achieve better spacing between the OCA2-1 and MATP alleles and to allow these 

peaks to be distinguished even if the polymer begins to age, another 3nt were added to 

the aspecific 5’ tail of the MATP SBE primer.  

Legend: 
(A), (B) and (C) 6-Plex, 7-Plex and 13-Plex SBE reactions respectively, using 
Multiplex 5 13-plex PCR template prepared as described in section 4.3.1.2.1. All SBE 
primers were extended at equimolar SBE primer concentrations of 0.2μM.  
(D) Same PCR product as (C) but the SBE primer concentrations were modified with 
ASIP=0.4μM, OCA2-1, HERC2, OCA2-3 and OCA2-4= 0.3μM, OCA2-2 and IL-6= 
0.1μM and all other primers at 0.2μM.  
(NC) 13-plex PCR negative control with SBE primer concentrations used in (D). 
Figure 4.5: Capillary electropherograms for the optimisation of Multiplex 5 
SNaPshot™ reactions using Multiplex 5 PCR product as template. 
Optimisations involved the modification of SBE primer concentrations as detailed in the 
legend. Dashed arrows show the position of the missing ASIP allele and the black star 
shows the merged black peak for OCA2-1*C and MATP*C alleles due to sizing 
overlap. 
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A small blue artefact peak at the 41nt position preceding the OCA2-2*T allele peak was 

also widely observed in the singleplex OCA2-2 and multiplex SNaPshot™ reactions as 

well as in the negative PCR control. It was proposed that this artefact peak arose from 

the extension of non-specific SBE primer interactions or of PCR template products such 

as primer dimers. The blue artefact peak was detected in close proximity to the FUT2*G 

allele (42nt) and at about the same position as the OCA2-2*G allele, as determined from 

the Primer Focus™ results. To avoid the artefact overlapping in size and colour with 

surrounding SNaPshot™ products, 1nt was removed from the 5’aspecific tail of the 

OCA2-2 SBE primer. The modified MATP and OCA2-2SBE primer sequences are 

provided in Table 2.2b. Prior to the continuation of Multiplex 5 SNaPshot™ reaction 

optimisation to incorporate the modified MATP and OCA2-2 SBE primers, further 

troubleshooting experiments (detailed in section 4.3.1.2.3) were also performed to 

investigate the failed extension of the ASIP allele(s). 

4.3.1.2.3 Investigation of the failed extension of the ASIP SBE primer 

The ASIP allele(s) failed to extend in both singleplex and multiplex SNaPshot™ 

reactions using Multiplex 5 PCR product as template, despite increasing the SBE primer 

concentration for this locus (Figure 4.4C and Figure 4.5D). It was hypothesised that 

insufficient ASIP PCR product within the 13-Plex PCR template was preventing the 

extension of the ASIP SNP. The various Multiplex 5 PCR products were originally 

optimised in smaller multiplex PCR reactions (4PlexA, 4PlexB and 5Plex in Figure 4.3) 

because some PCR products overlapped in size and could not be distinguished in a 

complete 13-Plex PCR reaction. Though the ASIP PCR product yield appeared 

satisfactory in the optimised 4-PlexA at a PCR primer concentration of 0.4μM (Figure 

4.3, 4-PlexA-Lane 3), non-specific interactions between ASIP and other PCR primers, 

which were optimised separately within the 4-PlexB or 5-Plex, may have decreased the 

ASIP product yield within the 13-Plex PCR and would have contributed to the failed 

extension of the ASIP marker.  

To investigate the effect of using variable primer concentrations on the yield of the 

ASIP product, the ASIP PCR primers were amplified at 0.2μM in singleplex and at 

0.4μM and 1μM in 4-PlexA and 13-Plex PCR reactions. The optimised Multiplex 1 

reagent concentrations (excluding PCR primer concentrations) and cycling parameters 
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described in section 2.2.2.2 were used to prepare these PCR reactions. Whilst not all 

Multiplex 5 PCR products can be resolved in a 4% (w/v) agarose gel due to size 

overlap, ASIP is sufficiently different to other products to be identified as a single band. 

ASIP was successfully amplified in singleplex, 4-plexA and 13-Plex PCR reactions, 

with variations in the ASIP product yield observed when using different PCR primer 

concentrations (Figure 4.6).  The singleplex ASIP yield was fairly moderate at a primer 

concentration of 0.2μM (Figure 4.6A) but greater yields were observed in the 4-PlexA 

and 13-Plex PCR reactions using ASIP PCR primer concentrations of 0.4μM and 1μM 

respectively. The fact that the ASIP product could be visualised in the 13-Plex when 

using both the preliminary optimised 0.4μM PCR primer concentration and the 

increased 1μM concentration, indicated that the failed extension of the ASIP loci in 

SNaPshot™ reactions was not caused by insufficient ASIP PCR product but rather by 

problems with the ASIP SBE primer itself. This troubleshooting experiment did 

however demonstrate that an ASIP PCR primer concentration of 1μM should be used 

instead of 0.4μM to improve the chance of amplifying this locus.  

Since the ASIP locus failed to extend in all experiments to date, the ASIP genotype of 

the donor DNA sample needed to first be confirmed. The ASIP singleplex PCR product 

was used as template for the singleplex extension of the ASIP SBE primer at a 

concentration of 0.2μM. A single red peak corresponding to a homozygous ASIP-TT 

genotype was visualised at the 27nt position (Figure 4.7A) confirming the genotype of 

the donor and that the ASIP SBE primer could be extended from an ASIP singleplex 

PCR product. The peak height observed was satisfactory at 2400RFU and the allele 

detected was within the expected size range and colour and could be discriminated from 

other Multiplex 5 alleles.  

The finding that ASIP could be extended in singleplex products but not in the 13-Plex 

product suggested the possibility of detrimental interactions between the ASIP SBE 

primer and one or more of the other SBE primers. When reviewing the Multiplex 5 

Autodimer Primer Screen results, the strongest interaction observed between ASIP and 

all other SBE primers was with the MATP SBE primer (dG (37 ºC)= -2.07 kCal/mole), 

although stronger interactions have been noted in previous multiplexes without any 

observable extension problems. To investigate this possibility and the effect of 
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Legend:
L: 50bp ladder 
A: 4-PlexB  
B: ASIP singleplex (0.2μM) 
C: 4-PlexA (ASIP= 0.4μM) 
D: 4-PlexA (ASIP= 1μM) 
E: Multiplex 5 13-Plex (ASIP= 0.4μM) 
F: Multiplex 5 13-Plex (ASIP= 1μM) 

Figure 4.6: Amplification of ASIP PCR primers in singleplex, 4-PlexA and 13-Plex PCR reactions at variable PCR primer 
concentrations. 
The ASIP PCR primers were amplified using the optimised Multiplex 1 PCR conditions summarised in section 2.2.2.2 at variable concentrations 
as indicated in the legend. The PCR primers in 4-PlexB (OCA2-4, MATP, F13B and MC1R) as well as all other primers in 4-PlexA (OCA2-3, 
FUT-2, IL-6) and the 13-Plex were amplified at an equimolar concentration of 0.2μM, except for OCA2-1 and MC1R which were amplified at 
0.3μM in 4-PlexB and the 13-Plexes. 
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Legend: 
(A) Singleplex ASIP SBE reaction using singleplex ASIP PCR product as template. 
Both PCR and SBE primer concentrations=0.2μM.  
(B) 4-PlexA SBE reaction using 4-PlexA PCR template with ASIP PCR primers at 
0.4μM and FUT-2, OCA2-3 and IL-6 at 0.2μM. All SBE primers extended at 0.2μM. 
(C) Same as (B) except the ASIP PCR primers in the 4-PlexA PCR template were 
amplified at 1μM. 
 (D) 12-Plex SBE reaction excluding the MATP SBE primer extending all other SBE 
primers  at an equimolar concentration of 0.2μM using the Multiplex 5 13-Plex PCR 
template with OCA2-1 and MC1R PCR primers= 0.3μM and ASIP PCR primers= 
0.4μM. 
(E) Same as (D) except the ASIP PCR primers in the 13-Plex PCR template were 
amplified at 1μM. 
(NC) 13-Plex PCR negative control with SBE primer concentrations used in (E). 
Figure 4.7: Capillary electropherograms of the extension of the ASIP SBE primer 
in singleplex, 4-PlexA and 12-Plex SNaPshot™ reactions using singleplex and 
multiplex PCR products as template. 
Dashed arrows indicate the position of the small ASIP-TT allele peak. 
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modifying ASIP PCR primer concentration on the extension success of the ASIP locus 

in multiplex PCR products, the 4-PlexA, (which doesn’t contain the MATP amplicon) 

and the 13-Plex PCR products amplified with ASIP PCR primers at 0.4μM and 1μM 

were used as template for a 4-PlexA SNaPshot™ reaction and a 12-Plex SNaPshot™ 

reaction in which the MATP SBE primer was excluded.  All SBE primers were tested at 

an equimolar concentration of 0.2μM. The ASIP allele was successfully extended in 4-

PlexA SNaPshot™ reactions at a peak height of 600RFU, with minimal differences in 

signal observed when using an ASIP PCR primer concentration of 0.4μM (Figure 4.7B) 

or 1μM (Figure 4.7C). Similar results were observed for the 12-Plex SNaPshot™ 

reactions irrespective of the ASIP PCR primer concentration used, though the ASIP 

allele peak heights were now dramatically decreased to less than 300RFU (Figure 4.7D 

and E) suggesting that problems additional to possible interactions between the ASIP 

and MATP SBE primers may be present. 

The high GC content (73%) of the ASIP PCR amplicon was proposed to be another 

contributor to the poor extension of the ASIP allele. As the SNaPshot™ cycling 

protocol does not include an initial denaturation step it was hypothesised that 

incomplete denaturation of the ASIP DNA template was occurring, thereby preventing 

the ASIP SBE primer from annealing and reducing the extension efficiency of this 

locus. A series of singleplex ASIP SNaPshot™ reactions prepared with singleplex ASIP 

PCR product as template was tested using numerous variations of the SNaPshot™ 

cycling protocol incorporating an initial denaturation step. However, the highest ASIP 

peak height was achieved when using the standard SNaPshot™ cycling protocol 

without a denaturation step (Figure 4.8A). An approximately 600RFU decrease in signal 

was observed when an initial denaturation of 3 minutes at 96ºC was used (Figure 4.8B). 

A larger decrease of approximately 800RFU was observed when using an initial 

denaturation step of 3 minutes at 96ºC plus an extended denaturation of 30s per cycle 

(Figure 4.8C).  The use of PCR adjuvants to facilitate DNA denaturation was also tested 

by adding 5% DMSO to a singleplex SNaPshot™ reaction which was performed using 

the standard SNaPshot™ cycling protocol. Thus, though the high GC content of the 

ASIP PCR amplicon may also be contributing to the reduced extension of this allele, 

little could be done to improve this. 
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Legend: 
(A) Standard SNaPshot™ protocol (96º- 10s, 50º- 5s, 60º- 30s). 
(B) Initial denaturation at 96º for 3 min followed by the standard SNaPshot™ cycling 
protocol (96º- 10s, 50º- 5s, 60º- 30s). 
(C) Initial denaturation at 96º for 3 min followed by 96º for 30s, 50º for 5s, 60º for 30s. 
(D) 5% DMSO was added to the singleplex SNaPshot™ reaction and run using the 
standard SNaPshot™ protocol (96º- 10s, 50º- 5s, 60º- 30s) 

Figure 4.8: Optimisation of singleplex ASIP SNaPshot™ reactions using 
modifications to the SNaPshot™ cycling protocol and the addition of PCR 
adjuvants. 
The ASIP SBE primer was extended in singleplex SNaPshot™ reactions at a 
concentration of 0.2μM using as template the singleplex PCR product derived from the 
amplification of 0.2μM of ASIP PCR primers. Modifications to the SNaPshot™ cycling 
protocol and the addition of PCR adjuvants were tested as described in the legend.  

It appears that a combination of factors may be preventing the successful extension of 

the ASIP SNP in the multiplex SNaPshot™ reaction. These may include non-specific 

interactions between the ASIP SBE primer and other Multiplex 5 SBE primers such as 

MATP as well as the high GC content of the ASIP PCR product. Furthermore, 

potentially problematic non-specific binding between the ASIP SBE primer and the 

DARC and IL-6 PCR products were identified when both amplicon strands were 

aligned against the ASIP SBE primer sequence (data not shown). This suggests the 
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possibility that the ASIP SBE primer is annealing non-specifically to other PCR 

templates in the Multiplex 5 PCR product (including the DARC and IL-6 PCR 

amplicons). Whilst these non-specific interactions could not be extended as there was 

no homology at the 3’ end, these would still reduce the amount of ASIP SBE primer 

available to bind to the correct template and thus, would reduce the extension success of 

the ASIP SNP. Multiplexing introduces competition for reagents including SBE primers 

and the multiplex PCR product provides numerous amplicon templates, which also vary 

in their base composition and thus, extension efficiency. This can result in unbalanced 

SNP extension with more efficient templates dominating the SNaPshot™ reaction at the 

detriment of more problematic templates. Non-specific binding of the SBE primer to 

other templates can also exacerbate the unbalanced extension of loci by reducing the 

available SBE primer concentration.  

4.3.1.2.4 Redesigning the ASIP SBE primer 

Typing ASIP separately in a singleplex SNaPshot™ reaction using singleplex ASIP 

PCR product as template would diminish the practicality of our final multiplex SNP 

genotyping assay to forensic casework. The decision was made to redesign the ASIP 

SBE primer to attempt to extend this SNP within the Multiplex 5 SNaPshot™ reaction. 

The current ASIP SBE primer was designed to be homologous to the antisense strand. A 

study investigating the role of MC1R and ASIP polymorphisms in melanoma and 

carcinoma development, designed a SBE primer homologous to the sense strand to 

successfully genotype the ASIP 8818A>G (rs6058017) polymorphism in a singleplex 

SNaPshot™ reaction (Brudnik et al., 2009). However, this ASIP SBE primer was 32nt 

in size and could not be incorporated into our Multiplex 5 assay as it would overlap in 

size and colour with the detection of the SLC24A5 and F13B alleles. The Brudnik et al.

(2009) primer was used as model to design another ASIP SBE primer 17nt in length 

which was also homologous to the sense strand except that no 5’ aspecific tail was 

added. However, Autodimer results for this alternate ASIP SBE primer demonstrated 

major self-primer interactions (Figure 4.9A), hence to reduce the severity of the primer 

self-annealing, a mismatch was inserted by the substitution of a ‘G’ nucleotide located 

at the centre of the primer sequence with a ‘T’ nucleotide (Figure 4.9B). Autodimer 

results for the hairpin screen showed no major hairpin formations (data not shown). The 

redesigned ASIP SBE primer was also aligned against all Multiplex 5 PCR amplicon 
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sequences, with no potentially problematic non-specific binding to other templates 

observed (data not shown). The modified ASIP SBE primer sequence can be found in 

Table 2.2c. 

 (A) Autodimer Primer screen of ASIP-Brudnik 2009 SBE primer 

 (B) Autodimer Primer screen of modified ASIP-Brudnik 2009 SBE primer: 

Figure 4.9: Autodimer primer screen results for (A) the unmodified ASIP SBE 
primer and (B) the modified ASIP SBE primer with inserted mismatch adapted 
from Brudnik et al. 2009. 
The red coloured and underlined ‘G’ nucleotide in (A) denotes the site of the inserted 
mismatch through substitution of this base with a ‘T’ nucleotide (also coloured red and 
underlined) in the modified ASIP SBE primer shown in (B). 

Matches = 6
Score = 2
GNNCGCGNNC
est. tm =  less than zero
DeltaG 37 degrees = -0.06 kcal/mole 

                3'-CGAGCGCCTGCCCTCA-5'
                   |xx||||xx|
          5'-ACTCCCGTCCGCGAGC-3'

Matches = 10
Score = 4
NCTCNCGNNCGNGAGN
est. tm =  1.8oC
DeltaG 37 degrees = -2.84 kcal/mole 

                5'-ACTCCCGTCCGCGAGC-3'
                   x|||x||xx||x|||x
                3'-CGAGCGCCTGCCCTCA-5'

Matches = 12
Score = 8
NCTCNCGGCCGNGAGN
est. tm =  37.9oC
DeltaG 37 degrees = -9.60 kcal/mole 

                5'-ACTCCCGGCCGCGAGC-3'
                   x|||x||||||x|||x
                3'-CGAGCGCCGGCCCTCA-5'
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4.3.1.2.5 Singleplex extension of modified Multiplex 5 SBE primers using Multiplex 5 

PCR product as template 

The modified ASIP, MATP and OCA2-2 SBE primers were extended at a concentration 

of 0.2μM in singleplex SNaPshot™ reactions using Multiplex 5 PCR product as 

template. The modified ASIP SBE primer was also extended at a concentration of 1μM. 

The multiplex 5 PCR product template was prepared using the optimised Multiplex 1 

reagent concentrations and cycling parameters described in section 2.2.2.2. Multiplex 5 

PCR primers were amplified at an equimolar concentration of 0.2μM, except for OCA2-

1 and MC1R at 0.3μM and ASIP at 0.4μM. As shown in Figure 4.10, all modified SBE 

primers could be successfully extended at a concentration of 0.2μM in singleplex 

SNaPshot™ reactions on multiplex PCR product including ASIP, suggesting that the 

new ASIP primer sequence with the inserted mismatch improved the extension success 

of this SNP. The ASIP peak height achieved when using a concentration of 0.2μM was 

unsatisfactorily low at 200RFU (Figure 4.10A) however, increasing the ASIP SBE 

primer concentration to 1μM dramatically improved the extension success of the SNP, 

with a signal of 800RFU observed (Figure 4.10B). 

The peak heights of MATP and OCA2-2 averaged more than 4000RFU with the latter 

showing mild over-amplification with a slightly split peak (Figure 4.10D). It was 

considered highly likely that the SBE primer concentration for these SNPs would need 

to be reduced during optimisation of the multiplex SNaPshot™ reaction. The 

modifications to the 5’ aspecific tail of these two primers successfully altered the 

observed size of the detected alleles so that they are now sufficiently distant from 

surrounding SNaPshot™ products to be unambiguously detected. However, this was 

also further verified through incorporation of the modified SBE primers in Multiplex 5 

SNaPshot™ reactions (see Section 4.3.1.2.6). 

The blue artefact peak that was previously detected at the 41nt position, preceding the 

OCA2-2*T allele, also shifted and was now detected at the 40nt position (Figure 

4.10D). This strongly indicated that the artefact peak arose from the non-specific 

extension of the OCA2-2 SBE primer, which had been modified to include 1nt less in 

the 5’aspecific tail. Autodimer results did not show any major hairpin or primer dimer 

formation for this primer (data not shown), however, since this artefact was also 
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detected in the 13-Plex PCR negative control (Figure 4.10E), it was believed that the 

OCA2-2 SBE primer was extending after non-specifically binding to primer dimer 

products in the Multiplex 5 PCR product used as template. The formation of this 

artefact is problematic as it is the same colour and position as the alternate OCA2-2 

allele. Nonetheless, the artefact occurred at a much lower signal compared to the 

OCA2-2*T allele peak so it was possible to genotype the donor of the DNA sample as 

being homozygous at this locus. It was also proposed that the optimisation of the 

OCA2-2 SBE primer concentration to reduce over-amplification observed in the 

singleplex reaction would also reduce the incidence of the artefact peak, which was 

likely arising as a result of excess OCA2-2 SBE primer. 

Figure 4.10: Capillary electropherograms of the singleplex amplification of the 
modified Multiplex 5 SBE primers using Multiplex 5 PCR product as template. 
The Multiplex 5 PCR product was prepared using the optimised conditions described in 
section 2.2.2.2 and an equimolar PCR primer concentration of 0.2μM with the 
exception of OCA2-1 and MC1R at 0.3μM and ASIP at 0.4μM. All modified SBE 
primers were extended at a concentration of 0.2μM. The modified ASIP SBE primer 
was also extended at a concentration of 1μM. The 13-Plex PCR negative control is also 
shown (NC).  
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4.3.1.2.6 Incorporation of the modified Multiplex 5 SBE primers into the Multiplex 5 

SNaPshot™ reaction  

The modified ASIP, MATP and OCA2-2 SBE primers were grouped into 6-Plex 

(DARC, HERC2, MATP, F13B, FUT2, OCA2-4), 7-Plex (MC1R, ASIP, OCA2-1, 

SLC24A5, OCA2-2, OCA2-3, IL-6) and 13-Plex SNaPshot™ reactions using the same 

Multiplex 5 PCR product as template as was used for the singleplex SNaPshot™ 

reactions (Figure 4.10). The SBE primers in the multiplex SNaPshot™ reactions were 

initially tested at an equimolar concentration of 0.2μM and all alleles were detected in 

the 6-Plex, 7-Plex and 13-Plex SNaPshot™ reactions using Multiplex 5 PCR product as 

template, with the exception of ASIP (Figure 4.11A, B, D). This was expected as ASIP 

already showed very low signal when extended in singleplex SNaPshot™ reaction at a 

SBE primer concentration of 0.2μM (Figure 4.10A). However the modified MATP and 

OCA2-2 SBE primers demonstrated improved peak resolution and spacing from 

surrounding allele peaks, in particular MATP could now be unambiguously 

distinguished from OCA2-1. In the 13-Plex, the peak height of all alleles detected 

varied across the loci with MATP-CC, FUT2-AA, IL-6-GG and OCA2-2-TT allele 

peaks showing the strongest signals and the latter demonstrating a split peak, a sign of 

over extension (Figure 4.11D). The heterozygous OCA2-3-CT and OCA2-4-AT loci 

showed the lowest peak heights (~700RFU) and the homozygous HERC2-AA locus 

was detected at less than half the peak height (2100RFU) of the other stronger 

homozygous peaks, which ranged from 4200-7000RFU. 

To achieve more balanced amplification of all loci, SBE primer concentration 

modifications were performed. It must be noted however that because Multiplex 5 is 

typing diploid autosomal SNPs, differences in peak height between homozygous (2 

copies of the same allele) and heterozygous loci (1 copy of each allele) are to be 

expected. Thus, the aim was to achieve adequate peak heights where the homozygous 

allele peaks were roughly double the height of the heterozygous allele peaks. The SBE 

primer concentration for OCA2-3 and OCA2-4, which showed the lowest peak height, 

was doubled to 0.4μM and the concentration for OCA2-1 and HERC2 was slightly 

increased to 0.3μM in the 13-Plex. The concentration for ASIP was also increased to 

1μM in both 7-Plex and 13-Plex SNaPshot™ reactions, as this SBE concentration 

achieved a moderate peak height in singleplex SNaPshot™ reaction (Figure 4.10B).  
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Legend: 
(A) and (B) 6-Plex and 7-Plex SBE reactions respectively, using Multiplex 5 13-plex 
PCR template prepared as described in section 4.3.1.2.5. All SBE primers = 0.2μM.
(C) Same as (B) except for the following SBE primer modifications: ASIP= 1μM, 
OCA2-1 and HERC2= 0.3μM, OCA2-3 and OCA2-4= 0.4μM and all others= 0.2μM. 
(D) 13-Plex SBE reaction prepared using the same 13-Plex PCR template in (A). All 
SBE primers= 0.2μM. 
(E) Same as (D) except for the following SBE primer modifications: ASIP= 1μM, 
OCA2-1 and HERC2= 0.3μM, OCA2-3 and OCA2-4= 0.4μM and all others= 0.2μM. 
(F) Same as (E) except DARC, MATP, OCA2-2 and IL-6 SBE primers= 0.1μM. 
(G) PCR primer concentrations were modified with MC1R and HERC2= 0.3μM, 
OCA2-1 and OCA2-4=0.4μM. The same SBE concentrations as (F) were used. 
(NC) 13-Plex PCR negative control with SBE primer concentrations used in (G). 
Figure 4.11: Capillary electropherograms for the optimisation of the Multiplex 5 
13-Plex SNaPshot™ reaction incorporating the modified SBE primers and using 
Multiplex 5 PCR product as template. 
Optimisations involved the modification of PCR and/or SBE primer concentrations as 
detailed in the legend 
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The effect of these SBE primer modifications is evident in both the 7-Plex and 13-Plex 

SNaPshot™ reactions where increases in peak heights were observed for both OCA2-1 

and OCA2-3 (Figure 4.11C and Figure 4.11E). However, the modified ASIP SBE 

primer could only be extended at a concentration of 1μM in the 7-Plex SNaPshot™ 

reaction, where it was detected at a low peak height of approximately 700RFU 

compared to the other alleles (Figure 4.11C). The ASIP primer failed to extend in the 

13-Plex even at this elevated concentration. As observed in the singleplex SNaPshot™ 

reaction (Figure 4.10B), this SNP locus is much less efficiently extended compared to 

other SNPs, even when using the modified SBE primer. This low efficiency is likely to 

be exacerbated in the 13-Plex where there is a large number of SBE primers working 

under the same conditions (Figure 4.11E). Increasing HERC2 to 0.3μM appeared to 

have minimal effects on the peak height however increasing OCA2-4 also improved the 

signal for these heterozygous peaks in the 13-Plex (Figure 4.11E). 

As evident in Figure 4.11E, the DARC, MATP, OCA2-2 and IL-6 allele peaks showed 

strong peak heights greater than 4200RFU. Consequently the SBE primer concentration 

for these loci was reduced to 0.1μM to determine whether this modification would have 

a positive effect on other less efficiently amplifying loci including ASIP. The peak 

heights for IL-6 and OCA2-2 satisfactorily decreased to 4200-6000RFU, though the 

latter still showed slight over-amplification and could be reduced further (Figure 4.11F). 

In contrast, the MATP and DARC allele peak heights decreased too much, indicating 

that the higher SBE primer concentration might need to be maintained for these loci. 

The ASIP allele peak still failed to be detected when the DARC, MATP, OCA2-2 and 

IL-6 SBE primer concentrations in Figure 4.11F were reduced. The heterozygous 

OCA2-1 and OCA2-4 allele peaks were observed at approximately 1400RFU, whilst 

the homozygous MC1R and HERC2 peaks were slightly low with a peak height 

averaging 1500RFU, compared to other homozygous peaks (>3000RFU).  

Since the OCA2-1, OCA2-4, MC1R and HERC2 extensions were already being 

performed at moderately high SBE primer concentrations of 0.3-0.4μM the PCR primer 

concentration for these loci was increased in an attempt to slightly improve the peak 

height of the alleles. The MC1R and HERC2 PCR primers were increased to 0.3μM 

whilst the OCA2-1 and OCA2-4 PCR primers were increased to 0.4μM. These PCR 

primer modifications achieved only minimal improvements in the peak height of 
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OCA2-1 and OCA2-4 compared to MC1R and HERC2, which showed no difference 

(Figure 4.11G). Improvement of the homozygous peak heights was still required for 

MC1R, DARC and HERC2, whilst the OCA2-2 signal remained slightly elevated 

compared to other homozygous peaks.  

Consistent failure of the modified ASIP SBE primer to be extended in 13-Plex 

SNaPshot™ reactions even at a concentration of 1μM (Figure 4.11E,F) led to the 

decision to exclude this SBE primer from the Multiplex 5 SNaPshot™ reaction. The 

ASIP SBE primer will instead be extended individually in a singleplex SNaPshot™ 

reaction using Multiplex 5 PCR product as template, (see section 4.3.1.2.8) as this was 

the only way the allele could be detected (Figure 4.10B). The Multiplex 5 12-Plex 

SNaPshot™ reaction containing all other SBE primers except for ASIP also required 

optimisation to ensure that balanced amplification between heterozygous and 

homozygous peaks was ultimately achieved. 

4.3.1.2.7 Optimisation of 12-Plex SNaPshot™ reactions excluding ASIP 

The Multiplex 5 PCR product tested in Figure 4.11G was used as template for 12-Plex 

SNaPshot™ reactions containing all Multiplex 5 SBE primers except ASIP. The SBE 

primer concentrations were mainly the same as those tested in Figure 4.11F and Figure 

4.11G with the exception of MC1R, which was increased from 0.2μM to 0.3μM and 

HERC2, which was increased from 0.3μM to 0.4μM. The SBE primer concentration for 

the high signal OCA2-2 locus was also reduced from 0.1μM to 0.05μM. As shown in 

Figure 4.12C, these SBE primer concentrations showed improved relative peak heights,  

with MC1R, HERC2 and OCA2-2 demonstrating balanced signals compared to other 

previous concentrations (see Figure 4.11G).   
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Legend: 
(A) and (B) ASIP singleplex SBE reactions using the same Multiplex 5 13-plex PCR 
product shown in Figure 4.11G as template. An ASIP SBE primer concentration of 1μM 
and 2μM was used respectively. 
(C) Multiplex 5 12-Plex SBE reaction (excluding ASIP) using the same 13-Plex PCR 
template as in (A) and (B). All SBE primers at 0.2μM except DARC, MATP, OCA2-2 
and IL-6 = 0.1μM, OCA2-1 and HERC2= 0.3μM, OCA2-3 and OCA2-4= 0.4μM. 
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(D) Same as (C) except SBE primers were modified with MC1R, OCA2-1= 0.4μM, 
SLC24A5 and F13B=0.25μM, MATP and IL-6= 0.15μM. 
(E) Same as (D) except SBE primers were modified with OCA2-1, SLC24A5 and F13B 
= 0.3μM. 
(F) Same as (E) except SBE primers were modified with OCA2-1= 0.25μM, DARC 
=0.3μM and SLC24A5 and F13B= 0.4μM. 
(G) and (H) ASIP singleplex SBE reactions using a modified Multiplex 5 13-plex PCR 
product with ASIP PCR primers= 2μM as template. An ASIP SBE primer concentration 
of 2μM and 4μM was used respectively. 
(I) Multiplex 5 12-Plex SBE reaction (excluding ASIP) using the same PCR template as 
in (G) and (H) and the same SBE primer concentrations used in (F). 
(J) Same as (I) except SBE primers were modified with MATP=0.1μM and OCA2-2= 
0.075μM   
(NC) 13-plex PCR negative control with SBE primer concentrations used in (J). 
Figure 4.12: Capillary electropherograms for the separate optimisation of ASIP 
singleplex and Multiplex 5 12-Plex SNaPshot™ reactions using Multiplex 5 PCR 
product as template. 
Optimisations involved the modification of PCR and/or SBE primer concentrations as 
detailed in the legend. 

The homozygous peaks were detected at approximately 1600-2500RFU with the 

exception of the SLC24A5 and F13B peaks, which showed slightly lower signals. To 

ensure that heterozygous alleles for these loci can be unambiguously detected, the peaks 

heights of the two expected alleles must be sufficiently high enough. This means that 

the observed homozygous peak height needs to be a minimum of 2000-3000 RFU to 

ensure that heterozygous peaks are at least 1000 RFU. The SBE primer concentration 

for the observed homozygous loci was further increased to achieve slightly greater peak 

heights. The MC1R SBE primer was increased to 0.4μM, SLC24A5 and F13B to 

0.25μM as well as MATP and IL-6 to 0.15μM. The SBE primer concentration for the 

heterozygous OCA2-3 and OCA2-4 peaks, which showed adequate peak heights 

relative to the homozygous peaks in Figure 4.12C, were not modified. However, for the 

OCA2-1 peak, which demonstrated a slightly weaker signal, the SBE primer 

concentration was increased from 0.3μM to 0.4μM. These SBE primer modifications 

further improved the relative peak height. All homozygous peaks were approximately 

2000RFU, except for the SLC24A5 and F13B peaks, which were still much lower than 

the other homozygous peaks and required further optimisation (Figure 4.12D). 

Increasing the SBE primer concentration for OCA2-1 had an adverse effect and 

increased the peak height too dramatically. The heterozygote imbalance between the 
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two alleles was exacerbated, with the T allele detected at a greater peak height 

compared to other homozygous loci in the 12-Plex (Figure 4.12D).  

To further optimise on the conditions used in Figure 4.12D, the primer concentration for 

OCA2-1 was reduced to 0.3μM and primer concentrations of SLC24A5 and F13B 

increased to 0.3μM, with all other SBE primers in the 12-Plex maintained as in Figure 

4.12D. Improvements were observed in relative peak heights, with most homozygous 

peaks detected at the same level, though the heterozygous OCA2-1 and OCA2-3 peaks 

still demonstrated higher peak heights relative to other heterozygous loci (Figure 

4.12E). The OCA2-1 SBE primer concentration was further reduced to 0.25μM, whilst 

the concentration for DARC was increased to 0.3μM and those of SLC24A5 and F13B 

increased to 0.4μM. These SBE primer concentrations showed good results, with the 

equalisation of the relative peak height for the observed homozygous and heterozygous 

peaks achieved (Figure 4.12F). The observed peak heights were lower than in Figure 

4.12C and D but this was attributed to a loss of fluorescence intensity, typically 

observed when using an old SNaPshot™ ready reaction mix aliquot. Overall, the PCR 

and SBE primer concentrations tested in Figure 4.12F were deemed adequate as the 

peak height proportions were satisfactory and the blue ‘G’ artefact peak (40nt) 

associated with the OCA2-2 peak had greatly diminished.  

4.3.1.2.8 Optimisation of the ASIP singleplex SNaPshot™ reaction 

Though a low ASIP peak height of ~800RFU was observed in the singleplex 

SNaPshot™ reaction when using a 1μM SBE primer concentration (Figure 4.12A), this 

is not a significant issue as there are no surrounding non-specific artefact peaks that will 

affect the detection of the ASIP alleles. Further optimisation of the ASIP singleplex 

SNaPshot™ reaction was attempted by increasing the SBE primer concentration to 2μM 

using the Multiplex 5 PCR product tested in Figure 4.11G as template. As shown in 

Figure 4.12A and B, no major differences were observed between these two SBE primer 

concentrations, with a homozygous peak height of approximately 800-900RFU detected 

in each case, which was deemed satisfactory. 
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4.3.1.2.9 Fine tuning of the Multiplex 5 ASIP singleplex and 12-Plex SNaPshot™ 

reactions 

The current optimised singleplex ASIP (Figure 4.12B) and 12-Plex SNaPshot™ 

reactions Figure 4.12F) were tested on five DNA samples of differing biogeographical 

ancestries however due to likely variations in amount of DNA deposited on the FTA®

disc sampled, the ASIP allele failed to be detected or was observed at a very low signal 

for some of the DNA samples tested (data not shown). For this reason, the Multiplex 5 

PCR template was further optimised by increasing the ASIP PCR concentration from 

1μM to 2μM to enhance ASIP PCR product formation for lower starting DNA 

concentration. This Multiplex 5 PCR product was used as template in singleplex ASIP 

SNaPshot™ reactions and both 2μM and 4μM concentrations of the ASIP SBE primer 

were tested. These increased PCR and SBE ASIP primer concentrations had a positive 

effect on the peak height of the ASIP allele which showed a greater peak height of 

1100RFU when using 4μM (Figure 4.12H) compared to the previously optimised 2μM 

SBE concentration (Figure 4.12G).  

The Multiplex 5 PCR product with an ASIP PCR primer concentration of 2μM was also 

used as template in 12-plex SNaPshot™ reactions, applying the same previously 

optimised SBE primer concentrations as in Figure 4.12F. The increased ASIP PCR 

primer concentration had a negligible effect on the peak heights of alleles in the 12-

Plex, with a slight increase in MATP and a minor imbalance between the SLC24A5 and 

F13B peaks observed (Figure 4.12I). In testing of different samples using the 

preliminary optimised Multiplex 5 conditions depicted in Figure 4.12F it was noticed 

that excessively high signals for the G alleles coupled with pull-up in comparison to 

other peaks, particularly the C alleles at the MATP locus was sometimes observed (data 

not shown). Consequently, the SBE primer concentration for MATP was slightly 

reduced from 0.15μM to 0.10μM to minimise over extension of the G allele peaks and 

to prevent potential pull up from masking the C allele, which is detected at the same 

position. Furthermore, the T allele at the OCA2-2 locus showed major heterozygote 

imbalance compared to the G allele especially in low template DNA samples during 

preliminary testing (data not shown) and as such the SBE primer concentration for this 

locus was slightly increased from 0.05μM to 0.075μM. As evident in Figure 4.12G, 

these minor SBE primer modifications did not have significant effects on the overall 
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peak heights which still remained relatively equalised, except for the HERC2-AA and 

F13B-AA homozygote peaks which showed weaker signals compared to other 

homozygote loci. However, since these loci have an alternate G allele that was detected 

at a higher signal compared to other nucleotides, the PCR and SBE primer 

concentrations used in Figure 4.12G were selected as the final optimised conditions for 

the Multiplex 5 SNaPshot™ reaction.  These PCR and SBE primer concentrations are 

summarised in Table 4.3. 

Table 4.3: Final optimised PCR and SBE primer concentrations for Multiplex 5 

 SNP dbSNP ID number PCR primer 
concentration (μM) 

SBE primer 
concentration (μM) 

M
U

L
T

IP
L

E
X

 5
 

OCA2-3 rs4778138 0.20 0.40 
SLC24A5 rs1426654 0.20 0.40 
OCA2-4 rs1545397 0.40 0.40 
ASIP rs6058017 2.0 4.0 
DARC rs2814778 0.20 0.30 
MATP rs16891982 0.20 0.10 
FUT2 rs1800021 0.20 0.20 
OCA2-1 rs7495174 0.40 0.25 
F13B rs6003 0.20 0.40 
IL-6 rs1800795 0.20 0.15 
OCA2-2 rs4778241 0.20 0.075 
MC1R rs885479 0.40 0.40 
HERC2 rs12913832 0.30 0.40 

4.3.2 Initial population testing 

The same five DNA samples originating from donors of English, Chinese, 

Cameroonian, Egyptian and Indian origin that were used for the initial population 

testing of the haploid SNP assays (See section 3.3.5) were genotyped using the 

developed Multiplex 5 SNP assay to evaluate peak height variations, which may arise 

from differing amounts of DNA deposited on the FTA® cards by the volunteer donors.  

The Multiplex 5 profiles for the initial population testing consisted of the ASIP 

singleplex and the 12-Plex SNaPshot™ reactions and are shown in Figure 4.13. As 
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anticipated, differences in peak heights were evident at all loci especially for the 

alternate alleles not visualised during optimisation experiments. All five individuals 

were homozygous for the A allele at the ASIP locus, with the allele peaks detected 

between 300-700RFU (Figure 4.13). Whilst this peak height range is considered low, 

these alleles were visualised in singleplex in the absence of any major artefact peaks 

that would potentially hinder allele detection at this locus. Consequently, this detection 

range was deemed acceptable for allele calling. 

The electropherograms for the 12-Plex SNaPshot™ reactions clearly demonstrate the 

disparity in the peak heights of each candidate allele at different loci. The G alleles 

showed greater signals compared to the A alleles at the DARC, F13B and HERC2 loci 

and to the C alleles at the MATP and IL-6 loci (Figure 4.13). The peak height of the G 

allele was also greater in comparison to the T allele at the OCA2-2 loci, which is 

particularly evident through the substantial heterozygote imbalance observed at this 

locus in Figure 4.13D. Standardised rules for the interpretation of heterozygote 

imbalances when using SNaPshot™ dyes were previously established for the 52-Plex 

SNP for ID assay (Sanchez et al., 2006). The signal variations observed for Multiplex 5 

in Figure 4.13 are comparable to the reported ratio of 4:2:1:1 for the differences in 

fluorophore emissions between the dR110 (G-blue), dR6G (A-green), TAMRA (C-

yellow) and dROX  (T-red) dyes  (Sanchez et al., 2006). 

However, a noteworthy signal difference that did not correspond with these 

standardised heterozygote patterns was seen for HERC2, where a strong green/blue 

imbalance was identified (Figure 4.13). This was attributed to the poor extension of the 

A allele that was widely observed during optimisation experiments and was further 

confirmed in these initial population testing results (Figure 4.13). The same HERC2 

SNP (rs12913832) was also incorporated in a 34-Plex autosomal SBE assay for ancestry 

investigations which reported similar observations regarding the poor extension of the A 

allele compared to the G allele (Phillips et al., 2012). In accordance with the 

interpretation rules proposed by Sanchez et al. (2006) to account for variations in the 

fluorophore emissions of [F]ddNTPs in the SNaPshot™ kit, the suggested minimum 

peak height of 400RFU (G), 200RFU (A) and 100RFU (C and T) were implemented for 

allele calling and a maximum peak height ratio of 3:1 was accepted as heterozygote.



187

Figure 4.13: Initial population testing electropherograms of the Multiplex 5 profiles for five individuals with differing BGA. 
(A) Chinese, (B) Egyptian, (C) Cameroonian, (D) Indian and (E) English donor. The DNA profiles depicted for each individual consist of the 
ASIP singleplex and the Multiplex 5 12-Plex SNaPshot™ reaction both prepared using Multiplex 5 PCR product as template. The Multiplex 5 
PCR and SBE reactions were prepared using the optimised primer concentrations summarised in Table 4.3.  
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A ratio of up to 4:1 was accepted as heterozygote for the HERC2 locus to account for 

the poor extension of the A allele. Despite fluctuations in allele peak height caused by 

the variable emissions of the different SNaPshot™ dyes and the variable DNA 

concentration on the sampled FTA® cards, the initial population testing results have 

confirmed that the Multiplex 5 autosomal assay has been sufficiently optimised and 

have identified guidelines for allele calling. This concluded the final phase of 

development of our multiplex assay, with the complete 5-multiplex SNP genotyping 

system ready for validation through large scale population testing.  

4.3.3 Simultaneous separation and detection of the ASIP singleplex and multiplex 

5 12-Plex SNaPshot™ reactions using capillary electrophoresis 

Due to the inability to extend the ASIP SBE primer in the Multiplex 5 13-Plex 

SNaPshot™ reaction, this SNP was required to be typed in a separate singleplex 

reaction. Though the Multiplex 5 PCR product could be used as template for both ASIP 

singleplex and 12-Plex SNaPshot™ reactions, both of these products must be separated 

in individual capillary electrophoresis runs, which is time consuming and consumes a 

greater volume of reagents. Since the ASIP SBE primer was designed to be 

unambiguously spatially resolved from the other Multiplex 5 SBE primers, it was 

hypothesised that the two SNaPshot™ products could be combined and separated in the 

same sample using capillary electrophoresis, to minimise analysis time and cost. To 

investigate this possibility, 0.5μL aliquots of ASIP singleplex and Multiplex 5 12-Plex 

SNaPshot™ reactions, were combined with 0.5μL of Genescan 120-LIZ® internal size 

standard in a final injection mix volume of 10μL. As shown in Figure 4.14C, the ASIP 

allele could be distinguished in combined samples. However, an approximately two fold 

decrease in peak height across all alleles was observed for the combined sample 

compared to when the ASIP singleplex (Figure 4.14A) and the Multiplex 5 12-Plex 

(Figure 4.14B) SNaPshot™ reactions were separated individually.  
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Legend: 
(A) and (B) singleplex ASIP and 12-Plex SNaPshot™ reactions respectively, separated 
using standard 5 second injection.  
(C) Combined sample containing 0.5μL of each of the singleplex ASIP and 12-Plex 
SNaPshot™ products in a final volume of 10μL. Injection time= 5 seconds. 
(D) Same as (C), except the injection time was increased to 10 seconds. 
(E) Same as (C), except the injection time was increased to 15 seconds. 
(F) Combined sample containing 0.75μL of singleplex ASIP and 0.5μL of 12-Plex 
SNaPshot™ products in a final volume of 10μL. Injection time= 15 seconds. 
(G) Same as (C), except the final combined sample volume was increased to 20μL.
Figure 4.14: Electropherograms of the final ASIP singleplex and Multiplex 5 12-
Plex SNaPshot™ reactions in separate and combined capillary electrophoresis 
runs using variable injection times. 

Capillary electrophoresis utilises electrokinetic injection to move the negatively charged 

DNA molecules from the sample into the capillary by applying a voltage over a defined 

time (Butler et al., 2004).  However, small interfering ions in the sample such as salts, 

dNTPs and primers increase the sample conductivity (ionic strength) and are 

preferentially injected due to their higher mobility compared to the larger DNA 

molecules (Butler et al., 2004). It has been shown that DNA injection efficiency is 
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reduced in the presence of high concentrations of low molecular weight ionic species 

and that sample purification prior to capillary electrophoresis dramatically improves 

preferential injection of DNA products and detected peak signals (Schwartz et al., 1991, 

Ruiz-Martinez et al., 1998, Salas-Solano et al., 1998). The decrease in peak height for 

the combined sample observed in Figure 4.14C was attributed to a reduction in the 

amount of DNA injected into the capillary due to increased sample ionic strength 

caused by pooling the two SNaPshot™ products. 

Pre-electrophoresis purification and dilution of pooled DNA samples increases the 

processing time, which is not ideal for forensic purposes. Alternatively, increased 

injection settings such as injection time and voltage have been successfully used to 

improve the efficiency of STR typing for low template DNA samples (Westen et al., 

2009). To investigate whether increased signals can be achieved for the combined ASIP 

singleplex and 12-Plex SNaPshot™ reactions by modifying injection settings, the same 

pooled sample in Figure 4.14C was also electrophoresed using an increased injection 

time of 10 and 15 seconds. The run voltage was not modified as the GS POP-4 (1 mL) 

E5.md5 module used for the separation of SNaPshot™ products already specifies the 

maximum setting of 15 kV.  

As evident in Figure 4.14D and Figure 4.14E, increasing the injection time from 5 

seconds improves the peak heights of the combined sample. At an injection time of 10 

seconds (Figure 4.14D) the allele peaks in the combined sample have returned to 

approximately the same levels as detected in the individual ASIP singleplex (Figure 

4.14A) and 12-Plex (Figure 4.14B) SNaPshot™ reactions runs. The highest peak 

heights were observed for the combined sample electrophoresed when using an 

injection time of 15 seconds where the homozygous peaks averaged about 3000RFU 

(Figure 4.14E). Injection settings affect peak morphology and increased injection times 

have been associated with peak broadening (Moretti et al., 2001b). However, the most 

dramatic effects were reported for 15 and 20 second injection times and affected larger 

sized peaks (>300 bases) (Moretti et al., 2001b). As the Multiplex 5 SNaPshot™ 

products are all less than 50 bases in size, the effect on peak width and resolution was 

negligible with very minor broadening was observed when using a 15 second injection 

time (Figure 4.14E). 
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A slight increase in signal to noise ratio was detected when the injection time was more 

than 5 seconds, with the greatest effect observed for the 15 second injection (Figure 

4.14E). These areas of noise were detected away from any allele peaks, such as in 

between the ASIP and DARC and F13B and OCA2-2 alleles, so this was not considered 

problematic and the detection threshold for allele peaks could be maintained at 400RFU 

(G), 200RFU (A) and 100RFU (C and T). However, increased injection times 

unfortunately increase the peak height of both alleles and artefact peaks. This was seen 

in Figure 4.14D and E with the small non-specific ‘A’ peak preceding the OCA2-4*A 

allele peak detected at similar peak heights when using a 10 and 15 second injection 

time respectively. This was not considered a major issue, as the non-specific ‘A’ peak 

did not overlap with any expected allele peaks. 

Whilst, satisfactory results were obtained for the combined sample using increased 

injection times, the ASIP SNaPshot™ product extends less efficiently than other alleles 

in the 12-Plex SNaPshot™ reaction (Figure 4.14D and E). To investigate whether the 

ASIP signal in the combined sample could be increased to achieve a more balanced 

profile, the amount of ASIP SNaPshot™ product incorporated into the combined 

sample was increased to 0.75μL, with all other volumes maintained as per the original 

combined sample, in a final injection mix volumes of 10μL and 20μL and were 

electrophoresed using an injection time of 15 seconds.  

Increasing the amount of ASIP SNaPshot™ product did not improve the signal of the 

ASIP allele irrespective of the combined sample volume (Figure 4.14F and G). 

However, higher peak heights with homozygous peaks averaging about 4000RFU were 

observed for the samples prepared in a larger final volume of 20μL (Figure 4.14G). This 

was expected as the larger injection volume diluted the ASIP and 12-Plex SNaPshot™ 

products to reduce the ionic strength of the solution and improve injection efficiency of 

the combined sample. Overall, the best results were achieved for the original combined 

sample incorporating 0.5μL of each of the products with 0.5μL of Genescan 120-LIZ®

internal size standard in a final injection mix volume of 10μL, using an injection 

volume of 10 seconds (Figure 4.14D). These conditions were selected as the most 

appropriate for simultaneously separating and detecting the ASIP and 12-Plex 

SNaPshot™ products. This is since these conditions achieved similar peak heights to 
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those observed when the products were electrophoresed individually and showed the 

most balanced signals between the ASIP and 12-Plex peaks. Though the 15 second 

injection increased the peak height, the signal to noise ratio and artefact peak detection 

were more pronounced.   

4.4 Summary 

This chapter discussed the final stage of development of an autosomal multiplex SNP 

assay comprising the last of five multiplex SBE assays targeting three different classes 

of SNPs for the inference of BGA and EVCs. The first stage of assay development, 

explored in chapter 3, involved the categorisation of selected haploid mtDNA and NRY 

SNPs within four hierarchical multiplex SNaPshot™ assays, which were optimised for 

the inference of maternal and paternal BGA. A similar assay optimisation process was 

followed for the autosomal SNaPshot™ assay. Extensive literature and database 

searches were performed to select 13 autosomal SNPs that demonstrated skewed allele 

frequencies in Sub-Saharan African, European, Middle Eastern, South and East Asian 

populations and/or associations with different hair, eye and skin phenotypes.  

Similarly to the hierarchical haploid multiplex assay, PCR and SBE primers were 

designed to genotype the autosomal SNPs. The Multiplex 5 PCR reaction was initially 

optimised by testing the PCR primers in a singleplex reaction before combining them in 

a 13-Plex PCR reaction. The same PCR reagent concentrations optimised for Multiplex 

1 were used for Multiplex 5 with the exception of PCR primer concentrations, which 

were varied to achieve balanced amplification of all loci. The preliminary optimised 

Multiplex 5 PCR product was then used as template for the optimisation of the 

Multiplex 5 SBE reaction. Initially, the specificity of the designed SBE primers was 

verified through singleplex SNaPshot™ reactions prior to grouping all the Multiplex 5 

SBE primers in a single 13-plex SNaPshot™ reaction.  

Several issues with the designed SBE primers were identified including poor spatial 

resolution of OCA2-18*C and MATP*C as well as poor extension of the ASIP SBE 

primer, which was attributed to a variety of causes (refer to 4.3.1.2.3). These SBE 

primers were redesigned and the modified primers reincorporated into the Multiplex 5 
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13-plex SNaPshot™ reaction. However, consistent failure of the ASIP SBE primer to 

extend in the multiplex SNaPshot™ reaction resulted in the optimisation of separate 

ASIP singleplex and 12-plex SNaPshot™ reactions, which both use the Multiplex 5 

PCR product as template. Allele peak heights for these SNaPshot™ reactions were 

optimised by modifying PCR and SBE primer concentrations until all alleles could be 

unambiguously detected and homozygous peak heights ranged between 2000-2500RFU, 

in the absence of over-amplification. Due to the diploid nature of autosomal SNPs, 

heterozygote alleles were optimised until they were detected at approximately half the 

peak height of homozygous allele peaks.     

The optimised Multiplex 5 autosomal SNP assay was used to perform initial population 

testing on the same five volunteer DNA donors typed using the four optimised 

multiplex haploid SNP assays. These initial population testing results confirmed that the 

Multiplex 5 assay was sufficiently optimised and ready for large-scale population 

testing (discussed in chapter 5), as all peak heights detected were satisfactory despite 

variations in the DNA content of the FTA discs used across the five donors tested. 

However, inconsistencies in the allele peak heights at different loci were observed, 

which were attributed to the reported ratio of 4:2:1:1 for the differences in fluorophore 

emissions between the dR110 (G-blue), dR6G (A-green), TAMRA (C-yellow) and 

dROX  (T-red) dyes  (Sanchez et al., 2006). These standardised rules proposed for the 

interpretation of heterozygote imbalances when using SNaPshot™ genotyping 

technology were implemented for allele calling in Multiplex 5, including a minimum 

peak height ratio of 3:1 for accepting a heterozygote at any particular locus. In addition, 

the strong green/blue imbalance at the HERC2 locus (Figure 4.13) which was attributed 

to the poor extension of the A allele resulted in a modified 4:1 ratio for heterozygotes at 

the HERC2 locus to account for the imbalanced extension between the A and G alleles.  

The ASIP singleplex and 12-plex SNaPshot™ reactions were also simultaneously 

separated and detected when combined in equal proportions within the same injection 

sample to minimise sample processing time. Increasing the injection time to 10 seconds 

achieved appropriate signal levels, with minimal effect on peak morphology and signal 

to noise ratio. This combined sample preparation and the modified injection settings 

were implemented for Multiplex 5 when performing large- scale population genotyping.
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CHAPTER 5 

PRELIMINARY VALIDATION OF THE 5-
MULTIPLEX SNP ASSAY FOR FORENSIC 

INTELLIGENCE 
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 Chapter 5. Preliminary validation of the 5-multiplex SNP assay for 

forensic intelligence 

5.1 Introduction 

The objective of this study was to develop a multiplex SNP genotyping assay 

combining mtDNA, NRY and autosomal SNPs, with the intention of creating a novel 

forensic intelligence tool for the inference of biogeographical ancestry (BGA) and 

external visible characteristics (EVC) from unknown DNA samples. The assay was 

divided into five separate multiplex SNaPshot™ (Life Technologies, USA) assays: 

Multiplex 1 to 4 grouping the haploid mtDNA and NRY SNPs according to a 

hierarchical design and Multiplex 5 containing the ancestry and pigmentation 

informative autosomal SNPs. The development and optimisation of these multiplex 

assays was discussed in chapters 3 and 4. This chapter describes the preliminary 

validation of the 5-multiplex SNP genotyping system to assess its utility for the 

inference of ancestry and pigmentation phenotype.  

The validation study involved genotyping 146 population samples with declared BGAs 

from Sub-Saharan and North Africa, the Middle East, Europe and South and East Asia. 

Only individuals for whom both maternal and paternal grandparents were declared to be 

of the same BGA were utilised for this study. Maternal and paternal BGA was inferred 

from the geographic region of origin of the derived mtDNA and NRY haplogroups 

respectively, whilst for autosomal genotypes, maximum likelihood estimates (MLE) 

were calculated to assign each individual to a population of origin and/or a specific 

phenotype. The degree of correlation between the inferred and declared BGA and EVC 

was assessed to determine the predictive power of the 5-multiplex SNP assay. A 

preliminary sensitivity study and genotyping of simulated casework samples were also 

performed to further investigate the applicability of the developed assay in forensic 

casework.  
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5.2 Results 

5.2.1 Large- scale genotyping of population samples 

The final optimised conditions for the Multiplex 1 to 5 assays (refer to Table 3.4 and 

Table 4.3) were used to genotype 116 male samples originating from six major global 

population groups prevalent in Australia including Sub-Saharan Africa (N=7), North 

Africa (N=15), Middle East (N=10), Europe (N=36), South Asia (N=14) and East Asia 

(N=34). Refer to section 2.1.5 and Table 2.3 for details regarding the declared country 

of origin of selected samples that were included in each population group. Of the 116 

male samples, 85 were genotyped through all five multiplexes, with no ambiguous 

haplogroup designations observed, confirming the efficacy of the hierarchical multiplex 

design. The remaining samples were genotyped using only the appropriate multiplex(es) 

required, as identified through the result of Multiplex 1. An additional 30 female 

samples were also genotyped to further assess the specificity of the developed 5-

multiplex SNP assay and to increase the sample size for population genetic analysis of 

the autosomal data.  

  

The majority of samples were successfully typed and full profiles obtained. A few 

samples occasionally demonstrated low signals and allele drop out caused by low DNA 

template concentrations on the donor FTA® cards. These samples were re-typed using a 

new disc, which typically improved the result, though in a few instances the addition of 

a second disc to the PCR reaction was required to obtain a complete profile (data not 

shown). It was also found that the P31 NRY SNP typed in Multiplex 4 consistently 

failed to extend in 9 out of 34 individuals of East Asian origin despite repeating the 

PCR and SBE multiplex reaction several times and observing strong signals for other 

alleles in the same multiplex. This SNP defines NRY haplogroup O2, which is prevalent 

in East Asia. All nine individuals for which P31 could not be detected in multiplex SBE 

reactions were re-typed in singleplex SBE reactions with the P31 SBE primer at a 

concentration of 4μM and using the original Multiplex 4 PCR product as template. All 

nine of these East Asian males were identified as having the G allele, indicative of the 

O2 NRY haplogroup. Review of the DNA sequence surrounding the SNP revealed two 

repeat regions of Ts interspersed with G nucleotides, thus it is possible that the presence 

of the G substitution in individuals belonging to the O2 haplogroup may be causing the 
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SBE primer to bind to non-specific templates, resulting in failed extension. 

Consequently it is suggested that the P31 SBE primer be redesigned on the alternate 

strand.  

5.2.2 Sensitivity testing  

To investigate the sensitivity of the five multiplexes, genomic DNA (gDNA) was 

extracted from whole blood obtained from a European individual and different starting 

amounts of DNA template ranging from 10ng to 0.01ng were added to each optimised 

multiplex reaction as described in section 2.2.4. As shown in Figure 5.1 to Figure 5.3, 

full profiles were obtained for Multiplex 1 to 5 with as little as 0.1ng, except for ASIP 

which could not extend at 0.1ng (Figure 5.3). For Multiplex 1, full profiles were 

obtained for as little as 0.03ng of gDNA template, however at lower starting template 

concentrations, the M201, C10400T, M89 and C10238T alleles could not be called 

(Figure 5.1) Alleles such as M45 and C8281G, which demonstrated the lowest peak 

heights even at high starting gDNA template concentrations, showed consistent signals 

despite reductions in DNA template. Multiplex 2 showed full profiles only up to a 

starting concentration of 0.1ng with a loss of NRY loci at lower concentrations (Figure 

5.1). Interestingly, the A12308G*A allele, which had consistently shown low peak 

heights in comparison to the A12308G*G allele, demonstrated slightly increased peak 

heights at concentrations 0.3ng or less.  

The highest sensitivity was observed for Multiplexes 3 and 4, with complete profiles 

obtained for starting DNA template concentrations as low as 0.01ng (Figure 5.2). The 

only exception was for the Multiplex 3 M70 allele, which could not be called when 

using 0.01ng of template DNA. In both multiplexes, the mtDNA loci showed the 

highest signals, with the NRY loci decreasing dramatically at starting template 

concentrations below 0.1ng (Figure 5.2). Some artefacts, identified by asterisks in 

Figure 5.1 to Figure 5.3, were also evident at the lowest concentrations of starting 

gDNA template.  In Multiplex 5, allele drop-out was detected when DNA template 

concentrations fell below 0.1ng for the 12-Plex, with loss of one allele at the MATP and  
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     Multiplex 1                        Multiplex 2 

    
Figure 5.1: Multiplex 1 and 2 sensitivity profiles for a European individual genotyped using various amounts of starting DNA template. 
The European individual was identified to belong to mtDNA haplogroup H* and NRY haplogroup R1a1. Each multiplex assay was performed on 
different amounts of starting DNA template ranging from 10ng to 0.01ng. The black arrows indicate allele dropout at lower DNA concentrations 
and black ‘*’ indicate artefacts that become more prominent and may affect allele calling at very low DNA template concentrations.  
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  Multiplex 3        Multiplex 4

     
Figure 5.2: Multiplex 3 and 4 sensitivity profiles for a European individual genotyped using various amounts of starting DNA template. 
The European individual was identified to belong to mtDNA haplogroup H* and NRY haplogroup R1a1. Each multiplex assay was performed on 
different amounts of starting DNA template ranging from 10ng to 0.01ng. The black arrows indicate allele dropout at lower DNA concentrations 
and black ‘*’ indicate artefacts that become more prominent and may affect allele calling at very low DNA template concentrations. Note the 
P256 and A4715G alleles in Multiplex 4 could not be coloured because the peak heights overlap. 
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        ASIP singleplex     Multiplex 5 12-Plex

   
Figure 5.3: Multiplex 5 sensitivity profiles for a European individual genotyped using various amounts of starting DNA template. 
The multiplex 5 PCR was performed on different amounts of starting DNA template ranging from 10ng to 0.01ng. The ASIP singleplex and 
Multiplex 5 SBE reactions were then performed separately. The black arrows indicate allele dropout at lower DNA concentrations and black ‘*’ 
indicate artefacts that become more prominent and may affect allele calling at very low DNA template concentrations. 
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and OCA2-3 alleles thereby altering the genotype from heterozygous to homozygous 

(Figure 5.3). The ASIP locus, which is extended separately in a singleplex SBE 

reaction, could not be called below 0.3ng of starting template and an increase in artefact 

peaks was observed at the lowest genomic DNA template concentrations (Figure 5.3).  

Generally, mtDNA loci could be detected at lower starting genomic DNA 

concentrations due to the higher copy number of mtDNA compared to NRY and 

autosomal DNA. Furthermore, the mtDNA loci that failed to be detected below 0.1ng of 

starting template were those with the largest PCR and/or SBE products such as 

C10400T and C10238T in Multiplex 1 (Figure 5.1). Overall, a detection limit of 0.1ng 

of starting genomic DNA template was identified to be the sensitivity threshold of the 

5-multiplex SNP assay for the production of full profiles. 

5.2.3 Distribution of mtDNA, NRY and autosomal SNP alleles in test population 

groups 

5.2.3.1 mtDNA and NRY haplogroups  

A total of 23 mtDNA and 22 NRY haplogroups were detected for the 116 males 

genotyped and haplogroup frequencies in each declared population group were 

determined as described in section 2.2.3.1. As shown in Figure 5.4, distinct mtDNA and 

NRY haplogroup frequency distributions were observed for the six different declared 

populations of origin. Nine mtDNA and twelve NRY haplogroups were found to be 

population specific, including mtDNA haplogroups A, B4’5/B6, B4a1, M7, M8, M9, 

M10, M80’D which were only observed in East Asians and M1 in North Africans 

(Figure 5.4A). The NRY haplogroups C3 and O* including subgroups O1a, O2 and O3 

were also confined to East Asian individuals, whilst BT and Y only occurred in the 

North African population (Figure 5.4B).  

All declared Sub-Saharan African individuals were typed as mtDNA haplogroup L and 

the majority were NRY haplogroups E1b1a1a1 (71.4%) and E* (14.3%), which were 

solely observed in this population (Figure 5.4). North Africans demonstrated 

dramatically different mtDNA and NRY haplogroup distributions to Sub-Saharan  
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Figure 5.4: Geographic distribution of observed (A) mtDNA and (B) NRY 
haplogroups.  
Haplogroup frequency (%) distribution for 116 males originating from Sub-Saharan 
Africa (SSAF), North Africa (NAF), Europe (EUR), Middle East (MEA), South Asia 
(SAS) and East Asia (EAS). For details regarding the declared country of origin of the 
individuals tested that are included in each population group refer to Table 2.3. 
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Africans yet similar distributions to individuals of Middle Eastern origin, with mtDNA 

haplogroups H*, R* and U* and NRY haplogroups E1b1b, F*, G, J1 and T observed in 

both populations (Figure 5.4). However, NRY haplogroup E1b1b was over represented 

in North Africans, with a frequency (46.7%) greater than two-fold that observed in 

Middle Eastern samples (20%), whilst the opposite trend was seen for haplogroups F* 

and T (Figure 5.4B). The mtDNA haplogroup distribution of individuals of European 

origin greatly overlapped that of North African and Middle Eastern populations, 

however, H* was over represented in Europeans at a frequency of 25%, twice as 

frequent in this population compared to North Africans and Middle Easterners (Figure 

5.4A). The NRY haplogroup distribution of Europeans appeared more distinct, with 

44.4% of individuals belonging to haplogroup R1b* and 30.6% to haplogroup I, which 

was specific to the European population (Figure 5.4B).  

In contrast, the majority of males of declared South Asian BGA were predominantly 

haplogroup M* (57.1%), with the remainder belonging to mtDNA haplogroups also 

observed in North African and Middle Eastern populations, including N*, R*, U* and 

U7 (Figure 5.4A). Individuals of South Asian origin demonstrated more defined NRY 

haplogroup distribution distinctions with 35.7% and 28.6% of males observed to be 

haplogroups R1a1 and H respectively and others belonging to NRY haplogroups L1 and 

R2a, which were specific to the South Asian population (Figure 5.4B). The mtDNA and 

NRY haplogroup distribution of East Asians appeared to be the most distinct compared 

to other populations and showed the greatest number of population specific haplogroups 

(Figure 5.4). The majority of East Asian individuals belonged to mtDNA haplogroups 

R9 (23.5%), M* (14.7%) and B4’5/B6 (14.7%) and NRY haplogroups O2 (26.5%) and 

O3 (29.4%).  

5.2.3.2 Autosomal allele and genotype frequencies 

The allele and genotype frequencies at each autosomal SNP locus were calculated for 

the declared Sub-Saharan Africa, North Africa, Middle East, Europe, South Asia and 

East Asia populations using GenAlEx v.6.501 (Peakall and Smouse, 2012) as detailed in 

section 2.2.3.1. Frequencies were derived from the analysis of 146 genotypes 

comprising 116 males and 30 females. The frequency data was initially used to evaluate 



204 

the ability of the selected autosomal markers to differentiate between our populations of 

interest prior to performing further population genetic analyses. Variations in the allele 

and genotype frequency distribution of the autosomal loci across the six populations 

were observed and are discussed in detail below.  

MC1R (rs885479), DARC (rs2814778) and OCA2-1 (rs7495174) 

The MC1R rs885479 (C>T) allele and genotype frequencies showed distinct differences 

between East Asian and all other populations, with the highest incidence of the T allele 

(51.3%) and CT/TT genotypes detected in individuals of declared East Asian BGA 

(Figure 5.5A&B). A complete absence of the T allele was observed in Sub-Saharan 

African, North African and Middle Eastern populations whilst very low frequencies of 

the T allele were identified in the European and South Asian populations, with all these 

individuals presenting the CT genotype.  

At the DARC rs2814778 (A>G) locus, the G allele strongly correlated with African 

populations (Figure 5.5A&B) where it occurred at frequencies >90% in both Sub-

Saharan and North African groups, with the majority of individuals in these populations 

demonstrating the GG genotype. In contrast, the A allele was predominant in all non-

African populations where a very low incidence (< 3%) of G was observed.  

Allele and genotype frequency differences between the East Asian and other 

populations were also identified at the OCA2-1 rs7495174 (C>T) locus (Figure 

5.5A&B). The highest frequency of the C allele (68%) and CC genotype (49%) was 

observed in East Asians compared to other populations where the C allele frequency 

ranged from 13 to 28%. In contrast, the African, Middle Eastern, European and South 

Asian populations showed similar frequencies where the T allele and TT genotypes 

predominated. Interestingly, the highest frequency of CT genotypes was observed in the 

Middle Eastern population. 
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Figure 5.5: Allele and genotype frequencies for the MC1R (rs885479), DARC (rs2814778) and OCA2-1 (rs7495174) loci. 
Allele (A) and genotype (B) frequencies for 146 individuals originating from Sub-Saharan Africa (SSAF), North Africa (NAF), Middle East 
(MEA), Europe (EUR), South Asia (SAS) and East Asia (EAS). 
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HERC2 (rs12913832), MATP (rs16891982) and SLC24A5 (rs1426654)  

The North African, Middle Eastern and European populations showed concordant allele 

frequencies at the HERC2 rs12913832 (A>G) locus and could be clearly distinguished 

from the other populations (Figure 5.6A). Europeans demonstrated the highest 

frequency of the G allele (57%) followed by North Africans (38%) and Middle 

Easterners (25%). In contrast, the G allele was practically absent from the Sub-Saharan 

African, South and East Asian populations where it was detected at very low 

frequencies (2.5-5.6%). Although the G allele occurred at high frequency in North 

Africans, Middle Easterners and Europeans, the genotype frequencies varied across the 

populations (Figure 5.6B). Europeans demonstrated relatively equal AG and GG 

frequencies (~40% each), whilst North Africans showed a higher incidence of AG 

genotypes (45%) compared to GG genotypes (15%). 

At the MATP rs16891982 (G>C) locus, the observed allele and genotype frequencies 

also indicated distinct differences between the North African, Middle Eastern and 

European populations and other population groups (Figure 5.6A&B). The European 

population showed high frequencies of the C allele (89%) and CC genotype (80.5%), 

whilst the North African and Middle Eastern populations showed similar intermediate 

frequencies for the C allele and CC genotype. In contrast, the Sub-Saharan African, 

South and East Asian populations demonstrated high frequencies for the G allele (90-

94%) and GG genotype (81-90%).  

  

At the SLC24A5 rs1426654 (G>A) locus, distinguishing differences in allele and 

genotype frequencies were identified between the Sub-Saharan African and East Asian 

populations and the remaining populations (Figure 5.6A&B). In both populations, the G 

allele occurred at high frequency (78-95%) and the GG genotype predominated. 

However, in the European and North African populations the G allele was almost never 

detected, with the majority of individuals from these populations showing the AA 

genotype. Though low frequencies of the G allele were observed in the Middle Eastern 

and South Asian population (~19%), the A allele was mostly predominant in these 

populations as well. 
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Figure 5.6: Allele and genotype frequencies for the HERC2 (rs12913832), MATP (rs16891982) and SLC24A5 (rs1426654) loci. 
Allele (A) and genotype (B) frequencies for 146 individuals originating from Sub-Saharan Africa (SSAF), North Africa (NAF), Middle East 
(MEA), Europe (EUR), South Asia (SAS) and East Asia (EAS). 
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F13B (rs6003), OCA2-2 (rs4778241) and FUT2 (rs1800021)  

The allele and genotype frequencies observed for the F13B rs6003 (G>A) locus clearly 

differentiated the African populations from the remaining populations (Figure 5.7A&B). 

Sub-Saharan Africans showed the highest frequency for the G allele (50%) and GG 

genotype (33%), followed by the North African population, which showed the second  

highest frequency for the G allele (25%). Contrastingly, the A allele predominated 

(>86%) in the other non-African populations where the G allele was relatively absent. 

Minor differences in allele and genotype frequencies were observed for the OCA2-2 

rs477824 (T>G) locus between the six populations (Figure 5.7A&B). The T allele 

(74%) and TT genotype (59%) were most frequent in East Asia whilst the G allele and 

GG genotype showed the highest frequency in Europeans. However, intermediate allele 

and genotype frequencies were identified for the other populations except for North 

Africa and South Asia where interestingly, the highest incidence of GT genotypes was 

seen. 

On the other hand, the Sub-Saharan African population could be clearly differentiated 

from the other populations through the allele and genotype frequencies for the FUT2 

rs1800021 (A>G) locus (Figure 5.7A&B).  The G allele and AG genotype were only 

detected within the Sub-Saharan African population and were absent from the other 

populations where the A allele and AA genotype predominated, with the exception of 

one South Asian individual who was identified to have the GG genotype.  

OCA2-3 (rs4778138), OCA2-4 (rs1545397), IL-6 (rs1800795) and ASIP (rs6058017) 

Similarities in allele and genotype frequencies were observed at the OCA2-3 rs4778138 

(C>T) locus between the Sub-Saharan African and East Asian populations (Figure 

5.8A&B). In these populations, the C allele (~76%) and CC genotypes (56-59%) 

occurred at high frequencies, such that Sub-Saharan Africans and East Asians could be 

differentiated from European population where the T allele and TT genotype 

predominated. Conversely, similar intermediate C and T allele frequencies were 

observed between the North African, Middle Eastern and South Asian populations 

(Figure 5.8A). However these three populations could be differentiated according to the  
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Figure 5.7: Allele and genotype frequencies for the F13B (rs6003), OCA2-2 (rs4778241) and FUT2 (rs1800021) loci. 
Allele (A) and genotype (B) frequencies for 146 individuals originating from Sub-Saharan Africa (SSAF), North Africa (NAF), Middle East 
(MEA), Europe (EUR), South Asia (SAS) and East Asia (EAS). 
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Figure 5.8: Allele and genotype frequencies for the OCA2-3 (rs4778138), OCA2-4 (rs1545397) and IL-6 (rs1800795) loci. 
Allele (A) and genotype (B) frequencies for 146 individuals originating from Sub-Saharan Africa (SSAF), North Africa (NAF), Middle East 
(MEA), Europe (EUR), South Asia (SAS) and East Asia (EAS). 
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genotype frequencies, with the North Africans showing the highest frequency of CT 

genotypes (65%); almost double which observed in Middle Eastern and South Asians.  

From the allele and genotype frequencies observed at the OCA2-4 rs1545397 (A>T), 

the East Asian population could be distinguished from the other five population groups 

(Figure 5.8A&B). East Asians showed the highest incidence of the T allele (68%) and 

TT genotype (44%), compared to the other populations where the A allele and AA 

genotype predominated.  

The IL-6 rs1800795 (G>C) locus also demonstrated similar allele and genotype 

frequencies between the Sub-Saharan African and East Asian populations, 

distinguishing these groups from the other populations (Figure 5.8A&B). The C allele 

was found to be relatively absent (<1.3%) from Sub-Saharan African and East Asian 

populations but was detected at high frequencies (>19%) in North Africa, the Middle 

East, Europe and South Asia, with the highest incidence of the C allele (32%) and CC 

genotype (12%) observed in Europeans.  

Differences in allele and genotype frequencies at the ASIP rs6058017 (G>A) locus were 

identified that differentiated the Sub-Saharan African population from other populations 

(Figure 5.9A&B). The G allele was detected in 50% of individuals of Sub-Saharan 

African descent and 44% demonstrated the GG genotype. Contrastingly, in the other 

populations the G allele occurred at much lower frequencies ranging from 7 to 23%. 

Minor differences in the allele and genotype frequencies between North Africans, the 

Middle Easterners, Europeans and South Asians were observed, with Europeans 

showing the highest A allele (94%) and AA genotype (88%) frequencies (Figure 5.9B). 
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Figure 5.9: Allele and genotype frequencies for the ASIP (rs6058017) locus.  
Allele (A) and genotype (B) frequencies for 146 individuals originating from Sub-
Saharan Africa (SSAF), North Africa (NAF), Middle East (MEA), Europe (EUR), 
South Asia (SAS) and East Asia (EAS). 

5.2.4 Genetic Diversity in six major Australian sub-populations 

5.2.4.1 MtDNA and NRY diversity 

The mtDNA and NRY diversity within each of the six population groups was 

investigated using the haplotype data for 116 males. The number of haplotypes (k), gene 

diversity (H), mean number of pairwise differences (P) and nucleotide diversity ( ) 

were calculated using Arlequin v3.5 (Excoffier and Lischer, 2010) as described in 

section 2.2.3.2, with the derived diversity indices shown in Table 5.1. The number of 

mtDNA and NRY haplotypes observed was variable across all populations, with the 

lowest number identified in individuals with declared Sub-Saharan Africa BGA 

(mtDNA k=1, NRY k=3) and the most number of haplotypes occurring in individuals 

with European BGA (mtDNA k=18, NRY k=11) and East Asia (mtDNA k=19, NRY 

k=17).   

For Sub-Saharan Africans, the gene diversity, mean number of pairwise differences and 

nucleotide diversity deduced from the mtDNA genotypes were all estimated to be zero, 

as all individuals in this group belonged to the same haplogroup L (Figure 5.4). The 

mtDNA gene diversity in the other populations ranged from H=0.63 to H=0.96 with the 

lowest diversity observed in South Asians, where only 5 haplotypes were observed 

compared to other groups where k ranged from 8 to 19. The mtDNA gene diversity was 

comparably high for North Africa, the Middle East, Europe and East Asia (H=0.94-
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0.96) and overall was higher than the NRY gene diversity across all 6 populations 

which ranged from H=0.52 (Sub-Saharan Africa) to H=0.93 (East Asia).  

Table 5.1: Diversity indices deduced from the analysis of (A) 21 mtDNA and (B) 28 
NRY SNPs in 116 males from six populations.  
The sample size (n), number of haplotypes (k), gene diversity (H), mean number of 
pairwise differences (P) and nucleotide diversity ( ) including standard deviation of the 
mean are shown for each population group. 

(A) mtDNA 

Population n k H±SD P±SD  ±SD 
Sub Saharan 
Africa  7 1 0.0000±0.0000 0.0000±0.0000 0.0000±0.0000

North Africa 15 10 0.9429±0.0403 2.629±1.486 0.1252±0.0793

Middle East  10 8 0.9556±0.0594 2.311±1.379 0.1100±0.0742

Europe 36 18 0.9381±0.0224 2.222±1.254 0.1481±0.0929

South Asia 14 5 0.6293±0.1227 2.132±1.260 0.1015±0.0674

East Asia 34 19 0.9572±0.0159 2.963±1.589 0.2279±0.1359

(B) NRY 

Population n k H±SD P±SD  ±SD 
Sub Saharan 
Africa  7 3 0.5238±0.2086 2.476±1.516 0.0884±0.0620

North Africa 15 8 0.8381±0.0852 2.467±1.411 0.0881±0.0566

Middle East  10 6 0.8889±0.0754 2.289±1.368 0.0817±0.0553

Europe 36 11 0.8460±0.0418 2.906±1.562 0.1453±0.0868

South Asia 14 7 0.8242±0.0781 3.231±1.772 0.1154±0.0710

East Asia 34 17 0.9251±0.0294 1.636±0.9899 0.1259±0.0847
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The mean number of pairwise differences deduced from the mtDNA genotype data was 

comparable (P=2.13 to P=2.96) but more variable for the NRY data (P=1.64 to P=3.23) 

where the lowest P was determined for the East Asian population, which showed the 

highest gene diversity. The NRY nucleotide diversity was low and ranged from =0.08 

to =0.15, in contrast, the mtDNA nucleotide diversity was comparable for all 

populations excluding Sub- Saharan Africa ( =0.10 to =0.15), but was highest for the 

East Asian population ( = 0.22). 

5.2.4.2 Autosomal diversity 

Diversity within the declared Sub-Saharan African, North African, Middle Eastern, 

European, South and East Asian populations was investigated using genotype data from 

146 individuals typed with Multiplex 5. Heterozygosity is a commonly applied measure 

of genetic diversity which describes the probability that an individual will carry two 

different alleles at a given locus (Hartl and Clark, 2006). Low heterozygosity at a locus 

is characterised by lower observed heterozygosity (Ho) values than expected 

heterozygosity (He) values and indicates a reduction in diversity at that locus within a 

population, most likely due to geographical and/or cultural isolation, which promotes 

inbreeding and non-random mating (Hartl and Clark, 2006).  

For each of the 13 autosomal SNP loci, the Ho and He values were calculated in each of 

the six populations using GenAlEx v.6.501 (Peakall and Smouse, 2012) as described in 

section 2.2.3.3. As evident in Table 5.2, low heterozygosity was observed at multiple 

autosomal loci and in numerous populations, however in most cases the differences 

were minimal. Locus OCA2-1 (rs7495174) and ASIP (rs6058017) demonstrated low 

heterozygosity in all populations except for the Middle East and Europe respectively. 

Lower Ho than He values were observed in three of the six populations for the HERC2 

(rs12913832), MATP (rs16891982) and OCA2-3 (rs4778138) loci and in four of the six 

populations for the OCA2-2 (rs4778241) locus (Table 5.2). The greatest differences (d) 

between Ho and He values were identified at the ASIP (rs6058017) locus in the Sub-

Saharan African (d=0.39) and North African populations (d=0.20), the SLC24A5 

(rs1426654) locus in the Sub-Saharan African (d=0.35) and Middle Eastern populations 

(d=0.18) and at the F13B (rs6003) locus in the Sub-Saharan African population  
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Table 5.2: Analysis of heterozygosity at 13 autosomal SNP loci in six major Australian sub-populations
Observed (Ho) and expected heterozygosity (He) was calculated at each locus and for each population from genotype data of 146 individuals 
obtained using Multiplex 5. Bold values indicate loci where Ho is less than He. 

Population MC1R DARC OCA2-
1 

HERC
2 

MATP SLC 
24A5 

F13B OCA2-
2 

FUT2 OCA2-
3 

OCA2-
4 

IL-6 ASIP 

Sub-Saharan N 9 9 9 9 9 9 9 9 9 9 9 9 9 
Africa Ho 0.000 0.111 0.222 0.111 0.111 0.000 0.333 0.556 0.556 0.444 0.000 0.000 0.111 

He 0.000 0.105 0.346 0.105 0.105 0.346 0.500 0.475 0.401 0.346 0.000 0.000 0.500 
North Africa N 20 20 20 20 20 20 20 20 20 20 20 20 20 

Ho 0.000 0.200 0.200 0.450 0.400 0.000 0.400 0.400 0.000 0.650 0.150 0.500 0.150 
He 0.000 0.180 0.255 0.469 0.495 0.000 0.375 0.455 0.000 0.489 0.139 0.375 0.349 

Middle East N 16 16 16 16 16 16 16 16 16 16 16 16 16 
Ho 0.000 0.063 0.563 0.250 0.313 0.125 0.125 0.438 0.000 0.375 0.125 0.375 0.313 
He 0.000 0.061 0.404 0.375 0.482 0.305 0.117 0.498 0.000 0.492 0.219 0.305 0.342 

Europe N 41 41 41 41 41 41 41 41 41 41 41 41 41 
Ho 0.073 0.000 0.220 0.415 0.171 0.024 0.073 0.317 0.000 0.366 0.073 0.390 0.122 
He 0.070 0.048 0.232 0.489 0.195 0.024 0.070 0.404 0.000 0.356 0.070 0.433 0.115 

South Asia N 21 21 21 21 21 21 21 21 21 21 21 21 21 
Ho 0.048 0.048 0.333 0.095 0.190 0.190 0.286 0.619 0.048 0.476 0.048 0.429 0.238 
He 0.046 0.046 0.337 0.091 0.172 0.308 0.245 0.495 0.046 0.499 0.046 0.337 0.337 

East Asia N 39 39 39 39 39 39 39 39 39 39 39 39 39 
Ho 0.462 0.000 0.385 0.051 0.077 0.000 0.051 0.308 0.000 0.333 0.487 0.026 0.205 
He 0.500 0.000 0.436 0.050 0.120 0.097 0.097 0.381 0.000 0.369 0.436 0.025 0.224 
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(d=0.17) (Table 5.2). Evidently, many of the candidate autosomal loci have 

demonstrated low heterozygosity or conversely high homozygosity in one or more 

populations, which is desirable when distinguishing populations of interest. 

5.2.5 Analysis of population structure using mtDNA and NRY SNPs 

An Analysis of Molecular Variance (AMOVA) was performed on the 21 mtDNA and 

28 NRY SNP haplotype data of 116 males from six populations using GenAlEx v.6.501 

(Peakall and Smouse, 2012) as outlined in section 2.2.3.4. For haploid data, the 

GenAlEx program calculates the fixation index PT which is a variant of the 

standardised FST index and provides a measure of the genetic differentiation among 

populations (Meirmans, 2006). As shown in Figure 5.10, the AMOVA results 

demonstrated that a greater percentage of genetic variation occurred among populations 

for the NRY haplotypes (37%) compared to the mtDNA haplotypes (22%). For both 

sets of haploid data the p-value was less than 0.05, resulting in the rejection of the null 

hypothesis and indicating that there is a significant genetic difference for the mtDNA 

and NRY genotypes among the Sub-Saharan African, North African, Middle Eastern, 

European, South Asian and East Asian populations (Figure 5.10).  

Genetic distance measures can be used to investigate the degree of genetic relationship 

that exists between populations, with the most common measures of genetic distance 

including FST (or other analogous fixation indices) (Wright, 1965, Excoffier et al., 1992)

and Nei’s genetic distance (Nei, 1987). Genetic distance matrices of pairwise PT and M 

values (measures of migrant exchange) were calculated from the mtDNA and NRY data 

for the six populations using GenAlEx v.6.501 (Peakall and Smouse, 2012), as detailed 

in section 2.2.3.5 and results are provided in Table 5.3. The majority of pairwise genetic 

distances were significant (p<0.05) with the exception of East Asia/South Asia, 

Europe/Middle East and North Africa/Middle East for the 21 SNP mtDNA haplotype 

data (Table 5.3A) and North Africa/Middle East for the 28 SNP NRY haplotype data 

(Table 5.3A). These population pairs also demonstrated the lowest pairwise PT values 

indicating that they are closely genetically related ( PT<0.06) (Table 5.3). In particular, 

the Europe/Middle East and North Africa/Middle East pairs showed very low pairwise 

PT values for the mtDNA data ( PT= 0.005 and PT= 0.000 respectively) (Table 5.3A).  
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df* Sum of 
Squares 

Mean 
Square 

Est. 
Variance 

% 
Variation 

PT P 

m
tD

N
A

 Among Pops 5 36.659 7.332 0.340 22 0.218 0.001 

Within Pops 110 134.099 1.219 1.219 78   

Total 115 170.758  1.559 100   

N
R

Y
 

Among Pops 5 76.286 15.257 0.774 37 0.366 0.001 

Within Pops 110 147.514 1.341 1.341 63   

Total 115 223.800  2.115 100   

*df= degrees of freedom 

Figure 5.10: AMOVA results for the analysis of six Australian sub-populations 
using 21 mtDNA and 28 NRY SNPs. 
The mtDNA and NRY haplotypes of 116 males originating from South Asia, East Asia, 
Europe, Middle East, North Africa and Sub-Saharan Africa were analysed. Significant 
p-values (<0.05) are shown in bold. 
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Table 5.3: Genetic distance matrices of population pairwise PT and M values 
from the analysis of 21 mtDNA and 28 NRY SNPs in six Australian sub-
populations. 
Population pairwise PT values are shown above the diagonal and population pairwise 
M values are shown below the diagonal. The (A) mtDNA and (B) NRY haplotypes of 
116 males originating from SAS=South Asia, EAS=East Asia, EUR= Europe, 
MEA=Middle East, NAF=North Africa, SSAF=Sub-Saharan Africa were analysed. 
Significant p-values are denoted as ‘**’ if p<0.01 or ‘*’ if p<0.05. 

(A) mtDNA 

# negative PT= -0.015 converted to 0 

(B) NRY 

SAS EAS EUR MEA NAF SSAF 

SAS 0.028 0.341** 0.282** 0.139* 0.272* 

EAS 17.213  0.281** 0.212** 0.139** 0.185* 

EUR 0.697 1.278 0.005 0.056* 0.472** 

MEA 1.276 1.856 91.193  0.000# 0.510** 

NAF 3.107 3.101 8.380 N/A 0.364** 

SSA 1.338 2.204 0.560 0.481 0.874  

SAS EAS EUR MEA NAF SSAF 

SAS 0.363** 0.103* 0.184** 0.319** 0.425** 

EAS 0.879  0.407** 0.378** 0.474** 0.570** 

EUR 4.364 0.728 0.234** 0.367** 0.447** 

MEA 2.212 0.823 1.639  0.062 0.361** 

NAF 1.065 0.555 0.863 7.621 0.247** 

SSA 0.676 0.378 0.620 0.885 1.522  
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From the mtDNA haplotypes, the most differentiated pairs of populations were Sub-

Saharan Africa/ Middle East (51%), Sub-Saharan Africa/Europe (47.2%), Sub-Saharan 

Africa/North Africa (36.4%) and Europe/South Asia (34.1%) (Table 5.3A). On the other 

hand from the NRY haplotypes, the greatest genetic differentiation was observed 

between Sub- Saharan Africa/East Asia (57%), North Africa/East Asia (47.4%), Sub-

Saharan Africa/Europe (44.7%) and Sub-Saharan Africa/South Asia (42.5%) (Table 

5.3B).  

The distance matrix of pairwise M values also correlates with the genetic relationship of 

the six populations inferred from the pairwise PT values (Table 5.3). The M value 

provides a measure of the absolute number of migrants exchanged between two 

populations. As evident in Table 5.3, a greater number of migrants (larger M value) 

were observed for population pairs showing low PT values and which shared close 

genetic relationships. For example for the mtDNA data, the Middle East and Europe 

populations appeared very closely genetically related ( PT= 0.005) with M= 91.193.  

Principal Coordinates Analysis (PCoA) was used to produce a graphical display of the 

complex mtDNA and NRY genetic distance matrices. This multivariate technique 

identifies the major axes of variation within a multidimensional data set, such that the 

first two or three axes will usually reveal the greatest separation between groups, with 

each successive axis explaining proportionately less of the total variation. In essence, by 

comparing the first two axes, the separation among populations can be visualised. As 

described in section 2.2.3.6, a PCoA was conducted on the mtDNA and NRY pairwise 

population PT distance matrices shown above the diagonal in Table 5.3 using GenAlEx 

v.6.501 (Peakall and Smouse, 2012). The PCoA plot produced from the analysis of the 

mtDNA distance matrix revealed that the six populations are separated into three 

distinct geographical clusters (Figure 5.11A). The European, Middle Eastern and North 

African populations are grouped separately into a Western Eurasia cluster, in contrast 

with the East and South Asia populations, which are grouped into an Eastern Eurasia 

cluster (Figure 5.11A). The Sub-Saharan African population can be distinctly separated 

from the other six populations and the two Western and Eastern Eurasia clusters (Figure 

5.11A).  
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(A) mtDNA

(B) NRY 

Figure 5.11: Principal Coordinates Analysis of mtDNA and NRY genetic distances 
for six Australian sub-populations.  
The pairwise population PT distance matrices shown above the diagonal in Table 5.3A 
& B and derived from the (A) 21 mtDNA and (B) 28 NRY SNP haplotypes of 116 
males originating from SAS=South Asia, EAS=East Asia, EUR= Europe, 
MEA=Middle East, NAF=North Africa, SSAF=Sub-Saharan Africa were analysed 
using the covariance-standardised method.  
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On the other hand, four population clusters were identified from the PCoA analysis of 

the calculated NRY distance matrix (Figure 5.11B). The East Asian population appears 

isolated, whilst the Europe and South Asia populations cluster together. The Sub-

Saharan African and Middle Eastern populations are separated from each other and 

other populations; however, the North African individuals appear to cluster more 

closely with the Sub-Saharan Africa group (Figure 5.11B). The six populations are 

grouped into four clusters somewhat also correlated with broad geographical regions- 

Africa (Sub-Saharan and North Africa), Western Eurasia (Europe and South Asia), 

Central Eurasia (Middle East) and Eastern Eurasia (East Asia). Superior population 

differentiation is apparent for the NRY markers, particularly when distinguishing 

Middle Eastern individuals from other populations, although more difficult 

differentiation of South Asian and European individuals using the candidate NRY SNPs 

was also observed (Figure 5.11B).  

The calculated mtDNA and NRY distance matrices shown in Table 5.3 were also used 

to construct neighbour-joining (NJ) trees for all six populations through the 

TREEVIEW v1.6.6 and FigTree v1.4 programs, as described in section 2.2.3.7. The 

mtDNA NJ tree depicted in Figure 5.12A highlights the close genetic relationship of the 

North Africa, Middle East and Europe populations as well as the East Asia and South 

Asia populations, which correlates with the PCoA results (Figure 5.11A). Surprisingly, 

the Sub-Saharan Africa population appears to be the most differentiated from the other 

populations but is most closely related to the East Asia population (Figure 5.12A). The 

most distant relationship was observed between Sub-Saharan Africa and the Middle 

East, followed by Europe and North Africa (Figure 5.12A). In contrast, different genetic 

relationships between the six populations were inferred for the NRY NJ tree. As shown 

in Figure 5.12B, the Sub-Saharan Africa population appears to be most closely related 

to the North Africa and Middle East populations and the most genetically distant from 

Europe, South Asia and East Asia. The close genetic relationship between the Europe 

and South Asia populations is also highlighted. The genetic relationship for the six 

populations inferred from the NRY haplotypes shows a distinct correlation with 

geographical location, as populations in geographical proximity demonstrated closer 

genetic relationships, except, for Europe and South Asia (Figure 5.12B). The NRY NJ  
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(A) mtDNA 

(B) NRY 

Figure 5.12: Neighbour-joining tree for six Australian sub-populations based on 
calculated mtDNA and NRY genetic distances. 
The tree was constructed from the PT distance matrix shown above the diagonal in 
Table 5.3A (mtDNA) and Table 5.3B (NRY) derived from the (A) 21 mtDNA and (B)
28 NRY SNP haplotypes respectively of 116 males originating from the six populations 
indicated in the cladogram.  
  



223 

tree results were also analogous with the population clustering observed through PCoA 

of NRY PT distances (Figure 5.11B).  

5.2.6 Analysis of population structure using autosomal SNPs 

As for the mtDNA and NRY markers, an AMOVA was also performed on the 

autosomal dataset using GenAlEx v.6.501 (Peakall and Smouse, 2012) as described in 

section 2.2.3.4. The fixation index FST was calculated to measure the degree of genetic 

differentiation among the six populations. As shown in Figure 5.13, 38% of the genetic 

variation was found to occur among populations. A p-value of 0.001 confirmed that a 

significant difference exists between the 13 autosomal SNP genotypes among the Sub-

Saharan Africa, North Africa, Middle East, Europe, South Asia and East Asia 

populations. 

Additionally, genetic distance matrices of population pairwise FST and M values were 

calculated for the six populations using GenAlEx v.6.501 (Peakall and Smouse, 2012) 

as detailed in section 2.2.3.5. As depicted in Table 5.4, highly significant pairwise FST

distances were observed between all population pairs tested (p <0.01). The Middle East 

and South Asia populations demonstrated the lowest pairwise FST value (FST=0.065) 

followed by Europe and the Middle East (FST=0.098), indicating that these populations 

were the most closely genetically related based on the autosomal genotypes. The 

greatest genetic differentiation was identified between Europe and East Asia (55.8%), 

Sub-Saharan Africa and Europe (55.2%), North Africa and East Asia (51%) and Sub-

Saharan Africa and East Asia (43.2%).  

The distance matrix of pairwise M values shown below the diagonal in Table 5.4, 

correlates with the genetic relationships inferred from pairwise FST values derived from 

the autosomal genotypes. As was observed for the mtDNA and NRY haplotype data 

(Table 5.3), the largest absolute number of migrants exchanged (M value) was identified 

between closely genetically related populations (Table 5.4). These populations are 

typically in geographical proximity, which promotes gene flow due to facilitated 

migration, as is exemplified by the Middle Eastern and South Asian  
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df* Sum of 
Squares 

Mean 
Square 

Est. 
Variance 

% 
Variation 

FST P 

Among Pops 5 223.911 44.782 0.933 38 0.382 0.001 

Within Pops 286 430.825 1.506 1.506 62   

Total 291 654.736  2.439 100   
*df= degrees of freedom 

Figure 5.13: AMOVA results for the analysis of six Australian sub-populations 
using 13 autosomal SNPs. 
The autosomal genotypes of 146 individuals originating from South Asia, East Asia, 
Europe, Middle East, North Africa and Sub-Saharan Africa were analysed. Significant 
p-values (p<0.05) are shown in bold. 

Table 5.4: Genetic distance matrix of population pairwise FST and M values from 
the analysis of 13 autosomal SNPs in six Australian sub-populations. 
Population pairwise FST values are shown above the diagonal and population pairwise 
M values are shown below the diagonal. The genotypes of 146 individuals originating 
from SAS=South Asia, EAS=East Asia, EUR= Europe, MEA=Middle East, 
NAF=North Africa, SSAF=Sub-Saharan Africa were analysed. Significant p-values are 
denoted as ‘**’ if p<0.01. 

SAS EAS EUR MEA NAF SSAF 

SAS 0.351** 0.288** 0.065** 0.233** 0.314** 

EAS 0.461  0.558** 0.370** 0.510** 0.432** 

EUR 0.618 0.198 0.098** 0.269** 0.552** 

MEA 3.584 0.425 2.296  0.177** 0.344** 

NAF 0.822 0.240 0.680 1.160 0.250** 

SSAF 0.545 0.329 0.203 0.477 0.748  
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populations, which were found to be the most closely related (FST=0.065) and showed 

the highest M value of 3.584 (Table 5.4). 

Furthermore, PCoA was performed to graphically visualise the autosomal pairwise 

population FST distance matrix shown above the diagonal in Table 5.4 (refer to section 

2.2.3.6). The PCoA plot shown in Figure 5.14 revealed that based on the autosomal 

genotype data obtained from Multiplex 5, the six populations are divided into at least 

four distinct clusters. The Sub-Saharan African, North African, East Asian and 

European populations can be distinctly separated from each other (Figure 5.14). 

However, the Middle Eastern and South Asian populations cluster closely between 

Europe and North Africa and may be more difficult to distinguish from these 

populations, but are separated enough from Sub-Saharan Africa and East Asia to be 

distinguished from these groups (Figure 5.14).  

A NJ tree was also constructed from the autosomal pairwise population FST distance 

matrix using the TREEVIEW v1.6.6 and FigTree v1.4 programs as described in section 

2.2.3.7. The autosomal NJ tree produced is depicted in Figure 5.15 and demonstrates 

clustering of the six populations into two groups; with the Sub-Saharan and North 

African populations closely related and forming one cluster that can be distinctly 

separated from other non-African populations (Figure 5.15). The remaining populations 

clustered together, with East Asia observed to be more closely related to South Asia, 

which was most closely related to the European population (Figure 5.15). Europe was 

found to share a close genetic relationship with the Middle Eastern population, in 

accordance with PCoA results (Figure 5.14). The greatest separation was identified 

between Africa, East Asia and Europe (Figure 5.15) and these results along with the 

PCoA plot shown in Figure 5.14, provide a good overview of the extent of 

differentiation that can be achieved between the six populations using the 13 autosomal 

SNPs incorporated in Multiplex 5, which appears to be greatest for continental 

populations rather than those that are in geographical proximity within continents. 
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Figure 5.14: Principal Coordinates Analysis of autosomal genetic distances for six 
Australian sub-populations.  
The pairwise population FST distance matrix shown above the diagonal in Table 5.4 and 
derived from the 13 autosomal SNP genotypes of 146 individuals originating from 
SAS=South Asia, EAS=East Asia, EUR= Europe, MEA=Middle East, NAF=North 
Africa, SSAF=Sub-Saharan Africa were analysed using the covariance-standardised 
method. 

Figure 5.15: Neighbour-joining tree for six Australian sub-populations based on 
calculated autosomal genetic distances. 
The tree was constructed from the FST distance matrix shown above the diagonal in 
Table 5.4 and derived from the 13 autosomal SNP genotypes of 146 males originating 
from the six populations indicated in the cladogram. 
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A further analysis of population sub-structure within the autosomal dataset was 

performed using STRUCTURE v2.3.4 (Pritchard et al., 2000, Falush et al., 2003, 2007, 

Hubisz et al., 2009) as outlined in section 2.2.3.8 This program uses clustering methods 

to identify sub-groups with similar allele frequencies within a large population and can 

estimate shared ancestry. The admixture model and the correlated allele frequency 

option recommended in cases when mild population sub-structure is expected were used 

to investigate the presence of sub-structure within our Australian dataset through two 

separate analyses (Falush et al., 2003, Evanno et al., 2005). The first analysis does not 

consider prior population information when assigning individuals to ancestral 

populations and the second analysis based on the LOCPRIOR model considers the pre-

specified sampling location (or population of origin) when estimating ancestry 

proportions. For each analysis, 10 independent runs for each K=1 to K=8 were 

performed using the parameters detailed in section 2.2.3.8. The STRUCTURE results 

were analysed using STRUCTURE Harvester (Earl and vonHoldt, 2012) to collate the 

data at each K over the multiple runs and produce the necessary output files required to 

create bar plots using CLUMPP v1.1.2 and DISTRUCT v1.1 (refer to section 2.2.3.8).   

The Evanno method (Evanno et al., 2005) available through the STRUCTURE 

Harvester program was used to estimate the most likely number of population clusters 

(K) within our dataset representing the greater Australian population. As shown in 

Figure 5.16, the highest K was observed at K=2, indicating that the dataset clusters 

into two genetic entities irrespective of whether prior population information is 

considered or not. However, these results are conflicting as the dataset is composed of 

individuals known to have originated from different sub-populations and who have been 

shown to cluster into at least 3 separate population groups through PCoA (Figure 5.14).  

The bar plots of individual ancestry proportions for each K provided a better 

representation of the most likely number of population clusters (Figure 5.17). In 

Analysis 1, where prior population information was not considered for clustering 

analysis, the most likely number of populations was identified as two; where individuals 

from Sub-Saharan Africa and East Asia clustered together whilst those originating from 

North Africa, Europe, the Middle East and South Asia formed a second cluster (Figure 

5.17). Contrastingly, when using the LOCPRIOR model (Analysis 2) greater levels of 
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 (A) Analysis 1: No prior population information 

(B) Analysis 2: LOCPRIOR model 

Figure 5.16: Estimation of the number of K clusters in the autosomal dataset using 
the Evanno method. 
STRUCTURE Harvester plots of K at K=1 to K=8 over 10 independent runs following 
the Evanno et al. (2005) method for identifying the true number of clusters, K when (A) 
prior population information is not considered and (B) the LOCPIROR model is 
applied.  For both analyses, K=2 was identified as the most likely number of clusters. 
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Figure 5.17: Estimation of population sub-structure within the autosomal dataset 
using STRUCTURE v2.3.4. 
Two separate clustering analyses were performed: Analysis 1 did not consider the a 
priori population of origin and Analysis 2 applied the LOCPRIOR model to consider 
the population of origin when estimating the ancestry proportions. Bar plots were 
produced using DISTRUCT v1.1. Each of the 146 individuals in the dataset is depicted 
as a single vertical line, which is partitioned into coloured segments that represent an 
individual’s proportion of membership in each of the ancestral population clusters. The 
red, green, dark and light blue colours distinguish the clusters. Black lines are used to 
separate individuals according to their population of origin which are identified in the 
plots as SSAF= Sub-Saharan Africa, NAF= North Africa, EUR= Europe, MEA= 
Middle East, SAS= South Asia, EAS= East Asia. The most likely number of ancestral 
populations for Analysis 1 is two but this increases to four when the a priori population 
of origin is considered (Analysis 2).  
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population structure were detected at K=2. Individuals from North Africa and Europe 

formed one cluster, East Asia clustered separately and Sub-Saharan Africans showed 

approximately 50% membership to the two clusters (Figure 5.17).  On the other hand, 

individuals from the Middle East and South Asia demonstrated greater proportions of 

ancestry to the North African/European cluster compared to the East Asian cluster 

(Figure 5.17).   

As evident in Figure 5.17, increasing the number of clusters to K=3 showed improved 

partitioning of individuals according to their population of origin when using the 

LOCPRIOR model. The Sub-Saharan Africans, Europeans and East Asians formed 

separate clusters, whilst North Africans demonstrated shared ancestry between the Sub-

Saharan and European groups. Middle Eastern individuals showed a greater proportion 

of membership with the European cluster, whilst South Asians showed equal ancestry 

proportions with the Sub-Saharan African, European and East Asian populations. For 

our dataset, the most likely number of ancestral populations was identified to be four 

with further separation of the South Asian individuals achieved at this level (Figure 

5.17).  

The STRUCTURE results revealed the presence of population sub-structure within our 

autosomal dataset as was expected based on PCoA results (Figure 5.14) and provide a 

summary of the population differentiation that may be achieved using the 13 autosomal 

SNPs incorporated in Multiplex 5. Using the LOCPRIOR model to consider the a priori

sampling location increases the number of ancestral populations, which were found to 

be mostly analogous with major sub-populations in Australia. Four major clusters were 

identified comprising individuals of Sub-Saharan African, European, South Asian and 

East Asian origin. Middle Eastern individuals appeared to cluster more closely with 

Europeans but drew a large proportion of ancestry from South Asia. In contrast, the 

North Africans appeared to form a separate group drawing 50% membership with the 

Sub-Saharan African and European ancestral populations (Figure 5.17). 
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5.2.7 Assessing departures from independence at autosomal SNP loci 

Departures from Hardy-Weinberg (HWE) and Linkage equilibrium (LE) present in the 

genotype data from 146 individuals typed using Multiplex 5 were investigated using 

Fisher’s exact test for allelic independence available in the Genetic Data Analysis 

(GDA) software v1.1 (Lewis and Zaykin, 2002) (for details refer to section 2.2.3.9). 

HWE assumes random mating within a population of infinite size where migration, 

mutation and natural selection are non- existent (Hartl and Clark, 2006). LE is used to 

describe the random association of genes or alleles at a particular locus which is 

affected by the rate of recombination and is attained through HWE, namely random 

mating and its other assumptions (Hartl and Clark, 2006). Independence testing was 

performed prior to inferring bi-parental BGA from the autosomal genotypes using 

maximum likelihood estimates (see section 5.2.9) because these methods assume HWE 

and random mating. The p-values derived from the HWE and LE analysis are shown in 

Table 5.5 and Table 5.6 respectively. As explained in section 2.2.3.9, the Bonferroni 

method was applied to correct for multiple testing and a significance threshold of 

p<0.0038 (13 tests) and p<0.0006 (78 tests) was set for the HWE and LE analysis 

respectively. Only the LE p-values for locus combinations that demonstrated significant 

results (Bonferroni p<0.0006) are depicted in Table 5.6.  

As shown in Table 5.5, all six populations demonstrated no departures from HWE for 

any of the 13 autosomal SNPs after Bonferroni correction (all p>0.0038). Contrastingly, 

departures from LE were observed for four pairs of loci, which demonstrated significant 

p-values (p<0.0006) after Bonferroni correction (Table 5.6). These departures were 

identified in the East Asian population (3 departures) followed by the European 

population (4 departures). No locus combinations showed departures from LE in the 

remaining four populations (Table 5.6). The locus pairs that were in linkage 

disequilibrium (LD) were those located within the same pigmentation gene (i.e. OCA2-

1, OCA2-2 and OCA2-3) or which are located in close proximity, on the same 

chromosome, as was the case for the OCA2-2 and HERC2 loci.  
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Table 5.5: Hardy-Weinberg equilibrium analysis of 13 autosomal SNP loci in six 
major Australian sub-populations 
The p-values were calculated using Fisher’s exact test and 10000 permutations for each 
locus in the Sub-Saharan Africa (SSAF), North Africa (NAF), Middle East (MEA), 
Europe (EUR), South Asia (SAS) and East Asia (EAS) populations. All p-values were 
not significant following Bonferroni correction for 13 tests (p<0.0038). 

Locus  SSAF NAF MEA EUR SAS EAS 
MC1R 1.0000 1.0000 1.0000 1.0000 1.0000 0.7478 
DARC 1.0000 1.0000 1.0000 0.0132 1.0000 1.0000 
OCA2-1 0.3351 0.3493 0.2553 0.5359 1.0000 0.4634 
HERC2 1.0000 1.0000 0.1990 0.3434 1.0000 1.0000 
MATP 1.0000 0.4023 0.2858 0.3843 1.0000 0.1299 
SLC24A5 0.0121 1.0000 0.0447 1.0000 0.1200 0.0003 
F13B 0.5032 1.0000 1.0000 1.0000 1.0000 0.0805 
OCA2-2 1.0000 0.6325 0.6394 0.2404 0.3879 0.2248 
FUT2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
OCA2-3 1.0000 0.3589 0.3425 1.0000 1.0000 0.6622 
OCA2-4 1.0000 1.0000 0.1888 1.0000 1.0000 0.7116 
IL-6 1.0000 0.2832 1.0000 0.4933 0.5384 1.0000 
ASIP 0.0356 0.0235 1.0000 1.0000 0.1930 0.4861 

Table 5.6: Linkage equilibrium analysis of 13 autosomal SNP loci in six major 
Australian sub-populations 
The p-values were calculated for each locus pair using Fisher’s exact test and 10000 
permutations in each population. The population codes used are the same as in Table 
5.5. Only locus pairs demonstrating significant results are shown. Significant p-values 
(p<0.0006) indicating departures from LE following Bonferroni correction for 78 
pairwise comparisons are shown in bold. 

Locus combination SSAF NAF MEA EUR SAS EAS 
OCA2-1/OCA2-2  0.7598 0.0084 0.2356 0.0000 0.3419 0.0000 
OCA2-1/OCA2-3  0.2809 0.0909 0.0805 0.0001 0.0212 0.0000 
HERC2/OCA2-2 0.1102 0.0252 0.0673 0.0000 0.0950 0.0075 
OCA2-2/OCA2-3  1.0000 0.0009 0.2297 0.0002 0.4418 0.0000 
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5.2.8 Inference of maternal and paternal BGA 

The maternal and paternal regional BGA of each individual was inferred from the 

geographical region of origin of their derived mtDNA and NRY haplogroup 

respectively, according to the key specified in Figure 3.1 and Figure 3.2. Prediction 

correlation was determined as the percentage of males for whom the declared BGA 

correlated with the geographic region of origin of the derived mtDNA and NRY 

haplogroup. Since many of the SNPs selected define haplogroups that are prevalent in 

multiple populations in close geographical proximity, prediction was considered correct 

if one of the continental regions of origin for the haplogroup matched the declared BGA 

of the individual. For example, for an East Asian individual belonging to mtDNA 

haplogroup M* which is prevalent in South and East Asia the inferred maternal BGA 

would be considered as correct.   

Overall, higher prediction correlations were observed for the NRY SNPs compared to 

the mtDNA SNPs, with 100% of East Asian and Middle Eastern individuals, 97.2% of 

Europeans, 86.7% of North Africans and 85.7% of Sub-Saharan Africans and South 

Asian males showing correlations between the declared BGA and geographical region 

of origin of the derived NRY haplogroups (Table 5.7). On the other hand, though the 

maternal regional BGA correlation was lower for declared North African (73.3%), 

Middle Eastern (90%) and European (77.8%) males, the mtDNA SNPs were more 

successful in correctly inferring the maternal BGA of individuals of Sub-Saharan 

African (100%) and South Asian (100%) descent compared to the NRY SNPs (Table 

5.7).    

To investigate the overall prediction correlations between the declared and the inferred 

regional BGA that was achieved with the hierarchical multiplex SNP assay (Multiplex 1 

to 4), the degree of equivalence between the inferred maternal and paternal population 

or geographic region of origin was determined. Note that only individuals for whom 

both maternal and paternal grandparents were declared to have the same BGA were 

chosen for genotyping, thus we would expect a reasonably high degree of correlation 

between maternal and paternal BGA. As shown in Table 5.8, a high degree of prediction 

correlation was achieved for East Asian (100%), Middle Eastern (90%), Sub-Saharan 

African (85.7%), South Asian (85.7%) and European (77.8%) males when considering 
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both maternal and paternal regional BGA. An intermediate prediction correlation of 

60% was observed for the inference of North African ancestry. Whilst some of these 

percentage correlations are lower than those achieved for the separate maternal and 

paternal BGA inferences (Table 5.7), utilising both sets of data can assist in narrowing 

down the population or geographic region of origin for haplogroups that are prevalent in 

multiple populations; particularly since the global distribution for the selected NRY 

haplogroups is more specific and overlaps less than that of the mtDNA haplogroups 

(Figure 3.1 and Figure 3.2). 

Table 5.7: Prediction correlation of the Multiplex 1 to 4 assays for the inference of 
maternal and paternal regional BGA 
The correlation between declared and inferred regional BGA for the Multiplex 1 to 4 
assays was calculated for 116 males and refers to the frequency (%) of males for whom 
the declared BGA correlates with the region of geographic origin of their derived 
mtDNA and NRY haplogroup. 

Declared BGA (N) Correlation (%) 
Maternal BGA Paternal BGA 

Sub Saharan Africa (7) 100.0 85.7 
North Africa (15) 73.3 86.7 
Middle East (10) 90.0 100.0 
Europe (36) 77.8 97.2 
South Asia (14) 100.0 85.7 
East Asia (34) 100.0 100.0 

Table 5.8: Overall prediction correlation of Multiplex 1 to 4 for the inference of 
regional BGA  
The overall prediction correlation of the Multiplex 1 to 4 assays was calculated for 116 
males and refers to the frequency (%) of males for whom the inferred maternal and 
paternal regional BGA correlates with their declared BGA.  

Declared BGA (N) Overall prediction correlation (%)
Sub Saharan Africa (7) 85.7 
North Africa (15) 60.0 
Middle East (10) 90.0 
Europe (36) 77.8 
South Asia (14) 85.7 
East Asia (34) 100.0 
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These results indicate that the selected mtDNA and NRY SNPs incorporated in the 

hierarchical multiplex SNP assay comprising Multiplex 1 to 4 can be successfully used 

to infer the maternal and paternal regional BGA of males of Sub-Saharan African, North 

African, Middle Eastern, European, South and East Asian origin with a generally high 

degree of correlation when considered separately and in combination (mtDNA: 73.3-

100%, NRY: 85.7-100%, Combined: 60-100%). However, the closely related 

populations such as North Africa and South Asia demonstrated less accurate maternal 

and paternal BGA inferences based on the selected mtDNA and NRY SNPs 

respectively, suggesting that further differentiation of these populations with additional 

markers is required.  

An additional 30 female samples was typed using Multiplex 1 to 4. The mtDNA 

haplogroups were derived and the maternal BGA was inferred for each individual as for 

the male samples. In all female samples the NRY markers were not detected which 

confirmed the specificity of the PCR and SBE primers (data not shown). The 

distribution of the derived mtDNA haplogroups for the female samples is shown in 

Table 5.9. Perfect correlations between the declared BGA and region of geographic 

origin of the derived mtDNA haplogroups were observed for females of Sub-Saharan 

African, North African, European and East Asian origin. Only one Middle Eastern and 

one South Asian female belonged to mtDNA haplogroups that are not typically 

prevalent in their declared population of origin. Overall, the mtDNA results for the 

females were consistent with observations for the male samples (Table 5.7). 
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Table 5.9: Derived mtDNA haplogroups and prediction correlation for a sample of 
30 females typed using Multiplex 1 to 4 
The prediction correlation refers to the frequency (%) of females for whom the declared 
BGA correlates with the geographical region of origin of their derived mtDNA 
haplogroup. Females highlighted in red are individuals for which the derived mtDNA 
haplogroups are not typically prevalent in the declared population of origin. 

Derived 
mtDNA 
haplogroup  

Declared population of origin* 
SSAF NAF MEA EUR SAS EAS 

N=2 N=5 N=6 N=5 N=7 N=5 
H* 1 
H1    2   
J1 1 
L 1      
M* 4 1 
M1 1      
M7 1 
M9     1 1 
M80’D 1 
N*       
N1 1 
R*  2 2  1  
R9 1 
T*  1 1 2   
T1 1 
U*  1   1  
U7 1 
Prediction 
correlation (%)  100 100 83.3 100 85.7 100 

*SSAF: Sub-Saharan Africa, NAF: North Africa, MEA: Middle East, EUR: Europe, SAS: South Asia, 
EAS: East Asia 
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5.2.9 Inference of bi-parental BGA using Multiplex 5  

Two statistical methods based on the calculation of MLE were used to infer the BGA of 

the 146 individuals genotyped using Multiplex 5 and are discussed below. 

5.2.9.1 Inference of bi-parental BGA using the Snipper App Suite 2.0 

The Snipper App Suite 2.0 hosted on a web portal (available at 

http://mathgene.usc.es/snipper/) was used to calculate MLE for the 146 individuals 

typed using Multiplex 5 as described in section 2.2.3.10. The genotypes of 912 

individuals originating from Sub-Saharan Africa, Europe and East Asia typed as part of 

Phase I of the 1000 Genomes project were used as reference populations. The 

differentiation achieved with the candidate autosomal SNPs between the Sub-Saharan 

Africa, Europe and East Asia populations for the 1000 Genome samples was initially 

assessed using STRUCTURE (section 2.2.3.8). As evident in Figure 5.18, clustering 

results for the analysis of the 1000 Genome (Phase I) samples without any prior 

specification of the ancestral groups showed that the individuals were separated into 

three clusters according to their population of origin at K=3. This confirmed that the 13 

candidate SNPs were capable of differentiating these three major continental 

populations and that the 1000 Genome samples provided a suitable reference dataset.  

The frequency of individuals assigned to the Sub-Saharan Africa, Europe and East Asia 

reference populations was deduced and is shown in Table 5.10. High prediction 

accuracies were observed for the inference of Sub-Saharan African (89%), European 

(98%) and East Asian (95%) ancestry when using the Multiplex 5 13-Plex assay.  The 

majority (55%) of North African individuals were predicted to be of Sub-Saharan 

African origin, whilst the majority of Middle Eastern (75%) and South Asian (86%) 

individuals were inferred to be of European origin. These results parallel the PCoA, NJ 

and STRUCTURE analysis results of the autosomal genotype data, which demonstrated 

a close genetic relationship between Sub-Saharan and North Africans as well as 

Europeans, Middle Easterners and South Asians (refer to section 5.2.6). 
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Figure 5.18: Individual genetic ancestry at K=3 in the 1000 Genomes (Phase I) dataset estimated by STRUCTURE v2.3.4 from 13 
autosomal SNPs. 
The bar plot was produced using DISTRUCT v1.1. Each of the 912 individuals in the 1000 Genomes (Phase I) dataset is depicted as a single 
vertical line partitioned into coloured segments that represent an individual’s proportion of membership in each of the ancestral population 
clusters. The red, green and dark blue colours distinguish the clusters. Black lines are used to separate individuals according to their population of 
origin which are identified in the plots as SSAF= Sub-Saharan Africa, EUR= Europe and EAS= East Asia.  

Table 5.10: Results for the inference of bi-parental BGA using SNIPPER  
MLE were calculated using SNIPPER for 146 individuals typed using Multiplex 5 and were used to infer the population of origin of each sample 
against a reference dataset comprising 1000 Genomes (Phase I) population samples (N=912) originating from Sub-Saharan Africa, Europe and 
East Asia. The percentage of individuals assigned to each reference population is provided below and prediction accuracies (%) are shown in red. 

Declared population of origin (N) 
Frequency (%) of individuals assigned to each reference population 
Sub Saharan Africa Europe East Asia 

Sub Saharan Africa (9) 88.89 11.11 0.00 
North Africa (20) 55.00 45.00 0.00 
Middle East (16) 6.25 75.00 18.75 
Europe (41) 2.44 97.56 0.00 
South Asia (21) 14.29 85.71 0.00 
East Asia (39) 2.56 2.56 94.87 
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5.2.9.2 Inference of bi-parental BGA using GenAlEx v6.5 

The ability of the Multiplex 5 13-Plex assay to correctly infer the population of origin of 

146 individuals was also assessed using GenAlEx v6.5 (Peakall and Smouse, 2012) as 

described in section 2.2.3.11.  The population assignment test provided by this program 

calculates log-likelihood values for each sample in each ancestral population using the 

allele frequencies of the respective populations so that individuals are assigned to the 

population with the highest log-likelihood value. 

Initially, the 146 individuals were assigned to one of six population groups including 

the Sub-Saharan Africa, North Africa, Middle East, Europe, South Asia and East Asia 

populations. The assay demonstrated a high degree of accuracy for the assignment of 

individuals originating from Sub-Saharan Africa (89.9%), North Africa (90%) and East 

Asia (94.9%) (Table 5.11A). However, intermediate prediction accuracies were 

observed for Europeans (75.6%) and South Asians (66.7%), with the Middle Eastern 

population showing the lowest percentage of correct assignment (50%). The majority of 

Middle Eastern individuals were incorrectly assigned to the European population whilst 

most of the incorrectly assigned European and South Asian individuals were classified 

as originating from the Middle East (Table 5.11A). These results confirm that the 

European, Middle Eastern and South Asian population cannot be sufficiently 

differentiated by the 13 candidate SNPs as previously observed through PCoA, NJ and 

STRUCTURE analyses (refer to section 5.2.6) 

Analyses of population sub-structure on the autosomal dataset revealed the presence of 

four major ancestral populations comprising Sub-Saharan Africa, South and East Asia 

and a cluster combining European and Middle Eastern individuals (Figure 5.17). For 

this reason, the 146 individuals were then assigned to one of five population groups 

including Sub-Saharan Africa, North Africa, South Asia, East Asia and Western Eurasia 

in which were grouped individuals of European and Middle Eastern origin. Reducing 

the number of populations to five improved the prediction accuracy for South Asians 

(90.5%) and Western Eurasians (86%) (Table 5.11B). A large proportion (12.3%) of 

incorrectly assigned Western Eurasians was inferred to be from South Asia. This further 

confirmed that the close genetic relationship between the Europe, Middle East and  
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Table 5.11: Results for the inference of bi-parental BGA using GenAlEx v6.5. 
The MLE calculated using GenAlEx v6.5 for 146 individuals typed with Multiplex 5 
were used to assign each individual to (A) six population groups: SSAF= Sub-Saharan 
Africa, NAF= North Africa, EUR= Europe, MEA= Middle East, SAS= South Asia, 
EAS= East Asia, (B) five population groups where the European and Middle Eastern 
populations were combined into Western Eurasia (WEURA) and (C) four population 
groups where Europe, Middle East and South Asia were analysed together as Eurasia 
(EURA). The percentage of individuals assigned to each population is provided in the 
tables above, with prediction accuracies (%) shown in red. 

(A) 6 Populations 

Declared population of 
origin (N) 

Frequency (%) of genotyped individuals assigned to 
each population 
SSAF NAF MEA EUR SAS EAS 

Sub Saharan Africa (9) 89.89 11.11 0.00 0.00 0.00 0.00 
North Africa (20) 5.00 90.00 0.00 0.00 5.00 0.00 
Middle East (16) 0.00 0.00 50.00 25.00 18.75 0.00 
Europe (41) 0.00 0.00 21.95 75.61 2.44 0.00 
South Asia (21) 0.00 4.76 19.05 4.76 66.67 4.76 
East Asia (39) 0.00 0.00 5.13 0.00 0.00 94.87 

(B) 5 Populations 

Declared population of 
origin (N) 

Frequency (%) of genotyped individuals assigned to 
each population 
SSAF NAF WEURA SAS EAS 

Sub Saharan Africa (9) 89.89 11.11 0.00 0.00 0.00 
North Africa (20) 10.00 85.00 0.00 5.00 0.00 
Western Eurasia (57) 0.00 0.00 85.96 12.28 1.75 
South Asia (21) 0.00 0.00 4.76 90.48 9.52 
East Asia (39) 0.00 0.00 5.13 0.00 94.87 

(C) 4 Populations 

Declared population of 
origin (N) 

Frequency (%) of genotyped individuals assigned to 
each population 
SSAF NAF EURA EAS 

Sub Saharan Africa (9) 89.89 11.11 0.00 0.00 
North Africa (20) 5.00 95.00 0.00 0.00 
Eurasia (78) 1.28 2.56 93.59 2.56 
East Asia (39) 0.00 0.00 5.13 94.87 
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South Asian populations did not allow for adequate differentiation of these three groups 

based solely on the Multiplex 5 candidate SNPs.  

The ability for the Multiplex 5 13plex assay to correctly infer bi-parental ancestry was 

further investigated by combining individuals of European, Middle Eastern and South 

Asian origin into the Eurasia group.  When the number of populations was reduced to 

four, high prediction accuracies were observed for the assignment of Sub-Saharan 

African (89.9%), North African (95%), Eurasian (94%) and East Asian (95%) 

individuals (Table 5.11C). These results suggest that the Multiplex 5 13-Plex assay is 

capable of inferring bi-parental BGA with greater than 90% accuracy for major 

continental groups only. As depicted in the pairwise population assignment plots in 

Figure 5.19, a high degree of differentiation evidenced through minimal overlap 

between data points for the Sub-Saharan African, North African and East Asian 

populations can be achieved using the 13 autosomal candidate SNPs. However, 

Europeans, Middle Easterners and South Asians cannot be adequately differentiated 

from each other but are sufficiently separated from the other major continental 

populations when combined in the Eurasian group (Figure 5.19).  

5.2.10 Predictive power of the 5-multiplex SNP genotyping system for the 

inference of regional biogeographical ancestry 

To investigate the predictive accuracy of the 5-multiplex SNP genotyping system for 

inferences of BGA, the degree of correlation between the correctly predicted maternal, 

paternal and bi-parental regional BGA for 116 males was determined. As shown in 

Table 5.12A, the inferred ancestry of 84% of individuals originating from Sub-Saharan 

Africa, Europe and East Asia correlated across all three SNP classes when comparing 

the inferred maternal and paternal BGA with the bi-parental BGA deduced from 

Snipper using a reference dataset of 1000 Genomes samples (refer to Table 5.10). The 

BGA of all 77 males could be accurately predicted when at least two inferred regions of 

geographic origin were correct and matching. The East Asian population showed the 

greatest accuracy of prediction, where all three predicted regional ancestries were 

correct and matched each other (97.1%) whilst the European population demonstrated 

the lowest predictive accuracy (72.2%) when comparing all three inference 
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Figure 5.19: GenAlEx Pairwise 
population assignment plots for four 
major continental population groups. 
Genotype data of 146 individuals typed 
using Multiplex 5 were used to assign 
each individual to one of four 
continental populations, representing 
major global geographic regions: EAS= 
East Asia, EURA= Eurasia (Europe, 
Middle East and South Asia), NAF= 
North Africa and SSAF= Sub-Saharan 
Africa. The plots produced for pairwise 
population assignment comparisons 
demonstrate a high degree of 
differentiation with minimal overlap 
between data points of population pairs.  
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Table 5.12: Summary of the predictive power of the complete multiplex SNP assay (Multiplex 1 to 5) for the inference of regional BGA. 
The overall predictive accuracy of the 5-multiplex SNP assay was estimated for 116 males as the percentage of individuals for whom the 
predicted maternal, paternal and bi-parental regional BGA were complementary across two or all three SNP classes and correlated with the 
declared BGA. In Table (A), the predictive accuracy was deduced for 77 out of 116 males originating from Sub-Saharan Africa, Europe or East 
Asia based on the bi-parental BGA derived from Snipper (Table 5.10) with 1000 Genomes samples as reference populations. Table (B) shows the 
predictive accuracy for all 116 males based on the inferred bi-parental regional BGA derived from GenAlEx (5 Populations- Table 5.11B).  

(A) 

Declared BGA (N) 
Predictive accuracy (%) 

All inferred 
BGA match 

Only 2 inferred BGA match At least 2 inferred 
BGA matchmtDNA/NRY MtDNA/Autosomal NRY/Autosomal 

Sub Saharan Africa (7) 85.7 0.0 14.3 0.0 100.0 
Europe (36) 72.2 2.8 5.6 19.4 100.0 
East Asia (34) 97.1 2.9 0.0 0.0 100.0 
TOTAL (77) 84.4 2.6 3.9 7.8 100.0 

(B) 

Declared BGA (N) 
Predictive accuracy (%) 

All inferred 
BGA match 

Only 2 inferred BGA match At least 2 inferred 
BGA match mtDNA/NRY MtDNA/Autosomal NRY/Autosomal 

Sub Saharan Africa (7) 85.7 0.0 14.3 0.0 100 
North Africa (15) 53.3 6.7 13.3 26.7 100 
Middle East (10) 60.0 30.0 0.0 10.0 100 
Europe (36) 75.0 2.8 0.0 19.4 97.2 
South Asia (14) 64.3 21.4 14.3 0.0 100 
East Asia (34) 94.1 5.9 0.0 0.0 100 
TOTAL (116) 75.9 10.3 2.6 10.3 99.1 
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results for the mtDNA, NRY and autosomal SNPs. However, 19.4% of Europeans 

showed matching inferred paternal and bi-parental regional BGA, suggesting that the 

NRY and autosomal SNPs are the most effective markers in differentiating this 

population. 

When comparing the inferred maternal and paternal geographic region of origin against 

the bi-parental BGA deduced from GenAlEx for the assignment of individuals to one of 

five regional populations (Sub-Saharan Africa, North Africa, Europe, East Asia and 

Central Eurasia) (refer to Table 5.11B), a lower overall predictive accuracy of 75.9% 

was observed, where all inferred ancestries were correct and correlated across all three 

SNP classes (Table 5.12B). However, 0.9% of individuals demonstrated no correlations 

between all three inferred regions of origin but in these cases, one of the SNPs was still 

capable of correctly inferring the population or geographic region of origin. This 

indicates that the regional BGA of at least 99% of tested males can be accurately 

predicted when at least two of the correctly inferred BGA matched.  

East Asians (94.1%) and Sub-Saharan Africans (85.7%) showed the highest predictive 

accuracy when all three SNP classes correctly inferred the regional BGA and were 

concordant, whilst the remaining populations demonstrated intermediate predictive 

accuracies ranging from 53 to 75%. The regional BGA of most remaining Middle 

Eastern individuals (30%) was accurately predicted from complementary maternal and 

paternal ancestries suggesting that the mtDNA and NRY SNPs are the better markers to 

distinguish the Middle Eastern population. On the other hand, 21.4% of South Asians 

showed correlations between the inferred maternal and bi-parental regional BGA or the 

maternal and paternal regional BGA, suggesting that this population is most effectively 

differentiated using the mtDNA and autosomal or the NRY and autosomal SNPs. 

Contrastingly, a predictive accuracy of 26.7% was observed for North Africans when 

the inferred paternal and bi-parental regional BGA were complementary, indicating that 

the North Africa population is best distinguished using the NRY and autosomal 

markers. Combining the inference results obtained using mtDNA, NRY and/or 

autosomal SNPs improves the strength of the BGA predictions compared to using only 

one SNP class (Table 5.7, Table 5.10 and Table 5.11). Furthermore, different 

populations were more clearly distinguished using specific pairs of SNPs such as South 
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Asian individuals who were more efficiently differentiated using mtDNA and 

autosomal markers (Table 5.12B). 

Though the 5-multiplex SNP genotyping system was primarily developed to genotype 

male individuals, the amount of informative ancestry data that can be inferred for 

females was also investigated. Only the maternal and bi-parental BGA of females can 

be predicted from the mtDNA and autosomal SNPs. Thus, the predictive power for 

Multiplex 1 to 5 was also assessed for 146 individuals (116 males and 30 females) by 

determining the extent of correlation between the inferred maternal and bi-parental 

regional BGA. A much lower overall predictive accuracy of 81% was observed when 

only the maternal and bi-parental BGA are available, with 19% of individuals showing 

no match between both inferred ancestries (Table 5.13). At the population level, the 

Sub-Saharan African and East Asian populations demonstrated high predictive 

accuracies (97-100%) when both maternal and bi-parental regional BGA were 

concordant (Table 5.13). However, the North African, European and South Asian 

populations showed intermediate predictive accuracies (70-78%) whilst the Middle 

Eastern population demonstrated the lowest predictive accuracy (50%) (Table 5.13). 

The majority of the 50% of Middle Eastern individuals who did not show correlations 

between the maternal and bi-parental inferences were however, correctly assigned to the 

appropriate region of geographic origin using mtDNA data but incorrectly assigned to 

another closely related population such as South Asia or North Africa based on the 

autosomal data.   

Overall, the mtDNA SNPs were found to predict regional BGA less accurately than the 

NRY SNPs, particularly for the North African population but with the exception of the 

Middle East and South Asian populations (Table 5.7). Contrastingly, autosomal SNPs 

demonstrated relatively high accuracies for the prediction of North African and Western 

Eurasian (Europe and Middle East) ancestry when assigning individuals to five 

population groups (Table 5.11B) but favoured the grouping of these two populations 

into a single Eurasian group (Table 5.11C). These results indicate that the 5-multiplex 

SNP assay can be used to predict the BGA of females originating from Sub-Saharan 

Africa and East Asia with a high degree of accuracy but cannot adequately distinguish 

European, Middle Eastern, North African and South Asian females. In these cases, 
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looking at the markers that are most informative for a given population, such as mtDNA 

SNPs for the Middle East/South Asia and autosomal SNPs for North Africa/Western 

Eurasia, is more accurate when both maternal and bi-parental regional BGA inferences 

are conflicting. The 5-multiplex SNP genotyping system is most effective for male 

individuals because the NRY SNPs can assist in distinguishing specific population 

groups that are more difficult to differentiate solely based on mtDNA and autosomal 

data, particularly closely genetically related populations such as Europe, North Africa, 

the Middle East and South Asia (Table 5.7). 

Table 5.13: Assessing the predictive power of the 5-multiplex SNP genotyping 
system for the inference of BGA of female individuals. 
The predictive accuracy of the 5-multiplex SNP assay was estimated as the percentage 
correlation between declared BGA and the inferred maternal and bi-parental BGA 
derived from GenAlEx (5 Populations- Table 5.11B) because the mtDNA and 
autosomal SNPs are the only useable markers when genotyping female samples. Due to 
the small number of females genotyped (N=30), the inferred maternal and bi-parental 
BGA of 116 males was also included in analysis.  

Declared BGA (N) Predictive accuracy (%)-matching maternal 
and bi-parental BGA 

Sub Saharan African (9) 100.0 
North Africa (20) 70.0 
Middle East (16) 50.0 
Europe (41) 78.0 
South Asia (21) 76.2 
East Asia (39) 97.4 
TOTAL (146) 80.8 

5.2.11 Inference of pigmentation phenotype and EVCs using nine SNPs in 

pigmentation genes 

As discussed in chapter 4, whilst most autosomal SNPs were selected for their ability to 

distinguish the six populations of interest for the inference of BGA, many of the 

candidate SNPs are located in pigmentation genes and also demonstrate associations 

with EVCs, as discussed in section 2.2.3.12. The utility of nine pigmentation SNPs 
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incorporated in Multiplex 5 (rs885479, rs16891982, rs1426654, rs1545397, rs6058017, 

rs7498174, rs4778241, rs4778138, rs12913832) for the prediction of EVCs was 

investigated. Initially, the associations of the nine individual SNPs with hair, eye and 

skin colour variation in a sample of 40 Europeans were determined using Fisher’s exact 

test (2-tailed) in SPSS® v19 (IBM Corp., USA) as described in section 2.2.3.12. Only 

Europeans were selected for analysis as this population shows the most diverse range of 

phenotypes and to exclude any effect of ancestry on the association tests. Since only one 

European individual had declared their hair colour to be red, this sample was excluded 

from the association tests. Odds ratios (OR) with 95% confidence intervals (CI) and 

associated p-values were calculated using a dominant model of allele classification 

where the genotypes were classified according to the presence or absence of the minor 

allele (MA), which was assumed to be dominant (1, 0 respectively) (Table 5.14).  

Only two SNPs, rs12913832 (OR= 7.000, CI=1.300-37.704, p= 0.020) and rs4778138 

(OR=10.500, CI=2.308-47.777, p= 0.002) were found to be associated with hair colour 

in separate tests. Four SNPs (rs7498174, rs4778241, rs4778138, rs12913832) were 

associated with eye colour variation, with the rs12913832*A allele demonstrating the 

strongest association with brown eye colour in Europeans (OR=156.000, CI=12.888-

188.233, p= <0.000). The rs12913832 SNP was also the only marker that showed 

associations with skin colour (OR=15.167, CI=1.723-133.526, p=0.005). Additionally, 

the TGT haplotype combining SNPs rs7495174, rs4778241 and rs4778138 which has 

previously been linked with blue eye colour (Duffy et al., 2007) was investigated. The 

TGT haplotype was also found to be strongly associated with blue eye colour in our 

European sample (OR=11.000, CI=1.998-60.572, p=0.006).  

Due to the small sample size of individuals genotyped using Multiplex 5 in the 

preliminary validation phase of this study, the predictive utility of the pigmentation 

SNPs for inference of EVCs could not be assessed using logistic regression models and 

thus MLE were derived instead. The EVCs of 146 individuals originating from six 

populations were predicted using GenAlEx v6.5 (Peakall and Smouse, 2012) as 

described in section 2.2.3.13. The genotypes for the SNPs which showed significant 

associations with hair, eye and skin colour (refer to Table 5.14 for results) were used to 

assign each individual to the dark (black/dark brown) or light (light brown/blonde) 
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Table 5.14: Association of nine pigmentation SNPs with hair, eye and skin colour variation in Europeans (N=40). 
Odds ratios (OR) with 95% confidence intervals (CI) and associated p-values were calculated using Fisher’s exact test (2-sided) and a dominant 
model of allele classification where the genotypes were classified according to the presence or absence of the minor allele (MA), which was 
assumed to be dominant. Significant values are shown in bold. N/A indicates that the OR could not be computed due to a denominator value of 
zero. 

SNP-MA 
Hair colour Eye colour Skin colour 
Dark v Light  Blue v Non-blue  Brown v Non-brown Dark v Fair  

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P 
rs885479-T N/A 1.000 N/A 0.538 N/A 0.539 0.923 (0.076-11.173) 1.000 
rs1426654-G N/A 1.000 N/A 1.000 N/A 1.000 N/A 1.000 
rs1545397-T N/A 1.000 N/A 0.538 N/A 0.539 4.167 (0.343-50.618) 0.276 
rs6058017-G 0.783 (0.115-5.341) 1.000 N/A 0.154 N/A 0.143 3.273 (0.477-22.463) 0.322 
rs7498174-C 6.882 (0.771-61.406) 0.070 N/A 0.016 N/A 0.007 1.333 (0.305-5.830) 0.718 
rs4778241-T 2.500 (0.622-10.049) 0.315 0.145 (0.027-0.786) 0.020 8.182 (1.514-44.211) 0.017 1.023 (0.275-3.804) 1.000 
rs4778138-C 7.000 (1.300-37.704) 0.020 0.067 (0.008-0.588) 0.005 17.727 (2.009-156.457) 0.002 3.000 (0.780-11.536) 0.176 
rs12913832-A 10.500 (2.308-47.777) 0.002 0.010 (0.001-0.111) <0.000 156.000 (12.888-188.233) <0.000 15.167 (1.723-133.526) 0.005 
rs16891982-G 4.789 (0.525-43.697) 0.222 0.238 (0.026-2.180) 0.236 4.789 (0.525-43.697) 0.222 2.200 (0.174-2.381) 0.416 
OCA2-TGT*  0.580 (0.109-3.082) 0.662 11.000 (1.998-60.572) 0.006 0.074 (0.013-0.411) 0.002 0.643 (0.174-2.381) 0.741 

* OCA2 haplotype grouping rs7495174, rs4778241 and rs4778138 respectively.  
 Hair colour classification- Dark= black or dark brown, Light= light brown or blonde 
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hair group, blue/green or light/dark brown eye group and fair, olive or dark skin group. 

As shown in Table 5.15A, high predictive accuracies were observed for the inference of 

dark (black/dark brown) (86%) and light (light brown/red/blonde) (88%) hair when 

using the rs4778138 and rs12913832 SNPs. Eye colour was also predicted with a high 

degree of accuracy using the rs7498174, rs4778241, rs4778138 and rs12913832 with 

90% of individuals with blue/green eyes and 83% of individuals with light/dark brown 

eyes correctly distinguished (Table 5.15B). Skin colour prediction was less effective 

(Table 5.15C), with only one SNP, rs12913832 showing significant associations with 

skin colour (Table 5.14). No individuals with olive skin were correctly assigned using 

only the rs12913832 genotype, with 63% assigned as having dark skin; however a 

larger proportion of individuals with dark (89%) compared to light (52%) skin were 

correctly assigned (Top Table in Table 5.15C). When individuals were grouped into two 

skin colour groups instead- those with fair skin and those with olive or dark skin, low 

predictive accuracies were observed for fair skinned (52%) and olive/dark skinned 

(69%) individuals (Bottom Table in Table 5.15C). All fair skinned individuals 

incorrectly assigned as having dark skin were those with dark pigmentation, such as 

dark hair and/ or eyes. Out of the 31% of individuals in the olive/dark skinned group 

who were incorrectly inferred to have fair skin, 38% were individuals with olive skin 

compared to only 11% of individuals with dark skin.

Despite no associations with hair, eye and skin colour detected for the remaining five 

pigmentation SNPs most likely due to the small sample size, these markers were 

previously linked with pigmentation variation as discussed in section 4.2.1.2. For this 

reason, the effect of combining all nine pigmentation SNPs included in Multiplex 5 

(rs885479, rs1426654, rs1545397, rs6058017, rs7498174, rs4778241, rs4778138, 

rs12913832 and rs16891982) on the inference of EVCs was also investigated. The 

genotypes of 146 individuals were used to calculate MLE using GenAlEx to assign each 

individual to the dark (black/dark brown) or light (light brown/red/blonde) hair group, 

blue/green or light/dark brown eye group and fair, olive or dark skin group.  
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Table 5.15: Inference of EVCs using only pigmentation SNPs demonstrating 
positive associations to hair, eye and skin colour variation.  
The rs7498174, rs4778241, rs4778138 and rs12913832 SNPs which have demonstrated 
associations with pigmentation variation in Europeans (refer to Table 5.14) were used to 
predict (A) hair, (B) eye and (C) skin colour. Maximum likelihood estimates were 
calculated from the genotypes of 146 individuals from various populations using 
GenAlEx v6.5. Each individual was assigned to the dark (black/dark brown) or light 
(light brown/red/blonde) hair group, blue/green or light/dark brown eye group and fair, 
olive or dark skin group. The percentage of individuals assigned to each phenotypic 
group is provided in the tables above, with prediction accuracies (%) shown in red. 

(A) Hair colour- rs12913832 and rs4778138 

Declared hair colour (N) Frequency (%) of genotyped individuals assigned: 
Dark  Light 

Dark (129) 86.0 14.0 
Light (17) 11.8 88.2 

(B) Eye colour- rs7498174, rs4778241, rs4778138, rs12913832 

Declared eye colour (N) Frequency (%) of genotyped individuals assigned: 
Blue/Green Light/Dark Brown 

Blue/Green (19) 89.5 10.5 
Light/Dark Brown (127) 17.3 82.7 

(C) Skin colour- rs12913832 

Declared skin colour (N) 
Frequency (%) of genotyped individuals assigned: 
Fair Olive Dark 

Fair (46) 52.5 0.0 47.8 
Olive (73) 37.0 0.0 63.0 
Dark (27) 11.1 0.0 88.9 

Declared skin colour (N) Frequency (%) of genotyped individuals assigned: 
Fair Olive/Dark 

Fair (46) 52.2 47.8 
Olive/Dark (100) 31.0 69.0 
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As evident in Table 5.16A, a much higher predictive accuracy (94%) was observed for 

the inference of dark hair (black/dark brown) when using all nine pigmentation SNPs, 

however the percentage of light hair (light brown/red/blonde) individuals correctly 

assigned decreased to 78%. Similarly, the eye colour of 94% of individuals with 

blue/green eyes was correctly inferred based on the nine pigmentation SNP genotypes 

despite the predictive accuracy for the inference of light/dark brown eye colour 

decreasing slightly to 81% (Table 5.16B). Thirteen out of nineteen individuals with 

light/dark brown eye colour who were incorrectly assigned to the blue/green group had 

declared their eye colour to be hazel/light brown. Some shades of hazel are lighter and 

appear more similar to green, which may explain why the eye colour of these 

individuals was predicted to be blue/green. Overall it appears that hair colour prediction 

is most accurate when using only SNPs rs4778138 and rs12913832 but eye colour 

prediction is more successful when using the genotypes for all nine pigmentation SNPs

Skin colour prediction was improved when using all nine pigmentation SNPs compared 

to only the rs12913832 genotype, with a high predictive accuracy of 81.5% observed for 

the inference of dark skin (Table 5.16B). An intermediate predictive accuracy of 61% 

was observed for fair skinned individuals but a very low percentage of olive skinned 

individuals were correctly assigned (26%) (Table 5.16C). The majority of individuals 

with olive skin were assigned to either the fair (36%) or dark (38%) skin groups. Skin 

colour assessment is subjective to individual perception and individuals who declared 

their skin to be ‘fair’ might in fact be ‘olive’, whilst a declared ‘olive’ person may really 

be ‘fair’ or ‘dark’. Based on the subjective criteria used to collect EVC data of 

participants in this study, the true predictive accuracy of the assay for the inference of 

skin colour could not be precisely determined.   
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Table 5.16: Inference of EVCs using nine pigmentation SNPs. 
The genotypes of 146 individuals from various populations for SNPs rs885479, 
rs1426654, rs1545397, rs6058017, rs7498174, rs4778241, rs4778138, rs12913832 and 
rs16891982 were used to calculate maximum likelihood estimates using GenAlEx v6.5. 
(A) Hair, (B) eye and (C) skin colour were inferred by assigning each individual to the 
dark (black/dark brown) or light (light brown/red/blonde) hair group, blue/green or 
light/dark brown eye group and fair, olive or dark skin group. The percentage of 
individuals assigned to each phenotypic group is provided in the tables above, with 
prediction accuracies (%) shown in red. 

(A) Hair colour 

Declared hair colour (N) Frequency (%) of genotyped individuals assigned: 
Dark  Light 

Dark (129) 77.5 22.5 
Light (17) 5.9 94.1 

(B) Eye colour 

Declared eye colour (N) Frequency (%) of genotyped individuals assigned: 
Blue/Green Light/Dark Brown 

Blue/Green (19) 94.7 5.3 
Light/Dark Brown (127) 18.9 81.1 

(C) Skin colour 

Declared skin colour (N) 
Frequency (%) of genotyped individuals assigned: 
Fair Olive Dark 

Fair (46) 60.9 8.7 30.4 
Olive (73) 35.6 26.0 38.4 
Dark (27) 3.7 14.8 81.5 

5.2.12 Genotyping mock forensic casework samples  

To investigate the applicability of the developed forensic intelligence 5-multiplex SNP 

assay on the analysis of casework samples, a variety of DNA samples were collected 

from four donors (section 2.2.5.1). Genomic DNA was extracted from each casework 

sample, quantitated and amplified as described in sections 2.2.5.2 to 2.2.5.4. Only 

multiplexes within the hierarchical set (Multiplex 1 to 4) that were required to derive the 

final mtDNA and NRY haplogroup based on the result of Multiplex 1 were performed 
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(refer to Figure 3.3 to Figure 3.6). For each sample, positive controls consisting of 

buccal swabs taken from each donor were also amplified to confirm results. As shown 

in Figure 5.20 to Figure 5.23, full profiles were obtained for all samples, with the 

exception of the ASIP and P31 loci that were problematic in two samples as discussed 

below. 

Donor 1 who provided a whole blood sample that was deposited on cloth and liquid 

semen sample (refer to section 2.2.5.1 for details) was genotyped using Multiplexes 1-3 

and 5 (Figure 5.20). From the results of Multiplex 1-3, donor 1 was identified to belong 

to mtDNA haplogroup H* and NRY haplogroup R1a1.   Full profiles were obtained for 

both blood and semen samples for all multiplexes, with the exception of the ASIP 

(Multiplex 5) locus, which could not be detected in the liquid semen sample. Only 

0.46ng/μL of genomic DNA was extracted from the semen sample (Table 2.10) and 

despite 3ng of starting template DNA added to the Multiplex 5 PCR, these alleles could 

not be called even after repeating the reaction several times (data not shown). Whilst 

ASIP could be detected with starting genomic DNA concentrations of at least 0.3ng 

(Figure 5.3), the semen sample used was at least 12 months old and though stored at 

4°C there is a possibility that slight degradation may have occurred. This is evident as 

lower signals were observed for all multiplexes compared to the blood sample, despite 

the same starting template concentration used for both samples (Figure 5.20). 

A semen sample from Donor 2 was deposited on cloth and stored at room temperature 

for 3 weeks prior to extraction (section 2.2.5.1). The extracted genomic DNA was 

genotyped using Multiplexes 1-3 and 5 with full profiles obtained for all multiplexes so 

that donor 2 was identified to be of mtDNA haplogroup U* and NRY haplogroup G 

(Figure 5.21). Donor 3 provided a smoked cigarette butt from which genomic DNA was 

extracted and typed using Multiplexes 1, 2, 4 and 5 which all showed full profiles and 

identified donor 3 as belonging to mtDNA haplogroup M8 and NRY haplogroup C3 

(Figure 5.22). On the other hand, a trace saliva sample taken from a swab of a soft drink 

can consumed by donor 4 was genotyped using Multiplex 1, 4 and 5 and showed full 

profiles for all multiplexes except for P31 in Multiplex 4 and ASIP in Multiplex 5, 

which could not be called even after repeating the multiplexes several times (Figure 

5.23). From the result of Multiplex 1 and 4, donor 4 was deduced to belong to mtDNA 
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Figure 5.20: Preliminary validation of the 5-multiplex SNP genotyping system on 
forensic casework samples from Donor 1. 
Donor 1 positive control profiles from buccal swabs stored on FTA® cards are shown in 
(A). DNA was isolated from (B) whole blood deposited on cloth and (C) liquid semen 
from Donor 1. Profiles were obtained for each sample using only Multiplex 1, 2, 3 and 5 
as Multiplex 4 was not required to derive the mtDNA and NRY haplogroups based on 
the result of Multiplex 1. Donor 1 was identified to belong to mtDNA haplogroup H* 
and NRY haplogroup R1a1.    
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Figure 5.21: Preliminary validation of the 5-multiplex SNP genotyping system on 
forensic casework samples from Donor 2. 
Donor 2 positive control profiles from buccal swabs stored on FTA® cards are shown in 
(A). DNA was isolated from (B) liquid semen deposited on cloth from Donor 2. Profiles 
were obtained for each sample using only Multiplex 1, 2, 3 and 5 as Multiplex 4 was not 
required to derive the mtDNA and NRY haplogroups based on the result of Multiplex 1. 
Donor 2 was identified to belong to mtDNA haplogroup U* and NRY haplogroup G.    
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Figure 5.22: Preliminary validation of the 5-multiplex
SNP genotyping system on forensic casework samples
from Donor 3. 
Donor 3 positive control profiles from buccal swabs stored on
FTA® cards are shown in (A). DNA was isolated from (B) a
cigarette smoked by Donor 3. Profiles were obtained for each
sample using only Multiplex 1, 2, 4 and 5 as Multiplex 3 was
not required to derive the mtDNA and NRY haplogroups
based on the result of Multiplex 1. Donor 3 was identified to
belong to mtDNA haplogroup M8 and NRY haplogroup C3.   
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Figure 5.23: Preliminary validation of the 5-multiplex SNP genotyping system on 
forensic casework samples from Donor 4. 
Donor 4 positive control profiles from buccal swabs stored on FTA® cards are shown in 
(A). DNA was isolated from (B) a swab of a soft drink can consumed by Donor 4. 
Profiles were obtained for each sample using only Multiplex 1, 4 and 5 as Multiplex 2 
and 3 were not required to derive the mtDNA and NRY haplogroups based on the result 
of Multiplex 1. Donor 4 was identified to belong to mtDNA haplogroup B4’5 and NRY 
haplogroup K*.    



258 

haplogroup B4’5 and NRY haplogroup K* despite the inability to call P31. With only 

0.15ng/μL of genomic DNA extracted from the trace saliva sample, such that only 

1.05ng of starting template DNA could be added to the Multiplex 5 PCR (Table 2.10), 

the nature of the sample as a trace DNA swab suggests that degradation is likely to have 

occurred which may have prevented amplification of the already problematic ASIP and 

P31 loci.  

The maternal, paternal and bi-parental BGA of each sample was predicted from the 

derived mtDNA and NRY haplogroups and autosomal genotypes. For all donors, 

inferred regional BGA correlated with the declared ancestry for at least two SNP classes 

(Table 5.17). Donor 2 was correctly identified as being of Western Eurasian origin and 

donors 3 and 4 as originating from East Asia from all three types of markers (Table 

5.17). However, the declared European donor 1 demonstrated only correlations between 

the inferred maternal and bi-parental ancestry (Table 5.17). The hair, eye and skin 

colour of the donors was also inferred from the genotypes for nine pigmentation SNPs 

included in Multiplex 5, despite missing data for the ASIP locus for donors 1 (semen) 

and 4 (can swab). The hair and eye colour of all donors was correctly inferred, except 

for Donor 1 who was predicted to have light hair and blue/green eyes (Table 5.18). Skin 

colour prediction was less accurate, however the inferred skin shades correlated with 

expectations based on the predicted BGA of the donors, with European donors (1 and 2) 

predicted as having fair skin and more darkly pigmented donors of East Asian origin 

predicted as having dark skin (Table 5.18). In summary, the preliminary validation of 

the five multiplexes on simulated casework DNA samples has demonstrate that the 

developed forensic intelligence assay can be used to successfully genotype a variety of 

biological DNA samples for the prediction of BGA and EVCs. 
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Table 5.17: Inferred regional BGA of simulated casework sample donors. 
Note that the population designation ‘NAFME’ refers to North African or Middle 
Eastern ancestry. 

Sample Declared 
BGA 

Inferred BGA 

Maternal Paternal Bi-
parental* 

Donor 1 Europe Europe/NAFME Europe/NAFME/South Asia W.Eurasia
Donor 2 Europe Europe/NAFME Europe/NAFME W.Eurasia
Donor 3 East Asia East Asia East Asia East Asia 
Donor 4 East Asia East Asia East Asia/Oceania East Asia 
*from GenAlEx MLE for assignment of individuals to five populations: Sub-Saharan Africa, 
Europe, Western Eurasia (Europe and Middle East), South Asia and East Asia. 

Table 5.18: Inferred hair, eye and skin colour of simulated casework sample 
donors. 

Sample 
Hair  Eye Skin 

Declared Inferred* Declared Inferred* Declared Inferred* 

Donor 1 Black  Light  Hazel Blue/Green Olive Fair 
Donor 2 D.brown Dark  Hazel Hazel/D.brown Fair Fair 
Donor 3 Black Dark  D.brown Hazel/D.brown Olive Dark 
Donor 4 Black Dark  D.brown Hazel/D.brown Fair Dark 
*from GenAlEx MLE calculated from genotypes for nine pigmentation SNPs (rs885479, 
rs1426654, rs1545397, rs6058017, rs7498174, rs4778241, rs4778138, rs12913832 and 
rs16891982) in Multiplex 5.  
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5.3 Summary 

This chapter discussed the preliminary validation of a novel 5-multiplex SNP 

genotyping system for forensic intelligence capable of simultaneously genotyping 

mtDNA, NRY and autosomal SNPs. The selection of candidate SNP loci and 

development of the five multiplex assays were previously discussed in chapter 3 and 4. 

As part of the preliminary validation of the SNP genotyping system, a pilot population 

genetic analysis of the haplotypes and genotypes of 146 individuals was carried out. 

Samples were divided into the Sub Saharan African, North African, Middle Eastern, 

European, South and East Asian groups according to their self-declared ancestry over 

two paternal and maternal generations. Overall, the five optimised multiplexes 

performed well during population testing and could be efficiently used to obtain full 

profiles for all individuals tested. The efficiency of the hierarchical arrangement of the 

candidate haploid SNPs in Multiplex 1 to 4 was confirmed through the absence of 

ambiguous haplotypes for all 85 out of the 146 individuals tested using all four 

multiplexes. However, population testing also revealed technical modifications required 

including re-design of the P31 SBE primer in Multiplex 4, which failed to extend in 

individuals carrying the G allele. 

Population genetic analyses were performed to assess the expected population 

differentiation that could be achieved with the candidate mtDNA, NRY and autosomal 

SNPs. The derived haplogroup, allele and genotype frequencies for the candidate 

markers revealed differences between the six population groups, whilst diversity and 

AMOVA results suggested that a greater degree of population differentiation was 

achieved with the NRY and autosomal candidate SNPs than with the mtDNA markers. 

This was further demonstrated by the mtDNA, NRY and autosomal genetic distances 

and their subsequent analysis using PCoA, NJ trees and STRUCTURE, which identified 

clustering of populations according to geographical location, with reduced 

differentiation of populations in geographical proximity such as the Middle East and 

South Asia. Overall, the population genetic analyses revealed that the 5-multiplex SNP 

genotyping system allowed for greater differentiation between continents rather than of 

populations within continents, especially for the mtDNA SNPs. 
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The performance of the developed DNA intelligence assay for the inference of BGA 

was investigated using MLE derived using the GenAlEx v6.5 (Peakall and Smouse, 

2012) and the Snipper App Suite 2.0 (Phillips et al., 2007b). The results revealed that 

the 5-multiplex SNP genotyping system could infer the maternal and paternal region of 

geographic origin with a relatively high degree of accuracy (73- 100%), particularly for 

Sub-Saharan African, European and East Asian ancestry (81-100%), based on the 

geographic affiliation of the derived mtDNA and NRY haplogroups respectively. Sub-

Saharan African (89%), European (98%) and East Asian (95%) bi-parental ancestry 

could also be predicted very accurately (89-98%) from the autosomal SNP genotypes 

when using the 1000 Genomes (Phase I) samples as a reference database and when 

assigning individuals to four population groups representing broad geographic regions 

in GenAlex: Sub-Saharan Africa (90%), North Africa (95%), Eurasia (Europe, Middle 

East and South Asia) (94%) and East Asia (95%). Considering the maternal, paternal 

and bi-parental BGA inferences in combination provided a comprehensive overview of 

each individual’s genetic history and increased the overall predictive power. The 5-

multiplex SNP genotyping system was observed to correctly predict the regional BGA 

of least 99% of males, where at least two predicted geographic regions of origin were 

correct and matching. 

Performance testing of the candidate pigmentation SNPs for the inference of EVC 

demonstrated the highly accurate (86-88%) differentiation of light (light brown, red, 

blonde) versus dark (black, dark brown) hair based on the genotypes for SNPs 

rs12913832 and rs4778138 as well as of blue/green (95%) versus hazel/dark brown 

(81%) eyes when using the genotypes for all nine pigmentation SNPs. Prediction of skin 

colour was generally observed to be less accurate except for dark skin which was 

inferred with 82% accuracy. In addition, sensitivity testing of the five multiplex SNP 

assays also demonstrated advanced performance with low starting amounts of genomic 

DNA down to 0.1ng and for the analysis of routine casework biological samples. A 

thorough discussion of the results presented throughout this thesis as well as the 

conclusions and future directions for this research are provided in the final chapter.  
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CHAPTER 6 

GENERAL DISCUSSION 
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 Chapter 6. General Discussion 

6.1 Overview of the project 

The primary objective of this study was to develop a novel forensic intelligence test 

comprising five separate multiplex SNaPshot™ (Life Technologies, USA) assays 

capable of simultaneously genotyping mitochondrial DNA (mtDNA), non-recombining 

Y-chromosome (NRY) and autosomal ancestry and pigmentation phenotype 

informative SNPs. A total of 49 haploid markers comprising 21 mtDNA and 28 NRY 

SNPs that differentiate diagnostic haplogroups for major continental populations were 

selected for inclusion in the DNA intelligence assay. In addition, 13 autosomal ancestry 

informative markers (AIM) were also selected, of which nine SNPs also have known 

associations with human pigmentation variation. The SNaPshot® single-base extension 

(SBE) kit (Life Technologies, USA) was chosen as the SNP genotyping technique as it 

has been used for the development of numerous multiplex assays targeting different 

types of markers (Paneto et al., 2011, van Oven et al., 2011a, Ballantyne et al., 2012) 

and is simple, sensitive and robust whilst utilising equipment already available in most 

forensic laboratories (Sobrino et al., 2005). The assay development phase including the 

selection of candidate loci, PCR and extension primer design as well as the optimisation 

of Multiplex 1 to 5 were previously discussed in chapters 3 and 4. Following the 

completion of multiplex assay development, an initial performance evaluation of the 5-

multiplex SNP genotyping system for the inference of maternal, paternal and bi-parental 

biogeographical ancestry (BGA) and external visible characteristics (EVC) was 

undertaken through large-scale population testing, population genetic and statistical 

analyses. Preliminary casework validations of the forensic intelligence assay including 

an assessment of assay predictive power, robustness and sensitivity for the analysis of 

different types of commonly encountered forensic biological specimens were also 

performed. 
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6.2 Performance of the 5-multiplex SNP assay during population 

testing 

The genotyping performance of the 5-multiplex SNP assay comprising Multiplex 1 to 5 

was investigated through population testing of 116 males and 30 females (section 2.1.5). 

Donors were grouped into six major population groups (Sub-Saharan Africa, North 

Africa, Middle East, Europe, South Asia and East Asia) based on their self-declared 

ancestry tracing back to two preceding generations. For each selected individual, both 

parents, as well as maternal and paternal grandparents, were required to have originated 

from the same population. As discussed in chapter 3, the haploid mtDNA and NRY 

markers were grouped into Multiplex 1 to 4 according to a hierarchical scheme, where 

the result of Multiplex 1 is used to identify the next multiplex to perform. This 

hierarchical design strategy was selected as it is widely applied for assays typing uni-

parentally inherited markers and facilitates the large number of loci required to be 

analysed in such lineage studies (Paracchini et al., 2002, Brion, 2005, Onofri et al., 

2006, Wiesbauer et al., 2006, van Oven et al., 2011b, Ballantyne et al., 2012).  The 

mtDNA and NRY haplogroups arranged together in Multiplex 1 were somewhat similar 

to those studied by Van Oven et al. (2011b) and Onofri et al. (2006), however this 

hierarchical assay was the first of its kind to apply a hierarchical arrangement to 

simultaneously type two different classes of markers. 

To confirm the efficiency of the hierarchical grouping of our 21 mtDNA and 28 NRY 

candidate SNPs, 85 out of the 146 population samples were genotyped using all four 

multiplexes. The absence of ambiguous haplotypes confirmed that the hierarchical 

arrangement of the haploid markers in Multiplex 1 to 4 was correct. The remaining 61 

population samples were genotyped using only the necessary multiplex(es) required to 

derive the final mtDNA and NRY haplogroups from the hierarchical assay, but all 146 

individuals were  genotyped using Multiplex 5, in which were grouped the autosomal 

markers. Our decision to group mtDNA and NRY SNPs that define haplogroups with 

similar geographical origins in the same multiplex, as previously implemented by Van 

Oven et al. (2011a) and (2011b), was also efficient. This is because although five 

multiplexes were developed, only a limited number of assays are required to obtain 

complete mtDNA and NRY haplotypes and autosomal genotypes, which minimises 
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processing time and amount of DNA sample used. In general, individuals of Sub-

Saharan African, South and East Asian origin could be genotyped using approximately 

two to three out of the five multiplexes, whilst Europeans, North Africans and Middle 

Eastern individuals required up to four multiplexes.  

During the course of this study, new emerging population studies and sequencing data 

have resulted in the refinement of the global mtDNA phylogeny. At the start of this 

project, some of the selected mtDNA SNPs already demonstrated homoplasy within the 

phylogeny and allowed for the unintentional detection of some additional haplogroups 

that are relatively rare such as M1a1d. However, the very recent revision of the updated 

mtDNA phylogeny led to the discovery that a large proportion of the candidate mtDNA 

SNPs are now recurrent and can be used to identify a larger number of rare haplogroups. 

For this reason, the phylogeny for the 21 candidate mtDNA SNPs was refined and is 

shown in Figure 6.1. It must be emphasised that these recent homoplasies were not 

known at the time of hierarchical assay development. However, no ambiguous 

haplotypes were observed when genotyping individuals with the same declared 

maternal and paternal ancestry with the currently implemented hierarchical grouping of 

haplogroups of similar geographic origin within the same multiplex reaction. Hence, the 

proposed order of multiplexes to be performed based on the result of Multiplex 1 is still 

recommended (refer to Figure 3.3 to Figure 3.6). The updated phylogeny is still 

however provided because these new haplogroups may be encountered when typing 

admixed individuals for whom the conventional multiplex genotyping order may not 

apply. 

Overall, the five optimised multiplexes performed well during population testing and 

could be efficiently used to derive the mtDNA and NRY haplogroups as well as 

autosomal genotypes of all individuals tested. Allele drop-out of larger loci such as 

T10238C and C10400T in Multiplex 1 and M343 in Multiplex 3 occurred on rare 

occasions, due to low DNA template concentration on the donor FTA® cards, however 

repeating these samples with one to two FTA® discs achieved full profiles. However, 

the G allele at the P31 locus, which defines the East Asian O2 NRY haplogroup, was 

observed to be a null allele in 9 out of 34 males of declared East Asian 
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Figure 6.1: Updated Phylogenetic tree of the 21 
selected mtDNA SNPs showing the geographical 
origin of the defining haplogroups. 
Several of the candidate SNPs have been recently 
identified as recurrent and now define other rare 
haplogroups to produce this updated phylogeny. The 
phylogeny follows the van Oven et al. (2009) 
nomenclature corresponding to the most updated 
mDNA tree (Build 15, updated 30th September 2012, 
available at http://www.phylotree.org). The coloured 
boxes represent the region of geographical origin of the 
haplogroup as specified in the key. The candidate SNPs 
for this research are shown along the branches as 
nucleotide positions and substitutions observed within 
the revised Cambridge Reference Sequence (rCRS). 
The suffix ’d’ denotes a deletion and the underlined 
SNPs indicate recurrent mutations. The bracketed 
numbers (1, 2, 3 and 4) associated with each SNP 
represent the multiplex in which the SNP is grouped in 
this project.  
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origin and could only be typed in singleplex using 4μM of P31 single-base extension 

(SBE) primer. The null G allele was only encountered in East Asian males and no issue 

with the detection of the ancestral A allele were noted for any of the remaining 107 

males tested. It was deduced that the G substitution caused the P31 SBE primer to 

anneal non-specifically to surrounding regions upstream and downstream of the SNP 

site, which were observed to contain strings of T nucleotides interspersed with G bases. 

Due to the discovery of this issue during the late stages of this project, the SBE primer 

was not redesigned however it is recommended that a replacement P31 SBE primer is 

designed from the alternate stand for future applications. 

6.3 Population genetic analyses of mtDNA, NRY and autosomal 

haplotype and genotype data 

To investigate the degree of population differentiation that could be achieved using the 

21 mtDNA, 28 NRY and 13 autosomal candidate SNPs, a pilot population genetic 

analysis was undertaken on the mtDNA and NRY haplotypes obtained for 116 males 

and the genotypes of 146 individuals originating from six major populations prevalent 

in Australia (section 5.2.1). Unfortunately, due to the wide scope of this project and the 

significant length of time invested in the development of five multiplex assays, time and 

resource constraints resulted in a smaller number of samples collected and genotyped 

than preferred. Some population groups such as Sub-Saharan Africa are very small 

(N<10), thus, frequency based analyses must be interpreted with caution. However the 

general population genetic trends observed in this pilot study of the Sub-Saharan 

African, North African, Middle Eastern, European, South and East Asian populations 

are presented and discussed in this section. 

Analysis of the frequencies of the tested SNPs in the six major sub-population groups 

prevalent in Australia revealed distinct differences between the distribution of mtDNA, 

NRY and autosomal SNPs in these population groups (section 5.2.3). The mtDNA and 

NRY haplogroup distributions obtained correlated well with previous reported results in 

the literature, as compiled in Table 3.1 and Table 3.2. The geographic distribution of the 

mtDNA and NRY haplogroups in the six populations of interest demonstrated that the 

selected haploid SNPs could differentiate Sub-Saharan African, European and East 
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Asian populations well (Figure 5.4). However mtDNA haplogroups H*, H1, J1, N1 U* 

and U7 as well as NRY haplogroups E1b1b, F*, G, J2 and T demonstrated overlapping 

distributions between individuals of declared European, North African, Middle Eastern 

and South Asian origin (Figure 5.4). Generally, a greater number of mtDNA 

haplogroups was shared between these populations compared to NRY haplogroups, 

which suggests that these populations are more difficult to distinguish from each other 

using the selected mtDNA SNPs (Figure 5.4). However, the presence of high frequency 

and population specific NRY haplogroups such as E1b1b, F*, H, and R1a1 (Figure 

5.4B) confirms that the NRY markers are more informative when distinguishing 

individuals of North African, Middle Eastern and South Asian origin. 

As expected, the calculated diversity measures depicted in Table 5.1 correlated with the 

observed mtDNA and NRY haplogroup distribution (Figure 5.4), with populations 

demonstrating the least number of haplotypes such as Sub-Saharan Africa and South 

Asia showing the lowest gene diversities. Overall, higher gene (H) and nucleotide ( ) 

diversity measures were observed for mtDNA haplotypes compared to NRY haplotypes, 

though the opposite was found for the mean number of pairwise differences (Table 5.1). 

This is due to a greater number of mtDNA sub-haplogroups targeted in this assay, 

which are all part of the same lineage and thus show only minimal sequence differences 

between them. In comparison, a greater number of NRY haplogroups (as opposed to 

sub-haplogroups) that identify different lineages and which demonstrate greater 

sequence differences were included in this assay. The analysis of molecular variance 

(AMOVA) results also showed that the degree of diversity within populations was 

greater for mtDNA (78%) compared to the NRY (63%) haplotypes (Table 5.1), whilst 

larger pairwise PT values were observed for the NRY haplotypes compared to the 

mtDNA haplotypes (Table 5.3), further suggesting that greater population 

differentiation is achieved with the NRY candidate SNPs than the mtDNA markers.  

The mtDNA and NRY diversity results correlate with widespread observations that 

genetic differences between human populations are greater for the Y-chromosome 

compared to mtDNA (Seielstad et al., 1998, Jorde et al., 2000, Kayser et al., 2003). 

These genetic differences have been attributed to a higher female migration rate due to 

patrilocality (Seielstad et al., 1998, Hamilton et al., 2005), a cultural practice ubiquitous 

in 70% of human populations (Murdoch, 1981), where it is more common for a woman 
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to migrate to the birthplace of her husband than the opposite. In patrilocal societies, the 

genetic variation within the population is expected to be greater for mtDNA than the Y-

chromosome and greater genetic differentiation is expected for the Y-chromosome 

compared to the mtDNA. Despite the small sample size of this pilot study, the diversity 

(Table 5.1), AMOVA (Figure 5.10) and pairwise PT (Table 5.3) estimates for the Sub-

Saharan African, North African, Middle Eastern, European, South and East Asian 

populations all showed genetic differences characteristic of patrilocal societies, 

including higher diversity for mtDNA data and greater population differentiation using 

the NRY SNPs, similar to previous observations for the hill tribes of Thailand (Oota et 

al., 2001, Hamilton et al., 2005, Besaggio et al., 2007) and the Semende and Besemah 

people of Indonesia (Gunnarsdottir et al., 2011).  

Migration, which promotes gene flow and admixture between groups, is not only 

affected by culture and language but is also facilitated by geographical proximity. For 

all populations, the pairwise M values which provide an estimate of the number of 

migrants exchanged (gene flow) between two populations, were also found to be greater 

for mtDNA than the Y-chromosome (Table 5.3). Furthermore, all population pairs that 

demonstrated the lowest degree of genetic differentiation ( PT <6%) and the highest M 

values were populations that shared geographical borders such as Europe/Middle 

East/North Africa and South Asia/East Asia (Table 5.3). In conclusion, the observed 

genetic differences between the mtDNA and NRY data for the six global populations 

support previous findings that geographical location and cultural practices such as 

patrilocality affect migration patterns and gene flow and contribute to the observed 

differences in between-population variation for mtDNA and the Y-chromosome (Jorde

et al., 2000, Oota et al., 2001, Kayser et al., 2003, Hamilton et al., 2005, Besaggio et 

al., 2007, Gunnarsdottir et al., 2011).   

The mtDNA and NRY are respectively solely maternally and paternally inherited in the 

absence of recombination and represent ancient lineage based ancestries which capture 

the generational history of an individual and reflect the geographical origin of maternal 

and paternal lineage ancestors (Royal et al., 2010). On the other hand, the autosomes, 

which are shuffled through random assortment and recombination, only represent a 

portion of an individual’s genetic history at any given locus and reflect more recent 

ancestry contributions. Population genetic analyses of the 13 autosomal SNP genotypes 
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of 146 individuals originating from Sub-Saharan Africa, North Africa, Middle East, 

Europe, South and East Asia obtained with Multiplex 5 showed both similarities and 

differences to the mtDNA and NRY results. The Sub-Saharan African, European and 

East Asian populations demonstrated contrasting autosomal allele and genotype 

frequencies to one another at each of the 13 candidate SNPs (Figure 5.5 to Figure 5.9) 

which were comparable to the literature (refer to section 4.2.1 for citations) and the 

frequencies retrieved from the 1000 Genomes (Phase I) database (Table 4.2).  

The Sub-Saharan African population was distinguishable from other populations at the 

DARC, F13B, FUT2 and ASIP loci, whilst distinctive allele and genotype frequencies 

were observed for the East Asian population at the MC1R, OCA2-1, OCA2-2 and 

OCA2-4 loci. In contrast, Europeans demonstrated distinct frequency differences at the 

HERC2, MATP, SLC24A5, OCA2-2 and IL-6 loci. Several of the autosomal SNPs 

selected were also identified as fixed difference markers in the Sub-Saharan African, 

European and East Asian populations, where one allele is exclusive to one population 

and the alternate allele is found exclusively in the others. For example the SLC24A5*A 

and MATP*C alleles are fixed in Europeans and the DARC*G allele is fixed in 

Africans as previously reported (Phillips et al., 2007b).  

As shown in Figure 5.5 to Figure 5.9, populations that share geographical borders and 

are closely genetically related, such as North/Sub-Saharan Africa, Europe/North 

Africa/Middle East and South/East Asia, generally demonstrated similar autosomal 

allele and genotype frequencies. This was expected as the candidate SNPs were 

primarily selected to differentiate major continental groups (Africa, East Asia and 

Europe). However, closely genetically related populations could also be differentiated at 

various loci. For example, the Sub-Saharan and North African populations could be 

distinguished at the HERC2, MATP, SLC24A5, F13B, FUT2, OCA2-3, IL-6 and ASIP 

loci and North Africa and the Middle East at the DARC, F13B and SLC24A5 loci. 

Europe and the Middle East were distinguishable at the HERC2, MATP, SLC24A5, 

OCA2-3 and ASIP loci whilst South and East Asian individuals showed contrasting 

allele and genotype frequencies at the MC1R, OCA2-1, SLC24A5, OCA2-4 and IL-6 

loci. This suggested that Multiplex 5 would also be able to differentiate the three major 

continental groups from these other inter-continental populations. Estimating the level 

of significance for the observed frequency differences between the six population 
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groups would have been beneficial, nonetheless the trends observed in Figure 5.5 to 

Figure 5.9 are reasonably distinctive for the Sub-Saharan African, European and East 

Asian populations and it is clearly evident that the 13 candidate SNPs can successfully 

differentiate these continental populations in the absence of statistical significance. 

However validations with larger data sets would enable calculation of the level of 

significance for close genetically related populations such as North Africa, Middle East 

and South Asia. 

Heterozygosity which measures the probability that an individual will carry two 

different alleles (Hartl and Clark, 2006) was also calculated to assess the degree of 

diversity in each of the six populations of interest. For intelligence purposes, markers 

that demonstrate low heterozygosity (high homozygosity), which is characterised by 

lower observed heterozygosity (Ho) compared to expected heterozygosity (He) are 

preferred, as this favours marker specificity to a given population. In these cases, the 

diversity is low at that locus within a specific population (i.e. the Fixation index or 

inbreeding coefficient is high) and generally not in others, in order to achieve adequate 

differentiation between the population groups of interest (Budowle and van Daal, 2008). 

This is since SNPs that exhibit low heterozygosity are less polymorphic within a 

population but can exhibit variation between populations.  

Low heterozygosity was observed at multiple autosomal loci including OCA2-1, which 

showed increased homozygosity in five of the six populations as well as for ASIP, 

which demonstrated similar results except in the European population (Table 5.2). The 

HERC2, MATP, OCA2-2, SLC24A5 and OCA2-3 loci showed high homozygosity in 

up to four populations, typically North Africa, Europe, the Middle East and East Asia 

(Table 5.2). The greatest difference between Ho and He was detected for ASIP and F13B 

in Sub-Saharan and SLC24A5 in Sub-Saharan Africa, the Middle East and South Asia 

(Table 5.2). These results suggest that these candidate markers were successfully 

selected and that these loci appear to be most useful in distinguishing the six 

populations of interest. However, in many cases the differences observed were minimal 

and determining whether these differences were significant would enable for more 

definite conclusions to be drawn from these results. 
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The autosomal AMOVA results shown in Figure 5.13 were similar to those obtained for 

the NRY data (Figure 5.10B). A global FST of 0.38 indicated that 38% of the genetic 

variation occurred among the six populations. This suggests that the autosomal and 

NRY SNPs can overall, differentiate the populations of interest more efficiently than the 

mtDNA markers, for which a large proportion of the genetic variation (78%) occurred 

within the populations compared to only 62% and 63% of the variation for the NRY and 

autosomal SNPs respectively (Figure 5.10B and Figure 5.13). The population pairwise 

FST values were significant between all population pairs tested for the autosomal data 

(p<0.01) and most populations were well differentiated (generally 20% or higher) 

(Table 5.4). However, the number of migrants (M) exchanged was generally lower for 

the autosomal SNPs (Table 5.4) compared to the haploid markers (Table 5.3). 

Conversely, the South Asia/Middle East and Europe/Middle East pairings showed 

closer genetic relationships than observed for the mtDNA (Table 5.3A) and NRY results 

(Table 5.3B), which demonstrated closer genetic relationships between East/South Asia, 

Middle East/North Africa and/or Europe/South Asia. However, generally, the candidate 

NRY markers appeared to be the most informative compared to the mtDNA and 

autosomal SNPs when distinguishing populations sharing geographic borders such as 

the Middle Eastern, South Asian and European populations.  

Visualisation of the mtDNA, NRY and autosomal genetic distances using principal co-

ordinates analysis (PCoA) and neighbor-joining (NJ) trees identified distinct differences 

in the degree of population differentiation achieved with each set of candidate markers. 

The general trend observed was clustering of populations according to geographical 

location with varying degrees of differentiation achieved between the haploid and 

autosomal SNPs. Three distinct clusters were identified from the mtDNA haplotypes 

which identify three continental regions- a Western Eurasian cluster comprising 

individuals originating from Europe, the Middle East and North Africa, an Eastern 

Eurasia cluster in which were grouped South and East Asian individuals and the Sub-

Saharan African individuals clustering separately (Figure 5.11A). In contrast, analysis 

of the NRY data demonstrated four geographical clusters representing Africa (Sub-

Saharan and North), Western Eurasia (Europe and South Asia), the Middle East and 

East Asia (Figure 5.11B). Greater population differentiation was apparent for the NRY 

markers compared to the mtDNA SNPs, with a clear separation of the Middle Eastern 

population achieved. However, clustering of the South Asian population with Europe 
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indicated that these two populations might not be adequately differentiated using the 

candidate NRY markers. The PCoA results for the autosomal SNPs showed that the 

Sub-Saharan African, North African, European and East Asian populations could be 

well differentiated, although clustering of the Middle Eastern and South Asian 

populations between North Africa and Europe was evident (Figure 5.14).  

The NJ tree for all three sets of markers (Figure 5.12 and Figure 5.15) reflected similar 

genetic relationships to those observed with PCoA (Figure 5.11 and Figure 5.14) and 

paralleled the trends inferred from the frequency and diversity results. As expected, 

close genetic relationships were mostly observed between populations with common 

geographical borders, with Sub-Saharan Africa well differentiated from other 

populations. However, the mtDNA NJ tree showed a close genetic relationship between 

Sub-Saharan Africa, East and South Asia (Figure 5.12A). This was a clear contrast to 

the NRY and autosomal NJ trees, which depicted close relationships between Sub-

Saharan Africa and North Africa (Figure 5.12B and Figure 5.14 respectively). Whilst 

Sub-Saharan Africa is not in geographical proximity to East Asia, the observed mtDNA 

haplogroup distribution, which shows a high incidence of haplogroup M and its sub-

groups in South and East Asia (Figure 5.4A), is the likely reason for the close genetic 

relationship observed between these populations. Haplogroup M is one of two primary 

branches that split from African haplogroup L3 which encompasses all mtDNAs outside 

of Africa (Chen et al., 1995).  

Two dispersal routes for the migration of Humans out of Africa into Eurasia have been 

proposed-one through Africa, the Levant and North Asia (Lahr and Foley, 1994, 

Quintana-Murci et al., 1999) and the other through Ethiopia, South Asia and onwards to 

East Asia and Oceania (Kivisild et al., 1999). Evidence in support of the Southern route 

was gained through the study of mtDNA (Macaulay et al., 2005, Sun et al., 2006, 

Chandrasekar et al., 2009) due to the ubiquitous nature of haplogroup M in India where 

it comprises 70% of lineages (Kivisild et al., 2003, Metspalu et al., 2004). Failure to 

identify basal mtDNA haplogroups M, N and R in North Asia (Torroni et al., 1993, 

Derenko et al., 2003, Macaulay et al., 2005, Sun et al., 2006, Derenko et al., 2007) 

diminished the likelihood of a North Asian route and it was proposed that the presence 

of mtDNA haplogroups M1 and U6 in North Africa was the result of back migration 

(Olivieri et al., 2006).  
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Although we observed a small incidence of haplogroups M, N and R and their sub-

groups in our North African and Middle Eastern populations (Figure 5.4A), these 

populations showed more similar mtDNA haplogroup distributions to Europe, which 

explains why these groups appear to branch closely together yet more distantly from 

Sub-Saharan Africa in the NJ tree (Figure 5.12A). No set conclusions can be made from 

these results in support of either dispersal routes due to the small sample size and the 

limitations of the number of candidate markers and study populations of this study. 

However the PCoA and NJ tree results have provided a useful insight into the potential 

usefulness of the candidate mtDNA, NRY and autosomal SNPs in differentiating the six 

populations of interest for effective inferences of BGA. It appears that the developed 

forensic intelligence assay allows for greater differentiation between continents rather 

than differentiation of populations within continents, particularly for the mtDNA SNPs. 

An additional investigation of population sub-structure performed on the autosomal 

genotypes using STRUCTURE v2.3.4 (Pritchard et al., 2000, Falush et al., 2003, 2007, 

Hubisz et al., 2009) revealed that the most likely number of population clusters was 

four when using the admixture model and the LOCPRIOR function to consider the a 

priori population of origin when estimating ancestry proportions, as identified through 

the bar plots (Figure 5.17). The Evanno method (Evanno et al., 2005) was initially used 

to determine the true number of clusters (K) and involves the calculation of the rate of 

change in the log probability of data between successive K values ( K) to estimate the 

uppermost hierarchical level of structure, which is identified as the K with the highest 

value of K. However, when using the admixture model with and without considering 

the population of origin of individuals (LOCPRIOR), K=2 was identified as the most 

likely number of clusters for both analyses (Figure 5.16). This was not expected as the 

individuals were known to have originated from different sub-populations and were 

observed to cluster into at least 3 separate groups through PCoA (Figure 5.17). 

It has been proposed that the Evanno method (Evanno et al., 2005) does not perform as 

efficiently when the sample size and number of loci is small and underestimates the 

number of clusters when there is hierarchical population structure (Waples and 

Gaggiotti, 2006, Coulon et al., 2008) because the K approach can only identify the K

for the uppermost hierarchical level (Evanno et al., 2005).  The autosomal NJ tree 

(Figure 5.15) clearly demonstrates hierarchical structuring of our six populations into 
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two major groups separating African from non-African populations, which coincide 

with the K=2 results obtained using the Evanno method (Evanno et al., 2005) (Figure 

5.16). Therefore, the bar plots of the individual ancestry proportions at each K, shown in 

Figure 5.20, demonstrated a more realistic representation of the most likely number of 

clusters and were accordingly used in preference to the Evanno graphs.  

It has been suggested that the LOCPRIOR function produces more accurate ancestry 

estimates for small and medium datasets particularly when individuals are sampled from 

various locations (Hubisz et al., 2009). This allows the proportion of individuals 

assigned to a specific cluster to vary according to their sampling location and allows for 

lower levels of sub-structure to be detected at reduced levels of divergence or with 

minimal data. Accordingly, the result depicted in Figure 5.17 demonstrated an 

improvement in the number of clusters inferred, which increased from K=2 when using 

the admixture model without considering prior population information to K=4 when 

using the LOCPRIOR function. It is evident that considering the a priori population of 

origin is able to identify lower levels of sub-structure in this small dataset, with four 

clusters identified which are mostly analogous with the major sub-population groups in 

Australia. The four major clusters clearly distinguished individuals of Sub-Saharan 

African, European, South Asian and East Asian origin. However, Middle Eastern 

individuals showed a high proportion of European ancestry, whilst North Africans 

showed 50% membership to the Sub-Saharan African and European clusters (Figure 

5.17). The STRUCTURE results reinforced previous observations from PCoA and NJ 

tree regarding the close genetic relationship between Europeans, Middle Easterners and 

South Asians and the difficulty in differentiating these populations using the 13 

candidate autosomal SNPs.  

The autosomal data was further assessed for departures from Hardy-Weinberg 

equilibrium (HWE) and linkage equilibrium (LE) using exact tests prior to applying 

inference methods, which assume independence and random mating when calculating 

allele frequencies. To account for the increased probability of observing a false positive 

significant result (Type I error) when performing multiple hypothesis tests, the 

Bonferroni correction was applied, which involves adjusting the significance level  to 

/n where n refers to the number of independent tests performed (Miller, 1981). No 

departures from HWE were seen following Bonferroni correction (all p>0.0038 for 13 
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tests) (Table 5.5). This is particularly interesting as departures from HWE are somewhat 

expected because the assumptions that a population is randomly mating with no sub-

structure, that is of infinite size and which is not influenced by migration, mutation or 

natural selection are most often violated in modern human populations, depending on 

the population or markers investigated.   

Four locus pairs out of 78 pairwise comparisons demonstrated departures from LE in 

the European and East Asian populations following Bonferroni correction (p<0.0006) 

(Table 5.6). Only loci located in the OCA2 gene (rs7495174, rs4778241, rs4778138) as 

well as the HERC2 locus (rs12913832) were found to be in linkage disequilibrium 

(LD). This finding is not surprising as the HERC2 gene is only 11.7kb upstream of the 

OCA2 gene and contains regulatory elements for the OCA2 pigmentation gene such as 

the transcription binding site for helicase-like transcription factor (HLTF), an enhancer 

which was shown to directly regulate transcription of the OCA2 gene (Sturm et al., 

2008, Sturm and Larsson, 2009, Visser et al., 2012). The physical proximity of loci 

increases the likelihood that they will be inherited together however other forces may 

also contribute to LD including population sub-division and natural selection (Slatkin, 

2008). Previous findings have also identified strong linkage disequilibrium within the 

OCA2-HERC2 region as well as large differences in allele frequencies between major 

global populations, which were proposed to be indicators of positive selection in 

Europeans (Voight et al., 2006, Donnelly et al., 2012). Loci that are in LD are not 

desirable when using inference methods based on maximum likelihood estimates 

(MLE), which assume independence and may introduce a slight bias when inferring 

ancestry. However, these loci may still be useful to differentiate populations in which 

the SNPs have been positively selected, with LD mapping recently applied for the 

successful inference of admixture in various populations (Moorjani et al., 2011, Loh et 

al., 2013). In the future, it may be beneficial to analyse the three OCA2 loci (rs7495174, 

rs4778241, rs4778138) and HERC2 (rs12913832) locus as a haplotype when calculating 

MLE in order to minimise bias.  

It must be noted that small sample sizes are problematic for hypothesis testing as these 

often result in low power which decreases the chance that a statistically significant 

result reflects a true effect and thus results obtained from small data sets must be 

interpreted with caution (Button et al., 2013). A recent study has shown that for 
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multiple tests, increases in sample size are required to improve power; however the 

increase in sample size necessary was greater for smaller numbers of tests performed on 

small datasets than the opposite (Lazzeroni and Ray, 2012). Failure to detect departures 

from HWE or LE in this dataset is most likely a reflection of the sample size and does 

not imply that these departures are non-existent. Furthermore, any future validations of 

the assay using a larger number of population samples should consider performing LD 

analyses using the program Haploview (Barrett et al., 2005) that is specifically designed 

for SNPs to obtain more meaningful LD estimations. It would also be beneficial to 

investigate whether any associations exist between the mtDNA, NRY and/or autosomal 

markers and specific population groups. 

6.4 Inference of biogeographical ancestry using the 5-multiplex SNP 

genotyping system 

As discussed previously in section 6.3, the pilot population genetic analyses of the 

mtDNA/NRY haplotypes and autosomal genotypes revealed that the 5-multiplex SNP 

genotyping system could successfully differentiate between continents but that 

differentiation of inter-continental populations was more difficult, particularly with the 

candidate mtDNA SNPs. To investigate the performance of the developed forensic 

intelligence test for the inference of BGA, the maternal and paternal BGA of each 

individual was inferred from the geographic affiliation of the derived mtDNA and NRY 

haplogroups and the bi-parental BGA was predicted from MLE calculated from the 

autosomal genotypes using GenAlEx v6.5 (Peakall and Smouse, 2012) and the Snipper 

App Suite 2.0 (Phillips et al., 2007b).  

The geographic designations for the mtDNA and NRY haplogroups that were used to 

assign individuals (refer to Figure 3.1 and Figure 3.2) are only representative 

descriptors, which are based on the high prevalence of these haplogroups in the most 

probable population of origin. However numerous haplogroups are widespread in 

multiple populations and sometimes only combined regions such as Europe/Middle 

East/South Asia can be inferred. This is because there are no sharp genetic borders and 

gene flow occurs between populations inhabiting the same continent as a result of 

migration, cultural practices and colonisation. This is particularly evident for inter-
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continental populations that are in geographical proximity such as North Africa, Middle 

East and South Asia which are situated along the migration route of humans as they 

dispersed from Africa (Luis et al., 2004, Olivieri et al., 2006, Rowold et al., 2007, 

Armitage et al., 2011). A large proportion of African mtDNA and NRY lineages have 

been identified in Middle Eastern populations, whilst North Africans have been shown 

to carry a considerable portion of European mtDNA and NRY lineages (Olivieri et al., 

2006, Armitage et al., 2011, Badro et al., 2013). Thus, inferences made from haploid 

markers, particularly those defining basal haplogroups as is the case for numerous of the 

markers selected in this study, need to be interpreted carefully whilst considering the 

local demographic history.  

A relatively high percentage of individuals demonstrated prediction correlations 

between the declared BGA and the inferred maternal and paternal geographic region of 

origin, which ranged from 73% to 100% and 86% to 100% respectively (Table 5.7). In 

general, higher prediction correlations were observed for the NRY SNPs compared to 

the mtDNA SNPs, but both sets of markers inferred continental BGA, namely Sub-

Saharan African, European and East Asian ancestry very accurately (78-100%). 

However, the inference of North African, Middle Eastern and European regional BGA 

showed a higher degree of correlation with declared BGA for the NRY markers, whilst 

inferences for South Asian ancestry were enhanced when using the mtDNA haplotypes. 

These results support the population genetic analyses (refer to section 5.2.4 to 5.2.6), 

which showed greater differentiation of continental populations and clustering of 

genetically related populations, which were better differentiated using NRY markers, 

except for South Asia. The addition of extra mtDNA markers that define less shallow 

haplogroups is recommended to improve the differentiation of such populations that 

lack gene flow barriers.   

Since the geographic designations for the mtDNA and NRY haplogroups can sometimes 

only infer regions rather than specific populations it is possible that an individual may 

belong to a haplogroup which occurs at very low frequencies in a specific population 

and which is not included in the geographic designations specified in Figure 3.1 and 

Figure 3.2, but this does not necessarily imply that the prediction is inaccurate. For 

example, two males (14%) of declared South Asian origin were found to be NRY 

haplogroup K* (excluding K1, L1, M, O, P and T), which is specified as identifying 
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East Asian/Oceanian ancestry in Figure 3.2. However haplogroup K* (excluding K2, L, 

N, M, N, O and P) has been found to occur in approximately 3% of Indians (Sahoo et 

al., 2006). As such, predictions may be facilitated by modifying the geographic 

designations used in this project to the broad regional labels applied in previous 

maternal and paternal ancestry inference genotyping systems (van Oven et al., 2011a, 

van Oven et al., 2011b, Ballantyne et al., 2012). For example, instead of using the East 

Asian/Oceania designation for K*, one could designate the geographical region of 

origin as Western Eurasia/Oceania to account for small frequencies of this haplogroup 

in South Asia and the Middle East.  

Similarly, the autosomal markers demonstrated high accuracies for the prediction of 

Sub-Saharan African (89%), European (98%) and East Asian (95%) ancestry according 

to MLE calculated using the Snipper App Suite 2.0 (Phillips et al., 2007b) and the 1000 

Genomes (Phase I) dataset as reference sample (Table 5.10) and were predominantly 

similar to those observed for the mtDNA and NRY SNPs (Table 5.7). STRUCTURE 

Analysis of the 1000 Genomes dataset further confirmed that the candidate autosomal 

SNPs were adequately selected to differentiate these three major continental populations 

(K=3) (Figure 5.18), as previously observed through PCoA (Figure 5.14) and NJ 

analyses (Figure 5.15). A large proportion of North African individuals were predicted 

to be of Sub-Saharan African origin, whilst most Middle Eastern and South Asian 

individuals were inferred to be of European origin. These results can be explained by 

the close genetic relationship between Sub-Saharan and North Africans as well as 

Europeans, Middle Easterners and South Asians previously inferred from the PCoA, NJ 

and STRUCTURE analysis results of the autosomal genotype data (Figure 5.14, Figure 

5.15 and Figure 5.17 respectively).  

Due to the lack of adequate reference datasets containing complete genotypes for all of 

the candidate autosomal markers for the North African, Middle Eastern and South Asian 

populations, MLE calculated using GenAlEx v6.5 (Peakall and Smouse, 2012) were 

used to investigate the predictive accuracy of the developed DNA intelligence assay for 

the inference of these ancestral populations. As recommended, the ‘leave one out’ 

option was used to exclude each individual to be assigned to an ancestral population 

when calculating the log likelihood values from the allele frequencies in the respective 

populations in order to reduce bias (Paetkau et al., 2004). High predictive accuracies 
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were observed for the inference of Sub-Saharan African (89%), North African (90%) 

and East Asian (95%) bi-parental ancestry; however more intermediate accuracies were 

obtained for Europeans (76%) and South Asians (67%), with the lowest degree of 

success observed for the Middle Eastern populations (Table 5.11A).  

Improvements in prediction accuracy were identified when the Middle Eastern and 

European populations were grouped into a larger Western Eurasian group (Table 

5.11B), however the highest prediction accuracies ranging from 90 to 95% were 

observed when the European, Middle Eastern and South Asian populations were 

grouped together within a single Eurasia population (Table 5.11C). These results further 

confirmed that the selected autosomal SNPs could only differentiate major continental 

populations and thus are most effective for the inference of regional BGA, which was 

additionally reinforced by the pairwise population assignment plots depicted in Figure 

5.19. Nevertheless, the BGA inference results obtained in this study were comparable to 

those of other autosomal ancestry tests, which used a greater number of autosomal 

SNPs but also struggled to adequately distinguish Eurasian populations lacking barriers 

to gene flow including Europe, the Middle East and Central/South Asia (Phillips et al., 

2007b, Kersbergen et al., 2009). The addition of other autosomal AIMs capable of 

achieving within-continent resolution is recommended to improve predictions, with 

several such markers incorporated in the recently developed Eurasiaplex assay to 

achieve high predictive accuracies for the differentiation of European and South Asian 

ancestries (Phillips et al., 2013). 

Although self-declared ancestry can be reliably used to assign population samples into 

groups, individuals may not be aware of admixture events that may have occurred in 

their genetic history, especially ancient events. For example some European individuals 

have been identified to carry African mtDNA haplogroups despite not being aware of 

any African ancestry within their family history (Malyarchuk et al., 2008). This 

possibility must be considered when studying uniparentally inherited markers such as 

mtDNA and NRY SNPs, which can only individually provide details of the maternal 

and paternal lineage as a whole and thus, should be combined with each other and/or 

autosomal markers to obtain a more comprehensive overview of an individual’s 

ancestry. When combining the mtDNA and NRY inferences, the degree of correlation 

between the correctly inferred maternal and paternal region of geographic origin 
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remained high and ranged from 78 to 100% for most populations, yet for North African 

ancestry only 60% of individuals showed correlations between the declared BGA and 

the inferred maternal and paternal regional BGA (Table 5.8). Evidently, combining both 

inference results confirms the likelihood that the person originates from a specific 

geographic region/continental population. However, using mtDNA data to infer 

maternal North African ancestry did not improve results and more accurate regional 

BGA inferences were still obtained when using only the NRY markers for this 

population. This further confirmed that the selected mtDNA SNPs were more suited to 

the inference of broad geographical regions (i.e. continental or regional BGA) and could 

not adequately distinguish North Africans from Sub-Saharan Africans, Europeans and 

South Asians as deduced from PCoA and NJ analyses (refer to section 5.2.6). 

Considering the inferred bi-parental BGA derived from the thirteen autosomal SNP 

genotypes in addition to the maternal and paternal regional BGA inferred from the 

mtDNA and NRY haplotypes, increases the overall predictive power of the multiplex 

assay (Table 5.12A). As shown in Table 5.12A, a high percentage of Sub-Saharan 

African (86%), European (72%) and East Asian (97%) males genotyped showed correct 

and matching predicted ancestries for all three SNP classes when comparing the bi-

parental BGA deduced from Snipper (Table 5.10). Furthermore, the regional BGA of all 

77 males could be accurately predicted when at least two inferred geographic regions of 

origin were matching. Similar overall predictive accuracies were also observed for these 

major continental populations when comparing the bi-parental BGA deduced from 

GenAlex (Table 5.11B). Only 0.9% of individuals demonstrated no correlations 

between all three inferred regional BGA but in these cases, one of the SNPs was still 

capable of correctly inferring the continental population or geographic region of origin 

(Table 5.12). This indicates that the regional BGA of at least 99% of tested males can be 

accurately predicted when at least two of the correctly inferred BGA match.  

The preliminary validation results presented in this thesis confirm that combining 

evidence from multiple types of genetic markers provides a more comprehensive 

overview of a person’s genetic ancestry. Although the three classes of markers may not 

be capable of adequately distinguishing closely genetically related populations when 

considered separately, in combination the ancestry information provided by the different 

SNPs is complementary and can assist in narrowing down the likely BGA of an 
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unknown DNA sample to one particular population or geographic region. Particularly, 

ancestry in several Eurasian sub-populations was more accurately predicted using 

specific SNP combinations. For example, South Asian origin which was most 

efficiently identified using mtDNA and autosomal markers, Middle Eastern ancestry 

which was most accurately predicted using mtDNA and NRY SNPs and North African 

and European ancestry which were best predicted through correlating paternal (NRY) 

and bi-parental (autosomal) ancestry (Table 5.12B).  

Additionally, although the DNA intelligence assay was primarily designed for 

applications on male samples, the NRY SNPs also serve as a sex-determining marker to 

provide additional intelligence data and were not detected in any of the 30 females test 

samples confirming specificity of the primers. A comparison of the degree of 

correlation between the inferred maternal and bi-parental region of geographic origin 

demonstrated that the assay could also be efficiently used to infer the regional BGA of 

female samples. As evident in Table 5.13, the predictive accuracy for the inference of 

Sub-Saharan African (100%) and East Asian (97%) ancestry was very high and 

comparable to that achieved for males with the additional NRY markers (Table 5.12). 

However, more intermediate predictive accuracies were observed for European (78%), 

North African (70%) and South Asian (76%) ancestry, with Middle Easterners (50%) 

demonstrating the lowest accuracy (Table 5.13). This effectively confirms that only 

broad continental regions (Sub-Saharan Africa, Eurasia and East Asia) can be 

distinguished using mtDNA and autosomal SNPs. Thus the 5-multiplex genotyping 

system is most effective for male individuals because the NRY SNPs can assist in 

distinguishing specific population groups that are more difficult to differentiate solely 

based on mtDNA and autosomal data (see Figure 5.11 and Figure 5.12 for mtDNA, 

Figure 5.14 and Figure 5.15 for autosomal), particularly closely genetically related 

Eurasian populations such as Europe, North Africa, the Middle East and South Asia. 

Nevertheless, anticipated future developments of the current assay aiming to incorporate 

additional mtDNA SNPs defining deeper haplogroups to achieve greater differentiation 

of Eurasian populations is expected to increase the applicability of this multiplex SNP 

genotyping system for the analysis of female samples. 

At the start of this project, conventional methods used to develop forensic intelligence 

tools focused on genotyping one specific type of DNA marker and preliminary 
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applications combining genetic evidence from multiple markers were typically 

performed separately. Accordingly, the premise of this study was to develop a novel 

forensic intelligence assay, which could be used to simultaneously genotype three 

different classes of SNPs for more accurate inferences of BGA. Towards the completion 

of this project, an all-in one diagnostic chip for forensic intelligence was reported which 

is capable of simultaneously genotyping 192,658 autosomal SNPs, 3,012 Y-

chromosomal, 5,075 X/XY chromosomal and 428 mtDNA SNPs for kinship and BGA 

inference (Keating et al., 2013). Ongoing technological and scientific advances are 

inevitable, particularly during lengthy doctoral research projects. However the recent 

development of the Identitas v1 Forensic Chip (Keating et al., 2013) confirms the 

rationale for undertaking this study.  

The developed 5-multiplex SNP genotyping system demonstrated comparable 

prediction accuracies to the Identitas v1 Forensic Chip (Keating et al., 2013) for the 

inference of bi-parental ancestry of major continental groups (Sub-Saharan Africa, 

Eurasia and East Asia) (Table 5.10 and Table 5.11) and also showed high predictive 

power (~99%) when bi-parental ancestry inferences were supported by matrilineal and 

patrilineal regional ancestry, despite using a much smaller set of markers (Table 5.12). 

However, the chip was capable of inferring Middle Eastern and South Asian ancestry 

more accurately due to greater number of mtDNA and NRY markers which allowed for 

the assignment of deeper haplogroups, in contrast to our more basal haplogroups, which 

could only differentiate major continental regions. Furthermore, whilst a single 

multiplex typing tool is more favourable over SNaPshot™ technology, which requires 

more test reactions due to its limited multiplexing capability, chip technology is still 

comparatively costly, as it requires the purchase of specialist equipment not typically 

used in forensic laboratories. The developed 5-multiplex SNP genotyping system 

remains an effective preliminary forensic intelligence tool that can be of utility to 

laboratories with limited resources.  



  

284 

6.5 Inference of external visible characteristics using nine 

pigmentation associated SNPs 

In addition to selecting autosomal SNPs that could differentiate major global 

populations, nine of the candidate autosomal SNPs (rs885479, rs1426654, rs1545397, 

rs6058017, rs7498174, rs4778241, rs4778138, rs12913832 and rs16891982) located in 

pigmentation genes were also selected for their known associations with EVCs (see 

section 4.2.1.2). Phenotype associations are usually identified using a dataset of 

individuals originating from the same population, typically from Europe where the 

greatest amount of hair, eye and skin colour variation exists to ensure that these 

associations are true and do not arise due to continental population stratification. As 

shown in Table 5.14, only the rs12913832 and rs4778138 SNPs demonstrated 

associations with dark (black/dark brown) versus light (light brown/blonde) hair colour 

and four SNPs (rs4798174, rs4778241, rs4778138 and rs12913832) were associated 

with brown versus non-brown and blue versus non-blue eye colour in our European 

sample in accordance with previous findings (Duffy et al., 2007, Eiberg et al., 2008, 

Han et al., 2008, Sturm et al., 2008, Branicki et al., 2009). These results also confirmed 

an association between the TGT haplotype for SNPs rs7495174, rs4778241 and 

rs4778138 and blue eye colour in Europeans as previously reported by Duffy et al.

(2007). Only the rs12913832 SNP was observed to be associated with skin pigmentation 

variation in Europeans, consistent with other studies (Han et al., 2008, Branicki et al., 

2009).  

It must be noted that the size of the European sample used to test these associations was 

small (N=40), which explains the large confidence intervals observed most SNPs tested 

(Table 5.14) and the inability in some cases to calculate the odds ratio due to a zero 

value for the denominator because various SNPs showed monomorphic genotypes in 

some phenotype categories. An example is the rs1545397 (OCA2-4) locus for which no 

European individual with declared light hair carried the AA or AT genotype. The small 

sample size imposed limitations on the statistical tests that could be used and logistic 

regression models which have been widely applied to investigate genotype/EVC 

associations (Kanetsky et al., 2002, Rebbeck et al., 2002, Sturm et al., 2008, Branicki et 

al., 2009, Branicki et al., 2011) would have been preferred. Thus, whilst the majority of 

candidate pigmentation SNPs did not show significant associations with pigmentation 
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variation in Europeans, which contrasts with previous published findings detailed in 

section 4.2.1.2, this does not necessarily imply that the associations do not exist. More 

extensive validations of the assay using a larger dataset of European individuals are 

recommended to obtain a more accurate assessment of the associations of the nine 

candidate pigmentation SNPs with hair, eye and skin colour. Furthermore, the 

application of a recessive model of inheritance rather the dominant model tested in this 

preliminary validation has been shown to produce stronger associations and is also 

recommended (Branicki et al., 2009). 

Due to the sample size limitations of the preliminary assay validation phase, MLE were 

used to initially assess the predictive ability of the genotyping system for the inference 

of broad EVC categories of individuals originating from Sub-Saharan Africa, North 

Africa, Europe, Middle East and East Asia. Hair colour prediction to differentiate dark 

(black/dark brown) hair from light (light brown/red/blonde) hair was high (86-88%) and 

overall more accurate when using only the genotypes for SNPs rs12913832 and 

rs4778138 that showed associations with hair colour using exact tests (refer to Table 

5.14) rather than when all nine pigmentation SNPs were analysed (Table 5.15A). 

Nonetheless, the predictive accuracy for light hair colour increased from 88 to 94% 

when assigning individuals based on the genotypes for the nine pigmentation SNPs, 

however only 78% of individuals with declared dark hair were correctly assigned to the 

dark hair group (Table 5.16A). The majority of dark haired individuals who were 

incorrectly assigned to the light hair group were individuals with light 

(blue/green/hazel) eyes and fair skin, which suggests that the remaining six 

pigmentation SNPs are likely to be more strongly correlated with eye and/or skin colour 

variation. Indeed, the prediction of eye and skin colour was observed to be more 

accurate based on the genotypes for all nine pigmentation SNPs rather than just those 

which showed associations in exact tests.  The findings are consistent with previous 

reports that multiple combinations of the rs4778138, rs12913832, rs16891982, 

rs885479 and rs1426654 SNPs can enhance the prediction of eye and skin colour 

(Valenzuela et al., 2010, Spichenok et al., 2011, Walsh et al., 2011, Pneuman et al., 

2012).  

The nine pigmentation SNPs could predict blue/green eye colour with 95% accuracy 

though light/dark brown eye colour prediction was less accurate, with only 81% of 
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individuals correctly assigned Table 5.16B). Thirteen out of the nineteen individuals 

with light/dark brown eye colour who were incorrectly assigned to the blue/green group 

had declared their eye colour to be hazel/light brown. Some shades of hazel are lighter 

and appear more similar to green, which may explain why the eye colour of these 

individuals was predicted to be blue/green. Various eye prediction assays also reported 

problems with the prediction of intermediate eye colours such as green and hazel due to 

the continuous nature of the trait and the tendency to employ classification systems 

encompassing broad groups which over or under simplify the quantitative nature of eye 

colour variation (Liu et al., 2009, Spichenok et al., 2011, Pospiech et al., 2012).  

Similarly, dark skin was predicted with 82% accuracy from the nine pigmentation SNP 

genotypes but fair skin was predicted less efficiently (61%) and olive skin with a very 

low degree of accuracy (26%) (Table 5.16C). The majority of declared olive skin 

individuals were assigned to either the fair (36%) or dark (38%) skin groups suggesting 

that the assay cannot differentiate intermediate skin shades and was also evident for 

assignments based on the rs12913832 genotype only (Table 5.15). Grouping of samples 

into appropriate categories can affect the degree of correct assignment and the eye and 

skin colour self-declaration criteria implemented in this study is highly subjective to 

individual interpretation. It is proposed that future validation studies on larger datasets 

incorporate a visual criteria of different eye colour shades that participants can select 

from or alternatively collecting photographic evidence of the iris for each volunteer, as 

previously done by Liu et al. (2009) and Walsh et al. (2011), in order to improve 

classification of samples into more accurate groups. To improve the classification 

accuracy of skin colour groups, previous methods including assessment by a single 

observer (e.g. dermatologist) (Branicki et al., 2009, Walsh et al., 2011) or measurement 

of the melanin index/skin reflectance (Duffy et al., 2004, Bonilla et al., 2005) is 

recommended.  

The predictive power achieved with the candidate pigmentation SNPs for the inference 

of hair, eye and skin colour in these preliminary validation stages was fairly comparable 

to previous EVC prediction assays (Liu et al., 2009, Valenzuela et al., 2010, Branicki et 

al., 2011, Spichenok et al., 2011, Walsh et al., 2011, Pneuman et al., 2012, Pospiech et 

al., 2012, Ruiz et al., 2013), even when only two out of the nine SNPs were used, as 

was the case for eye colour prediction (Table 5.15A). This confirms that typing only a 

few informative SNPs can also produce accurate inferences and that the candidate 
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pigmentation SNPs were successfully selected to differentiate major pigmentation 

phenotypes. Additionally, the prediction of hair and eye colour also demonstrated a 

relationship with declared BGA, with blue/green eye colour and light hair (light brown, 

blonde or red) colour predominantly only predicted in Europeans and minor predictions 

in Middle Eastern and North African individuals (data not shown). On the other hand, 

dark (black/dark brown) hair and hazel/dark brown eyes were the only predicted 

pigmentation phenotypes in East and South Asia and Sub-Saharan Africa, with the 

exception of a single East Asian individual who was predicted to have light hair despite 

declaring their hair to be dark brown. Most individuals originating from East and South 

Asia and Sub-Saharan Africa were predicated to have a dark skin shade, with 

Europeans, Middle Easterners and North Africans predicted to have fair or olive skin. In 

general the prediction results for the six populations of interest were consistent with 

general knowledge of the global distribution of phenotypic variation and other EVC 

predictions performed on a range of populations (Spichenok et al., 2011, Walsh et al., 

2011, Pneuman et al., 2012) and indicate that inferences of EVCs can also further 

complement BGA inferences for more comprehensive forensic intelligence, as initially 

expected. 

Curiously, a number of European, Middle Eastern and North African individuals with 

declared dark brown eyes were incorrectly predicted to have blue/green eyes. These 

individuals demonstrated heterozygote genotypes (AG) at rs12913832 suggesting that 

as carriers of the rs12913832*G allele they were incorrectly assigned to the blue/green 

eye colour group. This is most likely arising because MLE are calculated from allele 

frequencies and do not take into account the genotype (i.e. the number of minor alleles), 

thereby resulting in prediction errors for these heterozygote individuals. The 

rs12913832 has shown the strongest associations with blue/brown eye colour variation 

in this (Table 5.14) and other studies (Eiberg et al., 2008, Sturm et al., 2008, Branicki et 

al., 2009) with blue eye colour determined by the rs12913832 GG genotype in contrast 

to the AG and AA genotypes which have been associated with non-blue eye colour 

(intermediate or brown) (Eiberg et al., 2008, Sturm et al., 2008). Several currently 

available EVC prediction assays applied multinomial logistic regression which allows 

for the specification of the number of minor alleles (additive model) or inheritance 

status (dominant or recessive model) to establish a prediction model from genotypes 

obtained from large datasets of European samples (Liu et al., 2009, Valenzuela et al., 
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2010, Branicki et al., 2011, Walsh et al., 2011). This was attempted in this study, 

however the small sample size of the European sample could not produce an accurate 

model. Future multiplex assay validation studies would benefit from a much larger 

European dataset that may be used for multinomial logistic regression to identify and 

further confirm phenotypic associations and potentially develop a prediction model for 

our candidate pigmentation SNPs.  

The preliminary validation results confirmed that the developed forensic intelligence 

assay could not only infer regional (continental) BGA but also hair and eye colour with 

a relatively high degree of accuracy, similar to that achieved by the Identitas v1 

Forensic Chip (Keating et al., 2013). Although only broad phenotype categories could 

be inferred rather than specific hair and eye colour categories due to the small sample 

size, the predictive power of our assay was higher for the inference of dark (86%) and 

light (88%) hair when using only two SNPs (Table 5.15A) as well as for blue/green 

(95%) and light/dark brown (81%) eyes when using all nine pigmentation SNPs (Table 

5.16B) than reported for the Identitas v1 Forensic Chip (Keating et al., 2013) for each 

separate hair (black, brown, red and blonde) and eye (brown, blue and intermediate) 

colour category.  

The nine candidate pigmentation SNPs included in Multiplex 5 were also valuable for 

the prediction of darker skin colour which was not tested using the Identitas v1 Forensic 

Chip (Keating et al., 2013), with 82% of declared dark skinned individuals correctly 

assigned to this group (Table 5.16C). Conversely, due to the limitations of the self-

declaration criteria available to the donors in the consent forms used, the true predictive 

ability of the SNPs for the inference of fair and intermediate skin colour could not be 

adequately determined. Nonetheless, it must be emphasized that skin colour prediction 

remains the most difficult and least effective in comparison to hair and eye colour, with 

current assays only still capable of achieving intermediate prediction accuracies 

(Branicki et al., 2009, Valenzuela et al., 2010, Spichenok et al., 2011).    



  

289 

6.6 Assay sensitivity and application in forensic casework 

The 5-multiplex SNP genotyping system for forensic intelligence demonstrated a high 

degree of sensitivity in preliminary tests, with full profiles obtained for all five 

multiplexes with as little as 0.1ng of starting genomic DNA (Figure 5.1 to Figure 5.3). 

The only exception was the ASIP rs6058017 locus, which could only be detected up to 

0.3ng of DNA (Figure 5.3). The ASIP marker was highly problematic throughout assay 

development and required typing in a separate singleplex SNaPshot™ reaction (refer to 

section 4.3.1.2.3). Whilst this locus showed distinguishing allele and genotype 

frequencies capable of differentiating Sub-Saharan Africans from other populations 

(Figure 5.9), numerous other candidate SNPs such as rs2814778, rs6003 and rs1800021 

were capable of achieving better differentiation, suggesting that this locus could be 

removed (Figure 5.5 and Figure 5.7). Furthermore, the ASIP rs6058017 locus did not 

demonstrate any associations with hair, eye and skin colour in contrast to previous 

reports (Kanetsky et al., 2002, Bonilla et al., 2005), although this may be due to the 

sample size limitations of our preliminary validation study as discussed previously in 

section 6.5. Thus, to facilitate genotyping and improve EVC prediction it is 

recommended that the rs6058017 locus is replaced with an alternative ASIP marker, 

rs2424984 which has also demonstrated associations with hair, eye and skin colour and 

was observed to be a better predictor of skin colour than rs6058017 particularly when 

associated with SNPs rs16891982 and rs1426654 (Valenzuela et al., 2010). 

Whilst a preliminary sensitivity threshold of 0.1ng of starting genomic DNA template 

was observed for the complete 5-multiplex SNP genotyping system, different 

multiplexes showed varying sensitivity limits (Figure 5.1 to Figure 5.3). Generally, the 

NRY and autosomal loci were the first to drop out at low DNA template concentrations. 

This confirmed that maintaining larger PCR fragment lengths for the mtDNA loci to 

compensate for the greater copy number was beneficial in ensuring the amplification 

success of the smaller and less abundant NRY and autosomal loci. Despite the large 

mtDNA fragment sizes, full profiles for these markers could be detected across 

Multiplex 1 to 4 with starting genomic DNA template concentrations down to 0.03ng 

(Figure 5.1 and Figure 5.2).  



  

290 

Overall, the preliminary sensitivity of the developed assay was greater than that 

reported for autosomal SNP multiplexes designed for identification purposes which 

required 500pg of starting template (Dixon et al., 2005, Sanchez et al., 2006), the 

Identitas v1 Forensic Chip (Keating et al., 2013) as well as commercially available STR 

multiplexes (Greenspoon et al., 2004, Wang et al., 2012, Green et al., 2013) including 

the AmpFlSTR Minifiler kit (Applied Biosystems) recommended for degraded DNA 

typing (Mulero et al., 2008). The sensitivity achieved was also relatively comparable to 

previous NRY SNP multiplexes for inferences of BGA (Sanchez et al., 2003, Onofri et 

al., 2006), however, the sensitivity for the mtDNA markers was much lower than 

previously reported in similar mtDNA multiplex assays (Brandstatter et al., 2003, 

Vallone et al., 2004, van Oven et al., 2011b). Although concentrations below 10pg were 

not tested, the mtDNA loci C10400T and C10238T, which are amplified on the same 

fragment (426bp), demonstrated allele drop-out at starting DNA template concentrations 

below 30pg in Multiplex 1 (Figure 5.1). It is highly likely that the reduced sensitivity 

observed for the mtDNA SNPs is the result of using much larger fragment sizes (~200-

426bp) compared to previously published mtDNA multiplex SNP assays (Brandstatter

et al., 2003, Vallone et al., 2004, van Oven et al., 2011b) which were maintained below 

150bp in size. To improve the sensitivity of the assay, particularly for the analysis of 

degraded samples, future developments should consider reducing amplicon sizes 

especially for larger mtDNA fragments (e.g. C10400T and C10238T) to less than 200bp 

if possible.   

The preliminary sensitivity results indicate that the developed DNA intelligence assay 

would meet the requirements of routine forensic casework. This was further confirmed 

by testing the five-multiplex SNP genotyping system on simulated casework samples 

including blood, semen and trace saliva extracted from a cigarette butt and drink can. 

Full profiles were obtained for all samples with the exception of the NRY P31 

(Multiplex 4) and the autosomal ASIP rs6058017 (Multiplex 5) loci, which failed to 

amplify in the neat semen and trace saliva sample extracted from a swab of soft drink 

can (Figure 5.20 to Figure 5.23). These markers were problematic throughout assay 

development and large-scale genotyping of population samples and as discussed 

previously it is recommended that the P31 primer is redesigned on the alternate strand 

(section 6.2) and the ASIP locus replaced with the an alternative SNP. Overall, the 

maternal, paternal and bi-parental regional BGA as well as hair, eye and skin colour of 
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each sample donor was successfully inferred and correlated with declared ancestry and 

EVCs (Table 5.17 and Table 5.18), confirming the applicability of the developed assay 

in forensic casework.  

It must be emphasised that the spin column based DNA extraction technique applied in 

this study may not be suitable for the optimum recovery of DNA, particularly for low 

DNA template samples such as trace saliva swabs. A variety of currently available DNA 

extraction kits such as the PrepFiler™ (Life Technologies, US), DNA IQ™ (Promega, 

USA), the EZ1 Investigator Kit (Qiagen, USA), and QIAamp Investigator BioRobot Kit 

(Qiagen, USA) can be used with robotic systems to facilitate automation and have been 

widely validated for use in forensic casework (Greenspoon et al., 2006, Frégeau et al., 

2008, Brevnov et al., 2009, Davis et al., 2012, Liu et al., 2012b). DNA extraction 

techniques utilising magnetic beads such as the DNA IQ™ (Promega, USA) and 

PrepFiler™ (Life Technologies, USA) kits have been reported to recover higher DNA 

yields from a variety of common forensic DNA compared to spin columns (Brevnov et 

al., 2009). Thus, testing the developed 5-multiplex SNP assay on genomic DNA 

extracted using alternative, more sensitive techniques is expected to increase the yield 

of extracted genomic DNA for improved genotyping results.  

Furthermore, fluorometric quantitation and not PCR-based sample quantitation was 

used to quantitate DNA in this study prior to genotyping the extracted DNA samples. 

Quantitative PCR techniques such as the Quantifiler® kit (Life Technologies, USA) are 

human DNA specific and very sensitive with reliable detection of up to 16pg of DNA 

reported (Green et al., 2005). In contrast, fluorometric quantitation methods which 

incorporate dyes that bind specifically to double stranded DNA such as the PicoGreen® 

DS reagent (Life Technologies, USA) or the Quant-iT™ HS reagent (Life Technologies, 

USA) are less sensitive when measuring very low DNA concentrations due to stochastic 

effects with reported detection limits of 50pg and 200pg of DNA respectively according 

to manufacturer’s specifications. Additionally, these reagents are not specific to human 

DNA, thus can be problematic for use on forensic samples, which are often 

contaminated with non-Human biological material. Thus, it is anticipated that greater 

multiplex assay sensitivity thresholds than those observed for the preliminary sensitivity 

testing and casework validation will be achieved when using improved DNA extraction 
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and quantitation techniques that are widely available in laboratories and have already 

been validated for forensic casework.  

Although a preliminary sensitivity threshold of 100ng of starting genomic DNA 

template was identified, further sensitivity studies using DNA extracted from donors 

originating from different populations are also recommended to investigate the detection 

limit of alternate alleles at each locus in the various multiplexes. Additional testing of 

assay performance on a larger and more varied pool of simulated casework samples 

from a greater selection of substrates, including degraded DNA and testing on admixed 

individuals for successful inference of BGA and EVCs is also recommended. Assay 

performance when genotyping DNA mixtures should also be considered since the 

signals of the fluorescent dyes used for SBE are imbalanced and would render the 

identification of mixtures difficult. Whilst the signal ratio of the dyes remains relatively 

consistent and could be used to derive the major and minor contributors in a mixture 

when using diploid autosomal SNPs, however this may become more complex and less 

apparent for haploid SNPs because only one peak is detected. Notably, it is evident that 

more extensive validation studies should be pursued in order to identify clearer 

sensitivity and mixture thresholds. 

6.7 Conclusions and Future Directions 

This thesis has presented the successful development of a novel forensic intelligence 

assay capable of simultaneously genotyping mtDNA, NRY and autosomal SNPs for the 

inference of multiple intelligence elements including regional BGA, EVCs and sex 

determination. The 5-multiplex SNP genotyping system has revealed relatively high 

prediction correlations between declared BGA and inferred maternal (73-100%), 

paternal (86-100%) and bi-parental (85-95%) geographic region of origin, with greater 

than 99% of tested individuals demonstrating correct and matching regional BGA 

inferences from all three DNA types. High prediction accuracies were also observed for 

the inference of EVCs including hair (86-88%) and eye colour (81-95%). The DNA 

intelligence assay has also demonstrated advanced performance with low starting 

amounts of genomic DNA and for the analysis of routine casework biological samples.  
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Nonetheless, a few technical modifications of the multiplex SNP intelligence assay are 

suggested for further assay optimisations. Instrument and resource limitations led to the 

development and optimisation of the 5-multiplex assay using the outdated ABI310 

capillary electrophoresis system (Life Technologies, USA). Whilst POP-6 was used 

instead of POP-4, as this increased the resolution of SBE fragments (see section 

3.3.1.10), this polymer is no longer commonly available because the new generation of 

capillary sequencers such as the ABI 3500 (Life Technologies, USA) only run with 

either POP-4 or POP-7. The latter consists of a higher concentration polymer, which 

theoretically should increase the resolution achieved with POP-6. Thus, it is anticipated 

that the current DNA intelligence assay would perform well using the same run 

parameters (Table 2.7) on newer instruments, which also have improved fluorescence 

detection sensitivities. However, testing the developed 5-Multiplex assay on newer 

capillary instruments is recommended to properly assess assay performance, particularly 

if amendments to run time are required for the 36cm capillary array.   

Future developments that aim to increase the population resolution achieved with each 

set of markers are recommended as well as a revision of the current selected SNP loci; 

especially the mtDNA markers. More informative SNPs should be selected to 

differentiate closely genetically related Eurasian (inter-continental) populations. In 

particular, since the most recent updated mtDNA phylogeny has identified that a large 

proportion of the candidate mtDNA SNPs are in fact recurrent, it is proposed that many 

of these markers be replaced with less homoplastic SNPs. Additional autosomal SNPs 

associated with hair, eye and skin colour are also recommended for incorporation into 

future developments of the assay to improve prediction of these traits. Notably, the 

recent discovery of markers associated with body height, age and facial morphology 

(Lango Allen et al., 2010, Teschendorff et al., 2010, Zubakov et al., 2010, Liu et al., 

2012a, Paternoster et al., 2012) provides the potential for such markers to be included in 

future versions of the DNA intelligence multiplex SNP assay. These associations are 

only preliminary and only low predictive values have been currently achieved, however 

incorporation of these SNPs should be contemplated in the future once more data 

becomes available. 

Whilst SNP genotyping using SBE technology is robust and cost effective and has a 

high multiplexing capability, the development of a comprehensive and all-inclusive 
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DNA intelligence tool requires a very large number of candidate SNPs. While several 

measures were taken in this study to minimise the number of test reactions required 

such as grouping SNPs associated with similar geographic regions together, performing 

only one test would ultimately be most advantageous. The rapid development of high-

resolution SNP microarrays and next-generation sequencing is fast becoming the future 

of DNA intelligence tools. Ultimately, it would be more practical to consolidate the 

mtDNA, NRY and autosomal candidate SNPs in this study as well as any additional 

markers selected in future developments within a single next-generation genotyping 

platform. This would not only allow for a larger multiplexed panel, but would also 

provide high-throughput analysis of a larger number of samples that can be analysed 

simultaneously and would provide more meaningful population data about the candidate 

mtDNA, NRY and autosomal SNPs. Although, the DNA intelligence SNP assay 

presented in this thesis still necessitates minor technical improvements and more 

extensive testing and validation, it is anticipated that future adaptations of the assay will 

also prove to be a valuable intelligence tool to the forensic science community to be 

used in conjunction with or in the absence of eye witness evidence in routine 

investigations, as well as for national security, missing person and mass disaster 

situations. It may be especially useful at the present time for laboratories or research 

groups with limited equipment and resources and for which the similar, recently 

developed Identitas v1 Forensic Chip (Keating et al., 2013) is not currently accessible. 
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