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Abstract 

The ability to predict externally visible characteristics (EVCs) from DNA has appeal for use in 

forensic science, particularly where a forensic DNA profile database match is not made and an 

eye witness account is unavailable.  This technology has yet to be implemented in casework in 

New Zealand.  The broad cultural diversity of New Zealand dictates that any EVC predictions 

made using anonymous DNA must perform accurately in the absence of knowledge of the 

donor’s ancestral background.  Here we investigate SNP association with hair and eye colour 

phenotypes.  An initial screening set of nineteen SNPs from ten different known or suspected 

pigmentation genes were selected from the literature.  Seventeen SNPs were screened for 

phenotype association with genotypes derived from one hundred and one unrelated individuals 

from different ancestral backgrounds.  Classification tree recursive partitioning was used to model 

SNP collectively against phenotype.  Alternate models capable of predicting eye colour from the 

DNA genotypes of SNPs located within the HERC2, OCA2, TYR and SLC24A4 genes using 

probability calculation and classification trees.  The final model selected for eye colour prediction 

exhibited high levels of accuracy for both blue (89%) and brown eye colour (94%).  Brown hair 

colour was predicted accurately using a single SNP from the HERC2 gene, although hair colour 

models require further development using a larger dataset and a greater number of SNPs.  A 

multiplex assay was designed to include the SNPs required for eye colour prediction.  Genetic 

markers for Y chromosome DNA were integrated into this assay as a secondary gender test, 

following typical DNA profiling.  Three genes specific to the Y chromosome were applied as four 

different markers used to indicate the presence of Y chromosome DNA within a sample and infer 

a male contributor.  Absence of these markers indicates a female contributor.  The multiplex was 

optimised for forensic use and assessed for performance specificity and reproducibility.  Finally, 

this method applied to a blind testing dataset (phenotypes anonymous to researcher) to simulate 

final use in a forensic setting.  Blue and brown eye colour prediction was highly accurate, and all 

samples were correctly inferred as male and female individuals.  
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Chapter 1 

 

 

Introduction 

 

DNA analysis is an integral tool of forensic biology and provides valuable information and 

evidence to criminal investigations.  Typically forensic DNA analysis involves the creation of a 

DNA profile, achieved using short tandem repeat (STR) markers from ready-to-use kits (e.g. 

AmpFISTR® Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA)).  Generating a profile from DNA has been used within forensic science since Sir Alec 

Jeffrey’s discovery of variable number tandem repeats (VNTRs) in 1985 (Jeffreys, Wilson, & 

Thein, 1985a), with this method gaining momentum with the discovery and development of 

polymerase chain reaction (PCR), resulting in the requirement of significantly smaller DNA 

quantities and higher discrimination.  STR DNA profiling is conducted worldwide, with largely the 

only variance being the selected markers and the STR kit used (Butler, 2006).  Further to DNA 

profiling, STR markers specific to the Y chromosome can be employed as well as analysis of 

variable regions of mitochondrial DNA (Jobling & Gill, 2004). 

There is a wide selection of genetic markers within the human genome available for analytical 

use, one type of marker under particular focus, and now employed frequently in genetic analyses, 

is SNPs (single nucleotide polymorphisms).  These single nucleotide variants occur throughout 

the genome, estimated to number in excess of 11 million occurrences in the human genome 

(Frazer, Murray, Schork, & Topol, 2009).  This vast availability has resulted in SNPs being widely 
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used in association studies in attempts to link genetic variants (either causally or by proxy) to 

traits of interest for diagnostic and predictive purposes (for a selection refer to Todd et al. (2007), 

Kayser et al. (2008) and Weedon et al. (2008)). 

Such studies include identification of SNPs associated with traits of interest to forensic biology.  

Traits of potential interest within the forensic realm may include: height, age, freckling, 

handedness, fingerprint ridges, hair and eye colour.  Such traits are often referred to as externally 

visible characteristics (EVCs), essential observational details that an eye witness account could 

reveal.  The aim for EVC use in forensic DNA analysis is to provide such details from 

anonymously contributed DNA alone.  While the use of associated SNPs to predict all of these 

traits may be unfeasible presently, hair and eye colour in particular, have been extensively 

researched for forensic use, and have proven successful for predicting these traits on repeat 

occasions (Branicki et al., 2011; Liu et al., 2009; Mengel-From, Børsting, Sanchez, Eiberg, & 

Morling, 2010; Spichenok et al., 2011; Walsh et al., 2011a; Walsh et al., 2013).  Some may 

regard the revelation of such information from DNA as a ‘slippery slope’ scenario, whereby DNA 

use may progress to reveal more and more ‘private’ aspects of an individual.  While typical 

legislation (where present) restricts DNA use to non-coding DNA, many EVCs may be revealed 

by either typing causative variants or non-coding SNPs acting as a proxy for the causative 

variant, that are in linkage (and thus inherited together).  All DNA usage needs to be carefully and 

responsibly managed, through appropriate use and legislation.  This will be of particular 

importance for the use of EVCs in the future.  This may be a particularly poignant issue in New 

Zealand in order to respect the beliefs of the many different cultural entities that make up the 

population, none more so than Māori, New Zealand’s indigenous people.  Adequate discussion, 

legislation and care in implementation should enable this technology to be applied in New 

Zealand in a careful and responsible manner, similar to processes undertaken when 

implementing other emerging DNA technologies. 
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1.1. An introduction to forensic biology 

1.1.1. Brief history of forensic DNA analysis 

Forensic DNA profiling has long been an integral tool employed in criminal investigations to 

identify a person of interest.  Forensic DNA profiling originated from the pedigree analysis work of 

Sir Alec Jeffreys, who embarked on a search for a genetic probe that was capable of elucidating 

multi-allelic genetic variation, facilitated by hypervariable regions of human DNA (Jeffreys et al., 

1985a; Jeffreys, Wilson, & Thein, 1985b).  What he was to find would revolutionise DNA analysis 

and ultimately lead to what we know as the DNA profiling of today.  These genetic probes were 

called minisatellites, which are repetitive, variable DNA nucleotide base repeats that vary in 

length, and are located throughout the genome (Jeffreys et al., 1985a; Jeffreys et al., 1985b).  

Minisatellites are highly polymorphic due to the varying number of repeats they are composed of, 

thus each minisatellite marker is variable across different individuals (Jeffreys et al., 1985a; 

Jeffreys et al., 1985b).  Therefore a suite of multilocus minisatellites, that are highly variable 

across different individuals, creates a unique signature for each person, allowing comparison 

between individuals at these sites.  It was here that ‘DNA Fingerprinting’ was first coined (Jeffreys 

et al., 1985a).  This was the first method that enabled visualisation of unique aspects of an 

individual’s DNA profile and variation enough to distinguish between individuals and family 

members.  The practical implications of DNA fingerprinting were first demonstrated in an 

immigration case (Jeffreys, Brookfield, & Semeonoff, 1985c).  This was closely followed by 

applications in pedigree analysis (Jeffreys, Turner, & Debenham, 1991a; Jeffreys, Wilson, Thein, 

Weatherall, & Ponder, 1986) and forensic work (Gill, Lygo, Fowler, & Werrett, 1987; Gill & 

Werrett, 1987; Jeffreys et al., 1991a). 

DNA fingerprinting evolved into a more sensitive form of analysis following the introduction of the 

PCR method (Mullis et al., 1986), allowing greater specificity from smaller amounts of DNA 

(Jeffreys, MacLeod, Tamaki, Neil, & Monckton, 1991b; Jeffreys et al., 1991a; Jeffreys, Wilson, 

Neumann, & Keyte, 1988). DNA could now be used to provide a novel way of linking people and 

places using genetic variation.  DNA fingerprinting, now more commonly referred to as DNA 

profiling, has since evolved, and instead of using minisatellites to identify genetic variants, STRs 

are now used (Bar et al., 1997; Gill, 2002; Goyal, 2006; Jobling & Gill, 2004; Strachan & Read, 
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2004a).  This STR profiling system originated from a quadruplex of four STR loci used in the 

United Kingdom (Jobling & Gill, 2004).  Since then, specially designed multiplex kits have 

become available for forensic casework and evolved through the STR markers used and the 

number of STR loci included, which progressively increased the discriminatory capability of STR 

profiling (Butler, 2001; Jobling & Gill, 2004).  The multiplex process and analysis system is largely 

automated using capillary electrophoresis, robotics and sophisticated data management systems, 

although the resulting STR profiles are usually typed and reported by a human operator (Jobling 

& Gill, 2004). 

 

1.1.2. DNA profile database development 

Genetic STR profiling was further refined and used to develop the first national DNA profile 

database in the United Kingdom in 1995 (Martin, 2004; Martin, Schmitter, & Schneider, 2001; 

Werrett, 1997).  The New Zealand National DNA Database was also launched that same year, 

comprising of two separate databases, the first, housing convicted offenders and volunteer 

donors, and the second housing samples collected at crime scenes (Harbison, Hamilton, & 

Walsh, 2001; Walsh, Moss, Kliem, & Vintiner, 2002).  National genetic profiling databases are 

now present in many different countries (Budowle, Moretti, Niezgoda, & Brown, 1998; Martin et 

al., 2001).  DNA databases are created to function within a country’s relevant legislation, most of 

which is created by each governing body for the specific purpose of database formation (Koops & 

Schellekens, 2008).  Legislation updating the functions, DNA submission and retention criteria 

tend to evolve over time to accommodate technological advances in STR profiling (discussed in 

greater detail further on). 

Traditionally, DNA legislation has been established based on the classification of the human 

genome into two broad categories: coding and non-coding.  These categories provide rudimental 

segregation of genomic regions based on knowledge of gene function.  Coding DNA is a term 

used to describe genes that are known to code for proteins and is found in varying lengths within 

genes throughout the genome (Strachan & Read, 2004b).  These regions of coding DNA within a 

gene are referred to as exons.  Non-coding DNA is categorised as such because it was not 
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thought to hold functional purpose within the genome, interpreted as this DNA does not translate 

into proteins, and historically often referred to as ‘junk DNA’.  The term ‘junk DNA’ is outdated as 

it is now known that non-coding DNA still undergoes transcription into RNA genes which are 

functional molecules that serve a variety of other non-protein coding services, such as helping 

facilitate and control gene expression (Lev-Maor, Sorek, Shomron, & Ast, 2003; Makalowski, 

2003).  Non-coding DNA is located within introns spaced throughout chromosomal regions 

alongside and between exons.  During transcription, both introns and exons are transcribed into 

RNA collectively, forming the primary transcript of the template DNA (Strachan & Read, 2004b).  

The second step is known as splicing, whereby the intronic RNA is cut out of the primary 

transcript and the remaining exonic RNA regions are spliced together, forming the final transcript 

that will undergo translation and be used in the synthesis of proteins (Strachan & Read, 2004b).  

It is this point of difference between the roles of coding and non-coding DNA that results in the 

DNA use and database legislation apparent today.  As non-coding DNA does not code for 

specific aspects of an individual (i.e. functional proteins) it is thought to be less intrusive into a 

person’s privacy, as it does not reveal any specific traits or characteristics of the individual (i.e. it 

does not code for specific characteristics therefore it conversely cannot be used to reveal any 

characteristics either).  It is the coding DNA that houses all the causative material responsible for 

specific traits and characteristics and therefore can essentially be used to reveal a large manner 

of things about an individual (e.g. disease and physical appearance).  It is this rationale that 

results in coding DNA being considered by some as private information.  This is largely why 

many countries with DNA legislation specify that only non-coding DNA may be used in a forensic 

setting (discussed further later). 

The purpose of a DNA database is to facilitate the comparison between different DNA profiles by 

calculating match probabilities.  A profile found to match another profile within the database 

results in a ‘hit’, meaning the individual who owns the profile in the database is most likely the 

owner of the query profile (Balding & Nichols, 1994; Donnelly, 1995).  In brief, a match probability 

is used to weigh the likelihood of match accuracy between the sample and the suspect profile by 

calculating the match probability of two unrelated individuals sharing a profile by chance (Evett, 

Gill, Scrange, & Weir, 1996; Jobling & Gill, 2004). 
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1.1.3. Additional Forensic DNA Tools: ancestral inference, Y chromosome 

and mitochondrial DNA 

The inference of ancestry is another tool that can be applied to forensic DNA investigations 

(Lowe, Urquhart, Foreman, & Evett, 2001).  Ancestral inference is not only used in criminal 

investigations to provide population substructure information (Bauchet et al., 2007), but is also 

generated upon request by the consumer, largely for genealogy purposes, with several 

companies facilitating this service (for example: 23&Me, Mountain View, CA, USA; deCODE 

Genetics, Reykjavik, Iceland).  DNA markers used to infer ancestry are designed on the variation 

occurring between individuals originating from different ancestral populations (Bamshad, 

Wooding, Salisbury, & Stephens, 2004; Jobling & Gill, 2004).  This variation is typically neutral 

(although not always, as genetic variation is often influenced by selection pressures that can vary 

across different populations) and is primarily the result of the initial founding gene pool, 

assortative mating and genetic drift (Bamshad et al., 2004).  This ancestry information can be 

sought using lineage based methods or using autosomal DNA markers and probability or 

likelihood ratio calculations (Pritchard, Stephens, & Donnelly, 2000; Shriver & Kittles, 2004).  As 

humans are presently more dispersive than ancestral populations, levels of genetic admixture 

(population inter-breeding, introducing genetic variation from new lineages and subsequent gene 

pools) may confound ancestry analyses based upon the Y chromosome or mitochondrial DNA 

depending on the markers used (Jobling & Gill, 2004).  DNA-based inference of ancestry has 

been honed to the point where now a single STR or SNP assay may be undertaken to reveal a 

suite of polymorphic loci, dubbed Ancestry Informative Markers (or AIMs).  Statistical calculations 

using AIMs results in a probability value of a DNA sample sharing ancestry with a specific 

population, or a proportional mixture of shared ancestry, and therefore being a descendant from 

the resulting ancestral groups (Shriver & Kittles, 2004).  It is important to point out that what is 

really inferred by allocating an individual to their ‘ancestral population’ is in a more literal sense 

the geographic area that their genealogy are most likely to have originated from.  It is also worth 

noting that AIMs are also used to infer ethnicity, and that ancestry and ethnicity are often referred 

to interchangeably.  For the remainder of this work, inference of ancestry refers to revealing 
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general aspects of an individual’s genealogy origins, while ethnicity refers to how an individual 

identifies themselves within a population and is thus a potential mixture of genetic and social 

aspects. 

The accuracy and practical implications of using DNA to infer ethnicity, or race, is controversial 

(Caulfield et al., 2009).  This is largely due to how an ethnic group is defined both by individual 

and public perception and by how such a group is defined genetically.  Admixture renders 

stringent parametric genetic clustering per group virtually unfeasible and self-reporting allows for 

individual ethnic identification which may be highly subjective (Jorde & Wooding, 2004).  

Individual ethnic identification may be the result of one, or a combination of a number of 

contributing factors, including: physical appearance, upbringing and/or social effects.  Ethnic 

identification and categorisation as defined through the use of DNA will not be dealt with in depth 

here, although issues and assumptions for inferring ancestry and categorising ethnicity are 

similar and worth mentioning, they also have relevance to potential pitfalls of other genetic 

analyses. 

One of the prominent assumptions for ancestry or ethnic inference is that the population data 

used to associate a DNA sample with a specific group, is truly representative of the defined group 

in question (i.e. ancestral origin population or ethnic group) (Butler, 2006).  If the population data 

is not representative of the group in question, allelic comparisons could not be made and 

samples could not be confidently assigned to any group.  This highlights the potential errors that 

can occur through setting parameters to define clusters of genetic variation and selecting DNA 

markers to facilitate this definition (Bamshad et al., 2004). 

To combat these potential downfalls, marker selection and allele frequencies have been 

evaluated that exhibit robust population associations, increasing group assignation accuracy 

(Bamshad et al., 2004; Butler, 2006).  For ancestry and population substructure analyses, 

admixture has been accommodated by assigning percentages of ancestry to different ancestral 

groups of origin (Bamshad & Guthery, 2007).  This proportional ancestry estimation method is 

applied primarily in (direct to) consumer genetic testing, such as those provided by companies 

such as 23andMe and deCODEme. 
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Ancestral or ethnic inference for forensic use is typically used only where standard autosomal 

DNA profiling has been applied and failed to give complete information, or when further 

information is required.  This analysis is usually based on Y chromosome haplotypes (Y-STRs) or 

mitochondrial DNA analysis.  However investigating ethnic inference using standard STRs from 

traditional DNA profiling kits has been conducted by the now disbanded Forensic Science 

Service (FSS, U.K) (Evett, Pinchin, & Buffery, 1992; Lowe et al., 2001).  Lowe et al. (2001) 

hypothesised that as allele frequencies vary for certain loci between populations, and that this 

variation may be reflective of ancestral populations, allele proportions of these loci could be used 

to infer ethnicity.  A database of the most common British ethnic groups was compiled to facilitate 

allele frequency calculation in order to estimate a probable ethnicity for a given sample. 

Lineage based ancestry inference involves both Y chromosome and mitochondrial DNA 

haplotypes.  These methods are capable of more regional discretion than autosomal DNA 

markers, due to their increased exposure to genetic drift (Jobling & Gill, 2004; Shriver & Kittles, 

2004).  There are over 200 useful Y-STRs identified, with a far smaller number being used to 

assess Y haplotypes (between 12-16 loci) in forensic casework with multiplex kits available 

(Jobling & Gill, 2004; Roewer, 2009; Willuweit, Roewer, & International Forensic, 2007) (e.g. 

PowerPlex® Y (Promega, WI, USA) with 12 loci and AmpFℓSTR® Yfiler™, Applied Biosystems 

by Life Technologies, CA, USA).  Y-STR haplotypes are less diverse than autosomal genotypes 

as the main source providing variation to the Y chromosome is mutation.  Although this lack of 

variation vastly increases Y haplotype match probability, this method has the obvious advantage 

of being specific to members of the male gender, but is able to link family members together.  

This is useful for samples of mixed origin, where the sample contains small amounts of male 

DNA in a large female DNA background (Jobling & Gill, 2004).  Utilisation of Y-STRs relies on 

knowledge of local population haplotypes, as the Y chromosome shows obvious population 

structure via father to son inheritance (Jobling & Gill, 2004; Jobling & Tyler-Smith, 2003).  If 

desired, this population structure also enables male demographic analysis using carefully 

selected STRs revealing ancestral geographic haplotypes (Vermeulen et al., 2009).  There is an 

online haplotype database, the ‘Y Chromosome Haplotype Reference Database’ (YHRD), 

illustrating global haplotype distribution to aid in successful Y-STR analysis (Willuweit et al., 

2007).  Haplotype frequencies are usually calculated via simple allele counting or using Bayesian 
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methods, as the product rule (applied to standard DNA STR profile match probability 

calculations) cannot be applied due to lack of chromosomal recombination (Gill et al., 2001; 

Jobling & Gill, 2004). 

The mitochondrial genome is present in multiple copies within each of the numerous 

mitochondria present within each human cell.  This multiplicity increases the likelihood of 

mitochondrial DNA (hereafter mtDNA) surviving degradation and increasing longevity of its 

presence within a forensic sample (Budowle, Allard, Wilson, & Chakraborty, 2003; Jobling & Gill, 

2004).  This advantage over nuclear DNA is often why mitochondrial DNA is applied in forensic 

casework to analyse poor quality or minute DNA samples where nuclear DNA is likely to have 

degraded (Jobling & Gill, 2004).  Mitochondrial DNA is similar in many ways to Y chromosome 

DNA in that it does not undergo recombination, therefore markers do not segregate, and it is 

inherited unilaterally from only one parent (the mother) (Jobling & Gill, 2004).  As with the Y 

chromosome, this results in reduced genetic diversity as well as shared haplotypes along one 

parental line, with the only real variations occurring over time through mutation.  Analysis of 

mtDNA for forensic use is usually facilitated by sequencing hypervariable regions I and II (HVSI 

and HSVII) located within the non-coding control region, due to their polymorphic nature (Jobling 

& Gill, 2004; Tully et al., 2001).  If these mtDNA regions do not exhibit significant discriminative 

variation amongst a population, other assays may be used which include STR and SNP methods 

(Budowle et al., 2003; Vallone, Just, Coble, Butler, & Parsons, 2004). 

Mitochondria within an individual can be heteroplasmic (comprise of a mix of more than one 

genome) and a single individual may contain different mitochondrial DNA from different tissue 

samples or even within different regions of the same tissue (Budowle et al., 2003; Jobling & Gill, 

2004).  With heteroplasmy taken into account, mtDNA can be used to prove that a given sample 

did/did not originate from a certain individual or prove sample and individual are maternally linked 

(Coble et al., 2009; Tully et al., 2004). 
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1.2. Genetic markers and association testing 

1.2.1. Genetic traits 

Many complex traits, such as aspects of an individual’s physical appearance, are thought to be 

predominantly influenced by genome rather than environment (Barton & Keightley, 2002; 

Mackay, Stone, & Ayroles, 2009).  Autosomal DNA profiles portray the genetic ‘signature’ of an 

individual by exploiting highly variable regions of the genome, whereas genetic variants can also 

be used to reveal characteristics of an individual’s physical appearance.  Such genetic markers 

are either directly associated themselves, or found within regions of the genome that have been 

associated with different traits or phenotypes, and as such, may or may not be located within 

coding DNA (Mackay et al., 2009).  Associative markers capable of indicating an individual’s 

physical appearance facilitate a new branch of DNA analysis for forensic investigation, for use 

where traditional DNA profiling may be unsuccessful.  Ancestry knowledge may provide inference 

of some aspects of appearance, but would typically be broad and generalised (Jobling & Gill, 

2004).  To have an arsenal of genetic tests encompassing associated markers for different traits 

would be ideal for use in forensic biology. 

Traits may be inherited in one of two possible genetic forms: monogenic or polygenic (or also 

more commonly referred to as quantitative).  Monogenic traits are influenced by single gene 

inheritance following a Mendelian pathway, whereby both parental lines contribute equally.  The 

resulting trait is a product of the interaction of the two inherited versions of the gene, resulting in 

one of two possible phenotypes (Graham, 2008).  The expected phenotype of monogenic traits 

can easily be predicted if parental genetic information is known and the observed phenotype can 

be analysed if the contributing gene is known.  However, most visible characteristics of humans 

that would be useful for forensic analysis are complex quantitative traits, resulting from polygenic 

inheritance (Graham, 2008; Mackay et al., 2009; Zwick, Cutler, & Chakravarti, 2000). 

Quantitative (polygenic) traits are the result of the contribution of many different genes and so are 

genetically complex.  Analysing the resulting phenotype from the genome requires knowledge of 

all the contributing genes and the epistatic relationships between them (Frazer et al., 2009).  
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Environmental pressures can have short and long term effects on trait phenotypes and so should 

not be disregarded as an influential factor when considering a phenotype (Frazer et al., 2009; 

Graham, 2008).  With an array of potentially confounding factors, it is an extensive process to 

discover genetic markers that are significantly associated with a quantitative trait to the level 

where said association can be used to predict the resulting phenotype. 

There are many different types of genetic variation found within the genome that is responsible 

for the broad spectrum of human phenotypes that are expressed.  A genetic variant is 

categorised as being relatively common or rare within a population.  This generic method of 

variant classification is technically represented through the calculation of the minor allele 

frequency (MAF).  The MAF acts as an index for the frequency of an allele within a population.  A 

MAF greater than 1% within a population indicates that the variant in question is common, 

whereas a MAF less than 1% would deem a variant rare within a population (Frazer et al., 2009).  

Extremely rare, unique variants are expected to have drastically low frequencies within a 

population and are gradually removed from population genetic variability via natural selection 

(Zwick et al., 2000).  Generally, most genetic variants are thought to be selectively neutral within 

a population, therefore reaching minor allele frequencies by chance (Frazer et al., 2009).  Human 

genetic variants can be either single nucleotide (i.e. SNPs) or structural (involving several 

nucleotides) variants (Figure 1.1).  Structural variants include insertions/deletions (indels), block 

substitutions, inversions or copy number variations (Frazer et al., 2009).  Sequencing of the 

human genome in its entirety (completed in 2003 by the National Institute of Health, U.S.A; and 

also concordantly by a private company, Celera Corporation, California, U.S.A) has revealed that 

there are more than 11 million single nucleotide genetic variants (Frazer et al., 2009).  SNPs are 

the most prevalent form of genetic variation within the human genome and as such are integral to 

the association methods used that will be further discussed below. 
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Figure 1.1: Classes of genetic variants found in humans illustrated in two genomes.  The 

majority (below blue line) are structural variants.  Single nucleotide variants are a single 

nucleotide base change in the DNA sequence, referred to as single nucleotide polymorphisms 

(SNPs).  There are four types of structural variants.  Insertion-Deletion variants (Indels) are when 

segments of sequence are inserted or deleted in different genomes.  Block Substitutions are 

variants where small blocks of sequence contain alternate nucleotide bases.  Inversion variants 

consist of nucleotide sequence present in inverted form.  Finally Copy Number variants are parts 

of a sequence where a string of nucleotides are found duplicated in different numbers across 

different individual genomes.  This figure is adapted from a similar figure in Frazer et al. (2009). 

 

1.2.2. Quantitative traits 

1.2.2.1. Introduction 

Finding the appropriate variants responsible for quantitative traits may seem an overwhelming 

task.  A quantitative trait locus (hereafter QTL) is a genetic region that effects the variation of a 

quantitative trait.  A QTL is identified first via observing linkage (a relationship) between the trait 

location and polymorphic marker loci (Mackay et al., 2009).  Polymorphic markers provide 

genotypes that can be classified in a straightforward manner, resulting in essentially alternate 

genotypes for a marker (Mackay et al., 2009).  Indels and microsatellites (also known as STRs) 

are structural variants commonly used as genetic markers, as well as single nucleotide 

polymorphisms (SNPs) (Mackay et al., 2009). 
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1.2.2.2. Direct and indirect association between trait and genetic variant 

Predicting externally visible traits from the genome requires that the true loci responsible or trait-

linked loci are identified and robustly associated with the trait phenotype.   This relationship 

between genotype and phenotype can be investigated through indirect and direct methods 

(Graham, 2008).  For example, Ancestry Informative Markers (AIMs, as previously discussed) 

have been used as an indirect method to predict visible characteristics of individuals (Graham, 

2008; Ossorio, 2006).  This knowledge carries assumptions of the physical appearance of an 

individual depending on whether the individual’s resulting genotypes match the ancestral alleles 

of a population.  Affiliation with a population via such ancestral alleles then carries with it the 

assumed physical traits associated with members of that ancestral population (Graham, 2008; 

Ossorio, 2006).  Indirect inference is therefore an easy method to use (when using already 

developed AIMs), but does rely on making assumptions as to the phenotype of individuals linked 

to an ancestral group, which may not always be accurate (Ossorio, 2006). 

The direct method of associating a genotype with resulting phenotype is to map the genetic 

region/s associated with the trait and assess the variants that are significantly linked to different 

phenotype variations of that trait (Graham, 2008).  How regions are identified as being associated 

with traits of interest in the first instance is discussed below.  The direct method, or commonly 

referred to as mapping, appears ideal, although with most visible characteristics being 

quantitative traits, identifying all the contributing loci and genes involved, and the epigenetic 

relationships between them, which collectively result in trait phenotypes, is a massive 

undertaking. 

 

1.2.2.3. Quantitative trait loci 

The association mapping of QTL to different phenotypes is often focussed upon one of two 

central hypotheses.  The first hypothesis is the common disease-common variant hypothesis 

(referred to as the CD-CV hypothesis), whereby common genetic variation of modest effects 



 
 

14 
 

results in a common complex trait (Cantor, Lange, & Sinsheimer, 2010; Pearson & Manolio, 

2008).  This theory predicts that common genetic variation will be relatively common in naturally 

occurring populations as well as across sub-populations, this is largely because it is assumed 

that common genetic variation will be maintained by balancing selection (Frazer et al., 2009; 

Zwick et al., 2000).  The multiple rare variant hypothesis (referred to as the MRV hypothesis) 

opposes this by suggesting that complex traits are the result of numerous highly effective variants 

from different loci that are rare and exhibit extremely low population frequencies (Frazer et al., 

2009; Zwick et al., 2000).  These rare variants will occur in different frequencies and therefore 

may be detectable in one population and completely absent in another (Zwick et al., 2000). 

Both hypotheses require the genetic variation responsible for quantitative traits to be identified via 

polymorphic markers. Mapping QTLs comprises of two main processes: detection and 

localization.  Detection depends on the scale of effect a QTL has on a trait phenotype and its 

frequency within a population.  For localisation of a QTL, recombination between QTL and 

polymorphic marker loci is a key factor.  The amount of recombination required for successful 

QTL localization depends on the type of mapping analysis.   For linkage mapping, recombination 

is required in the mapping population (data population) (i.e. a multi-generational family-based 

study), whereas association mapping relies on historical recombination in a random mating 

population (Mackay et al., 2009).  Linkage mapping is undertaken on a population where 

relationships are known (i.e. families) and identifies QTL through polymorphic loci that are in 

strong linkage disequilibrium (non-random association of alleles that appear together more than 

expected by population frequencies) (Mackay et al., 2009).  Using related individuals allows for 

identification of the markers that affect the phenotype as the allelic inheritance is known and the 

resulting phenotype can be observed.   

Linkage disequilibrium (LD) between the QTL and associated genetic markers is crucial to the 

usability of a marker as an indicator of a trait.  The physical distance on a chromosome between 

a QTL and an associated genetic marker is important as recombination can disrupt this spatial 

relationship.  This disruption separates the QTL and the associated marker when inherited, 

making the marker void for future analysis as it no longer indicates the presence of the QTL 

(Mackay et al., 2009; Rosenberg et al., 2010).  Therefore the closer the marker is located to the 
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QTL (and the higher LD) the stronger the predictive relationship, as recombination is less likely to 

have an effect.  Linkage mapping relies on markers that have the capacity to distinguish the two 

parental genetic lines, so that following mating and genetic recombination, a ‘mapping population’ 

is generated, exhibiting new combinations of genotypes (Mackay et al., 2009).  Parental markers 

are then mapped in the final generation and analysed to see which of the offspring exhibit 

alternate parental phenotypes and which markers are contained within the genotype.  The marker 

closest to, and therefore likely linked to, the QTL should therefore be the parental marker found in 

the offspring exhibiting the same parental phenotype (Mackay et al., 2009).  Association mapping 

uses a mapping population that is the product of many random matings, effectively rearranging 

the original contributing haplotypes.  The purpose of mapping a population that has undergone 

generations of recombination is that theoretically only the most strongly linked markers will still be 

present in individuals exhibiting the QTL (Mackay et al., 2009; Rosenberg et al., 2010). 

Both mapping methods result in a variety of genotypes which explain the phenotypic variant 

observed in the individual.  Genotypes and phenotype varieties are scored and assessed to see if 

there is significant difference between certain genotype markers and phenotype variants.  If a 

significant difference is observed the genotype marker involved is positively associated to the 

QTL in question (Mackay et al., 2009).  Once the general location of a QTL has been found, more 

focussed mapping can occur within the identified regions, followed by increased individual 

sampling and identifying the best set of associated markers (Mackay et al., 2009). 

 

1.2.2.4. Linkage disequilibrium 

Markers in high LD with a QTL are ideal to use for trait association and may also limit the number 

of markers that are required to identify the QTL.  If a suite of markers exist within the same block 

under LD that is repeatedly inherited intact, a single tag marker may be used to represent the 

whole block, inferring a haplotype of the markers present (Mackay et al., 2009).  This in essence 

is the main objective of the Haplotype Mapping (or ‘HapMap’) project funded by the National 

Institutes of Health (United States Department of Health and Human Services, U.S.A.).  The role 

of this project is to identify and characterize patterns of LD across the human genome, with the 
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final goal being to map out all haplotype blocks present (Cardon & Abecasis, 2003; Couzin, 

2002).  Although it is important to note that while using a tag marker may result in positive 

association with a trait, this tag marker may not be responsible for the causative effect upon the 

trait (Frazer et al., 2009).  A haplotype block is a region of the chromosome under strong LD, 

typically surrounded by regions of high recombination.  As such, the diversity within these blocks 

is minimal, exhibiting small numbers of haplotypes that represent large amounts of the 

chromosome within a population (Cardon & Abecasis, 2003).  As mentioned above, if a group of 

markers exist within one of these haplotypes blocks, a single marker of the group may be used to 

act as a proxy, or tag, for the other markers (Cardon & Abecasis, 2003; Mackay et al., 2009).  For 

areas exhibiting low LD and high recombination, many markers are required to accurately 

represent the diversity of these regions as they will be inherited in a variety of combinations from 

one generation to the next.  This also suggests that LD markers will be useless upon rare genetic 

variants (Cardon & Abecasis, 2003).  The results of the HapMap project can be applied to 

researchers designing QTL mapping studies to enable appropriate marker choice that may 

increase study efficiency and cost effectiveness by reducing the quantity of markers required 

(Frazer et al., 2009). 

 

1.2.2.5. Genotype Mapping and QTL processing 

Linkage and QTL association mapping is not a novel idea (one of the original mapping studies 

was produced by Lander and Botstein in 1989)  but the methods required to perform such studies 

have evolved over the last decade or so, both in efficacy and knowledge.  The technological 

evolution of screening methods has brought SNPs to the forefront of genetic variants as the 

leading marker of choice for association mapping (Perkel, 2008; Ragoussis, 2009).  SNPs are 

primarily used in screening or mapping studies as associative markers indicating either the trait 

variant itself and/or as tag markers (tag-SNPs) indicating entire haplotypes blocks associated 

with target trait variation (Frazer et al., 2009; Mackay et al., 2009).  The capability of molecular 

technology has leaped from genotyping single SNPs one by one, to vast arrays capable of 

genotyping millions of SNPs at once per individual in an assay method referred to as a 

microarray (Frazer et al., 2009). 
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There are two main methods employed for mapping genotypes with QTLs.  The first is the 

candidate gene approach, or fine scale mapping, which involves interrogating the DNA sequence 

of a gene which has already been demonstrated as being associated with the trait of interest.  

The second method, Genome-Wide Association Studies (or commonly referred to as GWA 

studies or simply GWAS), is a more recent QTL mapping approach, arising from family-linkage 

and candidate gene studies collectively, that surveys the entire genome for association and is 

largely facilitated by technological advances (Burton et al., 2007; Frazer et al., 2009) (GWAS are 

discussed more extensively later).  Candidate gene studies can be performed by microarray to 

analyse gene expression levels (mRNA) or genotypes (DNA) between case and control 

individuals, similar to QTL mapping discussed above, but here the QTL has already been 

localised. 

 

1.3. Methods for SNP Genotyping 

There are many different technologies capable of SNP genotyping that researchers can use to 

perform large-scale genotyping studies.  The streamlining and efficiency of many of these 

methods has provided the basis for the current genotyping technology employed in GWA studies. 

The first aspect of any genotyping assay is to design exactly how the genotype will be visualised 

using genomic DNA.  Discerning the alleles of a genotype is achieved using one of four main 

methods.  The first is hybridization (sometimes referred to as differential hybridization), which 

uses two specific oligonucleotide probes.  These probes are specifically designed so that the 

allele located at the polymorphic site (i.e. the SNP location within the DNA strand) can bind to 

one of two probes (Kwok, 2001; Syvanen, 2001).  Both probes are identical except for the 

nucleotide located at the complementary position to the polymorphic SNP site.  Here the variable 

nucleotide of each probe is complementary to either of the two potential SNP alleles.  A 

successful match between probe and target DNA can then be visualised which reveals which 

SNP allele is present through which probe has hybridized with the template DNA (Kwok, 2001). 
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The second method to determine SNP alleles is oligonucleotide primer extension.  This method 

of primer extension is often referred to as mini-sequencing.  Mini-sequencing utilises an 

oligonucleotide primer specific to the template DNA that extends only a single nucleotide from its 

3’ end.  This single action of extension binds the appropriate nucleotide complementary to the 

allele at the polymorphic site (Kwok, 2001).  A schematic demonstrating this process as it occurs 

in the SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life Technologies, CA, USA) is included 

in Figure 1.2.  The resulting product can reveal the SNP genotype through which nucleotides are 

extended and can be analysed using mass spectrometry or by capillary electrophoresis methods 

(with alternate visualisation methods employed for large scale assays, depending on the array 

platform used).  This single-base extension method relies on specific primer design to ensure 

accurate binding to the target DNA and successful extension event of a nucleotide 

complementary to that exhibited at the SNP location within the template DNA (Syvanen, 2001).  

 

 

Figure 1.2: Schematic illustrating single-base extension, or minisequencing, as occurs in the 
SNaPshot

TM
 Multiplex Kit.  This method is a homogenous multiplex reaction.  Single-base 

extension primers are designed to bind with 3’ termini adjacent to SNP location.  DNA 
polymerase extends a single dideoxy nucleotide base complementary to the SNP allele at that 
location.  Non-binding tails are added to extension primers in order to spread out resulting 
extension products for easy visualisation using capillary electrophoresis. 
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Discerning the alleles of the genotype occurs through the specificity of the primer 3’ end.  If the 

final sequence of the primer’s 3’ end is not complementary to the target DNA, the primer will not 

successfully extend, with only successful binding events resulting in primer extension (Kwok, 

2001).  This single-base extension method appears to be the assay method of choice for high-

throughput genotyping studies and has been applied to multiple SNP genotyping platforms 

(Syvanen, 2001). 

The third method used for determining alleles of a SNP locus is ligation, and is similar to allele-

specific primer extension, except that two oligonucleotide primers are involved.  Ligation 

discriminates SNP alleles by using the two primers that are designed to bind adjacently to each 

other on the target DNA sequence.  A perfect match between the last nucleotide base at the 3’ 

end of the first primer will result in ligation with the second primer, producing a cohesive 

complementary fragment.  If there is no match between both primers and the target DNA 

sequence there will be no ligation between the primers and thus no resulting product (Kwok, 

2001).  Once again, genotype can be inferred due to the known sequence of the oligonucleotide 

primers and whether the target DNA was successfully bound (i.e. was complementary). 

Invasive cleavage is the fourth method of allelic discrimination that can be applied to genotyping 

studies.  This method uses two specific probes, the first designed to bind to the target DNA 

overlaying the target SNP locus, the second probe overlapping the first probe.  A structure 

specific enzyme will then cleave at the point of overlap between the two probes, i.e. the SNP 

locus.  If there is mismatch between the probes binding and non-overlap, cleavage does not 

occur (Kwok, 2001).  

The reaction format and detection mechanisms involved in performing genotyping using these 

methods of allelic discrimination come in many different combinations.  However, the majority of 

reaction formats typically include one of two options.  The first is a homogenous reaction, 

whereby the genotyping reaction is performed entirely in solution.  Although there may be 

different additional steps involved, a homogenous reaction typically does not involve any 

purification or phase separation steps.  The second reaction format is a solid phase method, 

which involves fixing DNA loci-specific oligonucleotide probes onto a solid surface.  The surface 

used can include glass slides, latex beads, silicon chips or even walls of plastic tubes (Kwok, 
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2001).  Solid phase formats can employ ligation allelic discrimination, where only complementary 

matches with target DNA undergo ligation with the secondary primer; or, be used to sort the 

results of a homogenous reactions using hybridization, whereby binding occurs only when allele 

at SNP locus is complementary to that on found on the probe (Kwok, 2001). 

Regardless of the allelic mechanism and reaction platform used, the detection method used to 

visualise the resulting genotypes are generally facilitated using luminescence.  The amount of 

light emitted by the reaction products is monitored for a positive reaction.  However the mass of 

the final product is also measured in some methods as well as assessing any changes in the 

electrical property of the reaction when the product formation occurs (Kwok, 2001).  

Luminescence and fluorescent detection function by recording either the luminescence emitted 

during primer extension reaction, or by capturing fluorescent labels attached to genotyping 

probes (Kwok, 2001).  Mass spectrometry can also be used to measure the exact weight of the 

products, specific enough to determine variation in product weight of a single nucleotide in 

difference.  There are also relatively new detection methods involving the change in electrical 

properties of probes attached to electrodes (solid support format only). 

 

1.4. Large-Scale SNP genotyping method: Microarrays 

A microarray is a multiplex assay encompassing vast number of markers or probes, fixed on a 

small piece of supporting material, such as a glass slide.  Microarrays such as this are commonly 

used in large-scale SNP genotyping studies and are colloquially referred to as SNP chips (Perkel, 

2008).  Microarrays are capable of high throughput and interrogation of large quantities of 

substrate material and as such are efficient screening methods.  They may be designed for a 

vast number of biological substrates which can include antibodies, tissues, protein, mRNA (gene 

expression) and DNA (Lockhart & Winzeler, 2000).  For the purpose of providing an introduction 

to GWA studies and discovery of trait-associated SNP markers, only mRNA and DNA 

microarrays will be discussed here. 

As discussed earlier, the complete sequencing of the human genome greatly facilitated mapping 

and trait analyses, as well as opening the door to current microarray technology.  The first widely 
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used microarrays were assays to determine levels of gene expression (Lockhart & Winzeler, 

2000) and initially applied to cancer research (for a broad selection, see Dudoit, Fridlyand, and 

Speed (2002); Ross et al. (2000); Whitfield et al. (2002)).  Although all genes contain identical 

DNA, not all genes are expressed in every cell, or in the same quantities between different cell 

types.  Microarrays were employed to reveal which genes were ‘turned on/off’ (i.e. being actively 

suppressed/expressed in levels above or below normal) in individuals exhibiting polar 

phenotypes of the same trait (or affected versus unaffected for a disease).  Comparing the levels 

of gene expression from different cell types allows the investigator insight into which genes are 

important for that cell type or trait/disease.  RNA is produced via gene expression and acts as the 

template for production of protein so is gene-specific.  High levels of gene expression will result in 

many copies of RNA, but a poorly or non-expressed gene will result in low or no RNA copies 

(Lockhart & Winzeler, 2000).  GWAS were conducted on a wide variety of traits.  This included 

identifying genes and novel loci involved in different diseases such as diabetes, type 1 (Todd et 

al., 2007) and 2 (Sladek et al., 2007) and inflammatory bowel disease (Duerr et al., 2006).  The 

complete sequencing of the human genome allowed complete genome analysis for regions 

contributing to different observable traits or diseases.  This resulted in a better understanding of 

different pathways involved in a range of diseases and in many cases, realisation that a disease 

phenotype might not be as straight forward as originally thought (Frazer et al., 2009).  Combined 

with having access to the human genome in its entirety, the HapMap project allowed researchers 

to conduct such studies with greater efficiency when selecting markers. 

 

1.4.1. Conducting a GWAS 

GWA studies are typically compiled of four phases: 1) study design and procurement of large 

numbers of participant individuals; 2) extraction of DNA, marker selection and genotyping; 3) 

statistical analyses to identify significantly trait associated markers; and 4) validation and 

replication (McCarthy et al., 2008; Pearson & Manolio, 2008). 
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1.4.1.1. Study Design and Participant Data 

Most GWAS are designed on the case-control method where participants fall into either the case 

or control groups.  The former group is comprised of the individuals exhibiting the phenotype of 

interest and the latter group are individuals who match the demographics of the case group but 

who do not exhibit the phenotype (McCarthy et al., 2008).   Stringent selection criteria for these 

groups are employed to increase study power and accuracy.  Here power can be defined as the 

probability of detecting a variant assumed to be causal within the specified constraints of study 

design (Spencer, Su, Donnelly, & Marchini, 2009).  This may be achieved by selecting individuals 

with the extreme of the trait phenotype for inclusion in the case group and minimizing the 

intermediate or more minor phenotypes (McCarthy et al., 2008).  Case-control study design is 

based on several assumptions.  The main assumptions are that case-control individuals are from 

the same population; that data for both groups are collected and processed in the same manner; 

and case participants are true representatives of the phenotype (Pearson & Manolio, 2008).  The 

success of case-control studies is heavily reliant on the accuracy of control matches to case 

participants, as if incorrect, can introduce too many variables, polluting the accuracy of 

associated marker comparison between case and control groups.  The possibility of latent 

phenotypes in control individuals also needs to be accounted for, this means that control 

individuals may develop the case phenotype at a later time, and genotype was incorrectly applied 

as control data (McCarthy et al., 2008).  Sampling from the same population is important in order 

to avoid spurious association or biased results.  Spurious associations can be the result of 

confounding factors such as population stratification or substructure, where an existing genetic 

relationship (e.g. common ancestry) within individuals of a population may be misinterpreted as 

trait association (McCarthy et al., 2008; Pearson & Manolio, 2008). 

Population stratification can be a major problem for accurate interpretation of GWAS results and 

although it is prudent and easier to sample from the same or similar populations (where some 

stratification may still be evident) there are many instances where broader sampling is required 

(Rosenberg et al., 2010).  Similar problems may arise when GWAS are performed on a broader 

range of ethnically diverse populations, where spurious associations may occur due to other 

similarities amongst a group rather than with the phenotype (Rosenberg et al., 2010).  Also, 
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associated alleles that correspond to a phenotype in one population may be completely un-

related to the same phenotype in another population, or may not be present at all (Frazer et al., 

2009).  Most previously conducted GWAS have been predominantly based on genotyping 

European populations, although more recently studies focussed on Asian populations are 

increasing (Rosenberg et al., 2010).  Allele frequencies and genetic variation fluctuate and 

change amongst a population in response to a variety of different factors.  The influence and 

strength of effect these factors exhibit varies between different populations, thus causing the 

differences in genetic variation we observe between and amongst populations (this effect in 

regards to trait associated markers is demonstrated in Figure 1.3).  For GWAS this broaches 

numerous questions.  One such query amongst many is whether causal variants in European 

populations are significantly associated with the same phenotype in alternate populations 

(Rosenberg et al., 2010).  Primarily, concerns boil down to whether allele frequencies will be 

present in similar proportions between different ancestrally-derived populations, or even whether 

high risk variants are present in multiple populations and whether phenotype and penetrance run 

parallel in alternate populations (Frazer et al., 2009; Rosenberg et al., 2010).  If using tag-SNPs, 

the investigator also makes the assumption that LD patterns are similar across all populations 

derived from different ancestral sources, and therefore that a positive associations of tag-SNPs 

can be used to infer haplotypes (Frazer et al., 2009; Rosenberg et al., 2010).  This suggests that 

phenotype associated markers may require assessment in different populations, as phenotype 

associated polymorphic markers in one population, may not be associated with the same trait in 

an alternate population. 
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Figure 1.3: Differences in trait-associated markers in two alternate populations.  The trait locus is 
the blue rectangle that is present on an ancestral chromosome along with green, orange, purple 
and red associated markers.  As the chromosome undergoes multiple recombination events (blue 
circles) the association with all the coloured markers and the trait locus change and occasionally 
are lost.  Population 1 and 2 are independent gene pools, separated by a barrier (brown 
rectangle) and thus undergo recombination independently.  In population 1, the purple and 
orange markers are definitively associated with the trait, while in population 2 only the green 
marker is definitively associated with the trait.  None of these associated markers could be used 
to predict the trait locus uniformly across both different populations.  Figure developed and 
adapted from a similar image as seen in Rosenberg et al. (2010). 

 

It is thought that uncovering all the effective variants responsible for a phenotype will never be 

discovered in a single population alone for precisely the above mentioned factors, therefore the 

advancing trend in GWAS for inclusion or focusing on non-European populations is welcomed 

(for examples see: Cho et al., 2009; Lowe et al., 2009; Reich et al., 2009).  Tag-SNPs may be 

functional in populations exhibiting similar LD patterns, but the same markers applied to non-

European populations may not behave the same way (Rosenberg et al., 2010).  This reiterates 

how important marker choice is in context of individual GWAS performance. 

A cohort method can also be used for GWAS, although they are usually costlier to conduct in 

both time and funding.  However, they are advantageous, as stringent case-control groups are 

not required and participants can be selected from multiple populations.  This method involves 

collecting information at the experimental baseline (time point of study initiation) and then 

grouping the population into clusters based on common genetic variants (Pearson & Manolio, 
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2008).  These clusters are then observed over time for the presence or development of the 

phenotype (usually a disease) to assess whether individuals of one genetic variant cluster exhibit 

higher incidences of phenotype than others (Weedon et al., 2008).  The assumptions here are 

that all individuals are representative of the population they were selected from, and that 

phenotype is observed in a similar manner in individuals across all study groups.  The success of 

the cohort method is based on larger data size, and true population representation (Pearson & 

Manolio, 2008).  The cohort method is lengthy (can include several decades of data), poorly 

suited to rare variants and results are hard to replicate.  However, this method presents a true 

measure of phenotype penetrance and a wealth of variable environment and lifestyle data 

(McCarthy et al., 2008; Pearson & Manolio, 2008). 

Trio studies represent the final GWAS design which is a pedigree/inheritance based study 

design.  Trio studies are, as the name suggests, made up of participants in groups of three’s.  

These trios include an individual exhibiting the phenotype of interest (i.e. case individual), and the 

affected participant’s parents (Spielman, McGinnis, & Ewens, 1993).  This method assesses the 

allele inheritance frequency from heterozygous parents to offspring, thus all three individuals are 

genotyped, although phenotype is only assessed in the offspring.  No association between allele 

and offspring phenotype would have a probable inheritance frequency of 50%, whereby an over-

representation of that percentage per allele indicates phenotype association (Pearson & Manolio, 

2008).  This is the key assumption for this study design – that phenotype associated alleles will 

be passed from parent to affected offspring in a frequency greater than 50%.  This study design 

avoids pitfalls that other GWAS designs face such as population stratification, true population 

representation and other potentially confounding factors, as it is based upon family units.  

However, the trio design is limited in reaching adequate sample size and is overly sensitive to 

genotyping errors (Pearson & Manolio, 2008). 
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1.4.1.2. Marker selection and assay 

The genomes of all participants are genotyped using vast numbers of DNA markers.  GWAS are 

performed using DNA microarrays (SNP chips), constructed on specific genotyping technology 

and consisting of a defined set of markers.  The marker selection and analysis process is an 

important step and can be the key to a GWAS success. The markers used are partially or 

completely tagged SNPs, identified through the HapMap project or are selected to cover the 

remainder of the genome, or particular regions of the genome (Frazer et al., 2009; Perkel, 2008).  

If significant marker accumulation (i.e. individuals exhibiting the marker genotype) occurs in the 

‘case’ group compared to the ‘control’ group, the significant genotypes are then said to be 

associated with the phenotype.  The converse is also true, marker genotypes accumulated in the 

control group and not the case group also indicate information important to the phenotype being 

assessed. 

Two main SNP chip technologies have been designed to accommodate GWAS, produced by 

Illumina (San Diego, CA, USA) and Affymetrix (Santa Clara, CA, USA) (Perkel, 2008).  Each 

company produces a range of chips, variable in size (number of markers incorporated) and 

genomic coverage.  The Illumina and Affymetrix chip systems use different genotyping allelic-

discrimination assays.  The Illumina chips are dubbed BeadChip™, which function by performing 

an entire genome amplification step and then a hybridization step using bead arrays consisting of 

50 base pair long capture probes that are locus specific with one probe per SNP (Perkel, 2008; 

Ragoussis, 2009).  A single base extension is then performed where a fluorescently-labelled 

base is incorporated at the 3’ of the specific probe primer.  The results appear as fluorescent dots 

where red or green indicate the SNP is monozygotic and yellow indicates a heterozygote 

(Ragoussis, 2009).  The Affymetrix GeneChip™ assays assess the genome using a 

discriminatory direct hybridization assay.  Loci and allelic specific probes are used, although they 

are shorter than those used in Illumina chips, being only 25 base pairs long, and there are 

replicate probes per SNP.  The probes represent either a ‘perfect match’ (PM probe) or a 

‘mismatch’ (MM probe) relevant to the SNP, where PM probes identifies each allele at a specific 

locus.  The genomic DNA is first digested using restriction enzymes to produce appropriate 
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lengths of DNA manageable for the chip, which are then amplified using PCR (this depends on 

the size of the chip being applied).  The product is then applied to the chip resulting in single 

colour output, where PM probes indicate alleles and MM probes provide the background 

(Ragoussis, 2009). 

1.4.1.3. Statistical analysis 

The raw data produced by a single chip contain identifying information for both individual and 

marker (SNP identifier code) and the corresponding genotype.  These output files are then 

analysed to assess levels of association between phenotype and genetic variation amongst SNP 

genotypes across all individuals typed.  There are a myriad of methods, programs and models to 

ascertain association depending on the investigator and study design that will not be discussed 

here, although the basic process is outlined below. 

There are numerous quality control steps that should be undertaken to ensure that the raw data 

being assessed for association are robust and free of bias.  The first step is to ensure that the 

genotyping call rate (i.e. how to determine the signal perceived from the chip) is accurate and 

kept consistent.  This can be achieved through the use of many different algorithms available (for 

example see Rabbee and Speed (2006) and Xiao, Segal, Yang, and Yeh (2007)).  The 

genotyping call rate thresholds will be dependent on the system and operators of the laboratory 

performing the analysis.  The setting of this threshold represents a trade off between call rate 

accuracy and detective sensitivity (McCarthy et al., 2008).  A higher call rate threshold increases 

the accuracy of genotyping, but may result in SNPs with lower call rates being discarded where 

true association may have been present.  A lower call rate threshold will retain more SNPs with 

probable associations but will come with a loss of genotyping accuracy (McCarthy et al., 2008).  

The final phase of quality control may involve testing allele frequencies to see if alleles are in 

Hardy-Weinberg equilibrium.  Extreme departures from Hardy-Weinberg equilibrium in the control 

group can allow the loci in question to be confidently removed from the dataset (Burton et al., 

2007; McCarthy et al., 2008).  The nature of GWAS data means that the data may require 

interrogation for accuracy, largely due to the sheer volume of data being compared for 

association.  This may include checking gender and phenotype records for errors, as well as 
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checking for inadvertent sample duplications, unrecorded relatedness and other data 

inaccuracies that may contradict the assumption of independence (McCarthy et al., 2008). 

Often data are then presented in a scatter graph format, whereby the axes represent test 

significance observed and expected by chance, therefore illustrating whether the study has 

resulted in a greater amount of significant results than expected by chance.  These plots are 

known as Quantile-Quantile plots (Q-Q plots) and compare the observed statistical outcomes to 

outcomes expected under the null hypotheses (McCarthy et al., 2008; Pearson & Manolio, 2008).  

These plots are often the first point in data analysis for case-control studies as they are able to 

illustrate the presence of strong associations and, based on the trend lines, can illustrate 

population stratification (discussed earlier) that otherwise may appear disguised as significant 

association (McCarthy et al., 2008; Pearson & Manolio, 2008). 

Generally the most utilised test for association has been single-point analysis which includes a 

variety of different tests and models.  The alternate to this is a multi-marker analysis where 

haplotype methods are generally employed.  This involves using haplotype frequencies 

(comprised of different neighbouring SNPs), rather than individual variants and comparing these 

frequencies to phenotype status (McCarthy et al., 2008).  These can include the Fisher’s exact 

test (for basic allelic association) and the Cochran-Armitage test (for example) for association 

testing performed under certain genetic models.  The models used may include additive, 

dominative, recessive or general models in respect to SNP genotypes.  For instance the 

Cochran-Armitage test performs under the additive (i.e. two A nucleotides, twice the effect toward 

associated phenotype) model, although is still capable of detecting association if test statistics 

deviate from model assumptions (i.e. in instances where additive relationship between alleles 

does not hold) (McCarthy et al., 2008).  The next aspect of association analysis and arguably the 

most important, is assigning an appropriate level of significance and evaluating the level of 

association calculated for each test statistic (Pearson & Manolio, 2008).  The level of significance 

assigned is dependent on the magnitude of independent tests performed, and needs to account 

for factors such as proportions of true and false positives and the power of the study to detect 

association (McCarthy et al., 2008).  Ultimately strong evidence of association is indicated by 

very low p-values (highly significant) and validated through replication (discussed later). 
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Analysis methods of GWAS are by no means perfect, and there is still much work to be done.  

For example, most GWAS perform under the assumption that common variation is responsible 

for common diseases (CV-CD hypothesis), which makes these studies unlikely to pick up rare 

variants.  Where the CV-CD hypothesis does not hold, it has been suggested that multiple rare 

variants, each contributing a moderate affect to phenotype (but in levels of minority amongst the 

population), contributing little, if anything, to population variance, may be responsible for the 

phenotype observed (Pritchard, 2001).  Due to the scarcity of rare variants within the population, 

standard approaches of testing and assessing association will most likely fail to perceive them. 

 

1.4.1.4. Replication and Validation 

As with other scientific methods, the true measure of how accurate GWAS findings are is through 

replication, and subsequent validation of the study design, by other investigators who produce 

similar findings to the original study when using an independent sample set (2007).  A truly 

replicated result should find associations in the same allele/haplotype under the same genetic 

model for the same phenotype as in the original study (McCarthy et al., 2008; NCI-NHGRI 

Working Group on Replication in Association Studies, 2007).  Potential biases, errors, sample 

size inadequacies and modest effects of variants are some of the factors that result in the call for 

results gathered in GWAS to be reproduced elsewhere (McCarthy et al., 2008).  The genotyping 

platform involved can be validated by comparative analyses using the same samples and 

seeking the same genotypes, which can expose technical errors and artefacts, produced via the 

platform employed (McCarthy et al., 2008). 

Multi-stage analyses are performed whereby the initial stage is the genome wide association 

screen and the following stage is a custom design of those markers indicating association from 

the initial screen and applied to a much larger sample size (McCarthy et al., 2008).  The second 

phase of the design is often described as replication of the initial phase and therefore the phases 

are analysed independently.  Some argue that multi-stage studies should be analysed as a 

collective to increase study power (McCarthy et al., 2008; Skol, Scott, Abecasis, & Boehnke, 
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2006), which would be an obvious benefit although would require subsequent validation through 

further independent replication. 

The design of the replication study is also important in order to perform with enough power and 

sample size to provide the adequate conditions for replication of association observed previously.  

This is particularly important in light of the so called ‘winners curse’ phenomenon (Zöllner & 

Pritchard, 2007).  This essentially describes an over-estimation from initial findings as to how 

influential a variant is upon the phenotype created via high correlation between statistical 

association and effect-size estimation (Göring, Terwilliger, & Blangero, 2001; Zöllner & Pritchard, 

2007).  Replication studies that do not account for this over-estimation of effects may then be 

performed with an inadequate sample size and will not achieve enough power to detect the 

associations observed in the original study.  Therefore a well designed replication study is a must 

for true validation of GWA results.  Interpreting a failed replication study is difficult as it may 

indicate spurious association in the original study or genetic heterogeneity between the original 

and replication source populations (McCarthy et al., 2008). 

 

1.5. SNPs and forensic biology 

SNPs that have shown association with phenotypes, through GWAS for example, can be used to 

predict the occurrence of the same phenotype in other individuals by genotyping them for the 

same SNP markers.  In this way, phenotype can be predicted from genotype.  Predicting 

phenotypes from SNP data is an advancing field, both in medical and consumer genomics, and 

more recently forensic biology (Branicki, Brudnik, & Wojas-Pelc, 2005; Kayser et al., 2008; 

Kayser & Schneider, 2009).  The emergence of GWAS and the HapMap Project (The 

International HapMap Consortium, 2003) resulted in vast amounts of SNP data being available, 

with the majority of SNPs located in the intron (non-coding) regions of the genome.  Many 

different phenotypes have since been investigated for SNP association including many medical 

conditions (Manolio, 2010; Manolio, Brooks, & Collins, 2008), often with the intent of utilising the 

SNPs contributing the greatest effect for eventual prediction of phenotype. 
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Predicting externally visible characteristics (EVCs) of an individual through SNPs associated with 

different phenotypes is the objective of employing associated SNPs within forensic biology.  The 

capacity to predict aspects of an individual’s appearance using EVC SNPs from DNA of an 

unknown individual could provide information comparable to that of an eye witness account.  This 

technology would be particularly useful in instances where classic DNA profiling failed to 

generate a database match from crime scene DNA.  The wide variety of GWAS available has 

resulted in multiple traits of interest for forensic use being investigated for SNP association.  Of 

the wide variety of traits investigated, some have produced the majority of SNPs explaining the 

bulk of the phenotype variation observed, while others, despite multiple GWAS work, still exhibit 

large amounts of trait complexity unexplained by strongly association SNP variants.  Two traits of 

particular interest for use in forensic science that fit both of these scenarios are hair and eye 

pigmentation (representing the former scenario) and height (representing the latter scenario).  

While both are complex traits, it has proven more straight forward to identify the variants 

associated with hair and eye colour (pigmentation) (Duffy et al., 2007; Han et al., 2008; Liu et al., 

2009) (discussed in depth in Chapter 3) than with height which has proved to be a highly complex 

trait, with many significantly associated SNP markers identified.  A large amount of trait variation 

remains unexplained by genetic variants, despite the highly heritable nature of this trait (Lettre, 

2011; Weedon et al., 2008; Yang et al., 2010).  This ‘missing heritability’, as it is often referred to 

when discussing height and associated genetic variants (Maher, 2008), means that predicting 

height using the existing associated markers is undesirable due to likely inaccuracy.  While it is 

known that environmental factors impact height, such a heritable trait is still expected to have 

more variation accounted for by genetic variants than are presently discovered (Lettre, 2011). 

SNPs associated with hair and eye colour have been investigated for predictive use previously 

with at least one instance of a combined hair and eye colour multiplex for forensic use (HIrisPlex 

(Walsh et al., 2013)).  There are fewer hair colour than eye colour prediction methods, with eye 

colour prediction being conducted in a variety of ways.  While the majority of eye colour 

prediction is through publishing SNP genotypes that collectively predict eye colour via an allele 

presence/absence format (Mengel-From et al., 2010; Spichenok et al., 2011), the only method 

validated and implemented for forensic use (to the author’s knowledge) is the IrisPlex system 

(Walsh, Lindenbergh, Zuniga, Sijen, & de Knijff, 2011b; Walsh et al., 2011a).  This system is a 
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combination of an optimised lab-based assay for forensic use, combined with a multiple 

regression formula to give a statistical prediction of eye colour based on SNP genotypes.  Since 

it’s validation, IrisPlex has had hair colour prediction SNPs added and now collectively predicts 

hair colour in the same manner as eye colour with the same method (HIrisPlex (Walsh et al., 

2013).  Hair and eye colour prediction and the various methods available will be discussed in 

detail in later chapters. 

The nature of forensic samples is that they may be of poor quality, degraded, low DNA quantity 

and from multiple contributors.  Therefore any method developed for use upon forensic samples 

needs to be robust and accurate as well as functional on potentially low quantity and quality input 

DNA.  As any results are being interpreted and used within the forensic realm, it is best if results 

are interpreted from DNA assays through a statistical model to provide predictive results with 

statistical support.  It is also preferable that new methods can be introduced into an established 

DNA facility and laboratory system with ease, without the requirement of new equipment or 

extensive operator training.  This ease of introduction should also benefit streamlining 

implementation and validation of a new method. 

As with any genetic assay, the population that it is designed on and the population it is to be 

applied to, need to be comparable to avoid bias and inaccurate results (as discussed earlier).  

Therefore in the context of developing a method to predict EVCs from anonymously contributed 

DNA, it is essential that any markers used are associated with the trait in question alone, and not 

influenced by population substructure or ancestral background.  For prediction of EVCs using 

associated SNPs, this is of particular importance to New Zealand.  New Zealand comprises a 

population that is highly culturally diverse and thus likely to exhibit both population stratification 

and admixture.  Although individuals of European descent make up the majority of the population 

(~68%), the remainder is made up of diverse minority groups, that includes Pacific Islanders 

(Polynesians) (~6.5%) and multiple Asian groups (~9%) (Statistics New Zealand, 2006).  This 

also includes the second largest proportion of the population, Māori (New Zealand’s indigenous 

people), which make up approximately ~15% of the total population (Statistics New Zealand, 

2006).  Such diversity necessitates a predictive EVC method that is robustly associated with the 
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traits in question and uninfluenced by ancestral origins or genetic substructure within the 

population. 

 

1.6. Externally Visible Characteristics: ethics and legislation 

The use of forensic biology within criminal investigations in a country or state’s justice system 

typically requires several key components, or facilitators, outside of the science itself.  First and 

foremost is a DNA database or databank for which to house and match resulting DNA profiles, 

this facilitates the use of biological information.  A successful DNA database requires strict 

governance by operators that are often third party to law enforcement, who operate without bias, 

to generate results that are then passed over to those involved in the investigation directly.  Host 

operators of these databanks function under strict accreditation requirements to maintain a 

uniform high standard of all results generated (Scientific Working Group on DNA Analysis 

Methods, 2012).  The legislation pertaining to DNA usage and databanks is one of the most 

important aspects of the successful function of forensic biology, providing governance as to the 

databanks contents and usage.  Any new forensic biology method designed or adopted by 

forensic scientists needs to fall under the existing legislation governing the use of DNA and/or 

DNA databank valid at that time (in New Zealand, this is currently facilitated by the Criminal 

Investigations (Bodily Samples) Amendment Act, 2009).  Occasionally legislation is amended to 

add additional scenarios where a DNA sample can lawfully be taken from an individual involved 

in a criminal investigation, such as a recent amendment enabling police to collect DNA samples 

from individuals they intend to charge with a criminal act (Criminal Investigations (Bodily 

Samples) Amendment Act, 2009).  Although the objectives of the DNA analysis may change 

slightly within these techniques as they evolve, the analyses performed all have one major factor 

in common – the use of non-coding DNA.  The only exception to this, as mentioned earlier in the 

text, is tests associated with (or for) gender, such as the Amelogenin marker (gender-specific, 

located on both the X and Y chromosomes, typically included in most standard forensic DNA 

profiling multiplex kits) and Y-STRs as discussed earlier. 
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The use of predicting externally visible characteristics (EVCs) is not only relatively novel within 

the science of forensic biology itself, but it is also poses a unique predicament for legislation 

governing forensic biology.  The predicament here is that most countries, and/or states, typically 

have DNA related legislation that permits forensic DNA analyses as long as they operate on non-

coding DNA, or what was often previously referred to as ‘junk’ DNA, and governs what a resulting 

profile can be used for (Koops & Schellekens, 2008).  Other countries, like New Zealand, have 

legislation that does not have any specification about what kind of DNA may be used (discussed 

below), although, it is often non-coding DNA that is used as a matter of course.  For current 

practice in forensic biology this seems to suffice, although with analyses that can predict visible 

aspects of an individual using their DNA (often using markers associated with, or located within, 

coding DNA) ethical issues, including privacy, may arise. 

EVC prediction aims to provide a predictive value, or probability, (obviously higher than chance 

alone) that the unknown donor of the contributed DNA exhibits certain aspects in their physical 

appearance.  The aim of which is to be used as a tool in honing a field of suspects within an 

investigation, similar to that which would result of information given from an eye witness account.  

This information would then be used to help identify a suspect and obtain a reference sample for 

DNA comparison to the DNA profile already collected as evidence that did not result in 

identification originally.  Secondly, it can be assumed that most members of the public are 

familiar with the concept of junk DNA being used to create a DNA profile.  Many EVC’s are 

predicted through markers in coding DNA regions (e.g. rs2228479, MC1R gene, associated with 

red hair) and rs12913832, HERC2 gene, associated with eye colour, refer to Chapter 3 for further 

details), which may raise suspicions in the eyes of the public regarding DNA usage. 

 

1.7. Ethical Considerations 

1.7.1. Privacy issues and prejudicial profiling 

It appears that one of the general concerns of the public is that DNA databases may be used 

inappropriately, to mine genetic data and reveal a multitude of characteristics of an individual 

(Curtis, 2009; Elkins, 2003).  This, of course, is cause for concern.  If members of the public are 
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already concerned over the correct usage, and the databanking of DNA, pre-dating the use of 

EVC techniques, this fear of incorrect DNA usage may snowball with the knowledge that DNA 

can be used to discern specific characteristics of an individual (Elkins, 2003).  These genetic 

characteristics could potentially include medical aspects, although not applied within forensic 

biology currently (to the author’s knowledge), such as genes or variants that may predispose an 

individual to certain diseases, or behavioural aspects, such as increased propensity to smoke 

tobacco (Tobacco & Genetics, 2010). 

Of course this kind of screening is not new, and in reference to medical aspects at least, takes 

place often between doctor and patient at each diagnostic situation.  But the difference is 

important to note.  For medical purposes, the patient requests or agrees to the screening in view 

of their doctor’s guidance and advice – they are fully aware they may find genetic variants that 

predispose them to disease.  With DNA being investigated outside of the doctor’s office (i.e. 

forensic biology or genetic research), it may be feared that if discovered, these characteristics 

may result in an individual facing discrimination in employment or insurance applications (Hook, 

2009).  To think that an individual may be discriminated against because of their genetic make-up 

may seem surreal in a New Zealand context, but it must be stated that there exists legislation to 

prevent against this very kind of discrimination elsewhere.  The Genetic Information 

Nondiscrimination Act of 2008, enacted by the 110th United States of America Congress, 

stipulates that health insurers and employers are forbidden from utilising an individual’s genetic 

information when considering an employment or insurance coverage application (Wadman, 

2008).  This legislation was widely accepted by two thirds of states in America and is adopted by 

the federal government.  Violation of this legislation results in fines and law suits in the Federal 

Court (Wadman, 2008).  Each specific state may have slight variation in what the legislation 

decrees, but one stipulation common to all is that the patient’s permission is required to release 

any genetic information (Sankar, 2003; Wadman, 2008).  Although the United States of America 

was not the first country to introduce such legislation, what makes it notable is that this legislation 

was introduced into a country that has the largest private insurance market in the world 

(Wadman, 2008). 
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History illustrates that legislation such as this may be necessary to ensure individual genetic 

privacy in both the fields of medicine and genetic research.  The fear surrounding violation of 

genetic privacy may stem from historical eugenic movements of the United States of America and 

parts of Europe in the early twentieth century and even to more extreme examples occurring 

throughout the twentieth century under the Nazi regime (Garver & Garver, 1991; Pernick, 1997; 

Sankar, 2003).  One such example is that of several American states - including Washington DC 

- that operated under a eugenic policy in the 1970’s, whereby African Americans underwent 

mandatory sickle cell anaemia screening.  In many states, passing this test was treated as a pre-

requisite for applying for a marriage licence, where individuals who weren’t identified as 

Caucasian, Indian or Oriental had to apply (Sankar, 2003).  Despairingly, the notion of tattooing 

carrier’s foreheads to stop them reproducing was also discussed, although not introduced.  Being 

identified as a carrier of sickle cell meant that you were automatically assumed to have the 

disease and carrier individuals were often passed over for military and government jobs (Sankar, 

2003).  Although this example may seem archaic, it does exhibit semblance to insurance 

companies and employers potentially wanting access to an individual’s DNA before taking them 

on as clients or employees (as in the United States of America, resulting in the GINA Act 

mentioned above). 

The risk with assigning genes to characteristics of an individual embarks on a new era of DNA 

and forensic analysis that will ultimately affect society.  Recent decades of genetic research has 

been conducted amidst the popular belief that ‘the gene for (insert trait or behaviour here)’ would 

be discovered, including criminality (The Human Genetics Commisson, 2009).  In 2006, 

variations of monoamine oxidase-A (MAO-A) (sometimes referred to as the “warrior gene”), were 

associated with negative behaviour in Maori men, including risk-taking, aggression and criminality 

in the media following the 11
th
 International Human Genetics Meeting (Brisbane, Australia, 

August 6-10
th
, 2006) (Hall, Green, Chambers, & Lea, 2006).  The variant involved is known to 

exhibit population stratification and was found in greater frequencies in Maori men compared to 

Caucasian men in New Zealand (Lea & Chambers, 2007).  This frequency data combined with 

the knowledge of the negative behavioural associations resulted in the assumption that this may 

explain some negative social aspects of Maori life (Lea & Chambers, 2007).  This revelation 

provoked wide-spread controversy throughout New Zealand, instigating a furore of debate 
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surrounding the concept of linking genes to behavioural traits, ethical processes and presentation 

of information (Crampton & Parkin, 2007).  However, behaviours, like many other characteristics, 

are often complex traits resulting from many different contributors that include both genetic and 

environmental factors.  Earlier work with MAO-A showed that males exhibiting certain variants 

were more likely to exhibit anti-social or aggressive behaviour but only in combination with the 

environmental factor of having being maltreated in their youth (Caspi et al., 2002).  Although still 

very controversial, genetic variants associated with propensity for aggressive behaviour have 

been used by the defence counsel in two legal proceedings, first in the United States of America, 

the second in Italy (Baum, 2011).  Of particular focus of the genetic variants screened was MAO-

A.  In the USA case in 2009, the accused was charged with murder, attempted murder and 

several counts of kidnapping.  The accused exhibited both the MAO-A genetic variant associated 

with aggressive behaviour and had a history of childhood abuse (Baum, 2011).  This resulted in 

conviction for manslaughter, rather than murder (a capital offence), along with aggravated 

kidnapping and attempted second degree murder.  In the second example, a court in Italy 

reduced the original nine year imprisonment sentence for a man convicted of murder down to 

eight years imprisonment.  The accused exhibited the same genetic variant of MAO-A and it was 

suggested that some adverse environmental stimulus or even schizophrenia, was involved also 

(Baum, 2011).  Genetic variants associated with different behaviours do not function as simply as 

presence equals behaviour, it is a case of presence equals a predisposition for that behaviour, 

something that biologists may understand but the general public may not.  In discussion about 

MAO-A holders being given lesser sentences, Steve Jones (Geneticist) of University College 

London remarks: “90% of murders are committed by people with a Y-chromosome – males.  

Should we always give males a shorter sentence?” (Feresin, 2009).  With this statement Mr 

Jones is implying that genes themselves do not solely dictate the response, there are other 

factors to consider, just as some MAO-A variant holders are more aggressive does not mean that 

they all are. 

This is an example of genetic information being used to explain behaviour, in both social and 

legal settings.  It appears that the days are long gone where only ‘junk’ DNA will be used, 

revealing nothing ‘private’ about the individual other than a generic identifier in a database.  DNA 

can reveal one’s appearance, aspects of one’s health, and it seems, can be interpreted to reveal 
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aspects of one’s character.  It is no wonder then that the general public may fear for the integrity 

of genetic privacy.  It has been argued that allowing the use of testing for externally visible 

characteristics in a forensic setting may be opening a gateway, enabling utilisation of the entire 

genome, not just the ‘junk’, to target other identifying characteristics.  To circumvent this ‘slippery 

slope’ phenomenon of DNA use, but still enable use of EVC technology, appropriate legislation to 

govern DNA use needs to be instigated and revised. 

Despite this cautionary discussion, it must be emphasised that only characteristics visible to 

observers are being investigated for predictive use within forensic biology within New Zealand.  

Therefore any traits that this technology may be used to reveal here are “public” traits - already 

visible to society - rather than private traits such as those that may be concealed to observers 

and even to the individual. 

 

1.7.2. New Zealand ethical considerations 

All of the ethical considerations above are relevant to all countries, including New Zealand.  In 

New Zealand, forensic science is conducted with a high level of respect towards the variety of 

different cultures (and their respective values) observed within the population, exhibiting a 

common theme of cultural sensitivity (Hudson, Allan, Bedford, Buckleton, & Stuart, 2008).  

Respecting the beliefs and cultural identity of our indigenous people, as is their right and the 

government’s obligation according to the Treaty of Waitangi (referred to as New Zealand’s 

founding document), is an important factor to consider when proposing new DNA technology, 

such as EVC prediction.  The Māori world (Te Ao Māori) view is formed largely by the spiritual 

realm, which include ancestral traditions and values; the realm of the present day, which includes 

all of the living; and the final realm, including all ancestors who have come before.  In Māori 

culture these realms are overlaid and not treated as separate, as those living cannot be without 

the realms of the past - where they came from and how they came to be (Ministry of Justice, 

2001).  This means that DNA, as inherited from one’s ancestors, is something an individual does 

not specifically own, but shares with its genealogy or whakapapa (genealogical connections 

between individuals and generations) (Roberts, 2009).  This is not an antiquated view; these 
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beliefs set the foundation for day to day modern life and participation in New Zealand society. 

DNA represents a piece of a whole and is treated with respect and reverence (Ministry of Justice, 

2001).  The beliefs of Māori mean that the issue of DNA privacy and ownership may be at the 

forefront of discussion and consideration when deciding on EVC usage and DNA legislation in 

the future to manage and facilitate new DNA technologies. 

 

1.8. Legislation 

As has been mentioned previously, legislation governing DNA use for criminal investigation is, 

where present, fairly broad in most instances.  Below are a few examples of the legislation 

governing DNA use in a variety of different countries.  Often where legislation is present, DNA 

usage is restricted to the use of non-coding DNA only, with many other countries operating under 

this rationale whether it is stipulated or not (Koops & Schellekens, 2008).  The exception to this is 

allowing testing for gender.  This includes many European countries with the European Council 

deciding in 2001, which was also adopted by the attendees of the Prüm Convention in 2005 (a 

convention of European countries aiming to improve cross-border policing on crime), that only 

information gleaned from non-coding DNA may be exchanged from country to country .  New 

Zealand, along with South Africa and Australia and many other countries, do not have any 

legislation expressly pertaining to specifics of what DNA can be used for or what types of DNA 

can be used (coding, non-coding etc.) (Koops & Schellekens, 2008).  However, there is strict 

legislation regarding the use of the resulting DNA profiles generated from samples taken from 

individuals under investigation or for reference purposes (Criminal Investigations (Bodily 

Samples) Amendment Act, 2009) in New Zealand, with similar legislation elsewhere.  It is worth 

noting that many EVC’s are associated with markers that are not causative (or coding) towards 

the trait itself, but are always present where the trait is present through linkage disequilibrium 

(discussed earlier).  This phenomenon would enable countries with legislation restricted to the 

use of non-coding DNA, a way to circumvent this by inferring the trait using non-coding DNA 

(Kayser & Schneider, 2009).  Therefore legislation to govern this kind of DNA technology should 

be more specific as to its end point use, rather than the specifics of how it is facilitated. 
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The Netherlands is the only country to exhibit specific legislation pertaining to the use of 

externally visible characteristics.  This legislation, Wetboek van Strafvordering (2003), allows the 

prediction of physically visible traits of an individual from DNA to aid criminal investigations but is 

limited to traits that are deemed non-private, or public (i.e. an observer could gather the same 

information when looking at the individual).  This legislation allows prediction of race (here 

referring to geographical background of the individuals ancestors) and gender, with the potential 

to add further traits in the future (Koops & Schellekens, 2008).  Germany has legislation that 

specifies that investigations using DNA can only be used for matching DNA to victim or suspect, 

or for establishing parentage.  Determining gender is allowed due to its importance in criminal 

investigations and also because this is deemed a visible trait.  However the legislation does warn 

that this by no means allows the use of predicting other visible traits from DNA (Koops & 

Schellekens, 2008).  The United States of America (USA) have a federal DNA database (CODIS) 

as well as separate databases in each state, with each state also having its own DNA legislation.  

The majority of states do not have any legislation directed at the use of DNA to predict EVCs 

except for Indiana, Rhode Island and Wyoming.  These states has almost identical legislation that 

forbids the use of DNA to reveal physical traits or predisposition of disease (Koops & 

Schellekens, 2008).  The United Kingdom (UK) has no legislation expressly permitting or 

forbidding the use of EVC prediction.  The government owned Forensic Science Service (now 

disbanded) provided two DNA tests outside of the typical STR DNA profile generation, which 

were prediction of ethnicity (Evett et al., 1992; Lowe et al., 2001) and testing for red hair (Grimes, 

Noake, Dixon, & Urquhart, 2001).  The National Research Institute of Police Science in Japan 

hope to not only predict physical traits and ethnicity of an individual from DNA, but also to store it 

alongside standard STR DNA profiles within their criminal database.  This idea is the product of a 

rise in crimes committed in Japan by foreigners but is opposed by some forensic scientists in 

Japan as well as others, who share concerns over the ethical appropriateness of such a 

database (Cyranoski, 2004). 
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There is a range of DNA legislation for DNA use that varies from country to country, and 

occasionally, state to state, but the majority of DNA legislation does not specifically address the 

use of DNA to predict EVC for information purposes in criminal investigations.  This may suggest 

that this technology is implicitly allowed, or simply that the issue of legislation pertaining to its use 

has yet to be discussed.  If managed correctly, this technology has the potential to maintain a 

position where it can provide useful information to help keep communities safer, while not 

impinging on an individual’s genetic privacy. 

 

1.9. Research Objectives 

The over-arching objective of this work was to research, generate and optimise a SNP-based 

multiplex system capable of predicting externally visible characteristics (EVC) in humans.  This 

would be the first investigation into the use of predicting EVCs in a New Zealand forensic context. 

 

Individual objectives included: 

 Investigate which EVC traits were feasible to use predictively and be advantageous to 

the New Zealand Police. 

 Select and evaluate SNP markers associated with traits of interest. 

 Screen SNP markers for association in a small-scale study using a New Zealand 

population. 

 Create a predictive model capable of predicting EVCs. 

 Create and optimise SNP markers in a multiplex assay for forensic use. 

 Assess collective model and multiplex performance. 
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Chapter 2 

 

 

Methods 

 

2.1. Participant recruitment and sampling 

This research project was approved by the University of Auckland Human Participant Ethics 

Committee (Reference Number: 2009/404).  Two buccal samples were taken using cotton swabs 

by the participants themselves upon instruction and observation of the primary investigator.  

Buccal cells were collected by rubbing or brushing the swab head across the inside of the cheek 

and gums for approximately 30 seconds per swab.  Swabs were then placed back into their 

sheaths and sealed in envelopes.  A small incision was made into each sheath prior to sealing in 

the envelope to allow the swab head within to dry and to prevent bacterial growth.  Participants 

were then asked to answer a series of questions in regards to their pigmentation appearance 

which included their hair and eye colour.  Self-reported ethnic group affiliation was also recorded 

along with age, sex, weight, height and an accompanying BMI (Body Mass Index) calculation.  To 

ensure accurate phenotype information was gathered, the pigmentation appearance of each 

participant was observed and recorded independently by the principal investigator.  To guard 

against potential subjectivity in phenotype classification, the self-reported phenotype data was 

not used.  This resulted in all participants being phenotypically categorised by the one individual 

researcher. 
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Two participants also gave small volume blood samples via finger prick for forensic replica 

sample set up which were pipetted off and placed directly onto experimental substrate.  Blood 

drops were applied to 100% tight-weaved cotton (such as a typical t-shirt would be composed of) 

that had been sterilised under ultraviolet light for 24 hours.  Three venous blood drops per donor, 

5µL, 15µL and 30µL in volume, were deposited using a pipette onto the cotton in six segregated 

quadrants.  Cotton was elevated at the time of deposition and drying to ensure entire blood drop 

retention within the substrate, rather than suffer partial volume loss on adjacent materials.  One 

male and one female donor were used.  The blood stains were allowed to dry for two hours post-

deposition within a fume hood and were then relocated to a bench top within the laboratory and 

were thus subsequently stored at room temperature with exposure to occasional sunlight and 

artificial light as the result of standard use of the laboratory environment.  One quadrant’s worth 

of blood drops, representative of a time interval, were individually extracted at specific times 

following stain deposition and drying which included: T0 - immediately post-deposition after two 

hours of drying, T1 - 24 hours post-deposition, T2 - 72 hours post deposition, T3 - 168 hours (7 

days) post-deposition, T4 - 720 hours (30 days) post-deposition and T5 - 2160 hours (90 days) 

post-deposition. 

A total of 101 unrelated individuals were sampled.  Self-reported ethnicity is reported in Table 

2.1.  Both male and females were represented in almost equal proportions in the dataset with 58 

females and 43 males, with participant age ranging from 21 - 66 years old.  The majority of 

participants were aged 40 years and under with the following age group frequencies being seen:  

20 -29 years (N=43), 30-39 years (N=26), 40-49 years (N=19), 50-59 years (N=10), 60+ years 

(N=3)  
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Table 2.1: Self-reported ethnicities of all study participants.  Broad categories were established 

to group individuals based on these self-reported results. 

Self-Reported Ethnicity: No. Grouping: 

New Zealand European 32 

Caucasian 

N=86 

European/Caucasian/Pakeha/White 47 

British 3 

Jewish 1 

Hungarian 1 

Dutch 1 

French 1 

New Zealand Maori 2 
New Zealand Maori 

N=2 

New Zealander/Cook Island Maori 1 Caucasian/Pacific Islander 

N=2 Samoan-European 1 

Samoan 1 
Pacific Islander 

N=1 

Indian 5 
Indian 

N=5 

Japanese 1 
Asian 

N=3 
Asian 1 

Chinese 1 

Latin 1 
Latin 

N=1 

TOTAL:               101 

 

2.2. DNA extraction (genomic) 

Genomic DNA was extracted from buccal swabs using a basic organic phenol chloroform 

method.  Swab heads were removed from sheaths, severed and placed into individual autoclaved 

labelled 1.5mL microcentrifuge tubes (or fabric cut-outs in the case of blood drop samples).  

Extraction buffer (see Appendix A1) was added to the tube at a volume of 500µL or more if 

required, (although this very rarely occurred), to ensure that swab head (or fabric) was 

completely submerged.  75µL of both Proteinase K (1mg/mL) and 20% SDS (20mg/µL) were 

then added, bringing total reaction volume to 650µL.  This resulted in a lysate solution with a final 

concentration of ~2% SDS (~2mg/µL) and 0.12ug/µL of Proteinase K.  Samples were then 

vortexed at high speed for 10 seconds and incubated at 55°C for four hours with periodic 
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vortexing (approximately once each hour of incubation).  Autoclaved spin baskets (DNA IQ
TM

 

Spin Baskets, Promega, WI, USA) were placed in new microcentrifuge tubes and swab head (or 

fabric) was added to each.  These samples were centrifuged at 15.700 x g (13,000 rpm.) for 2 

minutes.  The resulting supernatant was removed and returned to the original extraction tube 

containing the lysate.  500µL of phenol/chloroform (see Appendix A1) was added to the sample 

and briefly vortexed to create a homogenous mix of the lysate and phenol/chloroform.  Samples 

were centrifuged for 15 minutes at 15.700 x g.  The aqueous phase of the sample solution was 

removed and placed in a new microcentrifuge tube.  If the interface was not clearly defined 

between the organic and aqueous phase, the sample was centrifuged for a further 15 minutes at 

15.700 x g and aqueous phase removed.  Following this, 1µL of glycogen was added to each 

aqueous phase, followed by 25µL of sodium acetate (2M).  Samples were inverted repeatedly 

until mixed.  Ethanol precipitation was then performed by adding 625µL of chilled absolute 

ethanol (equivalent to the approximate volume of the sample) to the sample and mixed by 

inversion.  This was then stored to precipitate overnight at -20°C.  Following precipitation, 

samples were centrifuged at 15.700 x g for 30 minutes to allow DNA pellet formation.  The 

supernatant was then removed and each pellet left to dry in a laminar flow hood.  These were 

periodically checked for remaining solvent residue at 15 minute intervals following ethanol 

removal to avoid over-drying.  Once dry, the pellets were re-suspended in autoclaved double 

distilled water (ddH20) to a total volume of 50µL.  Following re-suspension, tubes were vortexed 

vigorously for 15 seconds each.  These genomic DNA extractions were stored at -20°C when not 

in use. 

 

2.3. DNA quantification 

The final extraction was quantified using the Quantifiler® Human DNA Quantification Kit (Applied 

Biosystems by Life Technologies, CA, USA).  Half-volume reactions were set up to quantify each 

DNA sample.  These reactions consisted of 6.25µL Quantifiler PCR Mix, 5.25µL Quantifiler 

Human Primer Mix, and 1µL of DNA extract.  DNA concentration standards were included in 

each batch of reactions as stipulated by the manufacturer.  Standards were made according to 

the manufacturer’s protocol at the minimum amount suggested (20µL final volume) resulting in 
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eight final standards progressively decreasing in DNA concentration, beginning at 50ng/µL and 

ending at 0.023ng/µL.  A no-template, or negative, control was also included (20µL TE Buffer).  

Once all standards, including the negative control, were made, 1µL of glycogen was added to 

preserve the standards for short term storage.  Like the quantification reactions, the eight 

standards and negative control were included in each reaction batch in duplicate.  The DNA 

standards and negative control reactions were set up as above, with 6.25µL Quantifiler PCR Mix 

and 5.25µL Quantifiler Human Primer Mix along with 1µL of DNA standard or negative control. 

Real-Time thermocycling was conducted using the 7500 Real-Time instrument of the 7500 Real-

Time PCR System (Applied Biosystems by Life Technologies) using an absolute quantification 

(standard curve) assay.  The thermocycling profile begins with a single stage of 10 minutes at 

95°C followed by 20 cycles of 95°C for 15 seconds and 1 minute at 60°C, with the assay and 

analysis run using the 7500 Sequence Detection Systems (SDS) Software v1.2.3 following the 

manufacturer’s instructions.  The DNA standards are used to construct a standard curve 

comparing the expected concentrations of the standards with their actual readings.  In brief, this 

reaction enables quantification of DNA through amplification of a target sequence through 

fluorescently-tagged primers that are cleaved upon successful amplicon creation, releasing 

fluorescent signal.  Therefore the fluorescence level within a sample increases along with the 

amplicon number being created.  As this reaction is finite, the level of fluorescence is directly 

related to the amount of DNA present within the initial sample.  A sample is then quantified based 

on how many cycles were required to reach a fluorescence threshold (as set in the detection 

software), according to the baseline (an assigned number of cycles used to normalise 

fluorescence changes cycle to cycle) giving a cycle threshold, or CT, score per sample.  This 

cycle number is then interpreted within the analytical software and DNA standards are used to 

infer the corresponding DNA concentration of the initial sample based on its CT score.  The final 

DNA quantity is estimated based on the average result of the two duplicate reactions per sample. 
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2.4. Guidelines to primer design 

All primers designed followed as closely as possible, several key, well known aspects of good 

practice for primer design.  These were:  

 The nucleotide base content of guanine and cytosine (G and C respectively) within the 

sequence was between 40-60% 

 Where possible primer sequence began with G or C residue (primer 5’ end) 

 Primers were designed with melting points around 55-65°C with the knowledge that 

actual melting temperature was likely to be approximately 5°C lower than specified 

 Primer length was kept within 18-30 bases in length, however occasionally primers 

longer than this had to be used for difficult areas of DNA sequence 

 Primers were tested for hair pin and dimer formation using AutoDimerV1 (Vallone et al., 

2004) 

 

All primers were synthesised by Invitrogen (by Life Technologies, CA, USA) at a scale of 

synthesis of 50nM and were purified via desalting (Invitrogen by Life Technologies, CA, USA).  

All primers were assessed for binding specificity during the design process through using the 

PrimerBLAST function provided through the National Center for Biotechnology Information 

(NCBI) (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Single-base extension (SBE) primers used in the SNaPshot
TM 

reaction were designed for 

multiplexing following the manufacturer’s guidelines (SNaPshot
TM

 Multiplex Kit (Applied 

Biosystems by Life Technologies, CA, USA)).  These guidelines included several 

recommendations that were followed for SBE primer design.  It was suggested that when 

designing primers there should be a difference of 4-6 nucleotides between SBE primer lengths to 

allow for fragments to migrate to different areas of the profile and not overlap.  Further to this, 

primers were designed to be 36 nucleotides in length or longer as smaller fragments often exhibit 

mobility that is hard to predict.  SBE primers were manipulated to their final size through the 

addition of a non-binding tail.  All non-binding tails were made of repeat polynucleotides as 

recommended by the manufacturers of the SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life 
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Technologies, CA, USA).  Lastly SBE primers were purified using the PAGE (polyacrylamide gel 

extraction) method to ensure highly purified final products.  Such purification is recommended for 

long oligonucleotide primers.  All SBE primers within the present work were synthesised by 

Invitrogen (by Life Technologies, CA, USA) at a scale of synthesis of 50nM. 

 

2.5. Screening Methods 

2.5.1. SNP association 

Candidate SNPs for genotype screening and subsequent analysis were selected from throughout 

the literature available early in this project.  This included SNPs from OCA2 (rs7495174, 

rs4778138, rs1800401 and rs1800407), HERC2 (rs916977, rs12913832 and rs1129038), MC1R 

(rs2228479, rs1805007 and rs1805008), SLC45A2 (rs26722 and rs16891982), SLC24A5 

(rs1426654), SLC24A4 (rs12896399), MYO5A (rs1724630), TYR (rs1393350 and rs1042602), 

TYRP1 (rs2733832) and IRF4 (rs12203592) genes (see Chapter 3, Table 3.1, for specific 

information, including SNP details and relevant literature).  These SNPs have either been found 

associated with pigmentation (hair and eye colour) in association studies, are of known affiliation 

with pigmentation or are used elsewhere to predict hair and eye colour (refer to Chapter 3, Table 

3.1). 

2.5.1.1. Fragment amplification 

SNP genotypes were determined using PCR amplification of the DNA fragment containing the 

target SNP followed by standard DNA sequencing methods.  Oligonucleotide primers were 

designed to amplify all 19 SNPs listed above, along with annealing temperatures, and shown in 

Table 2.2.  All fragments were amplified using a standard PCR consisting of: 2.5µL 10x PCR 

buffer (included with Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA)), 

2.5µL dNTPs (2mM), forward and reverse primers at a final concentration of 0.4µM, 0.8µL MgCl2 

(50mM) (included with Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA)), 1 

unit of Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA) to a final volume of 

25µL with ddH20.  Reactions were performed using a Mastercycler® EP Gradient S (Eppendorf, 

Hamburg, Germany) thermocycler.  Thermocycling conditions were as follows: initial denaturation 
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at 94°C for 2 minutes, followed by 28 cycles of denaturing at 94°C for 30 seconds, 30 seconds 

for annealing (temperatures per fragment detailed in Table 2.2), extension for 30 seconds at 

72°C (except for SNP fragments for rs26722 and MC1R which were 90 seconds), followed by a 

final extension at 72°C for 7 minutes.  Fragments for rs1800407, rs1800401, rs12896399, 

rs26722, rs1426654, rs1393350 and rs12203592 SNPs were amplified using an alternate touch-

down thermocycling profile.  Touch-down PCR profiles begin at higher annealing temperatures 

and drop in temperature as cycling continues, this method helps primer specificity and reduces 

the amplification of erroneous products.  The touch-down profile was as follows: initial denature 

at 94°C for 2 minutes, followed by 10 cycles of 94°C for 30 seconds, an annealing step beginning 

at 65°C for 30 seconds which decreases 0.7°C each cycle and extension at 72°C for 30 seconds 

(90 seconds for rs26722).  This was followed by 18 cycles of 94°C for 30 seconds, 58°C for 30 

seconds, 72°C for 30 seconds (1.30 minutes for rs26722) and concluded with a single extension 

stage of 72°C for 7 minutes. 
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Table 2.2: SNP information and amplification primer sequences (forward and reverse) with corresponding annealing temperature
A
 (°C) for all SNPs selected 

for genotype screening.  SNP position as detailed in accordance with ensembl database (Hubbard et al., 2007).  Note 65-58 annealing temperature indicates 
a touchdown PCR was performed.  F=Forward primer, R=Reverse primer.  

B 
Indicates which primer was used for sequencing.  *MC1R SNPs sequenced in a 

single fragment. 

 

Gene SNP ID SNP Position: Chr.: SNP: Primers: ‘5 – 3’ Ann.
A 

Seq.
B 

OCA2 rs7495174 28344238 15 G/A 
F - GCCCTGGAGTTCAAGTGGAAC 
R - CTGCAAGTGCGCAGGTAAAGTGC 

61 F 

 rs4778138 28335820 15 G/A 
F - CAGAATTATATTGAACTGAATGAAAGTG 
R - GAGATGAGAGCTTATATTATTTTTGAGAC 

58 R 

 rs1800407 2820318 15 G/A 
F - GTCACTAATGAAAGGCTGCCT 
R - GCTTTGCGTACCTTATGGTC 

65-58 R 

 rs1800401 28260053 15 C/T 
F - GGTCACCTGGGTTTCTACACTT 
R - GCTGAATTGTTCCATTTGCAC 

65-58 R 

HERC2 rs916977 28513364 15 A/G 
F - CAGGACACTACGATATGCC 
R - CAACCTTATCTATGAGAGACAGG 

61 F 

 rs1129038 28356859 15 G/A 
F - AGTGTTCCACGCGCACAGGC 
R - CCGACGACAGCAGCGACGAT 

61 R 

 rs12913832 28365618 15 A/G 
F - GACGTCAGTGAAGAGACCAGC 
R - GTTATAACAGTTCATGTTCCCACC 

61 R 

MC1R* rs2228479 89985940 16 G/A F - ATCTCTGACGGGCTCTTCCTCAGC 
R - ACACTTAAAGCCGCGTGCACCG 62 F  rs1805007 89986117 16 C/G/T 

 rs1805008 89986144 16 C/T 

SLC24A4 rs12896399 39580447 14 G/T 
F - GCAAGCCACACCTTGAGAAC 
R - CCAGGAATGGTGCTGAGTAAC 

65-58 F 

SLC45A2 rs16891982 33951693 5 C/G 
F - CTTGATCAGGAACCCACTGATTC 
R - GTGGAGAAGCAGAGTGCATG 

61 F 

 rs26722 33963870 5 C/T 
F - GATAGCTACGGGGGATTTGG 
R - GCTTTCCAGGTTTTGGAGG 

65-58 F 

SLC24A5 rs1426654 48426484 15 A/G 
F - TCCTGGCCTTCCCTCACCCTT 
R - CCACAGGCAGCACAGATGCCA 

65-58 F 

MYO5A rs1724630 52708000 15 C/G 
F - AGCCCAGCTATAGCGGAATCTGT 
R - GCCAACTGAGGTCGGACTAAGTACA 

61 F 

TYRP1 rs2733832 12704725 9 C/T 
F - TGGAACAGGGGGACAAACCCA 
R - TGATTTGGTTAGTCCCAGCAAATGGT 

61 F 

TYR rs1042602 88911696 11 C/A 
F - AGCAAAGCATACCATCAGCTCAGAC 
R - TGTCCTTGATGGGGGCTGCAA 

61 R 

 rs1393350 89011046 11 G/A 
F - GTACTGCTTGGATTTCCAGACAT 
R - GGCTAGGAAGGTGAACTGAGG 

65-58 R 

IRF4 rs12203592 396321 6 C/T 
F - GGCGTGTCCGCCTGTTGGAA 
R - TCCGAAAAGACTGGAGTGAACCCT 

65-58 F 
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2.5.1.2. Gel electrophoresis and amplicon purification 

The buffer-less E-Gel® system was used to visualise the amplified product.  Samples were run 

on pre-cast 2% agarose E-Gel® EX gels using the E-Gel® iBase™ Power System (E-Gel® EX 

system (Invitrogen by Life Technologies, CA, USA)).  All gels were run using the E-Gel® 50bp 

DNA Ladder (Invitrogen by Life Technologies, CA, USA) in a 1:4 dilution with ddH20 as the size 

marker.  To load the gel, 20µL of the ladder mix was loaded in the well of the first lane.  10µL of 

each PCR product was mixed with 10µL of ddH20 with the final 20µL volume of each sample 

loaded into each of the wells of the remaining lanes.  Gels were electrophoresed using the run 

module stipulated by the manufacturers as being appropriate for 1-2% E-Gel® EX gels 

(Invitrogen by Life Technologies, CA, USA), with a 15 minute run time.  Results were visualised 

using a fluorescent nucleic acid stain (incorporated into the pre-cast gel) and the E-Gel® Safe 

Imager™ Real-time Transilluminator (Invitrogen by Life Technologies, CA, USA) and 

photographed using a Canon PowerShot A640 camera. 

Following visualisation of successfully amplified DNA fragments, samples were purified for the 

subsequent sequencing reaction.  PCR products were purified using enzyme digestion with 

Exonuclease I and Antarctic Phosphatase (New England Biolabs Inc., MA, USA).  Purification 

was performed in the original tubes of the PCR product using 5 units of Antarctic Phosphatase 

and 2 units of Exonuclease I, with Antarctic Phosphatase (10X Antarctic Phosphatase Reaction 

Buffer) and Endonuclease I (10X Exonuclease I Reaction Buffer) buffers at 1.5x final 

concentration (New England Biolabs Inc., MA, USA).  Samples were incubated for 45 minutes at 

37°C, followed by inactivation at 80°C for 15 minutes conducted using a Mastercycler® EP 

Gradient S (Eppendorf, Hamburg, Germany) thermocycler.  Purified products were then 

refrigerated at 5°C while in use, and stored at -20°C at all other times. 
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2.5.1.3. Sequencing reaction and purification 

All sequencing was performed using the BigDye
®
 Terminator v. 3.1 system (Applied Biosystems 

by Life Technologies, CA, USA).  Sequencing reactions were composed of 2µL BigDye® Ready 

Reaction Mix, 1µL BigDye® Sequencing Buffer (5x), 3µM sequencing primer (see Table 2.2 for 

primers used), 1µL of purified PCR product template and made up to a final volume of 10µL with 

ddH20.  The sequencing thermocycling conditions were those specified by the manufacturer, 

which included a single denaturation at 96°C for one minute, followed by 25 cycles of 96°C for 10 

seconds, 50°C for 5 seconds and 60°C for 4 minutes.  Thermocycling was performed in a 

Mastercycler® EP Gradient S (Eppendorf, Hamburg, Germany) thermocycler.  Initially both 

forward and reverse sequences were produced for each fragment to assess electropherogram 

quality.  Subsequent high throughput sequencing for SNP genotyping was conducted using only 

either the forward or reverse strand (specified in Table 2.2 per amplicon), however both strands 

were sequenced where genotype confirmation was required in the case of low signal intensity (for 

example). 

Sequencing reaction products were purified using Agencourt®CleanSEQ® (Agencourt 

Bioscience Corporation, A Beckman Coulter® Company, MA, USA) following the manufacturer’s 

instructions for a 10µL sequencing reaction in a 96-well plate format.  This method employs a 

three step process where sequence products are bound with paramagnetic beads, washed with 

85% ethanol to remove unincorporated sequencing reaction products and eluted in ddH20 for 

bead removal.  This method resulted in a final volume of 35µL of purified sequence product. 

 

2.5.1.4. Capillary electrophoresis 

Purified sequencing products are able to be loaded directly onto genetic analyzers.  10µL of the 

purified sequencing product was loaded into a new 96-well plate to be run on an Applied 

Biosystems 3130-Avant Automated Sequencers (Applied Biosystems by Life Technologies, CA, 

USA).  The Applied Biosystems 3130-Avant Automated Sequencer (Applied Biosystems by Life 
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Technologies, CA, USA) is a 16-capillary electrophoresis system therefore any empty wells within 

each group, or run, of 16 were filled with 10µL of Hi-Di
TM

 formamide (Applied Biosystems by Life 

Technologies, CA, USA) to maintain capillary integrity (prevents ‘dry’ injections that may damage 

the capillary).  Matrix calibration was achieved using 31xx Matrix Standards Kit for BigDye® 

Terminator v. 3.1 (Applied Biosystems by Life Technologies, CA, USA) in order to set up a matrix 

in which the four dyes within BigDye® Terminator v. 3.1 (Applied Biosystems by Life 

Technologies, CA, USA) could be analysed within each capillary.  This system operates using 

dye set Z_BigDyeV3 of filter set E (Applied Biosystems by Life Technologies, CA, USA).  

Capillary electrophoresis was performed in accordance with the details in Table 2.3. 

Table 2.3: Capillary electrophoresis conditions as used for sequencing analysis.  Settings are as 
stipulated by UltraSeq_POP4 module for 36cm capillary using POP 4 polymer (Applied 
Biosystems by Life Technologies, CA, USA).  Legend: Poly – polymer, Vol – volume, Inj – 
injection and Volt. – voltage. 

 

Run Module Settings: 

Oven Temp 55°C 

Poly. Fill Vol. 6500 steps 

Current Stability 5.0 µA 

PreRun Voltage 15.0 kV 

PreRun Time 180 seconds 

Inj. Voltage 1.2 kV 

Inj. Time 12 seconds 

Volt. Number of Steps 20 

Volt. Step Interval 15 seconds 

Data Delay Time 240 seconds 

Run Voltage 15.0 kV 

Run Time 1700 seconds 
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2.5.1.5. Genotype screening analysis 

All amplicons were initially sequenced in both directions in order to assess electropherogram 

quality.  Both forward and reverse sequence files were imported into Geneious Pro 4.7.6 

(Drummond et al., 2011), edited where required and assembled using de novo assembly.  Each 

assembly was then made into a complete alignment to assess sequence quality and compare 

nucleotide uniformity.  Following this assessment, all other fragments were sequenced in one 

direction and aligned.  The genotype of the SNP was revealed through screening the resulting 

sequence for the nucleotide bases that flank the SNP location.  SNP genotypes were interpreted 

in accordance with the peak(s) present at that site, with a single peak indicating homozygous 

genotype for that allele, and double peaks indicating a heterozygote genotype for that SNP.  An 

example of this interpretation method is shown in Figure 2.1.  In instances where the SNP 

genotype could not be clearly revealed the sequencing reaction was repeated for both forward 

and reverse sequences. 
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Figure 2.1: Assembly of three examples of reverse sequence strand for the HERC2 SNP rs1129038 amplicon.  SBE primer for this SNP, Pigment1, 
illustrates the SNP position in each sequence.  The upper sequence exhibits an example of a heterozygote genotype for this SNP with the ambiguous Y 
nucleotide code indicating C or T allele (in the case of SNPs, both alleles), while the middle sequence shows a single T peak, indicating homozygous TT 
genotype, and the lower sequence illustrates a single C peak, indicating a homozygous CC genotype. 
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2.5.2. Gender markers (YFlags) 

Four fragments of DNA from three genes (SRY, BPY2 and TSPY1) located on the Y 

chromosome were selected for use as genetic markers indicating the presence of male DNA 

(refer to Chapter 5).  These fragments themselves are used as genetic markers and are not 

SNPs or representative of polymorphisms of any kind. 

 

2.5.2.1. Fragment amplification 

Male specific fragments were identified using PCR amplification followed by standard DNA 

amplicon sequencing methods.  Oligonucleotide primers were designed to amplify all four 

fragments from three different genes which are detailed, along with annealing temperatures, in 

Table 2.4.  All fragments were amplified using a standard PCR consisting of: 2.5µL 10x PCR 

buffer (included with Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA)), 

2.5µL dNTPs (2mM), forward and reverse primers at a final concentration of 0.4µM, 0.8µL MgCl2 

(50mM) (included with Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA)), 1 

unit of Platinum®Taq polymerase (Invitrogen by Life Technologies, CA, USA) to a final volume of 

25µL with ddH20.  Reactions were performed using a Mastercycler® EP Gradient S (Eppendorf, 

Hamburg, Germany) thermocycler.  Thermocycling conditions were as follows: initial denaturation 

at 94°C for 2 minutes, followed by a touch-down PCR stage consisting of 10 cycles 94°C for 30 

seconds, 58°C for 30 seconds with a -0.6°C drop in temperature per cycle and extension period 

of 1minute at 72°C.  This was followed with 20 cycles of 94°C for 30 seconds, 52°C for 30 

seconds, 72°C for 1 minute and a final single extension period at 72°C for 7 minutes. 
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Table 2.4: Male fragment amplification primer sequences (forward and reverse) used for YFlag 

marker development. 

Amplicon Forward Primer (5’-3’) Reverse Primer (5’-3’) 

SRY GTTAGCCATCCTAGAAGTTGGGC CTTGCACAGCTGGACTGTAATC 

TSPY1 CAGGATGGGTAGTGGAAGGA TTAAGGCTGCTGTTGTGGTG 

TSPY1b CCCAAACCACAAAGGACTGT CCCCATTTGTGATCCCTTA 

BPY2 CAAAGCCCAGCACTGAGGT GTGAGCAGGGACAAGAAAGG 

 

2.6. Single-Base Extension (SBE) multiplex development 

2.6.1. PCR amplification 

The final combined multiplex is made up of six pigmentation SNPs and four YFlag fragments to 

allow eye colour prediction and gender inference within a single assay.  These markers have 

been termed Pigment1-6 and YFlag7-10 (Table 2.5).  All ten amplicons were amplified in a single 

multiplex PCR.  In order to make optimisation more efficient, amplicons were designed (where 

possible) to be visually distinguishable when processed using gel electrophoresis. In order to 

achieve this, several of the original pigmentation and YFlag primer pairs had to be re-designed to 

enable transition from singleplex reactions to the multiplex reaction.  Pigmentation SNP 

fragments that required primer re-design were Pigment6 (SNP rs1393350), Pigment3 (SNP 

rs1800407) and Pigment5 (SNP rs12896399).  YFlag fragments that required primer re-designing 

were Yflag7 (SRY) and YFlag8 (TSPY1).  The primer pairs used within the combined multiplex 

are in Table 2.5. 
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Table 2.5: Amplicon details for DNA fragments used within the final combined multiplex, including the marker identification for six pigmentation SNPs and four 

YFlag markers.  Forward and reverse primers are included, with final concentrations (µM) and resulting amplicon size (basepairs). 

Marker ID SNP/Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) Conc. Size (bp) 

Pigment1 SNP rs1129038 AGTGTTCCACGCGCACAGGC CCGACGACAGCAGCGACGAT 0.2 280 

Pigment2 SNP rs1042602 AGCAAAGCATACCATCAGCTCAGAC TGTCCTTGATGGGGGCTGCAA 0.4 513 

Pigment3 SNP rs1800407 TGAAAGGCTGCCTCTGTTCT GTGAAGAGGAGCATGGTGGT 0.2 179 

Pigment4 SNP rs12913832 GACGTCAGTGAAGAGACCAGC GTTATAACAGTTCATGTTCCCACC 0.3 481 

Pigment5 SNP rs12896399 CACACCTTGAGAACTTCTGCCT CTATGGGGACACCAAAGCAG 0.4 452 

Pigment6 SNP rs1393350 GCACATCTCATCTAGAATCATGAC CTGGGAAGGTGAATGATAACAC 0.4 328 

YFlag7 SRY GAGGCAGATCAGCAGGGCA GAAAGGTGCCAGAGTTCGAAAC 0.4 221 

YFlag8 TSPY1 CAGGATGGGTAGTGGAAGGAAG GATTGCGCCACAGGTCCTTAC 0.4 366 

YFlag9 TSPY1 (b) CCCAAACCACAAAGGACTGT CCCCATTTGTGATCCCTTA 0.4 194 

YFlag10 BPY2 CAAAGCCCAGCACTGAGGT GTGAGCAGGGACAAGAAAGG 0.4 238 
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Multiplex PCRs were performed using 12.5µL of 2x QIAGEN Multiplex PCR Master Mix 

(QIAGEN® Multiplex PCR Kit, Qiagen, Hilden, Germany), 2.5µL of primer mix (final concentration 

of primers within reaction can be viewed in Table 2.5), 1-2ng of extracted DNA and made up to a 

final volume of 25µL with UltraPure
TM 

DEPC-treated H20 (Invitrogen by Life Technologies, CA, 

USA).  PCRs were performed using a Mastercycler® EP Gradient S (Eppendorf, Hamburg, 

Germany) thermocycler.  Thermocycling conditions were as follows: initial denaturation for 15 

minutes at 95°C, followed by 30 cycles of 94°C for 30 seconds, 62°C for 30 seconds annealing 

and 90 seconds at 72°C for extension followed by a final extension at 72°C for 10 minutes. 

 

2.6.2. Gel electrophoresis and amplicon purification 

Amplified fragments underwent gel electrophoresis using the buffer-less E-Gel® system and 

were visualised on pre-cast 4% agarose E-Gel® EX gels run using the E-Gel® iBase™ Power 

System (E-Gel® EX system (Invitrogen by Life Technologies, CA, USA)).  All gels were run using 

the E-Gel® 50bp DNA Ladder (Invitrogen by Life Technologies, CA, USA) in a 1:4 dilution with 

ddH20.  To load the gel, 20µL of the ladder mix was loaded in the well of the first lane.  10µL of 

each PCR product was mixed with 10µL of ddH20 with the final 20µL volume of each sample 

loaded into each of the wells of the remaining lanes.  Gels were electrophoresed using the run 

module stipulated by the manufacturers as being appropriate for 4% E-Gel® EX gels (Invitrogen 

by Life Technologies, CA, USA), with 20 minute run time.  Results were visualised upon the E-

Gel® Safe Imager™ Real-time Transilluminator (Invitrogen by Life Technologies, CA, USA) and 

photographed using a Canon PowerShot A640 camera. 

Following visual confirmation of successful amplification of multiplex products, samples were 

purified for the subsequent mini-sequencing reaction to reveal the combined multiplex profile.  

PCR products were purified using enzyme digestion with Exonuclease I and Antarctic 

Phosphatase (New England Biolabs Inc., MA, USA).  Purification was performed by adding 

purification reagents to the original PCR tube containing the amplified product.  Purification was 

achieved using 5 units of Antarctic Phosphatase and 2 units of Exonuclease I, with Antarctic 
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Phosphatase (10X Antarctic Phosphatase Reaction Buffer) and Endonuclease I (10X 

Exonuclease I Reaction Buffer) buffers at 1.5x final concentration (New England Biolabs Inc., 

MA, USA).  Samples were incubated for 45 minutes at 37°C, followed by inactivation at 80°C for 

15 minutes conducted using a Mastercycler® EP Gradient S (Eppendorf, Hamburg, Germany) 

thermocycler.  Purified products were then refrigerated at 5°C while in use, and stored at -20°C at 

all other times. 

 

2.6.3. Single-Base Extension (SBE) reaction 

Mini-sequencing reactions were performed using the SNaPshot
TM

 Multiplex Kit (Applied 

Biosystems by Life Technologies, CA, USA) and single-base extension (SBE) primers.  SBE 

primers are composed of a non-binding tail as well as the binding or actual primer sequence.  All 

10 SBE primers were included in a single multiplexed SNaPshot
TM 

reaction at varying final 

concentrations (Table 2.6).  SNaPshot
TM 

reactions were composed of 2µL SNaPshot
TM

 Ready 

Reaction Mix, 2µL primer mix (see Table 2.6 for primer details), 1µL purified DNA amplicon 

template and 5µL UltraPure
TM 

DEPC-treated H20 (Invitrogen by Life Technologies, CA, USA).  

The thermocycling profile was as follows: 96°C for 10 seconds, 54°C for 10 seconds and 60°C for 

30 seconds for 25 cycles.  Thermocycling was performed in a Mastercycler® EP Gradient S 

(Eppendorf, Hamburg, Germany) thermocycler. 

SNaPshot
TM

 reaction products were purified through the addition of 1µL (5 units) Antarctic 

Phosphatase (New England Biolabs Inc., MA, USA) and incubated at 37°C for an hour followed 

by inactivation at 80°C for 15 minutes in accordance with manufacturer’s instructions 

(SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life Technologies, CA, USA)).  Purified 

products were refrigerated at 5°C if they were to be used within the 24 hours following 

purification, otherwise were stored at -20°C. 

 

 

 



 
 

61 
 

Table 2.6: Nucleotide sequence and length details of single base extension (SBE) primers used 
to produce the six pigmentation SNPs and four YFlag peaks within the final combined multiplex, 
including non-binding tail information, final expected peak size and resulting alleles.  

A 
Marker as 

named within the final multiplex system;
 B 

Alleles for each marker, single allele for YFlag markers. 

Marker
A 

Non-Coding 

(n bases) 
Primer Sequence (5’-3’) 

Size 

(bp) 
A

B 

Pigment1 poly dAG (12) CTACAGTCTACACAGCAGCGAG 34 C/T 

Pigment2 poly dAG (22) AATGGATGCACTGCTTGGGGGAT 45 A/C 

Pigment3 poly dAG (27) CAGGCATACCGGCTCTCCC 46 A/G 

Pigment4 poly dAG (25) 
GCGAGGCCAGTTTCATTTGAGCA

TTAA 
52 A/G 

Pigment5 poly dAG (24) 
CAATTCTTTGTTCTTTAGGTCAGT

ATATTTTGGG 
58 G/T 

Pigment6 poly dAG (42) TCCTCAGTCCCTTCTCTGCAAC 64 A/G 

YFlag7 poly dAG (49) GTGTTGAGGGCGGAGAAATGC 70 T 

YFlag8 poly dAG (52) GACACCACAACAGCAGCCTTAAC 76 A 

YFlag9 poly dAG (62) GCAGGGATTGCGCAGAACAG 82 A 

YFlag10 poly dAG (66) CCTGGCAATAGTGTGCTTGGTG 88 T 

 

2.6.4. Capillary electrophoresis 

Purified SNaPshot
TM 

(Applied Biosystems by Life Technologies, CA, USA) products undergo 

capillary electrophoresis with GeneScan
TM

 120 LIZ
TM

 size standard (Applied Biosystems by Life 

Technologies, CA, USA) which provides an internal size standard within the resulting profile.  

0.5µL of purified product was loaded onto a 96-well plate along with 9.3µL HiDi
TM

 Formamide 

(Applied Biosystems by Life Technologies, CA, USA) and 0.2µL GeneScan
TM

 120 LIZ
TM

 size 

standard (Applied Biosystems by Life Technologies, CA, USA).  Samples were briefly vortexed to 

mix reagents before being spun down briefly in a 96-well plate centrifuge.  The Applied 

Biosystems 3130-Avant Automated Sequencer (Applied Biosystems by Life Technologies, CA, 

USA) is a 16-capillary electrophoresis system therefore all wells within each group of 16 were 

filled with 10µL of Hi-Di
TM

 formamide (Applied Biosystems by Life Technologies, CA, USA) to 

maintain capillary integrity (prevents ‘dry’ injections that may eventually damage the capillary).  

The dyes employed within the SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life 

Technologies, CA, USA) mean that dye set DS-02 of the E5 filter set (Applied Biosystems by Life 
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Technologies, CA, USA) is required in order to visualise all peaks generated within the purified 

product.  The Multi-Capillary DS-02 (Dye Set E5) Matrix Standard (Applied Biosystems by Life 

Technologies, CA, USA) was used in order to calibrate the Applied Biosystems 3130-Avant 

Automated Sequencer (Applied Biosystems by Life Technologies, CA, USA) following the 

manufacturer’s instructions.  Capillary electrophoresis was performed in accordance with the 

details in Table 2.7. 

A comparison between two different Applied Biosystems 3130-Avant Automated Sequencers 

(Applied Biosystems by Life Technologies, CA, USA) was performed as part of the combined 

multiplex optimisation.  This alternate genetic analyser was calibrated with the same matrix 

standard employed above with purified SNaPshot
TM

 products undergoing capillary 

electrophoresis in the same manner as described above.  The only difference between the two 

machines was the polymer used and the array length (which thus inflated the polymer fill volume 

and run time), however aspects of the run module of the alternate machine were edited in order 

to achieve comparable run conditions between the two machines, despite these differences (refer 

to Table 2.7). 
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Table 2.7: Capillary electrophoresis conditions as used for combined SNP profile generation.  All 
samples were processed with the conditions of the ‘Original Genetic Analyser’ with the ‘Alternate 
Genetic Analyser’ conditions being employed within the genetic analyser machine comparison 
work of Chapter 6.  Settings are as stipulated by SNP36_POP4 module for 36cm capillary using 
POP 4 polymer (Applied Biosystems by Life Technologies, CA, USA) with the settings of the 
‘Alternate Genetic Analyser’ edited to match this run module.  Legend: Poly – polymer, Vol – 
volume, Inj – injection and Volt. – voltage. 

Settings: Original Genetic Anaylser Alternate Genetic Analyser 

Array 36 cm 50 cm 

Polmer POP-4
TM 

POP-7
 TM

 

Oven Temp 60°C 60°C 

Poly. Fill Vol. 6500 steps 7500 steps 

Current Stability 5.0 µA 5.0 µA 

PreRun Voltage 15.0 kV 15.0 kV 

PreRun Time 60 seconds 60 seconds 

Inj. Voltage 2.0 kV 2.0 kV 

Inj. Time 22 seconds 22 seconds 

Volt. Number of Steps 10 10 

Volt. Step Interval 20 seconds 20 seconds 

Data Delay Time 1 second 1 second 

Run Voltage 15.0 kV 15.0 kV 

Run Time 1000 seconds 3000 seconds 

 

2.6.5. Genotyping 

All combined profile electropherograms were analysed using Peak Scanner Software v 1.0 

(Applied Biosystems by Life Technologies, CA, USA).  Prior to processing samples using the 

combined multiplex method, each SBE primer was individually evaluated using the same PCR 

amplification reagents and conditions as the above singleplex reactions, including all subsequent 

steps to give a profile containing a single peak.  Each SBE product when run individually gave 

the expected size (base pairs) for each SBE peak allowing a map for expected peak location per 

SBE when run collectively as a multiplex reaction.  When analysing the combined multiplex 

profile, pigmentation SNP genotypes were recorded according to the presence of peaks at each 

SBE product site.  Genotypes were either heterozygous (two different coloured peaks at the 

same site) or homozygous, through the presence of a peak of a single dye colour.  YFlags were 

recorded by the presence or absence of the last four peaks of the profile resulting in fragment 
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sizes of 70bp and larger (YFlags were the longest SBE products, refer to Table 2.6).  Height, 

area and size details of each peak were recorded for optimisation work (refer to Chapter 6). 
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Chapter 3 

 

 

Pigmentation Association 

 

3.1. Introduction 

The ability to predict aspects of an individual’s appearance from DNA has obvious advantages for 

forensic investigations, particularly in instances where a DNA database hit does not occur.  

Pigmentation is arguably the most obvious, variable and distinguishing of human traits, observed 

in the form of skin, hair and eye colour.  This colouration is the result of complex genetic and 

biochemical pathways, as well as being affected by the environment (particularly in the case of 

skin colour).  Discerning the genes and proteins involved in pigmentation has taken place over 

many decades, and most of the key processes are now well understood.  With the pigmentation 

process better elucidated, many studies have now focussed on identifying the specific genes 

(and mutations within/protein variants of) that effect normal and mutated pigmentation 

phenotypes.  This work has resulted in a suite of genes being associated with different aspects of 

pigmentation and many can be used as pigmentation biomarkers, identifying different variations 

of the pigmentation phenotype. 

The aim of this work is to investigate genetic variants associated with different pigmentation 

phenotypes that can be used in a predictive model for forensic analysis in New Zealand.  This is 

the first time an investigation of this nature has been undertaken in New Zealand.  The suite of 
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markers to be screened was selected because of their suspected role in pigmentation or their 

demonstrated association with pigmentation in the literature. 

 

3.1.1. Introduction to the pigmentation process and pathway 

The pigmentation pathway of an organism is responsible for the synthesis and regulation of the 

amount and type of melanin pigment expressed, an overall process known as melanogenesis.  In 

humans, we observe expressed melanin as the visual appearance of hair, skin and eye colour.  

Melanogenesis is largely responsible for the colouration we see in all mammals and occurs in 

response to genetic mutation and biochemical regulation that operate within this process.  It is 

due to these facets of melanogenesis that a wide variety of pigmentation patterns are seen today 

- such as the intricate stripes of a zebra or the spectrum of hair and eye colours observed in a 

Caucasian human population. 

Melanogenesis begins with specialised cells called melanocytes that produce melanin.  Melanin 

is a biopolymer that provides the majority of pigment seen within all mammals and comes in two 

forms: eumelanin, which is black, and pheomelanin which is red/yellow/brown (Brilliant, 2001).  

During embryogeneis, melanoblasts (melanocyte precursor cells) originate from the neural crest 

and migrate to their final destination in the basal layer of the epidermis of the skin, the uvea of the 

eye (a middle layer) and hair follicles (Sturm, Teasdale, & Box, 2001).  Melanocytes are also 

found within the brain, meninges, inner ear and heart, although little is known of their functional 

role in these latter locations (Sturm et al., 2001).  The pattern of melanocyte migration during 

embryo development is strictly regulated by the genetics of the organism (i.e. where melanocytes 

end up for the life of an individual, influences the exact pattern of colouration, like the specific 

pattern of the coat of a cheetah for example) (Hearing & Tsukamoto, 1991).  Melanocytes are 

expressed independently across different locations, despite originating from the same embryonic 

source.  For example an individual possessing dark hair does not mean the same individual has 

dark eyes (Sturm et al., 2001).  Distribution of melanocytes within our skin is typically constant, 

the variation seen between one individual to another is the result of the size, number, structural 
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packaging and biochemistry of the melanosomes within the skin cell (or eye cell cytoplasm) 

(Sturm, Box, & Ramsay, 1998; Sturm et al., 2001).   

The main known function of melanin is thought to be providing photoprotection to the skin against 

ultra violet (UV) damage and sun exposure.  This protection is facilitated by melanin’s ability to 

scatter and absorb UV photons/light by converting UV into a less toxic form of energy – heat 

(Park, Kosmadaki, Yaar, & Gilchrest, 2009).  Evolutionarily, dark skinned individuals of today are 

thought to have originated within ethnic groups with ancestral populations located in close 

proximity to the equator, with a progressive lightening in skin colour as latitude increases towards 

either of the earth’s poles.  However, the interaction between sunlight/UV and pigment is very 

complex and a lot remains unknown, for instance, not all light skin individuals (with different 

ancestral genetic make-up) react to sunlight in the same manner, some show tanning capabilities 

while others only get sunburnt (Hill, Li, Xin, & Mitchell, 1997; Norton et al., 2007; Park et al., 

2009; Rees, 2003).  It has also been shown that melanin can further enhance DNA damage 

through intermediates of melanogenesis and pheomelanin in particular, that appear to increase 

the toxic effect of UV irradiation, through the generation of reactive oxygen species. Studies 

using UV light mimicking sunlight on mice melanocytes show discrepancies in how much 

protection melanin provides, suggesting that further work is required and that there may be other 

features of or biochemical factors involved in dark skin that aid in providing skin photoprotection 

(Hill et al., 1997; Park et al., 2009).  Pigmentation can be induced by UV light through two 

different ways: delayed tanning and immediate pigment darkening, but the exact biochemical 

pathways involved still remain largely unclear (Hill et al., 1997; Park et al., 2009; Young, 2006). 

 

3.1.2. Melanogenesis 

Melanogenesis itself is an enzymatic process that is substantially regulated at the cellular 

biochemical level (Hearing & Tsukamoto, 1991; Sturm et al., 2001).  Melanocytes (and thus 

melanogenesis) are regulated by biochemical cues from neighbouring dermal/epidermal cells, 

autocrine signalling and environmental stimuli (Park et al., 2009).  Biosynthesis and storage of 

melanin occurs within organelles found in melanocyte cell called melanosomes.  Melanosomes 

are lysosome-like organelles, derived from the Golgi apparatus and endoplasmic reticulum of the 

melanocyte (Brilliant, 2001; Park et al., 2009; Sturm et al., 2001).  Characteristics shared 
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between melanosomes and lysosomes include having soluble and transmembrane lysosomal 

proteins, an acidic internal environment (although this is now under question in melanosomes 

(Sturm et al., 2001)), and the capacity to fuse with phagosomes (Brilliant, 2001; Dell' Angelica, 

Mullins, Caplan, & Bonifacino, 2000; Orlow, 1995).  Melanosomes also have many unique 

features which include specific transmembrane glycoproteins and enzymes to facilitate melanin 

synthesis (discussed further below).  Contrary to lysosomes, melanosomes do not appear to 

perform any degradative function within the cell (Dell' Angelica et al., 2000).  It is suggested that 

the essentially specialised lysosome – a melanosome – is used to house, synthesise and store 

melanin in order to protect the cell from the potential damaging effects of melanogenesis (such 

effects include the multiple highly reactive oxidative species created during the course of melanin 

synthesis)(Hill et al., 1997; Orlow, 1995; Park et al., 2009). 

Melanosomes synthesise pigment and mature across four stages: melanosomes initially derive 

from endosomes from the endoplasmic reticulum (Stage I melanosomes), Stage II melanosomes 

demonstrate a well-structured and developed interior (no active melanin synthesis), Stage III 

melanosomes show evidence of internal pigment deposition (although pigment is not yet 

opaque), Stage IV melanosomes contain sufficient opaque pigment to shroud their internal 

structure (Park et al., 2009; Sturm et al., 2001).  The first two stages of maturation are true to 

both eumelanosomes (produces eumelanin) and pheomelanosomes (produces pheomelanin), 

although the latter stages differ as pheomelanosomes produce granular material throughout 

instead of highly organised pigment deposition.  As a result of maturation, pheomelanosomes are 

completely spherical with an internal matrix of loosely grouped pigments, whereas 

eumelanosomes are ellipsoid in shape with an ordered internal matrix, appearing opaque 

internally (Sturm et al., 2001) (Figure 3.1).  As they mature they are transported along the 

dendrites of the melanocyte to eventually reside within neighbouring keratinocytes (epidermal 

skin cells).  This transportation does not occur within the eye, here melanosomes are retained in 

the cell cytoplasm of the melanocyte (Sturm et al., 2001).  Exactly how the transportation of 

melanosome between melanocyte and keratinocyte takes place remains unclear, although 

several theories exist (Park et al., 2009; Sturm et al., 2001).  In brief, these include: exocytosis 

(fusion of melanosome membrane with plasma membrane of melanocyte, release of 

melanosome into intercellular space and subsequent phagocytosis by keratinocyte); 
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cytophagotosis (keratinocytes engulfs the dendrite tip of melanocyte and fuses melanosome with 

a lysosome, the lysosome is then transported to the appropriate location within the keratinocyte 

and the phagolysosome membrane deteriorates, releasing melanosome); 

keratinocyte/melanocyte plasma membranes fuse; and lastly, via membrane vesicles (vesicles 

containing melanosomes are shed by melanocyte and are phagocytised by keratinocyte) (Park et 

al., 2009; Quevedo & Holstein, 2006).   

Biosynthesis of melanin begins with the enzymatic oxidation of the amino acid tyrosine.  The 

successful completion of this first step in the melanogenesis pathway is often emphasized as 

being the most crucial point in the production of melanin (Brilliant, 2001; Hearing & Tsukamoto, 

1991; Sturm et al., 2001).  Tyrosinase (TYR gene product) is a crucial protein as it limits the rate 

of biosynthesis of melanin and initiates the first two steps in the melanogenesis pathway.  

Tyrosinase firstly catalyses the initial hydroxylation of tyrosine into 3, 4 – dihydroxyphenylalanine 

(DOPA), followed by the oxidation of DOPA into DOPAquinone (Brilliant, 2001; Hearing & 

Tsukamoto, 1991).  Melanin particles are the resulting polymers constituting derivatives of 

DOPAquinone.  The first two steps detailed above are the same for both forms of melanin 

(eumelanin and pheomelanin), however, it is the steps that follow that determine whether 

eumelanin or pheomelanin is synthesised.  The presence of sulfhydryls (i.e. cysteine) within the 

melanocyte during melanin biosynthesis is thought to be a major factor resulting in pheomelanin 

production rather than eumelanin (Hearing & Tsukamoto, 1991; Sturm et al., 2001).  If, following 

these first two steps of melanogenesis, DOPAquinone is bound with cysteine forming 5-S-

cysteinylDOPA, the resulting melanin formed from the metabolites is pheomelanin (Figure 1).  

Conversely, in the absence of cysteine, DOPAquinone is converted to DOPAchrome, with the 

resulting metabolites forming eumelanin through one of two ways.  If DOPAchrome tautomerase 

is present, isomerisation of DOPAchrome occurs resulting in 5, 6-dihydroxyindole-2-carboxylic 

acid (DHICA), DHICA is then oxidised by the DHICA-oxidase enzyme, resulting in eumelanin that 

is brown and finely dispersed.  Alternatively, DOPAchrome will spontaneously convert to 5, 6-

dihydroxyindole (DHI), resulting in densely clustered black eumelanin (Hearing & Tsukamoto, 

1991; Sturm, 2006; Sturm et al., 2001). 
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Figure 3.1: A schematic representing the basic process of melanogenesis, identifying the key 
genes and proteins involved.  Figure developed here from similar as shown in Bouakaze, Keyser, 
Crubézy, Montagnon, and Ludes (2009). 

 

While the basic process of melanogenesis has been briefly described above, it is important to 

note that this is a complicated catalytic pathway and as such, many genetic and biochemical 

factors influence and control the synthesis of melanin.  For example, DOPAchrome tautomerase 

is present within the pathway via expression of a normal variant of the DCT gene, which results in 

finally dispersed brown eumelanin, but in the absence of functional DOPAchrome tautomerase, 

DOPAchrome will spontaneously convert into eumelanin regardless, although black in colour and 

densely clustered (Sturm et al., 2001).  However, if cysteine is present within the melanosome 

DOPAquinone (the precursor to DOPAchrome) is converted into cysteinylDOPA producing 

pheomelanin and DOPAchrome tautomerase presence/absence is irrelevant (Ito & Wakamatsu, 

2006).  It is still unknown how the influx/efflux systems work that are responsible for transporting 

cysteine from the cytosol to the melanosome interior (and vice versa) and how this 

presence/absence of cysteine within the melanosome is regulated (Hearing & Tsukamoto, 1991; 

Sturm et al., 2001).  Mutations in the CTNS gene that codes for a seven transmembrane domain 

protein has been shown to affect cysteine efflux via proton-driven transport in lysosomes 

(Kalatzis, Cherqui, Antignac, & Gasnier, 2001), which share similarities to melanosomes, 

although whether this gene is involved in pigmentation is unknown.  Work with murine 
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melanocytes has discovered that cysteine influx is mediated by carrier transport in a temperature 

and solute concentration dependent manner (Potterf et al., 1999).  Further to this, the SLC7A11 

gene was identified as being responsible for controlling the production of pheomelanin through 

coding for a cysteine/glutamate exchanger located in the plasma membrane of mice 

melanocytes.  Mutations in this gene affected pheomelanin production in hair and melanocytes of 

mice, without affecting the production of eumelanin, suggesting a direct role in pheomelanin 

(Chintala et al., 2005).  Although this specific solute carrier gene has not been associated as yet 

with human pigmentation, several other solute carrier genes have been associated with human 

pigmentation and may facilitate this transport. 

There are several stages and processes in the melanogenesis pathway that different genes 

mediate and effect (some of the genes involved can be seen in Figure 1.1).  These can affect the 

melanocyte itself, which include cell viability, migration or proliferation, and signalling cues 

regulating melanin production.  Melanogenesis can be further affected through the structural 

integrity, composition and environment provided within the melanosome.  Finally, biochemical 

factors, such as enzyme presence/absence, affect the synthesis of melanin and operate within 

the synthesis pathway itself (Newton et al., 2001).  Comparative genomic studies of mutations in 

mouse coat phenotype facilitated the initial identification of genes involved in pigmentation, which 

then led to the discovery of several homologous pigmentation genes in humans.  Further human 

pigmentation genes were identified through characterising the molecular workings underpinning 

serious pigmentation disorders, such as albinism, which revealed new genes that appeared to 

effect pigmentation phenotypes, and served to reinforce the effect of some of those already 

discovered (Sturm et al., 2001). 

 

3.2. Pigmentation Genes 

It is suggested that there are over 120 different genes and ~600 proteins involved in 

melanogenesis and pigment phenotype in humans.  A ‘pigmentation gene’ is a gene that 

contributes directly to functioning melanogenesis, including involvement in the structure, 

formation, transport and distribution of melanocytes or melanosomes (Branicki et al., 2005; 



 
 

72 
 

Sturm, 2009; Sturm et al., 2001).  Several genes and their resulting proteins were amongst the 

first studied in detail in early work relating to melanogenesis – MC1R (receptor), OCA2 (receptor) 

and TYR (enzyme).  The original association with pigmentation findings will be discussed with the 

earlier discoveries first, followed by recent research that has fine tuned our knowledge of each 

individual genes’ role and the epistatic relationships involved in creation of pigmentation 

phenotype.  Other genes and crucial proteins important to melanin synthesis or that have been 

associated with human pigmentation will also be discussed. 

 

3.2.1. Melanocortin 1 receptor (MC1R) gene 

Melanogenesis is initiated by hormonal stimulation of the melanocyte.  The hormones involved 

are internally regulated peptide products of pituitary gland cells and include two main hormone 

peptides, alpha-melanocortin stimulating hormone (α-MSH) and adrenocorticotropic hormone 

(ACTH).  These hormone peptides bind to melanocyte receptors, providing the essential cue for 

melanogenesis activation, melanosome maturation and melanin type.  The key receptor involved 

here is a G-protein coupled receptor called the melanocortin 1 receptor (MC1R) which binds to 

specific melanocortin peptide hormones, including α-MSH and/or ACTH (Park et al., 2009; Sturm 

et al., 2001).  Once bound, MC1R induces cyclic adenosine monophosphate (cAMP) production 

which activates a transcription factor (microphthalmia transcription factor, MITF) which initiates a 

biochemical pathway essential for eumelanin synthesis (Hearing, 2006; Sturm et al., 2001) 

(Figure 3.1).  Successful binding of α-MSH to MC1R has shown a 100-fold increase in 

melanogenesis, with the resulting melanin produced being eumelanin (Hearing & Tsukamoto, 

1991).  Agouti signalling protein (ASIP) has been identified as being capable of blocking the 

binding site of the normal ligand responsible for signalling production of MC1R, thus blocking the 

normal pigmentation pathway.  In mice coat studies, ASIP inhibition of MC1R has been shown to 

produce a unique phenotype, categorised by a banding pattern in pigmentation produced 

throughout the length of coat hair follicles in mice.  Although the ASIP homologue has been found 

in the human system it is unknown whether a similar pigmentation phenotype arises.  When 

MC1R is inhibited, signalling from MC1R is blocked, resulting in lack of successful maturation of 

eumelanosomes, defaulting to production of pheomelanosomes instead, thus having crucial 
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influence over the melanin pathway employed (Sturm et al., 2001; Suzuki et al., 1997).  Absence 

of MC1R signal results in pheomelanosomes instead of eumelanosomes because several key 

proteins (discussed further below) necessary for eumelanin production are not signalled for and 

thus are not present within the melanosome (Sturm et al., 2001).  Many mutations found in the 

MC1R gene in humans have beenshown to be the cause, or associated with, fair, freckled skin 

and red hair pigmentation phenotype in humans, emphasising the role MC1R has in producing 

eumelanin or pheomelanin by default (Box, Wyeth, O’Gorman, Martin, & Sturm, 1997; Grimes et 

al., 2001; Rees, 2000).  Over 50 different mutant variants of the MC1R receptor have been 

identified, which contribute to a loss of correct function in some manner.  These mutant variants 

typically result in a drop in receptor affinity to bind to α-MSH, or an in-proportionate response to 

α-MSH (despite adequate binding), resulting in failure to regulate correctly (in the former 

scenario) or to significantly up-regulate factors in the biosynthesis pathway (in the latter scenario) 

(Park et al., 2009; Savage et al., 2008). 

 

3.2.2. Oculocutaneous albinism (OCA) and pigmentation 

Oculocutaneous albinism in humans (OCA) is a form of albinism that affects the eyes, skin and 

occasionally the hair, often the result of autosomal recessive genetic disorders.  There are a suite 

of genes responsible for the OCA phenotypes seen in humans that have an obvious causative 

role in pigmentation.  Four different forms of OCA have been defined in humans.  OCA1 

(oculocutaneous albinism 1) albinism can be one of several different subtypes, caused by two 

alternate mutated forms of the tyrosinase gene (TYR gene).  The symptoms of these subtypes 

range from no pigment whatsoever and poor eyesight, through to patchy pigmentation depending 

on the temperature sensitivity of the TYR protein (Oetting & King, 1993; Spritz, Strunk, Giebel, & 

King, 1990).  OCA2 (oculocutaneous albinism 2), caused by a mutated ‘P’ protein from the 

oculocutaneous albinism 2 gene (OCA2 gene), is the most common form of albinism and is less 

severe than OCA1.  Symptoms include lack of tanning capacity with typically fair/light colouration 

across all features including blue eyes, and potentially some cutaneous pigment in the form of 

moles/freckles (Brilliant, 2001; Lee et al., 1994; Lee, Nicholls, Jong, Fukai, & Spritz, 1995).  

Mutation in the tyrosinase-related protein 1 gene (TYRP1 gene) has been linked to a third kind of 
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albinism, oculocutaneous albinism 3 (OCA3), with symptoms of blue eyes, red hair and reddish-

brown skin.  OCA3 is associated with, and may in fact include, individuals defined as having 

roufus OCA (ROCA) where an individual’s pigmentation is described as being excessively yellow 

in appearance (King, Creel, Cervenka, Okoro, & Witkop, 1980; Manga et al., 1997; Newton et al., 

2001).  Finally, oculocutaneous albinism 4 (OCA4) (discovered relatively recently) is caused by a 

mutation in the solute carrier family, member 2 gene (SLC45A2 gene) and exhibits a similar 

albinism phenotype to that of OCA2.  This form of albinism is predominantly found in Japan 

(Inagaki et al., 2006; Inagaki et al., 2004; Newton et al., 2001).  Due to the extreme nature of 

albino phenotypes, investigating the genes responsible was a logical place to look for genes that 

may regulate or affect melanogenesis.  There are still albino phenotypes that do not exhibit any 

of the above mutations, with the affected gene(s) unknown (Oetting, 2000). 

 

3.2.3. Oculocutaneous albinism 2 (OCA2) gene 

Mutations in the oculocutaneous albinism 2 gene (OCA2 gene) were discovered to be 

responsible for both albinism (OCA2) in humans and pink-eyed dilution phenotype in mice.  The 

product of this gene, the ‘P’ protein, is a small molecule transporter protein exhibiting 12 

transmembrane domains found in the membrane of melanosomes (Lee et al., 1995).  The P 

protein has also been identified as having a causative effect on the regulation of MC1R (Branicki 

et al., 2005).  Wildtype melanosomes were originally noted as being acidic, which is one of their 

similarities with lysosomes, whereas melanosomes of P-deficient melanocytes were found to be 

non-acidic.  (However the exact pH required within the melanosome is discussed below in 

relation to studies investigating the role of the TYR gene, which has better elucidated this aspect 

of melanogenesis).  This suggested that the P protein may play a role in maintaining the acidic 

pH environment observed within the interior (lumen) of the melanosome via its role as a small 

molecule transporter.  It was suggested that melanosomes achieved their acidic lumen via 

electrogenic proton transport compensated for via anion conductance (Brilliant, 2001; Sturm et 

al., 2001).  Proton transport is likely facilitated by an adenosine triphosphate (ATP)-driven proton 

pump and anion conductance via an anion channel (as in lysosomes).  The loss of the anion 

channel would result in non-acidic or an unregulated pH environment, which may influence 
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melanogenesis.  It is suggested that due to the homology between the P protein and anion 

transporters, combined with its location on the melanosomal membrane, the P protein may 

perform the function of transporting anions into the melanosome, thus directly contributing to the 

maintenance of a low pH/acidic environment (Brilliant, 2001; Newton et al., 2001; Sturm et al., 

2001). 

It has been observed in P-deficient mice that lack of a functional P protein only affects the 

production of eumelanin, as pheomelanin was still produced.  This suggests that the P protein 

performs a necessary role in maintaining melanosome environment or transportation of a 

molecule necessary for successful eumelanin pigment synthesis and melanosome maturation, 

and that in its normal state it appears to play a regulatory role in normal pigment variation 

(Brilliant, 2001; Sturm et al., 1998).  Gahl, Potterf, Durham-Pierre, Brilliant, and Hearing (1995) 

observed that the P protein stabilizes a large melanogenic complex within the melanosomal 

membrane, which includes the proteins of TYR, TYRP1 (tyrosinase-related protein 1) and DCT 

(DOPA tautomerase, or tyrosinase-related protein 2 (TYRP2)) genes.  In P protein deficient mice, 

a lack of stability was seen, with the high molecular weight forms of these three proteins missing, 

suggesting a possible role in melanogenesis through regulating the expression of TYR, TYRP1 

and DCT.  The melanocytes from OCA2 albinism individuals and P protein deficient mice had 

melanosomes that contained minimal amounts of melanin.  P protein has also been found in the 

brain, ovaries and testes although the function of the protein in these areas is unknown, as P 

deficient individuals still exhibit normal mental function and fertility (Brilliant, 2001). 

Following the establishment of OCA2 gene/P protein involvement in albinism and extreme 

pigmentation, OCA2 was later identified as having a significant association with normal variations 

of hair and eye colour (Sturm et al., 1998).  Further to albinism mutations, several non-

detrimental mutations were found within the OCA2 gene that exhibited significantly variable 

frequencies amongst different populations, which suggested that the OCA2 gene had a role in 

normal pigmentation (Sturm et al., 1998).  These mutations included SNPs within the OCA2 gene 

rs7495174, rs4778138, rs1800401 and rs1800407 (Table 3.1) (Bouakaze et al., 2009; Branicki, 

Szczerbin´ska, Brudnik, Wolan´ska-Nowak, & Kupiec, 2008c; Duffy et al., 2007; Mengel-From et 

al., 2010).  The OCA2 gene has been repeatedly shown to be associated with over 70% of eye 
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colour variation in genome wide association studies, including twin studies (Branicki et al., 2005; 

Duffy et al., 2007; Kayser et al., 2008; Zhu et al., 2004).  Despite OCA2 having a role in 

pigmentation and being a true pigment gene, recent research suggests that P protein expression 

is affected by an upstream gene, hect Domain and RCC1-like domain 2 gene (HERC2 gene) 

(discussed further in HERC2 section below), which appears to mask or mediate the effects of 

OCA2 (Pos'piech, Draus-Barini, Kupiec, Wojas-Pelc, & Branicki, 2011; Sturm et al., 2008b; White 

& Rabago-Smith, 2010). 

 

3.2.4. Tyrosinase (TYR) gene 

Tyrosinase is responsible for catalyzing the initial steps in the melanin biosynthesis pathway and 

is coded for by the TYR gene.  The importance of tyrosinase in melanin synthesis was realised 

over 50 years ago when it was identified in particulate form, localised in the melanosome and 

associated with melanin deposition (Herrmann & Boss, 1945; Seiji, Shimao, Birbeck, & 

Fitzpatrick, 1963).  As detailed earlier, it catalyses the hydroxylation of tyrosine into DOPA, 

followed by the oxidisation of DOPA into metabolites that are then acted upon to produce either 

eumelanin or pheomelanin.  For tyrosinase to function correctly it requires that the amino acid 

substrate, tyrosine, be present and specific environmental conditions within the melanosome to 

be maintained.  Alterations in these environmental conditions, such as lumenal pH, can affect the 

function of tyrosinase (such as seen in one of the OCA1 albinism subtypes) (Brilliant, 2001; 

Sturm et al., 2001).  It was suggested that transporting tyrosine into the melanosome was the 

function of OCA2 gene’s P protein; however tyrosine was present in both P-functional and P-

deficient melanosome membranes making this unlikely.  It is now thought that the P protein 

contributes to the performance of tyrosinase by creating and maintaining an acidic pH suitable for 

enzyme function (Brilliant, 2001; Sturm et al., 2001).  Studies analysing melanocytes from 

cultured white and black skin found that melanosome pH was acidic in the melanosomes from 

white skin, but more neutral in the melanosomes from black skin melanocytes, suggesting that 

acidic pH actually suppresses tyrosinase activity (Fuller, Spaulding, & Smith, 2001).  Tyrosinase 

activity was ten times greater in cultured melanocytes from black compared to white skin, with the 

difference not appearing to be a variation in available tyrosinase protein (Iozumi, Hoganson, 
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Pannella, Everett, & Fuller, 1993).  Melanogenesis activity, melanosome maturation and the ratio 

of eumelanin to pheomelanin produced, increased in the white melanocyte melanosomes when 

proton pump inhibitors were removed.  This reinforces the suggestion that electrogenic proton 

transport-based pH maintenance of the melanosome is important and regulates melanin 

production, but not necessarily in the manner originally thought (i.e. requirement of an acidic pH).  

Therefore the epistatic relationship of these two genes is likely to be involved in the normal 

variation of pigmentation phenotypes demonstrated in nature (Fuller et al., 2001; Lindsey, Jones, 

Hewitt, Angert, & Weinreb, 2001; Sturm et al., 2001).  The TYR gene has shown association with 

pigmentation in humans in a number of studies (including association with SNP markers 

rs1393350 and rs1042602, see Table 3.1) (Frudakis et al., 2003; Han et al., 2008; Sulem et al., 

2008; Sulem et al., 2007). 

 

3.2.5. Tyrosinase-related protein (TYRP) genes 

Both eumelanin and pheomelanin require the above steps facilitated by tyrosinase for synthesis 

and it is the presence of other enzymes and the availability of cysteine that determines whether 

eumelanin or pheomelanin will be formed.  Production of pheomelanin requires only the addition 

of cysteine, whereas eumelanin requires several other additional proteins and enzymes, including 

the aforementioned P protein.  Tyrosinase-related protein 1 (TYRP1), dopachrome tautomerase 

(DCT, also known as tyrosinase-related protein 2 (TYRP2)) along with the silver protein (SILV, 

also known as PMEL, pre-melanosome protein) and melan-A protein (MLANA) are all important 

for eumelanin production and are not involved in pheomelanin production or present in 

pheomelanosomes (Newton et al., 2001; Sturm, 2009; Sturm et al., 2001).  The production of 

eumelanin relies on these proteins being present, if they are functionally compromised or absent, 

synthesis of eumelanin is prevented (Sturm, 2009; Sturm et al., 2001).  The roles of TYRP1 and 

DCT were discovered through comparative mutated coat phenotype mouse studies, with other 

enzymes also being discovered through cultured melanocyte cell lines and transcriptome 

analysis (Sturm et al., 2001).  TYRP1 expresses the enzyme responsible for oxidising DHICA in 

the eumelanin pathway and appears crucial to melanosomal complex formation, while defects in 

the TYRP1 gene have been associated with OCA3 albinism (Sturm et al., 1998).  Studies using 
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individuals of different ethnic origin and individuals of varying hair colour did not show any 

associated variants in any of these genes initially, and thus did not show evidence or promise of 

a major role in normal pigmentation variation (Sturm et al., 1998).  However, TYRP1 and DCT 

were later associated with variation in eye colour phenotype, including the TYRP1 SNP 

rs2733832 (Table 3.1) (Frudakis et al., 2003).  PMEL and MLANA encode proteins that are 

critical for normal structure of melanosomes, with PMEL forming the fibrillar internal matrix 

required for eumelanosomes, and MLANA localised to melanosomes, suggesting a role in 

melanin biosynthesis (Du et al., 2003).  These latter two genes have not yet been associated with 

normal pigment variation (Sturm, 2009). 

 

3.2.6. Solute Carrier genes 

Several members of the solute carrier gene families have been associated with normal 

pigmentation variation observed in humans.  These include members of solute carrier family 24, 

member 5 (SLC24A5); solute carrier family 45, member 2 (SLC45A2); and the intergenic region 

preceding the solute carrier family 24, member 4 (SLC24A4).  These genes encode for 

sodium/potassium/calcium exchange proteins (SLC24A5 and SLC24A4), and a membrane-

associated transporter (SLC45A2).  The exact role these proteins play in pigmentation is unclear, 

although it is speculated that they are involved in regulating the osmotic gradient of the 

melanosome; transporting molecules required for melanin synthesis; or are necessary for 

melanosome function (Newton et al., 2001).  It is interesting that the manner of cysteine 

influx/efflux for pheomelanosomes/eumelanosomes respectively is still unknown – as is the 

means of tyrosine being available within the melanosome, as it cannot permeate the lipid bi-layer 

membrane, leading to the conclusion that entry must be facilitated in some way (Sturm et al., 

2001).  It may be that these unknown transport functions are performed by proteins coded for by 

the solute carrier genes.  Although the roles of these genes are still unclear, a SLC45A2 variant 

has been associated with a form of albinism (OCA4) and two seemingly non-detrimental 

mutations (rs16891682 and rs26722, see Table 3.1) have been associated with normal 

pigmentation across different populations (Branicki, Brudnik, Draus-Barini, Kupiec, & Wojas-Pelc, 

2008a; Graf, Hodgson, & van Daal, 2005; Soejima & Koda, 2007).  A mutation in SLC24A5 
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(rs1426654, see Table 3.1) has been associated in a number of different animals contributing to 

a lightened pigment phenotype, with an homolog identified in humans that exhibited a similar 

lightening of pigmentation phenotype (Lamason et al., 2005).  SLC24A4 is in the same solute 

carrier family as SLC24A5 and also has a variant (rs12896399, see Table 3.1) that has been 

associated with hair and eye colour (Han et al., 2008; Sulem et al., 2007). 

 

3.2.7. Interferon regulatory factor 4 (IRF4) gene 

The interferon regulatory factor 4 (IRF4) gene belongs to a family of transcription factors that 

typically specialise in regulation of interferons and other cytokines, in response to viral infection.  

IRF4 mRNA expression has been observed in melanoma (malignant cancerous tumor of 

melanocyte cells) cell lines and has also been detected in normal lymphocytes and melanocytes 

although the role of IRF4 within the pigment pathway remains unclear (Grossman et al., 1996; 

Sundram, Harvell, Rouse, & Natkunam, 2003).  IRF4 was identified as being associated with 

human pigmentation in a genome-wide SNP analysis using approximately 3000 individuals and 

with results then replicated in a further ~2700 individuals.  Closer analysis using a specific SNP 

(rs12203592, see Table 3.1) within this gene found association specifically with the individual 

phenotypes of freckling, sun sensitivity and dark hair and eye colour (Han et al., 2008; Liu et al., 

2009; Sturm, 2009). 

 

3.2.8. Myosin VA heavy chain 12, myoxin (MYO5A) gene 

Myosin VA heavy chain 12, myoxin gene (MYO5A) encodes motor proteins that are involved in 

cytoplasmic vesicle transport and anchorage, as well as mRNA translocation (Strom, Hume, 

Tarafder, Barkagianni, & Seabra, 2002; Sturm et al., 2001).  The role of MYO5A in the 

pigmentation pathway may be associated with melanosome transportation as it matures within 

the melanocyte, or as the melanosome is anchored to its final destination in the cell cytoplasm 

and potentially acting in melanosome transport between melanocyte and keratinocyte (Elias, 

Menon, Wetzel, & Williams, 2010; Strom et al., 2002).  MYO5A was initially associated with 
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brown eye colour pigmentation in a linkage study (Eiberg & Mohr, 1996) which was followed by 

SNPs within the MYO5A gene being associated with iris colour variation, specifically brown irises, 

as part of a candidate gene study performed by Frudakis et al. (2003).  The MYO5A SNP 

rs1724630 was found to be associated with blue eye colour (Frudakis et al., 2003) (Table 3.1).  

An interval on chromosome 15 that incorporates the MYO5A and OCA2 genes were linked 

significantly to eye colour variation during a genome scan study that resulted in no other large 

significant association areas on any other chromosomes.  This led the authors to estimate that 

the genes within the strongly associated region were responsible for up to 75% of eye colour 

variation alone (Zhu et al., 2004).  Further pigmentation studies have shown that this high level of 

significance is likely to be predominantly due to OCA2 (and HERC2, introduced and discussed 

below), rather than MYO5A, although MYO5A is still a gene of interest for human pigmentation 

(Duffy et al., 2007; Frudakis, Terravainen, & Thomas, 2007). 

 

3.2.9. Hect domain and RCC1-like domain 2 (HERC2) gene 

Hect Domain and RCC1-like Domain 2 gene (HERC2) encodes for a large protein with multiple 

structural domains that is located upstream from the OCA2 gene.  The exact function of this gene 

is unknown but it codes for conserved function proteins that have been involved with proteolysis, 

spermatogenesis and intracellular transport (Yonggang et al., 2000).  Deletions in the coding 

region of this gene have resulted in coat and eye phenotype mutations in mice studies, as well a 

negative effect on fertility (Yonggang et al., 2000).  However, it is suggested that HERC2 is not a 

pigmentation gene itself, and variants of the gene do not affect the HERC2 protein, but instead 

regulate or affect the expression of the P protein which is coded for by the downstream OCA2 

gene (Scherer & Kumar, 2010; White & Rabago-Smith, 2010).  This epistatic effect is 

demonstrated by investigating specific variants of both OCA2 and HERC2 genes on their 

collective association with eye colour, with HERC2 variants having a masking or dominant effect 

on the OCA2 variant in relation to the specific hazel and green eye colour phenotype (Pos'piech 

et al., 2011; Sturm et al., 2008b; White & Rabago-Smith, 2010).  A specific variant of HERC2 has 

been repeatedly associated with blue eye colour (rs12913832, Table 3.1).  Further to this 

association, functional differences were observed, where homozygosity for this variant resulted in 
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significantly less melanin being produced when compared to the heterozygote or ancestral 

homozygote genotype individuals (Cook et al., 2009).  This single SNP has been deemed 

responsible for regulation of blue eye colour and associated with hair colour, with other 

neighbouring SNPs within this gene also being strongly associated with hair and eye colour 

(rs1129038 and rs916977 Table 3.1) (Branicki et al., 2011; Eiberg et al., 2008; Kayser et al., 

2008; Mengel-From et al., 2010; Mengel-From, Wong, Morling, Rees, & Jackson, 2009; Shekar 

et al., 2008; Sturm et al., 2008b; Sulem et al., 2007). 

 

3.3. Candidate SNPs 

SNP markers within these pigmentation genes of interest were selected for screening to find 

appropriately associated markers for predictive pigmentation analysis.  Many SNPs have been 

identified throughout the literature as being associated with hair, skin and eye pigmentation.  We 

selected the most appropriate of these to screen for use in a New Zealand population, largely 

focussing on association with eye and hair colour, rather than skin colour, although some SNPs 

have shown association with one or more of these pigmentation phenotypes.  Prior to assessing 

association, multiple inclusion threshold analyses were conducted to ensure that all markers 

were clear of any bias and to rule out spurious contribution to association by underlying factors 

within the genetic population. 

Compared to large-scale Genome-wide association studies (GWAS) the present work on 

pigmentation association testing is comparatively small scale.  The aim of the following work is 

not to discover novel SNP/phenotype associations, a feat that would be impossible with a dataset 

of this nature, but rather to assess SNP markers already associated with pigmentation when 

applied to a New Zealand population, which exhibits high cultural diversity.  Such populations are 

likely to exhibit population stratification.  This may mean that SNPs associated with a trait in a 

homogenous population, may exhibit different association relationships in another more 

genetically diverse population.  Thus the association testing here is conducted as a subsequent 

analysis to known association, rather than trying to decipher new, previously undiscovered 

instances of SNP association with pigmentation. 
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All SNPs of interest (see below) were genotyped for each participant (N: 101) following the 

procedures described in Chapter 2. 
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Table 3.1: Candidate SNPs selected for pigmentation association screening.  
a 
indicates the chromosome the SNP is located on, 

b 
indicates the chromosome 

position in base pairs, 
c 
indicates the resulting residue change (where a change occurs) as a result of the SNP. 

 

Chr.
a
: Gene: SNP ID: Chr. (bp)

b
: Gene location: Alleles: Residue

c
: Linked to: References: 

15 OCA2 rs7495174 28344238 Intron 1 G->A - Blue/Non-blue eye colour 

(Bouakaze et al., 2009); 

(Branicki, Brudnik, & Wojas-

Pelc, 2009; Branicki et al., 

2008c); (Duffy et al., 2004; 

Duffy et al., 2007); (Frudakis et 

al., 2003); (Iiada et al., 2009); 

(Sturm et al., 2008a); (Sulem et 

al., 2007); (Rebbeck et al., 

2002) 

15 OCA2 rs4778138 28335820 Intron 1 G->A - 
Blue/Non-blue eye colour 

(Bouakaze et al., 2009); 

(Branicki et al., 2009; Branicki 

et al., 2008c); (Frudakis et al., 

2003); (Iiada et al., 2009); 

(Sturm et al., 2008b); (Rebbeck 

et al., 2002); (Duffy et al., 2007) 

Freckles (Duffy et al., 2007) 

15 OCA2 rs1800401 28260053 Exon 9 (Missense) C->T Arg->Trp Light vs. Dark eye colour 

(Branicki et al., 2008b; Branicki 

et al., 2008c); (Duffy et al., 

2007); (Rebbeck et al., 2002); 

(Mengel-From et al., 2010; 

Mengel-From et al., 2009) 
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15 OCA2 rs1800407 28230318 
Exon 13 

(Missense) 
G->A Arg->Gln 

Blue & Int. vs Dark eye 

colour 

(Branicki et al., 2008b; Branicki 

et al., 2008c); (Duffy et al., 

2007); (Mengel-From et al., 

2010; Mengel-From et al., 

2009); (Sturm & Larsson, 

2009); (Walsh et al., 2011a); 

(Rebbeck et al., 2002); (Sturm 

et al., 2008b); (Liu et al., 2009) 

Hair colour (Branicki et al., 2011) 

15 HERC2 rs916977 28513364 Intron 12 A->G - 

Dark/Non-dark hair colour
 (Branicki et al., 2009); (Mengel-

From et al., 2009) 

Blue/Non-blue eye colour
 

(Kayser et al., 2008); (Branicki 

et al., 2009); (Eiberg et al., 

2008); (Sturm et al., 2008b) 

15 HERC2 rs12913832 28365618 Intron 86 A->G - 

Blue/Brown eye colour 

(Spichenok et al., 2011); 

(Mengel-From et al., 2010; 

Mengel-From et al., 2009); 

(Branicki et al., 2009); (Eiberg 

et al., 2008); (Walsh et al., 

2011a); (Sturm et al., 2008b) 

Light/Dark hair colour 
(Branicki et al., 2009); (Branicki 

et al., 2011) 
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15 HERC2 rs1129038 28356859 Exon 93 (3' UTR) G->A - 
Blue/Brown eye colour 

(Mengel-From et al., 2010; 

Mengel-From et al., 2009); 

(Sturm et al., 2008b) 

Hair colour (Branicki et al., 2011) 

16 MC1R rs2228479 89985940 
Exon 1 (Missense) 

Coding Region 3 
G->A Val->Met 

Blue or Green vs. Non-

blue/green eye colour 
(Frudakis et al., 2003) 

Red vs. Non-red hair colour 

(Box et al., 1997); (Valverde, 

Healy, Jackson, Rees, & 

Thody, 1995); (Branicki et al., 

2011) 

16 MC1R rs1805007 89986117 
Exon 1 (Missense) 

Coding Region 2 
C->G/T 

Arg-

>Gly/Cys 

Blue or Green vs. Non-

blue/green eye colour
 

(Sulem et al., 2008; Sulem et 

al., 2007); (Frudakis et al., 

2003); (Graf et al., 2005) 

Red vs. Non-red hair colour
 

(Bouakaze et al., 2009); (Sulem 

et al., 2007); (Branicki et al., 

2011) 

Freckles (Sulem et al., 2007) 

16 MC1R rs1805008 89986144 
Exon 1 (Missense) 

Coding Region 2 
C->T Arg->Trp 

Blue or Green vs. Non-

blue/green eye colour 

(Frudakis et al., 2003); (Sulem 

et al., 2007) 

Red vs. Non-red hair colour 

(Bouakaze et al., 2009); (Rees, 

2003); (Branicki et al., 2011); 

(Sulem et al., 2007) 

Freckles (Sulem et al., 2007) 
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5 SLC45A2 rs26722 33963870 Exon 3 (Missense) C->T Glu->Lys 

Dark/Light hair colour 

(Mengel-From et al., 2010); 

(Graf et al., 2005; Graf, Voisey, 

Hughes, & van Daal, 2007) 

Dark/Light skin colour 
(Han et al., 2008; Newton et al., 

2001); (Nakayama et al., 2002) 

Dark/Light eye colour 
(Frudakis et al., 2003); (Graf et 

al., 2005; Graf et al., 2007) 

5 SLC45A2 rs16891982 33951693 Exon 5 (Missense) C->G Phe->Leu 

Eye colour 

(Eiberg et al., 2008; Spichenok 

et al., 2011); (Valenzuela et al., 

2010); (Graf et al., 2005; Graf 

et al., 2007) 

Caucasian vs. Non 

Caucasian ancestry 

(Valenzuela et al., 2010); 

(Bouakaze et al., 2009) 

Hair colour 

(Branicki et al., 2009); 

(Valenzuela et al., 2010); 

(Mengel-From et al., 2010; 

Mengel-From et al., 2009); 

(Walsh et al., 2011a); (Graf et 

al., 2005; Graf et al., 2007); 

(Branicki et al., 2011) 

Skin Colour 

(Newton et al., 2001); 

(Nakayama et al., 2002; 

Stokowski et al., 2007) 

15 SLC24A5 rs1426654 48426484 Exon 3 (Missense) A->G Thr->Ala 

Eye colour (Valenzuela et al., 2010) 

Light vs. Dark skin colour 

(Norton et al., 2007; Stokowski 

et al., 2007); (Valenzuela et al., 

2010); (Lamason et al., 2005) 
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14 SLC24A4* rs12896399 39580447 Intergenic G->T - 

Brown vs. Non-brown hair 

colour 

(Han et al., 2008); (Sulem et al., 

2008; Sulem et al., 2007); 

(Walsh et al., 2011a) 

Blue or Green eye colour 
(Liu et al., 2009); (Han et al., 

2008) 

15 MYO5A rs1724630 52708000 Intron 5 C->G - 
Blue vs. Non-blue eye 

colour 
(Frudakis et al., 2003) 

11 TYR rs1393350 89011046 Intron 3 G->A - 

Eye colour 
(Sulem et al., 2007); (Walsh et 

al., 2011a); (Liu et al., 2009) 

Blonde/Brown hair colour (Sulem et al., 2007) 

Freckles (Sulem et al., 2007) 

11 TYR rs1042602 88911696 Exon 1 (Missense) C->A Ser->Tyr 

Eye colour (Frudakis et al., 2003) 

Hair colour 

(Branicki et al., 2011; Stokowski 

et al., 2007); (Sulem et al., 

2007) 

Freckles (Sulem et al., 2007) 

9 TYRP1 rs2733832 12704725 Intron 6 C->T - Eye colour (Frudakis et al., 2003) 

6 IRF4 rs12203592 396321 Intron 4 C->T - 
Eye colour 

(Spichenok et al., 2011); (Liu et 

al., 2009; Liu et al., 2010); 

(Walsh et al., 2011a) 

Light vs. Dark hair colour (Han et al., 2008) 
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3.4. Inclusion threshold testing and data checking 

Inclusion thresholds for genetic marker/trait association studies are centralised around checking 

that the markers used are free of any population bias to ensure that any association 

demonstrated within the analysis is genuinely due to phenotype status.  All inclusion threshold 

testing was performed in PLINK v.1.07 (Purcell et al., 2007). 

 

3.4.1. Hardy-Weinberg Equilibrium deviations 

Testing for Hardy-Weinberg Equilibrium (HWE) is an inclusion test performed to assess the 

behaviour of a marker within the genetic population.  HWE refers to the genetic distribution of 

alleles and genotypes within a population and the chance of alleles and genotypes being 

selected independently when sampled at random.  A major assumption of HWE is that the 

genotypes within the population are present independently of each other, which assumes that 

assortative mating occurs within an infinity large population rather than inbreeding.  Other 

assumptions of HWE include no mutations, no alleles under selection and no significant genetic 

drift or gene flow with overlapping populations.  In essence, HWE assumes that alleles, and 

therefore genotypes, will remain at equilibrium (or constant) over multiple generations of a 

population or given gene pool.  The likelihood of these assumptions being truly met in natural 

populations is unlikely as natural populations are not this static.  Despite this, testing for HWE 

provides a valuable tool for assessing underlying bias, such as population stratification 

(discussed further below), in the genetic conformity of an allele within a gene pool.  The chance 

of alleles A1 and A2 being randomly selected from within a hypothetical gene pool is as follows: 

first random allele selection has p chance of being A1, with q representing the chance of selecting 

A2.  Selecting a second allele at random results in the same chances again for each allele.  So 

for every two random selections the chance of getting both A1 alleles is p
2
, and similarly the 

chance of selection both A2 alleles is q
2
.  Finally the chance that the first allele selected was A1 

and the second was A2 is pq, along with the chance that the first allele selected was A2 and the 

second A1 is qp.  Thus the chance of getting a pq/qp genotype adds to 2pq as there are two 

occurrences where this genotype can be formed.  These chance occurrences form the 
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allele/genotype frequencies expected under a Hardy-Weinberg distribution where both alleles are 

in equilibrium (HWE) and an individual’s alleles are drawn randomly and independently.  A 

Fishers Exact test is used for HWE deviations here, rather than the typical goodness-of-fit χ
2
 test.  

This is because the combined result of exact tests is better suited to small data sets and because 

the goodness-of-fit χ
2
 test have shown inflated Type I error rates (as discussed in the Introduction 

chapter), making an assessment of deviation from HWE more accurate with Fisher’s Exact test 

(Wigginton, Cutler, & Abecasis, 2005).  Testing for HWE delivers the observed and expected 

heterozygosity based on the genotype counts and the HWE p-value assesses the significance of 

any deviation seen (Purcell et al., 2007; Wigginton et al., 2005).  This was performed using 

PLINK v.1.07 (Purcell et al., 2007) and the ‘hardy’ function, producing HWE deviation results 

using Fisher’s Exact test. 

 

3.4.2. Population Stratification 

Population stratification is the result of differences in allele frequency between affected 

phenotype and non-phenotype (or case/control) individuals due to ancestral differences (Price et 

al., 2006).  Population stratification has the potential to cause over-emphasised or spurious 

phenotype/genotype associations in genetic association studies, with the effect often increasing 

proportionally with study size, and it is therefore important to assess population stratification in a 

dataset prior to running association analysis (Price et al., 2006; Tian, Gregersen, & Seldin, 2008).  

Population stratification can be investigated by first constructing a matrix assessing all shared 

genetic data within a set of individuals.  This is analysed by conducting a pair-wise comparison 

between all individuals using all the markers available, assessing genetic similarity amongst 

individuals and calculating the average of alleles identical by state (IBS).   Clustering algorithms 

based on distance are often used for this and IBS distance clustering is used in the present 

study.  The clustering is hierarchical and initially considers every individual as a cluster of one, 

then merges with other genetically similar clusters.  Clusters continue to grow in size by 

comparing the similarity between their two most dissimilar members until reaching saturation 

within the algorithm (clusters as similar as possible, while being still informative of inter-cluster 
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differences). This clustering results in the formation of groups of individuals based on their 

homogeneous status (Purcell et al., 2007; Tian et al., 2008). 

These groups can then be visualised by constructing multidimensional scaling (MDS) plots.  MDS 

techniques run an algorithm that converts the IBS matrix dissimilarities between individuals into a 

set of vectors positioned within a defined dimensional space.  These vectors create the relative 

spatial proximity of data points resulting in a plot that is indicative of the level of dissimilarity 

between each pair of individuals (Purcell et al., 2007; Tian et al., 2008).  This visualisation allows 

any potential substructure within the population to be illustrated in the form of inappropriate or 

suspicious clustering.  The corresponding data points can then be used to trace the individuals 

responsible, allowing for further investigation into the cause of stratification, such as undisclosed 

relatedness.  These analyses are far more informative when using masses of autosomal SNPs, 

although they still offer some insight of population stratification in small scale studies such as the 

present one (Purcell et al., 2007) (examples of these can be observed in the present study in 

Figures 3.2-3.7).  MDS plots were generated using PLINK v.1.07 (Purcell et al., 2007) ‘genome’ 

function for pair-wise comparison of SNP gentoypes, with results modelled using MDS plots. 

 

3.4.3. Case-Control, Loci and Individual ‘Missingness’ 

It is important to test the level or rate of missing data (often termed ‘missingness’ in 

genetic/genome-wide association studies and literature) for loci and individuals in case/control 

studies as non-random missingness may bias association results.  In other words, ‘missingness’ 

should be random and independent of phenotype state or locus.  Case-Control ‘missingness’ is 

the most important here and is analysed by performing a simple χ
2
 test comparing the frequency 

of missing genotype data between case and control individuals per each locus.  If there is a 

significant level of difference in the rate of missing data between case and control individuals 

then it is likely that there is some aspect of bias occurring at that locus and therefore it should not 

be included in association analysis.  Loci and individual missingness identifies high rates of 

missing genotype data by providing a frequency of missing data per each locus/individual, 

effectively highlighting SNPs/individuals that should be removed from further analysis (Purcell et 
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al., 2007).  A locus or individual with a high level of genotype data missing does not add 

adequate information and results in weak observations which will not aid association analysis.  All 

‘missingness’ was tested in PLINK v.1.07 (Purcell et al., 2007) using the ‘missing’ function for loci 

and individual test and ‘test-missing’ for case control missing data comparisons. 

 

3.4.4. Minor Allele Frequency 

The less common allele in a given population is termed the minor allele and therefore the minor 

allele frequency (MAF) is the frequency at which that allele is found within the population.  Allele 

frequencies give us information about how an allele or a trait linked to a certain allele is behaving 

within the population, whether both alternate alleles are in equilibrium for example, or whether 

genetic selection may be occurring.  MAF in genetic studies can be used as a threshold in study 

design to ensure only rare or minor variants are used.  Minor/rare variants increase the power for 

detecting instances of true association because variants with higher frequencies are thought 

responsible for common variation throughout the genome.  It is multiple rare variants that are 

hypothesised to be associated with specific phenotypes of a trait with a higher magnitude of 

penetrance or effect on phenotype (Cantor et al., 2010; Klein, 2007).  For GWAS the lower the 

MAF, the greater the detection power of the study, as well as the greater the number of tag-SNPs 

required to represent the variant in a genomic region (discussed in Chapter 1).  MAF acceptance 

is typically set at <1% (HapMap analyses set their threshold at <5%) for large screening studies 

to identify variants associated with the phenotype.  Rarer variant alleles will most likely have a 

higher penetrance, or greater risk of trait to the carrier, however setting the MAF threshold too 

low may result in a study being unable to detect such rare variants at all (Cantor et al., 2010).  

These studies often include vast numbers of markers and participants with hundreds and 

thousands of association tests being performed.  The present study is not a blind screening 

analysis (markers we have selected have been shown already to have a relationship to some 

form with pigmentation), we have defined a small suite of informative markers and our data set is 

small.  Due to these characteristics the setting of an inclusion threshold for MAF is unnecessary 

here.  However, it is a useful test statistic to perform regardless as it describes the frequency, or 

relative rarity, of the less common allele in the population (minor allele) which in our case is 
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typically the SNP itself.  MAF was tested in PLINK v.1.07 (Purcell et al., 2007) using the ‘freq’ 

function. 

 

3.4.5. Linkage Disequilibrium 

Linkage disequilibrium (LD) tests whether two or more loci are associated non-randomly, i.e. 

‘linked’.  Coalescent theory provides the probability distribution from which to draw an LD 

measure between two loci.  This theory states that any random selection of chromosomes within 

a population share some unknown ancestry of some degree, that can be traced back through the 

coalescent tree to the point of coalescence, being an original common ancestor.  Under this 

rationale, different markers that are in close proximity with each other on a chromosome share 

the same or similar genealogies and so alleles at these markers are dependent (Pritchard & 

Przeworski, 2001).  As the distance between any two markers increases, the likelihood of LD 

between them decreases due to recombination.  LD is an increasingly important tool in genetic 

studies for gene mapping and investigating trait association.  LD can be measured in several 

different ways, two of which are discussed briefly below.  The first measure is achieved using the 

D coefficient, which characterizes the extent to which two alleles are non-randomly associated 

(D=0-1 with 0 depicting complete statistical independence between alleles, and D=1 depicting 

statistical dependence between alleles).  D is affected by the frequency of recombination 

between the two loci and while linkage equilibrium will eventually be reached, it will occur at a 

very slow rate for loci that are closely linked (Slatkin, 2008).  LD is also frequently quantified 

using R
2
 correlation coefficient which analyses the rate of presence/absence of the two alleles in 

question within a dataset with the resulting coefficient ranging from 0-1, with an R
2
=1 suggesting 

the likelihood of complete LD, signifying that these two alleles are non-randomly associated. 

The ability to assess the linked haplotypes, rather than simply the genotypes alone, gives greater 

information as to which alleles are in LD and likely to be inherited together.  Unless chromosome 

information is available for the location of each allele in a genotype, haplotypes need to be 

inferred (alleles of different loci that are passed on together, or linked).  This is typically achieved 

statistically under the assumption that genotypes are the random product of haplotypes joining 
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together.  Haplotype frequencies are provided by using individuals that are homozygous at all (or 

all but one) loci, which is then used to infer the haplotype phase of other individuals.  Haplotype 

phase simply means resolving the genotype of loci in LD into the specific alleles of each that are 

linked together (Slatkin, 2008).  Resolving haplotype phase is particularly useful for SNP 

association analysis.  SNPs associated with a phenotype and located on the same chromosome 

are likely to be under the influence of LD.  In some cases a pair of SNPs may be in complete LD 

(i.e. D=1).  Individually these SNPs may show high odds ratios or beta coefficients with a 

phenotype, but when put into a statistical model they are effectively collinear and add little 

explanation for the phenotype (i.e. do not add any strength to model performance) (Mason & 

Perreault Jr., 1991).  Failure to assess and identify LD may introduce confusion when assessing 

model performance, where two individually strongly associated SNPs collectively perform to a 

lesser degree than expected when in the model.  LD testing was performed here using PLINK 

v.1.07 (Purcell et al., 2007) using the ‘r2’ function. 

 

3.5. Results 

3.5.1. Hardy-Weinberg Equilibrium 

A Fisher’s Exact test to assess whether any significant deviations from Hardy-Weinberg 

Equilibrium (HWE) occurred was performed in PLINK v1.07 (Purcell et al., 2007).  The 

association analysis was run as blue versus non-blue (blue eye group), brown versus non-brown 

(brown eye group) and intermediate versus non-intermediate (intermediate eye group); therefore 

the eye colour dataset was split into three different groups (blue, N: 40; brown, N: 31, and 

intermediate, N: 30). Hair colour data was categorised in the same manner (i.e. black vs. non-

black, brown vs. non-brown, blonde vs. non-blonde and red vs. non-red) (black, N: 15; brown, N: 

71; blonde, N: 12; and red, N: 3).  In this way, control individuals are provided to all groups from 

the same original data set, for example all of the brown and intermediate eye colour individuals 

act as the control group for the blue eye colour group and so on.  The significance level for 

deviation from HWE was set at p-value <10
-3

 with only control or unaffected individuals being 

used for SNP marker assessment.  A total of nineteen pigment associated SNPs were analysed. 
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HWE analyses of the blue eye group revealed that marker rs16891982 from the SLC45A2 gene 

deviated significantly from HWE expectations with a p-value of 3.88 x 10
-5

 in control individuals 

(Table 3.2).  Subsequently another SNP in a solute carrier gene - SLC24A5 SNP rs1426654 - 

exhibited deviation from HWE, with a p-value of 1.56 x 10
-3

 in control individuals.  However this p-

value was just above the significance level threshold (Table 3.2).  These results suggest that 

there may be an underlying genetic effect acting upon SNP rs16891982 in the SLC45A2 gene in 

the population.  As this may skew subsequent association analyses, the genotypes of this SNP 

were removed prior to association analysis of blue eyes versus non-blue eyes.  This analysis has 

also raised suspicions about SNP rs1426654 which was further scrutinised throughout analyses 

to ensure no bias was occurring, but as this SNP is just above the inclusion threshold it was not 

discarded from further analysis (Table 3.2). 

HWE analyses on the brown eye group showed no SNP markers significantly deviating from 

HWE (Table 3.3).  This lack of significant deviation suggests that all SNPs in the dataset are 

suitable for inclusion in future association analysis as they are in accordance with HWE.  HWE 

analyses of the intermediate eye group resulted in the failure of two SNP markers which showed 

significant deviation from HWE.  These were SLC45A2 SNP rs16891982 with a significant p-

value of 8.43 x 10
-8

 and SLC24A5 SNP rs1426654 with a significant p-value of 8.39 x 10
-4

 (Table 

3.4).  Both of these SNPs will be removed from further association analyses with the intermediate 

eye colour group.  These are the same SNPs that were previously identified for HWE deviation in 

the blue versus non-blue group, except within the intermediate eye colour group both SNPs 

deviated significantly, whereas in the blue eye group only rs16891982 was below the inclusion 

threshold. 

HWE analysis of hair colour data showed similar results to those observed with eye colour.  No 

SNPs were found to deviate from HWE in the black haired group suggesting that the entire set of 

SNPs is eligible for association testing for the black hair phenotype (Table 3.5).  The remaining 

three hair colour groups illustrated the same two SNPs deviating significantly from HWE – 

SLC45A2 SNP rs16891982 and SLC24A5 SNP rs1426654.  SNP rs16891982 significantly 

deviated from HWE with p-value levels of 3.56 x 10
-5

, 2.96 x 10
-7

 and 1.09 x 10
-7

 for brown, 
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blonde and red hair groups respectively (Tables 3.6-3.8).  While rs1426654 similarly significantly 

deviated from HWE across the same three hair colour categories with p-values of 4.74 x 10
-4

, 

3.35 x 10
-4

 and 2.27 x 10
-4

 for brown, blonde and red hair respectively (Tables 3.6-3.8).  These 

two SNPs will therefore be removed from association analysis against brown, blonde and red hair 

phenotypes. 

Only control individuals are used to screen for HWE deviations in large scale studies, similar to 

that performed above.  However the small size of the phenotype groups (and the entire dataset) 

in the present study, combined with the overlap in HWE-deviating SNPs between both eye and 

hair colour groups (blue and intermediate eye colour and brown, blonde and red hair colour) 

suggested that these SNPs may be biased within the entire dataset.  As such the entire dataset 

was tested for HWE deviation with the phenotypes of all individuals set as null, or unaffected.  

The results confirmed the significant deviation from HWE by both SLC45A2 SNP rs16891982 (p-

value 8.02 x 10
-8

) and SLC24A5 SNP rs1426654 (p-value 2.01 x 10
-4

) (Table 3.9), suggesting 

that these SNPs may be responsible for some genetic substructure in the dataset.  Any 

substructure of this nature may produce false associations with pigmentation phenotypes, 

whereby the resulting association is not present due to phenotype, rather through underlying 

bias.  These SNP markers have been removed completely from the dataset and were not used 

for future association analysis.  It may be that the size of the individual phenotype groups 

prevented these SNPs from being identified as deviating from HWE in all phenotype group 

analyses.  It is also important to note that genetic markers exhibiting association with different 

traits are likely to deviate from HWE due to selection pressures, meaning that such markers are 

unlikely to meet the assumptions of HWE.  In order to address this issue, multidimensional 

scaling plots were constructed using SNP-phenotype association data with and without SNPs 

rs16891982 and rs1426654 that repeatedly deviated from HWE, to help assess whether 

deviation was due to association or population stratification (see below). 
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Table 3.2: Hardy-Weinberg equilibrium results for blue eye versus non-blue eye phenotype 
group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data are being 

tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the 
major allele; 

E 
genotype frequencies, homozygote A1/homozygote A2/heterozygote; 

F 
observed 

heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 
from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 1/0/39 0 0.04875 1.27x10
-2

 

5 rs16891982 UNAFF C G 9/09/43 0.1475 0.3447 3.88x10-5 

5 rs26722 AFF T C 0/0/40 0 0 1 

5 rs26722 UNAFF T C 1/06/46 0.1132 0.1396 2.48x10
-1

 

6 rs12203592 AFF T C 1/13/26 0.325 0.3047 1 

6 rs12203592 UNAFF T C 1/16/44 0.2623 0.2515 1 

9 rs2733832 AFF C T 4/19/17 0.475 0.4472 1 

9 rs2733832 UNAFF C T 7/33/21 0.541 0.4737 4.16x10
-1

 

11 rs1042602 AFF A C 12/12/16 0.3 0.495 1.28x10
-2

 

11 rs1042602 UNAFF A C 14/24/22 0.4 0.4911 1.87x10
-1

 

11 rs1393350 AFF A G 5/16/19 0.4 0.4388 7.17x10
-1

 

11 rs1393350 UNAFF A G 2/17/42 0.2787 0.285 1 

14 rs12896399 AFF T G 12/18/9 0.4615 0.497 7.48x10
-1

 

14 rs12896399 UNAFF T G 13/29/19 0.4754 0.4952 7.97x10
-1

 

15 rs1800407 AFF A G 0/7/33 0.175 0.1597 1 

15 rs1800407 UNAFF A G 1/14/46 0.2295 0.2279 1 

15 rs1800401 AFF T C 1/02/37 0.05 0.095 7.55x10
-2

 

15 rs1800401 UNAFF T C 0/3/58 0.04918 0.04797 1 

15 rs4778138 AFF C T 1/05/34 0.125 0.1597 2.49x10
-1

 

15 rs4778138 UNAFF C T 5/23/33 0.377 0.3947 7.48x10
-1

 

15 rs7495174 AFF G A 0/1/39 0.025 0.02469 1 

15 rs7495174 UNAFF G A 4/16/41 0.2623 0.316 2.16x10
-1

 

15 rs1129038 AFF C T 0/4/36 0.1 0.095 1 

15 rs1129038 UNAFF C T 15/35/11 0.5738 0.4979 3.08x10
-1

 

15 rs12913832 AFF A G 0/4/33 0.1081 0.1023 1 

15 rs12913832 UNAFF A G 15/35/11 0.5738 0.4979 3.08x10
-1

 

15 rs916977 AFF T C 0/4/36 0.1 0.095 1 

15 rs916977 UNAFF T C 9/27/25 0.4426 0.4656 7.83x10
-1

 

15 rs1426654 AFF G A 0/0/40 0 0 1 

15 rs1426654 UNAFF G A 4/06/50 0.1 0.2061 1.56x10
-3

 

15 rs1724630 AFF G C 1/09/30 0.225 0.2372 5.48x10
-1

 

15 rs1724630 UNAFF G C 7/15/39 0.2459 0.3624 2.73x10
-2

 

16 rs2228479 AFF A G 0/8/31 0.2051 0.1841 1 

16 rs2228479 UNAFF A G 1/16/44 0.2623 0.2515 1 

16 rs1805007 AFF T C 0/10/29 0.2564 0.2235 1 

16 rs1805007 UNAFF T C 0/8/53 0.1311 0.1225 1 

16 rs1805008 AFF T C 0/5/34 0.1282 0.12 1 

16 rs1805008 UNAFF T C 2/08/51 0.1311 0.1774 8.75x10
-2
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Table 3.3: Hardy-Weinberg equilibrium results for brown eye versus non-brown eye phenotype 
group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data are being 

tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the 
major allele; 

E 
genotype frequencies, homozygote A1/homozygote A2/heterozygote; 

F 
observed 

heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 
from Hardy Weinberg equilibrium (no deviations seen). 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 9/06/16 0.1935 0.4745 1.49x10
-3

 

5 rs16891982 UNAFF C G 1/03/66 0.04286 0.06888 7.12x10
-2

 

5 rs26722 AFF T C 1/06/18 0.24 0.2688 4.84x10
-1

 

5 rs26722 UNAFF T C 0/0/68 0 0 1 

6 rs12203592 AFF T C 1/07/23 0.2258 0.2482 4.91x10
-1

 

6 rs12203592 UNAFF T C 1/22/47 0.3143 0.2841 6.75x10
-1

 

9 rs2733832 AFF C T 7/16/8 0.5161 0.4995 1 

9 rs2733832 UNAFF C T 4/36/30 0.5143 0.431 1.65x10
-1

 

11 rs1042602 AFF A C 5/11/15 0.3548 0.448 2.48x10
-1

 

11 rs1042602 UNAFF A C 21/25/23 0.3623 0.4996 2.91x10
-2

 

11 rs1393350 AFF A G 1/07/23 0.2258 0.2482 4.91x10
-1

 

11 rs1393350 UNAFF A G 6/26/38 0.3714 0.3955 5.59x10
-1

 

14 rs12896399 AFF T G 9/16/6 0.5161 0.4953 1 

14 rs12896399 UNAFF T G 16/31/22 0.4493 0.4962 4.69x10
-1

 

15 rs1800407 AFF A G 1/02/28 0.06452 0.1207 9.75x10
-2

 

15 rs1800407 UNAFF A G 0/19/51 0.2714 0.2346 3.43x10
-1

 

15 rs1800401 AFF T C 0/2/29 0.06452 0.06243 1 

15 rs1800401 UNAFF T C 1/03/66 0.04286 0.06888 7.12x10
-2

 

15 rs4778138 AFF C T 5/17/9 0.5484 0.4917 7.18x10
-1

 

15 rs4778138 UNAFF C T 1/11/58 0.1571 0.1685 4.58x10
-1

 

15 rs7495174 AFF G A 4/14/13 0.4516 0.4579 1 

15 rs7495174 UNAFF G A 0/3/67 0.04286 0.04194 1 

15 rs1129038 AFF C T 13/18/0 0.5806 0.4121 3.40x10
-2

 

15 rs1129038 UNAFF C T 2/21/47 0.3 0.2934 1 

15 rs12913832 AFF A G 13/18/0 0.5806 0.4121 3.40x10
-2

 

15 rs12913832 UNAFF A G 2/21/44 0.3134 0.3035 1 

15 rs916977 AFF T C 7/16/8 0.5161 0.4995 1 

15 rs916977 UNAFF T C 2/15/53 0.2143 0.2346 6.00x10
-1

 

15 rs1426654 AFF G A 4/06/20 0.2 0.3578 2.50x10
-2

 

15 rs1426654 UNAFF G A 0/0/70 0 0 1 

15 rs1724630 AFF G C 6/07/18 0.2258 0.4251 1.14x10
-2

 

15 rs1724630 UNAFF G C 2/17/51 0.2429 0.255 6.41x10
-1

 

16 rs2228479 AFF A G 1/07/23 0.2258 0.2482 4.91x10
-1

 

16 rs2228479 UNAFF A G 0/17/52 0.2464 0.216 5.83x10
-1

 

16 rs1805007 AFF T C 0/2/29 0.06452 0.06243 1 

16 rs1805007 UNAFF T C 0/16/53 0.2319 0.205 5.84x10
-1

 

16 rs1805008 AFF T C 0/2/29 0.06452 0.06243 1 

16 rs1805008 UNAFF T C 2/11/56 0.1594 0.1938 1.66x10
-1
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Table 3.4: Hardy-Weinberg equilibrium results for intermediate eye versus non-intermediate eye 
phenotype group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data 

are being tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the major allele; 
E 

genotype frequencies, homozygote A1/homozygote A2/heterozygote; 
F 

observed heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p 
<0.001) from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 0/3/27 0.1 0.095 1 

5 rs16891982 UNAFF C G 10/06/55 0.08451 0.2991 8.43x10
-8

 

5 rs26722 AFF T C 0/0/28 0 0 1 

5 rs26722 UNAFF T C 1/06/58 0.09231 0.1155 2.04x10
-1

 

6 rs12203592 AFF T C 0/9/21 0.3 0.255 1 

6 rs12203592 UNAFF T C 2/20/49 0.2817 0.2809 1 

9 rs2733832 AFF C T 0/17/13 0.5667 0.4061 6.53x10
-2

 

9 rs2733832 UNAFF C T 11/35/25 0.493 0.4806 1 

11 rs1042602 AFF A C 9/13/7 0.4483 0.4976 7.09x10
-1

 

11 rs1042602 UNAFF A C 17/23/31 0.3239 0.4806 6.63x10
-3

 

11 rs1393350 AFF A G 1/10/19 0.3333 0.32 1 

11 rs1393350 UNAFF A G 6/23/42 0.3239 0.3715 3.34x10
-1

 

14 rs12896399 AFF T G 4/13/13 0.4333 0.455 1 

14 rs12896399 UNAFF T G 21/34/15 0.4857 0.4963 1 

15 rs1800407 AFF A G 0/12/18 0.4 0.32 5.60x10
-1

 

15 rs1800407 UNAFF A G 1/09/61 0.1268 0.1429 3.42x10
-1

 

15 rs1800401 AFF T C 0/1/29 0.03333 0.03278 1 

15 rs1800401 UNAFF T C 1/04/66 0.05634 0.08094 1.04x10
-1

 

15 rs4778138 AFF C T 0/6/24 0.2 0.18 1 

15 rs4778138 UNAFF C T 6/22/43 0.3099 0.3642 2.02x10
-1

 

15 rs7495174 AFF G A 0/2/28 0.06667 0.06444 1 

15 rs7495174 UNAFF G A 4/15/52 0.2113 0.2715 7.20x10
-2

 

15 rs1129038 AFF C T 2/17/11 0.5667 0.455 2.55x10
-1

 

15 rs1129038 UNAFF C T 13/22/36 0.3099 0.4475 1.52x10
-2

 

15 rs12913832 AFF A G 2/17/11 0.5667 0.455 2.55x10
-1

 

15 rs12913832 UNAFF A G 13/22/33 0.3235 0.4567 1.76x10
-2

 

15 rs916977 AFF T C 2/11/17 0.3667 0.375 1 

15 rs916977 UNAFF T C 7/20/44 0.2817 0.3642 9.61x10
-2

 

15 rs1426654 AFF G A 0/0/30 0 0 1 

15 rs1426654 UNAFF G A 4/06/60 0.08571 0.18 8.39x10
-4

 

15 rs1724630 AFF G C 1/08/21 0.2667 0.2778 1 

15 rs1724630 UNAFF G C 7/16/48 0.2254 0.3333 9.68x10
-3

 

16 rs2228479 AFF A G 0/9/21 0.3 0.255 1 

16 rs2228479 UNAFF A G 1/15/54 0.2143 0.2134 1 

16 rs1805007 AFF T C 0/6/24 0.2 0.18 1 

16 rs1805007 UNAFF T C 0/12/58 0.1714 0.1567 1 

16 rs1805008 AFF T C 2/06/22 0.2 0.2778 1.55x10
-1

 

16 rs1805008 UNAFF T C 0/7/63 0.1 0.095 1 
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Table 3.5: Hardy-Weinberg equilibrium results for black hair versus non-black hair phenotype 
group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data are being 

tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the 
major allele; 

E 
genotype frequencies, homozygote A1/homozygote A2/heterozygote; 

F 
observed 

heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 
from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 8/3/4 0.2 0.4644 3.41x10
-2

 

5 rs16891982 UNAFF C G 2/6/78 0.06977 0.1095 2.05x10
-2

 

5 rs26722 AFF T C 1/03/6 0.3 0.375 4.80x10
-1

 

5 rs26722 UNAFF T C 0/3/80 0.03614 0.03549 1 

6 rs12203592 AFF T C 0/2/13 0.1333 0.1244 1 

6 rs12203592 UNAFF T C 2/27/57 0.314 0.2955 7.28x10
-1

 

9 rs2733832 AFF C T 5/07/3 0.4667 0.4911 1 

9 rs2733832 UNAFF C T 6/45/35 0.5233 0.4431 1.43x10
-1

 

11 rs1042602 AFF A C 4/03/8 0.2 0.4644 3.41x10
-2

 

11 rs1042602 UNAFF A C 22/33/30 0.3882 0.4956 4.96x10
-2

 

11 rs1393350 AFF A G 0/2/13 0.1333 0.1244 1 

11 rs1393350 UNAFF A G 7/31/48 0.3605 0.3864 5.77x10
-1

 

14 rs12896399 AFF T G 1/09/5 0.6 0.4644 5.78x10
-1

 

14 rs12896399 UNAFF T G 24/38/23 0.4471 0.4999 3.85x10
-1

 

15 rs1800407 AFF A G 0/1/14 0.06667 0.06444 1 

15 rs1800407 UNAFF A G 1/20/65 0.2326 0.2231 1 

15 rs1800401 AFF T C 0/1/14 0.06667 0.06444 1 

15 rs1800401 UNAFF T C 1/04/81 0.04651 0.06733 3.62x10
-2

 

15 rs4778138 AFF C T 4/08/3 0.5333 0.4978 1 

15 rs4778138 UNAFF C T 2/20/64 0.2326 0.2401 6.61x10
-1

 

15 rs7495174 AFF G A 3/07/5 0.4667 0.4911 1 

15 rs7495174 UNAFF G A 1/10/75 0.1163 0.1298 3.37x10
-1

 

15 rs1129038 AFF C T 10/04/1 0.2667 0.32 4.61x10
-1

 

15 rs1129038 UNAFF C T 5/35/46 0.407 0.3864 7.83x10
-1

 

15 rs12913832 AFF A G 10/04/1 0.2667 0.32 4.61x10
-1

 

15 rs12913832 UNAFF A G 5/35/43 0.4217 0.3952 7.81x10
-1

 

15 rs916977 AFF T C 6/06/3 0.4 0.48 6.00x10
-1

 

15 rs916977 UNAFF T C 3/25/58 0.2907 0.2955 1 

15 rs1426654 AFF G A 4/2/9 0.1333 0.4444 1.01x10
-2

 

15 rs1426654 UNAFF G A 0/4/81 0.04706 0.04595 1 

15 rs1724630 AFF G C 4/02/9 0.1333 0.4444 1.01x10
-2

 

15 rs1724630 UNAFF G C 4/22/60 0.2558 0.288 2.73x10
-1

 

16 rs2228479 AFF A G 1/03/11 0.2 0.2778 3.26x10
-1

 

16 rs2228479 UNAFF A G 0/21/64 0.2471 0.2165 3.50x10
-1

 

16 rs1805007 AFF T C 0/0/15 0 0 1 

16 rs1805007 UNAFF T C 0/18/67 0.2118 0.1893 5.88x10
-1

 

16 rs1805008 AFF T C 0/1/14 0.06667 0.06444 1 

16 rs1805008 UNAFF T C 2/12/71 0.1412 0.1705 1.47x10
-1
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Table 3.6: Hardy-Weinberg equilibrium results for brown hair versus non-brown hair phenotype 
group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data are being 

tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the 
major allele; 

E 
genotype frequencies, homozygote A1/homozygote A2/heterozygote; 

F 
observed 

heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 
from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 2/6/63 0.08451 0.1309 2.98x10
-2

 

5 rs16891982 UNAFF C G 8/3/19 0.1 0.4328 3.56x10
-5

 

5 rs26722 AFF T C 0/3/65 0.04412 0.04314 1 

5 rs26722 UNAFF T C 1/03/21 0.12 0.18 1.98x10
-1

 

6 rs12203592 AFF T C 1/26/44 0.3662 0.3166 2.77x10
-1

 

6 rs12203592 UNAFF T C 1/03/26 0.1 0.1528 1.65x10
-1

 

9 rs2733832 AFF C T 4/39/28 0.5493 0.4429 6.15x10
-2

 

9 rs2733832 UNAFF C T 7/13/10 0.4333 0.495 4.81x10
-1

 

11 rs1042602 AFF A C 19/26/25 0.3714 0.4963 5.23x10
-2

 

11 rs1042602 UNAFF A C 7/10/13 0.3333 0.48 1.26x10
-1

 

11 rs1393350 AFF A G 6/25/40 0.3521 0.3853 5.36x10
-1

 

11 rs1393350 UNAFF A G 1/08/21 0.2667 0.2778 1 

14 rs12896399 AFF T G 17/32/21 0.4571 0.4984 4.80x10
-1

 

14 rs12896399 UNAFF T G 8/15/7 0.5 0.4994 1 

15 rs1800407 AFF A G 1/15/55 0.2113 0.2108 1 

15 rs1800407 UNAFF A G 0/6/24 0.2 0.18 1 

15 rs1800401 AFF T C 1/03/67 0.04225 0.06794 7.02x10
-2

 

15 rs1800401 UNAFF T C 0/2/28 0.06667 0.06444 1 

15 rs4778138 AFF C T 1/18/52 0.2535 0.242 1 

15 rs4778138 UNAFF C T 5/10/15 0.3333 0.4444 2.16x10
-1

 

15 rs7495174 AFF G A 1/09/61 0.1268 0.1429 3.42x10
-1

 

15 rs7495174 UNAFF G A 3/08/19 0.2667 0.3578 1.58x10
-1

 

15 rs1129038 AFF C T 5/31/35 0.4366 0.4107 7.74x10
-1

 

15 rs1129038 UNAFF C T 10/08/12 0.2667 0.4978 1.18x10
-2

 

15 rs12913832 AFF A G 5/31/32 0.4559 0.4212 5.79x10
-1

 

15 rs12913832 UNAFF A G 10/08/12 0.2667 0.4978 1.18x10
-2

 

15 rs916977 AFF T C 3/21/47 0.2958 0.308 7.04x10
-1

 

15 rs916977 UNAFF T C 6/10/14 0.3333 0.4644 1.28x10
-1

 

15 rs1426654 AFF G A 0/4/66 0.05714 0.05551 1 

15 rs1426654 UNAFF G A 4/2/24 0.06667 0.2778 4.74x10
-4

 

15 rs1724630 AFF G C 4/19/48 0.2676 0.308 2.56x10
-1

 

15 rs1724630 UNAFF G C 4/05/21 0.1667 0.3394 1.17x10
-2

 

16 rs2228479 AFF A G 0/16/54 0.2286 0.2024 5.85x10
-1

 

16 rs2228479 UNAFF A G 1/08/21 0.2667 0.2778 1 

16 rs1805007 AFF T C 0/12/58 0.1714 0.1567 1 

16 rs1805007 UNAFF T C 0/6/24 0.2 0.18 1 

16 rs1805008 AFF T C 2/07/61 0.1 0.1448 4.68x10
-2

 

16 rs1805008 UNAFF T C 0/6/24 0.2 0.18 1 
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Table 3.7: Hardy-Weinberg equilibrium results for blonde hair versus non-blonde hair phenotype 
group.  

A 
indicates the chromosome the SNP is located upon; 

B 
identifies which data are being 

tested, affected/case (AFF) and unaffected/control (UNAFF); 
C 

A1 is the minor allele; 
D 

A2 is the 
major allele; 

E 
genotype frequencies, homozygote A1/homozygote A2/heterozygote; 

F 
observed 

heterozygosity; 
G 

expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 
from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 0/0/12 0 0 1 

5 rs16891982 UNAFF C G 10/9/70 0.1011 0.2728 2.96x10
-7

 

5 rs26722 AFF T C 0/0/12 0 0 1 

5 rs26722 UNAFF T C 1/06/74 0.07407 0.09389 1.66x10
-1

 

6 rs12203592 AFF T C 1/01/10 0.08333 0.2188 1.30x10
-1

 

6 rs12203592 UNAFF T C 1/28/60 0.3146 0.2803 4.49x10
-1

 

9 rs2733832 AFF C T 1/05/6 0.4167 0.4132 1 

9 rs2733832 UNAFF C T 10/47/32 0.5281 0.4694 3.65x10
-1

 

11 rs1042602 AFF A C 2/07/3 0.5833 0.4965 1 

11 rs1042602 UNAFF A C 24/29/35 0.3295 0.4922 2.27x10
-3

 

11 rs1393350 AFF A G 0/5/7 0.4167 0.3299 1 

11 rs1393350 UNAFF A G 7/28/54 0.3146 0.3606 2.41x10
-1

 

14 rs12896399 AFF T G 5/06/1 0.5 0.4444 1 

14 rs12896399 UNAFF T G 20/41/27 0.4659 0.4968 6.67x10
-1

 

15 rs1800407 AFF A G 0/4/8 0.3333 0.2778 1 

15 rs1800407 UNAFF A G 1/17/71 0.191 0.1907 1 

15 rs1800401 AFF T C 0/1/11 0.08333 0.07986 1 

15 rs1800401 UNAFF T C 1/04/84 0.04494 0.06514 8.33x10
-2

 

15 rs4778138 AFF C T 0/2/10 0.1667 0.1528 1 

15 rs4778138 UNAFF C T 6/26/57 0.2921 0.3358 2.13x10
-1

 

15 rs7495174 AFF G A 0/1/11 0.08333 0.07986 1 

15 rs7495174 UNAFF G A 4/16/69 0.1798 0.2333 4.61x10
-2

 

15 rs1129038 AFF C T 0/3/9 0.25 0.2188 1 

15 rs1129038 UNAFF C T 15/36/38 0.4045 0.4666 2.55x10
-1

 

15 rs12913832 AFF A G 0/3/9 0.25 0.2188 1 

15 rs12913832 UNAFF A G 15/36/35 0.4186 0.473 3.60x10
-1

 

15 rs916977 AFF T C 0/3/9 0.25 0.2188 1 

15 rs916977 UNAFF T C 9/28/52 0.3146 0.3833 9.82x10
-2

 

15 rs1426654 AFF G A 0/0/12 0 0 1 

15 rs1426654 UNAFF G A 4/6/78 0.06818 0.1464 3.35x10
-4

 

15 rs1724630 AFF G C 0/2/10 0.1667 0.1528 1 

15 rs1724630 UNAFF G C 8/22/59 0.2472 0.3358 2.19x10
-2

 

16 rs2228479 AFF A G 0/4/8 0.3333 0.2778 1 

16 rs2228479 UNAFF A G 1/20/67 0.2273 0.2188 1 

16 rs1805007 AFF T C 0/3/9 0.25 0.2188 1 

16 rs1805007 UNAFF T C 0/15/73 0.1705 0.1559 1 

16 rs1805008 AFF T C 0/3/9 0.25 0.2188 1 

16 rs1805008 UNAFF T C 2/10/976 0.1136 0.1464 8.28x10
-2
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Table 3.8: Hardy-Weinberg equilibrium results for red hair versus non-red hair phenotype group.  
A 

indicates the chromosome the SNP is located upon; 
B 

identifies which data are being tested, 
affected/case (AFF) and unaffected/control (UNAFF); 

C 
A1 is the minor allele; 

D 
A2 is the major 

allele; 
E 

genotype frequencies, homozygote A1/homozygote A2/heterozygote; 
F 

observed 
heterozygosity; 

G 
expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 

from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 AFF C G 0/0/3 0 0 1 

5 rs16891982 UNAFF C G 10/9/79 0.09184 0.2521 1.09x10
-7

 

5 rs26722 AFF T C 0/0/3 0 0 1 

5 rs26722 UNAFF T C 1/06/83 0.06667 0.08494 1.50x10
-1

 

6 rs12203592 AFF T C 0/0/3 0 0 1 

6 rs12203592 UNAFF T C 2/29/67 0.2959 0.28 1 

9 rs2733832 AFF C T 1/01/1 0.3333 0.5 1 

9 rs2733832 UNAFF C T 10/51/37 0.5204 0.462 2.76x10
-1

 

11 rs1042602 AFF A C 1/0/2 0 0.4444 2.00x10-1 

11 rs1042602 UNAFF A C 25/36/36 0.3711 0.4936 1.44x10
-2

 

11 rs1393350 AFF A G 1/01/1 0.3333 0.5 1 

11 rs1393350 UNAFF A G 6/32/60 0.3265 0.3482 5.62x10
-1

 

14 rs12896399 AFF T G 2/0/1 0 0.4444 2.00x10-1 

14 rs12896399 UNAFF T G 23/47/27 0.4845 0.4991 8.39x10
-1

 

15 rs1800407 AFF A G 0/1/2 0.3333 0.2778 1 

15 rs1800407 UNAFF A G 1/20/77 0.2041 0.1993 1 

15 rs1800401 AFF T C 0/0/3 0 0 1 

15 rs1800401 UNAFF T C 1/05/92 0.05102 0.06888 1.05x10
-1

 

15 rs4778138 AFF C T 1/0/2 0 0.4444 2.00x10
-1

 

15 rs4778138 UNAFF C T 5/28/65 0.2857 0.3126 3.48x10
-1

 

15 rs7495174 AFF G A 0/0/3 0 0 1 

15 rs7495174 UNAFF G A 4/17/77 0.1735 0.2226 4.52x10
-2

 

15 rs1129038 AFF C T 0/1/2 0.3333 0.2778 1 

15 rs1129038 UNAFF C T 15/38/45 0.3878 0.4531 1.80x10
-1

 

15 rs12913832 AFF A G 0/1/2 0.3333 0.2778 1 

15 rs12913832 UNAFF A G 15/38/42 0.4 0.4596 2.63x10
-1

 

15 rs916977 AFF T C 0/1/2 0.3333 0.2778 1 

15 rs916977 UNAFF T C 9/30/59 0.3061 0.3698 1.00x10
-1

 

15 rs1426654 AFF G A 0/0/3 0 0 1 

15 rs1426654 UNAFF G A 4/6/87 0.06186 0.1339 2.27x10
-4

 

15 rs1724630 AFF G C 0/1/2 0.3333 0.2778 1 

15 rs1724630 UNAFF G C 8/23/67 0.2347 0.3188 2.08x10
-2

 

16 rs2228479 AFF A G 0/1/2 0.3333 0.2778 1 

16 rs2228479 UNAFF A G 1/23/73 0.2371 0.2245 1 

16 rs1805007 AFF T C 0/3/0 1 0.5 4.00x10
-1

 

16 rs1805007 UNAFF T C 0/15/82 0.1546 0.1427 1 

16 rs1805008 AFF T C 0/2/1 0.6667 0.4444 1 

16 rs1805008 UNAFF T C 2/11/84 0.1134 0.1427 9.11x10
-2
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Table 3.9: Hardy-Weinberg equilibrium results for entire dataset, set as control individuals.  
A 

indicates the chromosome the SNP is located upon; 
B 

identifies which data are being tested, ‘ALL’ 
indicates entire dataset has been set as control individuals; 

C 
A1 is the minor allele; 

D 
A2 is the 

major allele; 
E 

genotype frequencies, homozygote A1/homozygote A2/heterozygote; 
F 

observed 
heterozygosity; 

G 
expected heterozygosity.  Bold text indicates significant deviation (p <0.001) 

from Hardy Weinberg equilibrium. 

CHR
A 

SNP
 

TEST
B 

A1
C 

A2
D 

GENO
E 

O(HET)
F 

E(HET)
G 

p-value 

5 rs16891982 ALL C G 10/09/82 0.08911 0.2459 8.02x10
-8

 

5 rs26722 ALL T C 1/06/86 0.06452 0.08232 1.45x10
-1

 

6 rs12203592 ALL T C 2/29/70 0.2871 0.2734 1 

9 rs2733832 ALL C T 11/52/38 0.5149 0.4643 3.90x10
-1

 

11 rs1042602 ALL A C 26/36/38 0.36 0.4928 8.13x10
-3

 

11 rs1393350 ALL A G 7/33/61 0.3267 0.3571 4.05x10
-1

 

14 rs12896399 ALL T G 25/47/28 0.47 0.4995 5.52x10
-1

 

15 rs1800407 ALL A G 1/21/79 0.2079 0.2018 1 

15 rs1800401 ALL T C 1/05/95 0.0495 0.06691 1.02x10
-1

 

15 rs4778138 ALL C T 6/28/67 0.2772 0.3176 2.10x10
-1

 

15 rs7495174 ALL G A 4/17/80 0.1683 0.2169 4.07x10
-2

 

15 rs1129038 ALL C T 15/39/47 0.3861 0.4498 1.83x10
-1

 

15 rs12913832 ALL A G 15/39/44 0.398 0.4562 2.66x10
-1

 

15 rs916977 ALL T C 9/31/61 0.3069 0.3675 1.05x10
-1

 

15 rs1426654 ALL G A 4/06/90 0.06 0.1302 2.01x10
-4

 

15 rs1724630 ALL G C 8/24/69 0.2376 0.3176 2.24x10
-2

 

16 rs2228479 ALL A G 1/24/75 0.24 0.2262 1 

16 rs1805007 ALL T C 0/18/82 0.18 0.1638 1 

16 rs1805008 ALL T C 2/13/85 0.13 0.1556 1.39x10
-1

 

 

3.5.2. Population Stratification 

Pair-wise comparative analysis was conducted on the entire dataset using the genome analysis 

in PLINK v1.07 (Purcell et al., 2007) to assess the average level of IBS genotypes between all 

individuals.  Based on the results of HWE analyses, this analysis was performed on two different 

versions of the dataset.  The first version included all individuals and all markers (N: 19), 

including HWE violators (rs16891982 and rs1426654), the second version included all individuals 

and all markers minus the HWE violators (N: 17).  The genome pair-wise analyses results were 

visualised using a 2-dimensional multidimensional scaling (MDS) plot for comparison.  Figure 3.2 

illustrates the IBS pair-wise results for the complete dataset, including HWE violating markers 

and with observations labelled according to the ancestry self-reported by each individual.  Figure 
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3.3 illustrates the IBS pair-wise results for the dataset minus the HWE violators, also coded by 

individual ancestry.  Figures 3.4-3.7 represent the same IBS pair-wise analyses and 

accompanying plots as those seen in Figures 3.2 and 3.3 respectively, except this time coded by 

observed individual eye colour (Figures 3.4 and 3.5) and hair colour (Figures 3.6 and 3.7).  The 

comparison provided by Figures 3.2 and 3.3 shows that Figure 3.2 appears to exhibit tighter 

clustering of European ancestry individuals together, compared to Figure 3.3 where European 

individuals are spread out toward the west quadrants of the plot, spanning across the middle of 

the axes.  This suggests that the two HWE violating SNPs, rs16891982 and rs1426654, appear 

to be having a stratifying effect on the dataset irrelevant of phenotype.  This potential genetic 

substructure could have an adverse effect on the accuracy of association analyses, which further 

reinforces the results of the HWE analyses calling to remove the SNPs rs16891982 and 

rs1426654 from the dataset.  Although this form of clustering analysis would be improved with the 

addition of genomic autosomal markers from specific ancestral groups to better illustrate 

ancestral clusters, the purpose of the analysis here was to ascertain whether any substructure 

was seen in the existing dataset of SNPs used, rather than to study the ancestral clustering itself.  

It is essential that the SNPs being screened within this study are associated with only hair and/or 

eye colour phenotype and therefore any apparent clustering should be due to phenotype rather 

than ancestry.  However tight clustering is unlikely to appear here due to marker set size. 

Figures 3.4 and 3.5 illustrate the position of individuals based on IBS results encoded with eye 

colour and represent the same patterns as seen in Figures 3.2 and 3.3 respectively.  Figures 3.4 

and 3.5 show that eye colour does not provide observable tight clustering which may be in part 

due to the small dataset used for this analysis.  Figure 3.4 illustrates mild clustering of blue and 

intermediate eyed individuals in the north-western quadrant, with the majority of brown eyed 

individuals spaced out over the eastern quadrants of the plot.  However the removal of the HWE 

violating SNPs (as seen in Figure 3.5) spreads the data points in a manner that exhibits 

latitudinal zones where the majority of blue eyed individuals are concentrated in the north-

western quadrant of the plot, with brown eyed individuals seen in the middle and eastern 

quadrant of the plot.  The intermediate eye colour individuals are predictably (being the 

intermediate phenotype to brown and blue eyes) scattered across the middle of the plot infringing 

on both the borders of the blue eyed and brown eyed individual groups (Figure 3.5). 
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Figures 3.6 and 3.7 illustrate the position of individuals based on IBS results encoded with hair 

colour and also represent the same patterns as seen in Figures 3.2 and 3.3 respectively.  Figure 

3.6 shows a broad clustering of brown haired individuals diagonally north-west to east across the 

middle of the plot, which also contains all light haired individuals (blonde and red).  The majority 

of those individuals with black hair are scattered across the eastern quadrants.  Following 

removal of SNPs rs16891982 and rs1426654, this central clustering pattern of brown, blonde and 

red haired individuals is visibly relaxed (as observed in Figure 3.7).  Brown haired individuals are 

scattered across the central regions of the plot with black haired individuals again located in a 

scattered pattern in the eastern quadrants.  A weak clustering pattern on the south-west quadrant 

is observed in the majority of the blonde haired individuals (Figure 3.7) otherwise no other 

clustering patterns are observed following HWE violating SNPs removal. 
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Figure 3.2: Ancestry MDS plot depicting genotype pair-wise comparison results.  All SNP 
markers, including the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) 
are included.  Individuals are coded as per their reported ancestry, see plot legend above.  (Note: 
‘NZ/PI’ denotes individuals that specified mixed New Zealand and Pacific Island ancestry and 
‘NZ/Maori’ denote individuals that specified mixed New Zealand and Maori ancestry).  

 

Figure 3.3: Ancestry MDS plot depicting genotype pair-wise comparison results.  Genotypes 
from the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) were excluded 
prior to pair-wise comparison analysis.  Individuals are coded as per their reported ancestry, see 
plot legend above.  (Note: ‘NZ/PI’ denotes individuals that specified mixed New Zealand and 
Pacific Island ancestry and ‘NZ/Maori’ denote individuals that specified mixed New Zealand and 
Maori ancestry). 
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Figure 3.4: Eye colour MDS plot depicting genotype pair-wise comparison results.  All SNP 
markers, including the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) 
are included.  Individuals are coded as per their observed eye colour, see plot legend above.   

 

 

Figure 3.5: Eye colour MDS plot depicting genotype pair-wise comparison results.  Genotypes 
from the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) were excluded 
prior to pair-wise comparison analysis.  Individuals are coded as per their observed eye colour, 
see plot legend above. 
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Figure 3.6: Hair colour MDS plot depicting genotype pair-wise comparison results.  All SNP 
markers, including the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) 
are included.  Individuals are coded as per their observed hair colour, see plot legend above.   

 

 

Figure 3.7: Hair colour MDS plot depicting genotype pair-wise comparison results.  Genotypes 
from the two Hardy-Weinberg equilibrium violators (rs16891982 and rs1426654) were excluded 
prior to pair-wise comparison analysis.  Individuals are coded as per their observed hair colour, 
see plot legend above. 
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3.5.3. Case/Control, individual and loci ‘missingness’ 

The case/control missingness test compares the frequency of missing data between case and 

control individuals to ensure no bias is occurring within the genotypes of each group.  The test 

was performed using PLINK v1.07 (Purcell et al., 2007) with the acceptable inclusion threshold 

set at a p-value <0.001.  Because this test investigates case/control data, the dataset was split 

into eye and hair (vs. non-) colour groups once more.  The results of this can be seen in Table 

3.10 (eye colour) and Tables 3.11 and 3.12 (hair colour) which illustrates that all SNP markers 

are accepted in accordance with the set threshold in all phenotype groups and thus appear 

unbiased in terms of missing genotypes between case and control individuals.  Note that all 

SNPs are included in this threshold analysis for testing purposes. 

Missingness was also tested per locus and individual to ensure that missing data did not cause 

bias by not being present in specific loci and whether an individual observation provided enough 

information to warrant inclusion in association analysis.  The loci analysis showed that the 

majority of loci exhibited 99 - 100% successful genotyping rate with two loci below this success 

level, SLC45A2 rs26722 and HERC2 rs12913832 with genotyping success rates of 92% and 

97% respectively (Table 3.13).  Assessment at the individual missing genotype level showed that 

the majority of individual samples had a successful genotyping rate of 100% (N=84/101), 

followed by a rate of 95% genotyping success in all but one (N=14/101) of the remaining 

observations, which exhibited a successful genotyping rate of 84% (N=1/101) (Table 3.14).  

These levels of missing data for both per locus and per individual are acceptable for this study, 

although the individual with 84% genotyping success was flagged for potential removal had the 

level of data appeared to affect association analyses.  No such effect was seen and this 

individual remained within the dataset for all further analyses. 
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Table 3.10: Missing data analysis between case and control individuals across all three phenotype groups.  Significant bias in missing data evidenced by p-
value <0.001, no instances of significant bias seen.  

A 
indicates chromosome location of SNP marker; 

B 
frequency of missing genotype data in affected (case) 

individuals; 
C 

frequency of missing genotype data in unaffected (control) individuals. 

 

 

 

 

 

 

 

 

 

 

 

 

 Blue Eyes: Brown Eyes: Intermediate Eyes: 

CHR
A 

SNP F_MISS_A
B 

F_MISS_U
C 

p-value F_MISS_A
B 

F_MISS_U
C 

p-value F_MISS_A
B 

F_MISS_U
C 

p-value 

5 rs16891982 0 0 1 0 0 1 0 0 1 

5 rs26722 0 0.1311 2.06x10
-2

 0.1935 0.02857 0.009748 0.06667 0.08451 1 

6 rs12203592 0 0 1 0 0 1 0 0 1 

9 rs2733832 0 0 1 0 0 1 0 0 1 

11 rs1042602 0 0.01639 1 0 0.01429 1 0.03333 0 2.97x10
-1

 

11 rs1393350 0 0 1 0 0 1 0 0 1 

14 rs12896399 0.025 0 3.96x10
-1

 0 0.01429 1 0 0.01408 1 

15 rs1800407 0 0 1 0 0 1 0 0 1 

15 rs1800401 0 0 1 0 0 1 0 0 1 

15 rs4778138 0 0 1 0 0 1 0 0 1 

15 rs7495174 0 0 1 0 0 1 0 0 1 

15 rs1129038 0 0 1 0 0 1 0 0 1 

15 rs12913832 0.075 0 5.93x10
-2

 0 0.04286 0.5508 0 0.04225 5.53x10
-1

 

15 rs916977 0 0 1 0 0 1 0 0 1 

15 rs1426654 0 0.01639 1 0.03226 0 0.3069 0 0.01408 1 

15 rs1724630 0 0 1 0 0 1 0 0 1 

16 rs2228479 0.025 0 3.96x10
-1

 0 0.01429 1 0 0.01408 1 

16 rs1805007 0.025 0 3.96x10
-1

 0 0.01429 1 0 0.01408 1 

16 rs1805008 0.025 0 3.96x10
-1

 0 0.01429 1 0 0.01408 1 
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Table 3.11: Missing data analysis between case and control individuals across black and brown hair phenotype groups.  Significant bias in missing data 
evidenced by p-value <0.001, no instances of significant bias seen.  

A 
indicates chromosome location of SNP marker; 

B 
frequency of missing genotype data in 

affected (case) individuals; 
C 

frequency of missing genotype data in unaffected (control) individuals. 

 Black Hair: Brown Hair: 

CHR
A 

SNP F_MISS_A
B 

F_MISS_U
C 

p-value F_MISS_A
B 

F_MISS_U
C 

p-value 

5 rs16891982 0 0 1 0 0 1 

5 rs26722 0.3333 0.03488 1.61x10
-3

 0.04225 0.1667 4.84x10
-2

 

6 rs12203592 0 0 1 0 0 1 

9 rs2733832 0 0 1 0 0 1 

11 rs1042602 0 0.01163 1 0.01408 0 1 

11 rs1393350 0 0 1 0 0 1 

14 rs12896399 0 0.01163 1 0.01408 0 1 

15 rs1800407 0 0 1 0 0 1 

15 rs1800401 0 0 1 0 0 1 

15 rs4778138 0 0 1 0 0 1 

15 rs7495174 0 0 1 0 0 1 

15 rs1129038 0 0 1 0 0 1 

15 rs12913832 0 0.03488 1 0.04225 0 5.53x10
-1

 

15 rs916977 0 0 1 0 0 1 

15 rs1426654 0 0.01163 1 0.01408 0 1 

15 rs1724630 0 0 1 0 0 1 

16 rs2228479 0 0.01163 1 0.01408 0 1 

16 rs1805007 0 0.01163 1 0.01408 0 1 

16 rs1805008 0 0.01163 1 0.01408 0 1 
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Table 3.12: Missing data analysis between case and control individuals across blonde and red hair phenotype groups.  Significant bias in missing data 
evidenced by p-value <0.001, no instances of significant bias seen.  

A 
indicates chromosome location of SNP marker; 

B 
frequency of missing genotype data in 

affected (case) individuals; 
C 

frequency of missing genotype data in unaffected (control) individual. 

 Blonde Hair: Red Hair: 

CHR
A 

SNP F_MISS_A
B 

F_MISS_U
C 

p-value F_MISS_A
B 

F_MISS_U
C 

p-value 

5 rs16891982 0 0 1 0 0 1 

5 rs26722 0 0.08989 5.91x10
-1

 0 0.08163 1 

6 rs12203592 0 0 1 0 0 1 

9 rs2733832 0 0 1 0 0 1 

11 rs1042602 0 0.01124 1 0 0.0102 1 

11 rs1393350 0 0 1 0 0 1 

14 rs12896399 0 0.01124 1 0 0.0102 1 

15 rs1800407 0 0 1 0 0 1 

15 rs1800401 0 0 1 0 0 1 

15 rs4778138 0 0 1 0 0 1 

15 rs7495174 0 0 1 0 0 1 

15 rs1129038 0 0 1 0 0 1 

15 rs12913832 0 0.03371 1 0 0.03061 1 

15 rs916977 0 0 1 0 0 1 

15 rs1426654 0 0.01124 1 0 0.0102 1 

15 rs1724630 0 0 1 0 0 1 

16 rs2228479 0 0.01124 1 0 0.0102 1 

16 rs1805007 0 0.01124 1 0 0.0102 1 

16 rs1805008 0 0.01124 1 0 0.0102 1 
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Table 3.13: Frequency of missing data per SNP locus.  Significant missing denoted by p<0.001, 
no significant missing shown.  

A 
chromosome SNP is located upon; 

B 
number of genotypes 

missing; 
C 

number of total potential genotypes in dataset; 
D 

frequency of genotypes missing per 
SNP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Loci missing test: 

CHR
A 

SNP N_MISS
B 

N_GENO
C 

F_MISS
D 

5 rs16891982 0 101 0 

5 rs26722 8 101 0.07921 

6 rs12203592 0 101 0 

9 rs2733832 0 101 0 

11 rs1042602 1 101 0.009901 

11 rs1393350 0 101 0 

14 rs12896399 1 101 0.009901 

15 rs1800407 0 101 0 

15 rs1800401 0 101 0 

15 rs4778138 0 101 0 

15 rs7495174 0 101 0 

15 rs1129038 0 101 0 

15 rs12913832 3 101 0.0297 

15 rs916977 0 101 0 

15 rs1426654 1 101 0.009901 

15 rs1724630 0 101 0 

16 rs2228479 1 101 0.009901 

16 rs1805007 1 101 0.009901 

16 rs1805008 1 101 0.009901 
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Table 3.14: Frequency of missing data per individual across all SNP markers within dataset.  
(Note: only individuals with any level of missing genotypes presented, N=15/101).  

B 
number of 

genotypes missing; 
C 

number of total potential genotypes in dataset; 
D 

frequency of genotypes 
missing per SNP; 

E 
individual identification number. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual missing test: 

IID
E 

N_MISS
B 

N_GENO
C 

F_MISS
D 

P010 1 19 0.05263 

P018 1 19 0.05263 

P027 1 19 0.05263 

P033 1 19 0.05263 

P037 1 19 0.05263 

P068 1 19 0.05263 

P070 3 19 0.1579 

P083 1 19 0.05263 

P085 1 19 0.05263 

P098 1 19 0.05263 

P101 1 19 0.05263 

P102 1 19 0.05263 

P103 1 19 0.05263 

P104 1 19 0.05263 

P106 1 19 0.05263 
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3.5.4. Minor Allele Frequency 

Minor allele frequencies (MAF) for all screening SNPs was calculated in PLINK v1.07 (Purcell et 

al., 2007).  Table 3.15 illustrates that MAF for all SNPs within the data set was MAF <0.5, with 

the SNPs SLC24A4 rs12896399 and TYR rs1042602 exhibiting the highest MAF of 0.485 and 

0.44 respectively.  OCA2 SNP rs1800401 had the lowest MAF of 0.03456 (Table 3.15).   

Interestingly SNPs rs16891982 (SLC45A2), rs2733832 (TYRP1), rs1129038, rs12913832 and 

rs916977 (HERC2) exhibited the alternate minor alleles when compared to Ensembl allele 

frequency data (Hubbard et al., 2007).  The C allele of rs16891982 is the minor allele in the 

current study and is not surprising given the majority of European individuals in the current 

database (N: 86/101).  The rs16891982 G allele is almost fixed in European populations 

exhibiting allele frequencies of C 0.025 and G 0.975 in European populations (Hubbard et al., 

2007). 

The mixed ancestry of our database may also be the cause for the alternate minor allele in SNP 

rs2733832.  In European populations the allele frequencies of this SNP are not overly distinct and 

the frequencies here match that of a European/Caucasian population (Hubbard et al., 2007).  The 

MAF calculated by Ensembl (Hubbard et al., 2007) is based on a vast array of different 

populations and in the case of this SNP the C allele is almost fixed in Asian and African 

populations (C allele 0.98 and 0.95 respectively) collectively resulting in the T allele being minor 

(Hubbard et al., 2007). 

This may also explain the variance between minor alleles seen in Ensembl (Hubbard et al., 2007) 

and the present study for the remaining three SNPs that are also in high LD (refer to linkage 

disequilibrium results in the following section).  HERC2 SNPs rs12913832 and rs1120938 exhibit 

similar MAF, but with both exhibiting alternate alleles as compared to Ensembl.  The present 

MAF and minor alleles for these two SNPs (rs12913832 A allele 0.35 and rs1129038 C allele 

0.34, Table 3.15) are behaving in accordance with MAF of European only populations which 

show rs12913832 A allele MAF of 0.21 and rs1129038 C allele MAF of 0.23 (Hubbard et al., 

2007), which may be indicative of the majority of European ancestry within the present studies 
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population.  This is also true of the final MAF for HERC2 SNP rs916977, which exhibits the T 

allele as being minor with a MAF of 0.24 (Table 3.15), contrary to that of Ensembl (Hubbard et 

al., 2007) C allele MAF 0.42.  However, in European-only populations the T allele is the minor 

component (MAF 0.15) (Hubbard et al., 2007) which is in keeping with what is demonstrated here 

(Table 3.15). 

Table 3.15: Illustrates minor allele frequency data calculated in PLINK v1.07.  
A
Indicates the 

chromosome the SNP is located on, 
B
number of chromosomes sampled for MAF calculation.   

C
 

A1 is the minor allele and 
D
A2 is the major allele as calculated by PLINK v1.07.  

E
minor allele 

frequency.  
F
minor allele frequency as found in Ensembl data.  MAF allele in Ensembl is in 

parentheses, minor alleles that differ between present study and Ensembl data are in bold 
(Ensembl data referenced as referred to above in section 3.5.4 Minor Allele Frequency). 

CHR
A 

SNP
 

NCHROBS
B 

SNP Allele A1
C 

A2
D 

MAF
E 

MAF (Ensembl)
F 

5 rs16891982 202 G C G 0.1436 0.45 (G) 

5 rs26722 186 T T C 0.04301 0.13 (T) 

6 rs12203592 202 T T C 0.1634 0.04 (T) 

9 rs2733832 202 T C T 0.3663 0.26 (T) 

11 rs1042602 200 A A C 0.44 0.36 (A) 

11 rs1393350 202 A A G 0.2327 0.10 (A) 

14 rs12896399 200 T T G 0.485 0.31 (T) 

15 rs1800407 202 A A G 0.1139 0.06 (A) 

15 rs1800401 202 T T C 0.03465 0.08 (T) 

15 rs4778138 202 T C T 0.198 0.47 (C) 

15 rs7495174 202 A G A 0.1238 0.27 (G) 

15 rs1129038 202 T C T 0.3416 0.30 (T) 

15 rs12913832 196 G A G 0.352 0.30 (G) 

15 rs916977 202 C T C 0.2426 0.42 (C) 

15 rs1426654 200 G G A 0.07 0.46 (A) 

15 rs1724630 202 G G C 0.198 0.43 (C) 

16 rs2228479 200 A A G 0.13 0.11 (A) 

16 rs1805007 200 T T C 0.09 0.06 (T) 

16 rs1805008 200 T T C 0.085 0.03 (T) 

 

 

3.5.5. Linkage Disequilibrium 

Linkage disequilibrium (LD) was tested for using both basic LD assessment for same-

chromosome SNPs and for haplotypes of LD SNPs considered to be ‘in phase’ (i.e. greater 

likelihood than chance alone that specific alleles of each SNP in LD appear together in an 
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individual).  Both basic and haplotype phase LD analyses were performed in PLINK v1.07 

(Purcell et al., 2007).  Results for LD showed that most SNPs sharing close proximity on a 

chromosome were in at least some level of LD.  There was little difference seen between the 

basic LD analysis statistic (results in an R
2
 value) and the analysis statistics of the haplotype LD 

analysis (which includes an R
2
 value, as well as individual haplotype frequency data per each 

SNP pair).  Because of the added information provided in the haplotype analysis, as well as the 

similarity of R
2
 values between analyses, only the haplotype analysis was used. 

Complete LD (R
2
=1) was seen between two SNPs (rs12913832 and rs1129038) located within 

the HERC2 gene on chromosome 15.  The rs12913832 A and G alleles were in phase with the 

rs1129038 C and T allele respectively resulting in AC/GT phased haplotypes (Table 3.16).  Given 

the complete LD observed between these two SNPs it is therefore unsurprising that the other 

SNPs located on chromosome 15 shared very similar levels of LD with both rs12913832 and 

rs1129038.  For example the rs7495174 SNP was in LD with rs12913832 (R
2 

=0.269) and 

rs1129038 (R
2
=0.272) in almost identical levels (Table 3.16).  SNP rs916977 (also within the 

HERC2 gene) exhibited relatively high levels of LD with the aforementioned HERC2 SNPs 

(R
2
=0.572 and R

2
=0.576 respectively) (Table 3.16). 

Phase haplotypes were observed between rs916977 T allele and rs12913832 A and rs1129038 

C alleles, as well the alternate rs916977 C allele with rs12913832 G allele and rs1129038 T 

allele.  LD with rs916977 therefore formed phase haplotypes with both rs12913832 (TA/CG), and 

rs1129038 (TC/CT) (Table 3.16). 

SNPs rs7495174 and rs4778138 of the neighbouring OCA2 gene echoed this pattern of LD with 

rs12913832 and rs1129038, with rs7495174 resulting in LD values R
2
=0.269 and 0.272; and 

rs4778138 with R
2
 values of 0.218 and 0.225 respectively (Table 3.16).  Alleles in phase were 

rs7495174 G/A with rs12913832 A/G alleles, resulting in GA/AG haplotypes; and rs4778138 C/T 

with rs12913832 A/G alleles, resulting in CA/TG haplotypes.  Alleles in phase for rs1129038 and 

OCA2 SNPs were rs7495174 G/A with rs1129038 C/T, resulting in GC/AT phase haplotypes; and 

rs4778138 C/T with rs1129038 C/T, resulting in CC/TT haplotypes (Table 3.16).  The third 

HERC2 SNP, rs916977, was also in low LD with OCA2 SNPs rs7495174 and rs4778138, with R
2
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values of 0.298 and 0.244 respectively.  Moderate LD was also seen between the two OCA2 

SNPs themselves, rs7495174 and rs4778138, with an R
2
 value of 0.513 (Table 3.16). 

 

The only other SNPs that share chromatic location within the screening group are rs16891982 

and rs26722 of the SLC45A2 gene on chromosome 5.  Moderate LD was observed between 

these two SNPs with a R
2
 value of 0.478, with alleles C and G of rs16891982 being in phase 

haplotypes with alleles T and C of rs26722 respectively, forming CT/GC phase haplotypes (Table 

3.16). 
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Table 3.16: Linkage disequilibrium analysis results for same-chromosome SNPs, including in-phase haplotype assessment.  Cell figures represent the 
observed haplotype frequency of the two bordering alleles, with the expected haplotype frequency under linkage equilibrium in parentheses.  The R

2
 value for 

each SNP pairing precludes haplotype frequencies as displayed above.  Bold values indicate which haplotypes of bordering SNPs are in phase.

Chromosome 15 SNPs 

  
rs12913832 rs1129038 rs916977 rs7495174 

  
A G C T T C G A 

rs1129038 
 

R
2
=1 - - - - - - 

C 0.352 (0.12) 0.0 (0.221) - - - - - - 

T 0.0 (0.232) 0.648 (0.427) - - - - - - 

          

rs916977 
 

R
2
=0.572 R

2
=0.576 - - - - 

T 0.244 (0.085) 0.006 (0.157) 0.237 (0.083) 0.005 (0.160) - - - - 

C 0.108 (0.267) 0.642 (0.491) 0.104 (0.259) 0.653 (0.499) - - - - 

          

rs7495174 
 

R
2
=0.269 R

2
=0.272 R

2
=0.298 - - 

G 0.128 (0.044) 0.0 (0.080) 0.124 (0.042) 0.0 (0.081) 0.107 (0.030) 0.017 (0.094) - - 

A 0.224 (0.308) 0.648 (0.568) 0.218 (0.299) 0.658 (0.577) 0.135 (0.213) 0.741 (0.664) - - 

          

rs4778138 
 

R
2
=0.218 R

2
=0.225 R

2
=0.244 R

2
=0.513 

C 0.162(0.070) 0.042 (0.128) 0.157 (0.068) 0.041 (0.130) 0.132 (0.048) 0.066 (0.150) 0.118 (0.025) 0.080 (0.174) 

T 0.190 (0.282) 0.606 (0.520) 0.184 (0.274) 0.618 (0.528) 0.110 (0.195) 0.692 (0.607) 0.005 (0.099) 0.797 (0.703) 

Chromosome 5 SNPs 

  
rs16891982 N/A N/A N/A 

  
C G 

      

rs26722 
 

R
2
=0.478 - - - 

T 0.043 (0.006) 0.0 (0.037) - - - - - - 

C 0.043 (0.137) 0.914 (0.820) - - - - - - 
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3.6. Discussion 

3.6.1. Inclusion thresholds, quality testing 

Performing inclusion threshold analyses and data checks are an important first step in all genetic 

studies.  Such thresholds provide assurances that the genetic data being used are representative 

of the population of interest and are free of any stratification or underlying substructure.  Many of 

the inclusion thresholds are set to be indicative of the same genetic pattern or occurrence of bias.  

Hardy-Weinberg Equilibrium (HWE), Multidimensional Scaling plots (MDS) and Case vs. Control 

missing data comparisons all test for genetic substructure and subsequent stratification or 

genetic bias within the population.  Testing for population stratification is of particular importance 

in genetic association studies as any unidentified substructure may inappropriately result in 

spurious association between genotype and phenotype.   

SLC45A2 SNP rs16891982 showed clear and significant deviation from HWE in both blue and 

intermediate eye colour and brown, blonde and red hair colour groups, as well as within the entire 

dataset when set as control observations.  This SNP is clearly operating under bias within the 

dataset sampled and as such has been removed from the following association analysis.  SNP 

rs16891982 was included in the initial marker screening group due to its repeated association 

with dark hair, eye and skin pigmentation (Branicki et al., 2011; Graf et al., 2007; Newton et al., 

2001; Spichenok et al., 2011), but it has also been used as an Ancestry Information Marker (AIM, 

as discussed in brief in the Introduction chapter) showing association with dark skin in particular 

and dark pigmentation phenotype generally (Bouakaze et al., 2009; Valenzuela et al., 2010). 

SLC24A5 SNP rs1426654 exhibited HWE deviation patterns that mirrored those observed in 

rs16891982, however with less statistical significance.  SNP rs1426654 significantly deviated 

from HWE in the intermediate eye colour group as well as with the brown, blonde and red hair 

colour and reached close to significant deviation again in the blue vs. non-blue eye group.  When 

analysed in the entire dataset (when all observations were set as controls) this SNP again 

significantly deviated from HWE.  This SNP was included in the original screening group due to 

its association with pigmentation (eye, hair and skin colour) in the literature (Lamason et al., 

2005; Norton et al., 2007; Valenzuela et al., 2010).  This SNP (rs1426554) has been used as an 

AIM in several studies (Lamason et al., 2005; Phillips et al., 2007; Soejima & Koda, 2007), 
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suggesting ancestry is the major association factor for this SNP in genetic analyses.  AIMs are 

selected based on their contrasting allele frequencies with an allele being predominant in one 

population and relatively rare in another.  However the ideal AIM SNPs are those that exhibit a 

fixed difference in allele frequency, where one allele is seen exclusively in one population and the 

alternate in another.  SNPs rs16891982 and rs1426654 fall into the latter category and exhibit 

allele frequencies that are highly ancestry-specific (Phillips et al., 2007; Soejima & Koda, 2007).  

As the makeup of our population dataset is 85% European ancestry with the remaining 15% 

coming from minority populations it is not surprising that this SNP appeared to be biased within 

the lighter eye and hair colour phenotype groups (blue and intermediate eye colour and blonde 

and red hair colour) given their association with ancestry and dark phenotypes.  The significant 

deviation observed with these SNPs and brown hair, although a dark phenotype, may be 

because brown hair appears as an intermediate colour variant between the polar extremes of 

black and blonde/red hair colour.  This bias towards a dark pigmentation phenotype has been 

exploited in other predictive eye colour studies as part of a multiple SNP haplotype, using 

rs16891982 to indicate blue or brown eyes based on alternate homozygous genotypes 

(Spichenok et al., 2011; Walsh et al., 2011a). 

The results of HWE for rs16891982 and rs1426654 were reinforced and visualised using 

multidimensional scaling (MDS) plots to investigate population stratification.  Figures 3.2, 3.4 and 

3.6 that included these SNPs, showed some clustering that was due to ancestry rather than any 

other factor, this clustering was observably relaxed in Figures 3.3, 3.5 and 3.7 which had the 

HWE violating SNPs removed.  As mentioned in the results, MDS analysis shows more defined 

ancestral clusters when performed with greater volumes of autosomal SNP data.  Any clustering 

exhibited within the present study was not performed to reveal definitive eye and hair colour 

clusters (impossible due to dataset and marker suite size), but to better elucidate and visualise 

the bias genetic substructure at play within the dataset (and screening marker set) that was 

discovered in the HWE analysis.  Encoding the data points with eye colour phenotype provides a 

contrast to ancestry data and illustrates that when HWE violating SNPs are removed latitudinal 

zones for eye colour are still found.  Observable clustering of hair colour groups was far less 

apparent, however a difference was observed once HWE SNPs were removed. 
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The pigmentation association of rs16891982 and rs1426654 in the literature, combined with their 

use as AIMs and their significant deviation from HWE seen within the present study indicate that 

their association with pigmentation is most likely a secondary relationship and by-product of its 

high ancestral component and inheritance.  Based on these results, SNPs rs16891982 and 

rs1426654 have been removed from the dataset completely and will not be used in pigmentation 

association analyses. 

‘Missingness’ is an important factor to test for in case control studies, and address if present.  

‘Missingness’ between case and control individuals was not significant in the present study 

across all hair and eye colour groups, revealing that the dataset is free of bias in this facet of data 

quality checks and that ‘missingness’ was not an issue here.  Significant differences between the 

genotype data of the case and control individuals in genetic association analyses can be 

indicative of biased genotypes in response to affected/unaffected phenotype status.  If such 

missingness bias is present and unaccounted for within a multiple marker and phenotype (or 

case) association analysis this can also result in effectual substructure.  Biased missingness can 

therefore result in spurious association (Balding, 2006; Purcell et al., 2007).  Assessment of 

individual locus genotyping success is also important, particularly in cohesion with case control 

missingness assessment, as this will identify specific loci that exhibit high levels of genotype 

failure.  This can also be used independently of case control missingness to identify markers 

performing poorly in the dataset (exhibiting high rate of genotype failure).  High rates of 

genotyping failure are also summarised in the individual missing analysis, where the frequency of 

missing genotypes or genotyping failure of an individual is tabulated, highlighting instances of 

poor individual observations (Purcell et al., 2007). 

Minor allele frequency (MAF) and linkage disequilibrium (LD) are important inclusion thresholds 

to set for large scale SNP studies but are not of high importance for the nature and scale of the 

present study.  Assessment of MAF showed that all SNP makers exhibited fairly low frequencies 

within the dataset, as would be expected of minor alleles.  Linkage disequilibrium was high 

between SNPs located within the same gene, particularly two HERC2 SNPs rs12913832 (A/G) 

and rs1120938 (C/T) which were in complete LD.  This is unsurprising due to their close proximity 
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and as high levels of LD between these two SNPs has been previously observed elsewhere 

(Mengel-From et al., 2010; Sturm et al., 2008b).  The haplotypes that were in phase for these 

SNPs were AC and GT. Complete LD between these SNPs with these haplotypes in phase 

means that wherever rs12913832 A allele is inherited, the rs1129038 C allele is inherited with it, 

and these respective alleles will more often than not appear in an individual together.  Using LD 

as an inclusion threshold for this study is not necessary, although knowledge of high and/or 

complete LD between SNPs can help prune the suite of SNPs used for further association 

analysis.  When performing association analysis in a model, SNPs in strong LD may behave 

collinearly, whereby they give the same information or explain the same amount of variance 

within a model without adding any value by both being present.  Essentially with collinear 

markers the presence of one adds the same amount of information as if both were present.  

Using multiple collinear markers increases the number of tests needed to be performed within the 

model, which can contribute to an increase in error rates, therefore SNPs in strong LD are worth 

investigating further to see if both are necessary to include (Mason & Perreault Jr., 1991).  Due to 

the small size of the dataset it is worth including both HERC2 SNPs in association analyses to 

see which performs best and ascertain whether they add anything extra to a model when treated 

for phenotype association together (both have repeatedly been shown to exhibit high levels of 

association with eye colour (Branicki et al., 2011; Mengel-From et al., 2010; Sturm et al., 2008b; 

Walsh et al., 2011a)).  If little value is gleaned by including both SNPs, then the poorer 

performing SNP will be removed from association analyses.  Model analysis did show an 

instance of both rs12913832 and rs1129038 being employed together to predict brown vs. non-

brown eye colour (see Chapter 4). 

 

3.6.2. Phenotype association analysis 

The inclusion thresholds and data checks performed ensure that the SNPs screened are 

behaving appropriately within the context of the genetic population and are appropriate for use in 

phenotype association.  As discussed above, the most important of these data checks and 

inclusion thresholds to perform are those that identify and discard SNPs that contribute to 

population stratification.  Therefore SNP screening and inclusion thresholds collectively resulted 
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in a total of 17 SNPs (OCA2 rs7495174, rs4778138, rs1800401, rs1800407; HERC2 rs916977, 

rs12913832, rs1129038; MC1R rs2228479, rs1805007, rs1805008; SLC45A2 rs26722; SLC24A4 

rs12896399; MYO5A rs1724630; TYR rs1393350, rs1042602; TYRP1 rs2733832 & IRF4 

rs12203592) to be assessed for phenotype association across the entire database of 101 

unrelated individuals, resulting in the analysis of ~1900 genotypes. 

 

3.6.3. Genotypes and allele frequencies 

The allele frequencies of the screening pigmentation SNPs in the population studied was 

determined by the minor allele frequency assessment performed above.  The next step for 

analysing the suitability of these SNPs for pigmentation phenotype association is to assess the 

allele frequency in the different phenotype groups.  Comparing high frequencies of alleles and 

genotypes for each SNP across all phenotype categories offers information on SNPs that are 

likely to be statistically significantly associated with phenotype.  However, what frequency data 

alone cannot tell us is how these SNPs perform in haplotypes with one another, which is why 

statistical association and modelling analyses must also be performed to assess not only the 

effect of each SNP but their collective performance in regards to phenotype. 

Based on allele and genotype frequency alone we can immediately expect that HERC2 

rs12913832 and rs1129038 may be useful in association with brown versus non-brown eye 

colour.  This is because the G allele of rs12913832 appears almost fixed for blue eyed 

phenotypes (0.95) as well as being the majority allele within the intermediate eye colour group 

(0.65), with the alternate A allele in high frequency in brown eyed individuals (0.68) (Table 3.17).  

This scenario is mirrored in the allele frequencies of rs1129038, with the T allele almost fixed in 

blue eyed individuals (0.95) and being the majority allele in intermediate eyed individuals (0.65).  

The alternate C allele of rs1129038 is the major allele in the brown eye individuals (0.75) (Table 

3.17).  The polarity of the allele frequencies in concordance with opposite eye colours (blue and 

brown) indicates that these SNPs may be strongly associated with blue eye colour and therefore 

crucial in eye colour phenotype prediction.  These two SNPs are the only ones to appear 

obviously associated with eye colour based on frequency alone.  These SNPs also show 

alternate high frequencies across hair colour groups, with rs12913832 G allele showing high 
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frequencies in brown (0.70), blonde (0.88) and red (0.83) hair colours, where the alternate A 

allele is frequent in black hair colour (0.73) (Table 3.17).  As observed with eye colour, this 

scenario is replicated in the allele frequencies of the rs1129038 SNP.  Here the C allele is in 

black hair colour individuals in high frequency (0.75), whilst being low in the other hair colour 

groups, while the alternate T allele is in low frequency in black hair colour and found in high 

frequency in brown (0.71), blonde (0.88) and red (0.83) hair groups (Table 3.17).  There was one 

other SNP showing frequencies similar to these HERC2 SNPs, OCA2 rs7495174, which showed 

almost fixed or fixed frequencies for the A allele in brown (0.92), blonde (0.96) and red (1.0) hair 

colour, with a lower frequency of 0.57 in black hair individuals (Table 3.17), although the A allele 

was still the dominant frequency across all groups so unlikely to be overly discriminatory. 

SNPs where most phenotype groups share the majority of occurrences of an allele or genotype, 

but that exhibit an almost 50:50 chance of that allele in the remaining phenotype do not seem to 

be obviously useful for phenotype association.  This scenario is observed for eye colour in OCA2 

SNPs rs4778138 and rs916977.  SNP rs4778138 T allele is predominant in both blue eyed 

individuals (0.91 and 0.92 respectively) but then is split almost evenly in the frequency of T and C 

alleles in brown eyed individuals (0.56 T allele and 0.44 C allele) (Table 3.17).  The same is seen 

in HERC2 SNP rs916977 where the C allele is predominant in blue and intermediate individuals 

(0.95 and 0.78 respectively) but is present in almost even frequency with the alternate T allele in 

the brown eyed individuals, which exhibit frequencies of 0.52 for the T allele and 0.48 for the C 

allele (Table 3.17).  This is observed in a lesser degree for these SNPs and hair colour, whereby 

rs4778138 T allele shows high frequencies in brown (0.86) and blonde (0.92) but allele 

frequencies for black (C – 0.53, T – 0.47) and red (C – 0.33, T – 0.66) are not that much greater 

than chance (Table 3.17).  SNP rs916977 shows slightly more promise with the C allele being in 

high frequency in brown (0.81), blonde (0.88) and red (0.83) hair, and the alternate T allele being 

slightly predominant in frequency in black hair (0.60) (Table 3.17).  This was also observed in 

SNP rs12896399, with the T allele showing high frequencies in blonde (0.68) and red (0.67) and 

the G allele having a frequency of 0.63 in black (Table 3.17).  The rs1800507 allele was fixed in 

black haired individuals (1.0) and high in both brown (0.91) and blonde (0.88) groups, but was 

50:50 for red hair colour (Table 3.17).  This situation was replicated in the rs1393350 SNP, 

whereby the G allele was high in black (0.93), brown (0.74) and blonde (0.79) individuals, but 



 
 

126 
 

50:50 in red haired individuals (Table 3.17).  However, it is important to remember that there are 

only three individuals with red hair in this study, so red hair frequencies are taken from a very 

small group. 

There were several SNPs that showed shared allele predominance across all phenotype groups, 

suggesting that these SNPs may be of little use for phenotype association.  These include OCA2 

rs7495174 (A allele) (eye colour only), rs1800401 (C allele), rs1800407 (G allele), MC1R 

rs2228479 (G allele), rs1805007 (C allele) (eye colour only), rs1805008 (C allele), SLC45A2 

rs26722 (C allele), MYO5A rs1724630 (C allele), TYR rs1393350 (G allele) and IRF4 rs12203592 

(C allele) where these alleles are found in the majority of all genotypes across all phenotype 

groups (Table 3.17).  This suggests that these SNPs may be equally associated across all 

phenotype groups, making them unlikely to be used as predictive markers for a single phenotype 

group.  There were also two SNPs (SLC24A4 rs12896399 (eye colour only) and TYR rs1042602) 

exhibiting a different allele frequency pattern where both alleles were observed in fairly even 

frequency distributions in all three phenotype groups, essentially implying that genotypes for 

these SNPs may be the result of chance rather than associated with eye colour (Table 3.17). 

The majority of the SNP genotype frequency data does not show any overwhelmingly obvious 

allele or genotype relationship with eye colour.  However, two HERC2 gene SNPs (rs12913832 

and rs1129038) do show strong eye colour group allele frequencies.  It is important to emphasise 

that frequency data is less informative than individual statistical association and models that 

incorporate haplotypes across multiple SNPs. 
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Table 3.17: Genotype frequency tables displaying genotype information for each SNP marker for 
hair and eye colour.  Genotype count, allele count and allele frequency are presented for each 
phenotype group.  Total number of individuals per phenotype group is in parentheses, missing 
individuals are in parentheses next to ‘NA’, accompanied by phenotype group of missing 
individuals where applicable. 

Eye colour - rs7495174 

 Genotype Counts Allele Counts Allele Freq. 

 AA AG GG A G N: A G 

Brown (31) 13 14 4 40 22 62 0.65 0.35 

Blue (40) 39 1 0 79 1 80 0.99 0.01 

Int. (30) 28 2 0 58 2 60 0.97 0.03 

Total: 80 17 4      

NA: (0)   101      

Hair colour - rs7495174 

 Genotype Counts Allele Counts Allele Freq. 

 AA AG GG A G N: A G 

Black (15) 5 7 3 17 13 30 0.57 0.43 

Brown (71) 61 9 1 131 11 142 0.92 0.08 

Blonde (12) 11 1 0 23 1 24 0.96 0.04 

Red (3) 3 0 0 6 0 60 1 0 

Total: 80 17 4      

NA (0)   101      

         

Eye colour - rs4778138 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 5 17 9 27 35 62 0.44 0.56 

Blue (40) 1 5 34 7 73 80 0.09 0.91 

Int. (30) 0 5 25 5 55 60 0.08 0.92 

Total: 6 27 68      

NA: (0)   101      

Hair colour - rs4778138 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 4 8 3 16 14 30 0.53 0.47 

Brown (71) 1 18 52 20 122 142 0.14 0.86 

Blonde (12) 0 2 10 2 22 24 0.08 0.92 

Red (3) 1 0 2 2 4 6 0.33 0.66 

Total: 6 28 67      

NA (0)   101      
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Eye colour - rs1800401 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 29 2 0 60 2 62 0.97 0.03 

Blue (40) 37 2 1 76 4 80 0.95 0.05 

Int. (30) 29 1 0 59 1 60 0.98 0.02 

Total: 95 5 1      

NA: (0)   101      

Hair colour - rs1800401 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 14 1 0 29 1 30 0.97 0.03 

Brown (71) 67 3 1 137 5 142 0.96 0.04 

Blonde (12) 11 1 0 23 1 24 0.96 0.04 

Red (3) 3 0 0 6 0 6 1 0 

Total: 95 5 1      

NA (0)   101      

         

Eye colour - rs1800407 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Brown (31) 28 2 1 58 4 62 0.94 0.06 

Blue (40) 33 7 0 73 7 80 0.91 0.09 

Int. (30) 18 12 0 48 12 60 0.80 0.20 

Total: 79 21 1      

NA(0)   101      

Hair colour – rs1800407 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Black (15) 0 1 14 1 29 30 0.03 0.97 

Brown (71) 1 15 55 17 125 142 0.12 0.88 

Blonde (12) 0 4 8 4 20 24 0.17 0.83 

Red (3) 0 1 2 1 5 6 0.17 0.83 

Total: 1 21 79      

NA (0)   101      
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Eye colour - rs916977 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 8 16 7 32 30 62 0.52 0.48 

Blue (40) 36 4 0 76 4 80 0.95 0.05 

Int. (30) 18 11 1 47 13 60 0.78 0.22 

Total: 62 31 8      

NA  (0)   101      

Hair colour - rs916977 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 3 6 6 12 18 30 0.4 0.6 

Brown (71) 47 21 3 115 27 142 0.81 0.19 

Blonde (12) 9 3 0 21 3 24 0.88 0.12 

Red (3) 2 1 0 5 1 6 0.83 0.17 

Total: 61 31 9      

NA (0)   101      

 

Eye colour - rs12913832 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Brown (31) 1 18 12 20 42 62 0.32 0.68 

Blue (37) 33 4 0 70 4 74 0.95 0.05 

Int. (30) 11 17 2 39 21 60 0.65 0.35 

Total: 45 39 14      

NA (3)   98      

Blue (3)         

Hair colour - rs12913832 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Black (15) 2 4 9 8 22 30 0.27 0.73 

Brown (68) 32 31 5 95 41 136 0.70 0.30 

Blonde (12) 9 3 0 21 3 24 0.88 0.12 

Red (3) 2 1 0 5 1 6 0.83 0.17 

Total: 45 39 14      

NA (3)   98      

Brown (3)         
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Eye colour - rs1129038 

 Genotype Counts Allele Counts Allele Freq. 

 TT TC CC T C N: T C 

Brown (31) 0 17 14 17 45 62 0.27 0.73 

Blue (40) 36 4 0 76 4 80 0.95 0.05 

Int. (30) 11 17 2 39 21 60 0.65 0.35 

Total: 47 38 16      

NA (0)   101      

Hair colour - rs1129038 

 Genotype Counts Allele Counts Allele Freq. 

 TT TC CC T C N: T C 

Black (15) 1 4 10 6 24 30 0.25 0.75 

Brown (71) 35 31 5 101 41 142 0.71 0.29 

Blonde (12) 9 3 0 21 3 24 0.88 0.12 

Red (3) 2 1 0 5 1 6 0.83 0.17 

Total: 47 39 15      

NA (0)   101      

         

Eye colour - rs2228479 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Brown (31) 23 7 1 53 9 62 0.85 0.15 

Blue (39) 31 8 0 70 8 78 0.90 0.10 

Int. (30) 21 9 0 51 9 60 0.85 0.15 

Total: 75 24 1      

NA (1)   100      

Blue (1)         

Hair colour - rs2228479 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Black (15) 11 3 1 25 5 30 0.83 0.17 

Brown (70) 54 16 0 124 16 140 0.89 0.11 

Blonde (12) 8 4 0 20 4 24 0.83 0.17 

Red (3) 2 1 0 5 1 6 0.83 0.17 

Total: 75 24 1      

NA (1)   100      

Brown (1)         
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Eye colour - 1805007 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 29 2 0 60 2 62 0.97 0.03 

Blue (39) 29 10 0 68 10 78 0.87 0.13 

Int. (30) 24 6 0 54 6 60 0.90 0.10 

Total: 82 18 0      

NA (1)   100      

Blue (1)         

Hair colour - rs1800507 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 15 0 0 30 0 30 1 0 

Brown (70) 58 12 0 128 12 140 0.91 0.08 

Blonde (12) 9 3 0 21 3 24 0.88 0.12 

Red (3) 0 3 0 3 3 6 0.50 0.50 

Total: 82 18 0      

NA (1)   100      

Brown (1)         

         

Eye colour - rs1805008 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 29 2 0 60 2 62 0.97 0.03 

Blue (39) 34 5 0 73 5 78 0.94 0.06 

Int. (30) 22 6 2 50 10 60 0.83 0.17 

Total: 85 13 2      

NA (1)   100      

Blue (1)         

Hair colour - rs1805008 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 14 1 0 29 1 30 0.97 0.03 

Brown (70) 61 7 2 129 11 140 0.92 0.08 

Blonde (12) 9 3 0 21 3 24 0.88 0.12 

Red (3) 1 2 0 4 2 6 0.67 0.33 

Total: 85 13 2      

NA (1)   100      

Brown (1)         
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Eye colour - rs26722 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (25) 18 6 1 42 8 50 0.84 0.16 

Blue (40) 40 0 0 80 0 80 1 0 

Int. (28) 28 0 0 56 0 56 1 0 

Total: 86 6 1      

NA (8)   93      

Int. (2)         

Brown (6)         

Hair colour - rs26722 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (10) 6 3 1 15 5 20 0.75 0.25 

Brown (68) 65 3 0 133 3 136 0.98 0.02 

Blonde (12) 12 0 0 24 0 24 1 0 

Red (3) 3 0 0 6 0 6 1 0 

Total: 86 6 1      

NA (8)   93      

Black (5)         

Brown (3)         

         

Eye colour - rs12896399 

 Genotype Counts Allele Counts Allele Freq. 

 GG GT TT G T N: G T 

Brown (31) 6 16 9 28 34 62 0.45 0.55 

Blue (39) 9 18 12 36 42 78 0.46 0.54 

Int. (30) 13 13 4 39 21 60 0.65 0.35 

Total: 28 47 25      

NA (1)   100      

Blue (1)         

Hair colour - rs12896399 

 Genotype Counts Allele Counts Allele Freq. 

 GG GT TT G T N: G T 

Black (15) 5 9 1 19 11 30 0.63 0.37 

Brown (70) 21 32 17 74 66 140 0.53 0.47 

Blonde (12) 1 5 5 7 15 22 0.32 0.68 

Red (3) 1 0 2 2 4 6 0.33 0.67 

Total: 28 46 25      

NA (2)   100      

Brown (1)         
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Eye colour - rs1724630 

 Genotype Counts Allele Counts Allele Freq. 

 CC CG GG C G N: C G 

Brown (29) 18 7 6 43 19 62 0.69 0.31 

Blue (40) 30 9 1 69 11 80 0.86 0.14 

Int. (30) 21 8 1 50 10 60 0.83 0.17 

Total: 69 24 8      

NA (0)   101      

Hair colour - rs1724630 

 Genotype Counts Allele Counts Allele Freq. 

 CC CG GG C G N: C G 

Black (15) 9 2 4 20 10 30 0.67 0.33 

Brown (71) 48 19 4 115 27 142 0.81 0.19 

Blonde (12) 10 2 0 22 2 24 0.92 0.08 

Red (3) 2 1 0 5 1 6 0.83 0.17 

Total: 69 24 8      

NA (0)   101      

         

Eye colour - rs1393350 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Brown (31) 23 7 1 53 9 62 0.85 0.15 

Blue (40) 19 16 5 54 26 80 0.68 0.32 

Int. (30) 19 10 1 48 12 60 0.80 0.20 

Total: 61 33 7      

NA (0)   101      

Hair colour - rs1393350 

 Genotype Counts Allele Counts Allele Freq. 

 GG GA AA G A N: G A 

Black (15) 13 2 0 28 2 30 0.93 0.07 

Brown (71) 40 25 6 105 37 142 0.74 0.26 

Blonde (12) 7 5 0 19 5 24 0.79 0.21 

Red (3) 1 1 1 3 3 6 0.50 0.50 

Total: 61 33 7      

NA (0)   101      
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Eye colour - rs1042602 

 Genotype Counts Allele Counts Allele Freq. 

 CC CA AA C A N: C A 

Brown (31) 13 11 7 37 25 62 0.60 0.40 

Blue (40) 16 12 12 44 36 80 0.55 0.45 

Int. (29) 6 13 10 25 33 58 0.43 0.57 

Total: 35 36 29      

NA (1)   100      

Int. (1)         

Hair colour - rs1042602 

 Genotype Counts Allele Counts Allele Freq. 

 CC CA AA C A N: C A 

Black (15) 7 3 5 17 13 30 0.57 0.43 

Brown (70) 23 26 21 72 68 140 0.51 0.49 

Blonde (12) 3 7 2 13 11 24 0.54 0.46 

Red (3) 2 0 1 4 2 6 0.67 0.33 

Total: 35 36 29      

NA (1)   100      

Brown (1)         

         

Eye colour - rs2733832 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 7 16 8 30 32 62 0.48 0.52 

Blue (40) 4 19 17 27 53 80 0.34 0.66 

Int. (30) 0 17 13 17 43 60 0.28 0.72 

Total: 11 52 38      

NA (0)   101      

Hair colour - rs2733832 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 5 7 3 17 13 30 0.57 0.43 

Brown (71) 4 39 28 47 95 142 0.33 0.67 

Blonde (12) 1 5 6 7 17 24 0.29 0.71 

Red (3) 1 1 1 3 3 6 0.50 0.50 

Total: 11 52 38      

NA (0)   101      
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Eye colour - rs12203592 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Brown (31) 23 7 1 53 9 62 0.85 0.15 

Blue (40) 26 13 1 65 15 80 0.81 0.19 

Int. (30) 21 9 0 51 9 60 0.85 0.15 

Total: 70 29 2      

NA (0)   101      

Hair colour - rs12203592 

 Genotype Counts Allele Counts Allele Freq. 

 CC CT TT C T N: C T 

Black (15) 13 2 0 28 2 30 0.93 0.07 

Brown (71) 44 26 1 114 28 142 0.80 0.20 

Blonde (12) 10 1 1 21 3 24 0.88 0.12 

Red (3) 3 0 0 6 0 6 1 0 

Total: 70 29 2      

NA (0)   101      
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3.7. Allele and genotype associations 

Allele associations with eye colour phenotype were analysed using two different statistical 

methods.  The first was performed using a basic Fisher’s Exact test which results in an odds ratio 

calculation for the minor allele of each SNP.  The second method used to assess SNP 

association is logistic regression.  Logistic regression can be performed on either the minor or 

major allele, and was also used here for genotype association testing. 

 

3.7.1. Fisher’s Exact test odds ratio and logistic regression 

An odds ratio (OR) is a measure illustrating the size of the effect between two variables gauged 

on the strength of the inter-variable relationship.  Therefore a high OR illustrates a strong 

relationship between two variables, whereas a low OR illustrates the opposite (Bland & Altman, 

2000; McHugh, 2009).  ORs are often calculated on data set up in 2x2 contingency table format 

(also referred to as a cross-classification table), with statistical significance calculated via the 

Fisher’s Exact test.  Contingency 2x2 tables are used for four different types of study: case-

control, experimental, cross-sectional and cohort.  The present study uses case-control data and 

thus a 2x2 contingency data format is suitable (Sistrom & Garvan, 2004).  The 2x2 contingency 

data format for OR calculation can only be utilised when the data variables are dichotomous or 

binary (e.g. yes/no, present/absent), where one variable is the explanatory and the other the 

effect (Sistrom & Garvan, 2004) (Figure 3.8).  The dichotomy required for a 2x2 table OR 

calculation can be met by utilising data in both allele and/or genotype form (where required) by 

describing data in terms of genotype presence/absence per case/control observation.  The 

Fisher’s Exact test is appropriate for 2x2 contingency table studies when the value of any (or all) 

of the four cells in a table are likely to be small, as is often the case in most small datasets 

(McHugh, 2009) and as is seen in the present study.  ORs can range from 0 to infinity (although 

are always nonnegative), with a truly neutral OR being 1, not 0.  This is because an OR of 1 

indicates that any observation has equal chance of falling into any cell of the table.  An OR value 

lesser or greater than 1 indicates that the chance of inclusion into each cell is not equal and that 

therefore there is a relationship between the variables which will influence the likelihood of 
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observations (Bland & Altman, 2000; McHugh, 2009; Sistrom & Garvan, 2004).  An OR of 0.5 

indicates that an observation is 50% less likely to fall within a particular cell on the table, whereas 

an OR of 1.5 suggests that an observation is 50% more likely than chance alone to fall within a 

particular cell on the table.  ORs are calculated in reference to the minor allele of a SNP, 

commonly signified as the A1 allele.  For example, say SNP1 allele A exhibits an OR of 0.5 when 

analysed in blue vs. non-blue eye group and an OR of 1.7 when analysed in the brown vs. non-

brown group.  This suggests SNP1 allele A has odds that are 70% greater than chance alone of 

appearing concordantly in individuals with brown eyes rather than blue, where the same SNP1 A 

allele also illustrates a likelihood of appearing 50% less than chance alone in a blue eyed 

individual. 

 

 

2x2 Contingency table:  Condition/Explanatory (X) 

Case (A1) Control (A2) 

Event/Response (Y) 
Phenotype 1 (e.g. brown eyes) a b 

Phenotype 2 (e.g. non-brown eyes) c d 

 

For example: SNP rs7495174 (X variable) 

G (A1) A (A2) 

Event/Response (Y) 
Brown eyes (Y=1) 22 40 

Non-Brown eyes (Y=0) 3 137 

 

Odds ratio (OR) 

formula:  

Example: SNP rs7495174, G allele (A1) 

OR= (a/b) / (c/d) 

OR= (22/40)/(3/137) 

                                  = 0.55/0.02189 

                                                  OR= 25.12 (2d.p.) 

OR= (a x d) / (b x c) 

OR= (22 x 137)/(40 x 3) 

                                      = 3014/120 

                                                            OR= 25.12 (2d.p.) 

 
 

Figure 3.8: Schematic illustrating 2x2 contingency table format and odds ratio (OR) calculation.  
Format of 2x2 contingency table described above, followed by the same format with example 
data inputted (OCA2 SNP rs7495174, brown vs. non-brown eyes, actual value as seen in Table 
3.6 below), followed below by odds ratio formulations and a working example of OR calculation. 
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Regression analyses utilise two types of variables – Y, a response (or dependent) variable and X, 

an explanatory variable.  Information from the explanatory variables is used to explain or predict 

the behaviour of a response variable.  Regression analyses attempt to model the structure 

(identify the pattern) seen within the dataset.  Data that does not fit the model are deemed 

random (i.e. exhibi no discernible pattern or structure) contributing little to the relationship 

between the Y and X variables.  Residuals are the resulting difference between what the model 

observes (i.e. data that fits the model) and what we expect to see (i.e. actual data plots of 

response variable).  A plot of the residual data should show consistent scattering about zero – 

thus indicating no pattern or structure exists in the data that has not already been fitted to the 

model.  If a pattern were illustrated here it would indicate that the model was not performing 

efficiently, as the presence of a pattern or structure still remain unaccounted for (or un-modelled) 

within the dataset (Dunn & Clark, 2001; Hair Jr., Anderson, Tatham, & Black, 1995).  The null 

hypothesis of no relationship between X and Y variables (β=0, across all X variables, thus no 

slope is created between X and Y) can be tested statistically.  The statistical test used often 

depends on the regression analysis being performed (simple, multiple, logistic etc.) which is in 

turn selected by the nature of the dataset being analysed.  The basic formula for linear regression 

is shown below (Figure 3.9) and illustrates the change or effect of Y (response) variable, given an 

increase in a unit of X (explanatory) variable (including error) (Dunn & Clark, 2001; Hair Jr. et al., 

1995).  The statistical test used for a simple regression model such as this would likely be a t-test 

with accompanying p-value (testing whether the slope of the regression line deviates significantly 

from 0).  This provides a basic example of how a regression model analyses the relationship 

between an explanatory variable(s) (such as SNPs in the case of the present study) and a 

response variable (phenotype in the present study, i.e. blue versus non-blue eyes). 
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A simple linear regression equation: 

 

                 

 

 

   

- observed value 

 

         

- fitted value 

 

   

- difference between observed and 

expected value (referred to as 

residuals) 

 

 

 

 

This simple linear formula can be 

translated into what we see plotted on 

the left: 

 

                 

  

                

 

   

- the intercept 

(value of        when  =0) 

 

   

– the slope of the line (change in 

      resulting from a 1-unit change in 

  ) 

 

   

– explanatory variable(s) 
 

Figure 3.9: Brief schematic illustrating the concept of a simple linear regression.  Simple 
regression formula, followed by formula translation into plotted factors alongside an example of a 
linear regression plot.  Residuals are not plotted. 
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Logistic regression is used to model dichotomous data that has only two possible outcomes, with 

the dependent variable being typically non-metric.  Due to the dichotomous nature of the data 

within the present study, logistic regression was used to assess SNP/phenotype associations.  

Logistic regression operates under the basic regression principles discussed above.  The null 

hypothesis is β=0, indicating that X (i.e. SNP1) and Y (i.e. phenotype 1) are unrelated, with the 

alternate hypothesis being that they are related or β≠0.  Output values for explanatory variables 

(X variables) of logistic regression are called beta coefficients or estimates, which are indicative 

of the logarithm of an odds ratio of a relationship being present between X and Y variables (Hair 

Jr. et al., 1995).  Beta coefficients can range between 0 to infinity and can be both of a positive or 

negative value.  However, the output values indicative of the state of the response (Y variable) 

range from 0-1 and essentially represent the probability of the response outcome (or event) 

occurring (Kleinbaum & Klein, 2010).  A positive beta coefficient indicates a strong relationship 

between the X and Y variables where X (i.e. SNP1) increases the probability of the outcome 

(Y=1, i.e. blue eyes), whilst a negative beta coefficient indicates a negative relationship between 

X and Y, with X (i.e. SNP1) decreasing the probability of the outcome (Y=0, i.e. non-blue eyes) 

(Figure 3.10). 

Hypothesis testing for logistic regression is usually performed by a z-statistic, sometimes called 

the Wald z-statistic (similar to t-test but for logistic data, testing null hypothesis of no relationship 

between response and explanatory variable) with associated p-value, in addition, confidence 

intervals may be added. 
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Outcome 1 (Y=1)           [+   coefficients]             [-   coefficients]         Outcome 2 (Y=0) 

(Probability of event high, e.g. blue eyes) (Probability of event low, e.g. non-blue eyes) 
 

Figure 3.10: Basic plot diagram illustrating the effect beta coefficients for explanatory (X) 

variables effect response (Y) variable under a logistic model. 

 

Both odds ratio testing using Fisher’s Exact test and logistic regression analysis are useful for 

assessing SNP and phenotype associations.  In order to test all data thoroughly both of these 

methods have been performed.  Odds ratio (OR) with Fisher’s Exact significance testing was 

performed using PLINK v.1.07 (Purcell et al., 2007) using the ‘assoc’ function, whereby OR per 

allele (minor, A1) was returned for each SNP.  Logistic regression was performed separately 

upon both allele (minor, A1) and genotype per each SNP using the statistical software R version 

2.13.0 (R Development Core Team, 2008) with the ‘glm’ function.  For the genotype analyses the 

three potential genotype states of each SNP were analysed against all three phenotype groups in 

R v 2.13.0 (R Development Core Team, 2008) using logistic regression, followed by conversion 

into OR to allow for easier comparison of relationship effects.  The significance level for rejection 

of null hypotheses for both OR and logistic regression analysis was set at p <0.05. 
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3.7.2. Allele association results 

Allele association analyses using the odds ratio (OR) calculation with the Fisher’s Exact 

significance hypothesis test showed two SNPs that exhibited significant OR values across all 

three eye colour groups.  OCA2 SNPs rs7495174 G allele and rs4778138 C allele showed 

extremely high OR in the brown vs. non-brown eye colour group with ORs of 25.12 and 7.536 

respectively.  Conversely, these same SNP alleles showed low ORs (<0.5) in both blue vs. non-

blue and intermediate vs. non-intermediate groups, with the lowest OR of these allele 

associations being 0.052 for rs7495174 G allele and blue eyes (Table 3.18).  HERC2 SNPs 

rs1129038 (C allele), rs12913832 (A allele) and rs916977 (T allele) exhibited high ORs with the 

brown vs. non-brown eye group with 11.24, 10.66 and 5.97 respectively (Table 3.18).  This strong 

positive association with brown eye colour was also demonstrated by the extremely low OR 

values for these same SNP alleles observed in the blue vs. non-blue eye colour group, with 

0.046, 0.05 and 0.09 respectively (Table 3.18).  Other ORs of interest that were specific to only 

single eye colour groups included an OR of 2.316 with the A allele of the TYR SNP rs1393350 

and the blue vs. non-blue group (Table 3.18).  Allele association specific only to the brown vs. 

non-brown group included TYRP1 SNP rs2733832 C allele, which exhibited an OR of 2.045 and 

MYO5A SNP rs1724630 G allele with an OR of 2.504.  Intermediate vs. non-intermediate eye 

colour group also had two unique allele association relationships, the first exhibiting a high OR of 

3.8 with the T allele of MC1R SNP rs1805008 and the second with the A allele of the OCA2 SNP 

rs1800407 with an OR of 2.977 (Table 3.18). 
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Table 3.18: Odds ratio (OR) results with Fishers Exact test and accompanying p-value for all SNPs against all three phenotype groups.  Only significant 

(p<0.05) OR calculations are included.  Confidence intervals for OR calculations are included in parentheses (CI ±95%). 

       

Gene SNP A1 A2 
Blue vs. Non-Blue Int. vs. Non-Int. Brown vs. Non-Brown 

OR [CI] p-value OR [CI] p-value OR [CI] p-value 

TYR rs1393350 A G 2.316 [1.193 - 4.495] 1.67x10
-2 

- - - - 

OCA2 rs4778138 C T 0.259 [0.108 - 0.619] 1.17x10
-3 

0.353 [0.140 - 0.892] 3.23x10
-2 

7.536 [3.524 - 16.12] 1.27x10
-7 

OCA2 rs7495174 G A 0.052 [0.007 - 0.391] 3.81x10
-5 

0.178 [0.041 - 0.783] 9.73x10
-3 

25.12 [7.148 - 88.25] 2.71x10
-10 

HERC2 rs1129038 C T 0.046 [0.016 - 0.134] 4.43x10
-14 

- - 11.24 [5.593 - 22.61] 4.84x10
-13 

HERC2 rs12913832 A G 0.05 [0.017 - 0.146] 5.22x10
-13 

- - 10.66 [5.294 - 21.46] 1.93x10
-12 

HERC2 rs916977 T C 0.09 [0.031 - 0.263] 7.26x10
-8 

- - 5.97 [2.982 - 11.95] 3.00x10
-7 

OCA2 rs1800401 T C - - - - - - 

MC1R rs1805007 T C - - - - - - 

IRF4 rs12203592 T C - - - - - - 

TYRP1 rs2733832 C T - - - - 2.045 [1.108 - 3.775] 2.66x10
-2 

MC1R rs1805008 T C - - 3.8 [1.371 - 10.53] 1.12x10
-2 

- - 

SLC45A2 rs26722 T C - - - - - - 

SLC24A4 rs12896399 T G - - 0.453 [0.242 - 0.848] 1.39x10
-2 

- - 

MYO5A rs1724630 G C - - - - 2.504 [1.229 - 5.102] 1.30x10
-2 

TYR rs1042602 A C - - - - - - 

OCA2 rs1800407 A G - - 2.977 [1.232 - 7.195] 1.62x10
-2 

- - 

MC1R rs2228479 A G - - - - - - 
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Table 3.19: Odds ratio (OR) results with Fishers Exact test and accompanying p-value for all SNPs against black and brown hair phenotype groups.  Only 

significant (p<0.05) OR calculations are included.  Confidence intervals for OR calculations are included in parentheses (CI ±95%). 

Gene SNP A1 A2 
Black vs. Non-Black Brown vs. Non-Brown 

OR [CI] p-value OR [CI] p-value 

TYR rs1393350 A G 0.20 [0.05 - 0.88] 1.88x10
-2 

- - 

OCA2 rs4778138 C T 7.05 [3.05 - 16.28] 7.05x10
-6 

0.33 [0.16 - 0.67] 3.28x10
-3 

OCA2 rs7495174 G A 10.20 [4.02 - 25.85] 2.11x10
-6 

0.28 [0.12 - 0.65] 4.12x10
-3 

HERC2 rs1129038 C T 11.29 [4.34 - 29.40] 3.05x10
-8 

0.46 [0.25 - 0.87] 2.25x10
-2 

HERC2 rs12913832 A G 10.76 [4.13 - 28.03] 6.14x10
-8 

0.49 [0.26 - 0.79] 3.45x10
-2 

HERC2 rs916977 T C 6.82 [2.98 - 15.61] 5.21x10
-6 

0.41 [0.21 - 0.79] 1.14x10
-2 

OCA2 rs1800401 T C - - - - 

MC1R rs1805007 T C - - - - 

IRF4 rs12203592 T C - - - - 

TYRP1 rs2733832 C T 2.638 [1.12 - 5.81] 2.25x10
-2 

- - 

MC1R rs1805008 T C - - - - 

SLC45A2 rs26722 T C 18.11 [3.94 - 83.30] 3.98x10
-4 

0.20 [0.05 - 0.88] 3.37x10
-2 

SLC24A4 rs12896399 T G - - - - 

MYO5A rs1724630 G C - - - - 

TYR rs1042602 A C - - - - 

OCA2 rs1800407 A G - - - - 

MC1R rs2228479 A G - - - - 
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Table 3.20: Odds ratio (OR) results with Fishers Exact test and accompanying p-value for all SNPs against blonde and red hair phenotype groups.  Only 

significant (p<0.05) OR calculations are included.  Confidence intervals for OR calculations are included in parentheses (CI ±95%). 

Gene SNP A1 A2 
Blonde vs. Non-Blonde Red vs. Non-Red 

OR [CI] p-value OR [CI] p-value 

TYR rs1393350 A G - - - - 

OCA2 rs4778138 C T - - - - 

OCA2 rs7495174 G A - - - - 

HERC2 rs1129038 C T 0.24 [0.07 - 0.84] 2.05x10
-2 

- - 

HERC2 rs12913832 A G 0.23 [0.07 - 0.80] 1.22x10
-2 

- - 

HERC2 rs916977 T C - - - - 

OCA2 rs1800401 T C - - - - 

MC1R rs1805007 T C - - 11.93 [2.21 - 64.34] 1.04x10
-2 

IRF4 rs12203592 T C - - - - 

TYRP1 rs2733832 C T - - - - 

MC1R rs1805008 T C - - - - 

SLC45A2 rs26722 T C - - - - 

SLC24A4 rs12896399 T G - - - - 

MYO5A rs1724630 G C - - - - 

TYR rs1042602 A C - - - - 

OCA2 rs1800407 A G - - - - 

MC1R rs2228479 A G - - - - 
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Allele association results generated using OR testing and the Fisher’s Exact test for significance 

illustrated two SNPs that were associated with three of the four hair colour groups.  These were 

HERC2 SNPs rs1129038 and rs12913832 which exhibited an OR of 11.29 and 10.76 

(respectively) with black vs. non-black hair, 0.46 and 0.49 respectively for brown vs. non-brown 

hair, and 0.24 and 0.23 for blonde vs. non-blonde hair respectively (Table 3.19 & 3.20). 

There were four other SNPs that were commonly associated with both black vs. non-black and 

brown vs. non-brown hair colour.  OCA2 SNPs rs4778138 and rs7495174 were positively 

associated with black vs. non-black hair with ORs of 7.05 and 10.20 respectively, along with ORs 

of 0.33 and 0.28 with brown vs. non-brown hair colour respectively (Table 3.19).  The HERC2 

SNP rs916977 was also found to be associated with black vs. non-black hair colour (OR 6.82) 

and brown vs. non-brown hair colour (OR 0.41) (Table 3.19).  The final SNP exhibiting common 

associations to black vs. non-black and brown vs. non-brown hair colour groups was SLC45A2 

rs26722, with an OR of 18.11 for the black vs. non-black group (the highest OR generated in the 

allele association analysis for hair phenotype) and 0.20 for brown vs. non-brown group (Table 

3.19).  Notably all allele associations common to the black and brown hair colour groups that 

produced positive OR’s for the black vs. non-black group conversely produced negative ORs for 

the brown vs. non-brown group. 

There were three remaining SNP allele associations that were only observed with a single hair 

phenotype group.  One of which was the second highest OR observed within this analysis for hair 

colour association, seen between red vs. non-red hair colour and the MC1R SNP rs1805007, 

generating an OR of 11.93 (Table 3.20).  TYRP1 SNP rs2733832 was positively associated with 

black vs. non-black hair colour with an OR of 2.638, while TYR SNP rs1393350 was negatively 

associated with this hair colour group with an OR of 0.20 (Table 3.19). 

The logistic regression of alleles against phenotype groups provided more detail in that both 

major and minor allele were analysed for association.  The majority of the strongest results were 

seen to corroborate those observed in the odds ratio Fishers exact analysis.  A ‘strong effect’ 

referred to here is a beta estimate <-1.0/>1.0 which is indicative of a relationship of substantial 

effect between the phenotype and allele.  OCA2 SNPs rs4778138 C allele and rs7495174 G 

allele exhibit strong positive beta estimates with brown vs. non-brown eyes (β est. 2.09 and 3.21 
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respectively) and conversely, negative beta estimates with blue vs. non-blue (β est. -1.27 and -

2.76 respectively) (Table 3.21).  Both alleles of these two OCA2 SNPs showed weak negative 

beta estimates with the intermediate vs. non-intermediate eye colour group, except for the G 

allele of rs7495174 which shows a strong negative effect with a beta estimate of -1.52 (Table 

3.21). 

Three HERC2 SNPs exhibited interesting association results with beta estimates that were strong 

for both SNP alleles in brown vs. non-brown and blue vs. non-blue eye colour groups.  HERC2 

SNP rs1129038 C allele showed a significant strong negative effect for the blue vs. non-blue 

group (β est. -3.39) and an almost equivalent positive effect for the brown vs. non-brown group (β 

est. 3.26) (Table 3.21).  Conversely, the HERC2 SNP rs1129038 T allele was positively 

associated with the blue vs. non-blue group (β est. 1.19) and negatively associated with brown 

vs. non-brown group (β est. -3.66) (Table 3.21).  This strength of association response was 

almost identically replicated in the HERC2 SNP rs12913832 A allele, which exhibited a negative 

association with blue vs. non-blue group (β est. -3.22) and a positive association with brown vs. 

non-brown group (β est. 2.79) (Table 3.21).  The alternate rs12913832 G allele showed a positive 

relationship with the blue vs. non-blue group (β est. 1.02) and a negative relationship with the 

brown vs. non-brown group (β est. -3.13) (Table 3.21).  A similar scenario was seen with the 

HERC2 rs916977 T allele showing a strong positive relationship with brown vs. non-brown group 

(β est. 1.73) and negative relationship with blue vs. non-blue group (β est. -2.35), coupled with a 

negative relationship with the alternate C allele and brown vs. non-brown group (β est. -1.81) 

(Table 3.21). 

Strong association results were also observed with the MC1R SNP rs1805008, with the T allele 

being positively associated (β est. 1.19) and the alternate C allele being negatively associated (β 

est. -1.08) with intermediate vs. non-intermediate group (Table 3.21).  The OCA2 SNP rs1800407 

exhibited a similar relationship as detailed above with the A allele being positively associated with 

intermediate vs. non-intermediate group (β est. 1.16) and the alternate G allele being negatively 

associated (β est. -1.17) (Table 3.21).  The C allele of the TYR SNP rs1042602 was also 

observed as being negatively associated with the intermediate vs. non-intermediate eye colour 

group (β est. -1.34) (unique to this analysis, this relationship was not seen in the odds ratio 
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analysis above) (Table 3.21).  The C allele of SNP rs2733832 (TYRP1 gene) exhibited a strong 

negative association with the brown vs. non-brown group (β est. -1.48) as did the G allele of the 

SLC24A4 SNP rs12896399 (β est. -1.15) and the MYO5A SNP rs1724630 (β est. -1.14) (Table 

3.21), with only the latter negative relationship replicating that seen in the odds ratio analysis. 
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Table 3.21: Beta coefficient estimate outputs and p-values from logistic regression analysis performed on all SNPs using allelic data across all phenotype 

groups.  Confidence intervals accompany beta estimates in parentheses (CI ±95%).  Only significant beta estimates are presented (p<0.05). 

Gene SNP Allele 
Blue vs. non-blue Int. vs. non-int. Brown vs. non-brown 

Beta Est.[CI] p-value Beta Est.[CI] p-value Beta Est.[CI] p-value 

TYR rs1393350 A 0.80 [0.15, 1.49] 1.89x10
-2 

- - - - 

  
G -0.81 [-1.35, -0.30] 2.6x10

-3 
-0.75 [-1.29, -0.24] 5.0x10

-3
 -0.51  [-1.04, -0.01] 4.84x10

-2
 

OCA2 rs4778138 C -1.27 [-2.23, -0.46] 4.62x10
-3

 -0.96 [-1.97, -0.12] 3.94x10
-2

 2.09 [1.25, 3.05] 4.65x10
-6

 

  
T - - -0.55 [-1.06, -0.07] 2.78x10

-2
 -1.80 [-2.53, -1.17] 1.47x10

-7
 

OCA2 rs7495174 G -2.76 [-5.66, -1.172] 7.78x10
-3

 -1.52 [-3.36, -0.32] 3.92x10
-2

 3.21 [1.99, 4.77] 3.41x10
-6

 

  
A - - -0.61 [-1.08, -0.16] 8.66x10

-3
 -1.64 [-2.28, -1.08] 5.87x10

-8
 

HERC2 rs1129038 C -3.39 [-4.75, -2.29] 3.73x10
-8 

- - 3.26 [2.08, 5.07] 6.72x10
-6

 

  
T 1.19 [0.55, 1.91] 5.3x10

-4
 -0.89 [-1.51, -0.32] 3.13x10

-3
 -3.66 [-5.52, -2.41] 1.47x10

-6
 

HERC2 rs12913832 A -3.22 [-4.57, -2.13] 1.35x10
-7

 - - 2.79 [1.78, 4.21] 3.28x10
-6

 

  
G 1.02 [0.39, 1.72] 2.47x10

-3
 -0.85 [-1.48, -0.27] 5.46x10

-3
 -3.13 [-4.60, -2.06] 6.70x10

-7
 

HERC2 rs916977 T -2.35 [-3.63, -1.35] 3.68x10
-5

 - - 1.73 [1.00, 2.58] 1.45x10
-5

 

  
C - - -0.89 [-1.45, -0.37] 1.14x10

-3
 -1.81 [-2.57, -1.17] 2.46x10

-7
 

OCA2 rs1800401 T - - - - - - 

  
C -0.46 [-0.88, -0.06] 2.72x10

-2
 -0.82 [-1.27, -0.40] 2.33x10

-4
 -0.81 [-1.26, -0.38] 2.62x10

-4
 

MC1R rs1805007 T - - - - - - 

  
C -0.60 [-1.07, -0.16] 9.04x10

-3
 -0.88 [-1.38, -0.42] 2.77x10

-4
 -0.60 [-1.07, -0.16] 9.04x10

-3
 

IRF4 rs12203592 T - - - - - - 

  
C -0.52 [-1.01, -0.05] 3.22x10

-2
 -0.81 [-1.34, -0.32] 1.51x10

-3
 -0.75 [-1.26, -0.26] 3.15x10

-3
 

TYRP1 rs2733832 C - - - - 0.84 [0.17, 1.57] 1.76x10
-2

 

  
T - - - - -1.48 [-2.27, -0.79] 7.48x10

-5
 

MC1R rs1805008 T - - 1.19 [0.22, 2.26] 2.03x10
-2

 - - 

  
C - - -1.08 [-1.59, -0.61] 1.31x10

-5
 -0.65 [-1.11, -0.21] 4.21x10

-3
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Gene SNP Allele 
Blue vs. non-blue Int. vs. non-int. Brown vs. non-brown 

Beta Est.[CI] p-value Beta Est.[CI] p-value Beta Est.[CI] p-value 

SLC45A2 rs26722 T - - - - - - 

  
C - - - - - - 

SLC24A4 rs12896399 T - - -0.77 [-1.43, -0.15] 1.77x10
-2

 - - 

  
G -0.78 [-1.50, -0.10] 2.81x10

-2
 - - -1.15 [-1.94, -0.44] 2.52x10

-3
 

MYO5A rs1724630 G - - - - 0.74 [ 0.09, 1.42] 2.60x10
-2

 

  
C - - -0.77 [-1.29, -0.29] 2.30x10

-3
 -1.14 [-1.70, -0.63] 2.72x10

-5
 

TYR rs1042602 A - - - - - - 

  
C - - -1.34 [-2.12, -0.65] 3.24x10

-4
 - - 

OCA2 rs1800407 A - - 1.16 [0.24, 2.13] 1.50x10
-2

 - - 

  
G - - -1.17 [-1.71, -0.67] 9.13x10

-6
 -0.65 [-1.13, -0.20] 5.96x10

-3
 

MC1R rs2228479 A - - - - - - 

  
G - - -0.92 [-1.44, -0.44] 3.01x10

-4
 -0.85 [-1.36, -0.38] 6.56x10

-4
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Table 3.22: Beta coefficient estimate outputs and p-values from logistic regression analysis 
performed on all SNPs using allelic data across black and brown hair phenotype groups.  
Confidence intervals accompany beta estimates in parentheses (CI ±95%).  Only significant beta 
estimates are presented (p<0.05). 

Gene SNP Allele 
Black vs. Non-black Brown vs. Non-brown 

Beta Est. [CI] p-value Beta Est. [CI] p-value 

TYR rs1393350 A -1.54 [-3.39, -0.30] 4.05x10-2 
  

  
G -1.30 [-1.95, -0.72] 2.98x10-5 0.64 [0.13, 0.17] 1.56x10-2 

OCA2 rs4778138 C 1.94 [1.03, 3.04] 1.07x10-4 -1.03 [-1.78, -0.33] 5.07x10-3 

  
T -3.0 [-4.12, -2.07] 8.6x10-9 1.33 [0.78, 1.93] 4.92x10-6 

OCA2 rs7495174 G 
    

  
A -2.64 [-3.60, -1.88] 1.09x10-9 1.17 [0.68, 1.70] 6.13x10-6 

HERC2 rs1129038 C 2.50 [1.48, 3.77] 1.60x10-5 -0.69 [-1.31, -0.09] 2.57x10-2 

  
T -4.42 [-6.39, -2.99] 2.24x10-7 1.38 [0.75, 2.07] 3.91x10-5 

HERC2 rs12913832 A 2.02 [1.10, 3.13] 7.66x10-5 
  

  
G -3.74 [-5.36, -2.51] 1.92x10-7 1.20 [0.58, 1.87] 2.5x10-4 

HERC2 rs916977 T 1.81 [0.96,2.82] 1.03x10-4 -0.79 [ -1.46, -0.15] 1.64x10-2 

  
C -3.09 [ -4.32, -2.14] 1.57x10-8 1.29 [0.73, 1.91] 1.4x10-5 

OCA2 rs1800401 T 
    

  
C -1.74 [-2.35, -1.21] 1.31x10-9 0.86 [0.43, 1.31] 1.25x10-4 

MC1R rs1805007 T 
    

  
C -1.50 [ -2.09, -0.97] 1.61x10-7 0.88 [0.42, 1.38] 2.77x10-4 

IRF4 rs12203592 T 
  

1.05 [0.09, 2.20] 4.69x10-2 

  
C -1.47 [-2.12, -0.91] 1.5x10-6 0.58 [0.10, 1.08] 1.96x10-2 

TYRP1 rs2733832 C 1.15 [0.28, 2.12] 1.27x10-2 
  

  
T -2.78 [-4.02, -1.79] 8.11x10-7 1.31 [0.64, 2.06] 2.63x10-4 

MC1R rs1805008 T 
    

  
C -1.62 [-2.23, -1.08] 2.78x10-8 0.89 [0.44, 1.36] 1.77x10-4 

SLC45A2 rs26722 T 2.68 [1.11, 4.51] 1.8x10-3 
  

  
C -2.60 [-3.54, -1.86] 8.08x10-10 1.14 [0.67, 1.66] 5.47x10-6 

SLC24A4 rs12896399 T 
    

  
G -1.26 [-2.15, -0.48] 2.72x10-3 1.02 [0.31, 1.79] 6.47x10-3 

MYO5A rs1724630 G 
    

  
C -2.09 [-2.88, -1.42] 1.4x10-8 0.91 [0.42, 1.44] 4.26x10-4 

TYR rs1042602 A 
    

  
C -1.61 [-2.51, -0.85] 1.2x10-4 0.70 [0.06, 1.37] 3.52x10-2 

OCA2 rs1800407 A 
    

  
G -1.53 [ -2.15, -0.99] 1.87x10-7 0.82 [0.35, 1.31] 7.84x10-4 

MC1R rs2228479 A 
    

  
G -1.84 [-2.55, -1.23] 3.18x10-8 0.98 [0.49, 1.50] 1.43x10-4 
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Table 3.23: Beta coefficient estimate outputs and p-values from logistic regression analysis 
performed on all SNPs using allelic data across blonde and red hair phenotype groups.  
Confidence intervals accompany beta estimates in parentheses (CI ±95%).  Only significant beta 
estimates are presented (p<0.05). 

Gene SNP Allele 
Blonde vs. Non-blonde Red vs. Non-red 

Beta Est. [CI] p-value Beta Est. [CI] p-value 

TYR rs1393350 A 
    

  
G -1.94 [-2.75, -1.26] 2.61x10

-7
 -4.29 [-6.82, -2.76] 1.25x10

-5
 

OCA2 rs4778138 C 
    

  
T -1.72 [-2.45, -1.10] 3.63x10

-7
 -3.82 [-5.82, -2.54] 1.7x10

-6
 

OCA2 rs7495174 G 
  

- 
 

  
A -1.83 [-2.52, -1.24] 1.48x10

-8
 -3.25 [-4.65, -2.26] 3.5x10

-8
 

HERC2 rs1129038 C -1.30 [-2.75, -0.22] 3.79x10
-2

 
  

  
T -1.40 [-2.17, -0.74] 1.06x10

-4
 -3.05 [-4.73, -1.91] 9.79x10

-6
 

HERC2 rs12913832 A -1.33 [-2.80, -0.24] 3.51x10
-2

 
  

  
G -1.35 [-2.12, -0.68] 2.09x10

-4
 -3.01 [-4.70, -1.87] 1.38x10

-5
 

HERC2 rs916977 T 
    

  
C -1.71 [-2.46, -1.07] 1.1x10

-6
 -3.31 [ -4.98, -2.19] 1.23x10

-6
 

OCA2 rs1800401 T 
    

  
C -2.02 [-2.69, -1.44] 2.14x10

-10
 -3.42 [-4.83, -2.44] 5.39x10

-9
 

MC1R rs1805007 T 
    

  
C -2.09 [-2.86, -1.46] 3.12x10

-9
 

  
IRF4 rs12203592 T 

    

  
C -1.90 [-2.65, -1.26] 7.45x10

-8
 -3.11 [-4.51, -2.12] 1.41x10

-7
 

TYRP1 rs2733832 C 
    

  
T -1.72 [-2.65, -0.93] 7x10

-5
 -4.04 [-6.71, -2.39] 1.36x10

-4
 

       
MC1R rs1805008 T 

    

  
C -2.08 [-2.81, -1.46] 1.1x10

-9
 -4.01 [-5.98, -2.76] 3.05x10

-7
 

SLC45A2 rs26722 T 
    

  
C -1.82 [-2.48, -1.25] 5.05x10

-9
 -3.32 [-4.73, -2.34] 1.61x10

-8
 

SLC24A4 rs12896399 T 
    

  
G -2.92 [-4.42, -1.77] 1.14x10

-5
 -4.32 [-7.74, 2.39] 7.3x10

-4
 

MYO5A rs1724630 G 
    

  
C -1.75 [-2.47, -1.13] 1.97x10

-7
 -3.42 [-5.07, -2.31] 3.99x10

-7
 

TYR rs1042602 A 
    

  
C -1.95 [-2.98, -1.11] 3.25x10

-5
 -3.10 [-5.07, -1.82] 8.58x10

-5
 

OCA2 rs1800407 A 
    

  
G -2.15 [-2.94, -1.49] 3.63x10

-9
 -3.62 [-5.34, -2.48] 2.1x10

-7
 

MC1R rs2228479 A 
    

  
G -2.10 [-2.89, -1.44] 1.06x10

-8
 -3.57 [-5.30, -2.43] 3.5x10

-7
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The logistic regression analysis of individual alleles with hair colour phenotypes showed similar 

trends to those observed in the OR testing, whereby alleles were conversely associated with the 

black and brown hair colour groups.  This analysis produced a significant association between at 

least one of each SNP alleles (major and minor alleles) and all four of the hair colour phenotypes.  

The exception to this interestingly was red vs. non-red hair and rs1805007, where neither allele 

was associated with phenotype (Table 3.23), despite the OR analysis illustrating a relationship 

with a high OR (see previous).  The HERC2 rs1129038 SNP C allele was positively associated 

with black hair (β est. 2.5) and negatively associated with brown (β est. -0.69) and blonde (β est. 

-1.3) hair colour, while the T allele was positively associated with brown hair colour (β est. 1.38) 

and negatively associated with all three other hair colour groups (black - β est. -4.42, blonde - β 

est. -1.40 and red β est.-3.05) (Table 3.22 & 3.23).  Beta estimates for association between hair 

colour and the rs12913832 SNP were similar with a positive association with the A allele and 

black hair colour (β est. 2.02) and negative association with blonde hair colour (β est. -1.33) 

(Table 3.22 & 3.23).  The alternate G allele was positively associated with brown hair (β est. 

1.20) and negatively associated with the three other hair colour groups (black - β est. -3.74, 

blonde - β est. -1.35 and red β est.-3.01) (Table 3.22 & 3.23).  The T allele of HERC2 rs916977 

was positively associated with black hair colour (β est. 1.81) and negatively associated with 

brown hair colour (β est. -0.79), whereas the C allele was positively associated with brown hair 

colour (β est. 1.29) and negatively associated with the remaining three other hair colour groups 

(black - β est. -3.09, blonde - β est. -1.71 and red β est.-3.31) (Table 3.22 & 3.23). 

This pattern was repeated in the beta estimates of the OCA2 SNP rs4778138 where a positive 

association was observed between the C allele and black hair colour (β est. 1.94) and a negative 

association with brown hair colour (β est. -1.03) (Table 3.22).  Conversely the alternate allele, T, 

was positively associated with brown hair colour (β est. 1.33) and negatively associated with the 

remaining three groups (black - β est. -3.0, blonde - β est. -1.72 and red β est.-3.82) (Table 3.22 

& 3.23).  The TYRP1 SNP rs2733832 C allele was positively associated with black hair colour (β 

est. 1.15) while the alternate T allele was positively associated with brown hair colour (β est.) and 

negatively associated with the other three groups (black - β est. -2.78, blonde - β est. -1.72 and 

red β est.-4.04) (Table 3.22 & 3.23).  The SLC45A2 SNP replicated this pattern with a single 

positive association seen between the T allele and black hair colour (β est. 2.68), while the 
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alternate allele was positively associated with brown hair colour (β est. 1.14) and negatively 

associated with the remaining three groups (black - β est. -2.60, blonde - β est. -1.82 and red β 

est.-3.32) (Table 3.22 & 3.23).  The remaining nine SNPs in the marker set all showed positive 

association  with brown hair colour (β est. ranging from 1.17 to 0.64) and negative association 

with the remaining three hair colour groups (β est. ranging from -4.32 to -1.26), except for 

rs1805007 which generated no association at all with the red hair group (Table 3.22 & 3.23).  The 

associations for these last nine markers were constructed using the major alleles (high 

frequency) and likely indicates the combined effect of brown haired individuals making up the 

majority of the dataset and the alleles making up the majority of allele frequencies.  Therefore it 

would be interesting to see if these associations remained within a larger, more diverse dataset. 

 

3.7.3. Genotype association results 

All three genotypes of HERC2 SNPs rs12913832 and rs916977 demonstrated significant 

association relationships with the brown vs. non-brown eye colour group.  The homozygous A 

genotype of SNP rs12913832 resulted in an odds ratio (OR) of 6.0, with the homozygous G 

genotype giving a very low OR of 0.004, along with the heterozygote also exhibiting a low OR 

(0.14) (Table 3.24).  These results appear to be indicative of the A allele being associated with 

brown eyes and the G allele associated with lighter coloured eyes, as the presence of even one 

copy of the alternate G allele in the heterozygote genotype in the brown eye group produced a 

low OR (Table 3.24).  The only genotype of this SNP to show relationship with any of the other 

phenotype groups was the homozygous A, which showed a negative relationship with 

intermediate vs. non-intermediate group (OR 0.17) (Table 3.24).  The rs916977 SNP homozygote 

T and the heterozygote TC genotypes demonstrated extremely high ORs (23.2 and 7.1 

respectively) in the brown vs. non-brown eye colour group, with the homozygote C genotype 

resulting in a low OR (0.15) (Table 3.24).  The homozygous C genotype also resulted in a low OR 

(0.39) in the intermediate vs. non-intermediate group, whilst the TC heterozygote genotype 

produced a low OR (0.10) in the blue vs. non-blue eye colour group (Table 3.24).  These results 

indicate that at least one copy of the T allele (given the high OR for both homozygote T and 

heterozygote genotypes) of rs916977 is highly likely to be present in brown eyed individuals.  
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HERC2 SNP rs1129038 homozygote C genotype showed a positive relationship with the brown 

vs. non-brown group with a OR of 6.0, whilst having a negative relationship with the intermediate 

vs. non-intermediate eye colour group with an OR of 0.15 (Table 3.24).  The only other significant 

genotype relationship with SNP rs1129038 was the heterozygote CT genotype which formed a 

low OR (0.13) with brown vs. non-brown eye group (Table 3.24).  The results of SNP rs1129038 

genotypes in the brown vs. non-brown eye colour group suggests that the C allele has a 

relationship with brown eyes, but only when in the homozygous state.  This leads one to 

speculate that the alternate T allele may be dominant and associated with light colour eye 

phenotypes based on the homozygote C and heterozygote genotypes behaviour (not shown, 

speculation only based on genotype results available). 

The OCA2 SNP rs7495174 heterozygote (GA) genotype exhibited polar relationships with blue 

vs. non-blue and brown vs. non-brown eye colour groups, with a strong negative OR (0.07) in the 

former and an extremely high positive OR (24.1) in the latter.  The homozygote A genotype was 

significantly negatively associated with both brown vs. non-brown and intermediate vs. non-

intermediate groups with ORs of 0.19 and 0.15 respectively (Table 3.24).  The gaps in significant 

homozygote genotype relationships for this SNP across most phenotype groups makes it difficult 

to infer association relationships, however it appears that the G allele may be prominent in brown 

eyed individuals (and potentially exude dominant behaviour in the presence of the alternate A 

allele).  This suggestion is based on the polar effects observed in the heterozygote genotype 

between blue and brown eyed individuals, combined with the negative effect the homozygote A 

genotype had on the brown vs. non-brown group. 

The remainder of the genotype results did not provide strong comparative association data 

between different phenotype groups, but still exhibited several interesting results.  The 

homozygote G genotype of SNP rs1724630 (MYO5A gene) exhibited a high OR (8.5) with the 

brown vs. non-brown eye colour group, although this was the only significant genotype 

relationship observed for this SNP (Table 3.24).  The OCA2 SNP rs4778138 homozygote T 

genotype showed a very low OR (0.03) with brown vs. non-brown phenotype group (Table 3.24).  

The extreme nature of the positive OR in the MYO5A SNP and the negative OR in the OCA2 

SNP suggests that brown eyed individuals will be likely to exhibit these genotypes for SNPs 



 
 

156 
 

rs1724630 and rs4778138.  The TYRP1 SNP rs2733832 heterozygote CT and homozygote T 

genotypes both resulted in significant negative relationships with the brown vs. non-brown eye 

colour group with ORs of 0.25 and 0.15 respectively (Table 3.24).  The homozygote T and G 

genotypes of SNP rs12896399 (SLC24A4 gene) exhibited negative association relationships with 

intermediate vs. non-intermediate group (OR 0.22) and brown vs. non-brown group (OR 0.27) 

respectively (Table 3.24).  Although significant, these results do not provide much information 

about the association relationships occurring between these SNPs and phenotype groups. 

The genotype results for hair colour association mirrored those observed in the single allele OR 

analysis, with HERC2 and OCA2 SNPs featuring prominently.  The HERC2 SNP rs1129038 

heterozygote and homozygote TT genotypes were positively associated with brown hair with ORs 

7.75 (CT) and 5.83 (TT) and negatively associated with black hair with low ORs of 0.06 (CT) and 

0.01 (TT) (Table 3.25).  This trend was replicated in the rs12913832 SNP with the heterozygote 

and GG homozygote genotypes being positively associated with brown hair with ORs of 6.98 and 

4.43 respectively, and negatively with black hair colour with low ORs of 0.06 and 0.03 

respectively (Table 3.25).  HERC2 SNP rs916977 illustrated that the T allele was positively 

associated with black hair colour while the alternate C allele appeared positively associated with 

brown hair colour, with negative associations for the three remaining hair colour groups (Tables 

3.25 and 3.26).  The homozygote TT genotype had an extremely high OR of 38.67 with black hair 

colour and a low OR (0.15) with brown hair colour.  The heterozygote was also positively 

associated with black hair colour (OR 4.64), suggesting the C allele has a dominant effect (Table 

3.25).  The homozygote CC genotype gave an OR of 3.36 with brown hair colour and was 

negatively associated with black (OR 0.05), blonde (OR 0.17) and red (OR 0.03) hair colour 

(Table 3.25 and 3.26). 

The homozygote A genotype of the OCA2 SNP rs7495174 followed this pattern with a positive 

association with brown hair colour (OR 3.2) and negative association with black (OR 0.07), 

blonde (OR 0.16) and red (OR 0.04) hair colour (Table 3.25 and 3.26).  The homozygote GG and 

heterozygote genotypes were positively associated with black hair colour with high ORs of 45 

and 10.5 respectively (Table 3.25). 
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The TYRP1 SNP rs2733832 homozygote TT and heterozygote genotypes were both positively 

associated with brown hair colour (OR 5.25 and 4.9 respectively) and negatively associated with 

black hair colour (OR 0.10 and 0.19 respectively) (Table 3.25).  The homozygote CC genotype 

was negatively associated with both blonde and red hair colours with the same low OR of 0.10 

(Table 3.26).  The T allele of the MC1R SNP rs1805008 appeared positively associated with red 

hair colour, although only inferred by the heterozygote OR of 2.72, all other association results for 

this SNP were with the homozygote CC genotype which was positively associated with brown 

hair colour (OR 2.54) and negatively associated with black (OR 0.20), blonde (OR 0.12) and red 

(OR 0.01) hair colour (Table 3.25 and 3.26).  The only other MC1R SNP to achieve significant 

genotype associations was SNP rs1805007 which was positively associated with brown hair 

colour (OR 2.45) and negatively associated with black (OR 0.22) and blonde (OR 0.12) hair 

colour (Table 3.25 and 3.26).  The T allele of the SLC45A2 SNP rs26722 appears to have a 

dominant effect over the C allele as inferred by the positive association of the heterozygote 

genotype with black hair colour (OR 1.33) versus the negative association observed with the CC 

homozygote (OR 0.08) (Table 3.25).  The CC homozygote genotype was also negatively 

associated with blonde (OR 0.16) and red hair colour (OR 0.04), while being positively associated 

with brown hair colour (OR 3.10) (Table 3.25 and 3.26).  The homozygote genotypes of the 

MYO5A SNP rs1724630 were conversely positively (GG, OR 6.67) and negatively (CC, OR 0.15) 

associated with black hair colour (Table 25).  The CC genotype was also negatively associated 

with blonde (OR 0.17) and red hair (OR 0.03), while positively associated with brown hair (OR 

2.29) (Table 3.25 & 3.26).  Finally, the IRF4 SNP rs12203592 heterozygote genotype was 

positively associated with brown hair colour (OR 5.12) along with the CC homozygote genotype 

(OR 1.69), the latter of which was negatively associated with black (OR 0.23), blonde (OR 0.17) 

and red (OR 0.04) hair colour (Table 3.25 and 3.26). 

There were also several SNPs exhibiting positive associations with brown hair colour with 

conversely negative associations with the remaining three hair colour groups.  OCA2 SNP 

rs4778138 generated a high OR of 17.33 with brown hair colour while the same genotype saw a 

low OR (0.20) for black hair colour (Table 3.25).  The remaining OCA2 SNP, rs1800401, 

generated positive associations between the CC homozygote genotype and brown hair colour 

(OR 2.39) with negative associations with black (OR 0.17), blonde (OR 0.13) and red (OR 0.03) 
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hair colour (Table 3.25 and 3.26).  The SLC24A4 SNP rs12896399 GG homozygote and TYR 

SNP rs1042602 AA homozygote genotypes followed this pattern with positive associations with 

brown hair colour (OR 3 and 2.63 respectively) while being negatively associated with black (OR 

0.22 and 0.21 respectively), blonde (OR 0.04 and 0.07 respectively) and red (OR 0.04 for both) 

hair colours (Table 3.25 and 3.26).  As seen in the logistic regression analyses using both major 

and minor alleles, these latter results may be influenced by predominant allele frequencies and 

genotype counts of the brown hair colour group. 
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Table 3.24: Beta coefficient estimate outputs and p-values from logistic regression analysis performed on all SNPs using genotype data across all phenotype 
groups (only SNPs that generated significant beta estimates are shown).  Confidence intervals accompany beta estimates in parentheses (CI ±95%).  Only 
significant beta estimates are presented (p<0.05). 

Gene SNP Allele 
Blue vs. non-blue Int. vs. non-int Brown vs. non-brown 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

OCA2 rs4778138 

CC 

  
 CT 

TT -3.47 0.03 [0.00 - 0.22] 2.59x10
-3

 

OCA2 rs7495174 

GG 
 

 

 
 

GA -2.72 0.07 [0.00 - 3.46] 9.85x10
-3

 3.18 24.05 [6.76 - 115.75] 6.40x10
-6

 

AA 
 

-0.62 0.54 [0.34 - 0.85] 8.27x10
-3

 -1.64 0.19 [0.10 - 0.34] 6.28x10
-8

 

HERC2 rs1129038 

CC 

 

-1.87 0.15 [0.02 - 0.56] 1.37x10
-2

 1.87 6.5 [1.80 - 4.16] 1.37x10
-2

 

CT 

 

-2.03 0.13 [0.02 - 0.56] 1.40x10
-2

 

TT 
 

HERC2 rs12913832 

AA 

 

-1.79 0.17 [0.03 - 0.61] 1.90x10
-2

 1.79 6.0 [1.64 - 38.56] 1.90x10
-2

 

AG 
   

-1.95 0.14 [0.02 - 0.61] 1.88x10
-2

 

GG 
   

-5.58 0.00 [0.00 - 0.03] 1.08x10
-5

 

HERC2 rs916977 

TT 
 

 

2.99 23.19 [4.69 - 176.04] 8.98x10
-4

 

TC -2.27 0.10 [0.03 - 0.30] 1.35x10
-4

 1.96 7.07 [2.61 - 20.60] 1.82x10
-4

 

CC 
 

-0.95 0.39 [0.22 - 0.66] 8.68x10
-4

 -1.89 0.15 [0.07 - 0.30] 6.19x10
-7

 

OCA2 rs1800401 

TT 

   TC 

CC -0.45 0.64 [0.42 - 0.96] 3.26x10
-2

 -0.82 0.44 [0.28 - 0.67] 2.23x10
-4

 -0.82 0.44 [0.28 - 0.67] 2.23x10
-4

 

MC1R rs1805007 

TT 

   TC 

CC -0.60 0.55 [0.35 - 0.85] 9.04x10
-3

 -0.88 0.41 [0.25 - 0.66] 2.77x10
-4

 -0.60 0.55 [0.34 - 0.85] 9.04x10
-3
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Gene SNP Allele 
Blue vs. non-blue Int. vs. non-int Brown vs. non-brown 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

IRF4 rs12203592 

TT 

   TC 

CC -0.526 0.59 [0.36 - 0.95] 3.34x10
-2

 -0.85 0.43 [0.25 - 0.70] 1.16x10
-3

 -0.72 0.49 [0.29 - 0.80] 4.98x10
-3

 

TYRP1 rs2733832 

CC 

  

 
CT -1.37 0.25 [0.06 - 0.96] 4.86x10

-2 

TT -1.88 0.15 [0.03 - 0.63] 1.13x10
-2 

MC1R rs1805008 

TT 

 
  TC 

CC -1.05 0.35 [0.21 - 0.56] 2.15x10
-5 

-0.66 0.52 [0.33 - 0.80] 4.02x10
-3 

SLC45A2 rs26722 

TT 

 
  TC 

CC -0.73 0.483 [0.30 - 0.75] 1.55x10
-3 

-1.33 0.27 [0.15 - 0.44] 5.32x10
-7 

SLC24A4 rs12896399 

TT 

 

-1.52 0.22 [0.05 - 0.76] 2.25x10
-2 

 TG 

 GG -1.30 0.27 [0.10 - 0.63] 4.79x10
-3 

MYO5A rs1724630 

GG 

 
 

2.14 8.5 [1.77 - 61.73] 1.30x10
-2 

GC 
 

CC -0.83 0.44 [0.26 - 0.72] 1.58x10
-3 

-1.04 0.35 [0.20 - 0.60] 1.45x10
-4 

TYR rs1042602 

AA 

  

-1.15 0.32 [0.13 - 0.71] 8.32x10
-3 

AC 

 CC 
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Table 3.25: Beta coefficient estimate outputs and p-values from logistic regression analysis performed on all SNPs using genotype data from black and 
brown hair phenotype groups (only SNPs that generated significant beta estimates are shown).  Confidence intervals accompany beta estimates in 
parentheses (CI ±95%).  Only significant beta estimates are presented (p<0.05). 

Gene SNP Allele 
Black vs. Non-black Brown vs. Non-brown 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

OCA2 rs4778138 

CC 

 
  

 
  

CT 

TT -3.76 0.20 [0.00 - 0.16] 3.43x10
-4

 2.86 17.33 [0.01 - 1.24] 1.19x10
-2

 

OCA2 rs7495174 

GG 3.81 45 [4.83 - 1011.49] 2.21x10
-3

 

 
  

GA 2.35 10.5 [2.85 - 42.06] 4.99x10
-4

 

AA -2.71 0.07 [0.02 - 0.15] 4.54x10
-9

 1.17 3.2 [1.96 - 5.52] 9.01x10
-6

 

HERC2 rs1129038 

CC 
 

  
 

  

CT -2.86 0.06 [0.01 - 0.23] 1.68x10
-4

 2.05 7.75 [2.16 - 31.60] 2.46x10
-3

 

TT -4.52 0.01 [0.00 - 0.07] 8.38x10
-5

 1.76 5.83 [1.73 - 22.14] 6.00x10
--3

 

HERC2 rs12913832 

AA 
 

  
 

  

AG 2.76 0.06 [0.01 - 0.27] 3.31x10
-4

 1.94 6.98 [1.90 - 28.78] 4.54x10
-3

 

GG -3.66 0.03 [0.00 - 0.13] 6.26x10
-5

 1.49 4.43 [1.29 - 16.92] 2.15x10
-2

 

HERC2 rs916977 

TT 3.66 38.67 [7.07 - 284.35] 7.40x10
-5

 -1.90 0.15 [0.03 - 0.64] 1.34x10
-2

 

TC 1.54 4.64 [1.13 - 23.39] 3.98x10
-2

 
 

  

CC -2.96 0.05 [0.01 - 0.14] 5.66x10
-7

 1.21 3.36 [1.90 - 6.33] 6.96x10
-5

 

OCA2 rs1800401 

TT 

 
  

 
  

TC 

CC -1.76 0.17 [0.09 - 0.30] 1.32x10
-9

 0.87 2.39 [1.56 - 3.78] 1.06x10
-4

 

MC1R rs1805007 

TT 

 
  

 
  

TC 

CC -1.50 0.22 [0.12 - 0.38] 1.61x10
-7

 0.88 2.45 [1.52 - 3.96] 2.77x10
-4
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Gene SNP Allele 
Black vs. Non-black Brown vs. Non-brown 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

IRF4 rs12203592 

TT 

 
   

  

TC 1.63 5.12 [1.60 - 22.96] 1.30x10
-2

 

CC -1.48 0.23 [0.12 - 0.40] 1.52x10
-6

 0.53 1.69 [1.05 - 2.78] 3.34x10
-2

 

TYRP1 rs2733832 

CC 
 

  
 

  

CT -1.68 0.19 [0.04 - 0.79] 2.14x10
-2

 1.66 5.25 [1.37 - 22.90] 1.85x10
-2

 

TT -2.27 0.10 [0.02 - 0.52] 7.71x10
-3

 1.59 4.9 [1.22 - 22.32] 2.88x10
-2

 

MC1R rs1805008 

TT 

 
  

 
  

TC 

CC -1.62 0.20 [0.11 - 0.33] 2.82x10
-8

 0.93 2.54 [1.61 - 4.15] 1.08x10
-4

 

SLC45A2 rs26722 

TT 
   

 
  

TC 2.59 1.33 [2.10 - 87.86] 4.86x10
-3

 

CC -2.59 0.08 [0.03 - 0.16] 9.39x10
-10

 1.13 3.10 [1.93 - 5.18] 6.75x10
-6

 

SLC24A4 rs12896399 

TT 

 
  

 
  

TG 

GG -1.53 0.22 [0.07 - 0.53] 1.98x10
-3

 1.1 3.00 [1.34 - 7.62] 1.18x10
-2

 

MYO5A rs1724630 

GG 1.9 6.67 [1.37 - 33.22] 1.66x10
-2

 
 

  

GC 
 

  
 

  

CC -1.90 0.15 [0.07 - 0.29] 1.11x10
-7

 0.83 2.29 [1.39 - 3.90] 1.58x10
-3

 

TYR rs1042602 

AA -1.57 0.21 [0.07 - 0.50] 1.42x10
-3

 0.97 2.63 [1.21 - 6.31] 2.02x10
-2

 

AC 

 
  

 
  

CC 
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Table 3.26: Beta coefficient estimate outputs and p-values from logistic regression analysis performed on all SNPs using genotype data from blonde and red 
hair phenotype groups (only SNPs that generated significant beta estimates are shown).  Confidence intervals accompany beta estimates in parentheses (CI 
±95%).  Only significant beta estimates are presented (p<0.05). 

Gene SNP Allele 
Blonde vs. Non-blonde Red vs. Non-red 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

OCA2 rs7495174 

GG 
      

GA 
      

AA -1.84 0.16 [0.08 - 0.29] 1.55x10
-8

 -3.25 0.04 [0.01 - 0.10] 3.5x10
-8

 

HERC2 rs916977 

TT 
      

TC 
      

CC -1.75 0.17 [0.08 - 0.33] 1.18x10
-6

 -3.38 0.03 [0.01 - 0.10] 2.51x10
-6

 

OCA2 rs1800401 

TT 
      

TC 
      

CC -2.03 0.13 [0.07 - 0.23] 2.3x10
-10

 -3.42 0.03 [0.01 - 0.09] 5.39x10
-9

 

MC1R rs1805007 

TT 
      

TC 
      

CC -2.09 0.12 [0.06 - 0.23] 3.12x10-9 
   

IRF4 rs12203592 

TT 
      

TC 
      

CC -1.79 0.17 [0.08 - 0.31] 1.56x10
-7

 -3.11 0.04 [0.01 - 1.20] 1.41x10
-7

 

TYRP1 rs2733832 

CC -2.30 0.10 [0.01 - 0.52] 2.81x10
-2

 -2.30 0.10 [0.01 - 0.52] 2.81x10
-2

 

CT 
      

TT 
      

MC1R rs1805008 

TT 
      

TC 
   

2.72 15.27 [1.36 - 345.19] 3.13x10
-2

 

CC -2.13 0.12 [0.06 - 0.22] 1.43x10
-9

 -4.43 0.01 [0.00 - 0.01] 1.06x10
-5
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Gene SNP Allele 
Blonde vs. Non-blonde Red vs. Non-red 

Beta est. OR [CI] p-value Beta est. OR [CI] p-value 

SLC45A2 rs26722 

TT 
      

TC 
      

CC -1.82 0.16 [0.08 - 0.29] 5.05x10
-9

 -3.32 0.04 [0.01 - 0.01] 1.61x10
-8

 

SLC24A4 rs12896399 

TT 
      

TG 
      

GG -3.30 0.04 [0.00 - 0.17] 1.21x10
-3

 -3.30 0.04 [0.00 - 0.02] 1.12x10
-3

 

MYO5A rs1724630 

GG 
      

GC 
      

CC -1.78 0.17 [0.08 - 0.31] 2.1x10
-7

 -3.51 0.03 [0.00 - 0.01] 9.9x10
-7

 

TYR rs1042602 

AA -2.60 0.07 [0.01 - 0.25] 3.83x10
-4

 -3.33 0.04 [0.00 - 0.02] 1.06x10
-3

 

AC 
      

CC 
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3.8. Discussion 

3.8.1. Association analysis 

The association analyses performed have identified several SNPs that are significantly 

associated with hair and eye colour phenotype.  Of these significantly associated SNPs, five 

exhibited strong effects toward eye colour phenotype variation by exhibiting either strong positive 

or negative association with a specific phenotype variant.  These five SNPs are all located on 

chromosome 15, within the hect domain and RCC1-like domain 2 (HERC2) gene and the 

oculocutaneous albinism 2 (OCA2) gene.  The SNPs showing the greatest levels of association 

with hair colour typically produced polarised effects between black and brown hair colour.  As 

with eye colour, the majority of these SNPs were found within the HERC2 and OCA2 genes, 

although TYRP1 and SLC45A2 also contributed substantial associations with hair colour. 

Comparison of SNPs based on the results of the odds ratio (OR) calculation with hypothesis 

testing using Fisher’s Exact test showed that the three SNPs of the HERC2 gene (rs916977, 

rs1129038 and rs12913832) were not only all significantly associated with brown vs. non-brown 

eye colour, but that the contributed effect of each SNP to phenotype was extremely high.  The 

two other high ranking SNPs identified in the OR analysis were SNPs rs7495174 (exhibiting the 

largest OR in this analysis) and rs4778138 from the neighbouring OCA2 gene.  These SNPs also 

demonstrated a strong effect on brown vs. non-brown eye colour as exhibited by the high ORs 

observed. 

Individual allele logistic regression association analysis also saw these same five SNPs resulting 

in beta estimates indicative of highly positive or negative effects on eye colour phenotype.  The 

only variation seen here was that the HERC2 SNP rs1129038 exhibited the largest effect on 

phenotype in comparison to OCA2 rs7495174 SNP in the OR analysis.  Similar to associations 

observed with HERC2 SNPs and brown eye colour, HERC2 SNPs rs1129038, rs12913832, 

rs916977 contributed large ORs towards black hair colour, as did OCA2 SNPs rs4778138 and 

rs7495174.  However the ORs generated between SLC45A2 rs26722 and rs2733832 and black 

hair, and MC1R SNP rs1805007 with red hair contributed the largest effects towards hair colour 

phenotype observed in this analysis.  All of these substantial associations were replicated in 

logistic regression beta estimates except for that of rs1805007 and red hair. 
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The genotype logistic regression analysis results further validated the strength of effect that these 

SNPs had upon phenotype, with the genotypes of OCA2 SNP rs7495174 and HERC2 SNPs 

rs916977, rs1129038 and rs12913832 all showing strong beta estimates.  Most of these SNPs 

exhibited a polar effect between their alternate alleles and blue and brown eye colour groups, as 

would be expected of a well-associated biallelic genetic marker of significant effect when 

associated with dichotomous phenotypes.  Genotype analysis for hair colour phenotypes also 

confirmed the above SNPs association, providing a similar polar effect between brown and black 

hair colour.  The effects of TYRP1 rs2733832 and SLC45A2 rs26722 were also reinforced 

through polar associations with black and brown hair colour.  Genotype analysis also saw 

MYO5A rs1724630 contribute a significant association with alternate homozygote genotypes and 

black and brown hair colour.  The genotype logistic regression analysis did exhibit many gaps 

where SNP genotypes did not reach significance when regressed against phenotype groups, 

which may be a result of a small dataset.  The overall rate of associated genotypes may appear 

low in comparison to association values demonstrated in individual allelic analysis, but it is 

important to remember that the number of observations of each genotype state per SNP may be 

low, with some genotypes not being present at all.  The resulting low rate of significant 

association may effectively dilute or hide strong individual allele associations due to genotype 

rarity.  Similarly, analysing alleles in their genotype state also has the potential to highlight 

association patterns that may have been otherwise hidden in individual allelic analysis.  This is 

particularly the case where it may be assumed that alleles behave in an additive, dosage fashion 

toward the resulting phenotype, where this may not be the case. 

The results of the association analyses are not altogether surprising when taking into 

consideration the genes that these SNPs are located within – OCA2 and HERC2, along with 

TYRP1 and SLC45A2 for hair colour.  It has long been known that the OCA2 gene has a role in 

pigmentation, although much of this knowledge has been focussed around its role in 

oculocutaneous albinism 2 (OCA2), with one of the symptoms being lighter colouration generally 

and blue eyes (Brilliant, 2001; Lee et al., 1994; Lee et al., 1995).  Linkage analyses identified two 

regions of the OCA2 gene associated with hair and eye colouration (Mengel-From et al., 2009) 

and it is only more recently that variants of this gene have been associated with normal eye 

colour variation, specifically blue and non-blue eye colour (Bouakaze et al., 2009; Branicki et al., 
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2009; Iiada et al., 2009) and hair colour (Branicki et al., 2011; Gerstenblith, Shi, & Landi, 2010).  

Prior to investigations focussed on the HERC2 gene and eye colour, three SNPs in the OCA2 

gene were thought largely responsible for the majority of normal variation in eye colour (Duffy et 

al., 2007; Frudakis et al., 2003) and are still often found to be significantly associated with eye 

colour (Iiada et al., 2009; Sturm et al., 2008b) and hair colour (Han et al., 2008; Sulem et al., 

2007).  Two of these original OCA2 pigment associated SNPs, rs7495174 and rs4778138, are 

included within the present study and are highly associated with eye and hair colour.  Another 

OCA2 SNP of interest was rs1800407 which showed considerably strong association with 

intermediate vs. non-intermediate eye colour in both OR and logistic regression analysis, 

although no genotype state reached significance for this SNP in genotype logistic regression 

analysis.  The results for this SNP are in agreement with previous studies that also observed a 

significant association with SNP rs1800407 and green eye colour (intermediate eye colour group 

in the present study includes green eye colour) (Branicki et al., 2008b; Duffy et al., 2007; 

Rebbeck et al., 2002; Sturm et al., 2008b).  There was no significant association observed in any 

analysis between rs1800407 and hair colour, perhaps due to small minor allele frequency as 

suggested by Mengel-From et al. (2009) who found the same lack of association.  Additionally, 

MC1R rs1805008 and SLC24A4 rs12896399 were individually associated with intermediate eye 

colour, confirming results produced in earlier association studies, where rs1805008 has been 

associated with intermediate variants and rs12896399 associated with light eye colour (Frudakis 

et al., 2003; Han et al., 2008; Sulem et al., 2007).  SNP rs1805008 did show an instance of red 

hair association but only in the genotype analysis.  This SNP has been identified as one of the 

most significant mutations associated with red hair phenotypes (Branicki, Brudnik, Kupiec, 

Wolañska-Nowak, & Wojas-Pelc, 2007; Branicki et al., 2011; Rees, 2000).  MYO5A SNP 

rs1724630 and TYRP1 SNP rs2733832 were positively associated with brown eye colour along 

with TYR rs1393350 being associated with blue eye colour, all of which have been associated 

with eye colour previously (Frudakis et al., 2003; Sulem et al., 2007).  SNP rs2733832 was 

individually associated with black hair colour in the majority of association analyses performed. 

The HERC2 gene is a relatively newly discovered pigmentation gene and is thought to affect the 

pigmentation pathway somewhat indirectly, by regulating the expression of the P protein from the 

downstream OCA2 gene (Pos'piech et al., 2011; Sturm et al., 2008b).  It has further been shown 
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that a single HERC2 SNP (rs12913832) appears to have the capacity to determine blue or brown 

eye colour phenotype in humans (Eiberg et al., 2008; Sturm et al., 2008b) and influence hair 

colouration via interaction with MC1R (Branicki et al., 2009; Branicki et al., 2011).  These findings 

are preliminarily echoed in the association results of the present study, where SNP rs12913832 

showed significantly strong effects toward blue eye colour in all three association analyses.  SNP 

rs12913832 was also significantly associated with black hair colour previously (Branicki et al., 

2009; Han et al., 2008) and even more specifically, the T allele associated with brown hair and 

the C allele associated with black hair (Branicki et al., 2011), results directly reinforced here 

through alternate rs12913832 alleles being significantly associated with black vs. brown hair 

colour.  The level of phenotypic effect exhibited for rs12913832 was similar, if often exceeded, by 

the level of effect observed between SNP rs1129038 (HERC2 gene) and eye and hair 

phenotype, a scenario which was also observed by Sturm et al. (2008b).  SNP rs1129038 has 

also been linked, along with rs916977, to dark hair previously, similar to the results observed 

here (Mengel-From et al., 2009).  As discussed in the inclusion threshold testing section of this 

chapter, these two HERC2 SNPs are in almost complete linkage disequilibrium (LD) and thus 

may behave collinearly.  However, these two SNPs have also been used as a haplotype for eye 

colour prediction in previous studies (Mengel-From et al., 2010; Sturm et al., 2008b) which may 

be an option for future predictive modelling within the present study, based on the high and often 

non-identical level of effect that SNPs rs12913832 and rs1129038 have on hair and eye colour 

phenotype as demonstrated here. 

Two other genes were found to be associated with hair colour: TYRP1 and SLC45A2.  TYRP1 

plays an important role in the synthesis of eumelanin and variants have been associated with 

causing OCA3 albinism (Ito & Wakamatsu, 2010).  SLC45A2 is a membrane-associated carrier 

gene, with a speculated role in molecule transport important to melanosome function and has 

also been associated with a form of oculocutaneous albinism (OCA4) (Inagaki et al., 2006; 

Inagaki et al., 2004).  SNP variants from of SLC45A2 have been repeatedly linked to 

pigmentation including hair colour (Gerstenblith et al., 2010; Graf et al., 2005; Mengel-From et al., 

2009) , as have variants from TYRP1 (Kenny et al., 2012; Sulem et al., 2008).  The TYRP1 SNP 

rs2733832 was associated here with black vs. brown hair colour through alternate allele 

association.  The SLC45A2 SNP rs26722 was significantly associated with black hair colouration 
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across all association analyses conducted within the present study, confirming results found 

elsewhere (Branicki et al., 2011; Graf et al., 2005). 

It is also interesting to note that there were two occasions of SNP association with red hair.  The 

minor allele OR showed MC1R rs1805007 T allele as being strongly associated with red hair, 

although this was not observed in the logistic regression or genotype analyses.  The genotype 

analysis illustrated an association between the MC1R rs1805008 heterozygote (CT) genotype 

and red hair, although again this was not replicated in the other analyses.  As there are only three 

red haired individuals in this data set these results should be interpreted with caution despite 

being significant.  However they do suggest a link between the T alleles of both rs1805007 and 

rs1805008 SNPs which have been demonstrated repeatedly elsewhere as being highly penetrant 

red hair alleles as homozygotes or when present as compound heterozygotes (as all three 

participants presented as here) (Beaumont, Shekar, Cook, Duffy, & Sturm, 2008; Box et al., 

1997; Branicki et al., 2007; Sturm et al., 2003).  Further to this, these two SNP alleles are already 

employed in forensic use as part of an assay to predict red hair colour in Europe (Branicki et al., 

2007; Grimes et al., 2001).  

SNP and phenotype association analyses have resulted in a promising group of SNPs that 

demonstrate a range of effect levels toward hair and eye colour phenotype as discussed above, 

including the top associated SNPs located within the OCA2 and HERC2 genes for hair and eye 

colour, as well as TYRP1 and SLC45A2 for hair colour.  It is important to note that individual 

analyses allow no inference into epistatic relationships between both the pigmentation genes 

studied, as well as their SNPs and associated genetic variants.  There is already strong 

suggestion of an epistatic relationship existing between the HERC2 and OCA2 genes as 

discussed above.  It is likely that haplotypes will be observed when strongly associated SNPs are 

analysed for phenotype association collectively.  Due to the complicated nature of the 

pigmentation pathway, SNPs that are not significantly associated with eye colour in the present 

association analysis, may still exhibit some effect in future modelling analyses through epistatic 

effects that are not observable in single SNP association analyses. 
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3.9. Conclusions 

A suite of nineteen SNPs were analysed for association with eye and hair colour phenotype and 

have revealed many significant results.  Eye colour phenotype was split into three colour 

categories, blue vs. non-blue, intermediate vs. non-intermediate (includes green and hazel) and 

brown vs. non-brown for one hundred and one individuals.  Hair colour phenotype was split into 

four categories of black vs. non-black, brown vs. non-brown, blonde vs. non-blonde and red vs. 

non-red using the same individuals.  Genetic study best practice inclusion thresholds were 

employed which resulted in the dismissal of two of the nineteen SNPs prior to association 

analysis due to population stratification bias and failure to meet thresholds set.  Association 

analyses were then performed in three different ways: allele/phenotype odds ratio; 

allele/phenotype logistic regression and genotype/phenotype logistic regression, with significant 

results in general agreement across all analyses.  Three tiers of results were observed, with 

SNPs ranging from exhibiting either strong effects, moderate effects or low or no effect/s upon 

phenotype.  Due to the prospect of epistatic relationships and effects amongst the SNPs and 

genes investigated, all SNPs suitable for inclusion based on the inclusion threshold data were 

analysed for phenotype modelling.  Predictive phenotype modelling analysis therefore used a 

suite of seventeen SNPs, which collectively span nine genes (OCA2, HERC2, MC1R, TYR, 

TYRP1, IRF4, MYO5A, SLC24A4 and SLC45A2) which are either known, or suspected to be 

involved in the pigmentation pathway and melanogenesis. 
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Chapter 4 

 

 

Phenotype association, prediction and partition 

modelling 

 

4.1. Introduction 

4.1.1. Eye Colour Model 

Individual SNP association provides insight into the level of effect a SNP has upon a phenotype 

(as demonstrated in Chapter 3).  Individual SNP association does not offer any information 

regarding epistatic relationships amongst genetic markers that may be collectively contributing 

toward phenotype.  Hair and eye colour pigmentation are complex genetic traits with many genes 

involved (see Chapter 3) and it is important to investigate how these genes perform together 

when assessing phenotype variants.  These epistatic relationships can be revealed by identifying 

SNPs that form haplotypes capable of predicting variations of a phenotype with high probability.  

Constructing and analysing these haplotypes within a statistical model allows the generation of a 

single probability based on the collective effect of interacting SNPs upon phenotype (Cordell, 

2009; White & Rabago-Smith, 2010).  Due to the levels of linkage disequilibrium (LD) identified 

previously within the suite of SNPs being applied here (see Chapter 3) a model that excels at 

accounting for, and interpreting, SNP interaction is required. 
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The model needs to meet three key performance aspects: operate at a high probability threshold 

level (to ensure eye colour prediction is only made with high probability); accuracy (high rate of 

accuracy where predictions are made); and applicability (suitable for all observations regardless 

of ancestral background).  The threshold level needs to be set appropriately, whereby predictions 

are only made when accompanied by a high probability, but not so high that the majority of 

observations are not eligible for prediction at all.  Accuracy level is also important, as an 

inaccurate predictive model is of very little use.  Accuracy will be tested here by how many 

predictions match the hair and eye colour observations of the dataset.  Viable models will also be 

further evaluated through blind testing (analyst has no knowledge of participant’s appearance) of 

anonymous individuals in an additional small test dataset.  The final aspect of performance is of 

particular importance for developing a predictive model for forensic use in New Zealand – 

applicability.  The genetic landscape of New Zealand requires that any predictive model for 

forensic purposes must be applicable to all potential individuals, regardless of ancestral 

background.  It is then necessary to construct (and test) this model on a sample population that 

represents a random subset population of New Zealand individuals.  Once these aspects of 

performance have been met to an appropriate standard and tested, the final model can then be 

used to predict phenotypes from new anonymous blind test samples.  The practical implication of 

this work for future implementation in forensic science means that it is also preferable for the 

model to be user friendly and visually comprehensible. 

There has been a multitude of research studies investigating SNP haplotypes for eye colour 

prediction (for a selection see: Frudakis et al. (2003); Kayser et al. (2008); Sturm (2009); Sturm et 

al. (2001); Sulem et al. (2007)).  There are a more limited number of studies investigating 

prediction models for hair colour (Branicki et al., 2011; Han et al., 2008; Mengel-From et al., 

2009), although MC1R SNPs have been used to predict red hair (Branicki et al., 2007; Grimes et 

al., 2001).  To date (to the author’s knowledge) there are only a few predictive models for eye 

colour phenotype in use, some of which are discussed below to illustrate the different formats of 

these models.  There is a predictive hair colour multiplex being validated in The Netherlands 

(Branicki et al., 2011; Walsh et al., 2013), whilst there are other instances of red hair colour 

prediction being achieved by sequencing or genotyping MC1R allele presence/absence (Branicki 

et al., 2007; Grimes et al., 2001).  The models for eye colour prediction have been presented in 



 
 

173 
 

various different ways, with some publishing genotype sets for prediction, while others put forth 

defined models set up for external use and implementation.  First for discussion is ‘IrisPlex’ from 

The Netherlands (Walsh et al., 2011a), following this there is a 7-SNP system (unnamed) from 

United States of America (U.S.A.) (Spichenok et al., 2011) and the third for discussion is a 

diplotype-based analysis from Denmark (Mengel-From et al., 2010).  The model designed to 

predict all hair colour variants and the accompanying multiplex is also discussed (Branicki et al., 

2011; Walsh et al., 2013). 

‘IrisPlex’ is a six SNP multiplex (rs12913832, rs1800407, rs12896399, rs16891982, rs1393350 

and rs12203592) that predicts eye colour via a formula based upon a multinomial logistic 

regression model that was constructed using a study of almost 4000 Dutch individuals (Liu et al., 

2009).  A probability for each sample for all three eye colour groups (brown, blue and other) is 

calculated (summing to 1) and combined within a single equation to reach a final probability of 

eye colour (Liu et al., 2009; Walsh et al., 2011a).  ‘IrisPlex’ was tested upon a small, 

predominantly European data set (N: 40) at a threshold level set of 0.7, based on previous work 

(Liu et al., 2009), with accuracy for blue prediction at 91.6% and 56% for brown (Walsh et al., 

2011a).  It was stipulated that if the threshold was reduced to a probability of 0.5 the accuracy 

level would increase to 87.5% for brown while accuracy level for blue would remain unchanged at 

91.6% (Walsh et al., 2011a).  A low threshold of 0.5 was successful with the test set used, 

although a probability of 0.5 seems low for a predictive model and would increase the false 

positive rate for future applications (Liu et al., 2009).  This eye colour prediction model has since 

had hair colour associated SNPs added to it, and been renamed HIrisPlex (discussed later) 

(Walsh et al., 2013). 

The 7 SNP model can be used to predict eye and skin colour using the SNPs rs12913832, 

rs1545397, rs1426654, rs16891982, rs885479, rs6119471, and rs12203592 (Spichenok et al., 

2011).  Eye colour prediction is all we are concerned with here and of the above SNPs Spichenok 

et al. (2011) use rs12913832, rs16891982, rs12203592, rs1545397, rs885479 and rs6119471 to 

predict eye colour.  These SNPs are used to predict eye colour in an allele presence/absence 

format, where different genotypes of various SNP haplotypes are linked with phenotypes (termed 

not brown, not blue, brown and green).  These predictive haplotypes were tested on over 500 
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individuals from a range of ancestral backgrounds including Asian, African-American and 

European (Spichenok et al., 2011).  Because this method of prediction does not require a 

statistical model and no probabilities are calculated there is no threshold level, although missing 

genotype data would obviously be problematic.  This method had a low failure rate of ~1% with 

errors occurring in the European individuals only (Spichenok et al., 2011). 

The final method used SNP diplotypes and accompanying odds ratios (OR) to predict eye colour 

in almost 400 Danish individuals (Mengel-From et al., 2010).  The SNPs used include rs1129038, 

rs12913832, rs1800407 and rs11636232, which performed best when predicting eye colour 

phenotypes categorised as light and dark rather than specific iris colouration (i.e. blue, brown 

etc.) (Mengel-From et al., 2010).  These SNPs resulted in diplotypes capable of predicting dark 

eye colour with a likelihood ratio (LR) of 29.3 and an OR of 40, whilst light eye colour was 

predicted with a LR of 19.5 and an OR of 10.7 (Mengel-From et al., 2010).  These diplotypes 

were not used for actual prediction so the accuracy rate is unknown. 

Red hair has been predicted in the United Kingdom using a presence/absence test upon the 

alleles of 12 MC1R mutations (Grimes et al., 2001).  Red hair was originally predicted in the UK 

using a 12 mutation mini-sequencing reaction to determine red vs. non-red hair colour.  The 

mutations included a combination of insertions, synonymous and non-synonymous mutations, 

eight of which can be found on dbSNP (rs1805005, rs1805006, rs1805007, rs1805008, 

rs1805009, rs2228479, rs121918719 and rs57758262) with the remainder being 29insA, 

Y1520CH, I155T and 179insC (Grimes et al., 2001).  Using this technique to screen a population 

of 197 individuals of varying hair colour, it was discovered that 96% of individuals exhibiting two 

of the above MC1R mutations had red hair.  To employ this method as a predictive technique, 

two mutations suggest “very strong support” for the donor having red hair, alternately the 

presence of a single mutation is termed “inconclusive” (Grimes et al., 2001).  This method has 

not been assessed for prediction accuracy to the author’s knowledge. 

Following this Branicki et al. (2007) found two of the above MC1R alleles in particular were 

significantly associated with red hair colour, rs1805007 and rs1805008.  Homozygote individuals 

at both these alleles were all red haired as well as 96% of individuals that were heterozygotes for 

both SNPs (Branicki et al., 2007).  These two SNPs, along with nine others from the MC1R gene 
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(collectively interpreted as either the highly penetrant ‘R’ allele (Y152OCH, N29insA, rs1805006, 

rs1805007, rs1805008, rs1805009 and rs11547464) or low penetrance ‘r’ allele (rs1805005, 

rs2228479, rs1110400 and rs885479), were included in the hair colour SNP model along with a 

further 11 SNPs (HERC2 rs12913832; IRF4 rs12203592; TYR rs1042602; EXOC2 rs4959270; 

SLC45A2 rs28777, rs16891982; TYRP1 rs683; OCA2 rs1800407; SLC24A4 rs2402130; KITLG 

rs12821256; ASIP rs2378249).  A multinomial logistic regression model was used on a dataset of 

385 Polish individuals to generate hair category prediction for each sample.  Prediction accuracy 

was then assessed using area under curve (AUC) from receiver operator curve (ROC) curves, 

which statistically assesses prediction accuracy by assigning an AUC value to a prediction that 

ranges from 0.5 (random) through to 1 (100% accurate) .  The final model predicted red hair with 

greater than 0.9 accuracy, black hair colour with just under 0.9 accuracy and blonde and brown 

hair colour with just over 0.8 accuracy (Branicki et al., 2011).  These 22 SNPs were then 

incorporated into the IrisPlex system (four of which were already included in the IrisPlex system), 

collectively dubbed HIrisPlex, enabling a single method capable of predicting hair and eye colour 

simultaneously (Walsh et al., 2013). 

These models range from being implementation-ready with statistical support (‘IrisPlex’ (Walsh et 

al., 2011a) and ‘HIrisPlex’ (Walsh et al., 2013)) through to presence/absence tests with and 

without statistical support (diplotypes analysis (Mengel-From et al., 2010) and 7-SNP method 

(Spichenok et al., 2011) respectively).  SNP rs12913832 is the only SNP common to all three eye 

colour model examples, with SNP rs1800407 common to ‘IrisPlex’ and Mengel-From et al. 

(2010)’s diplotypes method.  ‘IrisPlex’ and Spichenok et al. (2011)’s 7-SNP method share both 

rs16891982 and rs12203592 in their models.  HERC2 SNP rs12913832 has previously been 

determined as a crucial SNP associated with predicting eye colour, along with rs1129038, which 

is in almost complete LD (present work, Chapter 3; (Mengel-From et al., 2010)); therefore it is no 

surprise to see this SNP feature in all eye colour models discussed.  OCA2 rs1800407 has 

previously been linked to eye colour (Branicki et al., 2009; Sturm et al., 2008b), as well as being 

associated specifically with green eye colour (Branicki et al., 2008b; Branicki et al., 2008c; Duffy 

et al., 2007).  It has also been suggested that this SNP may affect the penetrance of rs12913832 

(Sturm et al., 2008b).  SNP IRF4 rs12203592 was also commonly found and has previously been 
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associated with green or brown eye colour in haplotype form with other SNPs (Han et al., 2008; 

Liu et al., 2009) along with SLC45A2 rs16891982 (discussed further below). 

As there are only two models for hair colour prediction discussed here, inference of common 

SNP markers for hair colour prediction is limited.  However all markers employed in the 

presence/absence red hair assay (Grimes et al., 2001) were also used as part of the ‘collective’ 

markers MC1R ‘R’ and ‘r’ in the hair colour prediction model developed by Branicki et al. (2011), 

indicating that these MC1R SNPs are useful for red hair colour prediction.  Further to this, there 

were several SNP markers that were highly associated with hair colour that were also highly 

associated with eye colour (although this inference is made from a single hair colour model).  

Many of the SNPs discussed above as being common to eye colour models were found within 

the hair colour model of Branicki et al. (2011), including HERC2 rs12913832, OCA2 rs1800407, 

SLC45A2 rs16891982 and IRF4 rs12203592 and are subsequently employed in HIrisPlex (Walsh 

et al., 2013). 

SLC45A2 rs16891982 has been associated with pigmentation before and is also more often 

employed as an ancestry informative marker (AIM) (Bouakaze et al., 2009; Branicki et al., 2009; 

Graf et al., 2005; Graf et al., 2007; Valenzuela et al., 2010).  All of these SNPs, both common 

amongst eye colour models and between hair and eye colour models, were included in the 

original SNP screening set used within the present study.  SNP rs16891982 was recommended 

for removal based on Hardy-Weinberg Equilibrium deviation in data checking and inclusion 

threshold tests (see Chapter 3) and is not included in the set of SNPs being tested for model 

construction here.  It appears that the strength of rs16891982 as an AIM has been exploited for 

use as a marker predictive of dark pigmentation phenotypes (hair, eye and skin) (Branicki et al., 

2011; Han et al., 2008; Spichenok et al., 2011; Walsh et al., 2011a).  New Zealand’s cultural 

diversity and potential genetic substructure and admixture means using AIM SNPs for eye colour 

prediction is likely to increase prediction error rate as SNPs may be inherited and present via 

ancestry in later admixed populations, rather than because of hair or eye colour alone. 
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4.1.2. Partition modelling and classification trees 

Partition modelling is an analytical method used to reduce the dimensionality of detailed data, 

resulting in the association of predictor variables to response variables (Breiman, Freidman, 

Olshen, & Stone, 1984).  In essence, partition modelling asks a series of binary questions of each 

observation, grouping them based on their similarity and channels each observation to a final 

predictive class based on the responses of these questions.  This form of modelling typically 

does not require the use of all data within an observation, selecting strong predictors only by their 

ability to segregate similar observations at strategic intervals in the aim of producing 

homogenous groups (Breiman et al., 1984).  These predictors and the resulting homogenous 

groups can then be used to predict or classify new observations.  A classification tree is a simple 

and aesthetically pleasing way to present a partition model.  Each predictor of importance forms 

a branching event or split within the tree, creating a tree of multiple splits and alternate branching 

routes that result in variable terminal nodes (classes) (Cordell, 2009).  Each terminal node is 

capable of classifying observational data with an accompanying probability of likely class 

inclusion.  Tree models repeatedly bifurcate data, re-analysing it at multiple different points 

throughout the model, rather than trying to fit a strict linear model to the data, as with some 

multivariate regression models (Breiman et al., 1984).  This recursive partitioning of classifier tree 

models make them similar operationally to stepwise multiple regression models, where response 

data is reassessed with the addition/subtraction (depending on model direction) of every new 

predictor to collectively model the effect upon the response variable or phenotype (Zhang & 

Singer, 1999). 

A classification tree will be successful if built correctly upon the following three elements: split 

selection, terminal node declaration and assignation of class to a terminal node (Breiman et al., 

1984).  The splits of a tree are selected based on their ability to produce homogenous daughter 

nodes, reducing the complexity of the data in each (Cordell, 2009).  Each daughter node is then 

treated as the data pool of origin for the next split and two subsequent daughter nodes.  All of the 

remaining response variables and predictors are considered for determining the next split.  This 

branching process continues until a terminal node is declared.  The first split of the tree, often 

termed the root split or node, is decided by assessing and comparing each predictor’s 
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performance as the root split, with the predictor that produces the best ‘goodness of split’ being 

selected as the root (i.e. provides the most homogenous daughter nodes) (Breiman et al., 1984).  

‘Goodness of split’ increases as the complexity of the daughter nodes decrease, with the best 

split providing the greatest reduction in daughter group complexity (Bastone, Reilly, Rader, & 

Foulkes, 2004; Zhang, 1998).  For example, imagine SNP1 segregates the dataset into two 

groups that each consists of the majority of all individuals sharing the same phenotype (i.e. 99% 

of blue eyed individuals in one group with all other phenotype individuals in another group).  In 

this scenario SNP1 is a good predictor producing impressive ‘goodness of split’, as it increases 

the homogeneity of each daughter group, here one so more than the other.  This procedure of 

predictor assessment is repeated for all subsidiary splits.  All observations are ‘asked’ a binary 

question at each split, with the yes/no response directing their inclusion into either descendant 

node.  A node is declared terminal when further splitting will not improve the homogeneity of the 

data group (Breiman et al., 1984). 

The criteria used to designate terminal nodes must be carefully set in order to produce terminal 

nodes built upon enough response data to be accurate, but also result in enough splits to 

produce homogeneity amongst the response data within (Breiman et al., 1984).  Prematurely 

ending a branching pattern with a terminal node will result in nodes with high complexity and will 

hinder the nodes’ predictive performance for classification.  Conversely, if branching continues on 

for too long the tree will end up being too large with only a very small number of observations 

found in each terminal node (Zhang & Bonney, 2000).  This may hinder future predictions due to 

the myriad of highly specific nodes containing only single observations, giving a misclassification 

rate for the tree that would likely be zero which is unrealistic (Breiman et al., 1984; Zhang & 

Bonney, 2000). 

To summarise, unnecessary splits in large trees are unlikely to add any predictive value to the 

tree, whereas having too few splits does not utilise all of the information available within the 

observational data.  Particularly apparent in large datasets, unnecessary terminal nodes that do 

not add any value can be pruned off the final tree (Zhang & Singer, 1999).  Specific criteria can 

be set for tree ‘growth’ by imposing a minimum number of observations required for each terminal 

node, effectively restricting the tree from growing too large, avoiding the need to prune the tree.  
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The final element is assigning an appropriate class to each terminal node.  This classification is 

based on the level of homogenous response observations housed within the terminal node at the 

highest probability level.  It is then up to the user to interpret whether the resulting probabilities 

are of a suitable level to be used to future predictions (Breiman et al., 1984). 

Classification trees carry many benefits and advantages over other data analysis models.  These 

trees are built upon a set of binary response questions, the more questions the greater the 

specificity of observations grouped within the class (Breiman et al., 1984).  This simple format 

makes classification trees applicable to datasets of almost any size and many different data 

formats.  Every split of the tree focuses on selecting the best option for reducing data set 

complexity or heterogeneity, essentially providing a stepwise selection process for predictors, 

similar to that of stepwise regression models (Breiman et al., 1984; Zhang & Singer, 1999).  All 

remaining markers are then re-analysed for subsequent splits.  This stepwise method of predictor 

inclusion allows the benefit of not over-fitting the data.  Classification trees also model interaction 

effects in a manner superior to that of simple multiple regression models (Bastone et al., 2004; 

Chen, Yu, Hsing, & Therneau, 2007; Nelson, Kardia, Ferrell, & Sing, 2001).  Collinear predictors 

are neutralised when analysed together for the same split, as only one predictor is used per split, 

rather than the effect of multiple predictors together at a single point, as may occur in regression 

models.  Classification trees are easy to comprehend visually, whilst generating predictive 

outputs that are easy to understand, making them suitable for end point users with limited 

statistical knowledge. 

Classification tree models do have some disadvantages.  For instance, because classification 

trees employ only a single predictor per split, an observer may assume that those predictors 

performing splits are the only ones with an effect towards phenotype or class.  What the observer 

does not see is that all predictors are compared for their contribution to producing homogenous 

daughter nodes, and that only the best predictor is selected based on a complexity reduction 

measure (Breiman et al., 1984).  This does not mean all the other SNPs are ineffective in this 

position; they simply did not perform the best.  However, this information can be produced and 

visualised separately from the tree in report format if required.  It is important to note that there is 

an advantage to this part of the process as well, as this effectively deals with collinear markers as 
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described above earlier.  There is also another slight disadvantage with classification trees in that 

a predictor can only be used as a split once.  A SNP that is used for an early split within the tree 

will not be re-assessed for complexity reduction in further split events, a situation that also occurs 

in stepwise regression models (Breiman et al., 1984; Zhang & Singer, 1999).  Although it would 

be optimal to have all predictors re-assessed at every branching event of the model, the accuracy 

of the classifier is the most important factor.  If the terminal classification nodes perform well, the 

tree model is performing well, which is of the greatest importance (Breiman et al., 1984).  These 

disadvantages are why the dataset within the present study has been categorised in several 

different ways in order to perform different classification trees to compare model performance 

and aid selection of a final model. 

Observations that result in a probability below the threshold setting are not eligible for eye colour 

prediction and fail the threshold (e.g. an observation with a probability of 0.6 is not eligible for 

prediction at a threshold setting of Pr. 0.7 and therefore fails the threshold).  Threshold failure 

rate is calculated by the number of total observations of the dataset that fail to meet or exceed 

the threshold setting.  Accuracy rate denotes the proportion of the observations that met the 

threshold setting and were correctly called (i.e. eye colour accurately predicted).  Error rate is the 

proportion of observations that met the threshold setting but were incorrectly called (i.e. 

inaccurate eye colour prediction). 

 

4.2. Marker selection 

Many SNPs were identified as being significantly associated with a range of eye and hair colour 

phenotypes in the individual SNP/phenotype analysis earlier within this project (see Chapter 3).  

The SNPs associated with eye colour phenotypes are located within nine different known or 

suspected pigmentation genes.  SNP association with hair colour varied across the different 

association analyses performed, however SNPs within six known or suspected pigment genes 

were commonly associated with hair colour across all analyses.  Based on the beta estimates 

from the individual SNP-phenotype association testing, these SNPs have been given an 
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approximate rank based on the level of effect they exhibit across all eye and hair colour 

phenotype groups (Table 4.1 (eye colour), 4.2 and 4.3 (hair colour)). 

The high beta estimates for all of the HERC2 SNPs suggests that they may facilitate crucial early 

splits within classification trees for hair and eye colour prediction.  The high level of linkage 

disequilibrium (LD) observed between these SNPs in the inclusion threshold testing suggests that 

when applied together they could behave in a collinear fashion toward phenotype, which may 

result in not all of these SNPs being employed within classification tree models (see Chapter 3).  

Similarly, OCA2 SNPs rs7495174 and rs4778138 also exhibited relationships of high effect with 

eye colour, as well as towards hair colour to a slightly lesser degree.  These SNPs (OCA2 

rs7495174 and rs4778138) were also shown to be in LD, with LD also being observed with the 

HERC2 SNPs.  Collinear responses can be estimated using data quality checks and inclusion 

threshold testing, but it is highly likely that many epistatic relationships exist between these 

pigmentation genes and SNPs that still remain to be elucidated.  A model that assesses multiple 

predictors against a single response variable (i.e. multiple SNPs against eye colour phenotype) 

can reveal epistatic relationships that single predictor-response analysis may not.  Predictor-

predictor relationships (here SNP to SNP) may have a significant effect on either predictor’s 

relationship or association with the response variable.  It is therefore prudent to incorporate all 

SNPs that have demonstrated an association with the pigmentation phenotype in question, and 

that have passed quality control and inclusion threshold testing, into classification tree model 

assessment. 

Seventeen markers are utilised for classification tree testing with genotypes from 101 unrelated 

individuals giving an approximate total genotype dataset of ~1700 for model construction.  The 

individuals included in this analysis formed three different eye colour phenotype groups of similar 

proportions (Blue, N: 40; Brown, N: 31; and Intermediate, N: 30).  These same individuals were 

included in hair colour analysis and were classified into four phenotype groups resulting in 

unequal proportions (Brown, N: 71; Black, N: 15; Blonde, N: 12; and Red, N: 3).  
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Table 4.1: Top ranking markers selected for eye colour model analysis based on individual phenotype association.  Rank has been estimated based on beta 
estimates across all three eye colour groups.  Five further SNPs are included in model analysis but are not displayed here due to marginal phenotype effects, 
these include: TYR rs1042602, OCA2 rs1800401, MC1R rs1805007, IRF4 rs12203592 and SLC45A2 rs26722.  

A 
Rank of the SNP marker, estimated on 

combined phenotype effect; 
B 

Chromosome location of SNP; 
C 

Minor allele frequency; 
D 

Hardy-Weinberg Equilibrium p-value, testing for significant deviation 
(p-value <0.001); 

E 
Both alleles of each SNP marker. 

R
A
 Gene C

B 
SNP Position MAF

C 
HWE

D 
A

E 
Blue vs. Non Int. vs. Non Brown vs. Non 

Beta Est. [CI] p-value Beta Est. [CI] p-value Beta Est. [CI] p-value 

1 HERC2 15 rs1129038 Exon 93 
(3' UTR) 

0.342 0.183 C -3.39 
[-4.75, -2.29] 

3.73x10
-8

 - - 3.26 
[2.08, 5.07] 

6.72x10
-6

 

       T 1.19 
[0.55, 1.91] 

5.30x10
-4

 -0.89 
[-1.51, -0.32] 

3.13x10
-3

 -3.66 
[-5.52, -2.41] 

1.47x10
-6

 

2 HERC2 15 rs12913832 Intron 86 0.352 0.266 A -3.22 
[-4.57, -2.13] 

1.35x10
-7

 - - 2.79 
[1.78, 4.21] 

3.28x10
-6

 

       G 1.02 
[0.39, 1.72] 

2.47x10
-3

 -0.85 
[-1.48, -0.27] 

5.46x10
-3

 -3.13 
[-4.60, -2.06] 

6.70x10
-7

 

3 OCA2 15 rs7495174 Intron 1 0.124 0.041 G -2.76 
[-5.66, -1.172] 

7.78x10
-3

 -1.52 
[-3.36, -0.32] 

3.92x10
-2

 3.21 
[1.99, 4.77] 

3.41x10
-6

 

       A - - -0.61 
[-1.08, -0.16] 

8.66x10
-3

 -1.64 
[-2.28, -1.08] 

5.87x10
-8

 

4 HERC2 15 rs916977 Intron 12 0.243 0.105 T -2.35 
[-3.63, -1.35] 

3.68x10
-5

 - - 1.73 
[1.00, 2.58] 

1.45x10
-5

 

       C - - -0.89 
[-1.45, -0.37] 

1.14x10
-3

 -1.81 
[-2.57, -1.17] 

2.46x10
-7

 

5 OCA2 15 rs4778138 Intron 1 0.198 0.21 C -1.27 
[-2.23, -0.46] 

4.62x10
-3

 -0.96 
[-1.97, -0.12] 

3.94x10
-2

 2.09 
[1.25, 3.05] 

4.65x10
-6

 

       T - - -0.55 
[-1.06, -0.07] 

2.78x10
-2

 -1.80 
[-2.53, -1.17] 

1.47x10
-7

 

6 MC1R 16 rs1805008 Exon 1 
(Missense) 

0.085 0.139 T - - 1.19 
[0.22, 2.26] 

2.03x10
-2

 - - 

       C - - -1.08 
[-1.59, -0.61] 

1.31x10
-5

 -0.65  
[-1.11, -0.21] 

4.21x10
-3

 

7 OCA2 15 rs1800407 Exon 13 
(Missense) 

0.114 1 A - - 1.16 
[0.24, 2.13] 

1.50x10
-2

 - - 

       G - - -1.17 
[-1.71, -0.67] 

9.13x10
-5

 -0.65 
[-1.13, -0.20] 

5.96x10
-5

 

8 TYRP1 9 rs2733832 Intron 6 0.366 0.39 C - - - - 0.84 
[0.17, 1.57] 

1.76x10
-2

 

       T - - -  -1.48 
[-2.27, -0.79] 

7.48x10
-5
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R
A 

Gene C
B 

SNP Position MAF
C 

HWE
D 

A
E 

Blue vs. Non Int. vs. Non Brown vs. Non 

Beta Est. [CI] p-value Beta Est. [CI] p-value Beta Est. [CI] p-value 

9 TYR 11 rs1393350 Intron 3 0.233 0.405 A 0.80 
[0.15, 1.49] 

1.89x10
-2

 - - - - 

       G -0.81 
[-1.35, -0.30] 

2.60x10
-3

 -0.75 
[-1.29, -0.24] 

5.00x10
-

3
 

-0.51 
[-1.04, -0.01] 

4.84x10
-2

 

10 SLC24
A4 

14 rs12896399 Intergenic 0.485 0.552 T - - -0.77 
[-1.43, -0.15] 

1.77x10
-

2
 

- - 

       G -0.78 
[-1.50, -0.10] 

2.81x10
-2

 -  -1.15 
[-1.94, -0.44] 

2.52x10
-3

 

11 MYO5A 15 rs1724630 Intron 5 0.198 0.022 G - - - - 0.74 
[ 0.09, 1.42] 

2.60x10
-2

 

       C - - -0.77 
[-1.29, -0.29] 

2.30x10
-

3
 

-1.14 
[-1.70, -0.63] 

2.72x10
-5

 

12 MC1R 16 rs2228479 Exon 1 
(Missense) 

0.13 1 A - - - - - - 

       G - - -0.92 
[-1.44, -0.44] 

3.01x10
-

4
 

-0.85 
[-1.36, -0.38] 

6.56x10
-4
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Table 4.2: Top ranking markers in hair colour selected for model analysis based on individual phenotype association (Black and Brown hair colour shown).  
Rank has been estimated based on beta estimates across all four hair colour groups.  Eight further SNPs are included in model analysis but are not displayed 
here due to marginal phenotype effects, these include: TYR rs1042602 and rs1393350; OCA2 rs1800401 and rs1800407; MC1R rs2228479 and rs1805007, 
IRF4 rs12203592 and SLC24A4 rs12896399.  

A 
Rank of the SNP marker, estimated on combined phenotype effect; 

B 
Chromosome location of SNP; 

C 
Minor 

allele frequency; 
D 

Hardy-Weinberg Equilibrium p-value, testing for significant deviation (p-value <0.001); 
E 

Both alleles of each SNP marker. 

R
A
 Gene C

B
 SNP Position MAF

C
 HWE

D
 A

E 
Black vs. Non Brown vs. Non 

Beta Est. [CI] p-value Beta Est. [CI] p-value 

1 HERC2 15 rs1129038 Exon 93 

(3' UTR) 

0.342 0.183 C 2.50 [1.48, 3.77] 1.60x10
-5

 -0.69 [-1.31, -0.09] 2.57x10
-2

 

      
T -4.42 [-6.39, -2.99] 2.24x10

-7
 1.38 [0.75, 2.07] 3.91x10

-5
 

2 HERC2 15 rs12913832 Intron 86 0.352 0.266 A 2.02 [1.10, 3.13] 7.66x10
-5

 - - 

       
G -3.74 [-5.36, -2.51] 1.92x10

-7
 1.20 [0.58, 1.87] 2.5x10

-4
 

3 OCA2 15 rs4778138 Intron 1 0.198 0.21 C 1.94 [1.03, 3.04] 1.07x10
-4

 -1.03 [-1.78, -0.33] 5.07x10
-3

 

       
T -3.0 [-4.12, -2.07] 8.6x10

-9
 1.33 [0.78, 1.93] 4.92x10

-6
 

4 HERC2 15 rs916977 Intron 12 0.243 0.105 T 1.81 [0.96,2.82] 1.03x10
-4

 -0.79 [ -1.46, -0.15] 1.64x10
-2

 

       
C -3.09 [ -4.32, -2.14] 1.57x10

-8
 1.29 [0.73, 1.91] 1.4x10

-5
 

5 SLC45A2 5 rs26722 Exon3 

(Missense) 

0.043 0.082 T 2.68 [1.11, 4.51] 1.8x10
-3

 - - 

      
C -2.60 [-3.54, -1.86] 8.08x10

-10
 1.14 [0.67, 1.66] 5.47x10

-6
 

6 TYRP1 9 rs2733832 Intron 6 0.366 0.39 C 1.15 [0.28, 2.12] 1.27x10
-2

 
  

       
T -2.78 [-4.02, -1.79] 8.11x10

-7
 1.31 [0.64, 2.06] 2.63x10

-4
 

7 OCA2 15 rs7495174 Intron 1 0.124 0.041 G - - - - 

       
A -2.64 [-3.60, -1.88] 1.09x10

-9
 1.17 [0.68, 1.70] 6.13x10

-6
 

8 MYO5A 15 rs1724630 Intron 5 0.198 0.022 G - - - - 

       
C -2.09 [-2.88, -1.42] 1.4x10

-8
 0.91 [0.42, 1.44] 4.26x10

-4
 

9 MC1R 16 rs1805008 Exon 1 

(Missense) 

0.085 0.139 T - - - - 

      
C -1.62 [-2.23, -1.08] 2.78x10

-8
 0.89 [0.44, 1.36] 1.77x10

-4
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Table 4.3: Top ranking markers in hair colour selected for model analysis based on individual phenotype association (Blonde and Red hair colour shown).  
Rank has been estimated based on beta estimates across all four hair colour groups.  Eight further SNPs are included in model analysis but are not displayed 
here due marginal phenotype effects, these include: TYR rs1042602 and rs1393350; OCA2 rs1800401 and rs1800407; MC1R rs2228479 and rs1805007, 
IRF4 rs12203592 and SLC24A4 rs12896399.  

A 
Rank of the SNP marker, estimated on combined phenotype effect; 

B 
Chromosome location of SNP; 

C 
Minor 

allele frequency; 
D 

Hardy-Weinberg Equilibrium p-value, testing for significant deviation (p-value <0.001); 
E 

Both alleles of each SNP marker. 

R
A
 Gene C

B
 SNP Position MAF

C
 HWE

D
 A

E 
Blonde vs. Non Red vs. Non 

Beta Est. [CI] p-value Beta Est. [CI] p-value 

1 HERC2 15 rs1129038 Exon 93 

(3' UTR) 

0.342 0.183 C -1.30 [-2.75, -0.22] 3.79x10
-2

 - - 

      
T -1.40 [-2.17, -0.74] 1.06x10

-4
 -3.05 [-4.73, -1.91] 9.79x10

-6
 

2 HERC2 15 rs12913832 Intron 86 0.352 0.266 A -1.33 [-2.80, -0.24] 3.51x10
-2

 - - 

       
G -1.35 [-2.12, -0.68] 2.09x10

-4
 -3.01 [-4.70, -1.87] 1.38x10

-5
 

3 OCA2 15 rs4778138 Intron 1 0.198 0.21 C - - - - 

       
T -1.72 [-2.45, -1.10] 3.63x10

-7
 -3.82 [-5.82, -2.54] 1.7x10

-6
 

4 HERC2 15 rs916977 Intron 12 0.243 0.105 T - - - - 

       
C -1.71 [-2.46, -1.07] 1.1x10

-6
 -3.31 [ -4.98, -2.19] 1.23x10

-6
 

5 SLC45A2 5 rs26722 Exon3 

(Missense) 

0.043 0.082 T - - - - 

      
C -1.82 [-2.48, -1.25] 5.05x10

-9
 -3.32 [-4.73, -2.34] 1.61x10

-8
 

6 TYRP1 9 rs2733832 Intron 6 0.366 0.39 C - - - - 

       
T -1.72 [-2.65, -0.93] 7x10

-5
 -4.04 [-6.71, -2.39] 1.36x10

-4
 

7 OCA2 15 rs7495174 Intron 1 0.124 0.041 G - - - - 

       
A -1.83 [-2.52, -1.24] 1.48x10

-8
 -3.25 [-4.65, -2.26] 3.5x10

-8
 

8 MYO5A 15 rs1724630 Intron 5 0.198 0.022 G - - - - 

       
C -1.75 [-2.47, -1.13] 1.97x10

-7
 -3.42 [-5.07, -2.31] 3.99x10

-7
 

9 MC1R 16 rs1805008 Exon 1 

(Missense) 

0.085 0.139 T - - - - 

      
C -2.08 [-2.81, -1.46] 1.1x10

-9
 -4.01 [-5.98, -2.76] 3.05x10

-7
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4.3. Method 

A range of alternate trees were built and assessed in order to evaluate this method of analysis for 

eye and hair colour phenotype prediction.  Classification trees used for prediction can be in the 

format of a single binary response variable or with multiple binary response variables (Breiman et 

al., 1984).  In the present study, binary response trees would occur by categorising response 

data as a choice, where, for example, the eye colour for a given observation is either the colour 

of interest or is not (i.e. blue versus non-blue eyes).  These dichotomous response trees will most 

likely produce a higher rate of accuracy than trees predicting multiple phenotype groups, as each 

split is only concerned with bettering the probability of a node having the ability to accurately 

predict a single outcome.  Trees predicting multiple responses exhibit splits that are concerned 

with the homogeneity and predictive accuracy of multiple different daughter node groups.  The 

obvious negative implication of a tree predicting a single binary response is that it may not be 

practical as an end point analysis due to the relative limitation of information generated resulting 

in broad categories.  In the case of the present study, it is preferable that an analysis or model is 

capable of predicting each colour group via imputation into a single method.  Each tree must be 

assessed for performance across all hair and eye colour groups when set at a suitable prediction 

value threshold, as well as in the face of potential missing data and irrespective of ethnic 

background. 

In order to evaluate these issues and assess the accuracy of all available and viable models, four 

different trees for eye colour have been constructed utilising the same SNP data (N: 101, SNPs: 

17).  These include: blue vs. non-blue; brown vs. non-brown; intermediate vs. non-intermediate 

(binary response) and all eye colour (multiple response) trees.  Five different trees were 

attempted for hair colour, including: brown vs. non-brown; black vs. non-black; blonde vs. non-

blonde, red vs. non-red (binary response) and all hair colour (multiple response).  Trees have 

been constructed using R v 2.13.0 software (R Software Development Team, 2008) in genotype 

format using the ‘rpart’ and ‘partykit’ packages.  Trees that were constructed using allele format 

were also trialled, but the resulting trees did not differ from their genotype counterparts and are 

therefore not included.  Colour phenotypes were classified to suit each tree type (i.e. all blue and 

intermediate eye colour individuals were re-classified as non-brown for the brown vs. non-brown 
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eye colour tree and so on) except for the all eye and all hair colour trees.  For these trees each 

observation maintained its eye and hair colour phenotype in the form of either blue (N: 40), brown 

(N: 31) or intermediate (N: 30) for eye colour and black (N: 15), brown (N: 71), blonde (N: 12) and 

red (N: 3) for hair colour.  The focus of tree construction was to achieve the highest probability 

accuracy available for all terminal nodes as well as high levels of prediction accuracy, thus cross-

validation was kept at the default of zero, with trees pruned by setting criteria stipulating minimum 

observation levels in terminal groups.  Cross-validation is offered in order to artificially validate 

tree performance by re-sampling the entire dataset as smaller groups.  The final tree selected for 

predictive use will be validated by new (not used in model developement) anonymous test 

samples (‘blind testing’) (see Chapter 6 for model testing and optimisation) rather than cross-

validation using the original dataset used in model construction.  In order to produce terminal 

nodes of high predictive capacity, a minimum number of observations were set as a requirement 

for performing a split (N: 20), as well as a minimum number of observations within each terminal 

node (N: 3, approximately 3% of data set), both criterion are the default settings for the rpart 

command and package in R v 2.13.0 software (R Software Development Team, 2008).  

Construction parameters set at lower levels result in highly complex branching patterns and 

terminal nodes of limited accuracy and prediction capacity (Breiman et al., 1984). 

 

4.4. Results 

4.4.1. Eye Colour: Blue versus Non-Blue tree 

The blue vs. non-blue eye colour tree was constructed using 31 blue eyed individuals and 70 

non-blue individuals which resulted in 3 splits, producing 4 terminal daughter nodes (Figure 4.1).  

The 3 SNPs employed in order of split ‘depth’ were HERC2 rs1129038, TYR rs1393350 and 

SLC24A4 rs12896399.  The first split (rs1129038) resulted in a terminal node with a final 

prediction of non-blue eyes with a probability of 0.93 and was the highest probability this tree 

generated for non-blue eye colour prediction.  Observations were included in this terminal node if 

they exhibited a CC or TC genotype for rs1129038 (Figure 4.1).  Individual observations with the 

alternate TT genotype for rs1229038 were then assessed in the second split performed by 

rs1393350.  This split resulted in a terminal node that exhibited the highest prediction within the 
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tree for blue eye colour with a probability of 0.95 (Figure 4.1).  Observations with either AA or AG 

rs1393350 genotypes were classified into this terminal node, all other observations with the GG 

genotype proceeded to the final split.  The final split of this tree was rs12896399, which resulted 

in two terminal nodes.  Individuals with GT or TT genotypes led to a prediction of blue eye colour 

with a probability of 0.73.  The alternate terminal node (of GG genotypes) resulted in a non-blue 

eye colour prediction with a probability of 0.60 (Figure 4.1).  A summary of these SNP haplotypes 

and resulting eye colour predictions can be seen in Table 4.4, haplotypes 1-4. 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings: 0.6, 0.7, and 0.8 (probabilities of blue vs. non-blue eye colour of 60, 70 or 80%).  The 

predictions with probabilities that fall below the threshold were removed from the sum of total 

predictions made to assess overall prediction accuracy, as those failing the threshold are neither 

right nor wrong predictions, but unusable.  As the lowest probability generated for this tree was 

0.60 for non-blue eye colour, all predictions were eligible for use in assessment of accuracy at 

threshold 0.6.  This tree accurately predicted either blue or non-blue eye colour for 88 

observations, with 13 being incorrect out of a total of 101 observations.  This gives this tree an 

accuracy level of 87% and an error rate of 13% at a threshold of 0.6 (Table 4.5).  At a threshold 

setting of 0.7, 10 predictions fell below this level. This tree resulted in an accuracy level of 90% 

(82 predictions correct, with 9 incorrect from a sum of 91 observations) for those of the 

predictions meeting the threshold setting (Table 4.5).  The final threshold setting was the highest 

at 0.8 and resulted in 25 predictions being discarded (25% of the observations within the dataset) 

(Table 4.5).  Of the eligible remaining probabilities, this tree was accurate in 71 out of the total 76 

predictions, resulting in an accuracy level of 93% (Table 4.5).  The higher threshold 

unsurprisingly resulted in the highest level of prediction accuracy, but at the cost of 25% of 

observations being ineligible for prediction.  Accuracy level was high in both European and non-

European individuals across all 3 threshold levels (Table 4.6).  Although a small subset (15 non-

European individuals), all but one of the non-European observations were predicted correctly 

(threshold set 0.6), although two failed to meet threshold levels when set at 0.7 and 0.8 (Table 

4.6). 
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Figure 4.1: Blue versus non-blue eye colour binary response classification tree.  Circular nodes indicate split events and the SNPs responsible, with relevant 
genotypes of each split displayed on branches leading to four terminal nodes (square).  Each terminal node indicates the total number of observations 
included within (n=), as well as the proportion of blue and non-blue observations present.  Blue individuals are indicated by light grey, non-blue individuals are 
dark grey.  Beneath terminal nodes eye colour probabilities (Pr.) are listed.  
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4.4.2. Eye Colour: Brown versus Non-Brown tree 

The brown vs. non-brown eye colour tree was constructed using 31 individuals with brown eye 

colour and 70 non-brown eye colour individuals.  This dataset produced a tree with 4 splits and 5 

terminal nodes.  The SNPS responsible for these splits in order of ‘depth’ were: rs1129038 

(HERC2 gene), rs1800407 (OCA2 gene), rs12913832 (HERC2 gene) and rs1393350 (TYR 

gene).  The first split (rs1129038) resulted in a terminal daughter node which included 

observations with the TT genotype and predicted observations as being non-brown with a 

probability of 1 (Figure 4.2).  The second split was facilitated by rs1800407 which resulted in a 

terminal node predicting non-brown eye colour phenotype with a probability of 0.87 (Figure 4.2).  

Observations were included in this terminal node if they had a heterozygote genotype (GA) for 

rs1800407, all other observations with homozygote (AA or GG) genotypes proceed to the next 

split (rs12913832).  Homozygote genotypes for rs12913832 (AA or GG) result in the inclusion 

into the terminal daughter node of this split which predicts brown eye colour with a probability of 1 

(Figure 4.2).  The alternate heterozygote genotype for rs12913832 (GA) channels remaining 

observations to the final split.  The final split in this tree was facilitated by rs1393350, with two 

terminal daughter nodes predicting brown eye colour with a probability of 0.75 (GG genotype), 

whilst the alternate node predicts non-brown eye colour with a probability of 0.55 (AA and AG 

genotypes) (Figure 4.2).  A summary of these SNP haplotypes and resulting eye colour 

predictions can be seen in Table 4.2, haplotypes 5-9. 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings: 0.6, 0.7, and 0.8 (probabilities of brown vs. non-brown eye colour of 60, 70 or 80%).  As 

detailed above, only the observations above the prediction threshold were used to assess 

accuracy levels.  The threshold of 0.6 resulted in 11% (N: 11/101 predictions) of observations 

being discarded.  The remaining predictions had a 93% accuracy rate with an error rate of only 

7% (Table 4.5).  All of these statistics were replicated in the next threshold level (0.7) with the 

same number of predictions not meeting the threshold, as well as the same amount 

correct/incorrect for the remaining observations (Table 4.5).  The last threshold level (0.8) 

resulted in 27 predictions being discarded, with 97% of the remainder being accurately predicted 
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(N: 72/74) (Table 4.5).  The accuracy rate with the threshold set at 0.8 is extremely high, however 

over one quarter of observations could not be used (threshold failure rate: 27%, Table 4.5).  

Accuracy level was high in both European and non-European individuals across all 3 threshold 

levels.  Similar to what was observed in the blue vs. non-blue tree, all non-European predictions 

were correct across the 3 threshold levels used, although a small number failed to meet threshold 

levels (one observation at 0.6 and two at 0.7 and 0.8) (Table 4.6). 
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Figure 4.2: Brown versus non-brown eye colour binary response classification tree.  Circular nodes indicate split events and the SNPs responsible, with 
relevant genotypes of each split displayed on branches leading to five terminal nodes (square).  Each terminal node indicates the total number of 
observations included within (n=), as well as the proportion of brown and non-brown observations present.  Brown individuals are indicated by light grey, non-
brown individuals are dark grey.  Beneath terminal nodes eye colour probabilities (Pr.) are listed. 
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4.4.3. Eye Colour: Intermediate versus Non-Intermediate tree 

The intermediate vs. non-intermediate eye colour tree was constructed using 30 intermediate eye 

colour individuals and 71 non-intermediate eye colour individuals.  This dataset resulted in a tree 

with 4 splits and 5 terminal daughter nodes for eye colour prediction (Figure 4.3).  The splits in 

this tree were facilitated by the following SNPs in order of split ‘depth’: OCA2 rs1800407, HERC2 

rs916977, SLC24A4 rs12896399 and HERC2 rs4778138 (Figure 4.3).  The primary split was 

facilitated by rs1800407, with both daughter nodes leading to secondary splits.  Observations 

with rs1800407 heterozygote genotype (GA) lead to the daughter node to the left and the 

rs916977 split, whilst homozygote rs1800407 genotypes (GG or AA) led to the right daughter 

node and the rs12896399 split (Figure 4.3).  The rs916977 split resulted in categorisation into 

one of two terminal daughter nodes.  Genotypes of CT or TT resulted in inclusion in the first 

node, which predicted intermediate eye colour with a probability of 0.77, whilst the alternate node 

(CC genotype) predicted non-intermediate eye colour with a similar probability of 0.75 (Figure 

4.3).  The rs12896399 split resulted in a terminal daughter node that predicted non-intermediate 

eye colour with genotypes GT or TT with the highest probability observed within this tree (0.83) 

(Figure 4.3).  The alternate rs12896399 genotype (GG) led to the final split, rs4778138, which 

resulted in two terminal daughter nodes.  The homozygote TT genotype led to a prediction of 

intermediate eye colour with a probability of 0.55, whilst the alternate genotypes (CC and CT) 

resulted in a prediction of non-intermediate eye colour with a probability of 0.78 (Figure 4.3).  A 

summary of these SNP haplotypes and resulting eye colour predictions can be seen in Table 4.2, 

haplotypes 10-14. 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings: 0.6, 0.7, and 0.8 (probabilities of intermediate vs. non-intermediate eye colour of 60, 70 

or 80%).  Only the observations above the threshold were used to assess accuracy level.  With 

the probability threshold set low (0.6), 11% of the observations failed to meet the minimum 

probability prediction value and were discarded.  Of the remaining set, accuracy was calculated 

at 81% (N: 73/90) (Table 4.5).  A threshold of 0.7 revealed similar results with 12% of predictions 

removed for failure to meet the threshold and an overall prediction accuracy level of 81% (N: 
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72/89) (Table 4.5).  At the highest threshold level (0.8), 40% of the observations were discarded 

and prediction accuracy was calculated as 82% (N: 51/60 correct) (Table 4.5).  A threshold of 0.8 

produced the highest level of accuracy for this tree; however removing close to half of 

observations to achieve this makes this setting impractical.  Despite the comparatively reduced 

level of accuracy seen in the intermediate vs. non-intermediate tree (when compared to the blue 

and brown vs. non trees) this tree exhibited similar levels of accuracy for prediction in non-

European observations, although this is based on a small subset (N: 13 at thresholds 0.6 and 

0.7, N: 10 at threshold 0.8) (Table 4.6).  However, this may be due to the fact that only one of the 

non-European individuals had intermediate coloured eyes and this observation failed to meet any 

of the threshold levels, thus never underwent prediction generation. 
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Figure 4.3: Intermediate (Int.) versus non-intermediate eye colour binary response classification tree.  Circular nodes indicate split events and the SNPs 
responsible, with relevant genotypes of each split displayed on branches leading to five terminal nodes (square).  Each terminal node indicates the total 
number of observations included within (n=), as well as the proportion of intermediate and non-intermediate observations present.  Intermediate individuals 
are indicated by light grey, non-intermediate individuals are dark grey.  Beneath terminal nodes eye colour probabilities (Pr.) are listed. 
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4.4.4. All Eye Colour (AEC) tree 

The multiple response tree constructed to predict all eye colour groups was produced using 3 

sets of eye colour phenotypes: blue (N: 40), brown (N: 31), and intermediate (N: 30).  The 

resulting tree was composed of 4 splits and 5 terminal nodes (Figure 4.4).  The SNPs used to 

facilitate these splits include: rs1129038 (HERC2), rs1393350 (TYR), rs12896399 (SLC24A4) 

and rs1800407 (OCA2).  The primary split was rs1129038, where observations with the TT 

genotypes proceeded to the left branch and observations with the remaining genotypes (TC or 

CC) went to the right branch (Figure 4.4).  The left branch led to the next split, rs1393350, where 

AA or AG genotypes resulted in classification in a terminal node predicting blue eye colour with a 

probability of 0.95 (Figure 4.4).  The alternate rs1393350 genotype (GG) leads to another split 

facilitated by SNP rs12896399 which results in two terminal nodes.  Genotypes GT or TT result in 

observation classification into the left terminal node predicting blue eye colour with a probability 

of 0.73, whilst the GG genotype results in the alternate node where intermediate eye colour is 

predicted with a probability of 0.60 (Figure 4.4).  The alternate branch of the primary split 

(rs1129038 CC or TC genotypes) leads to a split facilitated by rs1800407 with two terminal 

nodes.  Homozygote genotypes (AA or GG) result in a prediction of brown eye colour with a 

probability of 0.74.  Heterozygote genotypes lead to the alternate node and result in a prediction 

of intermediate eye colour with a probability of 0.73 (Figure 4.4).  The highest prediction 

probability for blue eye colour was 0.95, produced by genotypes rs1129038 TT and rs1393350 

AG/GG.  The highest prediction probability for brown eye colour was 0.74 and achieved with 

genotypes rs1129038 CC/TC and rs1800407 AA/GG, while the highest intermediate eye colour 

prediction probability of 0.73 and was achieved by the same rs1129038 CC/TC genotypes and 

the alternate rs1800407 GA genotype (Figure 4.4).  A summary of these SNP haplotypes and 

resulting eye colour predictions can be seen in Table 4.2, haplotypes 15-20. 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings: 0.6, 0.7, and 0.8 (minimum probabilities of all eye colours at all terminal nodes).  Only 

the observations above the threshold were used to assess accuracy level.  As the lowest 

probability calculated on this tree is 0.6, all observation predictions were eligible for accuracy with 
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a threshold failure rate of 0%.  Prediction accuracy at threshold 0.6 was 77% (N: 78/101) with an 

error rate of 23% (Table 4.7).  Prediction accuracy improved to 79% (N: 72/91) when the 

threshold was increased to 0.7, with an error rate of 21%, but the threshold failure level rose to 

10% (Table 4.7).  A threshold setting of 0.8 resulted in a threshold failure rate of 78%, with 

eligible predictions having an accuracy level of 95% but based on a small set of predictions (N: 

21/22 correct) (Table 4.7).  A threshold of 0.8 is not appropriate for use, despite the high 

accuracy level, as the majority of observations were not eligible for prediction.  The accuracy 

level gained with the threshold set at 0.7 is optimal.  As this tree predicts 3 different response 

types, the accuracy level achievable was likely to be below those observed in the binary 

response trees.  This is because this tree is modelling the splits to achieve homogeneity in 3 

different classes across the branching patterns, rather than one of two possible classes in the 

binary trees. 

Closer analysis of this tree model (at threshold 0.7) shows that it correctly predicts blue eye 

colour at an accuracy rate of 89% (N: 32/36) and brown eye colour with 94% accuracy (N: 29/31), 

suggesting that the intermediate group is reducing the overall accuracy level by contributing the 

majority of prediction errors (accuracy rate of 46% (N: 11/24)) (Table 4.7).  The rs12896399 split 

resulting in two terminal nodes of intermediate (Pr. 0.60) and blue (Pr. 0.73) eye colour prediction 

contain the lowest prediction probability of the entire tree and is thus likely to make up a large 

proportion of the incorrect predictions.  It may be beneficial to treat this entire split as a single 

prediction class for light eye colour (blue or intermediate) as node probabilities for each of these 

colours sum to 1.  This could be used to improve the accuracy level, while still maintaining the 

tree’s capacity to predict all eye colour groups in addition via the different terminal nodes.  If 

interpreted in this manner, all observations classified into the terminal nodes of rs12896399 

would be predicted accurately for light eye colour as all exhibited blue or intermediate (Figure 4.4; 

haplotype 20, Table 4.4).  Accuracy remained high when comparing the predictions for European 

and non-European individuals, particularly for threshold levels 0.6 and 0.7 with 100% accuracy 

for non-Europeans at both thresholds and 71% (0.6) and 76% (0.7) for Europeans (Table 4.7).  

Threshold 0.8 resulted in a vast quantity of observations not qualifying for prediction thus the 

accuracy level here is based on a very small set of data (Table 4.7). 
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Figure 4.4: All eye colour (Blue, Brown and Intermediate (Int.)) multiple response classification tree.  Circular nodes indicate split events and the SNPs 
responsible, with relevant genotypes of each split displayed on branches leading to five terminal nodes (square).  Each terminal node indicates the total 
number of observations included within (n=), as well as the proportion of observations from all three eye colour types present.  Beneath terminal nodes eye 
colour probabilities (Pr.) are listed. 
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Table 4.4: All of the eye colour prediction haplotypes generated across all binary trees and the multiple response tree.  Each haplotype details the SNPs and 
genotype(s) involved, the resulting probability, estimated eye colour prediction and the tree the haplotype was generated in.  Only haplotypes that produced 
probabilities >0.5 are included.  

A 
haplotype identifier; 

B 
probability value.  *Note: Light haplotype is a suggested outcome of the all eye colour tree by 

combining two terminal nodes that include only blue and intermediate eye colour observations (refer to text). 

Hap
A
: SNP1 SNP2 SNP3 SNP4 Pr

B
: Prediction: Tree: 

1 rs1129038 CC/CT       0.93 Int. or Brown Blue vs. Non-Blue 

2 rs1129038 TT rs1393350 AA/AG     0.95 Blue Blue vs. Non-Blue 

3 rs1129038 TT rs1393350 GG rs12896399 GT/TT   0.73 Blue Blue vs. Non-Blue 

4 rs1129038 TT rs1393350 GG rs12896399 GG   0.6 Int. or Brown Blue vs. Non-Blue 

  
5 rs1129038 TT       1 Blue or Int. Brown vs. Non-Brown 

6 rs1129038 CC/CT rs1800407 GA     0.87 Blue or Int. Brown vs. Non-Brown 

7 rs1129038 CC/CT rs1800407 AA/GG rs12913832 AA/GG   1 Brown Brown vs. Non-Brown 

8 rs1129038 CC/CT rs1800407 AA/GG rs12913832 GA rs1393350 GG 0.75 Brown Brown vs. Non-Brown 

9 rs1129038 CC/CT rs1800407 AA/GG rs12913832 GA rs1393350 AA/AG 0.55 Blue or Int. Brown vs. Non-Brown 

  
10 rs1800407 GA rs916977 CT/TT     0.77 Int. Int. vs. Non-Int. 

11 rs1800407 GA rs916977 CC     0.75 Blue or Brown Int. vs. Non-Int. 

12 rs1800407 AA/GG rs12896399 GT/TT     0.83 Blue or Brown Int. vs. Non-Int. 

13 rs1800407 AA/GG rs12896399 GG rs4778138 TT   0.55 Int. Int. vs. Non-Int. 

14 rs1800407 AA/GG rs12896399 GG rs4778138 CC/CT   0.78 Blue or Brown Int. vs. Non-Int. 

  
15 rs1129038 CC/CT rs1800407 AA/GG     0.74 Brown All Eye Colour 

16 rs1129038 CC/CT rs1800407 GA     0.73 Int. All Eye Colour 

17 rs1129038 TT rs1393350 AA/AG     0.95 Blue All Eye Colour 

18 rs1129038 TT rs1393350 GG rs12896399 TT/GT   0.73 Blue All Eye Colour 

19 rs1129038 TT rs1393350 GG rs12896399 GG   0.6 Int. All Eye Colour 

20 rs1129038 TT rs1393350 GG rs12896399 ALL   1 Light
*
 All Eye Colour 
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Table 4.5: General performance information of all binary response trees at three different probability threshold settings.  Failure rate indicates the proportion 
of the dataset that failed the probability threshold.  Correct and incorrect prediction statistics are generated from the total number of the dataset that passed 
threshold settings. 

 
Blue vs. Non-Blue Brown vs. Non-Brown Int. vs. Non-Int. 

Threshold: 0.6 0.7 0.8 0.6 0.7 0.8 0.6 0.7 0.8 

Failed Threshold (N): 0 10 25 11 11 27 11 12 40 

Failure Rate: 0% 10% 25% 11% 11% 27% 11% 12% 40% 

Incorrect Predictions (N): 13/101 9/91 5/76 6/90 6/90 2/74 17/90 17/89 11/61 

Correct Predictions (N): 88/101 82/91 71/76 84/90 84/90 72/74 73/90 72/89 50/61 

          
Accuracy rate: 87% 90% 93% 93% 93% 97% 81% 81% 82% 

Error Rate: 13% 10% 7% 7% 7% 3% 19% 19% 18% 

 

Table 4.6: Performance information when observations are divided by alternate ancestral backgrounds, European and Non-European, for all binary response 
trees.  Three probability threshold settings were used.  Failure rate indicates the proportion of the ancestral group that failed the probability threshold.  Correct 
and incorrect prediction statistics are generated from the total number of the group that passed threshold settings. 

 
Blue vs. Non-Blue Brown vs. Non-Brown Int. vs. Non-Int. 

Threshold: 0.6 0.7 0.8 0.6 0.7 0.8 0.6 0.7 0.8 

Non-Europeans 

Failed Threshold (N): 0 2 2 1 1 2 2 2 5 

Correct Predictions (N): 14/15 13/13 13/13 14/14 14/14 13/13 13/13 13/13 10/10 

Accuracy rate: 93% 100% 100% 100% 100% 100% 100% 100% 100% 

Europeans 

Failed Threshold (N): 0 8 23 10 10 25 9 10 35 

Correct Predictions (N): 74/86 69/78 58/63 70/76 70/76 59/61 60/77 59/76 40/51 

Accuracy rate: 86% 88% 92% 92% 92% 97% 78% 78% 78% 
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Table 4.7: Performance information for the all eye colour multiple response tree at three different 
probability threshold settings.  Failure rate indicates the proportion of the dataset that failed the 
probability threshold.  Correct and incorrect prediction statistics are generated from the total 
number of the dataset that passed the probability threshold settings.  Model performance 
accuracy is also analysed for each eye colour category and in relation to ancestral background, 
European and Non-European. 

All Eye Colour Tree (Blue, Brown & Int.) 

Threshold: 0.6 0.7 0.8 

Failed Threshold (N): 0 10 79 

Failure Rate: 0% 10% 78% 

Incorrect Prediction (N): 23/101 19/91 1/22 

Correct Prediction (N): 78/101 72/91 21/22 

Accuracy: 77% 79% 95% 

Error Rate: 23% 21% 5% 

Category Accuracy 

Blue eyes 80% (32/40) 89% (32/36) 100% (21/21) 

Brown eyes 94% (29/31) 94% (29/31) - (0/0) 

Intermediate eyes 57% (17/30) 46% (11/24) 0% (0/1) 

Ancestry Accuracy 

Non-Europeans 100% (15/15) 100% (13/13) 100% (1/1) 

Europeans 71% (55/78) 76% (59/78) 95% (19/20) 

 

4.4.5. Probability comparison and prediction using eye colour trees 

Binary response trees generally reached higher levels of prediction accuracy across all 

probability threshold settings when compared to the tree capable of predicting all eye colours at 

once.  In order to make the binary trees and the all eye colour tree more comparable, the 

probabilities of each eye colour versus non-eye colour tree were combined to collectively make a 

joint prediction.  The highest eye colour probability was taken along with the non-eye colour 

values of the alternate two eye colour vs. non-eye colour trees to give eye colour prediction 

(Table 4.8).  For example: probability of blue eyes vs. non-blue being Pr. 0.95, with the results of 

brown vs. non-brown and intermediate vs. non-intermediate being non-brown Pr. 1 and non-

intermediate 0.75, giving a collective prediction of blue eyes (Table 4.8).  Predictions were based 

on the probabilities of all three trees where available, although a single positive probability 

coupled with an alternate ‘non’ probability was also accepted as a prediction.  Instances where 

only two non-eye colour probabilities were available and no probability for the eye colour itself 
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meant that a tentative prediction was made (termed ‘likely’).  A prediction was unable to be 

constructed if only one tree value was available for an observation, deemed a threshold failure in 

this model. 

The probability threshold was set at 0.7.  This threshold was set based on the results of the 

binary response tree threshold assessments.  A threshold of 0.7 provided the best balance of 

accuracy level and sample inclusion.  Threshold 0.6 allowed most samples to be applied to the 

model, but prediction accuracy was low, whereas a threshold of 0.8 saw a high level of prediction 

accuracy but the majority of samples were not applicable for model inclusion and prediction.  This 

method of prediction using all 3 binary trees gave an accuracy level of 80% (N: 73/91), however 

this includes the ‘likely’ predictions which have less statistical affirmation (Table 9).  Failure rate 

was 10% with an overall error in prediction rate of 20% (Table 4.9).  Brown eye colour had the 

highest group level accuracy with 97%, followed by blue with 89% and intermediate with 43% 

(Table 4.9).  Eye colour of non-European and European ancestry individuals were predicted 

accurately at a level of 93% in the former and 80% in the latter (Table4.9).  Accuracy level 

increased upon removal of the ‘likely’ predictions (as threshold failures) to 84%, with an increase 

threshold failure rate of 24% (Table 4.9).  Blue and brown eye colour categories decreased in 

accuracy rate following ‘likely’ prediction removal (blue eyes: 89% to 86%; brown eyes: 97% to 

96%), but the intermediate eye colour group was predicted at an increased rate of accuracy (43% 

to 56%) (Table 4.9).  Non-European and European individuals had eye colour predicted with 

similar accuracy to that exhibited with the ‘likely’ predictions included (Table 4.9). 

The probability comparisons made here across three different trees are not statistically definitive, 

however they do offer an approximate comparison with the “all eye colour” tree as to how the 

binary trees compare when interpreted collectively.  Comparison between the all eye colour tree 

(at threshold 0.7) and the collective binary predictions show that the difference in overall 

accuracy is only a single percent, with the all eye colour tree having an accuracy rate of 79% and 

the binary collective rate being 80% (including the ‘likely’ predictions) (Tables 4.7 and 4.9).  Both 

models had a threshold failure rate of 10% (Tables 4.7 and 4.9).  Eye colour prediction accuracy 

per group was similarly matched (Tables 4.7 and 4.9), with intermediate eye colour again being 

the category most likely to be incorrectly predicted (Tables 4.9).  Both models performed well 
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when prediction accuracy was compared based on ancestry.  Eye colour of Non-Europeans was 

predicted at 100% and 93% accuracy and Europeans at 76% and 80% in the all eye colour tree 

and collective binary trees respectively (Tables 4.7 and 4.9). 
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Table 4.8: Prediction estimates based on the combined probabilities of all binary response eye 
colour trees.  Prediction is decided by the highest probability of eye colour, combined with (where 
possible) the two alternate non-eye colour probabilities giving a probability from each binary tree.  
Prediction estimates were then compared to observed phenotype.  ‘Likely’ predictions (in bold) 
indicate predictions estimated by default alternate phenotype through two non-eye colour 
probabilities.  Prediction estimates were only made with probabilities <0.7 which are included 
above in parentheses.  Probabilities not used are indicated by a dash within the table.  

A 

observation number, indicating the same individual across all trees. 

Ob
A
: Prediction: Alternate 1: Alternate 2: 

Eye 
Colour: 

Correct: 

1 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

2 Likely Blue Non-Brown (1) Non-Intermediate (0.78) Blue YES 

3 - - - Int./Green FAIL 

4 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

5 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

6 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

7 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

8 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

9 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

10 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Int./Green NO 

11 - - - Int./Green FAIL 

12 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

13 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

14 Blue (0.95) Non-Brown (1) Non-Intermediate (0.75) Blue YES 

15 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

16 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

17 Likely Blue Non-Brown (1) Non-Intermediate (0.75) Blue YES 

18 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

19 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.78) Int./Green NO 

20 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

21 - - - Int./Green FAIL 

22 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

23 Blue (0.73) Non-Brown (1) Non-Intermediate (0.75) Blue YES 

24 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

25 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

26 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Int./Green NO 

27 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

28 - - - Int./Green FAIL 

29 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

30 - - - Brown FAIL 

31 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Blue NO 

32 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

33 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

34 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Blue NO 
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35 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Int./Green NO 

36 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

37 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

38 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

39 Blue (0.95) Non-Brown (1) Non-Intermediate (0.78) Blue YES 

40 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

41 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

42 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

43 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

44 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

45 Likely Int. Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

46 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

47 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

48 Blue (0.95) Non-Brown (1) Non-Intermediate (0.75) Blue YES 

49 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

50 Brown (1) (Non-Blue 0.93) Non-Intermediate (0.78) Brown YES 

51 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Int./Green NO 

52 - - - Blue FAIL 

53 - - - Int./Green FAIL 

54 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

55 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

56 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

57 Blue (0.95) Non-Brown (1) - Blue YES 

58 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Blue NO 

59 - - - Blue FAIL 

60 Blue (0.95) Non-Brown (1) - Blue YES 

61 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Blue NO 

62 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

63 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Int./Green NO 

64 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

65 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

66 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

67 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

68 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

69 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

70 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Int./Green NO 

71 - - - Int./Green FAIL 

72 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

73 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

74 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

75 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 
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76 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

77 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

78 Blue (0.95) Non-Brown (1) - Blue YES 

79 
Brown 
(0.75) 

(Non-Blue 0.93) Non-Intermediate (0.78) Brown YES 

80 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

81 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 

82 - - - Int./Green FAIL 

83 Likely Blue Non-Brown (1) Non-Intermediate (0.75) Int./Green NO 

84 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

85 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.78) Brown YES 

86 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

87 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.78) Int./Green NO 

88 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

89 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.78) Brown YES 

90 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Int./Green NO 

91 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Int./Green NO 

92 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Brown NO 

93 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Int./Green NO 

94 Brown (1) Non-Blue (0.93) Non-Intermediate (0.78) Brown YES 

95 
Likely 
Brown 

Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

96 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

97 Brown (1) Non-Blue (0.93) Non-Intermediate (0.83) Brown YES 

98 Blue (0.95) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

99 
Brown 
(0.75) 

Non-Blue (0.93) Non-Intermediate (0.83) Int./Green NO 

100 Blue (0.73) Non-Brown (1) Non-Intermediate (0.83) Blue YES 

101 Int. (0.77) Non-Blue (0.93) Non-Brown (0.87) Int./Green YES 
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Table 4.9: Prediction estimates based on accumulated binary response tree probabilities 
(detailed in Table 4.6).  Failure rate indicates the proportion of the dataset that failed to reach 
probability threshold of 0.7 or observations that only had a single probability from all three binary 
trees.  Correct and incorrect prediction statistics are generated from the total number of the 
dataset that passed these threshold settings.  All statistics are generated both including and 
excluding the ‘likely’ prediction estimates (where only two non-eye colour probabilities were 
available).  Model performance accuracy is also analysed for each eye colour category and for 
observations of European and Non-European ancestral background. 

Collective Binary Trees inc. 'likely' ex. 'likely' 

Failed Threshold: 10 24 

Failure Rate: 10% 24% 

Incorrect Prediction: 18/91 12/77 

Correct Prediction: 73/91 65/77 

Accuracy: 80% 84% 

Error Rate: 20% 16% 

Category Accuracy: 

Blue eyes 89% (34/38) 86% (31/36) 

Brown eyes 97% (29/30) 96% (24/25) 

Intermediate eyes 43% (10/23) 56% (9/16) 

Ancestry Accuracy: 

Non-Europeans 93% (14/15) 92% (12/13) 

Europeans 80% (69/86) 83% (53/64) 
 

 

4.4.6. Eye Colour: Incorrect prediction analysis 

Observations commonly predicted incorrectly across all eye colour trees were investigated to 

determine whether similarities or patterns occurred amongst them.  This comparison was 

performed on the statistics of all trees generated at threshold setting 0.7.  Intermediate eye colour 

observations produced the most errors across all trees and because of this intermediate 

observations that were predicted incorrectly are not investigated further here.  Only two brown 

and four blue eyed observations failed prediction in the all eye colour tree.  Of these same 

observations, two blue eyed individuals were correctly predicted as non-brown in the brown vs. 

non-brown tree only, the remaining two blue individuals were correctly predicted as non-

intermediate in the intermediate vs. non-intermediate tree only, with a single brown eyed 

individual predicted correctly as non-blue in the blue vs. non-blue tree and a final brown eyed 

observation predicted correctly in both intermediate (non-intermediate) and blue (non-blue) vs. 
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non trees (Table 4.10).  These individuals did not exhibit identical genotype haplotypes for the 

SNPs responsible for tree splits, nor had any missing genotype data.  Examination of these 

individual’s location on the multidimensional scaling (MDS) eye colour analysis (constructed in 

Chapter 3) illustrated an interesting pattern in the four blue eyed individuals that were repeatedly 

predicted incorrectly.  To briefly re-summarise the results of the MDS plot coded for eye colour, it 

was observed that the majority of blue eyed individuals fell on the western quadrants of the plot, 

with only a few on the eastern quadrants.  The eastern quadrants of the plot housed the majority 

of brown eyed individuals and some intermediate eye coloured individuals (refer to figure 3.5, 

Chapter 3).  All four incorrectly predicted blue eyed individuals fell to the eastern side of the plot 

and are the only four blue eyed individuals located in the eastern quadrants of the plot (Figure 

4.5).  The two incorrectly predicted brown eyed individuals are located in the north eastern 

quadrant of the plot illustrating nothing out of the ordinary in their plot placement for brown eye 

colour (Figure 4.5).  Investigation of the four blue individuals showed that they were the only blue 

eyed observations that exhibited heterozygote genotypes for SNP rs1129038, as opposed to the 

typical homozygote TT for blue eyed individuals.  As this SNP is the root split for the majority of 

trees, it is therefore no surprise that these blue eyed individuals were incorrectly predicted, as a 

heterozygote is often estimated as being intermediate or even brown eyed phenotype in the 

present tree models. 
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Figure 4.5: MDS eye colour plot (constructed in Chapter 3) illustrating 4 blue and 2 brown eye 
coloured observations that were frequently predicted incorrectly across classification trees.  
These individuals are illustrated with red dots, the 4 blue eyed individuals are in the South-East 
quadrant and the 2 brown individuals are in the North-East quadrant. 

 

Table 4.10: Eye colour comparison of 6 individuals consistently predicted incorrectly across 
different classification trees.  This comparison is based on all trees at a probability threshold 
setting of 0.7.  Shading indicates incorrect predictions, bold indicates correct predictions.  
A
observation number within the dataset. 

Ob
A
: 

Eye 

Colour: 

Classification tree predictions 

All eye colour Blue vs. non Brown vs. non Int. vs. non 

30 Brown Int. non-Blue non-Brown non-Int. 

31 Blue Int. non-Blue non-Brown Int. 

34 Blue Brown non-Blue Brown non-Int. 

58 Blue Int. non-Blue non-Brown Int. 

61 Blue Brown non-Blue Brown non-Int. 

92 Brown Int. non-Blue non-Brown Int. 
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All individual observations that failed to meet prediction threshold settings were assessed for any 

missing genotype data.  The majority of missing genotype data for these individuals was 0, with a 

few instances where the frequency of missing genotype data was 0.05, thus ‘missingness’ did not 

appear to have a causative role in threshold failure.  Similarly, the observations that failed to 

meet the lower thresholds also did not exhibit genotypes in common with each other, with only a 

few different sets of genotypes (i.e. 1 or 2 SNPs) being common amongst a few different pairs of 

individuals within the group.  Therefore no obvious pattern was observed that accounted for 

threshold failure other than the differences in genotypes across split SNPs as demonstrated in 

Figure 4.5. 

 

4.4.7. Hair Colour: Black versus Non-Black tree 

The black vs. non-black hair colour tree was created using 15 black haired individuals and 86 

non-black haired individuals and formed a tree comprising of one split.  The SNP used to perform 

this split was the HERC2 SNP rs1129038.  This single split produced two terminal nodes, one 

predicting black hair colour with a probability of 0.67 and non-black hair with 0.33, while the other 

node predicted non-black hair colour with a probability of 0.94 and black hair with a probability of 

0.06 (Figure 4.6).  Observations were included in the former terminal node if they exhibited the 

homozygous C genotype, while homozygous T and heterozygote genotypes resulted in inclusion 

in the latter terminal node (Figure 4.6). 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings of 0.6, 0.7 and 0.8.  As only two prediction probabilities were generated from this single-

split tree, the different thresholds tested essentially dropped out the prediction of black hair colour 

at 0.7 and 0.8 as only the non-black hair colour probability is eligible for model inclusion at these 

two higher threshold settings.  At a threshold setting of 0.6, both probabilities are eligible for 

model inclusion and accuracy testing.  Accuracy of prediction at this level was high at 90% with a 

prediction error rate of 10% (Table 4.11).  At threshold settings 0.7 and 0.8 this tree model 

showed identical performance statistics with the non-black hair colour predictions with a threshold 

failure rate of 15% and an accuracy rate of 94%, with a 6% error rate (Table 4.11).  The majority 
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of non-European individuals failed the threshold settings of 0.7 and 0.8 making it difficult to 

assess predictive performance on non-European individuals at these settings, however, at a 

threshold setting of 0.6 prediction accuracy in non-European individuals was high at 92% (Table 

4.12).  Prediction accuracy for black vs. non-black hair colour was also high in Europeans, 

particularly in the latter two threshold settings (Table 4.12). 

 

4.4.8. Hair Colour: Brown versus Non-Brown Tree 

The brown vs. non-brown hair colour tree was created using 71 brown haired and 30 non-brown 

haired individuals and, as with the black vs. non-black hair colour tree, produced a tree 

composed of a single split.  This split was facilitated by the same single SNP employed in the 

black vs. non-black tree, the HERC2 SNP rs1129038.  Two terminal nodes were created from 

this split, one predicting brown hair colour with a probability of 0.78 and the other predicting non-

brown with a probability of 0.23, whilst the alternate terminal node predicted non-brown hair 

colour with a probability of 0.67 and brown hair colour with a probability of 0.33 (Figure 4.7).  

Observation inclusion in the former terminal node was the result of a homozygous T or 

heterozygote genotype at this split, while the homozygous C genotype resulting in inclusion into 

the latter node (Figure 4.7). 

Prediction accuracy was tested on the entire dataset at three different probability threshold 

settings of 0.6, 0.7 and 0.8.  As neither of terminal nodes produced probabilities greater than 0.8, 

this threshold setting is irrelevant for testing here.  All observations were eligible for model 

prediction at the first threshold setting of 0.6 with zero threshold failures.  At this threshold setting 

prediction accuracy rate was at 75% with an error rate of 25% (Table 4.11).  Accuracy rate 

climbed to 80% with an error rate of 20% when threshold was raised to 0.7, however the 

threshold failure rate was 15% (Table 4.11).  The majority of non-European individuals failed the 

threshold settings of 0.7 making it difficult to assess predictive performance on non-European 

individuals at this setting; however, at a threshold setting of 0.6, prediction accuracy in non-

European individuals was high at 80% (Table 4.12).  This accuracy level was comparable to that 
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of European individuals at 0.6 (78%), while accuracy increased slightly in European individuals 

when using a threshold of 0.7 to 80% accuracy (Table 4.12). 

 

4.4.9. Hair Colour: Blonde and Red Hair Colour trees 

The blonde vs. non-blonde tree was constructed using 12 blonde haired individuals and 89 non-

blonde individuals, while the red vs. non-red hair tree was constructed using three red haired 

individuals with 98 non-red individuals.  Unfortunately neither of these models was successful 

due to the low levels of individuals expressing these phenotypes in the dataset.  These tree 

models were also attempted with reduced branching parameters (i.e. reducing minimum number 

of observations for performing a split) and with lower numbers of control individuals.  This action, 

however, created highly unstable models with terminal nodes comprising of an extremely small 

number of observations (often only a single observation) which would be highly inaccurate for 

predictive use, thus this course of analysis was not pursued any further.  In order to successfully 

generate reliable models capable of accurately predicting these hair colour phenotypes, more 

individuals of blonde and red hair colour are required, in combination with similar proportions 

across the phenotype categories.  It is also likely that a higher number of markers specific for 

these hair colours are also required as individual SNP association results were low for both of 

these groups. 

 

4.4.10. Hair Colour: All hair colour tree 

The multiple response tree constructed to predict hair colour for all hair colour categories was 

produced using four sets of hair colour phenotypes: black (N: 15), brown (N: 71); blonde (N: 12) 

and red (N: 3).  As with the black and brown hair colour tree, the all hair colour multiple response 

tree employed only a single SNP - HERC2 rs1129038 (Figure 4.8).  This resulted in two terminal 

nodes.  Observations were included in the first node through the homozygous C genotype that 

resulted in a probability of black hair colour (Pr. 0.67) and brown hair colour (Pr. 0.33), with no 

predictions for blonde and red hair colour.  Observations were included in the alternate terminal 
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node through the heterozygote and homozygous TT genotypes and resulted in a prediction of 

brown hair colour with a probability of 0.77, which was accompanied by probabilities of 0.14 for 

blonde, 0.06 for black and 0.04 for red hair colours (Figure 4.8). 

Prediction accuracy for this single split tree was assessed at threshold settings 0.6 and 0.7 only 

as no probabilities were generated above these levels.  Although this multiple response tree was 

attempted for prediction of all four hair colour phenotypes, the resulting tree produced only two 

terminal nodes, one predicting black hair colour, the other predicting brown hair colour.  The 

result of this is that only two probabilities are generated in the tree and eligible for prediction 

accuracy testing.  At the lowest threshold setting of 0.6 all observations are eligible for prediction 

and overall prediction accuracy is 75% with a 25% error rate (Table 4.13).  A break-down of this 

overall accuracy rate for individual hair colour groups shows an accuracy rate for black hair 

prediction as 67%, brown hair as being 93% accurate and no accurate predictions made for 

blonde or red hair colours (Table 4.13).  At a threshold of 0.7 overall accuracy jumps to 100% 

with no prediction errors made, although threshold failure rate increases from zero at the lower 

setting of 0.6 to 15% at 0.7 (Table 4.13).  When investigating individual hair colour category 

prediction accuracy at this threshold, accuracy for three out of the four hair colour categories 

(black, blonde and red) are at 0%, while brown hair colour prediction accuracy is at 100% (Table 

4.13).  A similar pattern to that seen in the binary response tree was observed here in the 

multiple response hair colour tree for prediction accuracy comparison between European and 

non-European.  At the lower threshold of 0.6, prediction accuracy for non-Europeans is high 

(80%) and comparable to that of Europeans (74%), whereas at a threshold setting of 0.7 the 

majority of non-European individuals in the dataset fail the threshold setting are not included in 

the model, thus limiting the capacity for prediction accuracy comparisons between non-

Europeans and Europeans here (Table 4.13). 
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Figure 4.6: Black versus non-black hair colour binary response classification tree.  The circular 
node indicates the split event and the SNP responsible, with relevant genotypes displayed on the 
branches leading to two terminal nodes (square).  Each terminal node indicates the total number 
of observations included within (n=), as well as the proportion of black and non-black 
observations present.  Black haired individuals are indicated by light grey, non-black haired 
individuals are dark grey.  Beneath terminal nodes hair colour probabilities (Pr.) are listed. 
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Figure 4.7: Brown versus non-brown hair colour binary response classification tree.  The circular 
node indicates the split event and the SNP responsible, with relevant genotypes displayed on the 
branches leading to two terminal nodes (square).  Each terminal node indicates the total number 
of observations included within (n=), as well as the proportion of brown and non-brown 
observations present.  Brown haired individuals are indicated by light grey, non-brown haired 
individuals are dark grey.  Beneath terminal nodes hair colour probabilities (Pr.) are listed. 



 
 

216 
 

 

Figure 4.8: All hair colour (Black, Brown, Blonde and Red) multiple response classification tree.  
The circular node indicates the split event and the SNP responsible, with relevant genotypes 
displayed on branches leading to two terminal nodes (square).  Each terminal node indicates the 
total number of observations included within (n=), as well as the proportion of observations from 
all four hair colour types present.  Beneath terminal nodes hair colour probabilities (Pr.) are listed. 

 



 
 

217 
 

Table 4.11: General performance information of black and brown hair colour binary response 
trees at three different probability threshold settings.  Failure rate indicates the proportion of the 
dataset that failed threshold.  Correct and incorrect prediction statistics are generated from the 
total number of the dataset that passed threshold settings. 

 
Black vs. Non-Black Brown vs. Non-Brown 

Threshold: 0.6 0.7 0.8 0.6 0.7 0.8 

Failed Threshold (N): 0 15 15 0 15 - 

Failure Rate: 0% 15% 15% 0% 15% - 

Incorrect Predictions (N): 10/101 5/86 5/86 25/101 17/86 - 

Correct Predictions (N): 91/101 81/86 81/86 76/101 69/86 - 

       
Accuracy rate: 90% 94% 94% 75% 80% - 

Error Rate: 10% 6% 6% 25% 20% - 

 

Table 4.12: Performance information when observations are divided by alternate ancestral 
backgrounds, European and Non-European, for black and brown hair colour binary response 
trees.  Three probability threshold settings were used.  Failure rate indicates the proportion of the 
ancestral group that failed threshold.  Correct and incorrect prediction statistics are generated 
from the total number of the group that passed threshold settings. 

  Black vs. Non-Black Brown vs. Non-Brown 

Threshold: 0.6 0.7 0.8 0.6 0.7 0.8 

Non-Europeans 

Failed Threshold (N): 0 10 10 0 10 - 

Correct Predictions (N): 12/15 3/5 3/5 12/15 3/5 - 

Accuracy rate: 92% 60% 60% 80% 60% - 

Europeans 

Failed Threshold (N): 0 5 5 0 5 - 

Correct Predictions (N): 79/86 78/81 78/81 66/86 66/81 - 

Accuracy rate: 78% 96% 96% 78% 81% - 

 

 

 

 

 

 



 
 

218 
 

Table 4.13: Performance information for the all hair colour multiple response tree at three 
different probability threshold settings.  Failure rate indicates the proportion of the dataset that 
failed threshold.  Correct and incorrect prediction statistics are generated from the total number of 
the dataset that passed threshold settings.  Model performance accuracy is also analysed for 
each eye colour category and for observations of European and Non-European ancestral 
background. 

All Hair Colour Tree (Black, Brown, Blonde & Red) 

Threshold: 0.6 0.7 0.8 

Failed Threshold: 0 15 - 

Failure (Threshold) Rate: 0% 15% - 

Incorrect Prediction: 25/101 0/66 - 

Correct Prediction: 76/101 66/66 - 

Accuracy: 75% 100% - 

Error Rate: 25% 0% - 

                              Category Accuracy:  

Black hair 67% (10/15) 0% (0/5) - 

Brown hair 93% (66/71) 100% (66/66) - 

Blonde hair 0% (0/12) 0% (0/12) - 

Red Hair 0% (0/3) 0% (0/3) - 

                              Ancestry Accuracy:  

Non-Europeans 80% (12/15) 60% (3/5) - 

Europeans 74% (64/86) 78% (66/81) - 

 

4.5. Discussion 

4.5.1. Hair colour modelling 

All hair colour models constructed showed that only a single SNP – HERC2 rs1129038 – was of 

importance in hair colour prediction and subsequently was the only SNP employed in all trees 

constructed.  The genotypes of this SNP indicated black or brown hair colour in both black vs. 

non-black, brown vs. non-brown dichotomous trees as well as in the all hair colour multiple 

response tree.  The black hair colour dichotomous tree resulted in the prediction of black hair 

colour with exactly the same probability as that created in the all hair colour tree for black hair 

(Pr. 0.67) with the homozygous C genotype of rs1129038.  Conversely the alternate terminal 

node of the all hair colour tree predicted brown hair colour with the same probability as that 

generated in the brown dichotomous tree (Pr. 0.77) with the heterozygote and homozygous T 

genotypes.  Blonde and red hair phenotypes could not be predicted at all in dichotomous trees as 
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a model could not be formed on the data available, due to the low number of observations 

exhibiting these phenotypes.  In the all hair colour tree two small probabilities were generated for 

these two hair colour groups, Pr. 0.14 for blonde and Pr. 0.04 for red, in the terminal node that 

resulted from the heterozygote or homozygote T genotypes of SNP rs1129038. 

Despite the use of a single SNP in the black, brown and all hair colour tree models, prediction 

accuracy rate for black and particularly brown hair colour, was high across dichotomous trees 

and the all hair colour tree (although black hair colour prediction in the all hair colour tree had a 

more moderate accuracy rate of 67%).  These models show promise for black and brown hair 

colour prediction, although an increase in sample size of black haired individuals for use in model 

construction would add confidence to black hair colour prediction accuracy.  An increase in the 

markers employed within a tree model (i.e. more than one) would hopefully also increase model 

accuracy for black hair colour, although this is difficult to gauge without a larger subset of the 

data set having natural black hair colour. 

Blonde hair colour could not be predicted at all through the use of classification tree models.  

Given the results of the individual SNP association with hair colour phenotypes this is not 

surprising as no one SNP was individually strongly associated with blonde hair colour (refer to 

Chapter 3).  This lack of strong individual SNP/phenotype association suggested that 

successfully constructing a model to predict blonde hair colour was unlikely and proved to be the 

case here.  Red hair colour also failed to be successfully predicted in the present study in either a 

dichotomous model or the all hair colour model.  Constructing a model for red hair was always 

highly unlikely due to only three natural red heads being included in the dataset, however two 

SNPs individually showed strong positive association with red hair colour phenotype, rs1805007 

(T allele) in the odds ratio analysis, and rs1805008 in heterozygote state in the genotype analysis 

(refer to Chapter 3).  Although unfeasible as a model in the present study, these SNPs provide 

association data that could be employed in a larger scale study attempting to model and predict 

red hair colour. 

Despite being limited by the number of individuals expressing each hair colour group, the models 

for hair phenotype did show a definite association that can be exploited for brown and potentially 

black hair colour prediction through the relationship with the HERC2 SNP rs1129038.  The 
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HERC2 gene, and the SNPs located within, have repeatedly been found to be associated with 

human pigmentation (Eiberg et al., 2008; Kayser et al., 2008; Mengel-From et al., 2010; Sturm et 

al., 2008b; Sulem et al., 2007) including hair colour (Branicki et al., 2011; Han et al., 2008; 

Mengel-From et al., 2009; Shekar et al., 2008).  One SNP in particular, rs12913832, has been 

associated with black and dark hair colour variants (Branicki et al., 2009; Branicki et al., 2011; 

Han et al., 2008), including within the present study and is in complete LD with rs1129038 (as 

discussed in Chapter 3).  As the hair analyses in the present study resulted in black and brown 

hair colour predictions, it is not surprising that either SNP rs12913832 or rs1129038 (as was 

observed here) was involved, confirming results found elsewhere (Branicki et al., 2009; Branicki 

et al., 2011; Han et al., 2008).  The high level of prediction accuracy between this SNP and hair 

colour as seen in the present study suggests that this single SNP genotype may be enough to 

predict brown hair colour accurately (93-100% in all hair colour tree).  Black hair colour could also 

be predicted using the genotypes of this same SNP but with a lesser degree of accuracy (<70% 

in all hair colour tree). 

The use of SNPs to predict all hair colour variants is a relatively new field, when contextually 

compared to eye colour prediction, and as such there are a limited number of prediction models 

available for hair colour.  As discussed throughout this chapter, multiple SNPs have been 

individually associated with hair colour, but many of these results indicate SNP associations 

alone or are used in a presence/absence setting where hair colour is inferred, rather than 

statistically predicted.  The most common hair colour phenotype that is applied to this method is 

red hair colour, with a mini-sequencing assay designed for use in Europe (Branicki et al., 2007; 

Grimes et al., 2001).  This assay was developed for use in the United Kingdom to infer red haired 

individuals from anonymously contributed DNA by genotyping 12 different MC1R mutations, 

including the dbSNPs rs2228479, rs1805007 and rs1805008 (Branicki et al., 2007) that were also 

investigated in the present study.  Through investigating the MC1R genotypes in 76 red haired 

individuals compared to 108 non-red haired individuals, one or more T alleles from either SNPs 

rs1805007 and rs1805008 was found in approximately 85% of the red haired individuals studied 

(Branicki et al., 2007).  All three red haired individuals in our study were heterozygote for 

rs1805007 and rs1805008, exhibiting one T allele at each SNP.  Therefore despite the lack of 

MC1R influence in hair colour models in the present study, the results of the individual SNP/red 
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hair association testing (see Chapter 3) could be used to indicate red haired individuals in the 

same manner to that employed elsewhere (Branicki et al., 2007; Grimes et al., 2001).  However, 

although the association with red hair colour and the above MC1R SNP alleles is commonly 

found in individuals of European background it would still be important to screen a larger dataset 

of red haired individuals from New Zealand.  This is due to the known variable nature of allele 

frequency within the MC1R gene and the knowledge that MC1R genotypes may not correspond 

with the same physical phenotype across different populations (Savage et al., 2008; Scherer et 

al., 2009). 

More recently a predictive model for all hair colour variants has been designed, capable of 

accurately predicting red, black, brown and blonde hair colour with high accuracy (Branicki et al., 

2011).  This model employed a total of 22 SNPs to create accurate predictions of 0.9 for red and 

black hair colour and 0.8 for brown and blonde hair colour (Branicki et al., 2011).  This model was 

constructed using a Polish dataset (385 individuals) and involved screening 45 SNPs across 12 

genes to arrive at the final 22 SNP markers employed in prediction.  The majority of prediction for 

red hair colour came from the MC1R SNPs used, whereas the second highest contributor to 

prediction accuracy was SNP rs12913832 of the HERC2 gene.  Branicki et al. (2011) were 

surprised to note that several SNP markers that showed individual association with hair colour 

phenotype were not relevant in collective models for hair colour prediction, reinforcing our 

precaution to include all SNP markers within model construction (as was done with eye colour 

SNPs also), despite individual association results.  The resulting 22 SNPs were used to form the 

HIrisPlex, to predict hair colour (Walsh et al., 2013) which achieved hair colour prediction 

accuracies of 69.5% for blonde, 78.5% for brown, 80% for red and 87.5% for black. 

The high prediction accuracy observed in the work of Branicki et al. (2011), which constitutes one 

of the first successful predictive models for hair colour, demonstrates the need for a larger 

dataset to develop a similar model in New Zealand.  Due to the apparent increased genetic 

complexity of hair colour compared to eye colour (for example: five SNPs employed in IrisPlex 

(Walsh et al., 2011a) for eye colour prediction, while 22 employed in Branicki et al.’s (2011) 

model for similar prediction accuracy) suggests that a larger suite of markers is required for 

screening and prediction testing to encompass true SNP/phenotype associations for all hair 
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colour variants.  As individual SNP marker association with hair colour phenotype potentially 

does not account for as much trait complexity as in eye colour, it is likely to be of even greater 

importance to not only screen a large number of markers, but to also have a significantly larger 

dataset than that which was possible in the present study.  SNP markers that contribute 

significant individual effect towards specific hair colour variants are still being discovered even 

now, such as the TYRP1 SNP rs13289810 towards blonde hair in Melanesian people (Kenny et 

al., 2012), suggesting that further hair colour associated markers may still be undiscovered. 

The use of SNPs to predict hair colour in New Zealand requires more research.  The results of 

the present study send a clear recommendation that more SNP markers should be screened for 

hair colour association and that each hair colour category is represented in greater numbers in 

the test population, particularly for the lighter hair colour variants (i.e. blonde and red).  Existing 

data suggests that brown hair could be successfully predicted, however an increase in the 

dataset size would be beneficial.  It would also be interesting to investigate and potentially 

account for, the phenomenon of hair colour change in individuals from youth to adulthood.  This 

is a common occurrence particularly observed in the form of light blonde hair colour in youth that 

gradually results in dark blonde or brown hair colour in young adulthood onwards (42% of 

individuals recorded this change in hair colour when sampled in the present study).  This may 

result in individuals exhibiting genotypes indicative of blonde hair colour, but appearing with 

brown hair in their adult life (Branicki et al., 2011; Rees, 2003).  However, it is important to note 

that the use of hair colour prediction based on DNA markers, no matter how accurate the marker 

association, will need to be interpreted with caution by the end point user due to the number of 

adult individuals that dye their hair colour (24% of individuals participating in the present study 

reported their hair colour was artificial at the time of sampling). 

 

4.5.2. SNP combinations and eye colour 

Analysis of all four trees reveals a common collection of seven SNPs from four pigmentation 

genes used in different combinations across all models to produce predictions of eye colour 

phenotype.  The SNP combinations that produced the highest probabilities (Pr ≥ 0.8) are often 
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built of a smaller number of SNPs (i.e. 2-3) rather than all seven SNPs involved in a single 

predictive combination (refer to Table 4.4).  Preliminary individual SNP analysis data showed that 

SNPs from the HERC2 and OCA2 genes would be likely to be included in multi-SNP models 

(refer to Chapter 3).  It was further anticipated that either one, or both, of the HERC2 SNPs 

rs1129038 and rs12913832 would feature prominently in the eye colour prediction models given 

the significant and substantial effect these SNPs had on eye colour (refer to Chapter 3).  Due a 

small proportion of missing genotype data for rs12913832, it was anticipated that rs1129038 may 

feature more prominently within all tree models and resulting combinations. 

Three of the four tree models tested exhibited rs1129038 as the root split, the most crucial split, 

or predictor, in a tree model (Breiman et al., 1984).  The fourth model, intermediate vs. non-

intermediate eye colour, did not feature rs1129038 or rs12913832 at all, with the root split for this 

model being rs1800407.  The predominance of the rs1129038 SNP in the majority of the tree 

models, as well as its absence from the intermediate vs. non-intermediate tree, is not surprising.  

This SNP - and its neighbour rs12913832 in almost complete linkage disequilibrium (LD) - are 

thought to be largely responsible for determining blue vs. brown eye colour alone (Eiberg et al., 

2008; Sturm et al., 2008b).  Given the strength of association of these SNPs with the polar 

phenotypes of eye colour, it is therefore no surprise that they do not feature at all in the 

intermediate tree, let alone in a position of prominence.  These two SNPs occurred together in 

one instance across all models, featuring in combinations that predicted brown eye colour.  

Markers in high LD may behave collinearly within a model, with one often becoming redundant 

however this was not the case in the present work with rs12913832 and rs1129038.  This lack of 

redundancy between these two SNPs has been demonstrated in two further instances.  Both 

HERC2 SNPs are used together in a predictive model for light and dark eye colour, in 

combination with two other SNPs by Mengel-From et al. (2010); Ruiz et al. (2013).  The OCA2 

rs1800407 SNP was one of the first SNPs to be associated with variations of eye colour in 

humans (Branicki et al., 2005; Branicki et al., 2008c; Duffy et al., 2007).  As well as being the 

node split in the intermediate vs. non-intermediate tree, rs1800407 also featured in the brown vs. 

non-brown tree and the all eye colour model in a secondary split position alongside the root SNP 

rs1129038.  SNP rs1800407 has previously been found to be associated with green eye colour 

(Branicki et al., 2008b; Duffy et al., 2007; Pos'piech et al., 2011; Rebbeck et al., 2002) so its 
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position of dominance within the intermediate eye colour tree is unsurprising.  This combination 

has been used elsewhere as part of a model to predict brown vs. blue (except rs12913832 being 

used instead of rs1129038) or dark vs. light eye colouration (Mengel-From et al., 2010; Walsh et 

al., 2011a).  The TYR SNP rs1393350 repeatedly featured in combinations with rs1129038 to 

predict blue eye colour across different models.  This combination was also occasionally 

expanded with the inclusion of the SLC24A4 SNP rs12896399.  The addition of the latter SNP 

helped to predict intermediate vs. blue colouration or used collectively to predict light eye colour 

in the present study.  Although the exact pairing of rs1393350 and rs1129038 has not been used 

elsewhere to date as a predictive combination for blue eye colour, this pair (or similar, with 

rs12913832 in place of rs1129038 due to their high LD) has been used within a larger group of 

SNPs to predict blue or light eye colour in ‘IrisPlex’ (Walsh et al., 2011a).  The exact combination 

of rs1129038, rs1393350 and rs12896399 to predict eye colour has also not been used 

elsewhere to date, although a similar grouping with rs12913832 (comparable to using rs1129038) 

and rs12896399 has been used (along with one other SNP not included here) to predict blue eye 

colour in ‘IrisPlex’ (Walsh et al., 2011a).  Two other SNPs, rs4778138 (OCA2 gene) and 

rs916977 (HERC2 gene) featured in combinations predicting either intermediate or non-

intermediate (blue or brown) eye colour.  These SNPs featured alone in separate groupings with 

rs1800407 or within a three SNP combination with rs12896399.  The rs4778138 SNP has 

previously been used to predict blue eye colour (Duffy et al., 2007; Frudakis et al., 2007), while 

rs916977 has repeatedly been associated with eye colour(Branicki et al., 2009; Sturm, 2009). 

The HERC2 gene is the only gene to exhibit SNPs common to all eye colour models.  SNPs from 

HERC2 and TYR genes appear in most combinations involved in predicting blue eye colour, 

whereas HERC2 and OCA2 genes seem to house the most important SNP combinations for 

brown eye colour.  These latter two genes also appear to be the most important for intermediate 

eye colour, but with OCA2 as the more prominent.  SLC24A4 is included with HERC2 and TYR, 

appearing to play a role in light eye colour.  These repeated combinations indicate epistatic 

relationships between these genes.  It is suspected that the HERC2 gene has a strong role in 

pigmentation that may be facilitated through its regulation of the expression of the P protein 

(coded for by the OCA2 gene), as the promoter region for transcription of OCA2 is located within 

the HERC2 gene (Pos'piech et al., 2011; Scherer & Kumar, 2010).  The P protein is suggested to 
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function in processing and trafficking tyrosinase and may be involved in melanosomal pH 

(Brilliant, 2001; Sturm et al., 2001).  SNPs rs12913832 and rs1129038 are located within intron 

86 of HERC2 (the promoter region for OCA2) and these SNPs have been repeatedly associated 

with eye colouration (Eiberg et al., 2008; Sturm et al., 2008b; White & Rabago-Smith, 2010).  The 

suspected regulatory role of HERC2 in the expression of the OCA2 P protein would explain why 

SNPs from these two genes appear in combinations that are strongly associated with eye colour, 

including intermediate colours and capable of predicting eye colour variants.  The epistatic 

relationship is thought to influence intermediate eye colour phenotypes by affecting penetrance 

where the dominance of HERC2 expression is decreased (Sturm et al., 2008b; White & Rabago-

Smith, 2010).  In fact the rs1800407 SNP has previously been associated with green eye colour 

specifically, including within the present study, through a strong association with intermediate eye 

colour (Branicki et al., 2008b; Duffy et al., 2007; Pos'piech et al., 2011; Rebbeck et al., 2002). 

The TYR gene plays a pivotal role in the pigmentation process by regulating the production of the 

enzyme, tyrosinase, responsible for processing a key pigmentation substrate, tyrosine (Brilliant, 

2001; Sturm et al., 2001).  It has been noted that when the conditions of tyrosinase activity are 

altered (such as fluctuation of melanosomal pH), lighter pigmentation phenotypes may result 

(Brilliant, 2001; Sturm et al., 2001).  TYR expression levels have been shown to correlate with the 

level of pigmentation in the iris (Lindsey et al., 2001).  Mutations within the TYR gene have also 

been identified as playing a causative role in some OCA1 albinism subtypes (Brilliant, 2001) and 

several SNPs have previously been associated with eye colour (Frudakis et al., 2003; Sulem et 

al., 2008; Sulem et al., 2007; Walsh et al., 2011b).  If the suggested function of the products of 

both OCA2 and TYR are correct it seems likely their SNPs would exhibit an epistatic relationship, 

with the former likely responsible for tyrosinase presence or functional environment within the 

melanosome, and the latter producing tyrosinase.  The final SNP involved – rs12896399 – is 

located within the precursor region of the SLC24A4 gene and has been associated with eye 

colour previously (Sulem et al., 2007; Walsh et al., 2011b).  The exact role of this gene is still 

unknown, although it is assumed to be involved in transport and it has been speculated that it 

may play a role in regulating the lumenal environment of the melanosome (Sulem et al., 2007).  

An epistatic relationship between the SLC24A4 and TYR genes (and their respective SNPs) 

appears logical, as the product of the TYR gene is known to vary eye colour phenotype if 
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melanosome environment conditions are altered, and it is likely the SLC24A4 SNP performs a 

necessary role in maintaining this melanosome environment. 

 

4.5.3. Eye colour prediction model 

Selecting an appropriate threshold setting is an important step in ensuring predictions with a high 

level of accuracy.  The prediction accuracy performance of the binary response trees across all 

threshold settings was superior to the prediction accuracy of the all eye colour tree.  An increase 

of accuracy comes with an increase in threshold level, as well as an increase in threshold failure 

rate.  The all eye colour tree exhibited an identical or lower rate of threshold failure than the 

binary response trees except for at the highest threshold setting (0.8).  At all three threshold 

settings the brown vs. non-brown tree had the highest accuracy level, followed closely by the 

blue vs. non-blue tree.  The intermediate vs. non-intermediate tree exhibited lower levels of 

accuracy, with the all eye colour tree having the lowest level of accuracy (the all eye colour tree 

had a high accuracy level at 0.8, but based on a very small dataset).  An increase in threshold 

from 0.7 to 0.8 resulted in higher accuracy in all trees; however threshold failure rate more than 

doubled, often resulting in up to a third of all observations not being eligible for prediction.  This 

scenario was extreme in the all eye colour tree with almost 80% of all observations being 

discarded.  Finding a balance between the cost to accuracy level and the number of observations 

failing the threshold has determined that a threshold of 0.7 for eye colour probability is 

preferential.  This probability threshold setting has also been used previously in SNP-eye colour 

prediction studies and different models (Liu et al., 2009; Walsh et al., 2011a; Walsh et al., 2012).  

At a threshold level of 0.7, threshold failure rate for the all eye colour tree was 10%, much lower 

than that seen in ‘IrisPlex’ at the same threshold level (22-26%) (Pneuman, Budimlija, Caragine, 

Prinz, & Wurmbach, 2012; Walsh et al., 2012).  The ‘7 SNP’ system from Spichenok et al. (2011) 

had no threshold failure rate as predictions are constructed upon presence/absence of genotypes 

at set SNPs per eye colour, thus a prediction is always made.  To the authors knowledge, 

Mengel-From et al. (2010)’s model has not been tested for prediction accuracy on a test data set, 

thus no accuracy comparison to the present model is available. 



 
 

227 
 

 

The majority of incorrect predictions across all trees were for individuals with intermediate eye 

colour phenotypes.  The high rate of prediction error for intermediate eye colour has already been 

identified as a dilemma, with similar error patterns having occurred repeatedly in other studies 

(Pneuman et al., 2012; Ruiz et al., 2013; Walsh et al., 2011b; Walsh et al., 2012).  Due to the 

nature of this eye colour, it is unsurprising that some may be observed as intermediate, when 

genetically they share more in common with either of the more polar opposite colours of brown or 

blue and thus get predicted incorrectly.  Accuracy level should therefore also be investigated in 

terms of eye colour groups (all eye colour tree and collective binary tree probabilities).  

Comparison of the collective probabilities from all binary trees showed that blue and brown eye 

colour were both predicted at a very high level of accuracy, where intermediate eye colour was 

accurately predicted in less than half of all observations.  This scenario was also seen in the all 

eye colour tree, with accuracy for intermediate eye colour being low and blue and brown eye 

colour groups being predicted with high accuracy.  The all eye colour tree exhibited an overall 

accuracy level of 79% with an error rate of 21%.  This overall error rate is higher than that of 

Spichenok et al. (2011)’s method (~1%), but substantially lower than that seen in a recent 

validation performed by Pneuman et al. (2012) of ‘IrisPlex’ (Walsh et al., 2011a) where the error 

rate was 31%.  There is some discrepancy here, as the original accuracy rate performed in 

validation testing by ‘IrisPlex’ designers illustrated an error rate of 6.1% on a European 

population (Walsh et al., 2012) but the secondary validation set (conducted by (Pneuman et al., 

2012) had a higher frequency of intermediate eye colour individuals (~31%, similar to that seen in 

the present study) which may explain the inflammation in error rate .  The all eye colour tree 

within the present study produced high accuracy rates for both blue and brown eye colour with 

rates of 89% and 94% respectively.  These rates are comparable to that of ‘IrisPlex’ which has an 

accuracy level of 90% for both brown and blue eye colour (Walsh et al., 2011a).  A comparison of 

eye colour prediction using the AEC model presented here and the same observational data, 

minus the use of SNP rs16891982, as applied to the IrisPlex model is included in Appendix 1B.  

Of the errors in prediction in the present study, there were four blue eyed individuals who were 

predicted incorrectly across the majority of trees tested.  Multidimensional scaling plot analysis 

showed that these four individuals were located within a cluster of intermediate eye coloured 
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individuals, suggesting that although they were classified as blue, their genotypes indicate 

otherwise.  On closer examination, these individuals had heterozygote genotypes for the crucial 

rs1129038 SNP and thus branched to terminal nodes for either brown or intermediate eye colour 

prediction.  Blue eyed individuals with heterozygote genotype for the rs12913832 SNP in other 

models (almost complete LD with rs1129038 as used here) were also classified incorrectly as not 

blue (Pneuman et al., 2012).  The subjective nature of eye colour means that scenarios of 

misidentification are likely, particularly for intermediate eye colour.  It may be practical to only 

predict the blue and brown extremes of eye colour phenotype, and/or employ ‘light eyes’ as a 

broader prediction for certain cases, in order to reduce the risk of incorrect predictions.  This 

would also counter most subjectivity between the analyst and the end point user of prediction 

information.  However it seems that there will always be some region of error in examination of 

blue eyed individuals who exhibit a heterozygote genotype due to the strength of effect 

rs1129038 (and rs12913832) has on predicting eye colour and this genotype’s rarity in blue eyed 

individuals. 

For practical use in New Zealand, a culturally diverse country likely to exhibit genetic 

substructure, the final model must be built on a group of SNPs that predict eye colour as 

accurately as possible across a wide range of ancestral backgrounds.  This means that any 

association identified between SNPs and observations must be truly down to eye colour 

phenotype rather than other factors, such as shared ancestry.  SNPs rs16891982 and rs1426654 

were removed prior to model development to help ensure this was the case, however they were 

trialled within secondary model development in response to a reviewer’s comment received 

during manuscript development (Allwood & Harbison, 2013).  The addition of these SNPs did not 

change any of the eye colour models presented here or within the manuscript.  Although the 

group of non-European individuals within the present study is small (15% of dataset), it provides 

a group of individuals of different ancestral backgrounds that make up facets of a typical New 

Zealand population (see below).  The majority of the non-European ancestry group have brown 

eyes.  This is expected based on the numerous studies demonstrating the origin of lighter eye 

colour developing in Europe (Norton et al., 2007; Rees, 2003; Sturm, 2009), however there were 

two individuals that did not exhibit brown eyes – one of South African descent (intermediate 

eyes), the other of mixed Pacific Island and New Zealand ancestry (blue eyes).  Where the 
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probability threshold was met, the eye colour of the latter individual was accurately predicted in 

the brown vs. non-brown and intermediate vs. non-intermediate trees, whilst the former 

individual’s eye colour was correctly predicted across all trees where threshold was met.  All 

trees produced correct eye colour predictions for all brown eyed non-European individuals where 

thresholds were met.  Despite being based on a small group, these results show great promise 

for predicting eye colour regardless of ancestral history.  This group is comprised of individuals 

identifying themselves as Indian, Latin, Pacific Islander, Māori, African and Asian.  The New 

Zealand population is made up of many different ethnicities, with European being the largest 

(~68%), followed by New Zealand Māori (~15%), individuals identifying themselves as Asian 

(including Japanese, Chinese and Indian amongst others) (~9%), followed by the Pacific peoples 

group (~6.5%) (Statistics New Zealand, 2006).  There is also a large group identified as ‘Other 

ethnic groups’ which include ‘New Zealanders’; as well as Middle Eastern, Latin American and 

African (Statistics New Zealand, 2006).  Although the non-European group may be small in the 

present study, it still represents individuals that form the larger non-European ethnic groups in 

New Zealand society.  Prediction accuracy, regardless of ancestral background, is an important 

benefit to the practical implications of a predictive model for forensic use in New Zealand, which 

requires eye colour accuracy regardless, or in spite of, ancestral origins of the donor. 

This aspect of the functional importance of predictive SNPs has been discussed elsewhere, with 

eye colour associated SNPs being either tested directly on a wide variety of populations 

(Pneuman et al., 2012; Spichenok et al., 2011); inferred by allele frequency information and likely 

eye colour phenotype of the region (Walsh et al., 2011a) or by validation analyses using 

European populations (Walsh et al., 2012).  Predictive SNP models for eye colour, most notably 

‘IrisPlex’ (Walsh et al., 2011b) , have only recently begun to be evaluated on ancestral admixture, 

which has shown reduced prediction accuracy as the generations increase from point of 

admixture (Prestes, Mitchell, Daniel, Ballantyne, & van Oorschot, 2011).  This may highlight the 

need to design predictive models on a mixed population, rather than on a single predominantly 

European population (as was done with ‘IrisPlex’ (Walsh et al., 2011a)). 

Many different factors need to be considered when deciding on the optimal model to be used for 

eye colour prediction in New Zealand.  All trees demonstrated that regardless of the tree used, a 
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probability threshold of 0.7 would clearly produce the most amicable balance between increase in 

prediction accuracy and the concordant increase in threshold failure rate.  The practical 

implications of this are that not all observations may result in an estimated prediction, but those 

that do will have a high likelihood of being accurate.  The next decision is whether a higher rate of 

prediction accuracy for a single eye colour is preferential to a lower rate of accuracy, but the 

added capability of predicting all three eye colour groups in one model.  Of the individual binary 

eye colour trees, the brown vs. non-brown performed the best, exhibiting terminal nodes with a 

probability of 1 for both brown and non brown.  A probability of 1 gives a 100% certainty of the 

event (brown or non-brown eyes) occurring.  Although this probability performed well as a 

predictor here, the data set it was built and tested on may not have been large enough to 

encompass all potential variation apparent in the greater population.  It is therefore prudent to 

proceed with caution when applying 100% probabilities gleaned from small datasets on large 

populations (Hair Jr. et al., 1995).  However, this model does have the highest level of prediction 

accuracy across all trees tested, thus performing well in spite of such suspicions.  Indeed a 

similarly high probability for brown eyes (Pr: 0.99) was recorded in the ‘IrisPlex’ eye colour 

prediction model (albeit in a multiple response model) (Walsh et al., 2011a), so perhaps the 

brown vs. non-brown eye colour tree here is unworthy of such suspicions.  Expanding the dataset 

to allow for more thorough analysis of this tree would reinforce tree performance results.  The 

blue vs. non-blue eye colour tree would seem the logical immediate choice if a binary tree were 

to be chosen as the final model, particularly if the brown vs. non-brown tree suspicions were 

validated.  This tree has the capacity to predict blue and non-blue eye colour with high probability 

and high accuracy.  This would result in response variables of either blue or non-blue (meaning 

brown or intermediate colour) which may not be making efficient use of the model in terms of 

response (phenotype) information. 

The alternative to a binary tree is to either use all the binary tree probabilities together to predict 

eye colour collectively, or using the all eye colour tree as a stand-alone model.  The all eye colour 

tree has the capacity to predict blue eyes (Pr: 0.95); light eye colour (Pr: 1) and/or blue (Pr: 0.73) 

and intermediate (Pr: 0.60) (depending on how the user wants to interpret node 5); intermediate 

(Pr: 0.73) and brown (Pr: 0.74).  Collectively using the binary trees to predict all three eye colour 

groups give probabilities of blue (either Pr: 0.95 or 0.73), brown (either Pr: 1 or 0.75), and 
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intermediate (Pr: 0.77).  These collective probabilities are generally slightly higher than those 

calculated through the all in one eye colour tree.  However, as mentioned earlier, the accuracy 

rate for collective binary probabilities is based on probabilities that include the ‘likely’ probabilities.  

These are prediction estimates where a probability is unavailable from the eye colour tree it is 

suggested to be, meaning that although eye colour is indicated by being the ‘non’ colour of the 

two other trees, the eye colour suggested does not have a probability of its own (e.g. ‘likely blue’ 

prediction has no blue probability, but has a probability of 1 as non-brown and 0.83 as non-

intermediate).  Prediction accuracy of the collective binary trees discounting the ‘likely’ prediction 

estimates marginally increases the accuracy rate, but also increases the amount of observations 

rejected for failing to meet the threshold (either by being an observation with a probability from 

only one tree or a ‘likely’ prediction) to almost a quarter of the total dataset.  This also decreases 

the accuracy of prediction for both blue and brown eye colour, while increasing prediction 

accuracy of intermediate eye colour.  Therefore when comparing these two models, the collective 

binary model and the all eye colour model, the final decision hinges on whether a 5% overall 

prediction accuracy increase achieved by the binary collective model is worth an increase in 

threshold failure rate of almost 2.5 times that of the all eye colour model.  The prediction 

accuracy for the blue and brown eye colour groups is slightly higher in the all eye colour tree 

model.  This combined with the practical benefit of more observations meeting the threshold 

requirements, outweighs the slight increase in overall accuracy that the collective binary tree 

model would provide. 

 

4.6. Conclusions 

Of the four attempted binary hair colour trees attempted (black vs. non-black, brown vs. non-

brown, blonde vs. non-blonde and red vs. non-red) only black vs. non-black and brown vs. non-

brown were successfully constructed, with both trees composed of a single branching event.  

This same single branching event was observed in the all hair colour tree, which contributed 

probabilities for use in prediction of black and brown hair colour.  Both binary trees were accurate 

in their prediction of black and brown hair colour respectively, while the all hair colour tree was 

highly accurate for brown hair prediction.  In order to successfully predict all four hair colour 



 
 

232 
 

categories further work is required which must include a larger dataset of individuals as well as a 

larger set of SNP markers. 

 

All eye colour models constructed performed with high levels of accuracy and varying rates of 

threshold failure across different probability settings.  All eye colour binary response trees 

performed well but were limited by dichotomous eye colour prediction only.  The all eye colour 

tree and the collective binary tree model had the added benefit of prediction capacity for all three 

eye colour groups – blue, brown and intermediate.  These multiple response models maintained 

high accuracy rates, with acceptable threshold failure rates as compared to other eye colour 

prediction models currently used elsewhere.  Due to the greater level of statistical support 

attributed to the all eye colour tree, compared to the collective binary tree (due to ‘likely’ 

predictions of less statistical support) and the almost identical accuracy and failure rates of the 

two, the all eye colour tree will be used as the eye colour prediction model of choice. 
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Chapter 5 

 

 

Development of a new gender marker system for Y 

chromosome DNA 

 

5.1. Introduction 

5.1.1. Amelogenin Gender Test 

Identifying the gender of the DNA contributor within a biological sample is often important 

information for forensic analyses and criminal investigations.  Currently in forensic biology, 

gender identification is typically performed using the polymerase chain reaction (PCR) 

amplification (using a single primer pair) of the X and Y chromosome copies of the Amelogenin 

gene (AMELX and AMELY respectively).  The X and Y copies vary slightly in size (~6bp 

difference, due to an X-chromosome deletion) and were first employed as a sex test in the early 

1990’s (Akane et al., 1992; Nakahori, Hamano, Iwaya, & Nakagome, 1991; Sullivan, Mannucci, 

Kimpton, & Gill, 1993).  The variation in size of the resulting amplicons allows each allele to be 

identified as being from either the X or Y chromosome.  The use of the then newly developed 

PCR method also meant this test could produce results using as little as 0.005ng of DNA (Akane 

et al., 1992) making it particularly advantageous for forensic use.  This size variation in 

Amelogenin alleles from the X and Y chromosomes are still used today, employed for gender 

determination within commonly used forensic DNA profiling kits such as the 
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AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA) and the PowerPlex® 21 System (Promega, MI, USA) revealed through capillary 

electrophoresis. 

One of the advantages of the Amelogenin gender test method is that the X chromosome copy 

can be employed as a reaction positive control for successful amplification, implying a female 

DNA contributor in the absence of AMELY via an apparent lack of Y chromosome DNA (Akane et 

al., 1992).  However, there have been numerous occurrences of female false positive 

Amelogenin profiles reported throughout the forensic community (Davis et al., 2012; Kumagai, 

Sasaki, Tokuta, Biwasaka, & Aoki, 2008; Oz, Zaken, Amiel, & Zamir, 2008; Roffey, Eckhoff, & 

Kuhl, 1999; Steinlechner, Berger, Niederstatter, & Parson, 2002; Thangaraj, Reddy, & Singh, 

2002) with the occasional occurrence of female samples exhibiting no AMELX allele (Shadrach, 

Commane, Hren, & Warshawsky, 2004) or both AMELX and AMELY alleles (Kao, Tsai, Lee, & 

Hsieh, 2007).  Originally, the cause of AMELY failures in samples that included male DNA was 

thought to be a mutation in the primer binding site (PBS) (Henke et al., 2001; Shadrach et al., 

2004) with some forensic kits employing degenerate primers to combat this (e.g. 

AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA)).  PBS mutations have been confirmed as the cause of amplification failure in the 

amelogenin gender test in some instances (for e.g. Roffey et al. (1999); Shadrach et al. (2004)) 

however these are now known to cause a small proportion of amplification failure overall 

(Mitchell, Kreskas, Baxter, Buffalino, & Van Oorschot, 2006).  Recent reports have illustrated that 

numerous false-positive female outcomes have been a result of a variety of different sized 

deletions on the short arm of the Y chromosome (Jobling et al., 2007; Lattanzi et al., 2005; 

Mitchell et al., 2006; Takayama et al., 2009).  Deletions range in size with some identified as 

being over 9Mb in length (Cadenas et al., 2007; Davis et al., 2012; Jobling et al., 2007; Lattanzi 

et al., 2005; Mitchell et al., 2006; Takayama et al., 2009; Turrina, Filippini, & De Leo, 2009).  This 

variation in deletion size is suggestive of multiple different deletion events at the Amelogenin Y 

locus (Jobling et al., 2007; Mitchell et al., 2006), which also do not appear to have an effect on 

male phenotype or sexual function (Mitchell et al., 2006).  A single study by Jobling et al. (2007) 

investigated the deletions of 45 AMELY-null males and found four different mutation classes, with 

these results alone suggestive of at least ten different independent deletion events. 
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As a largely non-recombining chromosome, mutations occurring on the Y chromosome are 

typically passed on to subsequent generations unchanged, creating Y-specific haplogroups with 

high geographic specificity (Jobling & Tyler-Smith, 2003).  Mutations in the Amelogenin gene 

located on the short arm of the Y chromosome (Yp11.2) are typically inherited father to son in the 

same manner (Jobling & Tyler-Smith, 2003; Lattanzi et al., 2005).  Although the occurrence of 

these mutations overall is relatively rare, a higher frequency of Amelogenin deletions has been 

observed in certain populations, particularly in males of Indian and Asian descent (Cadenas et 

al., 2007; Chang, Burgoyne, & Both, 2003; Chang et al., 2007; Kumagai et al., 2008).  A study 

investigating Amelogenin deletions observed a deletion frequency of 0.23% in Indian males 

(Kashyap, Sahoo, Sitalaximi, & Trivedi, 2006).  Further to this, Chang et al. (2007) observed 

AMELY null males at frequencies of 3.2 and 0.6% in Indian and Malay males respectively.  

Amelogenin deletions in European males, or males of European ancestral background, appear to 

occur at a much lower frequency (0.01% in Slovenia (Drobnic, 2006) and ~0.02% in Austria 

(Steinlechner et al., 2002) and Australia (Mitchell et al., 2006)). 

To the author’s knowledge, there have been no published reports indicating Amelogenin deletion 

males observed in the New Zealand National DNA Database or reported in casework testing, 

therefore the frequency of AMELY null males occurring in a New Zealand population cannot be 

estimated.  With a high level of European ancestry and the lack of reported Amelogenin deletion 

cases, it is likely that AMELY deletions occur in New Zealand at a very low frequency level, 

similar to that observed in European populations and Australia.  However, it is important to note 

that New Zealand is a multi-culturally diverse country, with Asian and Indian individuals amongst 

the largest of the minority groups comprising approximately 9% of the total population (Statistics 

New Zealand, 2006).  Therefore despite the relative rarity of these deletions in males of 

European ancestry (and therefore assuming a similar rarity in New Zealand where the majority 

(~68%) of the population are European (Statistics New Zealand, 2006)), it has been suggested 

that any country with a sizeable Asian (including Indian) population should still be wary of AMELY 

failures within forensic testing (Chang et al., 2007). 
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It has been repeatedly suggested throughout the forensic literature, across multiple different 

countries, and in spite of the variation in deletion frequencies between different populations, that 

even a minimal failure rate could be highly detrimental in any forensic testing scenario, 

particularly for casework.  Subsequent to this, it has been repeatedly recommended that an 

alternate marker should be used for gender testing or, more often, that a second marker be 

added to forensic profiling assays, supplementary to Amelogenin, to account for AMELY null 

males, with gender interpretation based on Amelogenin alone to be made with caution 

(Brinkmann, 2002; Chang et al., 2003; Kao et al., 2007; Kashyap et al., 2006; Lattanzi et al., 

2005; Mitchell et al., 2006; Roffey et al., 1999; Santos, Pandya, & Tyler-Smith, 1998; Thangaraj 

et al., 2002; Turrina et al., 2009).  Despite such recommendations, put forward as early as 1998 

(Santos et al., 1998), Amelogenin is still used as the sole gender marker employed in both 

PowerPlex® (Promega, MI, USA) and AmpFISTR® (Applied Biosystems by Life Technologies, 

CA, USA) PCR amplification systems (there are a variety of kits available for each system), which 

collectively constitute the most commonly employed STR profiling kits used for forensic testing 

worldwide.  GlobalFiler
TM 

(Applied Biosystems by Life Technologies, CA, USA) is a new STR 

DNA profiling kit recently launched for forensic use.  This system uses 21 loci, three of which are 

for gender inference purposes.  Along with the standard Amelogenin marker, a Y chromosome 

indel has been added along with the DYS391 Y-STR locus to reinforce the findings of 

Amelogenin.  This kit requires an upgrade to use of the new 3500xL Genetic Analyzer (Applied 

Biosystems by Life Technologies, CA, USA) and is not presently used in forensic work in New 

Zealand. 

 

5.1.1.1. Other gender test methods 

The occurrence of Amelogenin deletions and corresponding errors in gender testing, has resulted 

in the development of methods that either add an additional marker to existing STR profiling kits, 

to supplement Amelogenin, or use of secondary tests (to be conducted following STR profiling) 

designed specifically to assess gender. 
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In instances where it is known, or suspected, that the DNA sample includes male DNA, but the 

AMELY marker is not shown within the profile, a secondary test is often used.  This extra 

measure typically includes Y-STR testing (multiplex system of STR markers specific to loci upon 

the Y chromosome (e.g. PowerPlex® Y system (Promega, MI, USA) with 12 Y-STRs)) to confirm 

the presence of Y chromosome DNA within the sample (see for e.g. Steinlechner et al. (2002)).  

However, rather than running a second STR multiplex, testing for a single male-specific marker 

can also be used following suspected AMELY failure.  The marker that is used most commonly is 

the highly conserved Sex-determining Region Y (SRY) gene.  Testing for SRY is usually 

performed by designing primers to amplify a region of the SRY gene that is visualised by either 

gel electrophoresis (Giuliodori, Corato, Ponzano, Rodriguez, & Caenazzo, 2011; Lattanzi et al., 

2005; Thangaraj et al., 2002) or capillary electrophoresis with fluorescently labelled primers 

(Drobnic, 2006; Inturri, Robino, Gino, Caratti, & Torre, 2009; Steinlechner et al., 2002).  Drobnic 

(2006) (later validated by Kastelic, Budowle, and Drobnic (2009)) and Inturri et al. (2009) further 

streamlined this idea by adding primers designed to amplify SRY directly into the forensic STR kit 

currently employed within their respective labs for use as a single multiplex 

(AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA), although AmpFISTR®SGM Plus® (Applied Biosystems by Life Technologies, CA, USA) 

and PowerPlex® 16 (Promega, MI, USA) were also successful (Drobnic, 2006)), thus reducing 

the volume of sample used by only running a single profiling test.  The addition of SRY provides a 

back up gender test to the built-in Amelogenin marker, should it fail. 

Codina, Niederstatter, and Parson (2009) designed ‘GenderPlex’ as a secondary gender test that 

included markers for two different regions of the amelogenin gene (homologous), the SRY gene, 

as well as four mini-X-STR alleles.  This combined multiplex would allow separate male and 

female inference where amelogenin failed, based on the genotypes of the X-STRs for female 

identification (the majority of females are heterozygote (according to the authors)), whereas 

males would exhibit single alleles through having only a single X chromosome) and SRY for male 

identification.  Further to this, DXYS156, an STR marker homologous to both X and Y 

chromosomes, was discovered to show variation in allele size that is concordant with the 

chromosome of origin (i.e. specific allele variants for both X and Y chromosomes) allowing for 

chromosome identification via genotype (Chen, Lowther, Avramopoulos, & Antonarakis, 1994).  
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More specifically, Cali et al. (2002) found a specific point mutation (an adenine insertion) in the Y 

homologue repeat sequence of this marker which was found in 98 Sicilian and 34 Korean males 

(all males sampled) and absent in 92 Sicilian and seven Korean females (all females studied) 

thereby discerning the origin as either the X or Y chromosome.  This multi-allelic marker also 

exhibits demographic stratification in allele frequency patterns thus it collectively provides 

information towards the contributor’s identification, demography and gender (Mukerjee, 

Mukherjee, Ghosh, Kalpana, & Sharma, 2011) making it useful as a secondary test for gender 

following typical STR profiling. 

The above examples illustrate a selection of possible gender tests to supplement the use of 

Amelogenin.  Although these methods are varied, a common theme emerges for a gender test 

suitable for use in a forensic setting.  In order to signify DNA from the Y chromosome being 

present and thus infer a male contributor the markers employed must be highly male-specific and 

conserved, thus ultimately creating a reliable and reproducible association to the Y chromosome.  

As forensic testing often works with low quality or minimal volumes of DNA it is also important 

that the gender test perform as efficiently as possible.  The YFlag system, introduced and 

discussed below, was developed to be included as a secondary DNA test to reveal further 

information following standard STR DNA profiling and designed to be integrated with the EVC 

multiplex developed here. 

 

5.1.2. Developing a new marker method for Y chromosome DNA 

The Y chromosome is made up of multiple different regions of DNA, with almost half being 

tandem-repeats (or satellite DNA).  The majority of the genes present are located within the non-

recombining region (NRY), also referred to as the male-specific region (MSY), which makes up 

~95% of the chromosome length.  Of the chromosome’s approximate 60Mb in length, less than 

3Mb (~5%), found in two regions, undergo recombination with homologues of the X chromosome, 

dubbed the pseudoautosomal regions (Jobling & Tyler-Smith, 2003; Skaletsky et al., 2003).  The 

NRY of the Y chromosome sequence contains transcriptionally-active sequences, with the genes 

included in this region suggested to fall into two groups – the first ubiquitously expressed, the 
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second exhibiting restricted or predominant expression in the testes (Skaletsky et al., 2003).  

There are at least 27 distinct proteins (or protein families) encoded within the NRY that have 

been identified (Skaletsky et al., 2003).  Of these, 12 fall into the former group of non-restricted 

expression, while 11 have been found to be expressed exclusively, or at least predominantly, in 

the testes (Skaletsky et al., 2003). 

In a large sequence mapping study, Skaletsky et al. (2003) discovered that the transcriptional 

sequence of the NRY region can be split into three classes: X-transposed, X-degenerate and 

ampliconic.  The X-transposed sequences are largely identical to a small region of the X 

chromosome due to an evolutionary ancient transposition between the X and Y chromosome (for 

further detail the reader is referred to (Page, Harper, Love, & Botstein, 1984; Schwartz et al., 

1998)), although this class of NRY sequence does not undergo cross-over during meiosis in the 

modern Y chromosome (Skaletsky et al., 2003).  The X-degenerate sequences are largely 

homologous to X chromosome genes that have since diverged and occur in multiple or single 

copies and exhibit sequence identity ranging from 60-99% with X chromosome counterparts, 

although the encoded proteins are not identical (Hughes et al., 2005; Skaletsky et al., 2003).  It is 

this class of transcriptional sequence that houses the majority of the encoding information for the 

distinct proteins of the NRY, largely the ubiquitously expressed proteins, with the notable 

exception of the SRY gene, which is predominantly expressed in the testes (Skaletsky et al., 

2003).  The final class, ampliconic, is so named as it contains almost 99.9% sequence similarity 

with other sequences found within the NRY region.  The ampliconic regions are diverse with both 

non-coding and coding genes present and exhibit far more encoded genes than the former two 

classes of the NRY (Skaletsky et al., 2003).  Of this portion of the Y chromosome examined, nine 

distinct protein families were discovered with varying copy numbers.  The majority of the 

encoding information of the ampliconic region also appears to contain the majority of encoding 

sequence for proteins of exclusive or predominant expression in the testes (Skaletsky et al., 

2003). 

Amelogenin and the Y-STR loci routinely employed in existing forensic testing are all located 

within the NRY of the Y chromosome (Kayser, 2007), with Amelogenin being located more 

specifically in the X-degenerate class (Skaletsky et al., 2003).  The SRY gene, often used as a 
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secondary gender test marker, is also located within this class of the NRY.  Unlike Amelogenin, 

which is expressed in the teeth of both X and Y chromosome carriers, SRY is predominantly 

expressed in the testes (Skaletsky et al., 2003).  Although the exact function of the SRY gene 

within the sexual differentiation pathway is unknown, it is known that SRY expression is crucial to 

male sexual determination and is expressed early in the gonad pathway, potentially acting as a 

trigger resulting in testes development (Sekido & Lovell-Badge, 2008; Sim, Argentaro, & Harley, 

2008).  As the purpose of finding new markers to use in gender testing is to confirm the results of 

the amelogenin test which occasionally fails, markers specific to the Y chromosome only are 

desirable.  Therefore it is preferable to select markers that are crucial to male development and 

thus likely to be conserved across the vast majority of male individuals. 

Of the NRY gene families located through the sequence mapping project of Skaletsky et al. 

(2003), those within the ampliconic class were exclusively expressed predominantly in the testes.  

The aptly named Testis-specific protein Y (TSPY) gene family is one such example.  The TSPY1 

gene is present in multiple tandomly-repeated copies and like all TSPY genes, is known to have 

a role in spermatogenesis although the exact details are uncertain (Giachini et al., 2009; Lau, Li, 

& Kido, 2011).  TSPY1 is expressed in the early cellular stages of spermatozoa development, 

suggesting an important role in cell proliferation, renewal and replication within the testes 

(Krausz, Giachini, & Forti, 2010; Lau et al., 2011).  It has also been suggested that there is a link 

between the number of TSPY1 copies and the efficiency of spermatogenesis and resulting sperm 

count (Giachini et al., 2009; Krausz et al., 2010).  The Basic protein Y 2 gene (BPY2), also known 

as the variable charge Y 2 (VCY2) gene, is also located within the ampliconic region of the NRY 

portion of the Y chromosome and expressed only in the testes in germ cell nuclei (Ginalski, 

Rychlewski, Baker, & Grishin, 2004; Skaletsky et al., 2003).  It is found in three copies, two of 

which are located within a palindromic region (Skaletsky et al., 2003).  Its exact role is unknown 

although it has been identified as being part of the azoospermia factor region (AZF).  This region 

of the NRY is linked to spermatogenesis and commonly found deleted in infertile males (Stuppia 

et al., 2001; Vogt et al., 1996).  BPY2 is thought to be involved in the maturation of spermatids as 

BPY2 mRNA has been found within ejaculated sperm samples (Tse et al., 2003). 
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The SRY, TSYP1 and BPY2 genes have been selected to be used as Y chromosome markers 

within our YFlag system.  These three genes were selected due to their apparent necessity in 

male development and physiology, indicating they are likely to be highly conserved.  The SRY 

gene has been employed elsewhere as a useful gender marker as well as exhibiting a prominent 

role in male development.  The TSPY1 gene has the advantage of multiple identical copies, this 

is beneficial in a forensic scenario where DNA may be damaged or low in quantity, allowing a 

greater chance of suitable template for successful marker amplification.  It also appears to have a 

fundamental role in male development, specifically spermatogenesis.  The BPY2 gene is thought 

to have an important role in spermatogenesis and is expressed within mature sperm.  A total of 

four exonic regions from these three genes were utilised for gender testing, allowing built in 

redundancy as well as ensuring that different aspects of male phenotype (spermatogenesis) and 

development (testis rather than ovaries) are represented in the case of alternate male genotype 

scenarios (such as chromosomal abnormalities, infertility etc.). 

 

5.2. Methods and Results 

5.2.1. YFlag context 

The YFlag system has been designed in a two-step system.  This system is comprised of a PCR 

amplification step, followed by a single-base extension (SBE) reaction, to allow inclusion in a final 

multiplex system capable of combining both eye colour prediction markers (Chapters 3 and 4) 

and gender markers for external visible trait inference.  In order for this system to be used to infer 

a donor’s gender the YFlag markers required testing in four key areas: specificity, reproducibility, 

sensitivity and mixed gender samples. 

The exact methods and reaction chemistry for YFlag profile generation are included in Chapter 2, 

with the collective eye colour/gender inference multiplex system presented as a combined 

method in Chapter 6.  Briefly, the YFlag system is composed of two steps.  Step one includes the 

initial amplification of the four fragments in a multiplex PCR, visualisation of products, purification 

and then applied as template for step two.  Step two details a SNaPshot
TM

 Multiplex Kit (Applied 

Biosystems by Life Technologies, CA, USA) reaction using SBE primers where the subsequent 
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product is purified and final profiles are viewed through capillary electrophoresis.  The final YFlag 

profile consists of four peaks, ‘flagging’ the specific regions of the Y chromosome, if present, 

within the initial DNA sample, therefore allowing the inference of a male contributor. 

The combined multiplex would only be used following typical forensic STR profiling that employs 

the Amelogenin gender test.  It is important to note that while no marker for the X chromosome is 

employed within the YFlag system, the Amelogenin gender test provides a positive signal for the 

presence of X chromosome DNA, therefore the YFlags are a secondary test for Y chromosome 

DNA, should the sample be from an AMELY deleted male. 

 

5.2.2. Male Specificity 

5.2.2.1. Fragment Selection 

Y chromosome-specific fragments were amplified and sequenced as described in Chapter 2.  

Male-specific amplification was tested for each of the four primer pairs (see Table 5.1) in 

singleplex reactions using 13 different male individuals, with every reaction batch performed with 

a female control sample.  All of the female samples failed to produce an amplicon in any of the 

reactions performed using the four primer pairs.  Ten amplicons (minimum) of each of the four 

primer pairs were sequenced to ensure complete DNA sequence uniformity for each of the four Y 

chromosome specific fragments.  Sequences were analysed using Geneious v.5.4 (Drummond et 

al., 2011). 
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Table 5.1: Amplicon primer details for each of the four YFlag marker fragments amplified for 
male fragment assessment.  Forward and reverse primers (5’ - 3’) included as well as final 
amplicon size (bp). 

Amplicon Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Size 

(bp) 

SRY 

(YFlag7) 
GTTAGCCATCCTAGAAGTTGGGC CTTGCACAGCTGGACTGTAATC 670 

TSPY1 

(YFlag8) 
CAGGATGGGTAGTGGAAGGA TTAAGGCTGCTGTTGTGGTG 177 

TSPY1b 

(YFlag9) 
CCCAAACCACAAAGGACTGT CCCCATTTGTGATCCCTTA 194 

BPY2 

(YFlag10) 
CAAAGCCCAGCACTGAGGT GTGAGCAGGGACAAGAAAGG 238 

 

Assemblies of forward and reverse strands were made for each individual in order to edit and 

assess the amplicon quality throughout its entire length.  Three of the four fragments sequenced 

well, with complete sequence recovered from all individuals sampled.  The exception to this was 

one of the TSPY1 amplicons (TSPY1).  Although sequence from both forward and reverse 

primers was successfully recovered in the majority of samples (although the forward strand 

sequenced the best), this fragment was the shortest (177bp, 137bp minus primer sequence 

(Chapter 2) pre-trimming).  As a short fragment, the drop in sequence quality that naturally 

occurs towards the end of a sequence had a large effect here and there was often not enough 

overlap to form stable assemblies from all samples.  Short fragments can often be difficult to gain 

clean sequence from, with special sequencing kits now designed specifically for short or 

troublesome sequencing targets (e.g. BigDye Terminator v.1.1 (Applied Biosystems by Life 

Technologies, CA, USA)) so this result is not altogether unsurprising.  Utilising reference 

sequence from GenBank (Benson, Karsch-Mizrachi, Lipman, Ostell, & Wheeler, 2006) and the 

sequences that were successful in both directions, sequence conformity was observed across 

the sequences assessed.  Final alignments for all four amplicons were made from edited 

sequence from either forward or reverse primer strands (this was to ensure that the majority of 

samples sequenced could be employed within the alignment) with only one strand of each 

individual included to avoid duplication of data.  The resulting alignments offering the greatest 
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coverage and consensus of the four amplified fragments (post-editing) are included below 

(Figures 5.1-5.4) 
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                                 1        10        20        30        40        50        60 

                                 |        |         |         |         |         |         |  

 016_P022_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

  011_013_SRY1R_2010-12-01.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

  007_011_SRY1R_2010-12-01.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

  009_012_SRY1R_2010-12-01.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 012_P018_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 008_P026_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 016_P034_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 014_P033_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 010_P016_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 008_P037_SRY1R_2010-12-14.ab1   TTATTTTACTATCCAAAACTCACTTCTACCAGATTCTTTGTTACGTTAACTTTTGTAATG 

 

 016_P022_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

  011_013_SRY1R_2010-12-01.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

  007_011_SRY1R_2010-12-01.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

  009_012_SRY1R_2010-12-01.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 012_P018_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 008_P026_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 016_P034_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 014_P033_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 010_P016_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 008_P037_SRY1R_2010-12-14.ab1   AAACTTGCATTTCTCCGCCCTCAACACCCCCTCAACCCCGCCCAACCAGCCTACCCCCTA 

 

 016_P022_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

  011_013_SRY1R_2010-12-01.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

  007_011_SRY1R_2010-12-01.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

  009_012_SRY1R_2010-12-01.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 012_P018_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 008_P026_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 016_P034_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 014_P033_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 010_P016_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 008_P037_SRY1R_2010-12-14.ab1   GTACCCTGACAATGTATTCATTCTCAAGCAAAACATGGTAATTCAGTAACGTTGACTACT 

 

Figure 5.1: SRY alignment built using the reverse sequence strands from ten individuals, no mismatches found, 180bp in length.  Alignment constructed using Geneious v.5.4. 

(Drummond et al., 2011).  Only a small section of the SRY alignment is shown, relevant to final SBE design, due to amplicon length (>600bp). 
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                                   1        10        20        30        40        50        60 

                                   |        |         |         |         |         |         |  

  001_P016_TSPY1F_2010-12-14.ab1   CTCCTGTCTCTGTAGAATACAGGGCTTCTCATTCCACTCCAATTGAGTGGTATCCGGATT 

  002_P034_TSPY1F_2010-12-14.ab1   CTCCTGTCTCTGTAGAATACAGGGCTTCTCATTCCACTCCAATTGAGTGGTATCCGGATT 

  003_P018_TSPY1F_2010-12-14.ab1   CTCCTGTCTCTGTAGAATACAGGGCTTCTCATTCCACTCCAATTGAGTGGTATCCGGATT 

   011_013_TSPY1F_2010-12-01.ab1   CTCCTGTCTCTGTAGAATACAGGGCTTCTCATTCCACTCCAATTGAGTGGTATCCGGATT 

 

  001_P016_TSPY1F_2010-12-14.ab1   ATGAAGTGGAGGCCTATCGCCGCAGACACCACAACAGCAGCCTTAAA 

  002_P034_TSPY1F_2010-12-14.ab1   ATGAAGTGGAGGCCTATCGCCGCAGACACCACAACAGCAGCCTTAAA 

  003_P018_TSPY1F_2010-12-14.ab1   ATGAAGTGGAGGCCTATCGCCGCAGACACCACAACAGCAGCCTTAAA 

   011_013_TSPY1F_2010-12-01.ab1   ATGAAGTGGAGGCCTATCGCCGCAGACACCACAACAGCAGCCTTAAA 

 

Figure 5.2: TSPY1 alignment built using the forward sequence strands from four individuals (producing the longest alignment possible), no mismatches 
found, 107bp in length.  Alignment constructed using Geneious v.5.4. (Drummond et al., 2011). 
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                                  1        10        20        30        40        50        60 

                                  |        |         |         |         |         |         |  

 002_P034_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 009_P026_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 015_P033_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 001_P016_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 013_P029_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 005_P019_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 003_P018_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 006_012_TSPY1bF_2010-12-01.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 006_P041_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 007_P022_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 008_012_TSPY1bF_2010-12-01.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 004_011_TSPY1bF_2010-12-01.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 004_P037_TSY1bF_2010-12-14.ab1   GTGTGCTTTTAGGGCCCAGTGCATCTTGTTAGCTGACTCCCCTCACAGACAATACTGGGA 

 

 002_P034_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 009_P026_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 015_P033_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 001_P016_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 013_P029_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 005_P019_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 003_P018_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 006_012_TSPY1bF_2010-12-01.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 006_P041_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 007_P022_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 008_012_TSPY1bF_2010-12-01.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 004_011_TSPY1bF_2010-12-01.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 004_P037_TSY1bF_2010-12-14.ab1   ATGGGGCAGGGATTGCGCAGAACAGTTTGTAACACGTGGTAGGAGGAAGTT 

 

Figure 5.3: TSPY1b alignment built using the forward sequence strands from thirteen individuals, no mismatches found, 111bp in length.  Alignment 

constructed using Geneious v.5.4. (Drummond et al., 2011). 
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                1        10        20        30        40        50        60 

                                            |        |         |         |         |         |         | 

 010_P037_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 016_P033_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 012_P016_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 014_P029_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 010_P026_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 008_P022_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 014_P018_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

             004_011_BPY2R_2010-12-01.ab1   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

             008_013_BPY2R_2010-12-01.ab1   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 008_P034_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 012_P041_BPY2R_2010-12-14.ab1 (reversed)   AGAGTAGAGTGACACTCCTCTTTTTCTTTTTTTCCTGGCAATAGTGTGCTTGGTGACATA 

 

 010_P037_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 016_P033_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 012_P016_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 014_P029_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 010_P026_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 008_P022_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 014_P018_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

             004_011_BPY2R_2010-12-01.ab1   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

             008_013_BPY2R_2010-12-01.ab1   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 008_P034_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 012_P041_BPY2R_2010-12-14.ab1 (reversed)   ATCTTTGAGGCTGTCACATCACCAAGATTATATTGTATCACTGGACCAGCATAAAGCTGA 

 

 010_P037_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 016_P033_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 012_P016_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 014_P029_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 010_P026_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 008_P022_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 014_P018_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

             004_011_BPY2R_2010-12-01.ab1   CACTTCTGACTATGCCCAG 

             008_013_BPY2R_2010-12-01.ab1   CACTTCTGACTATGCCCAG 

 008_P034_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 012_P041_BPY2R_2010-12-14.ab1 (reversed)   CACTTCTGACTATGCCCAG 

 

Figure 5.4: BPY2 alignment built using the reverse sequence strands from eleven individuals, no mismatches found, 139bp in length.  Alignment constructed using Geneious 

v.5.4. (Drummond et al., 2011). 
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In addition to our relatively small scale assessment of all four amplicon sequences here, the 

primers and sequence were checked against available sequence data on GenBank (Benson et 

al., 2006) to ensure primer binding specificity and the unique nature of the sequence within each 

of the four amplicons during the initial design process (a process followed in all primer design 

within this study, discussed earlier in Chapter 2).  All four sequence alignments as depicted in 

Figures 5.1-5.4 were in complete consensus and resulted in 100% identity matches (E values 

≤2x10
-66

) to the current annotation of the Y chromosome reference genome sequence (Genome 

Reference Consortium Human Build 37 patch release 10 (GRCh37.p10), as submitted to 

GenBank by the Genome Reference Consortium; GenBank Assembly ID: GCA_000001405.11 

(Benson et al., 2006)). 

The resulting sequence alignments (Figures 5.1–5.4) displayed complete homogeneity of DNA 

sequence within the four amplified fragments from the Y chromosome, as was to be expected 

due to their highly conserved nature, and were identical to sequence reference data.  Further to 

this, no amplification was demonstrated in any of the female samples tested, which collectively 

suggests that these primers are highly specific (the testing of further female samples are 

described below within the reproducibility testing section), with no extraneous annealing during 

PCR amplification occurring at any autosomal or X chromosomal locations.  This indicates that 

these four regions would be suitable to employ as gender markers used to infer male individuals 

from anonymously contributed DNA samples.  However, in order for all fragments to be amplified 

successfully, and for all resulting amplicons to be of different sizes in the final combined multiplex 

system (see Chapter 6), two of these YFlag amplicons later had to be resized (TSPY1 and SRY).  

However, the final YFlag SBE primers for both of these markers were designed to anneal within 

the regions of the original fragments sequenced here (as illustrated below in Figures 5.5-5.8), so 

all sequence analysis is still applicable. 
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5.2.2.2. SBE ‘YFlag’ primers 

SBE primers are typically used to reveal the genotype of SNP markers, with the resulting peaks 

of four possible dyes, visualised through capillary electrophoresis.  The peaks and their 

colouration is indicative of the nucleotide bases (A, T, C, G) present for that SNP, revealing the 

alleles and SNP genotype.  The gender markers that we are using here do not represent 

mutations or polymorphisms of any kind.  Despite this, SBE primer chemistry can be used to 

reveal the presence or absence of the four fragments employed here to infer gender.  This was 

done to enable comparability with the EVC multiplex.  SBE primers were designed within the 

conserved regions of the four fragments sequenced, with the resulting peaks indicative of the 

presence of each respective amplicon within the multiplex PCR and thus the original DNA 

sample.  Therefore, if no DNA from the Y chromosome is present within the original DNA sample, 

no amplicons will be produced in stage one (multiplex PCR), and thus there will be no template 

for the SBE YFlag primers to bind to, resulting in the absence of the corresponding YFlag peak 

within the final profile generated through capillary electrophoresis.  Four SBE primers were 

designed to extend the forward strand, have similar melting points and to exhibit either red (T 

nucleotide) or green (A nucleotide) peaks (Table 5.2).  Poly dinucleotide non-binding tails were 

added to the annealing sequence of the primers to increase their mass and space out the peaks 

in the resulting profile (Table 5.2). 

Table 5.2: Sequence and length details of single base extensions (SBE) primers used to produce 
YFlag peaks, including non-binding tail information, melting temperature (Tm) and final expected 
peak size. 

Gene and 

YFlag Peak 

Non-

Coding 

(n bases) 

Primer Sequence (5’ – 3’) Tm 
Size 

(bp) 
Allele 

SRY 

(YFlag7) 

poly dAG 

(49) 
GTGTTGAGGGCGGAGAAATGC 56°C 70 T 

TSPY1 

(YFlag8) 

poly dAG 

(52) 
GACACCACAACAGCAGCCTTAAC 56°C 76 A 

TSPY1b 

(YFlag9) 

poly dAG 

(62) 
GCAGGGATTGCGCAGAACAG 57°C 82 A 

BPY 

(YFlag10) 

poly dAG 

(66) 
CCTGGCAATAGTGTGCTTGGTG 56°C 88 T 
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SBE primer placement within each of the fragments was limited by the size of the fragments and 

the requirement that all four SBE primers have similar melting points.  The four YFlag peaks were 

also designed to be large in size for incorporation in the final combined multiplex (Chapter 6).  In 

order for the YFlags to be combined with the pigmentation PCR amplification and SBE reaction, 

the SRY amplicon had to be reduced in size, whilst the TSPY1 amplicon was made larger 

(Chapter 6).  The binding sites of the YFlag SBE primers are illustrated below for all four 

fragments (Figures 5.5–5.8). 

The result of this design process was a set of four primer pairs within a YFlag PCR multiplex 

reaction and four corresponding SBE primers within a SNaPshot
TM

 (Applied Biosystems by Life 

Technologies, CA, USA) reaction that are specifically designed to operate on and detect DNA 

template from the Y chromosome. 
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Figure 5.5: Assembly of the SRY amplicon reverse strand sequence (reversed) with corresponding YFlag7 primer (‘5 - 3’) bind site. 

 

 

Figure 5.6: Assembly of TSPY1 amplicon forward strand sequence with corresponding YFlag8 primer (‘5 - 3’) bind site. 
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Figure 5.7: Assembly of TSPY1b amplicon forward strand sequence with corresponding YFlag9 primer (‘5 - 3’) bind site. 

 

 

Figure 5.8: Assembly BPY2 of amplicon reverse strand sequence (reversed) with corresponding YFlag10 primer (‘5 - 3’) bind site.
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5.2.3. Reproducibility 

Reproducibility was investigated by testing 30 different male individuals from a variety of 

ancestral backgrounds.  To further ensure that the YFlag primers failed to amplify with female 

DNA, 30 different female individuals were also tested using the YFlag multiplex.  For each of 

these 60 samples 1-2ng DNA was applied to the YFlag multiplex amplification with any resulting 

bands visualised on 4% E-gels (E-Gel® EX system (Invitrogen by Life Technologies, CA, USA by 

Life Technologies)) (method described in full in Chapter 2) to confirm successful amplification of 

YFlag amplicons.  Upon confirmation of successful amplification, 15 male samples were selected 

at random from within this group for SBE YFlag profile generation (see Chapter 2 for complete 

method) undergoing capillary electrophoresis in duplicate.  All YFlag profiles were analysed using 

Peak Scanner Software v 1.0 (Applied Biosystems by Life Technologies, CA, USA). An example 

of the resulting profile is presented in Figure 5.9.  All female samples failed to produce any 

amplified fragments. 

Peak heights were variable per marker across all 30 YFlag profiles (15 samples, run in duplicate), 

with an average height for all four peaks in excess of 1700rfu (Table 5.3).  This variation in peak 

height (rfu) across samples for the same peaks is not uncommon, with capillary electrophoresis 

electropherograms known to exhibit slight variations in response to polymer and external 

temperature conditions (Davison & Chiba, 2003; Klein, Wallin, & Buoncristiani, 2003; Moretti et 

al., 2001).  Despite this slight variation in peak height across individuals, all individual peaks were 

well in excess of 50rfu (the minimum threshold often set for peak recording in forensic profiling 

according to kit manufacturer’s instructions (AmpFISTR®Identifiler® (Applied Biosystems by Life 

Technologies, CA, USA)).  There was significant height difference between YFlag peaks 7 (SRY) 

and 10 (BPY2) and peaks 8 and 9 (TSPY1).  This is most likely due the TSPY1 gene appearing 

in multiple copies in different individuals, with most males having one or more copies (Giachini et 

al., 2009).  It could also be slightly exaggerated by differences in dye fluorescence.  Perhaps 

most importantly, peak size (bp) was consistent across both duplications as well as across the 

entire sample set, with recorded sizes only deviating slightly from the average allele size (Table 

5.3).  Such consistency in allele sizing and fragment migration during capillary electrophoresis is 
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advantageous when multiplexing multiple different markers, however this has been known to vary 

across different capillary electrophoresis machines, as well as being influenced by other factors 

within the electrophoresis process, such as polymer type (Davison & Chiba, 2003; Klein et al., 

2003; Moretti et al., 2001). 

This assessment has demonstrated that the YFlag method is reproducible and specific to DNA 

from the Y chromosome only.  Any peak located within the appropriate sized bins (based on the 

assessment of allele size variation as described in Table 5.3), of correct allele colour and above 

50rfu in height will be accepted and reported as part of a YFlag profile. 

 

Figure 5.9: Analyzed electropherogram illustrating the size and profile layout of the four YFlag 
peaks (YFlag7-10, smallest-largest).  YFlag7, 72, 47bp in size, A allele (green) is from the SRY 
amplicon, YFlag8, 77.67bp in size, T allele (red), is from the TSPY1 amplicon, YFlag9, 84.61bp in 
size, T allele (red), is from the TSPY1b amplicon and finally YFlag10, 90.8bp in size, A allele 
(green), is from the BPY2 amplicon.  H: height, A: area, S: size and D: data point(N/A)).  Y axis is 
relative fluorescent units (rfu), X axis is allele size (bp). 
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Table 5.3: Average peak height and size of all four YFlags from electropherograms of 15 male 

individuals run in duplicate.  ± Standard Deviation. 

YFlag Peak Peak Height (rfu) Peak Size (bp) 

YFlag7 1754.7±1062.2 72.46±0.04 

YFlag8 5953.8±1339.7 77.66±0.03 

YFlag9 5793.8±1052.7 84.57±0.03 

YFlag10 1761.7±730.4 90.79±0.03 

 

5.2.4. Sensitivity 

Assay sensitivity was assessed for optimum YFlag multiplex performance and to establish the 

minimum amount of input DNA required to reveal a YFlag profile capable of gender inference.  

Testing was performed using decreasing amounts of DNA at approximate concentrations of 2ng, 

1ng, 0.5ng, 0.25ng, 0.125ng, 0.0625ng and 0.03125ng from two different male individuals 

applied to the YFlag PCR multiplex followed by final profile generation using YFlag SBE primers.  

Each profile underwent capillary electrophoresis in duplicate to ascertain the average peak 

heights of YFlag peaks (where present) for each DNA concentration level tested. 

Optimum input DNA concentration was between 1-2 ng (in keeping with DNA requirements for 

the combined multiplex, refer to Chapter 6), while a series of increasingly dilute DNA samples 

were used to validate the performance of this method on low quantity samples such as might be 

seen in casework.  The resulting YFlag profiles were uniform across both male individuals and 

respective duplications in terms of peak presence, decrease in height and (where applicable) 

drop out (an example is included, Figure 5.10).  YFlag7 and YFlag 10 peaks were readable (>50 

rfu) until input DNA concentration dropped below 0.125ng, while YFlag8 and YFlag9 peaks were 

readable at every concentration level tested, with the lowest level trialled being approximately 

0.03125ng (31pg) (Figure 5.10).  These results suggest that a complete YFlag profile is 

achievable with as little as ~0.125ng of DNA, while half of the profile is still readable at lower 

concentrations of just ~0.03125ng. 
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Figure 5.10: A series of analyzed electropherograms illustrating the effect on YFlag profiles as 
the amount of input DNA progressively decreases.  Approximate DNA input levels are as follows, 
top to bottom of image: 2ng (A), 0.5ng (B), 0.125ng (C), 0.0625ng (D) to 0.03125ng (E).  Y axis is 
relative fluorescence units (rfu), X axis is allele size (bp). 

 

Unlike other methods that typically focus on a single marker for gender identification, the YFlag 

method flags four different regions of Y chromosome DNA to enable built-in redundancy across 

multiple different markers, although all are unlikely to be required for gender identification.  If this 

method were to be later validated, a threshold setting would need to be determined as to how 

many flags were required in order for the resulting profile to qualify for use in gender inference.  

Multiple markers were selected to allow for built-in redundancy; however any one of these YFlag 

markers should be sufficient to infer male DNA presence within the original sample.  In all males 
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sampled, no null-alleles were observed, with all four YFlags appearing together, with loss of 

YFlag markers only appearing as DNA concentration decreased through drop out. 

 

5.2.5. Mixed Samples 

Samples composed of a mixture of both male and female DNA were used to assess the YFlag 

method’s performance in male-specific fragment amplification in the presence of female DNA.  To 

simulate this scenario, mixed samples were created with increasing amounts of female to male 

DNA for two different male/female pairs.  Male DNA was kept at a constant approximate 1ng, 

while the female portion of DNA increased.  Mixtures were set up with the following ratios of male 

to female DNA: 1:1, 1:2, 1:4, 1:8 and 1:16.  Each mixed sample underwent multiplex PCR 

amplification and SNaPshot
TM

 (Applied Biosystems by Life Technologies, CA, USA) YFlag profile 

generation (as described in detail in Chapter 2) using 1 µL of the mixed sample as input 

template. 

Peaks were present across all samples and did not appear to vary in response to the increase in 

female DNA present, with no obvious changes in rfu values observed in concordance with 

changes in DNA level (an example is shown in Figure 5.11).  All four YFlag peaks were visible 

(>50rfu) in both female/male mix sets across all mixture levels.  This suggests that in a mixed 

sample where the major component of DNA present is of female origin, YFlags can still be 

employed to identify the presence of Y chromosome DNA and inference of a male co-contributor. 
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Figure 5.11: A series of analyzed electropherograms resulting from mixed male and female samples. Female DNA progressively increases from the top pane 
down (1-16ng).  Male:Female DNA input levels (ng) are as follows, top to bottom of image: 1:1, 1:2, 1:4, 1:8 and 1:16.  Y axis is relative fluorescence units 
(rfu), X axis is allele size (bp). 
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5.3. Discussion 

Amelogenin has been used as the gender marker of choice within forensic biology since the early 

1990’s, producing a female and male amplicon of different and discernible sizes (Akane et al., 

1992; Nakahori et al., 1991; Sullivan et al., 1993).  Since then, several instances have occurred 

where the Y allele of this method, AMELY, has failed to amplify, resulting in a profile consisting of 

the single AMELX female allele, thus leaving the analyst to infer that the DNA sample is that of a 

female (Kumagai et al., 2008; Oz et al., 2008; Steinlechner et al., 2002; Thangaraj et al., 2002).  

Particularly in instances of casework, where samples are anonymously contributed and collected 

from a crime scene, such false negative AMELY results could frustrate criminal investigations.  

To supplement this albeit relatively rarely occurring failure in the amelogenin gender test, 

secondary or additional markers capable of identifying the Y chromosome are now being 

employed.  The YFlag system is designed to utilise the reaction chemistry of a secondary 

forensic biology assay to predict eye colour, that could be employed following the lack of an STR 

profiling match within a DNA database (refer to Chapter 6).  Therefore the ambition of the YFlag 

system is to identify the presence of the Y chromosome as a secondary test to follow amelogenin 

(as conducted within initial forensic STR profiling). 

Three genes (SRY, BPY2 and TSPY1) of considerable importance to male development and/or 

physiology have been chosen for use within the YFlag method.  Four fragments from these three 

genes have been selected to be the template for the YFlag markers.  All three genes are located 

within the non-recombining region of the Y chromosome, and all four fragments are amplifications 

of exonic regions.  Rather than selecting a single additional marker for gender, we selected four 

to enable built-in redundancy, to allow for potential peak drop out and null alleles.  As this method 

has been designed for use within forensic biology, the sample quality may vary, therefore if one 

or two markers fail to amplify and meet profile requirements there are other markers present also 

capable of inferring donor gender.  This built-in redundancy may also circumvent some instances 

of genetic abnormality, for example, an infertile male may lack the BPY2 marker peak, as this 

region of Y chromosome DNA is sometimes found deleted in infertile males (as discussed 

above), but the presence of the three remaining YFlag markers would make up for the absence 

of this marker.  This peak absence would by no means be diagnostic of any abnormalities or 
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mutations but would circumvent them for the purposes of gender inference in instances where 

they did occur. 

The YFlag method has been demonstrated to be male-specific, able to generate reproducible 

results and is highly sensitive.  The amplification primers for all four fragments have been 

demonstrated as being highly specific, in that all four fragments amplified in all male samples 

during reproducibility and specificity trials, whilst failing to amplify any fragments when applied to 

any of the female samples.  The method demonstrated a high level of sensitivity with all four 

fragments being successfully amplified with as little as ~0.0125ng of DNA, with two of the four 

fragments still amplifying and visible within the final profile at approximately 0.03ng of DNA.  This 

assay also performed well in the presence of mixed DNA samples, where all four fragments were 

present despite there being as much as 16 times the quantity of female to male DNA within the 

sample.  This functionality at low DNA levels makes the YFlag system beneficial for forensic use, 

where samples may be degraded, low in DNA quantity or compromised by multiple donors.  

Determining that a gender marker method is capable of performance within a female/male mixed 

sample is important for use within forensic testing, particularly in sexual assault cases where any 

samples collected are likely to contain DNA from both victim and assailant. 

The performance of the YFlag system as a secondary gender test is comparative to other 

secondary tests being employed elsewhere.  The first method of note used to reinforce the 

outcome of amelogenin testing in forensic DNA analysis, and to prevent false-positive female 

inference, is that of the addition (in-house) of an SRY marker, to the commercial STR profiling kit 

currently used.  This method has been successfully reported in at least two different instances.  

Inturri et al. (2009) developed a 90bp SRY marker that could be co-amplified within the 

AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA).  As observed with the YFlag method, this system was capable of producing a SRY marker 

with approximately 0.125ng DNA as well as in the presence of approximately 100 times greater 

quantity of female to male DNA.  Similar results were achieved by Kastelic et al. (2009) (when 

validating the initial work of Drobnic (2006)) again employing the SRY gene as a marker used 

within the AmpFlSTR SGM  Plus PCR amplification kit (Applied Biosystems by Life Technologies, 

CA, USA).  Here, as little as 0.025ng of DNA was required to achieve a good peak profile for the 
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SRY marker (>80rfu).  As demonstrated here in the YFlag method, and that of Kastelic et al. 

(2009) and Inturri et al. (2009), primer binding and amplification for all SRY markers was male-

specific, even in the presence of excessive quantities of female DNA.  The advantage of these 

types of method, whereby an additional primer pair is added to an already utilised commercial 

forensic STR profiling kit, is the minimal and conservative sample usage, where a single assay is 

run. 

An alternate option to including a secondary marker to an existing assay is to perform a 

secondary assay, designed to target gender-specific markers that supplement the initial 

Amelogenin gender test.  ‘GenderPlex’ (Codina et al., 2009) was created to use two different 

regions of amelogenin as markers in conjunction with SRY and four mini X-STR loci.  The 

amelogenin marker was used to indicate male and female alleles based on size differentiation, 

the presence of SRY to indicate male DNA and the X-STRs to indicate gender based on their 

heterozygosity level.  This method allows for multiple marker combinations for gender inference 

and is still able to reveal positive male markers (amelogenin and SRY) where male DNA only 

makes up 5% of the total DNA quantity of a sample, with a minimum DNA input level of 

~0.109ng.  The Amelogenin markers utilised by this group may be compromised by the variety of 

different sized Amelogenin deletions already (and potentially yet to be) discovered (discussed 

above).  However, ‘GenderPlex’ is designed with built-in redundancy and, similar to the ‘YFlag’ 

method presented within the present work, would still be capable of gender inference despite 

occasional marker drop out or occurrence of null alleles.  Biological samples attained for forensic 

analysis are precious and often of limited quantity and volume, therefore if a secondary marker 

within the first step assay (forensic STR profiling for instance) could not be included, a secondary 

assay that has a gender marker to reinforce the results of amelogenin would be useful.  However, 

a secondary assay that includes not just gender markers, but other markers gleaning further 

information that is useful for investigative purposes would be beneficial and perhaps a more 

justifiable use of sample.  This is the ultimate goal of the YFlag system, when added to the eye 

colour SNPs (refer to Chapter 4), to be a combined secondary assay (Chapter 6) subsequent to 

forensic STR profiling where a database match is not made, that reveals not only the 

contributor’s gender, but also other information of forensic use. 
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5.4. Conclusion 

The YFlag system represents a method to flag the presence of DNA from the Y chromosome 

within a DNA sample.  This system has been designed to be performed after the initial 

amelogenin gender test common in forensic STR profiling and in combination with the EVC 

multiplex.  This system consists of four markers from three protein coding genes being SRY, 

TSPY1 and BPY2 located on the non-recombining region of the Y chromosome.  The YFlag 

system is specific, reproducible and sensitive, with the capacity to be used upon mixed samples. 
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Chapter 6 

 

 

Multiplex optimisation, efficiency and performance 

 

6.1. Introduction 

Any DNA method employed within forensic biology needs to be optimised for use upon forensic 

samples, with many methods designed or adapted specifically for forensic use (for example, 

AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA) and IrisPlex (Walsh et al., 2011b)).  Forensic samples are varied and may be of poor 

quality, low DNA quantity and comprised of biological material from multiple contributors.  To 

combat these factors, forensic DNA assays are required to perform efficiently, with minimal DNA 

input, and produce robust and reproducible results.  The results of these assays are usually 

interpreted in combination with statistical analysis of some kind in order to analyse and interpret 

the information gleaned from the DNA sample. 

The overarching aim of the present work is to investigate and design an assay capable of 

predicting EVCs for forensic use in New Zealand.  A total of ten markers comprising of six SNPs 

for eye colour prediction and four YFlags (Chapters 3-5) were selected for combination in a 

multiplex. 
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6.2. Methods and Results 

A two stage process was used to type SNP genotypes and YFlags.  The first stage was a PCR 

amplification of the DNA fragments upon which the SNPs are located, while the second stage 

employs a mini-sequencing method (as discussed in Chapter 1) that utilises the amplified 

fragment as the template in order to reveal the SNP allele in question.  Both of these stages are 

conducted in multiplex format, with multiple primer pairs in the initial PCR amplification, and 

multiple single-base extension primers in the mini-sequencing reaction. 

 

6.2.1. Optimisation 

6.2.1.1. Fragment selection, sequencing, and SBE design 

For optimisation testing with multiple amplicons within a single reaction, it was necessary to 

visually assess amplicon strength, and presence/absence, using gel electrophoresis before 

proceeding on to the more expensive mini-sequencing stage.  To facilitate this, fragments for 

each SNP and YFlag were designed to be different sizes in order to allow for adequate 

separation (where possible) to assess amplicon production using gel electrophoresis.  Amplicon 

(and corresponding SNP and YFlag marker) primers and size are detailed in Table 6.1, with 

amplicon size ranging from 179-513bp. 
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Table 6.1: Amplicon details for each DNA fragment (and corresponding marker) amplified within 
PCR multiplex.  Forward and reverse primers (5’-3’) included as well as final amplicon size 
(basepairs). 

Amplicon ID 
(SBE marker) 

Forward Primer (5’-3’) Reverse Primer (5’-3’) Size (bp) 

HERC2-129 
(Pigment4) 

GACGTCAGTGAAGAGACCA
GC 

GTTATAACAGTTCATGTTCC
CACC 

481 

HERC2-112 
(Pigment1) 

AGTGTTCCACGCGCACAGG
C 

CCGACGACAGCAGCGACG
AT 

280 

OCA2-407 
(Pigment3) 

TGAAAGGCTGCCTCTGTTC
T 

GTGAAGAGGAGCATGGTG
GT 

179 

SLC24A4-128 
(Pigment5) 

CACACCTTGAGAACTTCTG
CCT 

CTATGGGGACACCAAAGCA
G 

452 

TYR-139 
(Pigment6) 

GCACATCTCATCTAGAATC
ATGAC 

CTGGGAAGGTGAATGATAA
CAC 

328 

TYR-104 
(Pigment2) 

AGCAAAGCATACCATCAGC
TCAGAC 

TGTCCTTGATGGGGGCTGC
AA 

513 

SRY 
(YFlag7) 

GAGGCAGATCAGCAGGGC
A 

GAAAGGTGCCAGAGTTCGA
AAC 

221 

TSPY1 
(YFlag8) 

CAGGATGGGTAGTGGAAG
GAAG 

GATTGCGCCACAGGTCCTT
AC 

366 

TSPY1b 
(YFlag9) 

CCCAAACCACAAAGGACTG
T 

CCCCATTTGTGATCCCTTA 194 

BPY2 
(YFlag10) 

CAAAGCCCAGCACTGAGGT 
GTGAGCAGGGACAAGAAAG
G 

238 

 
 

All amplified fragments for all SNPs have been previously sequenced in multiple individuals 

during genotype screening (refer to Chapter 2).  Single-base extension (SBE) primers were 

designed within the sequence of the amplicons in Table 6.1 for the final SNP markers selected 

for use.  The YFlag SBE primers have been discussed previously in Chapter 5 and are therefore 

not included here.  The location of the SBE primers within the amplified sequence is shown for 

each fragment in Figure 6.1 with the sequence details for each included in Table 6.2.  All SBE 

primer sequences were designed with melting points of 56-58°C.  All SBE products were run in 

singleplex reactions initially to assess final extended product size per primer (as described in 

Chapter 2) before being run in the final multiplex reaction. 
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Table 6.2: Sequence and length details of single-base extension (SBE) primers for pigment 

SNPs 1-6, including non-binding tail information and expected peak size and allele.  

Gene 
SNP 

(Marker) 
Non-Coding  

(n bases) 
Primer Sequence (5’-3’) 

Size 
(bp) 

Allele 

HERC2 

rs12913832 
(Pigment4) 

poly dAG (25) 
GCGAGGCCAGTTTCATTTGA
GCATTAA 

52 A/G 

rs1129038 
(Pigment1) 

poly dAG (12) 
CTACAGTCTACACAGCAGC
GAG 

34 C/T 

OCA2 
rs1800407 
(Pigment3) 

poly dAG (27) CAGGCATACCGGCTCTCCC 46 A/G 

SLC24A4 
rs12896399 
(Pigment5) 

poly dAG (24) 
CAATTCTTTGTTCTTTAGGT
CAGTATATTTTGGG 

58 G/T 

TYR 

rs1393350 
(Pigment6) 

poly dAG (42) 
TCCTCAGTCCCTTCTCTGCA
AC 

64 A/G 

rs1042602 
(Pigment2) 

poly dAG (22) 
AATGGATGCACTGCTTGGG
GGAT 

45 A/C 
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Figure 6.1: Assembly of all six pigmentation SNP amplicons from two individuals in a single 
direction with corresponding SBE binding site.  From top to bottom: Pigment1 (rs1129038), 
Pigment2 (rs1042602), Pigment3 (rs1800407), Pigment4 (rs12913832), Pigment5 (rs12896399) 
and Pigment6 (rs1393350).  Primer sequence illustrated as above in Table 6.2, minus non-coding 
tails. 

 

The amplification protocol used within the mini-sequencing reaction was extensively optimised in 

order to achieve as equal peak height across all markers as possible (final reaction conditions in 

Chapter 2).  Despite this, variations in resulting fluorescence do naturally occur with the dyes 

employed within the SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life Technologies, CA, 

USA), particularly with the blue dye (dR110), indicative of a guanosine dideoxy nucleotide 

insertion here, which may exhibit variation in expected migration length (often observed with 

shorter fragments) and appear in higher fluorescence levels (Hahn, Wilhelm, & Pingoud, 2001; 
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Sanchez, Børsting, & Morling, 2005).  This was particularly apparent here in the homozygous GG 

individuals for Pigment3, which was both short in fragment length (46bp) and often genotyped as 

homozygote.  In fact, despite only a single base pair difference in length between Pigment2 and 

Pigment3 SBE primers (Table 6.2), the homozygote Pigment3 peak sized approximately seven 

base pairs away from the Pigment2 peaks (for an example, refer to the profiles in Figure 6.2).  

Despite the slight unpredictability between design and resulting migration of blue dye fragments, 

the allele sizes are consistently demonstrated and do not differ from the other dye fragments in 

this regard. 

 

6.2.1.2. Reproducibility 

Reproducibility of electropherogram profile generation was assessed by testing 15 male and 15 

female individuals (30 total) from a variety of ancestral backgrounds.  Each amplified sample 

underwent capillary electrophoresis in duplicate to assess peak height and allele size 

reproducibility.  For each of these samples, approximately 1-2ng was applied to the initial 

multiplex PCR stage (in detail in Chapter 2) with the resulting amplicons being assessed through 

gel electrophoresis using 4% E-Gels (E-Gel® EX system (Invitrogen by Life Technologies, CA, 

USA)).  Once successful amplification was confirmed, 15 male and 15 female samples from this 

group were purified and applied to the mini-sequencing reaction for SNP marker profile 

generation and capillary electrophoresis (see Chapter 2 for the complete method).  Capillary 

electrophoresis was performed in duplicate for each sample.  All profiles were analysed using 

Peak Scanner Software v 1.0 (Applied Biosystems by Life Technologies, CA, USA).  Examples of 

a male and female profile are displayed in Figure 6.2. 
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Figure 6.2: Analysed electropherograms illustrating examples of a male (top pane) and female 
(lower pane) multiplex profile, including pigmentation (P1-P6) and YFlag peaks.  A recurrent 
artefact peak is also illustrated.  Overlay of dashed lines with accompanying marker names and 
alleles relative to marker position within the profile.  Pigmentation markers are located within the 
size range of 30-70 bp, while YFlags are >70bp in size.  Pigmentation peaks and YFlags are 
sized in accordance with Table 6.2.  Peak labels include: height (H), area (A), size (S) and 
datapoint (D, non-applicable here).  Y axis is relative fluorescence units (rfu), X axis is allele size 
(bp). 

 

All peak heights exhibited variation across the 60 profiles analysed (N: 30, 15 females and 15 

males, with capillary electrophoresis performed in duplicate).  As briefly mentioned in Chapter 5, 

such variation is not uncommon and may be the product of slight variations in the approximate 

DNA input measurements or vary in response to polymer and external temperature conditions 

(Davison & Chiba, 2003; Klein et al., 2003; Moretti et al., 2001).  Pigmentation SNP peak heights 

also reflected the commonly observed half-height of alleles when observed in heterozygote form 

compared to homozygote form (Table 6.3).  Allele base pair size variation was less than ±0.5 bp 

for each peak, well within the ranges of POP4 and POP7 polymer (1bp) as stipulated by the 

manufacturer (Table 6.3). 
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Table 6.3: Average peak height and size for both alleles for of all six pigment SNP markers from 
a total of 30 electropherograms (15 male, 15 female) run in duplicate.  Peak heights are 
assessed in heterozygote and homozygote form.  ± Standard deviation. 

Pigment 

Peak 
Allele 

Peak Size 

(bp) 

Peak Height (rfu) 

Heterozygote Homozygote 

Pigment1  C 36.0±0.03 1264.65±645.79 CC 4236.5±2374.33 

 T 38.2±0.03 1478.55±720.79 TT 2770.64±1067.76 

Pigment2 C 48.9±0.2 883.59±447.25 CC 1725.81±1435.53 

 A 49.9±0.03 1116.46±719.82 AA 2014.0±586.93 

Pigment3 G 43.2±0.1 4468.5±1181.04 GG 6881.87±1249.17 

 A 44.5±0.04 1923.5±97.99 AA - 

Pigment4 G 54.2±0.1 2702.55±1557.36 GG 4888.58±1779.31 

 A 54.7±0.03 605.1±326.62 AA 1173.5±1050.33 

Pigment5 G 61.1±0.03 2960.43±1779.03 GG 4151.81±1944.6 

 T 62.3±0.03 1309.54±854.29 TT 2750.85±1389.43 

Pigment6 G 64.3±0.03 1842.5±1223.23 GG 4030.68±1703.36 

 A 65.3±0.03 950.4±485.53 AA 1861.17±1171.35 

 

6.2.1.3. Sensitivity 

Sensitivity was assessed to establish both the optimum approximate DNA quantity for profile 

generation and the minimum levels of input DNA required to achieve successful amplification of 

all markers.  Sensitivity was tested by adding decreasing amounts of input DNA to the PCR 

multiplex (refer to method in detail in Chapter 2) at the approximate concentrations of 2ng, 1ng, 

0.5ng, 0.25ng, 0.125ng, 0.0625ng and 0.03125ng from two different male and two different 

female individuals.  Each sample underwent capillary electrophoresis in triplicate to ascertain 

peak profiles for each DNA concentration tested.  Partial profiles, where possible, were applied to 

eye colour prediction models to assess prediction capacity in the event of allelic drop-out. 

Optimum DNA levels were observed as being between approximately 1-2ng of DNA required to 

achieve the presence of all peaks ≥1000rfu.  This optimum input level of DNA is comparable to 

other DNA analysis methods in use today (for example, 0.5ng-1ng of DNA for 

AmpFISTR®Identifiler® PCR Amplification Kit (Applied Biosystems by Life Technologies, CA, 

USA) and 0.5ng of DNA for PowerPlex® 21 System (Promega, MI, USA)).  A series of samples 
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in decreasing increments were also applied to the PCR multiplex to assess the method’s 

performance on low template samples such as may be obtained in forensic casework.  An 

example of the resulting profiles testing the sensitivity of the multiplex is displayed in Figure 6.3 

(female, P036), with information on all four samples studied presented in Tables 6.4 and 6.5.  Of 

the female samples, complete profiles were obtained with ~0.0625ng of DNA for P053 (Table 6.4, 

Figure 6.4) and ~0.25ng of DNA for P036 (Table 6.4, Figure 6.5), with allelic drop out occurring at 

lower concentrations.  Both male samples achieved complete profiles at an approximate DNA 

concentration of 0.125ng, with allelic drop out in both profiles occurring at lower DNA 

concentrations (Table 6.5, Figures 6.6 and 6.7). 

The two female samples include P053 which included only a single heterozygote SNP genotype 

(Pigment3 GA), whilst the second female sample, P036, comprised of a majority of heterozygote 

genotypes, with only two instances of a homozygote genotype in Pigment2 (AA) and Pigment6 

(GG) markers.  Although the fluorescence of different dyes has been known to affect peak height, 

the general rule of heterozygote peaks being smaller than alternate homozygote peaks at each 

marker still appears to stand in these examples (refer to Table 6.3 above).  Although the 

comparison here is only from a limited number of samples, the heterozygote alleles of P036 drop 

out at an input DNA amount of approximately 0.125ng whilst homozygote alleles of the P053 

profile only begin to drop out at an input DNA amount of 0.03125ng and do not drop out at all in 

the P036 profiles analysed (Table 6.4).  The drop out of heterozygote alleles prior to homozygote 

alleles is not demonstrated in the two male profiles.  Both P033 and P026 profiles illustrate 

largely homozygote alleles, with only a single heterozygote instance noted at Pigment2 (CA) for 

P033.  The A allele drops out at approximately 0.0625ng of DNA in the P033 profile, with no 

further drop out of any other alleles until approximately 0.03125ng of DNA.  However, the 

Pigment2 alleles are also amongst the first to drop out in the P026 profile, despite being in 

homozygote form, at the same approximate DNA concentration of 0.0625ng, along with drop out 

of the YFlag10 marker (Table 6.5).  The allelic drop out of the YFlag markers as analysed here 

within the entire pigmentation/YFlag profile, are concordant with the drop out levels observed in 

the male only YFlag optimisation work of Chapter 5. 
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Figure 6.3: Analysed electropherograms illustrating a female example (P036) with reducing DNA 
input levels.  Input DNA (approximate concentration shown) decreases in increments viewed 
here from top to bottom (A-G).  Red boxes indicate allele drop out.  Note the increase in artefact 
peak height (~45bp) flanking alleles of Pigment3.  Peak labels include: height (H), area (A), size 
(S) and datapoint (D, non-applicable here).  Y axis is relative fluorescence units (rfu), X axis is 
allele size (bp).  The Y axis scale varies to allow greater peak visibility. 
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These findings indicate that complete profiles, including heterozygote and homozygote 

genotypes, as well as YFlags (where applicable), can be achieved with as little as approximately 

0.25ng of DNA, with two of the four samples analysed achieving complete profiles, with no drop 

out, at a further diluted concentration of approximately 0.125ng of DNA and a single complete 

profile achieved with ~0.0625ng of DNA.  At least one marker per sample profile did not drop out 

at all during this analysis, therefore the lower limits of detection for individual alleles (<0.03125ng 

approximately) is still unclear and suggests that these markers are highly sensitive (Tables 6.4 

and 6.5, Figures 6.4-6.7).  It is also important to note that of the seven instances where drop out 

was not recorded at the lowest dilution level, four of these were homozygote G genotypes, with a 

G allele making up one allele of each of the heterozygote genotypes that failed to drop out 

(Tables 6.4 and 6.5).  The guanosine dideoxy nucleotide is fluorescently labelled with a blue dye, 

often observed as giving comparatively higher fluorescence in contrast to other dyes which may 

explain the lack of drop out for these genotypes. 
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Table 6.4: SNP allele presence and drop out for the six pigmentation markers for two female DNA samples.  Green indicates allele marker presence (≥50rfu), 

while red indicates allele drop out (<50rfu).  Note that no YFlags were present, as anticipated, indicative of no Y chromosome DNA within the samples. 

Female 
Samples 

Pigment1 Pigment2 Pigment3 Pigment4 Pigment5 Pigment6 YFlag7 YFlag8 YFlag9 YFlag10 

P053 TT CC G A GG GG AA x x x x 

2ng            

1ng            

0.5ng            

0.25ng            

0.125ng            

0.0625ng            

0.03125ng            

P036 C T AA G A G A G T GG x x x x 

2ng               

1ng               

0.5ng               

0.25ng               

0.125ng               

0.0625ng               

0.03125ng               
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Table 6.5: SNP allele presence and drop out for the six pigmentation markers and four YFlags for two male DNA samples.  Green indicates allele marker 
presence (≥50rfu), while red indicates allele drop out (<50rfu).  Note that YFlags were present, as anticipated, and indicative of Y chromosome DNA within the 
samples. 

Male 
Samples 

Pigment1 Pigment2 Pigment3 Pigment4 Pigment5 Pigment6 YFlag7 YFlag8 YFlag9 YFlag10 

P033 TT C A GG GG GG GG A T T A 

2ng            

1ng            

0.5ng            

0.25ng            

0.125ng            

0.0625ng            

0.03125ng            

P026 TT AA GG GG GG GG A T T A 

2ng           

1ng           

0.5ng           

0.25ng           

0.125ng           

0.0625ng           

0.03125ng           
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Figure 6.4: Sensitivity analysis for each allele present and the average relative fluorescence units (rfu) at each DNA concentration level tested for female 
sample P053.  Pigment1-Pigment 6 (P1-P6) included with appropriate allele as present per profile.  A single bar for each marker indicates a homozygote 
genotype, with both alleles per marker shown for heterozygote genotypes.  Error bars denote standard deviation above and below the average rfu value per 
allele within each DNA concentration level. 
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Figure 6.5: Sensitivity analysis for each allele present and the average relative fluorescence units (rfu) at each DNA concentration level tested for female 
sample P036.  Pigment1-Pigment 6 (P1-P6) included with appropriate allele as present per profile.  A single bar for each marker indicates a homozygote 
genotype, with both alleles per marker shown for heterozygote genotypes.  Error bars denote standard deviation above and below the average rfu value per 
allele within each DNA concentration level. 
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Figure 6.6: Sensitivity analysis for each allele present and the average relative fluorescence units (rfu) at each DNA concentration level tested for male 
sample P033.  Pigment1-Pigment 6 (P1-P6) and YFlag 7 - 10 included with appropriate allele as present per profile.  A single bar for each marker indicates a 
homozygote genotype, with both alleles per marker shown for heterozygote genotypes.  Error bars denote standard deviation above and below the average 
rfu value per allele within each DNA concentration level. 
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Figure 6.7: Sensitivity analysis for each allele present and the average relative fluorescence units (rfu) at each DNA concentration level tested for male 
sample P026.  Pigment1-Pigment 6 (P1-P6) and YFlag 7 - 10 included with appropriate allele as present per profile.  A single bar for each marker indicates a 
homozygote genotype, with both alleles per marker shown for heterozygote genotypes.  Error bars denote standard deviation above and below the average 
rfu value per allele within each DNA concentration level. 
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Along with assessing the lower limits of allele detection of the combined method, it is also of 

interest to assess how partial profiles perform within the eye colour prediction models.  All profiles 

used in this assessment contained drop-out of one allele from one or more heterozygote 

genotypes in the multiplex, with the profile from the lowest dilution capable of tree model 

implementation being used.  These profiles are interpreted under the assumption that the 

operator suspects, but cannot confirm, drop out at these markers.  For the above four examples 

(two female and two male individuals (Tables 6.4 and 6.5)) the partial profiles were tested using 

the three final eye colour prediction models where possible (models include blue versus non-

blue, brown versus non-brown and the all eye colour (AEC) trees, at a threshold of Pr. 0.7, all 

found in Chapter 4). 

The first female sample, P053, gave profiles capable of eye colour prediction across all three 

models until approximately 0.0625ng (Table 6.4).  From the genotypes determined from 

approximately 0.0625ng, this individual was predicted as being of blue eye colour (Pr. 0.95) in the 

blue versus non-blue tree (Figure 6.8), non-brown (Pr. 1) in the brown versus non-brown tree 

(Figure 6.9) and blue in the AEC tree (Pr. 0.95) (Figure 6.10).  All three predictions were correct 

as the participant was classified as having blue eyes in observation records, therefore successful 

eye colour prediction was achieved with as little as ~0.0625ng of DNA. 
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Figure 6.8: Model prediction results for the blue vs. non-blue eye colour tree based on the profile generated with approximately 0.0625ng of DNA for female 
sample P053.  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting genotypes. 
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Figure 6.9: Model prediction results for the brown vs. non-brown eye colour tree based on the profile generated with approximately 0.0625ng of DNA for 

female sample P053.  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting genotypes. 
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Figure 6.10: Model prediction results for the all eye colour tree (AEC) based on the profile generated with approximately 0.0625ng of DNA for female sample 

P053.  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting genotypes. 
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The second female sample, P036, exhibited three instances of marker drop out at a DNA 

concentration of approximately 0.125ng (Figure 6.3).  Despite this, the sample profile was applied 

to all three models using the genotypes obtained from approximately 0.125ng (Table 6.4).  All 

three trees begin with the Pigment1 (rs1129038) genotype as their root node, an allele of which 

had dropped out in this female sample.  Therefore we implemented the models under alternate 

pathways, treating this genotype as potentially being a heterozygote (TC) as well as homozygote 

(TT) for the allele that was present.  This procedure was followed for all other heterozygote allele 

drop outs.  If the genotype for Pigment1 was heterozygote (TC) this individual was predicted as 

non-blue (Pr. 0.93) in the blue versus non-blue tree (Figure 6.11).  However if the allele present 

was treated as a homozygote (TT) this led onto another branching event (Pigment6, rs1393350) 

where genotype had not dropped out and resulted in alternate terminal nodes.  Again this profile 

exhibited drop out for this marker (Pigment5) as well (Figure 6.11).  This resulted in the alternate 

predictions of either blue (Pr. 0.73) in one node or non-blue (Pr. 0.6) in the other.  Thus within the 

same tree, after disregarding the non-blue prediction of Pr. 0.6 (below the threshold of Pr. 0.7), 

and through applying alternate genotype assumptions, this sample is predicted contrarily as both 

blue and non-blue depending on the branching pathway taken. 

The root node was again assessed in alternate formats for the brown versus non-brown tree.  

This resulted in either the profile being predicted as non-brown (Pr. 1) when Pigment1 was 

assumed homozygous (TT) or non-brown (Pr. 0.87) through an alternate branching pattern if 

Pigment1 was assumed heterozygous (CT) (Figure 6.12). 

The AEC tree resulted in a prediction of intermediate eye colour (Pr. 0.73) where Pigment1 was 

assumed heterozygote and then again, as in the blue versus non-blue tree, ends up at a 

branching event for a terminal node (Pigment5), that has one allele dropped out meaning it can 

be predicted as either blue (Pr. 0.73) or intermediate (Pr. 0.6) through alternate terminal nodes 

(Figure 6.13).  Despite alternate allele assumptions for genotypes experiencing drop out, the 

brown versus non-brown tree correctly predicted this individual as having non-brown eye colour.  

If we disregard all probabilities below 0.7, the operational threshold for all models, we see that 

this individual is predicted as being either non-blue or blue in the dichotomous response blue tree 

(inconclusive) and blue in the AEC tree.  This female individual was recorded in observational 
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data as having blue eyes and was therefore predicted correctly in the AEC and brown versus 

non-brown trees using approximately 0.125ng of DNA. 

The same female individual (P053) exhibits a different partial profile at an approximate 

concentration of 0.0625ng, although the alleles that have dropped out at this DNA level make 

model inference less feasible than the slightly higher concentration of 0.125ng as used above for 

model implementation. 
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Figure 6.11: Model prediction results for the blue vs. non-blue eye colour tree based on the profile generated with approximately 0.125ng of DNA for female 
sample P036.  Coloured overlays indicate the potential pathways within the model based on the genotypes of the profile.  Red illustrations highlight the 
pathway taken and terminal node and eye colour prediction if the genotype at Pigment1 was heterozygote.  Purple illustrations highlight the pathway taken if 
the genotype was homozygote for the T allele present within the profile for Pigment1.  Drop out occurs again at Pigment 5, with purple highlighting terminal 
node and resulting prediction if the samples was a heterozygote at Pigment5, with yellow illustrating the alternate homozygote genotype for Pigment5 and 
resulting terminal node and eye colour prediction. 
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Figure 6.12: Model prediction results for the brown vs. non-brown eye colour tree based on the profile generated with approximately 0.125ng of DNA for 
female sample P036.  Coloured overlays indicate the potential pathways within the model based on the genotypes of the profile.  Red illustrations highlight 
the pathway taken and terminal node and eye colour prediction if the genotype at Pigment1 was homozygote.  Purple illustrations highlight the pathway taken 
if the genotype was heterozygote for the T allele present within the profile for Pigment1. 
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Figure 6.13: Model prediction results for the all eye colour (AEC) tree based on the profile generated with approximately 0.125ng of DNA for female sample 
P036.  Coloured overlays indicate the potential pathways within the model based on the genotypes of the profile.  Red illustrations highlight the pathway taken 
and terminal node and eye colour prediction if the genotype at Pigment1 was heterozygote.  Purple illustrations highlight the pathway taken if the genotype 
was homozygote for the T allele present within the profile for Pigment1.  Drop out occurs again at Pigment 5, with purple highlighting terminal node and 
resulting prediction if the samples was a heterozygote at Pigment5, with yellow illustrating the alternate homozygote genotype for Pigment5 and resulting 
terminal node and eye colour prediction. 
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The first male sample, P033, revealed genotypes for pigmentation SNPs capable of achieving 

eye colour prediction down to approximately 0.0625ng.  The second male sample, P026, produce 

a profile that could also be applied to all models down to approximately 0.0625ng of DNA.  These 

two individuals exhibited identical genotypes for the pigmentation SNPs required for eye colour 

prediction for all three models being used and thus both apply to eye colour predictions 

discussed below.  The profile of these individuals at approximately 0.0625ng of input DNA 

resulted in a prediction of non-blue (Pr. 0.6) when applied to the blue versus non-blue tree 

(Figure 6.14) and non-brown (Pr. 1) when applied to the brown versus non-brown tree (Figure 

6.15).  The AEC tree predicted these individuals to be of intermediate eye colour (Pr. 0.6) (Figure 

6.16).  The prediction probabilities generated using the blue versus non-blue and the AEC tree 

must be disregarded as they are less than Pr. 0.7.  Despite this, it was confirmed that both of 

these male individuals were classified as having intermediate eye colour within observation 

records.  The prediction of non-brown through the dichotomous brown eye colour tree was above 

the operational threshold and thus an acceptable and correct prediction.  This again reinforces 

the difficulties predicting intermediate eye colour (refer to Chapter 4) but also demonstrates that 

the brown versus non-brown eye colour tree correctly predicted these individuals as being of non-

brown eye colour with approximately 0.0625ng of DNA. 

In order for classification tree models to successfully predict eye colour, the root node is of 

particular importance.  Complete drop out of genotypes at the root node would result in a profile 

ineligible for eye colour prediction.  It has been demonstrated here that with a single allele of the 

root node, classification trees can still be implemented.  Any eye colour probabilities generated 

using this method where drop out is suspected is feasible if the resulting probability meets the 

prediction threshold (Pr.0.7).  If the alternate pathways result in contradictory eye colour 

predictions that both meet the probability threshold, no eye colour prediction can be made. 
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Figure 6.14: Model prediction results for the blue vs. non-blue tree based on the profile generated with approximately 0.0625ng of DNA for both male 
samples (P026 and P033).  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting 
genotypes. 
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Figure 6.15: Model prediction results for the brown vs. non-brown tree based on the profile generated with approximately 0.0625ng of DNA for both male 
samples (P026 and P033).  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting 
genotypes. 
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Figure 6.16: Model prediction results for the all eye colour (AEC) tree based on the profile generated with approximately 0.0625ng of DNA for both male 
samples (P026 and P033).  Red illustrations highlight the pathway taken and resulting terminal node and eye colour prediction based on the resulting 
genotypes
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6.2.1.4. Blood stain analysis 

To further replicate forensic sample scenarios, a serious of blood drops were set up in three sizes 

(volume) (5µL, 15µL and 30µL) and analyzed across six time intervals ranging from time of 

deposition (T0) to 90 days post-deposition (T5).  Once the relevant time interval had been 

reached, DNA from each blood stain was extracted and quantified in accordance with the method 

described in Chapter 2. 

All blood stains resulted in DNA concentrations >0.5ng/µL, with the exception of two samples, 

female T2 15µL and male T3 5µL stain, likely to be due to an error in the DNA extraction process, 

as DNA was recovered from blood stains from subsequent time intervals of the same or lesser 

blood drop volume.  The optimum DNA input quantity for the multiplex PCR amplification stage of 

the multiplex had been established as being 1-2ng.  Therefore only the lowest volume blood 

drops (5µL) for each time interval (T0-T5) were taken further.  This excluded the male T3 sample 

(mentioned above), which failed to contain any DNA when quantified.  Complete multiplex 

profiles were achieved for all female and male samples analysed.  This is largely unsurprising 

given the blood stains analysed contained DNA in an approximate range of 0.5-8.5 ng/µL.  The 

analysed profiles of both female and male samples at the longest time interval (90 days post-

deposition) and smallest blood drop (5µL) are pictured below in Figure 6.17. 
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Figure 6.17: Analysed electropherograms depicting combined multiplex profiles generated from 
90 day old 5ul blood stains from a female (top pane) and a male (lower pane).  Y axis is relative 
fluorescence units (rfu), X axis is allele size (bp).  Peak labels include: height (H), area (A) and 
size (S). 

 

There are many variables that require analysis to further investigate the performance of the 

combined multiplex on forensic replica samples that are beyond the scope of the present work.  

These may include, but are not limited to, investigating a multitude of different environmental 

exposure variations (deposition substrate, temperature, humidity etc.) as well as lengthier time 

intervals post-deposition. Although the present work represents a relatively small-scale analysis, 

this experiment has established that the combined multiplex presented here can be used 

successfully on blood samples of small volumes, such as may be found at crime scenes, and up 

to three months old.  It is also important to note that, the lower limit of detection of this system 

has not yet been met.  However, the results of the sensitivity work on the four individuals 

conducted above suggests that as long as a DNA sample contains enough for 0.25ng of input 

DNA the combined multiplex will be successful, with even less DNA required for gender inference 

using the YFlag markers (refer to Chapter 5). 
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6.2.1.5. Mixed samples 

Samples composed of a mixture of both male and female DNA were used to assess the 

combined multiplex’s performance when applied to varying concentrations of mixed male and 

female DNA.  Mixed samples were created with increasing amounts of female to male and male 

to female DNA for two different male/female pairs (mix 1 refers to the first male and female pair 

and mix 2 refers to a further male and female pair).  For the female to male mixtures, female DNA 

was kept at a constant approximate 1ng, while the male portion of DNA increased.  Male to 

female mixtures were made in the same manner, but with the female DNA portion increasing.  

Each pair of male and female mixtures were set up with the following ratios of male:female and 

female:male DNA: 1:1, 1:2, 1:4, 1:8 and 1:16, giving nine different quantity ratios of DNA mixtures 

per male and female pair.  Each mixed sample underwent multiplex PCR amplification and 

SNaPshot
TM

 (Applied Biosystems by Life Technologies, CA, USA) combined multiplex profile 

generation (as described in detail in Chapter 2) using 1µL of the mixed sample as input template. 

All pigmentation and YFlag peaks were present across all mixture samples analysed.  In both 

male/female pairs, all four GenderFlag peaks were visible (>50rfu) across all mixture ratios, 

suggesting that a mixed sample where the major component of DNA present is of female origin, 

can still be employed to identify the presence of Y chromosome DNA and inference of a male co-

contributor.  However it was noticed in the male:female mixes, where female DNA was in excess, 

that the peak heights of YFlags fluctuated, indicating that excess female DNA may affect 

amplification quality of the YFlags within the multiplex, perhaps through preferential amplification.  

This variation in peak height may also be human error through potential incomplete mixing of the 

samples prior to PCR amplification.  The male-specific amplification work of the previous chapter 

(Chapter 5) provides assurance that the YFlag markers are present due to Y chromosome DNA 

presence alone. 

An example of the resulting profiles of a male:female mixture (mix 2) and the increase in female 

DNA quantity within a mixture can be observed in Figure 6.18.  The first pane indicates a 1:1 mix 

of male to female DNA and we can observe the following genotypes: Pigment1 CT, Pigment2 
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CA, Pigment3 GG, Pigment4 GA, Pigment5 GT and Pigment6 GA.  It is also clear that all four 

YFlags are present indicating at least one male contributor in the sample (Figure 6.18).  As the 

increments of female DNA progress it becomes obvious that the major contributor (in this case a 

female) is likely to have the following genotypes: Pigment1 CC, Pigment2 CA, Pigment3 GG, 

Pigment4 AA, Pigment5 TT and Pigment6 GG as the T allele of Pigment1, G allele of Pigment4, 

G allele of Pigment5 and A allele of Pigment6 begin to dwarf in comparison to the alternate 

alleles (Figure 6.18).  An unmixed example of the female contributor’s multiplex profile can be 

observed in Figure 6.19.  This unmixed profile reveals that the pigmentation genotypes based on 

the assumed major contributors allele peaks within the mixed samples - here the female - were 

correct.  Although the genotypes for the pigmentation markers may appear obvious with the 

increasing DNA volume, the YFlags are still present and also fluctuate in height (discussed 

above) therefore the gender of the major contributor still cannot be inferred.  This fluctuation was 

also observed in the YFlag heights in the increasing female DNA mixture samples for the other 

male and female pair (mix1, data not shown). 

An example of a female:male mixture profile and result of an increase in male DNA quantity 

within a mixture can be observed in Figure 6.20.  The first pane indicates a 1:1 mix of female to 

male DNA and again we observe the following genotypes: Pigment1 CT, Pigment2 CA, Pigment3 

GG, Pigment4 GA, Pigment5 GT and Pigment6 GA (Figures 6.18 and 6.20).  It is also clear that 

all four YFlags are present indicating at least one male contributor to the sample (Figure 6.20).  

As the increments of male DNA progress it becomes obvious that the major contributor (in this 

case a male) is likely to have the following genotypes: Pigment1 TT, Pigment2 CA, Pigment3 

GG, Pigment4 GG, Pigment5 GT and Pigment6 GA, as the C allele of Pigment1, and G allele of 

Pigment4 begin to dwarf in comparison to the alternate alleles (Figure 6.20).  Pigment5 and 

Pigment6 are more difficult to assess as it is difficult to elucidate whether the alleles represent 

true heterozygotes of the major contributor.  An unmixed example of the male contributor’s 

multiplex profile indicates that this individual is indeed heterozygote for Pigment5 and Pigment6, 

with all other assumed genotypes (Pigment1-4) of the major contributor, as the result of excess 

male DNA, also being correct (Figure 6.19).  The height of the YFlag peaks did not increase in a 

linear manner in concordance with the increase of DNA (Figure 6.19) which was also observed in 

the alternate male and female pair (mix 1, data not shown), however as mentioned above, this is 
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likely due to preferential amplification within the multiplex or human error.  Regardless of this 

variation, all four YFlag markers are present and often oversaturated indicating excessive 

concentration within the profile.  Therefore in contrast to the female dominated mixture samples, 

a mixed sample where the major contributor is male may be revealed through the excess in 

YFlag peak height found within the resulting profile, however these results are only suggestive of 

this as YFlag peak height was not demonstrated as consistently excessive. 

The interpretation of mixed DNA samples from the combined multiplex profile results requires 

further analysis into the behaviour of individual alleles, particularly in reference to alleles 

comprising heterozygote genotypes, as well as investigation into preferential amplification of 

fragments within the PCR multiplex.  Elucidating biallelic markers in mixed samples is likely to be 

more complicated than markers consisting of multiple alleles.  This results in the need for in-

depth analyses assessing multiple mixture scenarios, including samples with greater than two 

contributors, in order to allow for accurate mixture interpretation of samples of unknown origin.  

The number of contributors within a sample may be discernible through the results of the 

previously conducted DNA STR profiling.  Extensive assessment of each allele’s limit of detection 

and point of drop out, both individually and when run collectively in multiplex format is required 

before any significant work can be done toward assigning different alleles within a mixed profile 

to the major and minor contributors of a sample. 
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Figure 6.18: Analysed electropherograms depicting male/female DNA mixture (mix 2) consisting 
of a constant male DNA quantity with increasing quantities of female DNA.  Male to female DNA 
ratios (progressing from the top to the bottom of image) represent 1:1, 1:2, 1:4, 1:8 and 1:16.  Y 
axis is relative fluorescence units (rfu), X axis is allele size (bp).  Peak labels include: height (H), 
area (A) and size (S).  Peaks highlighted in magenta indicate fluorescence saturation. 
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Figure 6.19: Analysed electropherograms depicting the male and female multiplex profiles of 
those used in the mixture (mix 1) analysis depicted in Figures 20 and 21.  Male profile is 
illustrated in the top pane (~2ng input DNA), with female sample on the lower pane (~1ng input 
DNA).  Y axis is relative fluorescence units (rfu), X axis is allele size (bp).  Peak labels include: 
height (H), area (A) and size (S).  Peaks highlighted in magenta indicate fluorescence saturation. 
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Figure 6.20: Analysed electropherograms depicting male/female DNA mixture (mix 1) consisting 
of a constant female DNA quantity with increasing quantities of male DNA.  Female to male DNA 
ratios (progressing from the top to the bottom of image) represent 1:1, 1:2, 1:4, 1:8 and 1:16.  Y 
axis is relative fluorescence units (rfu), X axis is allele size (bp).  Peak labels include: height (H), 
area (A) and size (S).  Peaks highlighted in magenta indicate fluorescence saturation. 
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6.2.1.6. Artefact peaks 

The method used here involves the multiplexing of primers at two different steps.  The first step 

involves multiple primer pairs, along with genomic DNA, in the PCR amplification stage.  This is 

then followed by the mini-sequencing reaction whereby multiple amplicons are applied to a 

multiplexed set of SBE primers.  A multiplex reaction offers several advantages, the most 

important of which is arguably time and reagent efficiency.  It is of key importance when 

multiplexing primers that primer hair-pins (primers self-binding) and extraneous binding are kept 

as minimal as possible in order to achieve accurate amplification and single-base extension of 

the correct targets.  The greater the amount of primer and template included within a reaction, the 

greater the potential for extraneous amplification and subsequently the more optimisation is 

required (Podini & Vallone, 2009; Sanchez et al., 2005).  Extraneous amplification or extension 

products are often termed artefact peaks within an electropherogram profile.  Despite a lengthy 

design and optimisation process, several artefact peaks remain within the multiplex presented 

here that should be noted. 

The first artefact peak of note is thought to be a by-product of the mini-sequencing reaction and 

the result of extraneous binding to either input template or, more likely, cross-primer binding.  

This peak is blue, approximately 44.85bp in size and appears to increase in height as the 

extension products decrease (see Figure 6.2 for artefact peak location and artefact peak example 

in Figure 6.3 to observe increase in artefact peak height versus decrease in extension products).  

There are ten SBE primers within the mini-sequencing reaction with the majority of them being 

very long.  These primers were designed following the guidelines described in Chapter 2 for 

primer design and thus were assessed for cross-primer binding and hair-pin formation.  All SBE 

primers were purified using the PAGE method (polyacrylamide gel electrophoresis) to ensure 

presence of only the final designed primer and no other shorter oligonucleotide products created 

during the primer synthesis process.  For future work it may be advantageous to use random 

non-coding DNA sequence as the non-coding primer tail, rather than polynucleotide repeats; 

however it cannot be conclusively shown here that this is the reason for artefact peak creation, 

with both non-coding tail methods being used elsewhere (e.g. poly dT repeats (Walsh et al., 

2011a) and random non-coding sequence (Bouakaze et al., 2009)).  This peak appears slightly 
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longer in size than Pigment3 but still overlaps with the A allele (44.85bp versus 44.5bp).  As the 

overlaying peaks here are of different dyes, the genotype for Pigment3 can still be read.  Further 

to this, the artefact peak consistently occurs at the same size location, with the only variation 

observed being in peak height. 

Additional peaks appeared sporadically across the course of this work.  A trio of broad peaks, 

red, blue and black, appear occasionally within profiles, typically appearing between 70-80bp.  

Examples of these can be observed in pane 3 of Figure 6.18 and pane four of Figure 6.20 and 

within the female electropherogram in Figure 6.19.  These broad peaks appear to be a by-

product of the SNaPshot
TM

 Multiplex Kit (Applied Biosystems by Life Technologies, CA, USA) 

reaction mix (also observed by David Rotherham, personal communication) and due to their 

specific location and non-peak shape are easily disregarded, and do not interfere with the 

resulting profile. 

Three further green and blue peaks inconsistently appeared throughout multiple 

electropherogram profiles.  These peaks appear at ~32bp, ~39.6bp and ~48.5bp in either both 

blue and green dyes, or often only in the blue dye.  An example of these peaks is shown in the 

two upper panes of Figure 6.21.  Further examples of the presence of these peaks can be 

observed (however unlabelled) within profiles in panes one and two of Figure 6.18 and pane 1 of 

Figure 6.20.  Despite extensive optimisation work in regards to SBE reaction conditions, primer 

design and purification methods, these peaks still frequently appeared seemingly at random.  

After exhausting all feasible options to rectify the presence of these peaks, a comparison using 

different Applied Biosystems 3130-Avant Automated Sequencers (Applied Biosystems by Life 

Technologies, CA, USA) with different polymer types and capillary lengths was completed.  

These electropherograms were produced with the same 96 samples of purified SBE product and 

run on alternate genetic analysers.  The alternate genetic analyser utilised an alternate polymer 

(3130 POP-4
TM

 Polymer versus 3130 POP-7
TM

 Polymer (Applied Biosystems by Life 

Technologies, CA, USA) and a longer array (36cm versus 50cm), however capillary 

electrophoresis conditions were altered to match the conditions of the original machine used 

(refer to Chapter 2).  An example of the resulting profiles is shown in Figure 6.21, including 

electropherograms of the positive and negative controls included within the SNaPshot
TM

 Multiplex 
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Kit (Applied Biosystems by Life Technologies, CA, USA) in Figure 6.22.  The result of this was a 

complete lack of these three green and blue artefact peaks across multiple profiles generated 

using the alternate genetic analyzer and POP-7
TM

 polymer.  There is also a notable difference in 

peaks at 0-20bp between profiles created in the original versus the alternate machine.  These 

results suggest that these three peaks are not likely to be associated with, or created within, the 

multiplex itself and that it may be a by-product of capillary electrophoresis in the original Applied 

Biosystems 3130-Avant Automated Sequencer (Applied Biosystems by Life Technologies, CA, 

USA) used. 
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Figure 6.21: Analysed electropherograms from two alternate genetic analysers.  The top three 
panes are products of the original machine (POP-4

TM
 polymer, 36cm array), while the lower three 

panes are from the alternate machine (POP-7
TM

 polymer, 50cm array).  The first three panes 
contain identical purified mini-sequencing product as the lower three panes.  As polymers were 
different thus peak heights and allele sizes vary slightly between panes 1-3 and 4-6.  Y axis is 
relative fluorescence units, X axis is allele size (bp). 
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Figure 6.22: Analysed electropherograms for SNaPshot
TM

 Multiplex Kit (Applied Biosystems by 
Life Technologies, CA, USA) positive and negative reaction controls from two alternate genetic 
analysers, including GeneScan

TM 
120 LIZ® size standard (yellow dye) (Applied Biosystems by 

Life Technologies, CA, USA).  The top two panes (positive and negative respectively) are 
products of the original machine (POP-4

TM
 polymer, 36cm array), while the lower two panes are 

from the alternate machine (POP-7
TM

 polymer, 50cm array) (negative and positive respectively).  
The first and last panes contain identical purified mini-sequencing positive control product, with 
the middle two panes containing identical purified mini-sequencing negative control product.  As 
polymers differ between machines peak heights and allele sizes vary slightly between positive 
control peaks.  Y axis is relative fluorescence units (rfu), X axis is allele size (bp). 

 

6.2.2. Blind-Testing 

6.2.2.1. Set up and process 

Blind-testing of samples allows for the combined molecular and modelling aspects of this method 

to be tested in a manner similar to its intended final use within forensic DNA analysis.  Buccal 

samples were collected and in order to reduce subjectivity, the same investigator observed the 

blind-testing participant’s eye colour and recorded participant gender.  A total of 25 individuals 

were used in the blind-testing sample set, none of which were used within the original dataset 

employed for both association testing and model development (refer to Chapter 3 and 4 

respectively).  In this manner, the blind-testing set not only provides a simulated forensic 

environment for which to test the overall method, but also provides a test set to assess model 

performance.  The blind-testing set is approximately 25% the size of the original model training 

set (Chapter 4) making it ideal as a test set for the models developed earlier.  These samples 



 
 

307 
 

were coded and underwent DNA extraction and PCR amplification in accordance with the 

multiplex method described in Chapter 2.  Following this, the amplified samples were then re-

coded and re-ordered at random by colleagues external to the project who had no knowledge at 

any time of participant identity.  Amplified samples, now anonymous, were then applied to the 

remaining steps of the method.  These steps included both the mini-sequencing reaction and 

model implementation.  Each anonymous sample resulted in a prediction from the all eye colour 

(AEC) tree and the blue versus non-blue and brown versus-non-brown dichotomous trees. 

 

6.2.2.2. Model implementation 

A schematic comprising of a multiplex profile is used to provide an example of how the resulting 

genotypes and YFlags are applied to a tree model for eye colour prediction and gender inference 

is shown in Figure 6.23.  Genotype results were applied to the three best prediction models which 

included the multiple response AEC tree and dichotomous response blue versus non-blue and 

brown versus non-brown trees.  This resulted in three separate eye colour predictions per each 

blind test sample along with gender inference (Table 6.6).  Once this genotype data had been 

recorded, the original participant identification was then revealed allowing comparison of 

predictions to observed phenotype to assess method accuracy.  Accuracy rates were similar to 

those observed within model development.  For the dichotomous response trees, the blue versus 

non-blue tree exhibited 83% prediction accuracy, while the brown versus non-brown exhibited 

95% accuracy (Table 6.7).  The multiple response tree (AEC) produced a comparatively lower 

accuracy rate than the dichotomous trees, with an accuracy rate of 74% (Table 6.7).  This 

scenario replicates accuracy rate comparisons observed during model development (refer to 

Chapter 4).  When assessing eye colour category prediction accuracy within each tree model, a 

100% prediction accuracy rate is observed across all trees for blue and brown eye colour (where 

predictions met the threshold (Pr: 0.7, as determined in the model development work in Chapter 

4).  Eye colour category break-down also details that all errors in prediction across all three trees 

analysed are for intermediate eye colour individuals.  This high error rate for prediction in 

intermediate eye colour individuals is not unsurprising given the findings of the present work and 

the work of others (refer to Chapter 4 where this occurrence in the present work and elsewhere is 
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discussed in detail).  Although these results are from a small dataset (N: 25), they replicate, and 

thus lend support, to the prediction results and accuracy levels demonstrated during model 

development (Chapter 4). 

YFlags are not part of any predictive model, but instead operate in a presence/absence format 

(see Chapter 5).  There were four males within the blind-testing set that had their profiles 

generated anonymously as above.  Only four profiles of the 25 generated included all four YFlags 

and upon revelation of phenotype details it was confirmed that all four samples were that of the 

four original male participants. 
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Table 6.6: Blind-testing data and predictions from anonymously coded samples.  Genotypes for all six pigmentation SNPs included along with presence/absence of YFlag 

markers.  Resulting eye colour predictions, with accompanying probability in parenthesis, are included as made by the All Eye Colour, blue vs. non-blue and brown vs. non-
brown eye colour trees, as well as inference of likely gender.  Recorded eye colour as observed by researcher prior to blind testing assessment.  

A 
SNP rs1129038;

 B 
SNP 

rs1042602;
 C 

SNP rs1800407;
 D 

SNP rs12913832;
 E 

SNP rs12896399;
 F 

SNP rs1393350;
 G 

Gender 
 
(F, female; M, male), 

H 
Eye colour (Int., Intermediate). 

Anonymous ID 

Pigmentation SNPs Gender Flags Predictions Obs. 

112
A 

104
B 

407
C 

129
D 

128
E 

139
F 

YFlag7 YFlag8 YFlag9 YFlag10 
All Eye Colour 

(Pr.) 
Blue vs. 

Non-Blue (Pr.) 
Brown vs. 

Non-Brown (Pr.) 
G

G 
Eye

H 

Blind Test 1 TT CA GG GG TT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Blue 

Blind Test 2 CT CC GG GA TT GA NO NO NO NO Brown (0.74) Non-Blue (0.93) Non-Brown (0.55) F Brown 

Blind Test 3 CC CC GG AA GT GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (1) F Brown 

Blind Test 4 CT CC GG GA TT AA NO NO NO NO Brown (0.74) Non-Blue (0.93) Non-Brown (0.55) F Int. 

Blind Test 5 TT AA GG GG GT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Blue 

Blind Test 6 TT CC GG GG TT GA NO NO NO NO Blue (0.95) Blue (0.95) Non-Brown (1) F Blue 

Blind Test 7 TT CC GG GG GG GA NO NO NO NO Blue (0.95) Blue (0.95) Non-Brown (1) F Int. 

Blind Test 8 TT CA GG GG TT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Blue 

Blind Test 9 TT CC GG GG GG AA NO NO NO NO Blue (0.95) Blue (0.95) Non-Brown (1) F Blue 

Blind Test 10 TT CA GG GG GG GG NO NO NO NO INT (0.6) Non-Blue (0.6) Non-Brown (1) F Blue 

Blind Test 11 CT AA GG GA GT GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (0.75) F Int. 

Blind Test 12 TT CC GG GG GG GA NO NO NO NO Blue (0.95) Blue (0.95) Non-Brown (1) F Blue 

Blind Test 13 CC CC GG AA GG GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (1) F Brown 

Blind Test 14 TT CA GG GG GT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Blue 

Blind Test 15 TT CA GG GG GG GG NO NO NO NO INT (0.6) Non-Blue (0.6) Non-Brown (1) F Blue 

Blind Test 16 CT CC GA GA GT AA NO NO NO NO INT (0.73) Non-Blue (0.93) Non-Brown (0.87) F Int. 

Blind Test 17 TT AA GG GG GT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Int. 

Blind Test 18 CT CA GG GA GG GA YES YES YES YES Brown (0.74) Non-Blue (0.93) Non-Brown (0.55) M Brown 

Blind Test 19 CT AA GG GA TT GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (0.75) F Brown 

Blind Test 20 TT CA GG GG GT GG YES YES YES YES Blue (0.73) Blue (0.73) Non-Brown (1) M Int. 

Blind Test 21 TT CA GG GG GT GG YES YES YES YES Blue (0.73) Blue (0.73) Non-Brown (1) M Int. 

Blind Test 22 CT CA GG GA GT GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (0.75) F Brown 

Blind Test 23 CC CC GG AA TT GG NO NO NO NO Brown (0.74) Non-Blue (0.93) Brown (1) F Brown 

Blind Test 24 TT CA GG GG GT GG NO NO NO NO Blue (0.73) Blue (0.73) Non-Brown (1) F Blue 

Blind Test 25 CC CC GG AA TT GG YES YES YES YES Brown (0.74) Non-Blue (0.93) Brown (1) M Brown 



 
 

310 
 

Table 6.7: Performance information for the blue vs. non-blue, brown vs. non-brown and all eye colour multiple response (AEC) trees for the blind testing 
samples (test set, N: 25).  All performance information is taken from all trees set at a probability threshold setting of Pr: 0.7.  Failure rate indicates the 
proportion of the dataset that failed threshold.  Correct and incorrect prediction statistics are generated from the total number of the test set that passed the 
threshold.  Model performance accuracy is also analysed for each eye colour category. 

Model: 

Overall Performance: Category Accuracy: 

Failed 
Threshold 

(N): 
Failure Rate: 

Incorrect 
Predictions 

(N): 

Correct 
Predictions 

(N): 
Accuracy: 

Error 
Rate: 

Blue Brown Int. 

Blue vs. Non-Blue 2 8% 4/23 19/23 83% 17% 100% (8/8) 100% (8/8) 43% (3/7) 

Brown vs. Non-Brown 3 12% 1/22 21/22 95% 5% 100% (10/10) 100% (6/6) 83% (5/6) 

All Eye Colour (AEC) 2 8% 6/23 17/23 74% 26% 100% (8/8) 100% (8/8) 14% (1/7) 
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Figure 6.23: A schematic diagram illustrating how the resulting pigmentation SNP genotypes and 
YFlag markers from a profile generated in the combined multiplex method is interpreted using the 
AEC model.  The top pane indicates the AEC model for eye colour prediction.  The middle pane 
presents a profile resulting from the combined multiplex.  The genotype for the root node (model 
starting point) is revealed by the combined multiplex profile (Step 1).  The arrows illustrated upon 
the model in the top pane indicate the branching events followed as deemed by the genotypes 
within the profile (middle pane) which are also labelled correspondingly (Steps 1, 2 and 3).  All 
four YFlags are present within the profile and are labelled with arrows.  The final lower pane 
indicates a flow diagram of the steps taken within the predictive model (top pane) given the 
genotypes of the profile (middle pane) culminating in a bubble containing the resulting eye colour 
predicted, blue, the accompanying probability, Pr. 0.73 and gender inference, male, due to 
presence of all four YFlags in the profile (middle pane). 
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6.3. Discussion 

Assessing the combined multiplex’s capacity to work on forensic DNA samples was undertaken 

by testing for reproducibility and sensitivity, as well as small-scale studies investigating 

performance on forensic replica samples and mixed male-female DNA samples.  Finally this 

method was applied to blind-testing (anonymous) samples. 

This optimisation and performance assessment work has demonstrated that the overall 

performance of the combined multiplex is high.  Optimum input DNA was established as being 

comparative to other forensic DNA kits (1-2ng), with sensitivity testing revealing the lower limits of 

detection (0.25ng) to generate a full profile.  Despite this, some alleles within the multiplex could 

still be detected at lower DNA concentration levels (approximately 0.03125ng) resulting in partial 

profiles.  This same low level of DNA also enabled gender inference using two of the four YFlag 

markers, thus the absolute level of detection (based on DNA quantity) for all alleles individually 

within the combined multiplex is still unknown.  DNA quality will also affect the amplification of all 

markers used within the multiplex, including the YFlag markers. 

Forensic replica blood stains were set up in a range of droplet sizes and aged for up to three 

months.  The oldest and smallest volume blood stains achieved complete profiles for the 

combined multiplex using the standard molecular method (see Chapter 2).  Given the findings of 

the sensitivity testing, this result is unsurprising as even the small, three month old stains easily 

achieved the required DNA input best suited for combined multiplex performance.  Assessment 

of mixed male/female DNA samples of two mixture sets showed that the pigmentation genotypes 

of the major contributor could be revealed where the minor contributors DNA concentration was 

vastly outweighed (1:16).  It was also revealed that YFlags were present regardless of the 

presence of large amounts of female DNA, indicating the male contributors can be inferred where 

YFlags are present within a mixed DNA sample.  This evaluation was a preliminary, small-scale 

assessment of mixed samples and requires further work, particularly assessing individual allele 

behaviour within standard profiles to allow subsequent inference of allele behaviour within 

profiles generated from more than one contributor.  The blind-testing experiment enabled the 

overall method to be put into practice in a manner that simulated how this method would 

ultimately be used for forensic analysis.  All blue and brown eyed individuals that met the 
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acceptable probability threshold settings were predicted correctly using the blue versus non-blue, 

brown versus non-brown trees, and when using the AEC tree.  As revealed in model 

development, the prediction of intermediate eye colour variants requires further work (refer to 

Chapter 4).  Further to this, all four male participants within the blind-testing group resulted in 

profiles complete with the presence of all four YFlag markers which enabled the operator to infer 

correctly that 21 participants were female, and four were male. 

 

6.4. Future work for validation 

Prior to implementation for forensic use, the combined multiplex presented here still requires 

further work to better assess the parameters of performance.  Principally the lower limits of 

detection for all alleles should be further investigated, in conjunction with altered molecular 

techniques such as, for example, an increase in thermocycler cycles in the PCR amplification 

stage and additional input volumes of purified product for the mini-sequencing reaction.  Further 

to this, SNP peak heights have been optimised to be as equal as possible however there are still 

height disparities across the profile and within genotypes individually (such as Pigment4 G and A 

alleles), further unaided by the over-fluorescence of blue dye peaks.  Further optimisation to 

attempt to rectify this disparity may help make peak sensitivity and drop-out more uniform across 

the profile, although heterozygote alleles may always prove difficult in this regard.  It would also 

be highly beneficial to assess allele behaviour within the profile further to then allow the creation 

of formulas capable of assigning different allele peaks to different DNA contributors within a 

mixed sample.  However, even with this information, peak assignation may still be difficult with 

biallelic SNP markers, particularly if more than two individuals contribute towards a mixed 

sample.  It would also be worth testing the combined multiplex system on a variety of samples, 

which may help assess, for example, any potential inhibition or whether this method is specific to 

human DNA. 

 

 

 



 
 

314 
 

6.5. Conclusions 

This work has shown that the combined multiplex performs well with moderate to minimal levels 

of DNA in keeping with other forensic DNA analysis techniques.  This method has been shown to 

be robust, with highly reproducible results, sensitive and applicable to even aged biological 

samples.  Mixed DNA samples require further investigation, although in a two person mixture the 

genotypes of the major contributor can be revealed if DNA concentration is significant enough.  

YFlags can be observed in excess of female DNA where a male contributor is present.  The 

blind-testing assessment demonstrated that this combined method performed well, exhibiting a 

100% prediction accuracy rate of individuals exhibiting blue and brown eye colour along with 

complete accuracy of gender inference using the YFlag markers.  The combined method shows 

the capacity to function as an accurate analytical tool within the repertoire of forensic DNA 

analysis to aid criminal investigations. 
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Chapter 7 

 

 

Discussion 

 

7.1. Pigment association SNPs 

The aim of this work was to investigate and design a complete system capable of utilising DNA to 

predict EVCs in a New Zealand forensic context.  Associated SNP markers were selected from 

the relevant literature and assessed for the same phenotype association when applied to a 

subset of the New Zealand population.  Markers screened for use were principally associated 

with hair and eye colour pigmentation.  Although a small scale study compared to studies 

focussed on identifying associated variants, the markers were evaluated according to best 

practice inclusion settings and other criteria important in genetic analyses.  Nineteen markers 

were assessed from 101 study participants resulting in the analysis of ~1900 genotypes in the 

screening and developmental stage.  The SNPs used included rs12913832, rs1129038, 

rs916977 (HERC2 gene); rs7495174, rs4778138, rs1800401, rs1800407 (OCA2 gene); 

rs2228479, rs1805007, rs1805008 (MC1R gene); rs26722, rs16891982 (SLC45A2 gene); 

rs1426654 (SLC24A5 gene); rs12896399 (SLC24A4 gene (precursor)); rs1724630 (MYO5A 

gene); rs1393350, rs1042602 (TYR gene); rs2733832 (TYRP1 gene) and rs12203592 (IRF4 

gene).  Assessments included testing for linkage disequilibrium, population stratification, allele 

frequencies and deviation from the Hardy-Weinberg Equilibrium.  These evaluations were 

interpreted with caution due to the small data set, but still provided useful information and 
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resulted in two SNPs (rs16891982 and rs1426654) being removed from consideration.  Avoiding 

markers affected by population stratification was important for this project, with the final objective 

of this work being the creation of a system that predicts EVCs regardless of ancestral 

background, a factor crucial for its successful application and acceptance in a diverse population 

such as New Zealand. 

The SNP markers were assessed for association in three different formats.  The first method was 

using odds ratio (OR) calculations, in essence calculating SNP allele presence with the 

phenotype in question relative to chance alone.  Phenotype and allele association was further 

tested using logistic regression, similar to OR, investigating the contributed effect towards 

accounting for the variance of the phenotype.  Finally phenotype and genotype associations were 

investigated, assessing SNP alleles in a dosage manner towards phenotype.  SNPs within the 

OCA2 and HERC2 genes performed well across all association tests undertaken.  With the SNPs 

of these neighbouring genes being in high linkage disequilibrium, association across the majority 

towards hair and eye colour was not unsurprising.  Of these, SNPs rs1129038, rs12913832, 

rs916977, rs7495174 and rs4778138 all showed significant associations with dark hair and eye 

colour across allelic and genotype association analyses.  Most of these associations exhibited 

polar observations towards the different phenotype extremes, with a SNP allele having a high OR 

towards brown eyes for example, and a low OR towards blue eyes.  The rs26722 and rs2733832 

SNPs also showed significant association with black hair, while the rs1805007 SNP showed 

significant association with red hair.  The HERC2 and OCA2 SNPs have repeatedly been 

associated with both hair and eye colour before and have been employed in models to predict 

these phenotypes (discussed further below).  The rs12913832 SNP has been suggested to 

account for the majority of causative effect contributing towards blue versus brown eyes in 

humans (Eiberg et al., 2008; Kayser et al., 2008; Sturm et al., 2008b).  The rs1800407 SNP 

showed allele association with intermediate eye colour phenotypes in particular, which has also 

been observed elsewhere (Branicki et al., 2008b; Duffy et al., 2007; Rebbeck et al., 2002; Sturm 

et al., 2008b).  SNPs from the MC1R gene have repeatedly been shown to be associated with 

red hair colour (Beaumont et al., 2008; Box et al., 1997; Branicki et al., 2007; Sturm et al., 2003), 

while SLC45A2 SNPs have been associated with hair colour more recently (Gerstenblith et al., 

2010; Kenny et al., 2012; Mengel-From et al., 2009).  While these SNP association results 
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observed with hair and eye colour were significant, the high level of linkage disequilibrium 

apparent amongst many of these SNPs, particularly the HERC2 and OCA2 SNPs, suggested that 

collectively modelling these SNPs against phenotype was important.  Modelling SNPs together in 

this manner enables the effect of collinear markers and epistatic relationships between different 

associated SNPs to be evaluated collectively towards the phenotype of interest. 

 

7.2. Hair and eye colour models 

Classification trees were used to model SNP association data and predict hair and eye colour 

phenotypes.  This statistical method provides a simple and aesthetically pleasing model, that 

once generated, is easy to apply to further samples.  Classification trees repeatedly bifurcate the 

data, in this case SNP genotypes, towards creating homogenous nodes capable of response 

variable prediction.  The segregation of data and formation of nodes is facilitated by predictor 

variables (Breiman et al., 1984; Cordell, 2009).  The 17 different SNP markers employed in 

model development provided the predictive variables here, while the target phenotype was the 

response variable.  Each predictor is trialled as the facilitator for creating a split in the tree and 

assessed on how well it is able to segregate a large group of heterogeneous data into smaller 

homogenous groups of data.  The predictor that performs this function the best is accepted as 

the split with all remaining predictor variables trialled as the split facilitators for subsequent 

segregations until stable, homogenous terminal nodes are created.  The data within these 

terminal notes represent a resulting classification towards the response variable and an 

accompanying probability (Breiman et al., 1984; Cordell, 2009).  These terminal nodes are then 

used to classify subsequent genotype data by following the same branching patterns. 

Eye colour trees were produced in two formats, dichotomous response trees, whereby response 

variables were either the phenotype or not (e.g. blue eyes or non-blue eyes) and multiple 

response trees (e.g. blue, intermediate or brown eyes).  Probability thresholds were set at Pr. 0.7.  

The blue versus non-blue tree and the brown versus non-brown eye colour trees both resulted in 

rs1129038 as the root node, the most important predictor variable within a tree.  SNPs rs1393350 

and rs12896399 were also included in the blue versus non-blue tree, with resulting probabilities 
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of blue and non blue eye colour being high (Pr. 0.7-0.93).  The brown versus non-brown tree also 

included rs1393350, as well as SNPs rs1800407 and rs12913832.  Probabilities of brown and 

non-brown eye colour were also high (Pr. 0.75-1).  The intermediate versus non-intermediate tree 

utilised rs1800407 as the root split along with rs4778138, and rs916977.  SNP rs12896399 also 

featured within this tree.  Prediction probabilities here were high again (Pr. 0.76-0.83) although 

the majority were probabilities of non-intermediate eye colour.  The multiple response eye colour 

tree was composed of rs1129038 as the root split, with subsequent splits facilitated by 

rs1800407, rs1393350 and rs12896399, with this tree also generating high probabilities (Pr. 0.73-

0.95).  The hair colour trees were largely unsuccessful, with the most likely cause being the small 

dataset size per each hair colour category.  The majority of the dataset used for model 

development had brown hair (N: 71), with the other three hair colour categories, black (N: 15), 

blonde (N: 12) and red (N: 3) being fairly small.  All hair colour trees were trialled in the same 

format as eye colour (i.e. black versus non-black etc.) although only the black and brown hair 

colour trees formed stable trees.  However these trees were both based on a single SNP, 

rs1129038, which resulted in predicting black versus non-black and brown versus non-brown 

through alternate terminal nodes generated from the genotype of this SNP alone.  The multiple 

response hair colour tree resulted in a single SNP tree being created, with the genotypes of the 

root SNP, again rs1129038, used to predict alternate terminal nodes of black or brown hair 

colour.  Along with the small hair colour categories hindering the development of predictive 

models for hair colour in the present work, it has also been shown that hair colour prediction 

appears to require a larger set of significantly associated SNPs.  A recent amendment has been 

made to the IrisPlex system (Walsh et al., 2011a) to include hair colour prediction, now referred 

to as the HIrisPlex system (Walsh et al., 2013).  This system employs only six SNPs to predict 

eye colour, with 22 SNPs employed to predict hair colour.  These 22 SNPs were the product of a 

large association study that screened 385 people using 45 SNPs of known or suspected 

association with hair colour (Branicki et al., 2011).  Prediction of hair colour appears to be more 

complex than the prediction of eye colour. 
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The eye colour models here were highly accurate, illustrating that the SNPs used within the 

classification tree models can be used to predict eye colour.  Prediction accuracy achieved in the 

majority of the eye colour models is in keeping with those achieved elsewhere (Walsh et al., 

2011a).  The only notable area of prediction inaccuracy was individuals with intermediate eye 

colour, a scenario that is not uncommon and has been repeatedly observed in other eye colour 

prediction models (Pneuman et al., 2012; Ruiz et al., 2013; Walsh et al., 2012).  The intermediate 

eye colour tree will not be used in its present form due to the error rate in prediction and the lack 

of intermediate predictions generated (majority of predictions with high probabilities were for non-

intermediate eye colour).  Further to this, the prediction of intermediate eye colour can be 

facilitated using the all eye colour tree but is only applicable with accompanying probabilities of 

greater than 0.7, in accordance with threshold settings.  Successful eye colour prediction across 

all trees did not seem influenced by ancestral background, with accuracy rates comparable 

across eye colour phenotypes of both European and non-European individuals.  Although the 

hair colour models were not overly successful, they may offer some predictive power towards 

dark hair colour phenotypes; however require further evaluation on larger datasets. 

 

7.3. Inferring gender 

The inclusion of a genetic marker system within an EVC assay, capable of inferring gender was 

also of interest.  As an EVC assay would be applied following the lack of a typical STR DNA 

profile match, markers capable of inferring gender would act to corroborate the results of the 

gender marker employed in STR profiling, typically Amelogenin.  The Amelogenin marker 

employed within forensic kits amplifies a portion of the Amelogenin gene found on both X and Y 

chromosomes, resulting in AMELX and AMELY alleles respectively, which differ in size due to a 

deletion on the X chromosome (Akane et al., 1992; Nakahori et al., 1991).  Due to rare genetic 

mutations on the Y chromosome, usually in the form of deletions of varying sizes, the AMELY 

allele occasionally fails to amplify, resulting in the DNA profile being inferred incorrectly as 

contributed by a female (Jobling et al., 2007; Lattanzi et al., 2005; Mitchell et al., 2006).  Despite 

the relatively rare occurrence of this failure, it does have considerable ramifications for criminal 

investigations.  To circumvent this, markers specific to the Y chromosome were designed to 
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reinforce the results of Amelogenin.  As a secondary test, the presence of these markers allow 

the inference of a male contributor, while the absence signifies no Y chromosome DNA being 

present within the sample and thus the contributor is likely to be female.  Three genes (BPY2, 

SRY and TSPY1) were selected from the non-recombining region of the Y chromosome, with four 

fragments (two from TSPY1, one each from the other two) being identified within the EVC assay.  

These four markers, or YFlags as termed here, were chosen to allow for built-in redundancy for 

poor DNA quality or quantity samples, as well as to ensure the majority of markers are present 

despite potential null alleles resulting from any number of rare deletion mutations occurring on 

the Y chromosome.  SNP genotyping chemistry used to generate pigmentation SNP profiles was 

employed here to reveal the presence or absence of these markers within the initial DNA sample. 

The fragments used were assessed for male specificity and uniformity.  All fragments were 

sequenced in multiple male individuals as well as compared to reference sequences online 

through sequence databases.  All sequences showed complete uniformity and were identical 

across all male samples sequenced.  Amplification of these same fragments was repeatedly 

attempted with DNA from multiple different females with a complete lack of amplification 

observed in any of the female DNA samples tested.  This system was tested for reproducibility, 

with all four fragments amplified in 30 different male individuals of different ancestral 

backgrounds.  This method was shown to be highly sensitive with complete four peak profiles 

achieved with as little as 0.125ng of DNA, with partial profiles consisting of two markers 

achievable (>50rfu peak height) at DNA levels of approximately 0.03ng.  These Y chromosome 

specific markers produced complete profiles with ~1 ng of male DNA in the presence of up to 

~16ng of female DNA in mixture studies.  The inclusion of the YFlags within the pigmentation 

SNP multiplex also means that an amplification control is provided for the YFlags by the 

pigmentation markers.  This gender inference system is comparable to other secondary gender 

tests used in forensic biology in terms of sensitivity and reproducibility (for example see 

‘GenderPlex’ (Codina et al., 2009)), while also offers the added information of the pigmentation 

SNPs within the same assay, rather than being performed for the solitary purpose of reinforcing 

the results of Amelogenin. 
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7.4. Method performance 

The final EVCs method was developed to include pigmentation SNPs capable of predicting eye 

colour, based on the classification tree models, as well as allowing gender inference by the 

inclusion of four Y chromosome specific markers in a multiplexed reaction.  Hair colour is not 

feasible for prediction at this time due to lack of stable predictive models, thus SNP markers for 

hair colour were not included in the final SNP multiplex.  SNPs included within the multiplex to 

predict eye colour included: rs1129038, rs12913832 (HERC2), rs1800407 (OCA2), rs1393350 

(TYR) and rs12896399 (SLC24A4).  Any assay for forensic use needs to be efficient in both time 

and DNA usage, therefore the EVC method presented here was designed to be as streamlined 

as possible, while being sensitive, accurate and in keeping with facilities already commonly found 

within forensic DNA laboratories.  As such, this method was designed in essentially two steps.  

The first step required amplification of the DNA regions where pigmentation SNPs were located, 

and amplification of the Y chromosome specific DNA fragments.  The second step involved using 

these amplified products as template to perform a mini-sequencing reaction using single-base 

extension primers that results in a final profile of peaks indicative of SNP alleles and YFlags.  The 

resulting profile can then be interpreted by applying the SNP genotypes to the eye colour models 

to give an eye colour prediction with accompanying probability, as well as inference of gender via 

the presence or absence of the four YFlags.  The format of this method is such that the addition 

of further SNP markers at a later point would be relatively straight forward. 

The resulting assay was then assessed for performance by testing for reproducibility and 

sensitivity, as well as performance when applied to mixed male and female samples, forensic 

replica samples, and blind testing samples.  The optimum DNA input level for this assay was 

comparable to other forensic DNA techniques commonly applied (1-2ng) with complete profiles 

achievable down to DNA levels of approximately 0.25ng.  Decreasing DNA quantity beyond this 

point resulted in alleles beginning to drop out, however at the lowest DNA concentration 

assessed (~0.03ng) some alleles were still present, thus the lower limits of detection are still 

undetermined for some loci.  This method was proven to be robust, showing reproducible results 

in replicate analyses.  Complete profiles were achieved from three month old 5µL blood stains, 

deposited on cotton, with this small forensic replica experiment suggesting that this method is 
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capable of performing successfully using aged biological samples (see discussion on future 

directions).  Mixed male and female DNA samples were applied, with the capacity to assign 

genotypes to the major contributor if the quantity of DNA is sufficient enough, although significant 

research into individual allele behaviour, allele peak ratios and drop out is required before alleles 

could be confidently assigned to all contributors within a mixed sample (see discussion on future 

directions). 

In order to provide a test set for model development, as well as to simulate how this combined 

molecular and model method would be used by a forensic analyst, a blind testing experiment was 

conducted.  The DNA of 25 individuals, that were not included in the original model development 

dataset were used, with phenotype details, including gender, kept anonymous to the researcher.  

The samples were processed using the final developed method, including implementation of the 

eye colour prediction models (blue versus non-blue, brown versus non-brown and the all eye 

colour multiple response trees).  Once all genotype data had been recorded and eye colour 

predictions and gender inference made, the observed phenotype details were revealed, allowing 

for EVC prediction and phenotype comparison to assess the accuracy of the EVCs method.  The 

resulting accuracy rates across the three trees analysed were comparable to those observed in 

the development stage with blue versus non-blue and brown versus non-brown trees exhibiting 

>80% prediction accuracy.  The overall accuracy rate of the all eye colour tree was lower, but 

individual eye colour category prediction accuracy revealed that blue and brown eyed individuals 

were predicted with a 100% success rate.  The test set of 25 individuals included 21 females and 

four males.  All four YFlags were present in the profiles of all male individuals and absent in all 21 

female individuals, thus all individuals within the blind testing set were assigned as male or 

female correctly. 
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7.5. Future Directions 

7.5.1. Expanding development database 

The eye colour tree models perform well and exhibit high rates of prediction accuracy.  Despite 

this, any statistical model is improved through an expanded dataset, as the larger the dataset, 

generally the more robust the model.  The expected result of expansion here would be the 

generation of higher probabilities for eye colour prediction.  If the developmental dataset for the 

blue and brown dichotomous and the all eye colour trees is not feasible to expand, a larger blind 

testing experiment is recommended to further solidify the accuracy rates demonstrated here.  

Predicting hair colour using pigmentation SNPs proved to be beyond the scope of this work.  This 

is likely to be due to the combination of small datasets for each hair colour phenotype and the 

relatively small number of pigmentation SNPs screened (hair colour prediction requires 

significantly more SNPs than eye colour as mentioned above). 

 

7.5.2. Validation work 

To be used as an implemented forensic method, this EVCs assay would require further 

performance testing on replica samples to simulate a forensic environment.  Two facets of this 

are of particular importance.  The first is the analysis and statistical assessment of allele 

behaviour (drop out etc.) at genotype level as well as collectively as a profile.  This assessment 

will be crucial if this method is to be applied to mixed samples comprised from the DNA of 

multiple contributors.  Within the present work, it is unlikely that alleles could be confidently 

assigned to the respective contributor, unless the DNA quantity from the major contributor vastly 

outweighed the minor contributor’s DNA component.  Unfortunately, in biological samples that 

this method may be applicable to, such as those from sexual assaults, the major contributor 

would likely be the victim, with the assailant contributing the minor DNA component.  However it 

was demonstrated that male DNA can still be inferred in mixed samples, regardless of the 

quantity of DNA from the major contributor, whether male or female, so this aspect of the assay 

may be useful as it is presently. 
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The second facet of future work towards validation of this method is to apply it to a barrage of 

forensic samples.  This should include: highly degraded samples, different substrates (wood, 

paint, materials etc.), a variety of biological samples (bone, semen, fingernails etc.) and species 

specificity testing.  Pilot work was done to begin this process through analysis of aged blood 

samples on cotton, the results of which appear to suggest that DNA quantity is the most 

important aspect thus if a biological sample can produce enough DNA, application to this method 

should be not only feasible, but successful.  The assessment of the assays performance on 

degraded DNA however is important and has not been assessed here beyond the point of three 

month old blood stains.  When applied to troublesome samples where assay sensitivity may be 

compromised, it is suggested that experimentation should be undertaken to establish a ‘boosting’ 

protocol to increase sensitivity in response to these scenarios.  This improvement of 

compromised sensitivity may be achieved by increased amplification cycles and/or an increase in 

the volume of amplified template applied to the mini-sequencing reaction (for example). 

 

7.6. Conclusions 

This work represents the first investigation into the use of SNPs to predict EVCs in New Zealand.  

Here we conducted an investigation using SNPs known to be associated with hair and eye colour 

and tested them for association in a New Zealand population.  Following screening, 17 SNPs 

were selected and used to create prediction models.  Eye colour prediction was vastly more 

successful than hair colour, with three eye colour prediction models recommended for future use.  

All prediction modelling work was undertaken using classification trees.  Classification trees offer 

a fast, novel and aesthetically simple way for even statistically inexperienced users to predict eye 

colour.  The eye colour models offer a simple, easy to use prediction tool for eye colour in the 

absence of prior knowledge of ancestral background, suggesting suitability for use in culturally 

diverse New Zealand.  The prediction accuracy of three eye colour categories across the models 

developed within the present work are comparable to eye colour prediction models used 

elsewhere.  The EVC method developed here also included markers indicative of gender to 

provide a secondary gender test following typical STR DNA profiling.  Four DNA regions specific 

to the Y chromosome were incorporated into the pigmentation SNP multiplex utilising the same 
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reaction chemistry.  These markers are used to infer the presence of Y chromosome DNA within 

the initial DNA sample, allowing the inference of a male contributor where YFlags are present, 

and female, where absent.  These markers were proven to be robustly associated with male 

individuals, with highly reproducible and consistent results.  This method has been optimised to 

function within the realm of forensic biology and as such requires small amounts of DNA.  The 

contents of this work have culminated in the production and development of an EVC method 

capable of eye colour prediction and gender inference regardless of ancestral background of the 

DNA contributor.  With the addition of further implementation work, this EVC method is suitable 

for eventual forensic implementation. 
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Appendices 

 

 

Appendix A - Reagent List 

 

 Extraction Buffer – 

1.21g Tris, 3.72g EDTA, and 5.84g sodium chloride were added to 800ml of distilled 

water and dissolved.  pH was adjusted to 8.0 using sodium hydroxide.  The final volume 

was then adjusted using ddH20 to bring the total volume to 1litre. 

 Proteinase K (1mg/ml) – Roche Diagnostics, Basel, Switzerland. 

 20% Sodium dodecyl sulfate (SDS) – Merck, Darmstadt, Germany. 

 Double distilled water, autoclaved (ddH20) – in-house. 

 Absolute ethanol – Merck, Darmstadt, Germany. 

 85% ethanol 

85mL of absolute ethanol was mixed with 15mL of ddH20. 

 UltraPure
TM 

Phenol:Chloroform:Isoamyl alcohol  (1:1:25) – Invitrogen by Life 

Technologies, CA, USA. 

 Glycogen – Roche Diagnostics, Basel, Switzerland. 

 Sodium Acetate 2M – Merck, Darmstadt, Germany. 

 Quantifiler® Human DNA Quantification Kit - Applied Biosystems by Life Technologies, 

CA, USA. 

 TE Buffer (1X, pH 8.0) - Invitrogen by Life Technologies, CA, USA 

 Platinum®Taq polymerase - Invitrogen by Life Technologies, CA, USA 

 Deoxyribonucleoside triphosphates (dATP, dCTP, dGTP, dTTP), 100mM, (dNTPs) - 

Invitrogen by Life Technologies, CA, USA. 

20µL of each deoxyribonucleoside triphosphate was added to 920µL dd H20 to give a 

working diltution of 2mM for each deoxyribonucleoside triphosphate. 

 E-Gel® 50bp DNA Ladder - Invitrogen by Life Technologies, CA, USA. 
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 Exonuclease I (and 10X Exonuclease I Reaction Buffer)- New England Biolabs Inc., MA, 

USA. 

 Antarctic Phosphatase (and 10X Antarctic Phosphatase Reaction Buffer) - New England 

Biolabs Inc., MA, USA. 

 BigDye
®
 Terminator v. 3.1 Kit - Applied Biosystems by Life Technologies, CA, USA. 

 Agencourt®CleanSEQ® - Agencourt Bioscience Corporation, A Beckman Coulter® 

Company, MA, USA. 

 Hi-Di
TM

 formamide - Applied Biosystems by Life Technologies, CA, USA. 

 POP-4
TM 

Polymer – Applied Biosystems by Life Technologies, CA, USA. 

 POP-7
 TM 

Polymer – Applied Biosystems by Life Technologies, CA, USA. 

 31xx Matrix Standards Kit for BigDye® Terminator v. 3.1 - Applied Biosystems by Life 

Technologies, CA, USA. 

 QIAGEN® Multiplex PCR Kit - Qiagen, Hilden, Germany. 

 UltraPure
TM 

DEPC-treated H20 - Invitrogen by Life Technologies, CA, USA. 

 SNaPshot
TM

 Multiplex Kit - Applied Biosystems by Life Technologies, CA, USA. 

 GeneScan
TM

 120 LIZ
TM

 size standard - Applied Biosystems by Life Technologies, CA, 

USA. 

 Multi-Capillary DS-02 (Dye Set E5) Matrix Standard - Applied Biosystems by Life 

Technologies, CA, USA. 

 

 

Appendix B - IrisPlex Comparison 

 

A comparison between the classification tree method employed within the present study and a 

multinomial logistic regression (MLR) method was performed.  To facilitate this comparison, the 

same training data set used to develop the AEC classification tree was applied to the freely 

available IrisPlex MLR method (Walsh et al., 2011a).  The AEC method employs SNPs 

rs1129038, rs1393350, rs12896399 and rs1800407.  The SNPs employed within IrisPlex as 

rs1800407, rs12913832, rs12896399, rs16891982, rs1393350 and rs12203592.  While three 

SNPs are common to both methods, IrisPlex employs two further SNPs, rs12913832 and 

rs16891982, where the AEC tree employs only one additional SNP, rs1129038.  As rs16891982 

was dropped from use within the present work, observational data from SNPs rs1800407, 

rs12913832, rs12896399, rs1393350 and rs12203592 from the present study were applied to the 

MLR method.  Assessment of the MLR method was conducted in the same manner as the AEC 

method and was therefore evaluated at three different probability thresholds of 0.6, 0.7 and 0.8.  

A comparison of AEC and IrisPlex MLR method performance is shown in Table B.1. 
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Table B.1: Performance information for the all eye colour (AEC) classification tree and the IrisPlex MLR methods at three different probability threshold 
settings.  Failure rate indicates the proportion of the dataset that failed the probability threshold.  Correct and incorrect prediction statistics are generated from 
the total number of the dataset that passed the probability threshold settings.  Model performance accuracy is also analysed for each eye colour category and 
in relation to ancestral background  

 
All Eye Colour Tree IrisPlex 

Threshold: 0.6 0.7 0.8 0.6 0.7 0.8 

Failed Threshold (N): 0 10 79 26 33 42 

Failure Rate: 0% 10% 78% 26% 33% 42% 

Incorrect Prediction (N): 23/101 19/91 1/22 20/75 17/68 13/59 

Correct Prediction (N): 78/101 72/91 21/22 55/75 51/68 46/59 

Accuracy: 77% 79% 95% 73% 75% 78% 

Error Rate: 23% 21% 5% 27% 25% 22% 

Category Accuracy 

Blue eyes 80% (32/40) 89% (32/36) 100% (21/21) 97% (36/37) 97% (36/37) 100% (34/34) 

Brown eyes 94% (29/31) 94% (29/31) - (0/0) 95% (19/20) 94% (15/16) 92% (12/13) 

Intermediate eyes 57% (17/30) 46% (11/24) 0% (0/1) 0% (0/18) 0% (0/15) 0% (0/12) 

Ancestry Accuracy 

Non-Europeans 100% (15/15) 100% (13/13) 100% (1/1) 87% (13/15) 85% (11/13) 85% (11/13) 

Europeans 71% (55/78) 76% (59/78) 95% (19/20) 75% (45/60) 91% (50/55) 76% (35/46) 
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Accuracy results for the AEC method were higher at all three probability levels.  At thresholds 0.6 

and 0.7 threshold failure was a lot higher for the IrisPlex MLR method.  At 0.6 all observations 

passed the threshold for the AEC method, whereas 26% of the dataset failed the threshold for 

the MLR method.  This was repeated at 0.7 where 10% of observations failed the threshold for 

the AEC method, while 33% failed the threshold for the MLR method.  This scenario was 

reversed at threshold 0.8 where more observations passed the threshold setting for MLR than for 

the AEC method (N: 59 and N: 22 respectively). 

Overall accuracy was broken down to prediction accuracy per eye colour category (Table B.1).  

Higher accuracy for blue eye colour prediction was achieved using the MLR method at thresholds 

0.6 and 0.7, with both methods demonstrating 100% accuracy for blue eye colour prediction at 

threshold 0.8.  The proportions of blue eyed individuals that passed the threshold levels were 

also similar across both methods for 0.6 and 0.7.  Accuracy for brown eye colour prediction was 

similar for both methods at thresholds 0.6 and 0.7, with no predictions made at threshold 0.8 for 

the AEC method and 96% prediction accuracy achieved with the MLR method.  The proportion of 

brown eyed individuals that passed the threshold was higher for the AEC method at thresholds 

0.6 and 0.7.  Intermediate eye colour prediction accuracy was low in the AEC method at all 

thresholds.  The best accuracy rate was demonstrated at threshold 0.6 with 57% prediction 

accuracy, which dropped to 46% at threshold 0.7 and eventually dropped to 0% at threshold 0.8 

(although this was based on only a single incorrect prediction).  No intermediate individuals were 

predicted correctly using the MLR method at any of the three thresholds set. 

Eye colour for all non-European individuals were predicted correctly (100%) using the AEC 

method at all three threshold settings.  For the same individuals, the MLR method predicted eye 

colour correctly with an accuracy rate of 87% at threshold 0.6 and 85% for thresholds 0.7 and 

0.8.  All non-European individuals passed threshold 0.6 for both methods.  Two non-European 

individuals failed the threshold at 0.7 for the AEC method, with only a single individual meeting 

the threshold at 0.8.  Two non-European individuals failed the MLR method at thresholds 0.7 and 

0.8.  These two individuals were not the same for both models. 

Several conclusions can be drawn from this comparison of a classification tree (AEC) method 

and a MLR method.  A higher overall accuracy rate was achieved with the AEC method at both 

thresholds 0.6 and 0.7.  At these same threshold levels, more observations were eligible for 

prediction using the AEC method compared to the MLR method.  More observations were eligible 

for prediction using the MLR method at threshold 0.8, although accuracy rate was higher at this 

threshold level in the AEC method.  Prediction accuracy for blue eye colour was generally higher 

in the MLR method, with similar prediction accuracies for brown eye colour observed in both 

methods at all three thresholds.  The AEC method predicted intermediate eye colour with more 

accuracy, although lower than both blue and brown eye colour accuracy rates, while the MLR 

method failed to predict any intermediate eye colour individuals correctly at any threshold setting.  

The AEC method performed more accurately for non-European eye colour prediction across all 

threshold settings.  As both methods are suggested to perform the best at threshold 0.7 (refer to 
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Walsh et al. (2011a) and Allwood and Harbison (2013)) we can summarise model performance at 

this level.  Threshold failure rate was higher in the MLR method (33% vs. 10%) while prediction 

accuracy rate was higher in the AEC method (79% vs. 75%).  Blue eyes were predicted with 

higher accuracy with the MLR method (97% vs. 89%) with both models predicting brown eye 

colour with the same accuracy rate of 94%.  Intermediate eye colour was predicted with a higher 

accuracy rate in the AEC model (46% vs. 0%) although accuracy for prediction of this eye colour 

was comparatively lower than blue and brown eye colour for both methods. 

 

 

 

Appendix C - Manuscripts 

 

Allwood, J.S. and Harbison, S. (2013). SNP model development for the prediction of eye colour in 

New Zealand. Forensic Science International: Genetics 7(4): 444-452. 

 

Allwood, J.S. and Harbison, S. (2013). ‘YFlag’ - a single-base extension primer based method for 

gender determination. Journal of Forensic Science (accepted). 

 

Allwood, J.S. and Harbison, S. (2013). ‘eYePlex’ - a combined eye colour prediction SNP model 

with male gender inference. Forensic Science International (in prep.). 
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