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Summary

Genome-wide scans for evidence of positive selection in mammalian genomes have
recently become possible with the availability of whole genome sequences. They offer
a chance to identify those genes that were of most importance during evolution and
which have undergone adaptive change. It has also been hypothesised that
identification of these signatures may reveal the genes that engender the key

biological differences between a species of interest and other related species.

The primary objective of this thesis was the detection of signatures of selection in the
bovine genome and in cattle populations. Since their domestication approximately ten
thousand years ago, cattle have been selected for breeding based on a range of
desirable traits, including milk yield, beef quality, draught ability, temperament and

disease resistance/tolerance.

The principal method of detecting genes positively selected between different species
is to carry out a comparative analysis of the rate of nonsynonymous (protein-changing)
to synonymous (silent) changes (dn/ds). This method may be conservative, however, in
that it requires the dy/ds ratic tc be elevated over an entire gene while it is more usual
for positive selection to act only on particular codons or domains. To overcome this
limitation, we have developed an approach to systematically examine gene regions
which encode extracellular domains for evidence of positive selection in the human,
chimpanzee and bovine genomes. | postulated that selection is likely to be more
prevalent in such domains due to direct interactions between extracellular regions of
proteins and the external environment. Several, interesting candidate genes were
identified in this thesis using this approach, which were not identified in several other
analyses of signatures of adaptive evolution in these genomes. | also present work
from our involvement in the international bovine genome project to identify genes

which have putatively been subject to positive selection.
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This thesis also presents an approach to utilise Expressed Sequence Tags (ESTs) to
identify and survey functionally relevant polymorphisms in bovine populations. The
development of a whole genome SNP genotyping platform for cattle, however, has
allowed us to investigate signatures of domestication and artificial and natural
selection not only in the bovine genome in comparison to other species but also within
bovine populations. Several approaches were used in this thesis to detect selection in
cattle populations, including (a) the Fsr statistic, a measure of the proportion of genetic
variance in a subpopulation relative to the total genetic variance, (b) Locus Specific
Branch Length (LSBL), an extension of the Fst statistic used to investigate
intercontinental relationships between the bovine populations studied, (c) Fay & Wu’s
H statistic, which utilise derived and ancestral allele information, and (d) composite
empirical calculations, which enabled identification of candidate genes with greater
precision. This work also formed our contribution to the international bovine HapMap

project.

Three geographically distinct cattle populations were studied — European Bos taurus,
African Bos taurus and (Indian) Bos indicus. Outgroup species including yak, gaur,
bison, water buffalo and anoa were used to infer ancestral and derived alleles. Several
potential regions under selection were identified; including genes associated with
disease and immunity, milk processing, development, muscling and stature. We argue
that the results from these disparate approaches indicate the power of whole-genome

analysis to identify traits of economic and historical importance.
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1.1 Natural Selection

The phenomena of selection and mutation are central subjects in the understanding of
molecular evolution. The neutral theory formulated in the 1960s claims that mutations
that give rise to most variation do not affect the fitness of an organism. Instead, these
variations are attributed to random fixation (Kimura 1968). Therefore, the observed
evolution of neutral sites within sequences may be used for convenient inference of
mutation rates. According to this theory, each generation would have 2Nu new neutral
mutations where p is the neutral mutation rate, and N is the diploid population size.
The probability of fixation of a new mutation is 1/(2N) in a given population. As a

result, its rate of fixation is (2Nu)/(2N) = p.

Subsequent studies, however, raised questions that cannot be answered by the neutral
theory. For one, this theory predicts that species with small populations should show
lower levels of polymorphism than those with large populations but the observed
difference is modest. Moreover, it also predicts that species with shorter generation
times would have faster evolving proteins but this is not always the case (Ohta and
Gillespie 1996). This led to the development of the nearly neutral theory which
considers mutation that does have a small effect on fitness (Ohta 1995). Under this
model, a mutation is “effectively neutral” if its selective disadvantage is small in
comparison with the population size (Kreitman 1996), such as that for mammals, or

when the species are isolated on islands (Woolfit and Bromham 2005).

1.1.1 Positive Selection

Selectively advantageous mutations are those which confer beneficial traits in species
survival and success in reproduction. These mutations spread rapidly and are
maintained in a population by positive selection or adaptive evolution. A gene may be
inferred to be subject to positive selection when its rate of nonsynonymous

substitutions per nonsynonymous site (dN) to synonymous substitutions per

synonymous site (ds), indicated by dy/ds or w, is significantly greater than 1.
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Nonsynonymous substitutions are amino acid changing mutations while synonymous
substitutions are silent at the level of protein sequence, although there is recent
emerging evidence for non-neutral evolution at synonymous sites (Chamary, Parmley,
and Hurst 2006). An elevated dy/ds value, which is indicative of an accelerated rate of
protein evolution, may be due to adaptive evolution or the relaxation of purifying
selective constraints. While dy/ds > 1 indicates positive selection or adaptive evolution,
dn/ds < 1 implies the action of negative purifying selection and dy/ds = 1 indicates

neutral evolution (Yang 2002).

1.1.2 Interspecies Detection of Positive Selection

There are numerous methods to detect interspecies events of positive selection, and

some of the most commonly used methods are discussed below.

1.1.2.1 Early Studies

Early studies to detect positive selection were carried out using pairwise sequence
analysis which tested if dy — ds was significantly greater than 0 (e.g. (Endo, Ikeo, and
Gojobori 1996). This approach, however, lacked power to detect positive selection. It
averages the substitution rate over all amino acid sites over time, which is unrealistic
given that most sites are expected to be highly conserved with selection occurring only
on a few sites at certain time points. To avoid averaging rates over long periods of
time, Messier and Stewart (Messier and Stewart 1997) calculated dy and ds for each
branch in a phylogeny. They were able to detect positive selection along particular
branches by investigating whether dy > ds, and normally approximated it to the

statistic dy — ds.

While the method was an improvement, there were concerns regarding the reliability
of the normal approximation. Zhang et al. suggested the application of Fisher’s exact
test to the counts of differences (Zhang, Kumar, and Nei 1997). Nonetheless, the

estimates of substitution rates along every branch were relatively simplistic without
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taking account of sequence evolutionary features, such as transition/transversion rates
and codon usage bias. Codon usage bias, for example, alters the frequency of

occurrence of synonymous codons.

1.1.2.2 Maximum Likelihood Method

One method that is now frequently used to calculate the dy/ds ratio is to fit models of
evolution by maximum likelihood to coding sequence alignments from different
species. Several models which utilise maximum likelihood have been developed, and
are implemented in packages such as Phylogenetic Analysis by Maximum Likelihood
(PAML). Branch models allow the ratio of dn/ds to vary among branches to detect
positive selection acting on particular lineages. They are, however, considered to be
conservative, requiring dy/ds > 1 over the entire gene as it assumes all amino acid sites

to be under the same selective pressure (Yang 2002).

Site models allow dy/ds to vary among codon sites (Nielsen and Yang 1998). The site
detection is localised using an empirical Bayesian method, with the parameters used to
calculate posterior probabilities estimated by maximum likelihood. Earlier
implementations of empirical Bayes which did not account for uncertainty in the
estimates of the parameters is known as naive empirical Bayes (NEB) while recent
approaches that do address the uncertainty to some extent is known as Bayes
Empirical Bayes (BEB). Comparisons between the NEB and BEB to identify selected
sites suggest that accounting for the uncertainty in parameter estimations is important
for accuracy in detecting selected sites (Huelsenbeck and Dyer 2004; Yang, Wong, and

Nielsen 2005).

Branch-site models allow dy/ds to vary among both sites and lineages to enable the
detection of positive selection that affects only a few sites along a few lineages (Yang
and Nielsen 2002). However, following simulation studies, Zhang found that the

branch-site models are unable to distinguish between relaxation of selective
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constraints and positive selection (Zhang 2004). A modified branch-site model was

subsequently developed to address this shortcoming (Zhang, Nielsen, and Yang 2005).

The log likelihood (InL) values estimated by the maximum likelihood models are used
to calculate a likelihood ratio test (LRT) of the hypothesis tested. The LRT is given by
twice the difference of the InL values of the two models tested, denoted by 2A8. The
LRT value is subsequently compared to a )(2 distribution to determine which model is

statistically favoured.

1.1.2.3 Comparing Total Substitution Sites

There are several other approaches to infer positive selection, particularly at single
amino acid sites. Fitch et al. (Fitch et al. 1997) used multiple sequence alignments of
coding sequences to construct the most parsimonious phylogenetic tree, i.e. one that
has the minimum number of evolutionary changes. For every codon site throughout
the tree, the total number of nonsynonymous substitutions was compared to the total
number of synonymous substitutions to identify (hypervariable) sites which have a

greater proportion of nonsynonymous changes than the average over the sequence.

1.1.2.4 Parsimony Methods

Suzuki and Gojobori (Suzuki and Gojobori 1999) also applied a parsimony method to
detect positive selection at single amino acid sites. Using multiple sequence
alignments, the number of synonymous substitutions was used to reconstruct a
phylogenetic tree by neighbour-joining (Saitou and Nei 1987). For each codon site, the
ancestral codon at each node of the phylogenetic tree was inferred. The average
numbers of synonymous and nonsynonymous sites were then estimated at each site,
and the total numbers of these changes were also counted. The proportion of

nonsynonymous changes was then calculated.
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Under the null hypothesis, dy = ds and positive selection is inferred when the null
hypothesis is rejected i.e. dy > ds. Simulation studies have shown maximum parsimony
methods to be less reliable than maximum likelihood, particularly when sequences are
divergent (Zhang and Nei 1997). On the other hand, when the sequences compared
are closely related to each other, then both methods produce relatively reliable
results. It is also of note that maximum parsimony requires large numbers of

sequences to derive significant results.

1.2 Comparative Genomics and the Study of Positive Selection

In recent years, whole genome sequencing efforts have brought about the availability
of sequences from different species and with it, the ability to systematically conduct
comparative genomics studies of multiple species of interest. The underlying approach
to a comparative genomics study is the alignment of two or more genomic sequences,
the identification of orthologous (or paralogous) genes, and subsequent analyses to
determine the extent of sequence conservation and divergence of the genes. The
identification of signatures of adaptive evolution (i.e. sequences that evolve beyond
neutral expectation) is of particular interest to our work. In this thesis, | present the
comparative analysis of several mammalian genomes including those of human
(Lander et al. 2001; Venter et al. 2001), chimpanzee (CSAC 2005), macaque (Gibbs et
al. 2007), mouse (Waterston et al. 2002), rat (Gibbs et al. 2004), dog (Lindblad-Toh et
al. 2005) and cow (Elsik et al. 2009).

1.2.1 The Study of Positive Selection in Pre-Genomics Era

Prior to the availability of genome sequences, studies of positive selection had been
focused on single candidate-gene analyses. Such studies require a hypothesis about
which genes may be subject to positive selection. A detailed understanding of the
gene’s functions was an important criterion in proposing likely candidates for
investigation. Genes involved in processes such as the immune response, reproductive

system, or olfaction, generally provided the mostly likely candidates for studies of
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positive selection. Such studies are, however, biased away from the identification of

poorly characterised genes or genes unsuspected as being candidates of selection.

Despite the limitation of this approach, it has yielded some notable success stories. A
mutation of the regulatory region near the human lactase (LCT) gene (Scrimshaw and
Murray 1988), for example, has been shown to be highly selected in north central
Europe. This mutation is postulated to confer lactase persistence in adulthood as a
result of selective pressure following cattle domestication and the introduction of dairy

products into the diet (Beja-Pereira et al. 2003).

Another gene that has been identified to be under positive selection in humans is the
Duffy antigen (FY) gene which is linked to resistance to Plasmodium (malaria). The
gene encodes a membrane protein that is exploited as an entry point for malaria
parasites to enter red blood cells. A mutation in the promoter region of this gene
disrupts gene expression and provides a protective mechanism against parasite entry.
The allele frequency of this mutation is 100% in some regions of western Africa, where

malaria has been endemic (Tournamille et al. 1995).

1.2.2 Comparative Genomics Approach

Comparative genomics allows a genome-wide investigation of signatures of selection
without prior postulation of the type of gene to focus the analysis on. While this
approach is most effective with complete or nearly complete genomes, it is also
applicable to any large-scale gene datasets generated by expressed sequence tag (EST)

or shot-gun sequencing.

Many of the studies to date have focused on positive selection on the human lineage
(and by extension, the primate lineages) against a backdrop of other lineages. Clark et
al., for example, searched for signatures of positive selection using orthologous trios of
human, chimpanzee and mouse sequences (Clark et al. 2003) with a focus on selection

on human and chimpanzee lineages. With similar interest, Nielsen et al. carried out a
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pairwise analysis of human and chimpanzee genes (Nielsen et al. 2005) but this
method is limited, as it cannot distinguish on which lineage experienced positive
selection. The Chimpanzee Sequencing and Analysis Consortium similarly analysed
human-chimpanzee orthologues, and they also carried out further analysis with
additional mouse and rat sequences to differentiate between the hominid and the

murid lineages (CSAC 2005).

In analysing the canine genome, Lindblad-Toh et al. focused on comparative studies of
human, mouse and dog orthologues (Lindblad-Toh et al. 2005). Taking advantage of
the new availability of the canine dataset, Arbiza et al. used human, chimpanzee,
mouse, rat and dog to elucidate cases of positive selection in the primate lineages. The
murids and the dog were used as weighted outgroups (Arbiza, Dopazo, and Dopazo
2006). This study employed the newly improved maximum likelihood branch-site

model to differentiate relaxation of selective constraint from positive selection.

Bakewell et al. investigated the genomes of human, chimpanzee and macaque
(Bakewell, Shi, and Zhang 2007) following the availability of the macaque genome.
Macaque is a closely-related species and serves as a more suitable outgroup than
previously used species including the rodents and dog. Kosiol et al. extended their
study further to include human, chimpanzee, macaque, mouse, rat and dog sequences

(Kosiol et al. 2008).

These comparative analyses enabled the genome-wide identification of genes that
have putatively been subject to positive selection. Several categories of genes were
enriched for signatures of adaptive evolution including those involved in immunity and
reproduction; the former is likely driven by an arms race against invading pathogens
and the latter by competition for fertilisation success. A number of other functional
categories were also found to be enriched in genes under positive selection including

those involved in sensory perception, apoptosis, signal transduction and cell adhesion.
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1.3 Selection in Populations

Selection within populations occurs in a much shorter evolutionary history compared
to selection between species. Population-level selection results in notable changes in
genetic diversity and allele frequencies in regions of the genome subject to selection.
Such “signatures” of selection may be detected using a variety of population genetics
tests (discussed below). Given that most genetic variation evolves mainly under a
neutrality model, regions with signatures of selection can most reliably be identified

through comparisons to the genome-wide distribution of genetic variation.

1.3.1 Types of Selection in Populations

Three types of selection occur in populations — positive selection, negative selection,
and balancing selection. Selection history at a given locus may also include an amalgam
of these, integrated over time. Positive selection is also known as directional selection
or Darwinian selection, and refers to the selective process where advantageous alleles
are driven to high frequency, and in cases of strong selection — to fixation, in
populations. The allele frequency spectrum for positive selection skews towards low
frequency alleles, with an excess of high-frequency derived alleles (Bamshad and
Wooding 2003) (Figure 1.1). Negative or purifying selection is the process that removes

deleterious mutations. This is the most common form of natural selection.

Balancing selection is selection that favours variability/diversity within populations
(Lewontin and Hubby 1966). Also known as disruptive selection, it maintains multiple
alleles above neutral expectations, although the spread of the alleles never reaches
fixation. Balancing selection shifts the allele frequency spectrum towards an excess of

intermediate frequency alleles (Figure 1.1).
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Figure 1.1 | Bar chart to illustrate the site frequency spectrum, for example gene with 20
segregating sites, under positive selection, balancing selection and neutral model. Positive
selection skews the allele frequency spectrum towards lower level of sequency diversity and
an excess of low-frequency variants. Balancing selection results in higher level of sequency
diversity with a distribution reflecting an excess of intermediate-frequency variants.

1.3.2 Methods to Detect Positive Selection in Populations

The detection of selection within a population requires different statistical approaches
depending on the nature of the selection and the window of evolutionary time that
selection has taken place. Single nucleotide polymorphisms (SNPs) are the most
common type of genetic variant from which information can be mined to elucidate the

events of selection.
There are broadly four categories of signatures of positive selection within species: (i)
the reduction in genetic diversity with an excess of rare alleles, (ii) a high-frequency of

derived alleles, (iii) differences between populations, and (iv) long haplotypes.
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1.3.2.1 Reduced Diversity with Excess of Rare Alleles

One signature of positive selection is a reduction in genetic diversity due to a
hitchhiking effect. When an allele increases in population frequency, the linked
variants in neighbouring locations also rise in frequency, leading to a “selective
sweep”. When a complete selective sweep takes place, it brings the selected allele to
fixation and with it, the associated alleles too. As a result, the genetic diversity in close
vicinity to the selected allele is eliminated and is reduced in an extended region
surrounding the allele. With time, new mutations introduce diversity into the region

but the process is slow and these variants are initially at low frequency.

The most commonly used tests to detect regions of low diversity with an excess of rare
alleles include Tajima’s D, and Fu and Li’s D and F. Tajima’s D tests involve comparison
of the heterozygosity, m (i.e. average number of pairwise differences between two
samples), and the number of segregating sites, S. Negative values of Tajima’s D
indicate an excess of rare alleles (Tajima 1989). Fu and Li’s tests incorporate
information from outgroup species and measure the number of variants observed only
once in the sample versus either the total number of variant sites (Fu and Li’s D) or &t
(Fu and Li’s F). An excess in relative singleton variants is indicative of positive selection

(Fu and Li 1993).

Identifying reduced diversity can be particularly useful because of its persistence in the
genome compared to other population genetic signatures. For a new mutation to drift
to higher frequency under neutrality, in human populations, approximately 1 million
years is required (Sabeti et al. 2006). Therefore a statistically significant signal can
persist for hundreds of thousands of years. However, it is challenging to distinguish this
signature from the effects of population history - following a population expansion, for

example, there is a similar increase in the fraction of rare alleles.
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1.3.2.2 High-Frequency Derived Allele

Another signature of positive selection is an excess of derived alleles. Non-ancestral
alleles arise from new mutations and are typically lower in frequency than ancestral
alleles. However, following a selective sweep, derived alleles that are linked to the
selected allele can rise to high frequency and are subsequently maintained in the
population. A signature of high derived allele frequency is therefore created from an

event of positive selection.

A derived allele signature is different from the excess of rare alleles signature. While
both variants hitchhike to high frequencies, demographic confounders that affect the
signatures are different. Rare alleles are mostly affected by population expansion but
not the derived alleles, whereas population subdivision is more of a problem in

detecting derived alleles (Przeworski 2002).

The most commonly used test for derived allele excess is Fay and Wu’s H (Fay and Wu
2000). To carry out this test, it is imperative that the ancestral alleles are known and
this can be inferred with the inclusion of an outgroup sequence (of a closely related
species). It is also assumed that the mutation occurred only once at a particular locus

and that the mutation took place after the species divergence.

1.3.2.3 Differences between Populations

When different populations of a species are geographically separated, each may be
subject to diverse selective pressures, commonly dictated by environment and perhaps
culture. Therefore selection that acts on one population may not act on another. A
relatively large difference in allele frequency at a particular gene may signal a locus

which has undergone positive selection.

A commonly used statistical test to measure divergence between populations is Fsr, a

measure of the proportion of genetic variance in a subpopulation relative to the total
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genetic variance (Akey et al. 2002). Positive selection that takes place in one
population but not the other drives the selected loci to an increase in Fsr. The range of
the value of Fsr is O to 1, where value of 1 denotes completely divergent allele
frequencies and value of 0 indicates complete lack of divergence between the

populations tested.

One issue in detecting positive selection using Fst statistics is in distinguishing between
selection and the effect of demographic history. Events, such as population
bottlenecks, may reduce diversity in one population but not the other, creating

significant differences in pairwise comparisons.

1.3.2.4 Long Haplotypes

When a selected allele under positive selection rises to fixation, it may be at a rate that
prohibits substantial recombination, thus forming long-range homogenous haplotypes.
This selective sweep produces alleles that are both at high frequency and have long-

range associations with other alleles.

This signature is commonly detected using the Long-Range Haplotype (LRH) test
(Sabeti et al. 2002), the integrated Haplotype Score (iHS) (Voight et al. 2006), or the
Cross Population Extended Haplotype Heterozygosity (XP-EHH) test (Sabeti et al. 2007).
The LRH test is conducted based on the selection of a “core” haplotype and the decay
of linkage disequilibrium (LD) on flanking markers is assessed by the calculation of the
extended heterozygosity haplotype (EHH). A core haplotype refers to the haplotype at

a locus of interest and it may consist of a single SNP.

Using LRH, evidence of positive selection is tested by detecting core haplotypes with
elevated EHH relative to other core haplotypes. The iHS test computes the integrated
EHH (iHH) and large positive and negative values of iHS indicate long haplotypes for
the ancestral and the derived allele, respectively. The XP-EHH approach allows the

elucidation of selective sweeps whose selected allele has reached or is approaching
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fixation (allele frequency ~80-100%) in one population, but remains polymorphic in the

test population as a whole.

Long haplotypes are particularly useful in detecting partial selective sweeps, and the
tests for this signature are relatively robust to datasets containing ascertainment bias.
Moreover, the tests allow narrowing down of candidate regions, even down to a single
gene. The limitation in long-range haplotypes as a signature of selection is that such
haplotypes persist only for a limited time period (typically less than 30,000 years) as

recombination breaks the region down, leaving fragments too short for detection.

1.4 Genome-Wide Detection of Selection in Populations

Prior to the genomics era, investigations of which genes were subject to selection were
carried out through candidate gene analyses. While these studies have identified a
number of genes under selection, such as the signature of positive selection on the LCT
gene, which likely led to the persistence in lactose tolerance in human populations
(Bersaglieri et al. 2004), this strategy is limited in that it requires an a priori hypothesis
of which genes may have been selected. Such studies are biased in that only genes
with a likely assumption of being subject to selective pressure are investigated.
Moreover, given the confounding affects of population demographic history and
selective pressure, it is difficult to interpret patterns of genetic variation for any single

locus as indicative of positive selection.

1.4.1 Genome-Wide Studies

Genome-wide studies of positive selection are now possible, thanks to the availability
of genome sequences particularly human (Lander et al. 2001; Venter et al. 2001),

chimpanzee (CSAC 2005), mouse (Waterston et al. 2002), dog (Lindblad-Toh et al.
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2005) and cow (Elsik et al. 2009)", and the availability of genetic variation datasets such
as Haplotype Map (HapMap) SNP datasets. Large genome-wide SNP datasets are now
available for human (Gibbs et al. 2005; Frazer et al. 2007a), rat (Saar et al. 2008),
chicken (Wong et al. 2004) and cattle (Gibbs et al. 2009)%. The term “population
genomics” has been coined to refer to the inference of population genetic and

evolutionary parameters based on genome-wide datasets.

The current data, however, are still limited. Improved SNP coverage and improved
genome assemblies and annotation are required for most of species (e.g. the current
bovine SNP chip contains approximately 54,000 SNPs versus human SNP chips with up
to a million SNPs). Nonetheless, the data are expanding rapidly, driven by rapid
advances in new sequencing technologies and genomics platforms. A 600K bovine SNP

chip is expected later this year.

Although limited, the current datasets are already enabling initial ggenome-wide studies
of natural selection in different species and populations. The genome can be surveyed
without prior assumptions or biological hypotheses, resulting in a less biased set of loci

which have putatively been subject to selection.

Also, genome-wide studies, in principle, provide a framework to distinguish between
natural selection and population demographic history. The principal rationale/
assumption behind this is that population demographic history affects all loci equally,
whereas positive selection acts on specific loci. Therefore, by sampling a large number
of loci across the entire genome, appropriate statistics can be generated to quantify
the genome-wide genetic variation and outliers can be identified as putative
candidates of selection. Until now, the criteria in defining the outliers were relatively
arbitrary (e.g. choosing a percentage cut off point). Other methods to better redefine

the outliers are being investigated, including simulation studies and the use of models

1 LPL Lau, DJ Lynn, DG Bradley are co-authors and participants in the Bovine Genome Sequencing and
Analysis Consortium.

21pL Lau, DJ Lynn, DG Bradley are co-authors and participants in the Bovine HapMap Consortium.
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that integrate everything from population demographic history to mutational events

that shape the genome.

1.4.2 The Human HapMap Project

Humans are by far the most studied species at a genome-wide scale. In 2003, The
International HapMap Consortium published their first concerted effort to identify and
catalogue genome-wide genetic variation in different human populations (Gibbs et al.

2005).

In this Phase | study, over a million SNPs were genotyped in 269 individuals (90 Yoruba
in Ibidan, Nigeria — YRI; 90 in Utah, USA — CEU; 45 Han Chinese in Beijing, China — CHB;
and 44 Japanese in Tokyo, Japan — JTP). As Han Chinese in Beijing, China and Japanese
in Tokyo, Japan have similar allele frequencies, some analyses combined these two
groups together as CHB+JPT. The SNPs for this study were evenly distributed across the

autosomal chromosomes, with an average of 5kb inter-SNP space.

Using mainly the long haplotype tests, a variety of genes potentially subject to positive
selection were detected. Some of these candidate loci included genes previously
reported as being subject to seiection (e.g. LCT for lactose tolerance and the Duffy
gene (FY), which is responsible for resistance to malaria), but many of the strongest
signals were in unexpected genes, which had not previously been hypothesised to be
under selection (Gibbs et al. 2005) including SLC24A5 which has since been shown to

influence skin pigmentation (Lamason et al. 2005).

It must be noted, however, that the SNP discovery process for SNPs used in the Phase |
project was carried out on a small initial panel involving only a few individuals,
resulting in an ascertainment bias being introduced into the dataset. As the probability
of a particular SNP being included in the panel was a reflection of the allele frequency,
common alleles were subsequently over-represented and rare alleles were more likely

to be undetected. The allele frequency spectrum obtained was therefore distorted and
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effected any of the statistical tests that made use of the site frequency spectrum,

including Fst, nucleotide diversity and Tajima’s D (Clark et al. 2005).

The Phase |l HapMap study saw approximately another 2 million SNPs added to the
number of SNPs genotyped and characterised, with an average inter-SNP distance of
less than 1kb (Frazer et al. 2007a). Using long haplotype tests of LRH (Sabeti et al.
2002), iHS (Voight et al. 2006)), as well as a newly developed Cross Population
Extended Haplotype Heterozygosity (XP-EHH) test (Sabeti et al. 2007), genes previously
identified as being subject to selection (e.g. LCT, SLC24A5) again emerged as strong
candidates of selection. Another finding of the analyses is the signature of selection on
the LARGE gene in West African populations. The LARGE protein post-translationally
glycosylates a-dystroglycan, which is a receptor for Lassa fever virus, and the site of

the modification is critical for virus binding (Sabeti et al. 2007).

The Phase Ill HapMap analyses are currently underway. This phase involves genotyping
of approximately 1.5 million SNPs in 11 populations, including the original 4 used in

Phase | and Phase Il studies.

1.4.3 Other HapMap Projects

Following in the footsteps of the International Human HapMap Consortium, several
other studies have been established to catalogue and investigate genetic variation in
other species, usually in tandem with genome sequencing projects of the

corresponding species.

Over 8 million SNPs, for example, were identified by Frazer et al. in inbred mouse
strains. This dataset was used to characterise the SNP distribution and the locations of
both high and low SNP density regions, and to discern the ancestry of the haplotypes

found in classical mice strains (Frazer et al. 2007b).
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A rat SNP map consisting of about 3 million SNPs was generated and mapped to the
draft genome sequence at a density of about one SNP per 800 base pairs. Just over
20,000 of these SNPs were selected for genotyping in 167 inbred strains and 64
recombinant inbred lines. The group identified 56 SNPs which are likely to affect
protein function, of which seven of these are annotated to be involved in hereditary
diseases or cancer including the alcohol dehydrogenase 2 gene (ALDH2) that is
involved in acute alcohol intolerance and the proto-oncogene tyrosine kinase receptor

ret precursor (RET) (Saar et al. 2008).

For the domestic dog, a SNP map consisting of over 2.5 million SNPs was generated
and mapped to the draft genome sequence. The inter-SNP distance is approximately 1
per kb. While the SNP dataset was used in analyses to investigate linkage
disequilibrium, haplotype structure and long-range haplotypes, the data were not
analysed for evidence of selection between the different dog breeds. A 27K canine SNP
array was also separately genotyped in an effort to map various canine Mendelian
traits (Lindblad-Toh et al. 2005), including melanocyte-specific promoter of MITF which
affects pigmentation in dogs (Karlsson et al. 2007).

A macaque SNP resource/database is also available. However, this dataset has not yet

been comprehensively analysed (Malhi et al. 2007).

More recently, with the availability of bovine SNP genotyping panels, various analyses
have been conducted including the search for strong candidates of positive selection in
cattle populations. This forms part of the work of this thesis, of which some has been
contributed towards the publication of the Bovine HapMap Consortium (Gibbs et al.

2009).

1.4.4 Genome Wide Bovine SNP Analyses

Genome wide SNP analyses are carried out on SNP chips, based on the principles of

DNA microarray. The basic premise of SNP chip is that it contains target sequences
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attached to probes, with which when samples are tested, hybridisation of the samples
and probes would emit signals which can then be recorded and interpreted into

meaningful information.

Bovine SNP chips have been developed by member labs of the Bovine HapMap
Consortium, subsequently improved, and the current commercial bovine SNP chip,

BovineSNP50 by Illumina, contains an array of approximately 54,000 SNPs.

High density SNP assays for cattles have been developed based on the concept of deep
sequencing to reduce the representation libraries, in order for the development
process to be efficient and cost-effective. Pooled DNA from samples of populations of
interest were used to construct the SNP libraries, and the sequencing effort was
carried with the following ojectives in mind: (i) large target number of SNPs (>50,000),
(i) good level of coverage (1 SNP per 500bp), (iii) sequencing capacity based on
budget, and (iv) the number of independent chromosomes sampled per reduced

representation library (RRL) (Van Tassell et al. 2008).

In constructing the BovineSNP50 SNP assay, apart from the RRL, additional sources of
SNPs used were from (i) markers derived from the bovine genome sequence assembly
of a Hereford cattle, (ii) comparison of random shotgun reads from six cattle breeds to
the Hereford genome assembly, (iii) alignments of sequence traces from NCBI of
Holstein BAC (bacterial artificial chromosome) to the Hereford genome assembly, and
(iv) filtered draft SNPs (Matukumalli et al. 2009). The effort yields a genotyping assay
containing 54,001 SNPs with median interval of 37kb and maximum predicted gap of
<350kb, with average minor allele frequency in the range of 0.24 to 0.27. However, it
must be noted that the SNP discovery process has been biased towards taurine cattle
breeds, thus alleles that are “indicine” in nature may have been missed and/or under-

represented in the SNP assay.
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1.5 Cattle and Its Domestication

Domesticated cattle are animals of significant economic importance, and according to
a FAS/USDA report produced in November 2007, the cattle population worldwide has
an estimated 996 million head,

(http://www.fas.usda.gov/dlp/circular/2007/livestock poultry 11-2007.pdf). Cattle

have been domesticated for various purposes, including as a food source (meat), for
milk and other dairy production, for agricultural use (draught ability), and for leather
goods production (hides to make shoes and clothing). The importance of cattle had

been indicated for millennia, with earliest manifestations in the form of cave paintings.

1.5.1 The Origin and Domestication of Cattle

Modern cattle are typically classified as either taurine (Bos taurus) or zebu (Bos
indicus) cattle. Cattle domestication took place approximately 10,000 years ago from
the varieties of the wild ancestor aurochs (Bos primigenius) (Helmer et al. 2005).
Domesticated cattle and the aurochs co-existed for thousands of years, until the
extinction of the aurochs following the death of the last auroch in Europe in 1627. The
aurochs once ranged across Europe, Northern Africa and Southern Asia, where they
existed as regional subspecies; Bos primigenius primigenius (European aurochs), Bos
primigenius opisthonomus (African aurochs) and Bos primigenius namadicus (Asian

aurochs).

The Fertile Crescent in the Near East, ranging from the Persian Gulf in the East to the
Mediterranean Sea in the West, has been found to be the domestication centre of
cattle (Helmer et al. 2005). One hypothesis was that a single domestication event took
place, and subsequently as humans migrated, the expansion of cattle occurred

northward into Europe, westward into Africa and eastward into Asia.

Analyses of mtDNA revealed, however, a pronounced dichotomy in the phylogenetic

tree, where European and African Bos taurus formed one clade, and Bos indicus
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formed another. The two clades are highly divergent, with a divergence time estimated
to be over 100,000 years ago (Loftus et al. 1994). As this divergence time is long before
the time of domestication, speculation arose that at least two domestication events
had taken place — the domestication of European Bos primigenius primigenius to give
rise to the modern Bos taurus, and domestication of Asian Bos primigenius namadicus

to give rise to modern Bos indicus.

A further third centre of domestication has been suggested in Northern Africa, where
it has been suggested that African Bos taurus was domesticated from Bos primigenius
opisthonomus. Data from mtDNA has estimated the divergence time between
European and African Bos taurus as around 22,000 years ago, which is longer than
predicted (Bradley et al. 1996). This hypothesis is, however, controversial. Beja-Pereira
et al postulated that a more parsimonious explanation is a simple founder effect that
would have given rise to a high frequency common mitochondrial haplotype, which is
observed in Northern African populations but is at very low frequency in the Near East
and completely absent from most European populations. This could have occurred
following the migration of a small number of animals into Northern Africa from the

Near East (Beja-Pereira et al. 2006).

1.5.2 Modern Cattle

Modern cattle are categorised as either taurine or indicine cattle. Taurine cattle are of
European or (West) African origins whereas the indicine cattle, or zebu, originated on
the Indian subcontinent. The zebus are better adapted to arid regions, and are
characterised by a hump and dewlap, and have larger sweat glands to cope with the
tropical environments. There are over 1,000 cattle breed described by Felius in “Cattle
Breeds: An Encyclopedia”, of which about 75 are zebus. Many of the contemporary
breeds are the result of cross-breeding between two or more of the older breeds.
Sanga cattle in Africa, for example, are crossbreeds between zebu and indigenous

humpless cattle, and they have smaller humps in comparison to the pure zebu.
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A range of cattle breeds have been used in the work discussed in this thesis, and were

used to represent cattle populations from distinct geographical groups. 3

1.5.2.1 European Cattle Breeds

European Bos taurus is represented by a large number of breeds. Several were
sampled for work in this thesis. Friesian cattle are large dairy cattle originating from
Friesland in the province of North Holland. Characteristically black and white pied coat
in appearance, Friesian cattle were exported to America until disease problems led to a
cessation of movement. Over time the regionalisation meant the two cattle groups
became quite different from their counterpart and for this reason, the American stock
is now known as Holstein while Friesian refers to those of traditional European

ancestry. Crosses between the two are known as Holstein-Friesian.

Aberdeen Angus are beef cattle that originated in Aberdeenshire in Scotland; they are
usually solid black in coat colour, and are resistant to harsh weather while remaining
good natured and undemanding. A closely related breed, Red Angus, have a red colour
coat. The Angus is polled, i.e. naturally without horn. Hereford is a hardy breed from
Herefordshire, England. They are bred for beef in temperate areas, and most have
short thick horns that curve down at the side of the head. Charolais is also a breed of
beef cattle, originating from Central France. Their coat is almost pure white, and the
meat contains little fat. Another French beef cattle breed is Limousin, which produces
lean meat and these animals are very easy to manage, with little calving problems.

Romagnola is an Italian beef cattle breed that is robust and muscular.

Guernsey and Jersey are both dairy cattle from the British Channel Islands of the same
names. Brown Swiss is also a dairy cattle breed, originating from the Alps in
Switzerland. Bred on a harsher condition, Brown Swiss are resistant to heat, cold, and

can subsist with little care or feed.

® Descriptions of cattle breeds were obtained from “Cattle Breeds: An Encyclopedia” published by Felius
in 1995 and University of Oklahoma - Cattle Breeds website http://www.ansi.okstate.edu/breeds/cattle/
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Norwegian Red is a relatively recent breed, having been bred for superior dual-purpose
characteristics, with its gene pool heterogeneously contributed to by other cattle
breeds including Ayrshire, Friesian and Holstein. Piedmontese is also a dual-purpose
cattle breed, but originating from Italy. The animals are highly muscular due to

mutation in myostatin, which also reduces fat content while improving meat quality.

1.5.2.2 African Cattle Breeds

African breeds that are relatively pure (i.e. with low levels of Bos indicus introgression)
were used in this thesis to represent African Bos taurus. N'Dama is a trypanotolerant,
longhorn breed found all across Western Africa despite endemic trypanosomiasis (also
known as sleeping sickness). Somba cattle are also trypanotolerant, and this small
West African shorthorn breed originated from the Atacora highlands of Northern
Benin. Lagune is the smallest of the West African shorthorns, although morphologically

not unlike the Somba.

1.5.2.3 Indicine Cattle Breeds

Bos indicus populations investigated in this thesis are represented by several breeds.
Hariana, Tharparkar and Sahiwal originated from the Northern part of the Indian
subcontinent. Hariana cattle are shorthorns bred for draught ability and dairy
production. Tharparkar cattle are lyrehorns, also bred for draught ability and dairy
production, but require constant human contact or are apt to be wild and vicious.
Sahiwal originated from the Punjab region and it is one of the best dairy breeds on the

subcontinent. It is also tick-tolerant, heat-tolerant and has high resistance to parasites.

From the Southern Indian subcontinent, the zebus are represented by Ongole, Nelore,
Gir and Brahman. Ongole cattle are large, shorthorn docile animals bred for draught
ability and dairy production. Nelore is a Brazilian breed derived from Ongole, prized for
its fast growing rate and parasite resistance. Unlike Ongole, Nelore is bred for beef. Gir

is a dairy breed originated from the Gujarat state and was used in the development of
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Brahman in North America. Brahman is a hardy breed of cattle which is considered
sacred in India. American Brahman, however, is a beef cattle breed which was
developed from four different Indian cattle breeds — Gir, Nelore, Guzerat and the

Krishna Valley.

1.5.2.4 Cross-Breed Cattle

Several Bos taurus/Bos indicus crossbred cattle were also represented. Beefmaster and
Santa Gertrudis are two beef cattle which were developed in Texas, America.
Beefmaster was developed in early 20th century from cross-breeding Hereford and
Shorthorn® cattle to American Brahman bulls principally of Gir breeding. Modern
estimates of the composition of Beefmaster is just under half Brahman, just over a
quarter Hereford and just over a quarter Shorthorn. Santa Gertrudis is a crossbreed of

Brahman bulls and Shorthorn cows.

Sheko is a breed of shorthorn, humpless cattle and is believed to be the last remnants
of indigenous humpless cattle in East Africa. Modern Sheko cattle are mainly interbred
Sheko and Sanga, and recent phylogenetic study showed very high frequency of

indicine allele frequency (90%) and low taurine allele frequency (10%) in Sheko males.

1.5.2.5 Outgroup Animals

Non-cattle outgroups have also been used in the work of this thesis to facilitate the
determination of ancestral and derived alleles at loci of interest. Water buffalo
(Bubalus bubalis) is a multi-purpose Asian livestock. Anoa is a subgenus of buffalo
which is native to Indonesia, and is essentially a miniature water buffalo. Gaur (Bos
gaurus) is a wild bovid found in South Asia and Southeast Asia. Yak (Bos grunniens) is a

long-haired bovine found in South-central Asia, the Tibetan Plateau and Mongolia.

* Shorthorn breed of cattle originated from north-eastern coast of England. It was developed as dual
purpose breed but over time has diverged. In the second half of 20th century, two separate breeds had
developed, one for beef and one for dairy.
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Plains bison (Bison bison bison) are nomadic grazers from North America. Cattle can
interbreed with the closely related gaur, yak and bison. They cannot, however,

successfully interbreed with the more distantly related buffalo.

1.5.3 Domesticated Cattle and Disease Challenges

Cattle has been domesticated and selectively bred for desirable traits including beef
quality, milk yield, draught ability, temperament, growth rate and coat colour. The
process of domestication has also led them to closer proximity to human and other
domesticated species. These changes are significant to both the environment and the

population structure of cattle, and exposed the cattle to new disease challenges.

In different breeds and populations, different innate resistances are exhibited. Several
of the West African breeds such as N'Dama and Somba are trypanotolerant, whereas
the zebus are more tick-tolerant and parasite resistant. With co-existence in close
quarters with human and other livestock, close-species transmission would have
introduced novel diseased into the population. Phylogenetic analyses of human
pathogens have shown that a number of human diseases, such as measles (rinderpest)
and pertussis, may have arisen as a result of domestication. On the other hand, such
analysis has also indicated that while domestication was not the underlying cause of
the presence of pathogens such as tapeworms in human, it has enabled the
opportunity for human tapeworms to infect livestock such as cattle and pigs (Pearce-

Duvet 2006).

An increase in population size also affects the fitness of the herd. Certain pathogens,
such as Mycobacterium bovis which causes bovine tuberculosis, predate domestication
but within confined area and higher population density, the diseases have a great
opportunity to spread given the availability of hosts, and may infect other animals

faster than what would otherwise be observed in the wild.
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One way to identify loci that are most significant in resisting diseases encountered
following domestication is through direct evidence that they have undergone positive
selection in recent bovine history. Similarly, other traits which underlying genes have
been subject to selective pressure would have left their signatures in the bovine
genome. Identifying these loci is an important step in better understanding of
genotypic evolution given phenotypic changes observed, and in terms of immune-
related genes, this may provide vital clues in combating disease challenges faced by

modern cattle.

1.6 Thesis Structure

This thesis will present work that has been carried out to detect positive selection in
mammalian genomes, with particular interest in the bovine genome. Chapter 2 of the
thesis introduces a strategy to detect positive selection in the extracellular domain of
human and chimpanzee, with a view to extend the method for interspecies detection
of positive selection in cattle in Chapter 3. Collaborative work with the Bovine Genome
Consortium will also be discussed in this chapter. Chapter 4 explores the idea of
utilising expressed sequence tags (ESTs) to generate a SNP dataset and to elucidate the
effect of polymorphisms that are tolerant or intolerant, as well as dramatic stop codon
polymorphisms in the genome. Analyses to identify candidates of positive selection
using genome-wide SNP datasets, including those contributed towards Bovine HapMap

Consortium, makes up Chapter 5 of this thesis. Chapter 6 concludes this thesis.
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2. Detection of Positive Selection
in Human and Chimpanzee
Extracellular Domain
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2.1 Positive Selection in Human and Chimpanzee

Human and chimpanzee shared a common ancestor as recent as 4-5 million years ago
(Stauffer et al. 2001; Hobolth et al. 2007) but the phenotypic divergence of human
from the great apes following the speciation has been remarkable. We acquired much
larger brains, became bipedal, and developed speech, among many other traits. We
are also karyotypically different, with one less chromosome than the chimpanzee (the
counterpart of human chromosome 2 is chimpanzee chromosomes 2a and 2b
(formerly chromosomes 12 and 13) and a few other discreet differences, but,
otherwise, the broad-scale organisation of the two genomes remains highly conserved
(Yunis, Sawyer, and Dunham 1980; Yunis and Prakash 1982; Gagneux and Varki 2001).

The two genomes share over 98% of nucleotide identity (Li and Saunders 2005).

It has been proposed that genes which have undergone positive selection specifically
on the human lineage may be the genes that make us different from our closest
evolutionary relative, the chimpanzee. The availability of genome sequences from
various species has now enabled a systematic approach in comparative genome
studies to shed some light on this hypothesis. Several pivotal studies involving
comparative studies of human and chimpanzee genomes have been published in

recent years.

2.1.1 Clark et al. — A study of Human-Chimpanzee-Mouse Orthologous Gene

Trios

Clark et al. (Clark et al. 2003) in 2003 compared a set of 7,645 orthologous human,
chimpanzee and mouse genes to investigate patterns of divergence between the
human and chimpanzee lineages. Two statistical tests were carried out to identify

genes which have undergone positive selection.

In their first test, they tested the neutral theory null hypothesis by fixing dy/ds = 1 in

the human lineage. The alternative hypothesis allowed for dy/ds to vary across all 3
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branches. In the second test, they used the branch-site model (Yang and Nielsen 2002)
which allows the dn/ds ratio to vary among the sites within each lineage and among
the lineages under investigation. Their null hypothesis assumed all sites evolved either
neutrally (dy/ds = 1) or under purifying selection (dn/ds < 1) in the human lineage, while
in their alternative hypothesis, some sites evolved with an accelerated amino acid
substitution (dy > ds). A likelihood ratio test (LRT) was then conducted to determine
which of the models was statistically favoured. This was similarly done for the

chimpanzee lineage.

Clark et al. found a total of 1,547 human genes and 1,534 chimpanzee genes that met
the criteria for positive selection, i.e. had dy/ds > 1. However, in the first test of the
neutral null hypothesis, only 6 genes with dy/ds > 1 had statistical support (P < 0.05). In
the second test, they found 125 genes with dy/ds > 1 (P < 0.01). They attributed the
differences to the ability of the second test to predict genes of which overall dy/ds may

be low but contained domain(s) that had undergone positive selection.

Clark et al. used the results from the second test for further analysis, including
categorising the genes based on PANTHER ontology (Thomas et al. 2003a; Thomas et
al. 2003b; Mi et al. 2005) (see section 2.2.6 for further explanation), as well as
correlating these genes to Mendelian disorders. They found genes involved in olfaction
and amino acid catabolism showed human-specific acceleration in protein evolution
and postulated that differences in the lifestyles between human and chimpanzee may
have lead to alternative selective pressure on these genes. Other gene categories
found to be under selection in this study included human developmental genes, and

speech and hearing genes.

It would have seemed like the implementation of the branch-site model indeed
uncovered numerous candidate genes under adaptive evolution. However, as the
second test was implemented based on the assumption that the relative branch
lengths leading to human, chimpanzee and mouse are the same for all genes,

relaxation of selective constraint may have given rise to an excessively long human
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branch and the genes may have been incorrectly identified to be under positive

selection (Eyre-Walker 2006).

Moreover, a later computer simulation study by Zhang (Zhang 2004) revealed that the
detection of positive selection by the branch-site method alone led to numerous cases
of false positive prediction of positive selection. Simulations showed an unacceptably
high (20%-70%) false positive rate, prompting calls for re-evaluation of past results
obtained primarily from implementing the branch-site likelihood method. Zhang et al.
(zhang, Nielsen, and Yang 2005) have since modified and improved the branch-site

model which is now reported to be more robust and to have lower false positive rates.

2.1.2 Nielsen et al. — Pairwise Analysis of Human and Chimpanzee Genes

Nielsen et al. (Nielsen et al. 2005) reported an analysis of 20,361 human and
chimpanzee genes in a study in 2005. The 7,645 genes analysed by Clark et al. (Clark et
al. 2003) were also included in this dataset. Nielsen et al. first eliminated 6,630
predicted genes without a hit to known genes in public databases, thus reducing the
dataset to 13,731 genes. They also further reduced the gene number to 8,079,
excluding genes with fewer than three mutations, genes shorter than 50 base pairs in
length, and genes which contained internal stop codons. Within this conservative
8,079 gene dataset, 3,913 genes had previously been analysed by Clark et al. (Clark et
al. 2003).

Nielsen et al. found 733 genes with dy/ds > 1 from this pairwise analysis. Amongst
them, only 35 genes had P < 0.05, determined from the likelihood ratio test carried out
and compared to a simulated distribution of the test statistics. The usual y’
distribution was not used as the level of divergence between human and chimpanzee
pairwise sequences is very low and thus the assumptions of the % distribution are

violated.
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Nielsen et al. also mapped the genes to PANTHER ontology terms and carried out
further analysis on the top 50 genes with strongest evidence of selection including
genes involved in immunity and defence, spermatogenesis and cancer. The pairwise
method, which averages dn/ds over all the codon sites in the alignment, is limited as it
cannot distinguish which of the two lineages i.e. human or chimpanzee, or indeed

whether both human and chimpanzee, were under positive selection.

2.1.3 The CSAC - Initial Comparison of Chimpanzee to Human

Later in the same year, the Chimpanzee Sequencing and Analysis Consortium (CSAC)
(CSAC 2005) published the results from initial comparative study of the chimpanzee
genome to the human genome. In order to elucidate the nature of chimpanzee gene
evolution, a set of 13,454 orthologous human-chimpanzee gene pairs was identified.
As a chimpanzee gene catalogue was not available, the CSAC aligned human genes to
the chimpanzee genome through the application of BlastZ (Altschul et al. 1990) and

identified the orthologous chimpanzee bases.

The human and the chimpanzee genomes, each containing approximately 3 billion
nucleotides, share >98% nucleotide identity. This means, however, that there are an
estimated 35 million nucleotide differences between them (Li and Saunders 2005).
Nonetheless, when the orthologous genes between these species were examined,
about 29% of them were determined to be identical and typically differed by only 2

amino acids, one on each lineage.

Since there were few synonymous changes in a typical gene, and often none, the
chimpanzee genome sequence was used to generate an estimation of the local
intergenic/intronic substitution rate where appropriate. Given as K|, it was used to
calculate Ka/K; ratio, where K, was the number of nonsynonymous substitutions per
nonsynonymous site and Ka/K, has the same implication as dy/ds. Both ratios can be

denoted using ®.
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The CSAC found a total of 585 genes with Ka/K; > 1, which was more than twice as
many as expected (263) to occur simply by chance, given a simulation study that
allowed purifying selection to act in a non-uniform manner across the genes. Some of
the most extreme outliers include genes which are involved in immunity, for example
glycophorin C which mediates one of invasion pathways in human erythrocytes by
Plasmodium falciparum, and granulysin which mounts antimicrobial activity against
intracellular pathogens such as Mycobacterium tuberculosis. As these genes were
found using pairwise analysis, it was not possible to differentiate on which lineage

selection had taken place.

The CSAC also identified a set of unambiguous 7,043 orthologous human-chimpanzee-
mouse-rat gene quartets to conduct a comparison of the hominid (i.e. human and
chimpanzee) and murid (i.e. mouse and rat) lineages. It is also of note that genes
belonging to large gene families were omitted in the analyses, due to difficulty of
1:1:1:1 orthology assignment across hominids and murids. One of the largest families

of genes that is known to undergo such rapid divergence are the olfactory receptors.

In addition, the CSAC mapped the genes studied to the Gene Ontology (GO)
classifications (Ashburner et al. 2000) (see section 2.2.6 for further explanation). The
GO categories which had elevated ®poming included immunity and host defence,
reproduction, olfaction and apoptosis while the GO categories with low ®nominid

included intracellular signalling, metabolism, neurogenesis and synaptic transmission.

The CSAC commented that the gene categories found by Clark et al. (Clark et al. 2003)
to be under positive selection have been annotated as gene categories which showed
accelerated divergence. This led to the CSAC to speculate that the results by Clark et al.
may be enriched for false positives in categories that underwent strong relaxation of
constraints in the hominids, or there may be some correlation between positive

selection and relaxation of constraints.
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2.1.4 Arbiza et al. — Positive Selection, Relaxation and Acceleration

Following the publication of the improved branch-site likelihood model (Zhang,
Nielsen, and Yang 2005), Arbiza et al. undertook a study to identify genes which have
been positively selected in the common ancestral lineage of human and chimpanzee,
using mouse, rat and dog as weighted outgroups (Arbiza, Dopazo, and Dopazo 2006).
This method was used to differentiate events of relaxed selective constraints from

accelerated evolution due to positive selection.

A total of 14,185 orthologues were identified, of which 4,511 were subsequently
excluded from further analyses following removal of sequences with fewer than 3
unique base pair differences. The remaining 9,674 genes were analysed using Test 1
(i.e. test of either relaxation of constraint or positive selection on foreground branch)
and Test 2 (i.e. direct test of positive selection on foreground lineages) of the branch-
site model as described by Zhang et al. (Zhang, Nielsen, and Yang 2005) on both the
human and the chimpanzee lineages. Arbiza et al. found, with correction for multiple
testing, a total of 108 human and 577 chimpanzee genes to be true cases positive

selection and not falsely identified due to relaxation of selective constraints.

Arbiza et al. mapped these genes to GO terms to elucidate the associated functions of
these genes. They found genes involved in cellular protein metabolism, G-protein
coupled receptor signalling, sensory perception, transcription and transcription
regulation, and immune response, among others. They also noted that only a small
number of genes are common between human and chimpanzee, showing that the
evolution of genes through adaptive evolution occurs frequently after speciation, and

not at the common ancestor level.
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2.1.5 Positive Selection in Extracellular Domains

The relatively small number of genes with strong evidence for positive selection
emerging from these studies led to speculation that human-chimpanzee divergence
was perhaps not really due to adaptive protein coding changes, but rather more
related to adaptive changes in gene expression (Nielsen 2006). Undoubtedly there
have been adaptive changes in gene expression (Gilad et al. 2006) but it is also likely
that the relatively conservative tests applied in the studies discussed makes it difficult

to detect cases of positive selection on protein-coding changes.

Indeed, all of the tests applied, with the exception of the branch-site model, are
conservative in that they require dy/ds to be greater than one over entire gene. It is
more usual for positive selection to act on particular codons or domains in the gene
over a short period of evolutionary time while purifying selection acts on the majority
of other sites (Zhang 2004). Because of this, signals of positive selection may be
swamped in this background of purifying selection. We postulated that if one could
identify the regions where selection was likely to be strongest these regions could be
isolated and screened for signatures of positive selection that would be missed in

whole gene sequence analyses.

The extracellular domains of proteins are the components that interact directly with
the external environment and are involved in a range of interactions including ligand
and antigen binding, and are frequently points of contact for pathogen interactions.
One example is the interaction between HIV and one of its host receptors, CCR5. The
extracellular domain of CCR5, which is exploited by HIV to gain entry into cells (Lusso
2006), has been shown to undergo strong selection in human populations (Hedrick and

Verrelli 2006).

Cluster of differentiation 2 (CD2) is a cell-surface protein found on T-cells and natural

killer cells and is implicated in mammalian defence (Davis et al. 2003). Lynn et al. (Lynn
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et al. 2005) also demonstrated that the power of detecting for positive selection of

CD2 was increased when only the extracellular domain was tested.

This led to the proposal that extracellular domains may be strong candidates to
examine for signatures of adaptive evolution in genes, which could have been missed
in the whole gene sequence analysis. In this study, regions of human and chimpanzee
genes encoding the extracellular domains were systematically analysed for evidence of

positive selection.

Page |35



2.2 Materials and Methods

2.2.1 Human-Chimpanzee-Mouse Orthologues

Human, chimpanzee and mouse (HCM) gene entries were downloaded from the NCBI

GenBank database (ftp://ftp.ncbi.nih.gov/genbank/) (Benson et al. 2006). A total of

29,549 human, 21,795 chimpanzee and 56,815 mouse Reference Sequence (RefSeq)
genes were extracted using CODERET (Mullan and Bleasby 2002). The number of
mouse genes was nearly twice as many as the others due to the presence of multiple

transcripts of some RefSeqs in the dataset downloaded.

An all-against-all BlastP (Altschul et al. 1990) was carried out against the protein
dataset from the three species with an E-value cut off of e’ and a Perl script was
written to extract the best blast hits. In order to deal with cases with multiple
transcripts, the script was modified to include GenelD information. When more than
one hit of the same GenelD were found, the program would treat these as one gene
until a different GenelD was encountered, i.e. a different gene. The extracted blast hits
were listed and ranked by their E-values. The best blast hit was assigned when the
second best hit was at least e'® worse than the top hit. In cases where multiple gene
transcripts were present, the transcript version that has the best score within the

group is identified as the best blast hit.

The three lists of best blast hits (one each for human, chimpanzee and mouse) were

loaded into MySQL database (http://www.mysqgl.com/) and subsequently queried to

obtain 3-way reciprocal best hits.

2.2.2 Assessment of Orthologous Gene Dataset

In order to confirm the accuracy of orthology prediction, 1:1:1 human, chimpanzee and
mouse orthologues were downloaded from NCBl’'s HomoloGene database

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=homologene) which is a database
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of homologues detected through an automated system based on annotated genes of
completely sequenced eukaryotic genomes, and compared to our orthology

predictions. Our dataset was found to be in 93% agreement with HomoloGene.

2.2.3 AHMM Prediction of Extracellular Domains

TM-HMM is one of the most widely used transmembrane protein structure prediction
programs (Krogh et al. 2001; Moller, Croning, and Apweiler 2001)
(http://www.cbs.dtu.dk/services/TMHMM-2.0/). It identifies the locations of the

transmembrane helices as well as the intervening loop regions of given proteins. Using
this information, the location of the extracellular domain can be inferred. TMHMM
ranked very well in comparison to other transmembrane domain prediction algorithms
such as HMMTOP, TMPred and MEMSAT (Lao, Okuno, and Shimizu 2002; Melen,
Krogh, and von Heijne 2003). However, for single-pass transmembrane proteins, the
prediction of the intracellular and extracellular topologies may be reversed and

therefore inaccurate.

AHMM, an extension of TM-HMM, was recently developed by Xu et al. (Xu, Kearney,
and Brown 2006). AHMM aims to improve the prediction accuracy of TM-HMM
through incorporation of functional information from Prosite (Hulo et al. 2006).
Regions of the protein that contain Prosite domains that are commonly associated
with extracellular functions are assigned higher probabilities of being located outside
the cell. Similarly, for domains that are associated with intracellular functions, these
regions have increased intracellular scores. The inclusion of Prosite functional domain

information in AHMM improves the accuracy of TM-HMM by 39%.

AHMM was applied to the human protein sequences and the regions encoding the
extracellular domains were extracted from proteins containing at least one
transmembrane pass. Extracted extracellular domain regions that were less than 20

amino acids in length were excluded.
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Full length human, chimpanzee and mouse orthologous proteins were aligned using T-
Coffee (Notredame, Higgins, and Heringa 2000). Treating these alignments as profiles,
a second run of T-Coffee was implemented to append the extracellular domain
predictions to the first run alignments. A Perl script was used to extract the sequences
corresponding to the human prediction in all the three species. A second Perl script
was applied to align the coding sequences based on the extracted protein alignments,
which acted as templates, so that appropriate gaps were included. Following gapped
coding sequence alignments, another 10 genes were excluded from the subsequent
PAML analysis due to the presence of missing or gapped data in this region in at least
one of the orthologous genes. Figure 2.1 illustrates the method used in extracting the
coding sequence alignments of the extracellular domains of human, chimpanzee and

mouse orthologous trios.

Chimp «—8es — Human «— sase—Mouse
lT{»ﬁee
Aligned 3-way reciprocal best hit orthologs
1 AHMM
Extracellular domain-containing proteins (human)
1 Coding sequences aligned

Human ATCAACTTGGACATTCCTAGTTTTCAAATGAGTGATGATGAA
Chimp ATCACCCTGAACATCCTTAACTTTCAAAGACGTGATCATGTA
Mouse ATCAACCTTGACATTCCCAACTTACCAATGAGTGATCCTCAA

eeceeeceeeceeceee eeccapaceceaece
Human ATCAACTTGGACATT--------- CAAATGAGTGATGAT---
Chimp ATCACCCTGAACATC--------- CAAAGACGTGATCAT--~
Mouse ATCAACCTTGACATT---------— CCAATGAGTGATCCT---

peeccceppeaccee ecceececceeeeee

Extracellular domain extraction

Human ATCAACTTGGACATTCAAATGAGTGATGAT
Chimp ATCACCCTGAACATCCAAAGACCTGATCAT
Mouse ATCAACCTTGACATTCCAATGAGTGATCCT

eeeceeceeceeeceeeeceeceeeceeceeeeeeceee

Figure 2.1 | lllustration of the method used to extract the coding sequence alignments of
human, chimpanzee and mouse orthologous extracellular domains.
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2.2.4 CODEML Analysis of Extracellular Domains

CODEML from the PAML 3.14 suite of programs (Yang 1997; Yang 2007) was
implemented on our dataset which contained 1,948 AHMM-predicted extracellular
domains of orthologous HCM genes. CODEML is a method frequently used to fit
models of evolution by maximum likelihood to the alignment of protein coding

sequences in order to estimate the dy/ds ratio.

Two models were implemented to test the statistical significance of the selective
pressures on each lineage. In the one-ratio model (NSsites = 0, model = 0) each lineage
was modelled to have the same dy/ds ratio. The ratio is constrained between 0 and 1,
and thus does not allow for the presence of positive selection. The second model, the
free-ratios model (NSsites = 0, model = 1), is a model of selection which estimates an
independent dy/ds ratio for each of the three lineages. The value of dy/ds in the free-

ratios model may exceed 1.

The two models were compared by Likelihood Ratio Test (LRT), calculated from the log
likelihood (InL) values of both models. Twice the difference between InLfree-ratios and
INnLone-ratio (i-€. 2A8) was compared to a xz distribution in order to obtain the P values.
The degree of freedom for the distribution was calculated from the difference in the
number of parameters between the two models tested. The P values were corrected
using the Benjamini and Hochberg false discovery rate correction for multiple testing
(Benjamini and Hochberg 1995a). Evidence of positive selection was inferred when
dn/ds was greater than 1 on the human and/or the chimpanzee lineages, and the free-

ratios model was significantly favoured over the one-ratio model.

A more stringent test of positive selection on the human lineage was then carried out
on each of these genes, comparing the one-ratio model to a model where the human
lineage was selected as the “foreground” lineage and its dy/ds was specifically allowed
to vary (NSsites = 0, model = 2). Correction for multiple testing was also conducted for

this analysis.
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2.2.5 Analysis of Human and Chimpanzee Pairwise Alignments

Methods that use an outgroup species such as the method described above are useful,
in that the outgroup allows the direction of selection (i.e. whether it acts on the
human or chimpanzee lineage) to be inferred. On the other hand, the inclusion of an
outgroup results in the preclusion of numerous genes that could be analysed between
the two species of interest due to difficulties in orthology assignment. In an effort to
maximise the number of genes analysed in this study, an implementation of a pairwise

approach similar to that of Nielsen et al. (Nielsen et al. 2005) was carried out.

Human coding sequences corresponding to the extracellular domains were aligned to
the chimpanzee genome (panTro2 downloaded from UCSC FTP site at

ftp.hgdownload.cse.ucsc.edu) using Blast-like Alignment Tool, BLAT (Kent 2002). BLAT

performed optimally in aligning the coding sequences of the genes to the chimpanzee
genome for extraction and therefore the pairwise alignments between human and
chimpanzee were of high quality. Predicted domains that were less than 60 base pairs
in length, sequences that could not be uniquely aligned to the genome and sequences
containing stop codons were all excluded from the analysis. The regions of the
chimpanzee genome to which the human extracellular domains aligned were
extracted. ClustalW (Thompson, Higgins, and Gibson 1994) was used to generate

human-chimpanzee pairwise alignments.

Pairwise dy/ds ratios were estimated under two models of CODEML (Yang 1997; Yang
2007). In the first model, the dy/ds ratio was fixed to be equal to one, while the dy/ds
ratio of the second model was estimated by maximum likelihood from the data. These
two models were compared by means of LRT. The low divergence of human and
chimpanzee pairwise sequences violates the assumptions ‘of x2 distribution (Nielsen et
al. 2005). We therefore simulated an empirical distribution of the LRT statistics, given
the sequence divergence and the shorter alignment lengths. P values were calculated

based on this simulated distribution.
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2.2.6 Assignment of Ontologies: PANTHER Ontology and Gene Ontology (GO)

In order to classify the biological functions of genes with evidence of positive selection,

each gene was mapped to two different ontology databases.

Protein ANalysis THrough Evolutionary Relationships, or PANTHER, is an ontology

database available at http://www.pantherdb.org and contains sets of controlled

vocabulary in terms of biological processes and molecular functions related to a large
curated collection of protein families/subfamilies (Thomas et al. 2003a; Thomas et al.
2003b). In addition, the most recent PANTHER database also contains associated
biological pathway information (Mi et al. 2005). These terms are matched based on the

transcript/protein/gene ID.

Gene Ontology (GO) (Ashburner et al. 2000) is another ontology database, available

from http://www.geneontology.org and is similar to PANTHER. It provides structured

and controlled vocabularies and classifications used in the annotation of gene
sequences. GO however, supplies slightly different categories of terms from PANTHER.
The categories found in GO relate to biological processes, molecular functions and

cellular components.

Subsequent development of GO produced “GO slims” (Harris et al. 2004), a high-level
view of each of the three existing ontologies. This allows the grouping of terms into a
broad range of high-level categories to provide a more focused view of the biological

processes, molecular functions and cellular components involved in a dataset.
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2.2.7 Human-Chimpanzee-Rhesus Macaque Orthologous Trios

Shortly following the completion of our work on this analysis, the sequence of the
genome of rhesus macaque was published (Gibbs et al. 2007). It prompted a re-
analysis of our orthologous trio method, substituting mouse sequences with macaque
sequences as the outgroup. The human-macaque divergence time of approximately 25
million years (Gibbs et al. 2007) is better placed in comparison to human-mouse
divergence time of approximately 75 million years (Waterston et al. 2002), making

macaque a more suitable outgroup.

Due to poor gene annotation for the macaque, the human-macaque orthologous gene
set was generated by using BLAT to align the coding sequences of the human genes to
the macaque genome (rheMac2 also downloaded from UCSC FTP site). It resulted in a

total of 24,985 human-macaque orthologous gene pairs.

The lists of human-chimpanzee and human-macaque orthologues were loaded into a

MySQL database (http://www.mysal.com/) and subsequently queried to obtain 22,366

3-way reciprocal best hits. The sequences were extracted for extracellular domain and
analysed using CODEML from PAML 4.0 (Yang 2007), as per protocol in Sections 2.2.3
and 2.2.4. In order to avoid confusion this dataset is denoted as the HCR (human,
chimpanzee, rhesus macaque) dataset, and a total of 4,745 HCR trios which contain

extracellular domain predictions were analysed.
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2.3 Results

2.3.1 AHMM-Predicted HCM Extracellular Domain-Containing Proteins

The AHMM program predicted 6,609 human proteins as containing extracellular
domain that was at least 20 amino acids in length. 1,948 of these had putatively 1:1:1
orthologues in chimpanzee and mouse. 592 human and 393 chimpanzee orthologues
were found to have dy/ds > 1 in the region encoding the extracellular domain. Of
these, 192 human and 113 chimpanzee genes were also significant under the LRT that
compared the free-ratios model to the one-ratio model (corrected P < 0.05)
(Supplementary Table 2.1). There were 34 genes putatively subject to positive

selection in both species (Table 2.1).

As the human and the chimpanzee genomes are highly conserved (>98%) (CSAC 2005),
often there are little or no synonymous changes between the primate gene pairs in
comparison to their mouse orthologues. When the rate of synonymous changes (ds) is
very small, or indeed nil, it contributes to highly elevated and inaccurate dy/ds ratios.
Chamary et al. (Chamary, Parmley, and Hurst 2006) in their recent review stated that
strong purifying selection on synonymous sites could give rise to dy/ds > 1 as the ds
value is very low. Our dataset was therefore filtered to exclude genes with ds = 0. This
resulted in the reduction of the number of human candidate genes with dy/ds >1 from
592 to just 75, indicating the scale of this problem. Of these, 44 genes are also
significant under the LRT comparing the free-ratios model to the one-ratio model
(Figure 2.2) and only 9 are found in common with the genes list in Table 2.1. They are

marked with light grey background in the table.
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Table 2.1 | Genes with dy/ds > 1 on both the human and the chimpanzee lineages (LRT¢.e.ratio, P < 0.05). Genes that are also found following ds = 0
filter step is shaded in light grey.

Human RefSeq Chimp RefSeq HUGO Symbol Gene Description Human dy/dg Chimpdy/ds LRTieeratc  LRToneratio 2AL P value

NM_007073 XM_527578 BVES blood vessel epicardial substance 1.6305 1.8705 -1467.6005 -1496.6155 58.0301  0.0000
NM_138966  XM_512172 NETO1 neuropilin (NRP) and tolloid (TLL)-like 1 999.0000 1.3653 -1867.2820 -1893.5189 52.4738  0.0000
NM_004733 XM_516831  SLC33A1 solute carrier family 33 (acetyl-CoA transporter), member 1 36.4591 21561 -621.5033  -645.2229 47.4392  0.0000
NM_182607 XM_521214  VSIG1 V-set and immunoglobulin domain containing 1 106.6730 1.9474 -1685.9368 -1707.5292 43.1849  0.0000
NM_052944 XM_510886 SLC5A11 solute carrier family 5 (sodium/glucose cotransporter), member 11 999.0000 1.0593 -1260.2532 -1281.7533 43.0001  0.0000
NM_018368  XM_518573 LMBRD1 LMBR1 domain containing 1 1.4934 1.0260 -1125.8698 -1145.9865 40.2335  0.0000
NM_002858 XM_513575  ABCD3 ATP-binding cassette, sub-family D (ALD), member 3 999.0000 1.3483 -1628.5040 -1645.9934 34.9789  0.0000
NM_173611  XM_510292 FAM98B family with sequence similarity 98, member B 1.0182 3.1674 -1837.4997 -1852.6374 30.2754  0.0000
NM_004751 XM_510451 GCNT3 glucosaminyl (N-acetyl) transferase 3, mucin type 1.9523 1.0454 -2536.4624 -2551.2513 29.5779  0.0000
NM_152313 XM_522147 SLC36A4 solute carrier family 36 (proton/amino acid symporter), member 4 999.0000 1.1599 -1323.4990 -1337.0865 27.1751  0.0000
NM_032604 XM_525719 ABHD1 abhydrolase domain containing 1 999.0000 47125 -1336.6032 -1347.3059 21.4054  0.0002
NM_016072 XM_520789 GOLT1B golgi transport 1 homolog B (S. cerevisiae) 676.2431 999.0000 -196.4478  -206.8443 20.7930  0.0002
NM_017837 XM_513236 PIGV phosphatidylinositol glycan, class V 999.0000 1.6995 -627.0900 -637.1605 20.1409  0.0003
NM_001001922 XM_521793 OR52N5 olfactory receptor, family 52, subfamily N, member 5 1.1951 1.8881  -635.9808 -643.9080 15.8544  0.0005
NM_173514  XM_517758 FLJ90709 hypothetical protein FLI90709 999.0000 12236  -873.2634  -882.2775 18.0281  0.0008
NM_005819  XM_514037  STX6 syntaxin 6 2.3478 1.2598 -1142.3571 -1150.1565 15.5988  0.0023
NM_001774 XM 512814  CD37 CD37 antigen 1.5244 999.0000 -981.1560 -987.3475 12.3832  0.0025
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Figure 2.2 | Summary of AHMM implementation on HCM orthologous trios. A total of 592
human and 393 chimpanzee genes were found to have dy/ds > 1. Following filtering for ds = 0,
the numbers were reduced to 75 and 150 respectively. Of these, 44 human and 89 chimpanzee
genes were found to be significant under the LRT tests conducted.
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Each of these 44 genes was also tested under another model in which the dy/ds ratio
was allowed to vary only on the human lineage (NSsites = 0, model = 2). A LRT
comparing this more stringent test of positive selection on the human lineage to the

one-ratio model revealed 22 genes as having a signature of positive selection.

Given the draft nature of the chimpanzee genome and the gene predictions based on
it, it was of concern that poor quality alignments and/or misprediction of exons could
lead to spurious signals of positive selection in some genes. To account for this, each
alignment was manually checked and 7 of the 22 genes were excluded due to poor
alignment quality and one gene had since been removed by NCBI (XM_497249).
Undoubtedly, this problem is prevalent in other genomic analysis of positive selection
using the chimpanzee genome. SACM1L was also excluded as it does not have an
extracellular domain but rather is an endoplasmic reticulum membrane protein (Rohde
et al. 2003). The 13 other genes with robust evidence for positive selection in their
extracellular domains are implicated in processes including immunity, olfaction, and

reproduction (Table 2.2).
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Table 2.2 | Genes with dy/ds > 1 and ds > 0 on the human lineage (LRT mogel-2, P < 0.05).

Human RefSeq HUGO Symbol Gene Description dy/ds LRT 0gei=2 LRToneratio 2AL P value

NM_173611 FAM98B family with sequence similarity 98, member B 1.1831 -1837.2850 -1852.6374 30.7048  0.0000
NM_015879 ST8SIA3 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 3 20.8445 -1760.7695 -1770.2806 19.0222  0.0003
NM_021229 NTN4 netrin 4 1.0780 -3365.9847 -3371.5963 11.2231 0.0089
NM_001774 CD37 CD37 antigen 999.0000 -982.2955 -987.3475 10.1041  0.0093
XM_059074 LRRC38 leucine rich repeat containing 38 999.0000 -122.2891 -127.0493 9.5204 0.0112
NM_015187 KIAA0746 KIAAQ746 protein 7.5097 -3999.7602 -4004.2016  8.8828  0.0115
NM_003259 ICAMS intercellular adhesion molecule 5, telencephalin 999.0000 -3860.9715 -3865.4672 89915  0.0119
XM_040592 ZNF469 zinc finger protein 469 66.4466 -13831.4644 -13835.3435 7.7581  0.0157
NM_000341 SLC3A1 solute carrier family 3, member 1 544.1354 -3017.2702 -3020.9999 7.4594 0.0163
NM_183061 SLC9A10 solute carrier family 9, member 10 999.0000 -3351.9670  -3355.8508  7.7676  0.0167
NM_007267 TMC6 transmembrane channel-like 6 999.0000 -1949.3695 -1952.5548  6.3706  0.0269
NM_001005189 OR6Y1 olfactory receptor, family 6, subfamily Y, member 1 999.0000 -639.3123 -642.3898  6.1550  0.0288
NM_152481 FLI25660 hypothetical protein FLU25660 999.0000 -2418.9476  -2421.8955  5.8957  0.0318
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2.3.2 Comparison of HCM Orthologues to Previous Studies

Using the HCM method, 13 extracellular domains of human genes based on AHMM
prediction were found to be putatively under positive selection. Of these, two were
previously analysed by Clark et al. but only one gene (NTN4) had a signature of positive
selection in their analysis. Nielsen et al. examined 8 of the 13 genes, but none of these
was predicted to be positively selected in their study. Comparison to the results from
the CSAC showed that 7 of the 13 genes had been analysed in this dataset, and only
one (Cluster of Differentiation 37, CD37) was found to have Ka/K; > 1.

Although CD37 was identified by CSAC to have a signature of positive selection over
the entire gene, following manual analyses of the genes putatively under positive
selection, we have found that the effect is limited to the extracellular portion. CD37
has 12 nonsynonymous changes compared to chimpanzee and all of these are located
in the extracellular domain. This over-representation of nonsynonymous changes in
the extracellular region is statistically significant given the size of the domain and the
size of the whole protein (P < 0.05). There are only 2 synonymous changes in this

region, with a further 5 synonymous substitutions in the rest of the gene.

2.3.3 Pairwise Human-Chimpanzee dy/ds

The use of an outgroup species, although very useful in assigning the direction of
selection, can result in many genes being excluded from the analysis due to difficulties
in orthology assignment. In order to identify additional candidate genes that may have
been missed in the previous analysis, pairwise human-chimpanzee dy/ds ratios were

calculated under two models and compared by LRT.
Of 6,096 human-chimpanzee extracellular domain pairwise alignments, 1,120 had

dn/ds > 1. Compared to the 733 genes with dy/ds > 1 that Nielsen et al. (Nielsen et al.

2005) had identified, we have found approximately 65% more genes with evidence of
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positive selection. Again, it should be noted that many of the genes with elevated

dn/ds have very low ds (Supplementary Table 2.2).

One of the drawbacks of examining particular domains compared to the entire gene
sequence is that the power of the LRT to detect positive selection is significantly
reduced, most likely due to both the short alignment length and the few lineages
examined (Anisimova, Bielawski, and Yang 2001). Indeed, in only 20 genes with dy/ds >
1 is the signature of positive selection supported by the LRT (P < 0.05). Two genes
(XM _374653, XM_497314) have since been removed as predicted genes as part of the
ongoing annotation of the human genome by NCBI. We have also excluded a further

two genes (SLC16A4, GOLT1B) due to alignment quality issues (Table 2.3).

In many cases low ds results in estimates of dy/ds that are extremely elevated or equal
to infinity. It is perhaps more informative in these cases to examine the actual number
of nonsynonymous and synonymous substitutions. In the 16 remaining genes with
relatively robust evidence for positive selection, there is an average of seven
nonsynonymous substitutions and virtually no synonymous substitutions (CD34 has
one) in the extracellular domains, strongly supporting the case for positive selection in
these genes. In most incidences, the majority or all of the nonsynonymous changes

within these genes are located in this region (Table 2.4).
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Table 2.4 | Number of nonsynonymous and synonymous substitutions in extracellular domains and over the full gene length. (N¢c - non-synonymous
substitutions in extracellular domain; S¢c - synonymous substitutions in extracellular domains; N - non-synonymous substitutions over full gene
length; S - synonymous substitutions over the full gene length).

Human RefSeq HUGO Symbol Gene Description Nec Sec N St
NM_181093 SCYL3 SCY1-like 3 (S. cerevisiae) 8 0 10 4
XM_496025 VSIG7 V-set and immunoglobulin domain containing 7 9 0 9 0
NM_001025109 CD34 CD34 antigen 10 1 10 3
NM_006781 Cé6orf10 chromosome 6 open reading frame 10 9 0 9 0
NM_054030 MRGPRX2 MAS-related GPR, member X2 8 0 13 2
NM_003555 OR1G1 olfactory receptor, family 1, subfamily G, member 1 8 0 13 4
NM_032604 ABHD1 abhydrolase domain containing 1 7 0 9 0
NM_001001958 OR7G3 olfactory receptor, family 7, subfamily G, member 3 5 0 8 4
NM_138337 CLEC12A C-type lectin domain family 12, member A 7 0 9 0
NM_032498 PEPP-2 PEPP subfamily gene 2 13 0 19 0
NM_003778 BAGALT4 UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 4 6 0 7 1
NM_000873 ICAM2 intercellular adhesion molecule 2 6 0 6 0
NM_001004724 OR4NS5 olfactory receptor, family 4, subfamily N, member 5 5 0 6 2
NM_001005338 OR5H1 olfactory receptor, family 5, subfamily H, member 1 4 0 7 8
NM_002002 FCER2 Fc fragment of IgE, low affinity II, receptor for (CD23A) 5 0 6 0
NM_198085 RNF148 ring finger protein 148 5 0 13 0
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2.3.4 HCR Extracellular Domain-Containing Proteins

2.3.4.1 The RMGSAC - Analysis of HCR Orthologous Trios

In 2007, the Rhesus Macaque Genome Sequencing and Analysis Consortium (RMGSAC)
published their findings following a series of analyses of the genome sequence of an
Indian-origin Macaca mulatta, including an analysis to detect positive selection (Gibbs

et al. 2007).

Their analysis pipeline produced 10,375 orthologous HCR trios and these were
analysed using PAML to calculate dy/ds ratios. LRTs for several different models were
performed including (a) a test for positive selection across all branches of the
phylogeny (TA test), (b) a test for positive selection on the human branch (TH test), (c)
a test for positive selection on the chimpanzee branch (TC test), and (d) a test for
positive selection on the macaque branch (TM test). They identified, respectively for
the afore-mentioned tests, 67, 2, 14 and 131 genes to be under positive selection. The
sets overlapped by 36 genes, giving a total of 178 genes putatively under positive

selection.

The genes under selection were found to be enriched in previously reported categories
including defense and immunity, signal transduction and cell adhesion. Additionally
they found enrichment of several new categories including ion binding and
oxireductase activity. On the other hand, they found only weak enrichment for genes
implicated in apoptosis and spermatogenesis. These categories of genes have

previously been found to be under strong positive selection.
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2.3.4.2 Bakewell et al. — HCR Analysis via Branch-Site Likelihood Method

At the same time, Bakewell et al. reported their findings, that there were more
chimpanzee genes that underwent positive selection than human. Using a conservative
dataset of 13,888 HCR trios, they applied branch-site likelihood method and identified
154 and 233 genes under positive selection in human and chimpanzee lineages
respectively. Following Bonferroni correction to control for multiple testing, the

numbers were reduced to 2 and 21.

2.3.4.3 HCR Extracellular Domain Analysis

With the availability of the macaque genome, a new analysis utilising the extracellular
domain method was conducted. A dataset of 4,745 human-chimpanzee-macaque
orthologues with an AHMM-predicted extracellular domain was analysed. We found

1,096 human and 838 chimpanzee genes with dy/ds > 1.

Under the LRT comparison between the free-ratios and the one-ratio models, the
number of genes reduced dramatically to 91 and 104 for human and chimpanzee,
respectively. However, following the Benjamini and Hochberg false discovery rate
correction for multiple testing (Benjamini and Hochberg 1995a), 2 human and 4
chimpanzee genes were detected at significance P < 0.05 (Supplementary Table 2.3).
The human genes found were chloride channel 4 (CLCN4) and hyperpolarisation
activated cyclic nucleotide-gated potassium channel 1 (HCN1); the former which
physiological role remains unknown but speculated to contribute to the pathogenesis
of neuronal disorders, the latter linked to rhythmic activity in both the heart and the

brain.
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2.4 Discussion

The detection of positive selection can be conducted by fitting models of evolution by
maximum likelihood to multiple sequence alignments of orthologous coding
sequences. Several studies have been carried out recently to detect positive selection
in the human and chimpanzee genomes but they have tended to concentrate on cases
where there is a significant signature of selection over the entire gene (Clark et al.
2003; CSAC 2005; Nielsen et al. 2005; Arbiza, Dopazo, and Dopazo 2006). These
analyses are likely to have missed cases where positive selection does not act
uniformly over a gene but rather is most prevalent in particular domains or regions of

the gene.

We proposed the extracellular domain of proteins as likely targets of increased
selective pressure. Focusing on this particular domain has the advantage of avoiding a
signal of positive selection in this region being swamped by purifying selection
elsewhere in the gene but at the same time, the method can also be limiting in that
the shorter alignment lengths can result in reduced statistical power of the LRT.
However, we have previously demonstrated that the power of detecting positive
selection in the cell-surface protein, Cluster of Differentiation 2 (CD2), was increased
when only the extracellular domain was analysed (Lynn et al. 2005). Using mouse as
outgroup, 13 human genes with a robust signal of positive selection in their

extracellular domain have been identified.

The pairwise alignments of human and chimpanzee extracellular domains generated
additional genes that may be analysed but were previously excluded due to difficulties
in orthology assignment in our HCM orthologues dataset. However, without outgroup,
the lineage on which selection has acted cannot be identified. Moreover, due to the
shorter alignment lengths of extracellular domains, the LRT frequently lacks power to
detect positive selection. Nevertheless, this dataset of genes with dy/ds > 1 remains
enriched for true cases of positive selection that could be confirmed in more detailed

analyses. Despite the drawback of low power of the LRT, a further 16 genes were
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identified to have robust signatures of positive selection, of which 10 had not been

identified in previous genomic comparisons of humans and chimpanzees.

The 29 genes identified using either the mouse outgroup or pairwise dy/ds approach as
having a significant signature of positive selection in their extracellular encoding
regions include genes involved in processes similar to those previously found (Clark et

al. 2003; Nielsen et al. 2005).

A number of olfactory genes (OR1G1, OR4N5, OR5H1, OR6Y1, OR7G3) were detected,
and this is a category of genes that had frequently been found to be subject to positive
selection (Gilad et al. 2003; Gilad, Man, and Glusman 2005). It should be noted that
some of the olfactory receptors under positive selection may have been recently
pseudogenised, although there is evidence that at least 3 of them (OR1G1, OR5H1,

OR7G3) are at least still expressed in humans.

Three genes (NTN4, ST8SIA3, ICAMS5) have been found to play roles in neuronal and
brain development (Angata et al. 2000; Koch et al. 2000). MRGPRX2, another gene
which emerged from the pairwise analysis, is involved in pain sensation. 8 of the 13
nonsynonymous changes between human and chimpanzee in this gene are located in
the extracellular demain, significantly more than expected given the length of this
domain (82 amino acids) (P < 0.05). Yang et al. have also recently demonstrated

positive selection in this gene (Yang et al. 2005).

Genes expressed in the testis have also been reported to have a strong tendency to be
subject to positive selection in a number of studies (Khaitovich et al. 2005; Nielsen et
al. 2005). Three of the genes identified in this study are either selectively expressed
(SLC9A10, PEPP-2, C60rf10) or highly expressed (ABHD1) in the testis (Liang et al.
1994; Wayne et al. 2002; Edgar 2003). PEPP-2 was also found to be subject to positive
selection by Nielsen et al. (Nielsen et al. 2005), although we have found the majority of

nonsynonymous substitutions in the PEPP-2 extracellular domain (Table 2.4).
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A number of other genes identified from the analyses are cell-surface receptors (CD34,
CD37, ICAM2, FCER2(CD23), CLEC12A, VSIG7) with roles in immunity and/or cell
adhesion. CD34, CD37 and ICAM2 have previously been identified as having undergone
adaptive evolution on the human lineage (Clark et al. 2003; CSAC 2005). CD37 antigen
is a leukocyte-specific tetraspanin protein (Horejsi and Vicek 1991) that is implicated in
the regulation of T-cell proliferation as well as B-cell responses (van Spriel et al. 2004).
While the function of CD37 remains unclear, its expression specificity would suggest
specialised role within the immune system. All 12 nonsynonymous substitutions in
CD37 occur in the extracellular domain. Similarly, for CD34 and ICAMZ2, all the
nonsynonymous changes are found in the extracellular domain (or signal peptide),
indicating that it is this region in particular that has been subject to adaptive evolution
in these genes. The other receptors (FCER2, CLEC12A and VSIG7) also have the

majority or all of their nonsynonymous substitutions in this region.

We speculate that the selective pressure driving this effect in these genes to be a
result of a host-pathogen genetic conflict. Interestingly, CD81, a tetraspanin protein
related to CD37, has been shown to bind the Hepatitis C virus in the same region
(Bertaux and Dragic 2006). FCER2 (CD23) is the low affinity receptor for
immunoglobulin E (IgE), which plays a critical role in parasite immunity and allergies
(Kijimoto-Ochiai 2002). The engagement of FCER2 is implicated in the cytoadherence
of the malaria parasite, Plasmodium falciparum, which significantly impacts the
pathogenesis of the cerebral infection (Pino et al. 2004). It is widely held that malaria
has been one of the most significant selective forces in human history and a number of
other genes, most classically, the sickle-cell mutation in the Haemoglobin-B genes,

have been shown to be subject to strong selection (Sabeti et al. 2006).

Further circumstantial evidence of host-pathogen interactions driving change in these
cell surface receptors is provided by a recent study proposing a binding activity of SARS
Coronavirus X4 protein to the integrin | (extracellular) domain of ICAM2 — a cell surface
adhesion molecule — or other similar molecules (Hanel et al. 2006). Certainly, SARS as a

recently emergent virus cannot be the selective force in question, but this raises the
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likelihood of similar interactions by other viruses with a longer history in human

populations.

Another gene identified in this study with implications for susceptibility to infectious
diseases is TMC6. Mutations in this gene are associated with a rare autosomal
disorder, epidermodysplasia verruciformis, where patients have an abnormal
susceptibility to human papilloviruses that are harmless to the majority of the
population (Tate et al. 2004). Mutations in another of the genes, SLC3A1, an amino
acid transporter, have been shown to cause another autosomal recessive disease
called cystinuria, a condition affecting kidney function and resulting in increased renal

infections (Calonge et al. 1995).

Several of the genes identified (SCYL3, RNF148, B4GALT4, FLI25660, KIAA0746,
ZFN469, FAM98B, LRRC38) have relatively little known of their biological functions.
Perhaps studies such as this one will provide the impetus for detailed investigations of
the biological roles of these genes as they have clearly been of importance in our

evolution.

Combining the lists of genes of this chapter for Gene Ontology (GO) analysis, 126
biological process and 141 molecular function terms had significant MWU P-values (P <
0.05), but following Benjamini and Hochberg multiple correction, the numbers were
reduced to 29 and 44 respectively. We found enrichment of the following GO
molecular function terms among the genes detected to be under positive selection,
including receptor activity, olfactory receptor activity, melanocortin receptor activity,
immunoglobulin E binding, complement receptor activity, chemokine activity,
interleukin-10 receptor activity and G-protein coupled receptor activity. In terms of GO
biological processes, the categories over-represented include sensory perception of
smell, response to stimulus, immune response, chemotaxis, inflammatory response,
amino acid transport, natural killer cell activation and cellular defense response
(Supplementary Table 2.4 - significant terms are shaded in blue, while significant terms

following multiple correction are shaded in pink). This further supports our hypothesis
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that the extracellular domain of immunity-related genes may be subject to positive
selection due to their interactions with pathogens and exposure to external

environments.

The search for extracellular domains under positive selection using human-
chimpanzee-macaque orthologous sequences, however, did not vyield significant
results on the human lineage. Published studies by the Rhesus Macaque Genome
Sequencing and Analysis Consortium (RMGSAC) (Gibbs et al. 2007) and Bakewell et al.
also failed to identify more than 2 genes on the human lineage, indicating it is not just
an issue in detecting positive selection on the extracellular domain but in genes on the
human lineage in general. It must also be note that the 2 genes identified by RMGSAC
had a false discovery rate (FDR) of < 0.1 while the 2 genes identified by Bakewell et al.
used FDR < 0.05. Under FDR < 0.1, depending on the multiple testing correction
method applied, our HCR trio strategy did yield a small number of genes in which the

extracellular domains were putatively under positive selection.

Table 2.5 | Summary of human and chimpanzee genes with dy/ds > 1 at P< 0.1 and P < 0.05.

Method of FDR Number of Number of
Correction Human Genes Chimpanzee
Genes
RMGSAC Benjamini & 0.10 2 14
Hochberg
Bakewell et al. Bonferroni 0.05 2 21
This study Benjamini & 0.05 2 4
Hochberg 0.10 3 5
This study Bonferroni 0.05 0 2
0.10 0 2
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The two published studies, as well as our own, all showed more adaptive changes in
chimpanzee genes than in human genes. Table 2.5 summarises the number of genes
detected from all three studies, as well as the multiple correction method for

comparative purposes.

The paper published by Kosiol et al. in 2008 investigated for evidence of positive
selection using six mammalian genomes — human, chimpanzee, rhesus macaque,
mouse, rat and dog. Their method is perhaps the most successful to date, as they
detected 400 genes under positive selective, for the dataset across all branches.
However, for the lineage branching to hominids, only 7 cases of positive selection were

detected.

Prior to availability of the macaque genome, it was widely believed that the inclusion
of a species closely related to human and chimpanzee would aid in the detection of
cases of positive selection. However, it appears now that the power to detect positive
selection for individual primate branches is primarily weak because of the low levels of
interspecies divergence. The inclusion of other non-primate mammals appears to be
helpful in allowing a distinction in inferring branches among the primates that are

under adaptive evolution.
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3. Adaptive Evolution in the
Bovine Genome
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3.1 Adaptive Evolution in the Bovine Genome

Identification of the genes which have undergone adaptive evolution is no longer
simply of interest to evolutionary biologists, who wish to gain insight into the
mechanisms of the evolutionary process. Rather, it is now accepted that identifying
genomic regions which have undergone positive selection may reveal the genes that
engender the key biological differences between a species of interest and other
related species. As discussed in the previous chapter, comparative analyses of the
available primate genomes have provided new insight into human evolution. The new
availability of the bovine genome presented the opportunity to extend these studies to

investigate the evolution of cattle, an important domestic species, on a genomic scale.

3.1.1 Comparative Analysis of Bovine Genes from the Bovine Genome Project

Up to now, genome-wide interspecies comparative analyses to detect positive
selection have been focused mainly on human, and to a large extent, primate lineages
such as those of chimpanzee and rhesus macaque. Other organism species regularly
used included mouse, rat and dog (Clark et al. 2003; Nielsen et al. 2005; Bakewell, Shi,
and Zhang 2007; Kosiol et al. 2008). Lynn et al. in 2005 published the first genomics
approach to detection of positive selection in the bovine lineage, through analysis of
3,190 cow, human, mouse and pig orthologous gene sequences. A total of 211 genes
shown significant acceleration on the bovine lineage but only 6 genes were found to
have dy/ds > 1 (Lynn et al. 2005). Of these 6 genes, CD2 was investigated in detail to
identify the specific sites subject to adaptive evolution. All 6 genes (CD2, ART4,
TYROBP, IL2, IL5 and IL13) were also subsequently analysed for signatures of selection

in cattle populations (Freeman et al. 2008).

The recent availability of a carefully curated and validated set of bovine genes through
the effort of the Bovine Genome Sequencing and Analysis Consortium (BGSAC)

enabled us to implement several approaches to detect adaptive evolution on the
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bovine lineage (Elsik et al. 2009)°. Genome-wide comparative analysis between cow
and six other mammalian species - human, mouse, rat, dog, platypus and opossum -
was carried out by us as part of the BGSAC to search for candidate genes potentially
under positive selection in the bovine lineage. The relationship between these seven

species is shown in Figure 3.1.

Bos taurus
0.02 100
Canis familiaris
100
\\———— Homo sapiens
100 —— Mus musculus
100 ;
Rattus norvegicus

Monodelphis domestica

Ornithorhynchus anatinus

Figure 3.1 | Phylogenetic relationship between cow, dog, human, mouse, rat, platypus and
opossum.

3.1.2 Extension of Extracellular Domain Analysis Protocol to Bovine Genes

The availability of earlier draft versions of the bovine genome, were also investigated
in this thesis. Following the development of the protocol to detect positive selection in
human and chimpanzee extracellular domains (based on human-chimpanzee-mouse
orthologous trios), the method was extended to investigate for signatures of adaptive
evolution in the extracellular domains of human, mouse, rat, dog and cow orthologous

quintets.

> LPL Lau, DJ Lynn, DG Bradley are co-authors and participants of the Bovine Genome Consortium.
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3.2 Materials and Methods

3.2.1 Human-Mouse-Rat-Dog-Cow (HMRDC) Orthology

Human, mouse, rat, dog and cow (HMRDC) gene entries were downloaded from the

NCBI GenBank database (ftp://ftp.ncbi.nih.gov/genbank) (Benson et al. 2006).

CODERET (Mullan and Bleasby 2002) was used to extract a total of 29,549 human,
50,309 mouse, 24,079 rat, 33,723 dog and 33,538 cow Reference Sequence (RefSeq)
genes from the GenBank entries. To obtain the dataset of orthologous genes for all five
species, the same BlastP and GenelD identification protocol described in Section 2.2.1
was applied. This resulted in five lists of best blast hits, one for each species, which
were subsequently loaded into a MySQL database to query for 5-way reciprocal best

hits.

3.2.2 HMRDC Extracellular Domain Analysis

The human AHMM extracellular domain dataset from the human-chimpanzee-mouse
trio analysis were used as template sequences to extract extracellular domain regions
in HMRDC quintets. The sequences were aligned as described in the previous chapter
and CODEML from the PAML 3.14 suite of programs was used to calculate dy/ds ratios
(Yang 1997).

To identify signatures of positive selection on each lineage, two models were tested -
the one-ratio model and the free-ratio model - both of which have previously been
described in Section 2.2.4. Additionally, a model specifying the bovine lineage as the
“foreground” lineage (model2) was also applied where dy/ds was specifically allowed
to vary unconstrained on this lineage only. Model2 was tested against the one-ratio
model using the Likelihood Ratio Test (LRT), which was calculated from twice the
difference between InLyogei2 and INLone-ratio (i-€. 2A8). This value was then compared to

a y” distribution in order to obtain the P values.
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3.2.3 Bovine Genome Project (BGP) Orthology Assignment

The Bovine Genome Sequencing and Analysis Consortium (BGSAC) provided a dataset
which inferred the orthologous relationships between genes in the cow, human,
mouse, rat, dog, platypus and opossum genomes. Bovine genes were predicted using
GLEAN, a tool for creating consensus gene models by integrating evidence (Elsik et al.
2007) from various sources and algorithms, including NCBI, Ensembl, Fgenesh,
Fgenesh++, Geneid, SGP2, aligned proteins and ESTs. A detailed discussion of the
method and criteria used to define bovine gene models, known as the official gene set
(OGS) by the BGSAC, are available in the BGP Supplementary Material (See
Supplementary Documentation). The sequences for the other species were obtained

from Ensembl v45.

Orthology was inferred using the Smith-Waterman algorithm to perform all-against-all
protein sequence similarity searches (Elsik et al. 2009). The longest predicted transcript
per locus was retained as the representative coding sequence. Orthologous groups
were then formed by: (i) grouping recently duplicated sequences with >97% identity
within genomes to be treated subsequently as single sequences; (ii) identifying
reciprocal best hits between genomes, and; (iii) expanding the seed orthologous
groups by inclusion of co-orthologous sequences that are more similar to the

orthologous gene than to any other gene in any other genome.

3.2.4 Reconstruction of Phylogenetic Tree for BGP Orthologues

Most modern computational methods implemented to detect evidence of positive
selection require the provision of a phylogenetic tree for each orthologous set of
genes. To date, genome projects have tended to investigate evidence of positive
selection either in the analysis of pairwise alignments or in datasets of strict 1:1
orthologues in a small number of comparison species, in which the orthologue was
present in all species examined (CSAC 2005; Lindblad-Toh et al. 2005; Gibbs et al.

2007). These analyses could use a single simple species tree to represent the
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phylogenetic relationship of each orthologous gene set. In this project, we took
advantage of the increasing number of mammalian genome sequences available and
analysed orthologues from seven species for evidence of adaptive evolution.
Increasing the number of orthologous sequences in each alignment is expected to

increase the power to detect positive selection (Anisimova, Bielawski, and Yang 2001).

While the BGP dataset contained orthologous genes from seven different species, not
all orthologues were found in each of the seven genomes examined. As a result, the
orthologous gene sets contained a variable number of sequences. This necessitated a
reconstruction of a phylogenetic tree for each dataset individually. Neighbor-joining
(NJ) phylogenetic trees were reconstructed using coding sequence alignments for each
of the orthoiogous gene datasets using the neighbour algorithm implemented in

PHYLogeny Inference Package (PHYLIP) (Felsenstein 2005).

3.2.5 Comparative Analysis of BGP Dataset

The CODEML program from PAMLv4 (Yang 2007) was used to perform maximum
likelihood estimation of dy/ds for each gene from coding sequence alignments of each
of the 10,519 orthologous groups. Similar to the previous studies carried out on

extracellular domain dataset, a number of modeis were tested on the BGP dataset.

The one-ratio model acts as the null model (NSsites = 0, model = 0), where each
lineage was modelled to have the same dy/ds ratio. The ratio is constrained between 0
and 1, and thus does not allow for the presence of positive selection. The free-ratio
model (NSsites = 0, model = 1) allows independent dy/ds estimates for each of the
lineages tested. The lineage-specific model (NSsites = 0, model = 2) was used as model
of bovine-specific evolution, where the bovine lineage was selected as the
“foreground” lineage and dy/ds was specifically allowed to vary unconstrained on this
lineage only. As described in Section 3.2.2, these models were compared by LRT, with P

values obtained through comparison to a  distribution.
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3.3 Results

3.3.1 Extracellular Domain Analyses of HMRDC Quintets

Utilising gene models from early drafts of the bovine genome, 4,438 orthologous
datasets of human, mouse, rat, dog and cow genes were identified. Of these, 1,325
contained an AHMM-predicted extracellular domain. 72 of these were excluded as
there was insufficient sequence information for the CODEML analysis. Therefore, a

total of 1,253 genes were tested.

In comparing the free-ratios model to the null model, 24 genes were found to have
dn/ds > 1 on the bovine lineage. A LRT test revealed that for 5 of these genes, the
model of variable selective pressure on the bovine lineage was statistically favoured (P
< 0.05) (Table 3.1). A more stringent test of positive selection on the bovine lineage
was also carried out, by using lineage-specific model2 which allows dy/ds ratio to vary
only on the bovine lineage (the “foreground” lineage). A total of 18 genes were found
to have dy/ds > 1. The majority of these genes had been previously detected in the
free-ratio model test, except for 3 genes - SLC2A5, CNIH4 and SMPD1. 7 of the 18
genes were also found have statistically significant evidence of variable selective

pressure (P < 0.05) (Table 3.2).

For the tests conducted, three genes were found to be under positive selection and

have significant P-value in both result sets - SLC26A8, ATP6VOE1 and RAMP1.

All genes tested under both analyses with dy/ds > 1 were also analysed for Gene
Ontology over-representation, with the molecular function and biological process most
associated with involved in transmembrane transport activities and catabolic processes

(Supplementary Table 3.1).
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Table 3.1 | List of bovine genes with evidence of positive selection in the extracellular domain under the free-ratios model. Genes in Italic font with
grey shading are also found to be under positive selection under the bovine lineage-specific model.

Bovine RefSeq Human RefSeq Gene Symbol Gene Name dN/dS LRTValue M1Pvalue
XM_608983 NM_052961 SLC26A8 solute carrier family 26, member 8 1.1406 24.977992 0.0003 ***
XM_868269 NM_003945 ATP6VOE1 ATPase, H+transporting, lysosomal 9kDa, VO subunit el 999 16.402968 00117 *
XM_596577 NM_032422 GPR123 G protein-coupled receptor 123 999  15.36041 0.0176 *
XM_869191 NM_005855 RAMP1 receptor (calcitonin) activity modifying protein 1 271.3277  13.02945 0.0426 *
NM_001037593 NM_000837 GRINA glutamate receptor, ionotropic, N-methyl D-aspartate-associated protein 1 999  12.85358 0.0454 *
XM_870670 NM_032609 COXx4l2 cytochrome c oxidase subunit IV isoform 2 (lung) 999 12.223854 0.0572
XM_615127 NM_020437 ASPHD2 similar to aspartate beta hydroxylase domain-containing 2 999 11.980954 0.0624
NM_001001439 NM_001861 COX4l1 cytochrome c oxidase subunit IV isoform 1 999 11.871738 0.0649
NM_174109 NM_000529 MC2R melanocortin 2 receptor (adrenocorticotropic hormone) 1.4208 11.646596 0.0703
XM_604234 NM_005927 MFAP3 microfibrillar-associated protein 3 1.3655 11.48978 0.0744
XM_613630 NM_006320 PGRM2 progesterone receptor membrane component 2 1.639 8.85723 0.1818
XM_867821 NM_153611 CYBASC3 cytochrome b, ascorbate dependent 3 1.1039  7.546412 0.2733
NM_001038065 NM_002510 GPNMB glycoprotein (transmembrane) nmb 999  7.326402 0.2917
NM_205815 NM_006691 XLKD1 extracellular link domain containing 1 1.1269 6.327324 0.3875
XM_588038 NM_080723 VMP vesicular membrane protein p24 27.549  6.286686 0.3919
XM_589432 NM_152310 ELOVL3 elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 3 1.0228 5.966446 0.4270
XM_593491 NM_021181 SLAMF7 SLAM family member 7 1.3207 5.727644 0.4544
XM_613965 NM_024843 CYBRD1 cytochrome b reductase 1 999 5.712138 0.4562
XM_603485 NM_199133 LOC134145 hypothetical protein LOC134145 1.7939 4.912186 0.5551
XM_614589 NM_001038603 MARVELD2 MARVEL domain containing 2 999 4.631858 0.5918
NM_001008666 NM_015865 SLC14A1 solute carrier family 14 (urea transporter), member 1 1.4323  3.993804 0.6775
NM_001034364 NM_033504 TMEMS54 transmembrane protein 54 999 3.7349 0.7125
NM_205798 NM_022152 TMBIM1 transmembrane BAX inhibitor motif containing 1 1.2595 3.261208 0.7754
XM_590197 NM_001033517 SERINC4 serine incorporator 4 410.7366  1.129394 0.9802
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3.3.2 Positive Selection of Bovine Genes in BGP Dataset

To identify genes on the bovine lineage that have evidence of adaptive evolution,
10,519 bovine genes were compared to their putative orthologues (where present) in
the human, mouse, rat, dog, opossum and platypus genomes. Of the 10,519
orthologous groups, 1,531 orthologues were missing in the human genome, 940 in

mouse, 1,352 in rat, 1,895 in dog, 2,563 in opossum and 4,999 in platypus.

A total of 2,210 genes were identified to have evidence of variable selective pressure
on the bovine lineage as determined by a statistically significant LRT where model 2
was significantly favoured (Elsik et al. 2009). Among them, 71 bovine genes were
identified with dy/ds > 1 under model 2 and of these, 40 were also significant using the
LRT and have statistically significant evidence of adaptive evolution on the bovine

lineage (Table 3.3).

The bovine specific model described above is conservative in that it assumes that there
is variable selective pressure only on the specified bovine lineage. It may be an
unrealistic assumption that orthologous genes from the other divergent mammalian
species are subject to almost uniform selective pressure. To overcome this
assumption, the null one-ratio model was compared to another model, the free-ratios
model, which allows variable selective pressure on all the lineages. An additional 16 of
the 71 genes with dy/ds > 1 on the bovine lineage were found where the free-ratios
model was significantly favoured (P < 0.05) (Table 3.4). (For additional result tables,

see Supplementary Tables 3.2 to 3.5.)
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Table 3.3 (Continued) |

identified as part of the analyses for the bovine genome project.

List of genes identified under the lineage-specific model to have been subject to positive selection on bovine lineage

Bovine Gene ID Human Ensembl ID Gene Symbol Gene Name dN/dS LRT Value P Value
GLEAN_07723  ENSGO00000167088 SNRPD1 small nuclear ribonucleoprotein D1 polypeptide 16kDa 999 9.2869 0.01**
GLEAN_16592 ENSG00000107719 KIAA1274 KIAA1274 1.5404 7.6103 0.01**
GLEAN_13996 ENSG00000104408 EIF3E eukaryotic translation initiation factor 3, subunit E 999 6.9977 0.01**
GLEAN_22648 ENSG00000183208 |DBG-29982 CDNA FLJ27017 fis, clone SLV05746. 999 4.227 0.05*
GLEAN_00853 ENSG00000179965 ZNF771 zinc finger protein 771 999 4.6139 0.05*
GLEAN_09957 ENSGO00000168404 MLKL mixed lineage kinase domain-like 1.298 5.0861 0.05*
GLEAN_05536 Lyl1 lymphoblastomic leukemia 1.6858 5.8985 0.05*
GLEAN_20841 ENSG00000174059 CD34 CD34 molecule 1.036 6:2553  0.05*
GLEAN_20249  ENSGO00000100307 CBX7 chromobox homolog 7 999 4.1134  0.05*
GLEAN_02453  ENSG00000116127 ALMS1 Alstrom syndrome 1 999 5.0493 0.05*
GLEAN_05820 ENSG00000173401 GLIPR1L1 GLI pathogenesis-related 1 like 1 1.6137 6.5556  0.05*
GLEAN_12673  ENSG00000187942 LDLRAD2 low density lipoprotein receptor class A domain containing  1.4907 4,1599 0.05*
GLEAN_19856 ENSG00000161911 TREML1 triggering receptor expressed on myeloid cells-like 1 1.1303 5.2973 0.05*
GLEAN_19853 ENSG00000124731 TREM1 triggering receptor expressed on myeloid cells 1 1.1855 4.1069 0.05*
GLEAN_26048 ENSG00000161929 C170rf87 chromosome 17 open reading frame 87 1.5041 51632174 0.05*
GLEAN_10642 ENSG00000125743 SNRPD2 small nuclear ribonucleoprotein D2 polypeptide 16.5kDa 3.1522 4.7035 0.05*
GLEAN_10081 ENSG00000132329 RAMP1 receptor (G protein-coupled) activity modifying protein 1 999 4.0506 0.05*
GLEAN_04862 ENSGO00000137463 |IDBG-38342 ovary-specific acidic protein 1.7336 5.1077  0.05*
GLEAN_19967 ENSG00000187837 HIST1HI1C histone cluster 1, Hic 999 4.3232  0.05*
GLEAN_15535 ENSGO00000079435 LIPE lipase, hormone-sensitive 999 5.7109 0.05*
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3.4 Discussion

We previously proposed that the extracellular domains of proteins are likely targets of
adaptive evolution, and tested this hypothesis on various primate lineages. With the
human, mouse, rat, dog and cow orthologous dataset, the same protocol was applied

but with an aim to identify such signatures on the bovine lineage.

Under the free-ratios model, where every lineage was allowed to have varied rate of
evolution, 24 genes were found to have dy/ds > 1 on the bovine lineage (Table 3.1).
Among them, five were also statistically significant in comparison to the null model of
no variable selective pressure. When a more stringent lineage-specific model2 was
applied, 18 genes were identified with dy/ds > 1 (Table 3.2). Fifteen of these had
already been detected in the free-ratios analysis. Seven of these 18 genes were
statistically significant and three of them corresponded to three of five genes found in
the free-ratios analysis. The level of concordance between the two result sets
indicated a relatively solid approach in the detection of positive selection based on the
extracellular domain. In total, nine genes were found to be under positive selection on

the bovine lineage.

Two solute carriers were among those detected. SLC26A8, a sulphate/anion
transporter, is primarily expressed in the spermatocytes, and while a mutation of
SLC26A8 was not shown to cause infertility in human (Makela et al. 2005), it has
recently been implicated in affecting sperm motility (Lhuillier et al. 2009). SLC2A5, on
the other hand, is a facilitated glucose/fructose transporter which has been found to
be present in high level in human testis and spermatozoa. Fructose intake is thought to
prevent premature activation of the spermatocyte (Burant et al. 1992). SLC2AS is also
involved in fructose delivery at the lumen of small intestine and a deficiency of this

carrier causes fructose malabsorption (Barone et al. 2009).
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ATP6VOE1 is an essential component of vacuolar ATPase (V-ATPase) proton pump
(Blake-Palmer et al. 2007), which mediates acidification of eukaryotic intracellular
organelles. Another gene that has a function related to cellular transport is RAMP1.
RAMP1 is required for the transportation of calcitonin-receptor-like receptor (CRLR) to

the plasma membrane (MclLatchie et al. 1998).

XLKD1, alternatively known as lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1), encodes a glycoprotein which acts as a receptor to hyaluronan, a chief
component of the extracellular matrix. Hyaluronan, or hyaluronic acid, is also a
component of the extracellular capsule of group A streptococcus and has been
reported to be a virulence factor (Wessels et al. 1991; Moses et al. 1997). GRINA (or
TMBIM3) is a member of Bax-inhibitor 1 family which previous genomic comparative
study showed that it may participate in cell death pathways through promotion of
tumour metastasis (Zhou et al. 2008). The function of microfibrillar-associated protein
3 (MFAP3) and aspartate beta-hydroxylase domain-containing protein 2 (ASPHD2) are,

as yet, not fully explored.

There are a number of other genes from the extracellular domain analyses that are
potentially interesting for follow-up studies, such as SLAMF7 which is implicated in an
immunomodulatory role and MC2R which is a receptor specific for adrenocorticotropic

hormone (ACTH).

Gene Ontology analysis of extracellular-domain contaning genes found with dy/ds > 1
reveals that the biological processes this set are over-represented are that of transport
processes (including fructose transport and oxalate transport) and catabolic processes
(including glycosaminoglycan catabolic process and sphingomyelin catabolic process).
In terms of molecular function, transmembrane transporter activities are observed for
oxalate, sulphate, urea and fructose, along with adrenocorticotropin receptor activity,
coreceptor soluble ligand activity, sphingomyelin phosphodiesterase activity and ligase
activity. These genes are most associated for localisation in the membrane,

mitochondrial respiratory chain complex and tight junction. (Supplementary Table 3.1)
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In investigating genes under adaptive evolution from the dataset obtained for the BGP,
more distant outgroup species were added, namely the platypus and the opossum.
However, orthologous genes could not be identified in all cases. Consequently, each
gene was analysed with an independently reconstructed phylogenetic tree based on
the sequences available, which may or may not conform to the accepted general

phylogeny of mammals.

Genes that have dy/ds > 1 on the bovine lineage and are significant under either model
2 or the free-ratios model were found to be associated with a range of Gene Ontology
biological processes including the immune response (IL24, IL15, IL23R, LEAP2, TREM1),
cell adhesion (CD34), transcription (CBX7, HIST1H1C, ZNF771), and lipid metabolism
(FABP6, LIPE, PNPLA4).

To determine if any particular functional categories were significantly associated with
genes subject to positive selection we have mapped via orthology, bovine genes to
human molecular function and biological process terms from the Gene Ontology
(Ashburner et al. 2000) and PANTHER databases (Mi et al. 2007). For each ontology
term, the distribution of log likelihood ratios associated with genes mapped to the
term was compared, using a one-sided Mann-Whitney U (MWU) test, to the
distribution of all log likelihood ratios, similarly to the method previously described
(Gibbs et al. 2007). This approach has the potential to identify categories of genes that
have a tendency towards being subject to positive selection despite the majority of

genes not having stringent evidence of positive selection.

108 Gene Ontology molecular function and 130 Gene Ontology biological process
terms had a significant MWU P values (P < 0.05), however, only five molecular function
terms were significant (FDR < 0.1) after correction for multiple testing using the
Benjamini and Hochberg correction for the false discovery rate (FDR) (Benjamini and
Hochberg 1995b) (Supplementary Tables 3.6 and 3.7). Only two PANTHER ontology
terms (Glutamate receptor and Cation transport) are significant after correction

(Supplementary Table 3.8).
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To investigate what pathways were represented in genes that had evidence of positive
selection, bovine genes were mapped to pathway annotation via their human
orthologues using InnateDB (Supplementary Table 3.9). InnateDB is a platform to
facilitate systems level analysis, which integrates pathway and molecular interaction
data from the major publicly available databases (Lynn et al. 2008b). No

overrepresentation of any particular pathway was apparent in this dataset.

InnateDB was also used to investigate and visualize the molecular interaction networks
of the genes which had evidence of positive selection and their interacting partners
(Figure 3.2). Two different pairs of genes, with dy/ds > 1 on the bovine lineage, were
observed to interact with each other. SNRPD1 and SNRPD2, which are both small
nuclear ribonucleoproteins and are involved in spliceosome assembly, were found to
be interacting partners. An interaction between glycosylphosphatidylinositol anchor
attachment protein 1 (GPAA1) and the eukaryotic translation initiation factor (EIF3E)
was also observed but it should be noted that this interaction is only supported by a

single yeast 2-hybrid experiment.

Overall, in our effort to detect for positive selection, with emphasis on the bovine
lineage, a number of categories of genes have been identified including immune-
related functions, spermatogenesis, developmental, transcription and sensory

perception.
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Figure 3.2 | Visualisation of the BGP genes under positive selection and their interactions in a
molecular interaction network. Genes with dy/ds > 1 on the bovine lineage are represented by
the red dots and their interacting partners are as identified in the InnateDB database.

As both the orthologous quintet and septet datasets were different from one another,
it was unsurprising that there was a lack of concordance observed in the actual genes
detected within both analyses. This could be beneficial, in that it acted to enrich the
pool of candidate genes for future and subsequent validation analyses. As sequence
quality and prediction method improve over time, in addition to the availability of
more orthologous sequences, tests of positive selection detection may be improved to
provide more reliable sets of genes that have been subject to adaptive evolution on

the bovine lineage.
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4. Bovine Expressed Sequence
Tags (ESTs) As Strategy to Survey
Population Diversity
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4.1 Introduction

4.1.1 Single Nucleotide Polymorphisms (SNPs)

A single nucleotide polymorphism (SNP) is single-base DNA mutation, and is the most
frequently occurring form of genetic variation. SNPs may occur in both coding and non-
coding regions of DNA. As they are abundant, and SNP genotyping can be automated
at a high-throughput scale, SNPs are used as marker of choice for large scale genome-
wide association studies (Hawken et al. 2004) and the inference of population genetics
statistics (Akey 2009). A synonymous SNP (synSNP) is a SNP where a point mutation
within a codon does not change the corresponding encoded amino acid. In contrast, a
non-synonymous SNP (nsSNP) is a point mutation which is amino acid altering, leading
to substitution within the protein sequence. A missense SNP is a SNP that results in a

premature stop codon, or nonsense codon, that usually results in a truncated protein.

The search for SNPs associated with important traits (e.g. disease) is a major
endeavour, and in particular nsSNPs, which are implicated in affecting protein function
and fitness, are of interest. nsSNPs have been found to change protein characteristics
in the following ways: (a) protein folding and stability, (b) functional sites and
biochemical properties, (c) protein expression and localisation, and (d) protein

interactions with other proteins or substrates.

Importantly, the effects of nsSNPs can be predicted bioinformatically, based on protein
sequence and structural information. SIFT (sorting intolerant from tolerant) is one of
several bioinformatics tools available that predict the functional impact of any given
SNP (Ng and Henikoff 2003). Alternative available tools include Polymorphism
Phenotyping (PolyPhen) (Ramensky, Bork, and Sunyaev 2002), Multivariate Analysis of
Protein Polymorphism (MAPP) (Stone and Sidow 2005), and Prediction of Pathological
Mutations (PMUT) (Ferrer-Costa et al. 2005).
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4.1.2 SNP Discovery Using Expressed Sequence Tag (EST) Alignments

Prior to the Bovine HapMap Project (Gibbs et al. 2009) and the availability of bovine
SNP chip, most bovine SNPs were discovered from candidate gene studies and a
handful of dedicated SNP discovery projects, such as those by Stone et al. (Stone et al.
2002), Heaton et al. (Heaton et al. 2002; Heaton et al. 2005) and Werner et al. (Werner
et al. 2004).

The database of expressed sequence tags (ESTs) has been an invaluable resource for
SNP discovery. ESTs are short sequences (200-800 base pairs) usually obtained from
single-pass sequencing efforts of complementary DNA (cDNA) libraries. ESTs can be
clustered based on overlapping sequence identity between them and the multiple

sequence alignments can then be screened for the presence of putative SNPs.

As ESTs are obtained from single-pass sequencing efforts without further validation,
the resulting fragments may be of low quality and error-prone, particularly at the ends
of the reads, and may not provide complete coverage of the gene sequenced

(Aaronson et al. 1996).

The largest EST depository is dbEST (http://www.ncbi.nIm.nih.gov/dbEST/) (Boguski,

Lowe, and Tolstoshev 1993; Boguski, Tolstoshev, and Bassett 1994) and it currently
(September 2009) contains over 63 million ESTs from nearly 2,000 organisms. The
growth of this database has been phenomenal, with the number of ESTs having nearly
doubled and the number of organisms having tripled since February 2006 (Nagaraj,
Gasser, and Ranganathan 2007). When this project began, there were about 850,000

bovine ESTs and now, there are over 1.5 million.
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4.1.3 SIFT: Sorting Intolerant From Tolerant

Disease-causing mutations are more likely to occur at functionally and structurally
important sites (Krawczak et al. 2000). SIFT estimates whether a particular SNP causes
tolerated or deleterious substitutions and therefore the likelihood of altering the
protein function (Ng and Henikoff 2003). SIFT uses a Hidden Markov Model (HMM) on
a multiple alignment of homologous protein sequences in order to carry out the

prediction.

The steps involved in a SIFT prediction (and as illustrated in Figure 4.1):
1. given a query protein sequence
search for similar sequences from a protein database
select closely related sequences that may share similar function

2

3

4. construct a multiple sequence alignment of the selected sequences

5. calculate normalised probabilities for all possible substitutions at each position
6

apply a cut off value to identify the type of substitutions

The rationale behind this procedure is, given the sequence of a protein, other
sequences from the family can be aligned to it to give position-specific information.
Conserved residues are more likely to be functionally important, and therefore
polymorphisms at one of these evolutionarily conserved positions are postulated to
affect the protein function. The procedure also identifies amino acids with similar
biochemical properties in order to evaluate the severity of the mutation. Changes
between amino acids with similar biochemical properties are more likely to be
tolerated. The Venn diagram in Figure 4.2 illustrates the classification of the 20 amino

acids according to their properties.
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Figure 4.1 | The steps involved in SIFT prediction algorithm (Figure by Kumar et al.) (Kumar,
Henikoff, and Ng 2009).
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Hydrophobic

Figure 4.2 | Classical Venn diagram grouping amino acids according to their properties (Image
by Alexandre de Brevern, French Institute of Health and Medical Research; redrawn from W.

Taylor et al.).

Page | 84



4.1.4 Stop Codon Polymorphism

A premature stop codon occurs when a missense point mutation introduces a stop
codon within a protein sequence, leading to truncation of the protein. This affects the
structure of the protein as well as its biochemical properties and may cause a loss of

function of the protein.

In 1999, Olson proposed that loss of function mutations may act as a mechanism to
rapidly react to selective pressure (Olson 1999). Loss of function mutations occur more
often than function improving mutations (Olson 1999). As this form of mutation is
numerous and has an immediate impact on function, the likelihood of selection acting
on this class of mutation is also higher. Loss of function mutations may provide such
mechanisms in two ways. Firstly, through the direct manifestation of the effect of such
mutation, or secondly, through persistence of the mutated gene (if not completely
deleted), which will be available for further mutation or reversion when another
change in the selective environment occurs. This is in contrast with the evolution of a
typical advantageous mutation which requires relatively long evolutionary time to be

selected and to become fixed within the population.

There is evidence supporting this theory. Human caspase-12 (CASP12) is polymorphic
at amino acid 125, with the ancestral allele encoding the active form of the gene and
the derived allele encoding a stop codon leading to a loss of function of the gene
(Saleh et al. 2004). This phenotypic change confers an advantage to the individuals
carrying this mutation as these individuals have a less pronounced response to
bacterial lipopolysaccharide and are therefore less susceptible to sepsis, a sometimes
fatal hyper-inflammatory response. This stop codon polymorphism has likely been

maintained in populations because of positive selection (Xue et al. 2006).

Another example of beneficial loss of function mutation is seen in the C-C chemokine
receptor 5 (CCR5) protein. CCR5 is exploited as an entry point of human

immunodeficiency virus (HIV). A deletion of 32 base pairs causes an inactivation of
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CCRS. Individuals who are homozygotes for the CCR5-A32 mutation have resistance to
AIDS and heterozygotes maintain some protection against HIV infection (Dean et al.
1996). While the benefit of this mutation is significant, AIDS is arguably a modern
disease for humans. A number of studies in the past had suggested strong positive
selection in response to perhaps bubonic plague or smallpox during the middle ages
but a recent study by Sabeti et al. showed that this mutation may be maintained

through neutral evolution (Sabeti et al. 2005).

One example of loss of function mutation in cattle is that of myostatin. Myostatin is a
member of the bone morphogenic protein (BMP) family and the tumour growth factor
beta (TGF-B) superfamily. It encodes a secreted protein which negatively regulates
skeletal muscle growth. A loss of function mutation to myostatin gives rise to the
double-muscling phenotype observed in the Belgian Blue and Piedmontese beef cattle
breeds (Bellinge et al. 2005). The mutation also leads to very lean meat as it interferes

with fat deposition, making them very desirable breeds for quality meat.

As domestication and artificial selection of desirable traits in cattle has exerted severe
selective pressure over a short period of time, and given the evidence that stop codon
polymorphism has been fundamental in changes that improve the fitness of different
organisms, it is possible that certain stop codon polymerphisms have been adopted as

one of the potentially adaptive measures to cope with this selective pressure.

In this project, we tried to establish the prevalence of stop codon polymorphisms in
cattle genes, validate their presence and investigate the probable effects resulting
from such polymorphisms. We also built a database of bovine SNPs in protein coding

genes and the predicted effect of the polymorphism.
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4.2 Materials and Methods

4.2.1 Bovine EST Assembly

A pipeline was set up to identify SNP sites based on available bovine expressed
sequence tags (ESTs) from dbEST. A total of 837,009 and 19,458 ESTs of Bos taurus and
Bos indicus origin, respectively were downloaded. These sequences were vector

cleaned using SeqClean (http://compbio.dfci.harvard.edu/tgi/software/) in conjunction

with a vector contaminant database — NCBI's UniVec database

(http://www.ncbi.nim.nih.gov/VecScreen/UniVec.html).  The  sequences  were

subsequently masked for repetitive elements and low complexity regions using
RepeatMasker (http://www.repeatmasker.org/). The sequences were then collated in

FASTA format.

A bioinformatics tool known as TIGR Gene Indices clustering tools (TGICL) (Pertea et al.
2003) was then implemented to cluster the ESTs into contigs. The FASTA sequences
were indexed by the algorithm and all-against-all similarity searches were conducted.
Certain parameters were applied, including minimum length of sequence overlap (the
default is 40 base pairs), minimum percentage identity (the default is 95%) and the
maximum mismatch overhang (the default is 30 nucleotides). The overlapping
sequences were then processed and clusters were built in an incremental manner.

TGICL clustered the ESTs into 59,196 contigs.
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4.2.2 SNP Identification

A separate dataset of 33,533 cattle RefSeq coding sequences was downloaded from
NCBI, and a reciprocal BlastN (Altschul et al. 1990; Altschul et al. 1997) was carried out
against the clustered EST contigs. This resulted in the successful alignment of a total of
10,557 coding sequences to the EST contigs, and enabled identification of the coding
regions in the ESTs and provided a reference point of the locations in the gene where

polymorphisms were present.

A Perl script was written to identify SNPs present in each gene from the aligned
nucleotide sequences. For SNP calling, in order to minimise false calls due to
sequencing error, at least two instances of a polymorphism occurring at a particular
site across the clustered ESTs were required. The RefSeq sequences were treated as
the wild-type/ancestral bases and the new instances of polymorphism as the derived

bases.

In order to identify synonymous and nonsynonymous SNPs, the nucleotide sequences
were translated into amino acids and SNPs which changed the encoded protein
sequence were identified as nsSNPs. Codons which contained termination signals (i.e.

TAG, TAA, TGA) were categorised as stop codon poiymorphisms.

Nonsynonymous SNPs were further categorised as conservative or non-conservative
substitutions, in accordance to the ClustalW (Thompson, Higgins, and Gibson 1994)
“strong group” classifications. Non-synonymous amino acid changes that complied
with the classification were identified as conservative substitutions whereas those

which did not were categorised as non-conservative substitutions.
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4.2.3 SIFT Predictions

SIFT v2.1 for Linux was downloaded (http://blocks.fhcrc.org/sift/SIFT.html) and

installed on an in-house server. In-house SIFT requires a protein database and the NCBI
Genbank protein database Release 154 was downloaded

(ftp://ftp.ncbi.nih.gov/genbank/) for this purpose. As SIFT uses Psi-Blast (Altschul et al.

1997) to identify sequences from the database that are similar to the query sequence,

the database was first formatted using formatdb.

Two input files for each protein query were used in the analysis. The first was a FASTA
formatted sequence file containing each protein query. The second file contained SNPs

identified for each gene following the EST clustering pipeline.

SIFT used the FASTA sequence as a query for Psi-Blast against the Genbank database to
identify homologous sequences, which were then used to construct a multiple
sequence alignment. Based on the alignment, a position-specific probability estimation
(PSSM) for each amino acid position was calculated. The PSSM encoded the likelihood
of a particular amino acid occurring at a particular position in the alignment. A SNP was
predicted to be deleterious if its normalised value was less than the cut off (the default
was 2.75). If a SNP had a PSSM greater than or equal to the cut off, it was predicted to

be tolerated.

Figure 4.3 illustrates the pipeline involved, from the clustering of ESTs to identification

and classification of SNPs, and subsequent SIFT analysis.
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ESTs from dbEST:
837,009 B. taurus, 19,458 B. indicus
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= | 10,557 CDS aligned to EST assembly

1) Vector cleaning (SeqClean)

2) Sequence masking (RepeatMasker)

® | ™

Sequence clustering (TGICL)
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59,196 EST clusters/contigs 10,489 SNP sites detected
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SIFT predictions of 4,876 nsSNPs
Reciprocal BlastN -
(TotalnsSNPsin database : 5,458)
*

33,533 RefSeq coding sequences (CDS)

Figure 4.3 | Analysis pipeline for clustering of bovine ESTs, alignment to reference sequences,
identification of SNPs and subsequent SIFT analysis.
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4.2.4 Bovine EST Browser

A web-based browser (internal use only) was created to allow user-friendly searching
and visualisation of EST-identified SNPs in each contig; in addition to the SIFT
prediction for each SNP, and the associated alignments to access alignment quality.
The browser also incorporated information from Panther Ontology (Mi et al. 2005) to
provide insight into the biological processes and molecular functions of genes that
contain the identified SNPs. The browser also allows querying for genes which contain

potential stop codon polymorphisms.

4.2.5 Quality Assessment of Stop Codon Polymorphisms

For any genes that were identified as putatively containing stop codon polymorphisms,
manual assessments were carried out to establish the support for such mutation. The
quality of the multiple sequence alignments were checked, the presence of other SNPs
in the region were investigated to identify if there were particular splice variants that
might account for the stop codon in some sequences. The locations of the SNPs in
relation to the EST sequences were also identified to determine if the SNP was likely to
be sequencing error, particularly for the regions of end sequences. Additionally, trace
files of the corresponding ESTs used in the alignments to identify stop codon
polymorphism that were submitted to dbEST were checked to verify that the
nucleotide calls had a suitable quality score. Trace files are essentially sequencing data
of a contiguous DNA fragment in one orientation of sequencing (either forward or
reverse strand sequencing) and contain intensity measurements of the four genetic
bases. When a base has the strongest emission intensity, the nucleotide is called as
part of the gene sequence. There are two main public libraries of trace archive that
work hand-in-hand to coordinate the file storage — one maintained by NCBI

(http://www.ncbi.nlm.nih.gov/Traces/home/) known simply as Trace Archives, and

another by Ensembl known as Ensemble Trace Server (http://trace.ensembl.org/).
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4.2.6 Resequencing in Populations

Candidate gene(s) that were predicted to putatively contain a stop codon
polymorphism were judged to be candidates for sequencing in different cattle
populations in order to validate the presence of the stop codon, and to carry out

additional population genetic analysis.

A panel of cattle samples, consisting of 31 European Bos taurus (16 Aberdeen Angus
and 15 Friesian), 16 African Bos taurus (Lagune), 7 Asian Bos indicus (2 Hariana, 2
Tharparkar, 2 Sahiwal, 1 Ongole) and 1 outgroup (plains bison), were used for
population resequencing. Extracted DNA samples were available in the laboratory from

previously published studies (Tables 4.1).

Table 4.1 | Breed information of bovine samples in the panel used for EST SNP sequencing.

Breed Origin N Sample Ids

Friesian Europe 15 FR19-FR20, FR26-FR34, FR37-FR40
Aberdeen Angus Europe 16 AA1-4, AA10-AA21

Lagune Africa 16 L20-L34, L50

Hariana Asia 2 Har5a, Har10a

Tharparkar Asia 2. Thr3b, Thr10b

Sahiwal Asia 2 Sah6a, Sah10a

Ongole Asia 1 Ong26

Plains Bison 1 PB
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4.2.7 Primer Design, Polymerase Chain Reaction (PCR) and Sequencing

Primers were designed using Genefisher (http://bibiserv.techfak.uni-

bielefeld.de/genefisher2/submission.html) and ordered from VH Bio Ltd, England

(http://www.vhbio.com). They were designed to be between 18 to 24 base pairs in

length, containing 45-55% GC content and have annealing temperate between 55°C to

65°C.

Initial optimisation of PCR conditions was carried out on the MJ research DYAD PCR
machine. A temperature gradient between 60°C to 64°C was investigated to identify
the best annealing temperature, and at each temperature gradient, MgCl,

concentrations of 1.5uM and 2.0uM were tested.

PCR was carried out in 96 well plates, with a total reaction volume of 15uL per sample.
The samples were sent to AGOWA, Germany for sequencing. Two amplifications were
carried out for each sample, one utilising the forward primer and one utilising the

reverse primer.

The reagent concentrations in the reaction volume for the PCR were: 1x PCR buffer,
0.2uM of each dNTP, 0.5U/uL of Taq polymerase. The cycling conditions for
amplifications were: 95°C for 15 minutes, followed by 30 cycles of 95°C for 40 seconds,
annealing temperature (T,) for 40 seconds and 72°C for 1 minute, followed by a final

extension step of 72°C for 10 minutes.

The experimental work of this section was completed with the assistance of Dr. Valeria

Mattiangeli.
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4.3 Results

4.3.1 Bovine EST Assembly and SNP Statistics

A total of 837,009 Bos taurus and 19,458 Bos indicus ESTs were obtained, vector-
cleaned, sequence-masked and clustered into 59,196 contigs. Following a BlastN
search, 10,557 of these contigs were successfully aligned to RefSeq coding sequences
(CDS). SNPs were identified from the RefSeq CDS-EST contig alignments, using the
bases in the CDS as the major allele. 10,489 SNP sites were detected. Our interest
primarily lay in the detection of SNPs that are potentially function-altering, therefore

SNPs that have introduced non-synonymous or stop mutations were focused on.

Among the 10,489 SNPs, 5,458 of them were identified as non-synonymous SNPs
(nsSNPs) of which 376 had no SIFT prediction information and 59 were not scored by
SIFT. A further subset of 147 SNPs contained putative stop codon polymorphisms. Of
the 4,876 nsSNPs with SIFT predictions, 2,469 nsSNPs were predicted to be “tolerated”
substitutions while 2,407 nsSNPs were predicted to be “deleterious”. In the “tolerated”
dataset, 606 were annotated to have undergone a non-conservative substitution
whereas 1,863 were predicted as conservative substitutions. Within the “deleterious”
mutation dataset, 1,247 were non-conservative substitutions and 1,160 were

conservative substitutions. Figure 4.4 summarises these numbers.

The remainder 5,031 SNPs were synonymous SNPs (synSNPs) and have no further SIFT

prediction, given that synSNPs are non-amino acid altering.
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Figure 4.4 | Summary of the results of the SIFT analysis of nsSNPs in bovine ESTs. The numbers
of predicted tolerated and deleterious alleles are shown.
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The focus of this study was on nsSNPs (particularly deleterious SNPs) and stop codon
polymorphisms. Gene Ontology was used to characterise nsSNP containing genes in
terms of their biological processes and molecular functions to investigate whether any

particular category was over-represented in deleterious nsSNPs.

InnateDB (http://www.innatedb.com), a platform that facilitates system analyses using

integrated pathway and molecular interaction data from publicly available databases
(Lynn et al. 2008a), was used to investigate which of the ontology groups linked to
nsSNPs were over-represented. A list of bovine genes with predicted nsSNPs were first
assigned to their human orthologues, and then uploaded for gene ontology over-

representation analysis (Ontology ORA).

Over-representation was found in genes which contain nsSNPs involved in a total of 40
biological process categories that include cell cycle, mitosis, translation, translational
initiation, translational elongation, protein folding, protein transport, intracellular
protein transport, intracellular protein transmembrane transport, membrane

organisation and metabolic process.

In terms of molecular functions, there were 23 over-represented categories including
antioxidant activity, catalytic activity, lyase activity, structural constituent of ribosome,
translation initiation factor activity, protein binding, RNA binding, rRNA binding, lipid

binding and fatty acid binding.

See Supplementary Table 4.1 for the complete output of the InnateDB Ontology ORA

analyses of nsSNP-containing genes.
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4.3.2 Bovine EST Browser

Following the EST assembly pipeline, a MySQL database was set up containing
annotation associated to each of the genes analysed, including RefSeq accession
number, gene description, SNP position, SNP count, type of substitution and SIFT

analysis result.

A simple bovine EST browser (internal use only; Figure 4.5) was then built to facilitate
queries of the information within the database using an input form. The form was
written in HTML, and PHP was used to send queries to the MySQL database set up

earlier.

File Edit View Go Bookmarks Tools Help

ol > ¢
@ - - & O A L mpiigent56022 gen.tcd.ieovine_ESTSNPs2/
_I Red Hat, Inc. || Red Hat Network | Support | Shop | /Products | _JTraining

B -1

Molecular Population Genetics Lab., Department of Genetics, Trinity College Dublin, Ireland

SEARCH MySQL DATABASE:

Bovine RefSeq: Major Allele: % B.indicus:
Bovine RefSeg Description: Major Allele Count # B.taurus Alleles:

SIFT Prediction: Major Allele Freq: % B.taurus
Panther Biological Processes: Minor Allele: B.indicus Major Allele Freq:
Panther Molecular Functions: Minor Allele Count: B.indicus Minor Allele Freq:

Synonymous Status: Minor Allele Freg: B.taurus Major Allele Freq:
Substitution Type # B.indicus Alleles: B.taurus Minor Allele Freq:

Figure 4.5 | Screenshot of bovine EST browser (for internal use only).
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The inputs for searching are straight forward, and the query can be made based on a
single criterion or a combination of them. The input fields take the following formats

for query:

e Bovine RefSeq: RefSeq accession number e.g. NM_001007813

e Bovine RefSeq Description: description of a gene e.g. tumor necrosis factor

e SIFT Prediction: either tolerated, deleterious or no SIFT

e Synonymous Status: either “synSNP” or “nsSNP”

e Substitution Type: either “synonymous SNP”, “conservative substitution” or “non-
conservative substitution”

e Major/Minor Allele: single letter amino acid code, or STOP for stop codon

e Major/Minor Allele Count: integer from 1 onwards

e Major/Minor Allele Frequency: decimal between 0 and 1

e B.taurus/ B. indicus Allele Count: integer from 1 onwards

e B.taurus/ B. indicus Allele Frequency: decimal between 0 and 1

e B.taurus/ B. indicus Percentage: number between 0 and 100

e Panther Biological Processes: terms of biological processes, e.g. cell structure,
mMRNA splicing, cell adhesion-mediated signalling, immunity and defense

e Panther Molecular Functions: terms of molecular functions, e.g. ion channel, RNA

helicase, extracellular matrix
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4.3.3 Verification of Stop Codon Polymorphisms

The database contains 147 predicted stop codon polymorphisms. The EST browser was
used to query for genes containing stop codon polymorphisms, with a minor allele
frequency of at least 0.15 (the range of MAF frequently used is between 0.15 and 0.25,
where MAF less than 0.10 is normally considered too low, while 0.25 is the typical
frequency value of common minor allele) and a minor allele count of at least three
(this is to ascertain that the polymorphism called is more likely to be real than being a
sequencing error). A total of 14 hits were found, which were then subjected to a series
of manual assessments to determine their likelihood of being true positives. One of the
genes was eliminated as it was removed from the NCBI database as a result of

standard genome annotation processing.

First, the sequence alignments were checked to determine that they were of high
quality. The locations where the SNPs were positioned were noted, and this is of
importance because it is a known issue that end sequences are more error-prone while
regions in the middle of reads are of higher quality. Other SNPs that were found near
the stop codon polymorphisms were also taken into account, as this may be indicative
of the presence of an alternative splice variant which could account for the stop codon
(i.e. a shorter splice variant with 3’ UTR could appear to have a stop codon in

comparison with the RefSeq sequence).

The EST sequences used to build the alignments were also cross-checked against the

trace archive to ensure that the base calls were unambiguous and therefore accurate.

The verification of the evidence to support/reject the presence of stop codon
polymorphisms is presented (Table 4.2) and the candidate most likely to truly contain a
novel stop codon polymorphism was then resequenced in a panel of population

samples in an attempt to verify it.
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Table 4.2 | Stop codon polymorphisms and outcome of manual verifications.

Gene SNP
RefSeq ID Note / Comment
Symbol Position
NM_001038086 TCP1 R 526 Stop  No trace match found
XM_591518 AKAP12 E 1549 Stop No trace match found
XM_588536 LOC511239 E 129 Stop  Trace not unambiguous for support
NM_001034453 CCDC104 W 11 Stop  Start of EST sequences, likely to be error
XM_583037 RBP4 G 139 Stop  Start of EST sequences, likely to be error
XM_867922 ZFN1 H 168 Stop  Probable end of an alternative transcript
XM_865941 DERL3 W 156 Stop Probable end of an alternative transcript
NM_001015621 EIF2S2 Q 40 Stop Multiple SNPs, likely alternative splice site
A 30 Stop
NM_001034677 GNAI3 Multiple SNPs, likely alternative splice site
K 35 Stop
XM_601113 G6PD A 30 Stop Multiple SNPs, likely alternative splice site
XM_614568 TLK2 K961 Stop  Multiple SNPs, likely alternative splice site
XM_616549 LOC536418 K 115Stop  Good traces, but gene removed from NCBI
XM_864316 SOCSs1 E 201 Stop  Good traces found, good alignment
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4.3.4 Suppressor of Cytokine Signalling 1 (SOCS1)

Following the in silico stop codon polymorphism prediction and verification of the
alignment and base-call qualities, suppressor of cytokine signalling 1 (SOCS1) was
found to be the strongest candidate containing a putative stop codon polymorphism.
The quality of the multiple sequence alignment of the ESTs was high, with 3 out of 7 of
the EST sequences containing the stop codon polymorphism (Figure 4.6). Additionally,

good supporting traces of the ESTs were also found.

The SOCS1 gene was discovered in 1997 to be involved in a JAK/STAT negative
feedback loop to attenuate cytokine signalling (Endo et al. 1997). It has been shown to
inhibit signalling of a wide range of cytokines including interleukin-2 (IL2) (Sporri et al.
2001), IL4 (Losman et al. 1999), IL6 (Endo et al. 1997) and prolactin (Pezet et al. 1999).
This is interesting to us, particularly as SOCS1 has a role not only in immunity but also
in lactation, both of which would have been the source of significant selective pressure

following cattle domestication.

The SOCS1 gene contains two conserved domains: (a) SH2 domain and (b) the SOCS
box (Figure 4.7). The central SH2 domain is approximately 95 amino acids in length and
has been shown to be essential for binding to kinase receptor domain in order to
initiate the cytokine signalling cascade. The conserved 40-residue SOCS box is found at
the C-terminal and is essential for association with Elongin B/C complex. This complex

has been postulated to be involved in stabilisation of SOCS1.

The predicted stop codon polymorphism was located within the conserved SOCS box.
The C/T polymorphism changes residue 201 in the protein from glutamic acid to a
premature stop codon. We hypothesised that this stop codon polymorphism may be a
mechanism to increase cytokine signalling in the immune response or potentially to

improve lactation in cattle.
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http://popgen.gen.icd.ie/bovine_ESTSNPs2/cds_alns/XM_864316.aln
File Edh  Search View Colour Calculate Help
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paurusl 07581 90/1-66.
pourus10760526/1- 66
aurys1 810757011 66,
auwrus29196756/1- 66
paurys2921173871-66
paurus29266435/1-66
Pourusd 6423701 /1-66
rawrus60448012/1-66
pavrus60449795/1- 66
paurus60969705/1-66
paurus60973015/1-66
aurus7023865/1-#69

Conservation

0 I Bl e o B ol i | 3 il oy o mwlal s [l s

CU"SEHSMW

Sequence posiion 653 C 100%

Figure 4.6 | Multiple alignment of genomic sequence (i.e. the first sequence) and the ESTs to
SOCS1, showing sequences of flanking region to the stop codon. The position of the stop codon
is marked by the red box and the position where polymorphism occurs is marked by the arrow.

50 100 150

Figure 4.7 | Graphical representation of SOCS1, showing the conserved SH2 and SOCS box
domains. The location of the putative stop codon is marked by the arrow.
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Good chromatogram trace support was found for the stop codon polymorphism-
containing EST sequences in the alignment, each with distinct trace peaks to verify that
these are not instances of unreliable base calls. An additional EST purporting to carry
this same mutation was also found through BLAST search of the trace archive. (Table

4.3; Figures 4.8-4.11)

Table 4.3 | Trace support of stop codon polymorphism-containing ESTs and locations of stop
codon polymorphism based on EST nucleotide sequences.

EST EST Position of

Trace Orientation
Gl Accession Trace Index Stop Codon
29196756 422650655 238 Forward
29211738 422658164 568 Reverse
29266439 425684720 560 Reverse
29264544 425682827 258 Forward
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Figures 4.8-4.11 | Trace support for stop codon polymorphism for ESTs listed in Table 4.4, with
arrows to indicate the locations where polymorphisms occur.

Search result: found 1 item
Your request is: GJ In (29196756)

Save result of search as trace tar [ gz file.
[[Sevequerysresut | [0 All M FASTA [ Quality O =°F © [ MatePair
Retrieve

&8s Trace ¥ l

S “.uMMAAMMWMMM lml mmmm il

PAGCY GT GCCGE CAGCECAT CBT GGCCACCGY GGGCCGC?AD AAE cr GGCGEGCATCCCCCT casaccccar [C

L Ml

200/2422 TI# 422650655 Quality Score [ Base# (238 Density mn[mlm“ Comme

Figure 4.8 | Trace for EST Gl 29196756.

Search resuit: found 1 item
Your request is: GI in (29211758)

Save result of search as trace Jtar [ gz file.
[(Sevequerysresu | (1 All - @ FASTA [0 Quality [ [=°f = [J Mate Pair
Retrieve

(Show ] &5 (Troce ] l

T pw— .

Eﬂ 560 # 570 5680 580
T CBCGGAGGACGGGGY TGAG GGG GAT GC GCGCEAA GT TCY#G CGGCCCACGGYGGC CAC G ATGC GCT(

‘ QAR . ANIOA VAT AN o ¥ A X NWAAN \a 3 A 2 AV .
52677101 Ti# 422658164  Quality Score [ Bases ensity mmmllllllll Comme

Figure 4.9 | Trace for EST Gl 29211738.
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Search result: found 1 item
Your request is: G/ in (29266459)

Save result of search as trace ~ dar [ .gz file.
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Retrieve
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B

Figure 4.10 | Trace for EST Gl 29266439.

Search result: found 1 item
Your request is: GJ in (20269544)
Save result of search as race Ltar O .gz file,

DAl MFASTA DOQualty 0O [E5F ©] [ Mate Pair
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220 230 240 250 260 270 280
GCAGG AGCTGT GCCGL CAGCGCATCGTGGC CACCGYIGGGC CGCTAG AACCT GGCGLGCATCCCCCTCAACCC
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Figure 4.11 | Trace for EST Gl 29264544,
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The SOCS1 reference coding sequences as well as the EST coding sequences containing
the stop codon polymorphism were obtained, translated and aligned. A human SOCS1

was also added to show sequence conservation for the protein (Figure 4.12).

cow_S0CSs1
cow_altseq :
he_socsl
cow_estl
cow_est2
cow_est3 RI
cow_estbla : ERgEIES LCROR T VERMHNLAR NEVLRDYLESFE
aplRQRRVRPLQELCRQRIVATVGR NLARIPLNPVLRDY6SSFPFQI

Figure 4.12 | Alignment of SOCS1 reference bovine and human protein sequences, and
translated bovine EST of the four stop-codon containing sequences shown in Figures 4.8 to
4.11. The stop codon gave rise to “X” contained within the red box.

4.3.5 Resequencing of SOCS1

The preliminary analyses showed SOCS1 to be a strong candidate to investigate for
stop codon polymorphism. SOCS1 is a gene of immunological importance, and
therefore is a possible target for disease-related selection. A stop codon polymorphism
is a dramatic mutation that could form a focus for such selection. Therefore it was

decided to validate the presence of this mutation in a panel of test samples.

A set of primers of 20 bases each were designed for sequencing of the region around

this SNP in different cattle populations.

Forward primer 5’-3’: AGC CGC GAG AGC TTC GAC TG
Reverse primer 5’-3": GAG GGC GCC CCA GTT AAT GC
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The optimised PCR conditions for these primers are T, of 61°C at MgCl, concentration

of 1.5uM.

Not all samples were successfully sequenced. Of 55 samples tested, sequencing of 11
samples using both forward and reverse primers were unsuccessful — FR19, FR20,
FR26, FR29, FR31, FR32, AA2, AA3, AA15, AA16 and PB. A further 3 samples could not
be sequenced based on the forward primer — FR33, AA18 and L21.

The sequences were aligned using software from Molecular Evolutionary Genetic

Analysis (MEGA, http://www.megasoftware.net/) (Tamura et al. 2007) and visualised

and edited in GeneDoc (http://www.nrbsc.org/gfx/genedoc/index.html). The multiple

alignments of all sequenced nucleotides and of only the SOCS box, based on forward

and reverse sequencing, are displayed in Figures 4.13 to 4.16.

The results showed that, for both the forward and the reverse sequencing strands, all
sequences contain the nucleotide bases that reflect the reference sequence, and that
polymorphism was completely absent at the position where the stop codon was

thought to be present.
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et COGOGACTACCTGAGCTCOTTCOE

210

_s0Cs1F :
d02_socsir :
d03_soce1r :
d04_socsir :

02_SOCS1F :
«03_s0C81F :
#05_30C81F :
e06_socsir :
*07_sox :
£02_socs1r :
£03_socs1r :
£04_socsir :
£05_soCSAF :
£06_socsir :
£07_socsir :

|1 1 S 1

CPTCCAGATCIGACCGGOCGLACACCYCAgEatt ascTt gaggcas

Figure 4.13 | Multiple alignment of sequences around SOCS box based on forward-strand

sequencing. SOCS box domain runs along the positions marked by the red line.

Page | 108

I~



ref SOCS1F 81
a02_SOCS1F 65
a03_s0OCS1F 12
al4_SOCS1F 81
a05_SOCS1F 81
al6_SOCS1F 81
b01_8OCS1F 81
b02_SOCS1F 81
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h06_SOCS1F 81
h07_80CS1F ¢ el

o 100 L
ref_SOCS1F : c 111
a02_SOCS1F : i 95
a03_SOCS1F : 42
al4_sOCS1F 111
a05_s0CsiF 111
alé_SOCR1F 111
b01_SOCS1F 111
b02_SOCS1F : 111
b03_SOCS1F : it )
b04_SOCS1F : 111
b05_8OCB1F 111
b06_SOCB1F : : 111
c02_SOCS1F : A o
c03_SOCS1F : i s
c04_8OCS1F : : 111
<05_80CS1F 2 |
c06_SOCB1F s A2
c07_SOCS1F il
d01_SOCS1F : 111
d02_SOCS1F ¢ 111
d03_S0CS1F ;111
d04_8sOCS1F 95
d05_S0CS1F fis T13
d06_SOCS1F : ¢ 133
d07_SOCS1F : : 111
e01_8OCB1F ; 293
e02_SOCS1F 111
e03_SOCB1F AT
©05_SOCS1F : LT
806_SOCS1F : § A%q
e07_8OCS1F O G
£02_sOCB81F 22
f03_SOCB1F 111
£04_SOCS1F : 95
f05_SOCS1F 111
f06_SOCS1F |
£07_SOCS1F 111
g05_80CS1F 111
g06_SOCS1F 111
g07_SOCS1F : 111
h06_SOCS1F : T 111
h07_8OCS1F : CT c 113

cccgtcct CCGCGACTACCTGAGCTCCTTC

Figure 4.14 | Multiple alignment of SOCS box based on forward sequencing. The predicted
position of stop codon polymorphism is highlighted by the red box.
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Figure 4.15 | Multiple alignment of sequences around SOCS box based on reverse-strand
sequencing. SOCS box domain runs along the positions marked by the red line.
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Figure 4.16 | Multiple alignment of SOCS box based on reverse sequencing. The predicted

position of stop codon polymorphism is highlighted by the red box.
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4.4 Discussion

This project began with a view to investigate the effect of polymorphisms that can be
detected through clustering of ESTs. The initial focus was to examine the dataset for
nonsynonymous polymorphisms (nsSNPs) and SIFT was then used to predict tolerated

and deleterious nsSNPs.

The pipeline applied resulted in 5,458 nsSNPs of which 4,876 were successfully
predicted to be either tolerated (2,469) or deleterious (2,407). Between them, they
were assigned gene ontology terms in three broad groups - biological process,
molecular function and cellular component. Subsequent analysis showed 95 ontology
terms to be over-represented in the nsSNP-containing genes, inciuding biological
processes of protein folding, translational elongation, cell cycle and intracellular
transport; molecular functions of antioxidant activity, protein binding, translation
initiation factor activity and fatty acid binding; and to be cellular components of,

among others, the cytoplasm, mitochondrion, lysosome and nucleolus.

We then posed a new question - are there SNPs that act to cause dramatic mutation(s)

which lead to event(s) of adaptation?

It has long been considered that most adaptive changes in a population occur as
protein changing mutations which are selected for by positive selection and
subsequently become fixed within the population. Olson, however, opined that
adaptive loss of function mutation may be more prevalent and spread rapidly,
particularly within small populations. Loss of function mutations lead to mutated
genes, he argued, but unless the genes are completely removed from genome, the
mutated version may be subject to shifts in selective environments to undergo

reversion. This makes gene loss a major motif in molecular evolution (Olson 1999).

In human, cases of adaptive loss of genes have been shown in immunity and pathogen

resistance. Caspase-12 was driven by positive selection to maintain the stop codon
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polymorphism to confer resistance to severe sepsis (Xue et al. 2006). An example of
stop codon polymorphism in cattle is the mutation of myostatin that leads to double-
muscling in beef cattle breeds, and at the same time improve the meat quality of these

cattle (Bellinge et al. 2005).

Given these known cases of beneficial loss of function mutations, affecting fitness and
immunity, as well as agricultural traits, it was therefore of interest for us to identify

other cases of such mutations.

SOCS1 was identified as a promising candidate following preliminary in silico results
that gave strong evidence of a stop codon polymorphism. Discovered in 1997, SOCS1
has been shown to inhibit signalling of a wide range of cytokines including IL2, IL4, IL6
and prolactin (Larsen and Ropke 2002). To have a stop codon polymorphism in SOCS1
is therefore particularly interesting. A mutation to SOCS1 may confer an advantage in
the immune response through the interleukin signalling pathway, or in lactation to

increase milk yield.

Cytokines are secreted glycoproteins that are integral components of the immune
system, embryonic development and haematopoiesis. They interact with cytokine
receptors in order to exert their physiological effects binding to the extracellular
regions of their receptors to induce receptor oligomerisation, which then acts to active
Janus kinase (JAK) proteins in the cytoplasm. Specific phosphorylation of tyrosine
residues in the receptor tails then takes place following JAK activation. Cytoplasmic
signal transducer and activator of the transcription factors (STATs) subsequently dock
to the phosphorylated receptors via its Src Homology 2 (SH2) domain and are in turn
activated by- phosphorylation. Dimerised STATs then translocate into the nucleus to
initiate transcription. This cascade is crucial for cell development, haematopoiesis and
host defence. It is also a tightly controlled and regulated cascade. Some cytokines that

act via this signalling cascade include interleukins (ILs) and interferons (IFNs).
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The initial analyses of our dataset involved the generation of multiple sequence
alignments of genes from ESTs and the identification of stop codon polymorphism
from these alignments. Of 13 genes identified to be stop codon polymorphism-
containing, each were manually checked for the quality of the alignment, the
presence/absence of aberrant sequences particularly at the end sequences of ESTs, the
presence/absence of splice variants which could account for the variation. The trace
archive of the relevant ESTs was also investigated to determine if the base-call was
well supported. SOCS1 turned out to have excellent sequence alignment and showed
high sequence conservation, as well as good trace records. Not only that, an additional

EST which carries the same mutation was also found following a BLAST search.

Given the strength of the preliminary investigation, a decision was made to sequence
around the region of the stop codon polymorphism in a panel of cattle samples to
validate the presence of this mutation. However, the sequencing data did not show the
presence of stop codon polymorphism that was earlier indicated in in silico analyses.
Instead all sequences show the wild-type sequence in samples that were successfully
sequenced. This led us to the conclusion that (a) this dramatic polymorphism is
sufficiently rare that it doesn’t exist in our sample panel, and/or (b) such dramatic

mutation is unlikely to be true.

A further review of the submitted information of the ESTs to dbEST revealed that all
the ESTs that helped strengthen our initial investigation were submitted by the same
group of researchers. Therefore, it is possible that, a transcription error may have been
reverse-transcribed and amplified by PCR prior to cloning. This would lead to an

artefact, leaving multiple representations in the alignment.

Another indicator of the lack of reliability in using EST to identify SNPs came from the
work by Hawken et al. (Hawken et al. 2004). In setting up an interactive bovine in silico
SNP database (IBISS), they found that of 523,448 SNP detected from 48,679 multiple
alignments, 285,408 of them were identified as low quality SNPs after quality

screening, indicating that nearly 55% of SNPs identified in ESTs are unreliable.
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Additionally, it has been reported that intolerant SNPs are rare and in the case of
analyses of chicken SNPs, only 59% of the intolerant SNPs were successfully confirmed
by PCR resequencing, with much of them being attributed to sequencing error, making

this method still unsuitable for accurate large scale analyses (Wong et al. 2004).

This information, together with our unsuccessful validation of the stop codon
polymorphism in SOCS1, despite several lines of in silico evidence, thus point towards
the likelihood that dramatic stop codon polymorphisms are rare and are difficult to
detect in ESTs. Genome-wide SNP-typing will provide insight into the frequency of such

mutations in the near future.
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5. Genome-Wide Signatures of
Selection in Bovine Populations
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5.1 Introduction

5.1.1 Cattle Domestication and its Consequences

Cattle were domesticated about ten thousand years ago, in the Neolithic age, from the
aurochs (Bos primigenius) (Helmer et al. 2005) and with nearly one billion modern
cattle raised every year, they are economically important livestock, mainly bred for

beef and dairy production.

Analyses of mitochondrial DNA (mtDNA) has shown a bifurcated phylogeny between
Bos taurus and Bos indicus, with a divergence time in excess of 100,000 years (Loftus et
al. 1994). This led to the hypothesis that two separate domestication events took
place, one which gave rise to taurine cattle and another to indicine cattle.
Furthermore, previous work completed in this lab also led to the hypothesis that a
third domestication centre may be implicated in the domestication of African Bos
taurus (Troy et al. 2001). At least it is likely that the separation of European and African

cattle is a primary divide in post-domestic cattle history (Beja-Pereira et al. 2006).

Domestication brought the previously wild aurochs into close human contact as well as
with other domesticates, subjecting cattle to novel selective pressures including
contact with pathogens that were normally present in other animals. In addition,
artificial selection driven by the selective breeding of cattle for desirable traits (e.g.
better milk yield, even temperament, improved meat quality) also resulted in
significant genetic variation between different breeds. Moreover, adaptation to
different environments and socio-cultural context also shaped genetic diversity in
domesticated cattle. The identification of such selective signatures, in particular
signatures of positive selection, has the potential to highlight those genomic regions
that have been of most importance in the adaptation of cattle to these new selective

pressures.
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5.1.2 Positive Selection Within Species

The detection of positive selection between different species examines increased
proportions of function altering mutations. The rate of nonsynonymous substitutions
(i.e. protein-changing) is compared to the rate of synonymous substitutions (i.e. mostly
silent, non-amino acid altering mutations), yielding estimates of dy/ds. To detect
positive selection within species however, different population genetics statistical
approaches are required. Single nucleotide polymorphisms (SNPs) are the most
common form, of genetic variant from which signatures of selection can be detected

within species.

As previously mentioned in the Introduction Chapter, Section 1.3, one signature of
positive selection is a reduction in genetic diversity due to a hitchhiking effect. When a
complete selective sweep takes place, the selected allele rises to fixation and with it,
linked genetic variants in the region. With time, new mutations occur but they are
typically rare. Some of the most commonly used statistical tests to detect regions of
low diversity with an excess of rare alleles are the Tajima’s D (Tajima 1989), and Fu and

Li’s D tests (Fu and Li 1993).

Another signal of positive selection is an excess in the frequency of derived alleles.
When a non-ancestral allele arises by a new mutation, it occurs at a lower allele
frequency than the ancestral allele. Following a selective sweep, however, derived
alleles that are linked to advantageous alleles can rapidly rise to high frequencies and
are subsequently maintained within the genome. Fay and Wu’s H is a statistical
method usually used to test for an excess of derived alleles (Fay and Wu 2000). In
order to carry out this test, it is imperative that the ancestral alleles are known and this

is normally inferred from the alleles found in closely related species.

A phylogeny for Bovidae is shown in Figure 5.1, showing relatedness between the
cattle and other closely related species including gaur, yak, bison, buffalo and anoa.

This phylogeny is reconstructed based on a neighbour-joining analysis of the Bovinae
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subfamily by MacEachern et al. (MacEachern, McEwan, and Goddard 2009). To this
end, they sequenced 84 amplicons from 15 different genes across chromosomes 1, 2, 4
and 9. These genes are located within suspected QTL for milk and have higher than
average rates of molecular evolution when comparisons were carried out between Bos

taurus, Bos indicus and human.

Bos taurus

Zebu

Yak

Bison

|

Gaur

Water buffalo

Anoa

Figure 5.1 | Bovidae phylogeny to show the relationship between Bos taurus, Bos indicus,
and the outgroups yak, bison, gaur, water buffalo and anoa (MacEachern, McEwan, and
Goddard 2009). The outgroup species are the animals selected for SNP genotyping by the
Bovine HapMap Consortium (water buffalo, anoa) and by our group (yak, bison, gaur).
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When a particular species of animal is geographically separated, each population may
now be subject to different selective pressures, and selection that acts on one
population may not act on another. Therefore, an unusually large difference in allele
frequency at a particular gene among different populations is another hailmark of
selection. Fst is commonly used to identify markers or regions with elevated genetic

diversity between populations (Akey et al. 2002).

Commonly, when a selected allele under selection rises to fixation, it may be at a rate
that prohibits substantial recombination, thus forming long-range homogeneous
haplotypes. This signal can be detected using the long-range haplotype (LRH) test and
the Cross Population Extended Haplotype Heterozygosity test (XP-EHH) (Sabeti et al.
2002).

5.1.3 Bovine Haplotype Map (HapMap) Consortium and 33K SNPs

The Bovine HapMap Consortium recently genotyped over 37,400 SNPs in a panel of
501 animals sampled from 19 cattle breeds (n = 497) and 2 outgroups (n = 4) to
conduct a genome-wide survey of genetic variation across cattle breeds (Gibbs et al.

2009).

Among the breeds were 12 European breeds, 1 African breed, 3 Indicine breeds, and 3
hybrids. The 2 outgroups included were anoa and water buffalo. A list of cattle breeds,
number of cattle genotyped, regions of origin and primary purpose(s) of the breeds is
presented in Table 5.1. For further details of the technology involved in SNP

genotyping, please refer to Section 5.2.1 in Materials and Methods.
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Table 5.1 | Cattle populations investigated in the Bovine HapMap Project, with details of the
number of animals genotyped, region of origin of breeds, and primary production use of the

breeds.
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ANG — Angus

BSW — Brown Swiss
CHL - Charolais

GNS — Guernsey

HFD — Hereford

HOL — Holstein

JER — Jersey

LMS - Limousin

NRC — Norwegian Red
PMT — Piedmontese
RGU — Red Angus
RMG — Romagnola
NDA — N’Dama

BRM — Brahman

GIR - Gir

NEL — Nelore

BMA — Beefmaster
SGT — Santa Gertrudis
SHK — Sheko

ANO - Anoa

BUF — Mediterranean Buffalo

24

24

21

27

53

28

42

25

24

12

24

25

25

24

24

24

24

20

European
European
European
European
European
European
European
European
European
European
European
European
African
Indian
Indian
Indian
American
American

African

Beef

Dairy

Beef

Dairy

Beef

Dairy

Dairy

Beef

Dairy/Dual Purpose
Beef/Dual Purpose
Beef

Beef
Multi-purpose
Beef
Dairy/Multi-purpose
Beef

Beef

Beef
Multi-purpose
None

Dairy/Dual Purpose
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One of the analyses performed by the Bovine HapMap Consortium was to examine
population structure by analysing SNP genotype frequencies with the InSTRUCT
software program (Figure 5.2). With the assumption of two ancestral populations (i.e.
K=2; Bos taurus vs. Bos indicus) this analysis revealed the expected clustering of breeds
- the European and African taurine cattle in one cluster with the indicine cattle in the
other cluster. Hybrid animals with both taurine and indicine origins clustered between

the two major groups.

At K=3, the African breeds grouped separately from the European cattle, in line with
the theory of a probable third domestication centre of cattle in Africa (Troy et al.

2001).

&

&

O N R O v oD (]
SEELEEFE FFFEFE

Yo S LE
S§FEE S

Figure 5.2 | Analysis of bovine population structure using INSTRUCT reveals the primary
clustering of taurine (blue) and indicine (pink) cattle breeds at K=2. At K=3 the separation of
African breeds is also apparent (Image from Bovine HapMap Consortium).
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This finding is further supported by a multidimensional scaling representation of
interbreed FST distances of the 33K dataset that reveals clustering of the European
breeds, the separation of the African N’'Dama, the clustering of the zebus and the
intermediate position of the hybrid cattle breeds (Figure 5.3). This formed the basic
premise for our analyses as part of the HapMap consortium, that we could study the

populations of European, African and Indicine cattle as separate population groups.

0.80
BSW
0.55 * ahas Indian (B. indicus)
GNS .
950 JER . HOL’ GIR
*
A BRM °
PMT LS
0.05 o * ; ¢
@ CHL soNA NEL

T RGU %t i
§ 020 ®¢ ANG  ® NRC o 3K
E
(=]

-0.45 Europear Y P

(B. taurus) Hybrid
-0.70
-0.95 i
© NDA African
(B. taurus)
-1.20
1.0 05 0.0 05 1.0 15
Dimension 1

Figure 5.3 | The clustering of distinct cattle populations into European, African, Indicine and
hybrid breed populations, based on multidimensional scaling of average pairwise Fs; distances
between breeds calculated using 33K SNP genotypes.
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5.1.4 Improved Bovine 50K SNPs

The availability of the first bovine genome-wide SNP genotype dataset enabled
promising strategies to detect signatures of selection in cattle populations. One such
strategy presented in this thesis is the investigation of SNP allele frequencies between

the geographically distinct populations using Fst as a measure of genetic diversity.

The initial dataset used consisted of approximately 33,000 genotyped SNPs (33K Chip) -
a combination of the 10K Illumina Bovine SNP chip and the 23K ParAllele Affymetrix
Genechip Bovine Genome Array. However, the dataset was not without issues. Firstly,
the distribution of SNPs was not even across the chromosomes. Chromosomes 6, 14
and 25 were much more densely represented than all other chromosomes. Moreover,
the locations of the SNPs were initially based on bovine genome assembly 3.0 but were
subsequently mapped to the corresponding positions in bovine genome assembly 4.0.
However, as the genome assembly quality improved, some of the previously
erroneously placed SNPs were then no longer included in any of the chromosomes and
were relegated to “position unknown”, causing a loss of data-points. Additionally, the
general density of the SNPs genotyped was relatively sparse, with an average SNP

distribution of 1.2 SNPs per 100kb of genomic sequence.

While the genotyping and analyses efforts of the Bovine HapMap Project were
underway (i.e. the 33K dataset), a bovine SNP array of higher density was being
developed (Matukumalli et al. 2009). The BovineSNP50 array contains approximately
54,000 SNPs that are more evenly distributed among the chromosomes than that of
33K platform, with a mean SNP distribution of 1.98 SNPs per 100kb of sequence. Figure
5.4 illustrates the improvement of sequence mapping between bovine genome
assembly 3.0 and assembly 4.0, as well as the number of SNPs per chromosome
(mapped according to assembly 4.0) from both the 33K and the 50K arrays. It highlights

a much more even SNP distribution for the 50K array, with improved coverage.
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5.1.5 Fs; as Measure of Positive Selection

F statistics were introduced by Wright as a tool to describe genetic variance and
diversity within and between populations (Wright 1951). Fst measures the proportion
of genetic variance in a subpopulation relative to the total genetic variance, Fis
correlates genetic diversity between an individual relative to the subpopulation, and Fir
relates the allelic variance of an individual relative to the total population. The Fsr
statistic was used in this thesis to investigate genetic diversity between each cattle

subpopulation.

Under neutrality, genetic drift affects all loci in a similar manner and therefore genetic
variance components shouid be similar among chromosomal regions. However, when
positive selection occurs within one population but not the others, allele frequencies
around the selected locus change and this drives a localised increase in Fs;. When Fsy is
close to 1, it indicates nearly completely different genetic variance at that locus in that
population relative to overall variance. A small Fsy value means that the allele
frequencies within each population are similar, and a Fsr value of 0 indicates that the
populations are genetically indistinguishable. Therefore by calculating Fsy for each
genotyped marker across the genome, we can identify regions with significantly
elevated or repressed diversity as outliers on the genome-wide Fsr distribution, and
identify outliers potentially representing regions of the genome which have undergone

positive selection.

Numerous studies have used the Fsr approach to identify natural selection, mainly in
human populations. One key study was by Akey et al., where they used genome-wide
estimates of Fsr in humans to examine 26,530 loci from three populations (African-
American, East Asian and European-American) and identified 174 regions that showed
signatures of selection (Akey et al. 2002). Among these, 156 demonstrated unusually
high levels of Fsr including the cystic fibrosis transmembrane conductance regulator
(CFTR) gene and coagulation factor V (F5), both of which have previously been

identified as genes under selection (Lindqvist et al. 1998; Slatkin and Bertorelle 2001).
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With the emergence of a medium density bovine SNP genotyping platform, similar
strategies can now be applied in examining cattle populations. In an early effort,
MacEachern et al. analysed over 7,500 SNPs in beef (Angus) and dairy (Holstein)
breeds, using bison, yak and banteng as the outgroups, to identify recent signatures of
positive selection (MacEachern et al. 2009). However, their effort did not yield strong
signatures of positive selection nor remarkable candidate genes, with the exception of
fibroblast growth factor 1 (FGF1) in Angus within a QTL region, which had previously

been identified for body composition and carcass yield.

More recently, Flori et al. genotyped 42,486 bovine SNPs using the BovineSNP50 assay
in three dairy cattle breeds (Holstein, Normande and Montbéliarde) to investigate
regions of the genome which may carry signatures of the intense artificial selection for
traits that improve milk yield (Flori et al. 2009). Using a Fsr-based approach they
identified 13 regions of high significance implying strong and/or recent positive
selection. Some of these contain genes that have been reported to affect milk
production traits (e.g. growth hormone receptor, GHR) and colouration (e.g.

melanocortin 1 receptor, MC1R).

5.1.6 Intercontinental Locus Specific Branch Length (LSBL) to Identify Regions
of Significant Genetic Diversity Between Populations

It has previously been postulated that there have been three major bovine
domestication events; one in the Near East which gave rise to modern European cattle,
one in Africa, and one in the Indo-Pakistan region that gave rise to indicine breeds
(Troy et al. 2001). The divergence between these subgroups is ancient, and samples
may be identified with minimal recent exchange. This is reflected in the major axes of
divergence between breed samples, as shown in Figure 5.3, which was derived based
on average pairwise Fsr distances calculated from the 33K dataset, followed by

multidimensional scaling.
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One indicator of loci subject to positive selection among geographically distinct
population groups is maximal divergence of genomic regions between the continental
groups, perhaps as a result of different selective pressures within the different
domestication histories. This can be measured by Locus Specific Branch Length (LSBL),

which is derived from pairwise Fsr distances (Shriver et al. 2004).

The LSBL approach isolates allele frequency changes geometrically, and is therefore
able to quantify evolutionary rates as well as specifying the population(s) within which
particular loci have undergone changes. In essence, LSBL decomposes Fsr here into
three component parts, which are the different continental origins of the cattle breeds
- African, European or Asian. This is particularly useful, because as successful an
approach as Fsr has been, it is sensitive to changes in any one of the populations
analysed (Shriver et al. 2004) and here the overall Fst values may be swamped by high
zebu diversity such that more subtle within-taurus differences between European and

African taurine cattle may go undetected.

5.1.7 Ancestral Allele and Derived Allele Frequencies

The availability of outgroup species enabled the determination of the ancestral and the
derived allele for the loci analysed in this project. This information, in turn, can be used
to detect for positive selection; one signature of positive selection is an excess of

derived alleles.

Derived alleles are typically expected to be present in low frequency, usually
representing the minor variant. New mutations, however, may be linked to selected
alleles and following a selective sweep, can rapidly rise to high frequency. Tests for
selective history such as Fay and Wu’s H, make use of ancestral allele information to

determine if there is a non-neutral excess of derived alleles.
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5.2 Materials and Methods

5.2.1 Bovine HapMap 33K Dataset

The Bovine HapMap dataset was provided by the Bovine HapMap Consortium. The
sample collection, SNP discovery and panel design, genotyping effort, and data clean
up were as discussed in the supplementary online material (SOM) that accompanied

the research publication (Gibbs et al. 2009) (See Supplementary Documentation).

We also carried out several additional modifications to the data prior to analysis. There
were 44 trios of dams, sires and calves included to allow verify of Mendelian
inheritance as a quality control measure. Here, in order to maintain a dataset with as
few unrelated individuals as possible, the alleles genotyped for the 44 calves were
removed from the analysis. 10 other animals were also removed from analysis due to

low genotyping success rates (<70% as opposed to all others with >90%).

We removed a further 1,032 loci from the dataset for the following reasons: loci that
had more than 2 discordant trios (22); markers where at least one breed was out of
Hardy-Weinberg Equilibrium (HWE) and had a genotyping error rate >=5% (393); cases
where there was more than 10% missing data in >50% of B. taurus and >50% B. indicus
samples (338); cases where the minor allele frequency (MAF) was <0.05 in all breeds
(264); and cases where the SNP was monomorphic in all breeds (15). Taking into

account all of the relevant criteria, our final dataset contained 33,849 SNPs.
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5.2.2 F¢r Calculations and Plots

A Perl script was written to calculate Fst based on the method previously published by

Akey et al. (Akey et al. 2002).

Fsr is estimated from the following:
__ MSP-MSG
T~ MSP +(m.- 1)MSG

where:
1) MSG is the observed mean square errors for loci within populations
2) MSP is the observed mean square errors between populations
3) n. is the average sample size across samples following incorporation and

correction for the variance in sample size over subpopulations.

MSG is calculated from the following:
MSG : E 1 )
W = —— LDa 1l - pas)
Yiim-1L Apa’ - pa)

where
1) idenotes the subpopulation (wherei=1, ..., s)

2) paiis the frequency of SNP allele A in the ith population

MSP is calculated from the following:

= .
MSP= — Z mi(ps—pa)-
s-1

I

where
1) n;is the sample size in subpopulation j;

2) the weighted average of p, across population is given by p = nipai/ Sin;.
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ncis calculated from the following:

The range of Fsr value lies between 0 and 1, indicating at extremes that populations
are genetically identical or completely divergent, respectively. However, in estimating
Fst, the number may occasionally be negative. This occurred when the mean square
errors for the loci within populations (i.e. MSG values) were larger than the mean
square errors between populations (i.e. MSP values). These values were reset to O,

since Fst with negative values does not have a biological interpretation.

The calculation of Fsr generated matrices of pairwise values for all the breeds of cattle
analysed in each dataset. Table 5.2 is an example of pairwise Fst 19 x 19 matrix for a

single SNP (BTA-107177) based on the 33K dataset.

The resulting Fst matrices were then used to generate plots of average pairwise Fst
distributions for each chromosome. Loci that fell within the top 1% of the Fsr
distribution were marked with red for ease of  visualisation

(http://www.gen.tcd.ie/llau/thesis). The data points from these plots were also linked

to the Ensembl Bovine Genome Browser

(http://www.ensembl.org/Bos taurus/Info/Index) to allow the identification of genes

in the regions surrounding SNPs of interest. Using the browser one can hover over
each data point to display the SNP identifier, its Fst value and its position on the

chromosome.
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Table 5.2 | 19 x 19 pairwise Fs;r matrix for the SNP BTA-107177.

BTA107177 PMT RGU RMG SHK BSW HOL LMS NDA NEL BMA GIR GNS SGT NRC JER HFD ANG BRM CHL

PMT 0.0000 0.2378 0.0000 0.0075 0.0000 0.1878 0.0111 0.0000 0.0620 0.1553 0.0620 0.0524 0.0000 0.1553 0.0000 0.3517 0.2558 0.1295 0.0133
RGU 0.2378 0.0000 0.4282 0.4473 0.2804 0.0000 0.0657 0.3406 0.5352 0.0000 0.5352 0.0000 0.1441 0.0000 0.1174 0.0000 0.0000 0.6187 0.0238
RMG 0.0000 0.4282 0.0000 0.0000 0.0000 0.3094 0.1110 0.0000 0.0000 0.3110 0.0000 0.1923 0.0401 0.3110 0.0669 0.4965 0.4052 0.0278 0.1457
SHK 0.0075 0.4473 0.0000 0.0000 0.0000 0.3213 0.1251 0.0000 0.0000 0.3263 0.0000 0.2096 0.0574 0.3263 0.0828 0.5085 0.4180 0.0115 0.1644
BSW 0.0000 0.2804 0.0000 0.0000 0.0000 0.2166 0.0308 0.0000 0.0382 0.1899 0.0382 0.0810 0.0000 0.1899 0.0000 0.3865 0.2908 0.1041 0.0386
HOL 0.1878 0.0000 0.3094 0.3213 0.2166 0.0000 0.0628 0.2557 0.3701 0.0000 0.3701 0.0032 0.1211 0.0000 0.1012 0.0054 0.0000 0.4136 0.0293
LMS 0.0111 0.0657 0.1110 0.1251 0.0308 0.0628 0.0000 0.0613 0.1773 0.0231 0.1773 0.0000 0.0000 0.0231 0.0000 0.1854 0.1022 0.2280 0.0000
NDA 0.0000 0.3406 0.0000 0.0000 0.0000 0.2557 0.0613 0.0000 0.0103 0.2393 0.0103 0.1241 0.0000 0.2393 0.0171 0.4335 0.3390 0.0714 0.0785
NEL 0.0620 0.5352 0.0000 0.0000 0.0382 0.3701 0.1773 0.0103 0.0000 0.3982 0.0000 0.2822 0.1242 0.3982 0.1433 0.5668 0.4812 0.0000 0.2402
BMA 0.1553 0.0000 0.3110 0.3263 0.1899 0.0000 0.0231 0.2393 0.3982 0.0000 0.3982 0.0000 0.0800 0.0000 0.0601 0.0121 0.0000 0.4666 0.0000
GIR 0.0620 0.5352 0.0000 0.0000 0.0382 0.3701 0.1773 0.0103 0.0000 0.3982 0.0000 0.2822 0.1242 0.3982 0.1433 0.5668 0.4812 0.0000 0.2402
GNS 0.0524 0.0000 0.1923 0.2096 0.0810 0.0032 0.0000 0.1241 0.2822 0.0000 0.2822 0.0000 0.0000 0.0000 0.0000 0.1007 0.0280 0.3547 0.0000
SGT 0.0000 0.1441 0.0401 0.0574 0.0000 0.1211 0.0000 0.0000 0.1242 0.0800 0.1242 0.0000 0.0000 0.0800 0.0000 0.2694 0.1751 0.2007 0.0000
NRC 0.1533 0.0000 0.3110 0.3263 0.1899 0.0000 0.0231 0.2393 0.3982 0.0000 0.3982 0.0000 0.0800 0.0000 0.0601 0.0121 0.0000 0.4666 0.0000
JER 0.0000 0.1174 0.0669 0.0828 0.0000 0.1012 0.0000 0.0171 0.1433 0.0601 0.1433 0.0000 0.0000 0.0601 0.0000 0.2419 0.1508 0.2076 0.0000
HFD 0.3517 0.0000 0.4965 0.5085 0.3865 0.0054 0.1854 0.4335 0.5668 0.0121 0.5668 0.1007 0.2694 0.0121 0.2419 0.0000 0.0000 0.6195 0.1451
ANG 0.2558 0.0000 0.4052 0.4180 0.2908 0.0000 0.1022 0.3390 0.4812 0.0000 0.4812 0.0280 0.1751 0.0000 0.1508 0.0000 0.0000 0.5393 0.0630
BRM 0.1295 0.6187 0.0278 0.0115 0.1041 0.4136 0.2280 0.0714 0.0000 0.4666 0.0000 0.3547 0.2007 0.4666 0.2076 0.6195 0.5393 0.0000 0.3190
CHL 0.0133  0.0238 0.1457 0.1644 0.0386 0.0293 0.0000 0.0785 0.2402 0.0000 0.2402 0.0000 0.0000 0.0000 0.0000 0.1451 0.0630 0.3190 0.0000
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5.2.3 Locus Specific Branch Length (LSBL) Calculation and Sliding Window
Analysis

Locus Specific Branch Length (LSBL) for each locus was calculated using the
corresponding values of pairwise Fsr. For this analysis, only non-admixed breeds were
considered as these would confound the calculations. Breeds were grouped into three
geographical/continental groups: European (ANG, BSW, CHL, GNS, HFD, HOL, JER, LMS,
NRC, PMT, RGU, RMG), African (NDA) and Indicine/Indian (BRM, GIR, NEL).

In order to calculate LSBL, a set of average pairwise Fst values was calculated for every
SNP - “European-African” (EA), “European-Indicine” (El) and “African-Indicine” (Al). For
example, in the case of the “African-Indicine” Fsr calculation, pairwise values for BRM
vs. NDA, GIR vs. NDA and NEL vs. NDA were now averaged to get a single mean
“African-Indicine” value per SNP. The LSBL was then calculated for each locus in each
population. Figure 5.5 is a simple schematic illustrating each branch length relative to

another, and Table 5.3 lists the formulae applied to calculate the LSBLs.

European

A

eEUR

Indicus

Figure 5.5 | Schematic representation of LSBL branches relative to one another.
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Table 5.3 | Formulae to calculate LSBL values for each population relative to two others. Each
is given by the sum the pairwise Fsy values related to the population of interest less pairwise Fsy
value of non-population of interest, all divided by two.

Branch Length Formulae
2 eur ( European-Indicine-Fs; + European-African-Fs; - African-Indicine-Fs; ) / 2
2 ams ( European-African-F¢; + African-Indicine-Fs; - European-Indicine-Fsr ) / 2
£ o ( European-Indicine-Fs; + African-Indicine-Fs; - European-African-Fsr ) / 2

Given the uneven inter-marker distance in the dataset and the objective to identify
regions likely to be under selection, a sliding window analysis based on the calculated
LSBL values was implemented. A mean LSBL value was obtained for every window of 5
consecutive SNPs, and a slide of 1 SNP across the chromosome was carried out. This
also acted to eliminate probable false positives posed by a single SNP with high LSBL

value among a region of several/numerous neighbouring SNPs with low LSBL values.

A list of all bovine genes annotated in the Ensembl database was queried using

BioMart (http://www.ensembl.org/biomart/martview/) to return the accession

number, gene name, gene description (if any), gene symbol (if any), and the start and
end position of each gene. Genes that were located in regions with signatures of
elevated or suppressed diversity were identified via the genomic position of the
marker relative to the annotated genes. Sliding windows that were either completely

or partially located within an annotated gene were then identified.

As the bovine gene set was poorly annotated, orthologous human genes were used to
provide additional functional annotation. To do this, human genes were downloaded
from GenBank (Benson et al. 2006) and a BLAST (Altschul et al. 1990) search between

the Ensembl bovine genes and the GenBank human genes was carried out.
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5.2.4 Bovine 50K Dataset

Concurrently, the 50K bovine SNP array was made available for genotyping a set of
markers that were more evenly distributed across the chromosomes. This assay was
superior to the 33K array with the median inter-marker interval reduced to 37kb
(Matukumalli et al. 2009). Moreover, the genotyping effort of the 33K dataset
contained a huge amount of data for European breeds but was lacking information on
African and Indicine/Indian cattle. To this end, we decided to genotype a panel of
cattle that represented the three geographical populations as previously discussed,

using a more geographically representative set of cattle breeds.

Genotyping of the 50K dataset was carried out commercially by Aros Applied

Biotechnology from Denmark (http://www.arosab.com/) using samples that were

available to our lab. Three populations consisting of 111 animals from were selected
for genotyping, including 69 Holstein (HOL) and Friesian (FRI) to represent European
Bos taurus, 24 Somba (SMB) representing African Bos taurus, and 18 Hariana (HAR)
and Tharparkar (THA) which represent Indian zebu. Another six individuals from three
outgroups (i.e. 2 each) for plains bison (EBI), gaur (GAU) and yak (YAK) were also

genotyped, for inferring ancestral and derived allele status.

From the full set of 54,001 markers, 122 loci were removed as they were autosomal X-
linked markers, 937 were filtered due to low call rate (< 0.1) and 696 having low minor
allele frequency were also removed. No markers were identified as being out of Hardy-
Weinberg Equilibrium (HWE). The working dataset therefore contained 52,246
markers, but was subsequently filtered down to 43,029 markers following successful
(but conservative) ancestral allele assignment (see Section 5.2.5 below for more
details). These markers were then analysed using Fsr and LSBL calculations, following

the same protocol described in the previous sections.
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5.2.5 Ancestral and Derived Allele Frequencies, and Fay and Wu’s H

Information obtained following the determination of ancestral and non-ancestral
alleles can be used to test for clusters of high-frequency derived alleles, another

hallmark of positive selection.

Ancestral and derived alleles were inferred from SNPs genotyped in the outgroup
species — these were water buffalo and anoa for the case of 33K SNP dataset and
plains bison, gaur and yak for the case of 50K SNP dataset. The inference was made
based on two assumptions, that (a) the mutation at a particular locus happened only
once, and (b) the mutation occurred following the speciation of cattle and the
outgroups. However, in view of the low call rate in the two buffalo species, probably a
consequence of their greater phylogenetic distance, we decided not to use the

assignments of ancestry in the 33K data set.

The 50K dataset was assigned ancestry. In order to maintain the most conservative
dataset of assigned ancestral and derived alleles, a successful inference was
considered only where there was at least one (out of two) successful homozygote
genotype calls within each species pair of outgroups. Any loci with outgroup
heterozygote calls were eliminated from the dataset. As we have only a pair of animals
per outgroup species, in order to minimise false positive arising from sequencing error,
loci with disagreements between animals from the same species were also excluded
from subsequent analysis. Therefore, our dataset is one of conservative nature. Once
the ancestral allele was determined, the alternative allele was assigned to be the
derived allele. Both the ancestral and the derived allele frequencies were then

calculated.

One test for excess of derived allele is Fay & Wu’s H (Fay and Wu 2000). The H
statistics can be expressed in terms of ancestral and derived allele frequencies, as per
the method for statistical analysis carried out by MacEachern et al. (MacEachern et al.

2009).
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Fay and Wu'’s H is given by: H=6_— 64
where:
1) 6;is the measure of heterozygosity

2) By is the measure of homozygosity

_2X2p(1-p) ¥ 2p?

Th h can be given by:
ey each can be given by 6 N, N

where:

1) p refers to the derived allele frequency
2) 1- prefers to the ancestral allele frequency

3) N refers to the number of loci

5.2.6 Composite Empirical Calculation

In an attempt to evaluate both the LSBL and Fay and Wu’s H together, a composite
empirical method was applied. In order to do so, results from two measures were set
to comparable scales, through ranking by percentile. As Fay and Wu'’s H is based on
differences, with the most negative values indicative as strong signals of selections,

data transformation was necessary.

First, the negative values were converted to positive ones, and vice versa.
Subsequently, a fixed small number would be added to the entire distribution so all
values for this new distribution would be positive, with the highest values set to be
ranked highly as well. The new dataset was then ranked by percentile. Once both
measures were ranked, at each position where a marker was present, the product of
the corresponding values was taken, giving a final composite empirical calculation.
Sliding windows which fell within the top percentile of the distribution were identified,
and the genes within these windows were investigated as candidates of positive

selection.
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5.3 Results

5.3.1 Bovine 33K SNP - LSBL Analysis

Our data were provided by the Bovine HapMap Consortium. While the original dataset
contained over 37,400 markers, following a series of quality control, a total of 33,849
markers remained in the dataset for analyses. A further 2,003 markers were
subsequently discarded from the dataset, as these markers cannot be mapped to the

current build of the bovine genome, thus 31,846 markers remained for analysis.

Pairwise Fst values were calculated for each breed of cattle compared to each other
breed. These pairwise Fsr values were subsequently used in the calculation of locus
specific branch length (LSBL). The calculation of the LSBL was carried out on a sliding

window basis, each window containing 5 SNPs and each slide is by 1 SNP.

Tables 5.4, 5.5 and 5.6 tabulate the top 20 contiguous windows within the African,
European and Indian cattle populations respectively. In building the contiguous
windows, the SNP windows from the top 1% distribution were initially sorted by the
maximum LSBL value per window. Then, any adjacent windows to those with the
highest LSBL values were clustered together to form contiguous windows. Both the
number of contiguous windows clustered per result and the highest LSBL value per
contiguous window are included in the result tables. The cut off LSBL values for these
populations were 0.2763 for the top 1% for European cattle, 0.3003 for African cattle
and 0.5208 for the Indian cattle (Supplementary Table 5.1).

The 33K SNP dataset was not used extensively to investigate for derived allele
frequency nor to attempt a calculation of Fay and Wu’s H statistics. Just over 11,000
SNPs were confidently assigned their ancestral allele and among these, only 10,427 loci

could be successfully mapped to the chromosomes.
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Table 5.5 | 33K sliding window analysis for the European cattle population. The number of contiguous windows that were clustered together is
indicated and the top LSBL value per cluster is given. Blank “Genes” column indicates that there are currently no genes annotated in that region of the
bovine genome.

Chr Win_Start Win_End Noof Win Eur_Top_LSBL Genes
14 10878951 10953660 6 0.5464
25 43217584 43490436 5 0.4775 PSMG3, TMEME184A, MAFK, INTS1, MICALL2
25 2513906 2611540 6 0.4741 ATP6VOC, AMDHD2
3 78870020 79585346 10 0.4568
6 37792671 37876749 6 0.4529
13 201362 781640 3 0.4391 OR4C11, KLF17, TXNDC13
11 13907535 14161069 5 0.4285 PAIP2B, NAGK, TEX261, ANKRDS3, ATP6V1B1, VAX2
22 19684073 20218940 4 0.4285 GRM7
14 10651019 10685489 5 0.4220
24 50125408 50745615 4 0.4184 KIAA0427, SMAD7, DYM
6 52785039 53312444 13 0.4132
15 38740265 39760998 6 0.4109 TEAD1, PARVA, MICALCL,MICAL2, DKK3, USP47
19 40538774 41490360 g 0.4105 MLLT6, PCGF2, PSMB3, PIP4K2B, CCDC49, RPL23, LASP1, FBX047, PLXDC1, ARL5B, CACNB1, RPL19, STAC2, TFCP2L1,
FBXL20, CRKRS, MED1, NEUROD2, PPP1R1B, STARD3, TCAP, PNMT, PERLD1, ERBB2, C170rf37, GRB7, IKZF3, ZPBP2
19 51616876 52285528 4 0.4042 HEXDC, FU22222, UTS2R, DUSIL, FLI35767, CSNK1D, SLC16A3, FASN
14 11122530 25493914 2 0.3974
11 39253966 39557567 4 0.3947 RTN4, FLJ31438, RPS27A, MTIF2, LOC244405, CCDC88A
14 25002378 25038628 7 0.3842 TOX
25 4194945 4257353 15 0.3835 DNAJA3, NMRAL1, HMOX2, C16orf5
19 7324450 7702072 4 0.3801 MSI2
8 14721282 15497896 4 0.3773
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In categorising the top 1% LSBL windows by Gene Ontology in the three cattle
populations, we detected only a very small number of GO terms that have significant
P-values following multiple testing correction using Benjamini and Bonferroni test. In
the Africa cattle population, over-represented categories of molecular function were
protein binding and structural constituent of eye lens. In the European cattle
population, keratin filament as a term under cellular component was noted to be
significant. In the Indicine cattle population, biological processes of cell adhesion and
multicellular organismal development were also over-represented. (See Supplemental
Tables 5.2, 5.3 and 5.4 - significant terms are shaded in blue, while terms remaining

significant after multiple correction are shaded in pink.)

Examination of the GO analyses for significant terms without multiple correction
shows that only 5 categories of biological processes were significant aross two
populations (i.e. response to other organism, integrin-mediated signalling pathway,
salivary gland development, visual perception and muscle thick filament assembly) and
none across all three populations. Two molecular function terms were enriched across
all three populations - protein binding and SH3/SH2 adaptor activity - and nine
molecular function terms were shared by two cattle populations, including chromatin
binding, DNA-directed DNA polymerase activity, epidermal growth factor receptor

activity and structural molecule activity.

5.3.2 Bovine 50K SNP - LSBL, Fay and Wu'’s H, and Composite Analyses

The full dataset from our own 50K genotyping experiment yielded a total of 52,246
informative SNPs for Fst and LSBL analyses. With this dataset, we also conducted Fay
and Wu’s H statistical tests, as well as performing a simple composite analysis to

investigate the concordance of results between the two methods.

We have included outgroup species that are phylogenetically closer to the cattle than
either buffalo and anoa, which were genotyped by the Bovine HapMap Consortium, in

our panel of animals used. This proximity was reflected in call rates of 97.3%, 97.2%
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and 96.9% for Plains bison, gaur and yak, respectively. This approach was shown to be
promising, as we could confidently assign ancestry to the alleles based on stringent
criteria and still have an approximately 82% successful call rate across all three
outgroup species. 43,029 of the loci were homozygous, with the genotype consistently

the same allele across all three outgroup species.

In order for us to compare the results for both LSBL and Fay & Wu’s H analyses, it was
decided that these 43,029 loci would comprise the final dataset used in these analyses.
The protocol for calculating LSBL remained the same as per the 33K data analysis, with
sliding window performed across 5 SNP windows. Annotated genes were identified in

significant windows.

To identify outlying genes of interest, the top 1% windows were sorted by the highest
ranked value in the distribution. Other windows that were adjacent to these highly
ranked windows were then clustered together to form contiguous window clusters.
Tables 5.7 to 5.15 summarise the top 15 ranked contiguous windows from analyses of
the 50K dataset. Tables 5.7 to 5.9 relate to the African population, in terms of LSBL, Fay
& Wu's H and composite empirical analyses, respectively. Similarly, Tables 5.10 to 5.12
refer to European population whereas Tables 5.13 to 5.15 refer to Indicine/Indian

populations. (For full result sets, please see Supplementary Tables 5.5, 5.6 and 5.7.)

GO term analyses, as per described in earlier chapters, were also carried out on the
50K dataset for each cattle population. Four separate analyses per population were
performed - one for each of the top hits of LSBL, Fay & Wu’s H and composite analyses,
and one encompassing all the top hits from the three analyses in one single ALL list.
Similar to the 33K GO analyses, a relatively large number of GO categories were
identified as over-represented categories for the positive selection studies. However,
after multiple correction tests was carried out, the numbers quickly whittled down to
one or two in some dataset, and none in most of them. (See Supplementary Tables 5.8,

5.9 and 5.10.)
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Figure 5.7 | 50K sliding window LSBL analysis for the African cattle population. The number of contiguous windows that were clustered together is
indicated and the rank of LSBL value per cluster is given. Blank “Genes” column indicates that there are currently no genes annotated in that region of

the bovine genome.

Chr Start End No of Win Rank Afr_LSBL Genes
3 57339352 57315260 4 0.9993 GBP3, GBPS, GBP6
17 1050809 1177912 5 0.9986
11 97719225 97830382 4 0.9985 DENND1A, CRB2
3 124441054 124554975 4 0.9985 COL6A3, MLPH, PRLH, LRRFIP1, RAB17
7 60703866 60855463 5 0.9982 PPRAGC1B, PDE6A, LOC728287, SLC26A2, CSF1R, PDGFRB
8 76562779 76825888 6 0.9980 GNRH1, CDCA2, KCTDS, DOCKS, CDCA2
1 152334371 152817113 4 0.9978 HLCS, DSCR6, TTC3, PIGP, DSCR3
14 10052443 10322348 5 0.9976 DDEF1, FAM49B, MLZE
29 42112879 42226330 3 0.9973 FTH1, BEST1, RAB3IL1, INCENP
10 45698672 45799476 4 0.9973 PIF1, PLEKHQ1, OAZ2, ZNF609, TRIP4, BANF1
7 17583793 17692784 4 0.9973 JMID2B, PTPRS
28 3191635 3553189 U 0.9971 SIPA1L2, KIAA1804
1 1043153 1121300 4 0.9970 SON, DONSON, CRYZL1, GART, C21orf55, TMEMS0B
9 45373250 45590254 4 0.9968 AIM1, RTN4IP1, ATGS, QSRL1, PRDM1
8 86397567 86544298 5 0.9958 PTCH1
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Figure 5.9 | 50K sliding window composite analysis for the African cattle population. The number of contiguous windows that were clustered together
is indicated and the rank of composite empirical value per cluster is given. Blank “Genes” column indicates that there are currently no genes
annotated in that region of the bovine genome.

Chr Start End No of Win Rank Afr_Comp Genes
3 57263996 58584905 11 0.9728 GBP3, GBP4, GBP5, GBP6, GBP7, CCBL2
28 3252259 3553189 6 0.9874 SIPA1L2, KIAA1804
25 2462997 2613040 4 0.9863 AMDHD2, TBC1D24, C160rf59, ATP6VOC, ABCA3, PDPK1
11 40409764 40729584 5 0.9862 CCDC85A
5 33136024 33277669 4 0.9861 KIAA1602, FMNL3, BCDIN3D, TEGT, FMNL3, C120rf25, SPATS2
10 45640747 46001271 6 0.9851 PIF1, PLEKHQ1, OAZ2, ZNF609, TRIP4, BANF1, CSNK1G1
1 152334371 152817113 4 0.9838 HLCS, DSCRS6, TTC3, PIGP, DSCR3
1 158831291 159077466 7 0.9831 SATB1
8 100324743 100395004 3 0.9831 FCMD, TMEM38D
2 22308433 22381259 3 0.9821 ATP5G3, ATF2
22 55819706 55912637 4 0.9808 ATP2B2
11 83688145 83979735 5 0.9803 FAMA49A
3 36603946 36797994 3 0.9801 SORT1, ATXN7L2, GPR61, GNAI3, AMIGO1, SYPL2, CYB561D1, CELSR2, PSRC1, MYBPHL, PSMA5
29 42079321 42226330 4 0.9755 FTH1, BEST1, FADS3, RAB3IL1, INCENP
14 59409760 59556106 3 0.9725 FZD6, SLC25A32, BAALC, CTHRC1, ATP6V1C1
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Figure 5.11 | 50K sliding window Fay & Wu’s H analysis for the European cattle population. The number of contiguous windows that were clustered
together is indicated and the rank of H value per cluster is given. Blank “Genes” column indicates that there are currently no genes annotated in that
region of the bovine genome.

Chr Start End Noof Win RankEur_H Genes

X 42851846 43597178

w

0.9986 CHM, POU3F4, BRWD3, SH3BGRL, NSBP1

16 56196285 56332127
11 29001108 29134031
8 111482441 111689122

0.9965 FAMSB
0.9963 SRBD1
0.9963 TRIM32, ASTN2

21 28467237 28667219 5 0.9988 TIP1, TARSL2, TM2D3
18 13260824 13495660 4 0.9988 CDH15, LOC146429, LOC197322, ANKRD11, CDK10, SPG7, RPL13, CPNE7, C160rf7, DPEP1, SPATA2L, ZNF276, FANCA
4 53972253 54098586 4 0.9987 CAV1, CAV2
14 22563085 22934037 6 0.9980 PLAG1, TMEMG68, TGS1, RDHE2, MOS, LYN, CHCHD7
16 21252383 21329255 5 0.9980 TGFB2
12 34005356 34516267 5 0.9978 ATP8A2, FAM123A, SPATA13
7 49309421 50106890 5 0.9972 GFRA3, CDC25C, MATR3, CDC23, REEP2, EGR1, ETF1, HSPA9, CTNNA1, FAM53C, PAIP2, SLC23A1, CXXCS5, ECSM2
10 75745784 75872732 5 0.9972 PRKCH
8 9456 26638 5 0.9972 HIATL1
9 105265310 105408677 5 0.9972 RPS6KA2
7 95426992 95640021 5 0.9966 ANKRD32, MCTP1
4
3
7
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Figure 5.13 | 50K sliding window LSBL analysis for the Indicine cattle population. The number of contiguous windows that were clustered together is
indicated and the rank of LSBL value per cluster is given. Blank “Genes” column indicates that there are currently no genes annotated in that region of

the bovine genome.

Chr Start End No of Win Rank Ind_LSBL Genes
X 42697584 45039107 8 0.9978 CHM, POU3F4, FGF16, SH3BGRL, ATRX, BRWD3, C100rf84, LOC644756, NSBP1
7 49309421 50106890 5 0.9984 DNAJC18, TMEM173, UBE2D2, MATR3, PAIP2, SLC23A1, LOC202051, CTNNA1, ECSM2, GFRA3, CXXC5
5 49933341 50069068 3 0.9983 DYRK2, CAND1
20 14275029 14619831 4 0.9980 ERBB2IP, SFRS12, NLN, RPS6, SGTB
13 5366935 5480552 4 0.9980 BTBD3
20 14967717 15183218 5 0.9976 PPWD1, TRIM23, ADAMTS6
5 117215497 117300831 4 0.9975 CSNK1E, KDELR3, DDX17, DMC1, CBY1, TOMM?2, JOSD1, GTPBP1, LOC651105
8 9597 34574 5 0.9974 HIATL1
8 87368037 87494137 5 0.9974 ZNF367, HABP4, CDC14B
X 40437855 41471339 4 0.9973 PLS3, HTR2C
11! 28909667 29134031 5 0.9973 SRBD1
13 40531620 40659125 5 0.9968 C200rf19, XRN2
13 67109440 67250167 4 0.9968 BLCAP, NNAT, CTNNBL1
X 49279034 50192453 6 0.9967 RAC1, FOXO4, TAF1, SLC7A3, IL2RG, NLGN3, ITGB1BP2, KIF4A, TEX11, GJB1, MED12, DGAT2L6, DGAT2L3
6 76626037 76831000 3 0.9967
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Figure 5.15 | 50K sliding window composite analysis for the Indicine cattle population. The number of contiguous windows that were clustered
together is indicated and the rank of composite empirical value per cluster is given. Blank “Genes” column indicates that there are currently no genes

annotated in that region of the bovine genome.

Chr Start End No of Win Rank Ind_Comp Genes
X 48727556 49996809 9 0.9593 OGT, RAC1, FOX04, TAF1, SLC7A3, IL2RG, NLGN3, ITGB1BP2, KIF4A, TEX11, GJB1, MED12, DGAT2L3, DGAT2L6
2 73773944 73908380 5 0.9847 EN1
24 57918055 57966243 2 0.9801
4 10117218 10228074 3 0.9781 LOC442710, DKFZP56400523, PEX1
18 14671545 14882090 3 0.9780 GPT2, DNAJA2, ITFG1, NETO2
5 45035031 45346212 4 0.9739 KIF21A
8 1078439 1410670 5 0.9690 SH3RF1, NEK1, CLCN3, C4orf27, NEK1, GRPEL2
19 27837528 27914431 5 0.9687 TNFSF12, SENP3, CD68, MPDU1, TP53, SAT2, SHBG, SOX15, FXR2, ATP1B2, DNAH2, WDR79
24 32226383 32395445 5 0.9680
12 24343133 24815075 7 0.9670 SMADS9, ALGS, EXOSC8, RFXAP, CCNA1, SPG20
7 88936675 89083103 4 0.9669
2 92309639 92419325 4 0.9608 SATB2
X 45855932 46565224 5 0.9590 KIAA2022, UPRT, ABCB7, RNF12, SCL16A2
3 111821915 111914286 3 0.9585 HIVEP3, EDN2, FOX03
14 27886654 27925450 2 0.9580 GGH, TTPA
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5.4 Discussion

The detection of signatures of selection using genome-wide datasets has experienced
an explosion of activity within the last five years. This field has been enabled by new
SNP genotyping technologies and is now gearing toward the challenge of large
numbers of genomes being re-sequenced in populations of individuals from a given
species. However, the inference of Darwinian selection is not a trivial task and involves

multiple approaches, often with conflicting and at the least, non-overlapping results.

Nielsen et al. in a recent review summarised the concordance between six human
genome-wide searches for selected loci, each using different approaches, and found
this to be poor (Nielsen et al. 2007). The different individual studies listed from 59 to
802 selected genes, while those confirmed between approaches tended to range in
single or, at most, low double figures. It has proved very difficult to isolate true

findings from noise within these and subsequent large lists of candidate loci.

One reason cited for a lack of concordance is that examination of genome-wide SNP
data is carried out by a range of techniques that use different features of the data as a
basis (Nielsen et al. 2007). These include extended haplotype homozygosity (EHH)
analysis, examination of divergence between populations, detection of the frequency
of derived alleles, and a range of methods summarising aspects of the site frequency
spectrum. The medium SNP density of currently available bovine data presented here
precludes a reasonable EHH analysis — the same analysis approach in humans only
yielded interesting results once at least 300K SNP data were available (Voight et al.

2006).

Additionally, a major issue with both the 33K and the 50K cattle datasets is that of
ascertainment bias. During principal component analysis (PCA) of the 33K data, five of
the most prominent axes of variation simply separated out the five breeds which were
resequenced in the SNP discovery process (Gibbs et al. 2009). The discovery of the

majority of SNPs within the 50K panel involved a next generation sequencing screen of
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only Holstein and Angus cattle, giving a heavy bias towards high minor allele
frequencies within Northern European cattle (Van Tassell et al. 2008). These biases
prevent reliable usage of a range of statistics which are based on the site frequency

spectrum.

In this chapter, we investigated for the presence of positive selection using two
approaches - one by identifying genetic divergence between populations, utilising the
Fst and LSBL tests, and another by determining if there is an excess of derived alleles in
the population — both of which are more robust to the challenges above. We took an
empirical approach to significance thresholds as ascertainment bias will likely be a

strong confounder in using more complex models.

In both datasets Fsr was applied as a measure of divergence between continental
populations, averaging the pairwise values where multiple European and Indian breeds
were available. This was then examined in sliding windows of 5 SNPs and locus specific
branch length (LSBL) was used to decompose values to the geographical groups.
Designation of derived/ancestral status to alternate alleles was possible with sufficient
reliability only with the 50K genotype data. Consequently, a genome-wide assessment
of Fay and Wu’s H, again averaged across 5 SNPs windows, was only performed on the

Holstein, Somba and Indian zebu genotyped using that array.

The weaker of the two data sets, the 33K hapmap SNPs, offered the more limited
analysis. Here, a lower density of SNPs coupled with an uneven distribution and the
insecure calling of ancestral allele status rendered inference about adaptive signatures
insecure. If one considers the top 5 ranked windows within each continental group,
7/15 of these are found on the three most densely sampled chromosomes (6, 14, 25) —
reflecting, one suspects, a degree of signal noise in these data. Nevertheless, some
genes may deserve some further consideration. The second ranked gene in African
cattle, GPR149 has recently been shown to influence fertility levels in mice (Edson, Lin,
and Matzuk 2010) domestic animal fertility is the subject of selection, both modern

and presumably ancient. Also, within this continent, the 6th ranked window includes a
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gene coding for one of the major protein constituents of milk (CASA2); an obvious

candidate for adaptive history within cattle.

The genes identified to fall within the top 1% of the LSBL windows were analysed in
terms of Gene Ontology, in particular, if certain terms were over-represented. A
relatively high number of categories were identified to be over-represented and with
significant P-values. However, following multiple correction, the significant terms
which remained associated (1) to the African population were those of protein binding
and structural constituent of eye lens, (2) to the European population were that of
keratin filament, and (3) to the Indicine population were those of cell adhesion and

multicellular organismal development.

Among the significant terms, without multiple correction, were 5 categories of
biological processes that were significant aross two populations, namely response to
other organism, integrin-mediated signalling pathway, salivary gland development,
visual perception and muscle thick filament assembly. None were found to be
significant across all three populations. Two molecular function terms, however, were
enriched across all three populations - protein binding and SH3/SH2 adaptor activity. A
further nine molecular function terms were shared by two cattle populations, including
chromatin binding, DNA-directed DNA polymerase activity, epidermal growth factor

receptor activity and structural molecule activity.

The analysis of the 50K data represents a more promising examination of genome-
wide bovine diversity. Within the African cattle population, on chromosome 3, several
genes encoding guanylate binding proteins (GBP) were found within the top 15
contiguous windows from the LSBL analysis. These were also found to be within the
top 1% of the ranked distribution in all three analyses. Members of this cluster include
GBP3, GBP4, GBP5, GBP6 and GBP7. These genes are typically expressed following
induction of immune-related genes. In addition to an association with the
inflammatory response, some have also been postulated to be involved in cell

proliferation (Olszewski, Gray, and Vestal 2006).
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Also on chromosome 3, another set of contiguous SNP windows incorporates a series
of genes of interest including melanophilin (MLPH) and prolactin releasing hormone
(PRLH). They were detected using the LSBL (top 15 contiguous windows) and empirical
composite analyses (top 1%). Melanophilin is a gene involved in pigmentation, and its
mutation has been shown to affect the coat colour phenotype in dogs (Drogemuller et
al. 2007) and cats (Ishida et al. 2006). Prolactin releasing hormone, on the other hand,
is primarily associated with lactation, as implicated by its name (Hinuma et al. 1998). A
positive selection signature for PRLH could conceivably be associated with dairying-

related artifical selection within African domestic history.

On chromosome 10, a number of immune-related genes including casein kinase
gamma (CSNK1G1), thyroid hormone receptor interactor 4 (TRIP4) and barrier to
autointegration factor 1 (BANF1) were also detected across both the LSBL and Fay &

Wu's H analyses.

Several other immune-related genes were identified among the most significant
windows in the Fay & Wu’s H analysis of the African cattle population. One of the top
ranked windows contained CD40, which is tumour necrosis factor (TNF) receptor
superfamily member 5. It plays a significant role in cattle immunity and is involved in
the induction of interleukin-12 subunit p40 (IL-12p40) and inducible nitric oxide
synthase (iNOS) genes. This response is suppressed in bovine monocyte-derived
macrophages by Mycobacterium avium subspecies paratuberculosis (Sommer et al.

2009). CD40 also plays a vital role in the growth and differentiation of B-lymphocytes.

In the European population, a cluster of signalling lymphocytic activation molecule
(SLAM) genes were found on chromosome 3 to display high inter-population
differentiation. The cluster includes SLAMF1, CD84 (SLAMF5), SLAMF6, SLAMF7 and
SLAMF9. Additionally, an interacting SLAM immunomodulator, lymphocyte antigen 9
(LY9) was also found. This is an important cluster of immune-related genes.
Particularly, SLAMF1 has been shown to be implicated in Rinderpest, which is an

infectious disease that affects cattle and where an outbreak brings significant
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economical ramifications. Wild type Rinderpest virus, a morbillovirus and a close
relative of the human measles pathogen, requires SLAM as a receptor (Baron 2005).
Rinderpest (literally, cattle plague) has a death rate in European cattle that often
exceeds 80% and 200 million animals are estimated to have died in the eighteenth
century alone (Huygelen 1997). It is possibly the strongest candidate infectious disease
within bovines for having induced a major selective sweep due to selected differential

susceptibility genomic variants.

Additionally, three contiguous window clusters among the top 15 from LSBL analysis
also showed concordance with the top of 15 windows from the Fay & Wu'’s H analysis.
The cluster of caveolin 1 (CAV1) and caveolin 2 (CAV2), along with testis derived
transcript (TES) were found on chromosome 4. Caveolin are scaffolding proteins that
are tumour suppressor gene candidates, and both CAV1 and CAV2 are required to
form a stable complex together (Williams and Lisanti 2004). Testis derived transcript,
on the other hand, is a testosterone responsive gene which encodes Sertoli cell

secretory protein, highlighting its importance in reproduction.

Astrotactin 2 (ASTN2) and tripartite motif-containing 32 (TRIM32) on chromosome 8
were also detected across all European focused analyses as possibly under positive
selection. ASTN2 is a neuronal adhesion molecule involved in glial-guided migration in
cortical regions of the developing brain and olfactory bulb (Edmondson et al. 1988).
TRIM32 functions to facilitate cell growth and its mutation have been implicated in

muscular dystrophy (Cossee et al. 2009).

The third cluster contained a host of interesting developmental related genes,
including pleiomorphic adenoma gene 1 (PLAG1) which has a salivary gland related
function (Zhang et al. 2009), epidermal retinal dehydrogenase 2 (RDHE2) which affects
height and skeletal frame size (Soranzo et al. 2009), and Moloney sarcoma oncogene
(MOS) which plays a role in meiotic division of spermatocytes and oocytes (Cao et al.

2008; Prasad et al. 2008).
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In the Indian cattle populations, diacylglycerol O-acyltransferase homolog 2 (DGAT2)
located on chromosome X was also significantly ranked by LSBL as a candidate of
positive selection. DGAT has previously been shown to be implicated in severe
immunodeficiency conditions including psoriasis and diabetes (Yen et al. 2008). Within
the same cluster as DGAT2 were a number of other genes of interest, including
neuroligin3 (NLGN3) mutations which in humans are associated with autism and
Asperger syndrome (Jamain et al. 2003); testis expressed 11 (TEX11), which is
implicated in X-linked male infertility (Wang et al. 2001); and interleukin 2 receptor
gamma (IL2RG), an important immune signalling component (Clark et al. 1995). This

chromosome region also emerged within the 33K analysis top ranks.

The Fay & Wu's H analysis of the indian population, however, unlike the European and
the African populations, did not reveal concordance with the LSBL analysis of the same

population among the top 15 contiguous windows.

Given that any individual test undoubtedly includes a high rate of false signals —
particularly here where our data are limited to medium density coverage and have the
complication of strong ascertainment bias — there is merit in comparing results across
tests. This has a particular attraction where the tests are derived from relatively

independent aspects of the data, as is the case with the two approaches used here.

Combining tests in a single statistic has been used effectively with divergence and
extended haplotype homozygosity tests (Sabeti et al. 2007) and very recently
Grossman et al. (Grossman et al. 2010) have proposed using a combination of multiple
signals and argue that this gives greater precision as well as security in identifying
adaptive variants. Here the Fst and H-based empirical rankings of genomic windows
are combined into a composite rank which is simply the product of the two individual
ranks. The loci within these highest ranking regions are the strongest candidates in our

study.
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These composite empirical results revealed a measure of concordance between the
LSBL and Fay & Wu'’s H analyses. In the African population, the GBP cluster once again
topped the ranking. Similarly the cluster of CSNK1G1/TRIP4/BANF1 remained within
the top 15 among the best ranked contiguous windows. However, the MLPH/PRLH
cluster fell a little short, remaining within the top 1% of the distribution despite not
being ranked among the top 15. We postulate these genes to be the most promising
candidates for having undergone recent selective pressure, as the signals identified

remain relatively strong through different statistical tests.

For the European cattle population, the CAV1/CAV2/TES cluster consistently ranks
highly, followed closely by the clusters of PLAG1/RDHE2/MOS and TRIM32/ASTN2.
These genes were highlighted in all three analyses as being among the top 15

contiguous windows.

Despite the lack of concordance between LSBL and Fay & Wu'’s H results for the Indian
populations, the composite empirical analysis had some success in identifying genes
with the best combined rank. DGAT2/TEX11/NLGN3/IL2RG was ranked highly, along
with engrailed homeobox 1 (EN1), a gene involved in controlling development and

pattern formation of the central nervous system.

A series of Gene Ontology analyses was also carried out. Similar to the outcome of the
analyses carried out on the 33K SNP dataset, a relatively high number of categories
were identified to be over-represented by genes identified to be putatively under
positive selection. However, upon correction for multiple testing, these over-
represented categories were no longer as significant. In one of the GO analyses, we
combined all the genes which fell within the top 1% of the sliding windows of LSBL, Fay

& Wu’s H and composite analyses for each of the population for testing.

In terms of molecular functions, for categories significant prior to multiple testing, four
terms were identified across all three populations of interest - nucleotide binding,

NAD+ nucleosidase activity, potassium channel activity and protein binding. A further
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18 terms were found to be over-represented across two populations, which include
GTPase activity, voltage-gated potassium channel activity, calcium ion binding,

lipoxygenase activity and transferase activity.

In terms of biological processes, also for those significant prior to multiple testing, two
terms were over-represented in all three populations tested - potassium ion transport
and NAD metabolic process. There were also 11 GO categories which are significant in
two out of three populations, including ion transport, male meiosis, lipid metabolic
process, positive regulation of B-cell proliferation and positive regulation of gamma-

aminobutyric acid secretion.

Overali, our effort in detecting bovine genes under selection in geographically distinct
population have met a certain degree of success, taking on two different statistical
approaches — LSBL and Fay & Wu’s H — and later combining them using a single
composite statistic we are still able to identify outlying genes with relative

concordance among the datasets.

The lack of concordance between results obtained using different approaches is not
unexpected. Afterall, each method measures different “properties” of the dataset. Fsr,
and by extension, LSBL, are used to measure divergence between populations. Fay &
Wu’s H, on the other hand, tests for excess of derived allele as well as events of
selection that are of older time period in comparison to those tested using Fsr. The
composite analysis aims to enable comparison between the two different measures by
application of a ranking system, and to confer greater confidence of identifying

adaptive variants.

SNPs that are associated with important traits could be studied in greater details in
order to better understand the mechanism through which the polymorphism acts, and
the impact the polymorphisms have on fitness of the population, in particular its effect

on breeding and economic value of different cattle populations/breeds.
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There are issues remaining with the 50K SNP dataset, chiefly the lack of SNP density
and the presence of ascertainment bias in the set of SNPs genotyped. Ideally, a
combination of the methods applied in this project thus far with methods such as
extended haplotype homozygosity and site frequency spectrum analysis could be
implemented, in order to provide more solid evidence of positive selection in the

bovine genome.

A new high density 500K SNP chip from both Affymetrix and lllumina (currently in
development) will work towards addressing the issue of SNP density. Additionally, the
500K chip will also have a broader SNP discovery process, hopefully reducing the
problem of ascertainment bias. Ultimately, as technological advances are made and
costs of utilising the technology fall, resequencing of entire genomes using next
generation sequencing technology will be common, thus generating and providing
dense, unbiased genome-wide datasets for more precise analyses in the search for
signals of evolution in the genome. However, these and the other scans for the imprint
of natural selection within the bovine genome presented in this thesis will require the
corroboration of functional or epidemiological analyses for proof — there is a limit to
the strength of inference that may be gained from observation of genetic variation
alone. Within such analyses in humans, which in comparison represents a much more
widely and densely sampled species, many inconclusive results with regard to selective

signatures remain and may in fact never be resolved (Nielsen et al. 2007).
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6. Conclusion
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The primary aim of this thesis was to detect evidence of positive selection in
mammalian genomes, and in particular, the bovine genome and in bovine populations.
Over the years, advancement in technology and development of bioinformatics tools
have enabled high throughput data generation and analyses at reasonable cost. Public
databases have also served as repositories of genomic data where large amounts of

information can be shared freely across the globe.

| began with a project to identify signatures of positive selection in the extracellular
domains of human, chimpanzee and mouse orthologous genes, in preparation for
applying this method to the bovine genome when it became available. Human and
mouse, as model organisms, have been studied extensively and there was a wealth of
information available, including completely sequenced genomes and validated genes.
Past studies focused on detecting positive selection, primarily in humans, had usually
estimated rates of change between non-synonymous and synonymous substitutions
across entire genes which we hypothesised may be conservative and limiting. We
postulated that it is likely that the occurrence of positive selection would be more
frequent on the extracellular domain of a protein, given that the extracellular domain
interacts directly with the external environment, including pathogens, ligands and

other molecules that could drive selection.

Using orthologous gene trios, 13 genes with robust evidence for positive selection
wvere detected. A pairwise comparative study between human and chimpanzee was
also conducted to identify a further 16 genes, and our investigation showed that over
‘ull gene lengths, many of these candidate genes indeed contain a majority of their
ron-synonymous changes in the extracellular domain. The genes detected in this
oroject include genes involved in immunity (CD34, CD37, ICAM2, TMCB6), olfaction
‘OR1G1, OR4N5, OR5H1, OR6Y1, OR7G3), developmént (NTN4, ST8SIA3, ICAM5) and
reproduction (SLC9A10, PEPP-2, ABHD1).

Nhen GO analyses were performed on genes found with dy/ds > 1, we found

anrichment of GO molecular function terms including receptor activity, olfactory
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receptor activity, melanocortin receptor activity, immunoglobulin E binding,
complement receptor activity, chemokine activity, interleukin-10 receptor activity and
G-protein coupled receptor activity. In terms of GO biological processes, the categories
over-represented include sensory perception of smell, response to stimulus, immune
response, chemotaxis, inflammatory response, amino acid transport, natural killer cell
activation and cellular defense response. The ontology analyses support our
hypothesis that the extracellular domain of immunity-related genes may be subject to
positive selection due to their interactions with pathogens and exposure to external

environments.

The extracellular domain protocol was further extended to identify genes under
positive selection in cattle, by performing extracellular domain analyses on human,
mouse, rat, dog and cow orthologous quintets. Two tests were carried out, one to
compare the free-ratios model to the null model, and one to compare the bovine
lineage specific model to the null model. A significant concordance between the two
sets of results indicated that the method was a useful approach in the identification of
genes under positive selection. Among the genes identified in these analyses were
SLC26A8 and SLC2A5, which both affect spermatocyte development, and XLKD1 and
SLAMF7, which have been reported to be a virulence factor and an immunomodulator,

respectively.

Involvement with the Bovine Genome Sequencing and Analysis Consortium enabled
performance of similar analyses on a newly curated bovine gene dataset, together with
orthologues from human, mouse, rat, dog, platypus and opossum. However, not all
orthologues were identified for each gene, necessitating analysis of each gene using
independently reconstructed phylogenetic trees. As a result, not all generated
phylogenies conform to the accepted general phylogeny of mammals. Nonetheless, in
this study, genes were detected with signatures of positive selection in categories that
have previously been reported to be subject to selection, including immune-related

genes (IL24, IL15, IL23R, LEAP2, TREM1), genes involved in transcription (CBX7,
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HIST1H1C, ZNF771), lipid metabolism genes (FABP6, LIPE, PNPLA4) and cell adhesion
genes (CD34).

Cross-projects results from analyses involving the extracellular domain method and
orthologous genes across mammalian species show the enrichment in a number of

gene categories that are involved in immunity, cell-cell adhesion,

The study of positive selection in this thesis was not limited to interspecies
comparative analyses. The availability of ESTs and SNPs, as well as different statistical
methods developed to analyse them, meant it was possible to investigate cattle
populations for functionally relevant polymorphism and to search for signatures of

selection at the population level in geographically separated breeds.

Before a large-scale SNP genotyping option was available, ESTs were used to detect
potentially functionally relevant polymorphisms in bovine coding sequences. |
attempted to identify synonymous and non-synonymous SNPs and using an algorithm
known as SIFT, | generated a database of predicted tolerant or intolerant mutations. |
also investigated for the presence of stop codon polymorphisms, which would have a
dramatic effect on phenotype. Previously reported cases where loss of function
mutations were maintained by positive selection include the stop codon polymorphism
in human caspase-12, which confers resistance to severe sepsis, and in bovine
myostatin, which gives rise to a double-muscling phenotype as well as improving the
quality of beef cattle breeds. SOCS1 was identified in this study as a promising
candidate following in silico analyses that provided strong evidence of the presence of
a stop codon polymorphism. However, a sequencing screen in a panel of cattle
samples failed to validate the presence of this mutation. | concluded that likelihood of
dramatic stop codon polymorphisms is rare and the detection of these in ESTs is non-

trivial.

This thesis also reports a contribution to the Bovine HapMap Consortium and

investigating genotype data provided by the consortium for evidence of selection
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signatures in bovine breeds. The Bovine HapMap Consortium genotyped 501 animals
sampled from 19 cattle breeds and 2 outgroups. Fsr statistics and a decomposed form,
known as locus specific branch length (LSBL), were investigated by us to identify
genomic regions with elevated genetic divergence in major bovine population groups
(European Bos taurus, African Bos taurus and Indian Bos indicus). Geographically
distinct breeds were shown to be subject to distinct selective pressures and several
candidate genes likely under positive selection in these populations were identified.
The 33K SNP data was, however, not without its limitations including low density,
uneven SNP distribution across, with chromosomes 6, 14 and 25 most densely

sampled, limited representation of /ndicus and African breeds and ascertainment bias.

The subsequent availability of a 50K SNP chip enabled a more thorough study of
positive selection in cattle populations. While the chip density remained relatively low,
it addressed the issue of uneven sampling. Using bovine samples that were already
available in our lab, bovine SNP genotyping was carried out with much better call rates
in more geographically diverse breeds. Fsr and LSBL were used to detect genomic
regions with elevated diversity between populations. | also took advantage of the
successful genotyping of outgroup species to infer derived and ancestral allele
frequencies, and were thus able to utilise Fay & Wu'’s H, a test for an excess of derived
alleles indicative of positive selection. | also further extended the method to compare
the two test statistics using an empirical composite method. The loci within highest

ranking regions are the strongest candidates of positive selection.

In a European (Holstein-Friesian) cattle population, we noted a cluster of SLAM genes
identified by high Fst which are important in immunity. In particular, SLAMF1 has been
previously shown to function as a receptor for rinderpest, an infectious disease
associated with a high mortality rate during outbreaks. Note that SLAMF7 was also
identified by inter-specific comparison (above). Within the African population (Somba),
a large cluster of GBPs, which are involved in the inflammatory response, were
consistently found ranked among the highest scores, Interesting candidate genes

involved in pigmentation (MLPH) and lactation (PRLH) genes were also identified. For
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Indian zebu, there was a lack of concordance between the different statistics.
However, one cluster of genes DGAT2/ TEX11/ NLGN/ IL2RG, which have been
implicated in immunodeficiency conditions, mental development, male infertility and

immune signalling respectively, were consistently ranked highly in this population.

Gene Ontology analyses of 50K SNP dataset reveal enrichment of various GO molecular
function terms of nucleotide binding, NAD+ nucleosidase activity, potassium channel
activity, protein binding, GTPase activity, voltage-gated potassium channel activity,
calcium ion binding, lipoxygenase activity and transferase activity. In terms of
biological processes, significant terms include potassium ion transport, NAD metabolic
process, ion transport, male meiosis, lipid metabolic process, positive regulation of B-

cell proliferation and positive regulation of gamma-aminobutyric acid secretion.

Several methods were employed in the studies of this thesis, in order to interrogate
the datasets that are both inter-species and intra-species in nature. The test of dy/ds
was used to compare orthologous genes across different species to study the
proportion of functional changes over time across millions of year. Fay & Wu’s H was
employed as statistical measure to test for high frequency derived alleles through
inference of derived and ancestral allele. Fsr statistics was used to determine newer
mutation and the differences in variants between populations of interest. Overall, the
various studies carried out show that, across the board, genes involved in immunity,
sensory of smell, protein binding, fertility and transporter activities are likely
candidates for positive selection. These are gene categories that have often been

shown, in various published studies, to be genes subject to positive selection.

In conclusion, this thesis reports a comprehensive investigation of positive selection in
the bovine genome and in geographically diverse bovine populations featuring
complementary approaches and different data sets. It also reports on investigation of

positive selection in primate species.
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