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Summary

Achieving an understanding of the processes shaping diversity at chicken immune
genes illuminates their population history, relevance to disease and mechanisms of
evolution. Functional variation at genes that determine the resistance and
susceptibility of chickens to infectious diseases can be identified by a combination of
genomic surveys of variability and sequencing in diverse populations of modern birds.
In this context, the work presented here describes the design and implementation of
population and evolutionary genetic tests used to analyse the myriad effects of
demographic history, pathogen-driven selection and functional constraint in the

chicken immunome.

Two genomic approaches evaluated diversity in chicken immune genes. The first of
these performed tests for adaptive evolution on a set of chicken and zebra finch
orthologous genes whose functions were assigned from their human orthologs. As
implied by other genome-wide studies, there was evidence that immune genes were
under positive selection since the divergence of the common ancestor of chicken and
zebra finch. The second genome-based strategy identified polymorphic sites in
expressed sequence tags in previously sequenced chicken libraries. A database for
these was created and corroboration of candidate variable sites was conducted on two

immune genes subsequently resequenced.

Global chicken samples from diverse populations were collected, as were red, grey,
Ceylon and green jungle fowl in addition to grey francolin and bamboo partridge. In
order to investigate the chicken’s complex population history of multiple origins and
extensive migration, two chicken genes encoding interleukin-1f and interferon-y from
a literature database of genes associated with resistance or susceptibility to disease
were sequenced in these populations. Variation at these genes exhibited contrasting

features, but was nonetheless elevated.

Interspecies tests for positive selection were carried out on the dataset of chicken and
zebra finch gene pairs to identify functionally important genes. One of these genes,
the interleukin-4 receptor alpha chain, was sequenced in the above samples and in a

set of commercial chickens as well. The pattern of diversity at this gene was balanced
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around two key amino acid-altering mutations that were present in all populations,
including broilers. These samples were investigated further at the lysozyme gene, a
key innate immune gene. This gene also displayed high variability centred on two
amino acids close to the catalytic sites of the enzyme. This pattern of elevated
functional diversity in all chicken populations indicated that extensive admixture and
migration of chicken populations occurred after an initial series of domestication

events.

Using newly developed sequencing technology, a set of cytokine and toll-like receptor
loci were amplified in a smaller set of broilers, heritage chickens and red, grey,
Ceylon and green jungle fowl. These gene classes had differing selection signatures
that may be related to their separate functional roles: toll-like receptors interact
directly with a limited number of pathogen molecules and so must adapt swiftly and
directionally to their evolution. Cytokines are central signalling molecules that
indirectly respond to many infectious challenges and as a result, they appear to be
subject to frequency-dependent selection. There is evidence for this pattern in other
vertebrate species. Analysis of bird population and species differentiation suggested
no evidence of an ancient separation of chicken and red jungle fowl genetically. This
demonstrated that chicken and wild jungle fowl have historically bred together. At
two instances, variation was shared between chicken, red and grey jungle fowl,
indicating that the domestic chicken may have more than one genetic contribution
from grey jungle fowl. The sequencing of the toll-like receptors and cytokines
continued the trend of high diversity and low population differentiation, confirming
the chicken’s population history has many origins, and may have been enhanced by

human trade, assertions supported by other investigations of chicken genes.

The population and genomic approaches implemented here that determined the level
of variation within the domestic chicken and its relationship with wild jungle fowl, as
well as identifying pathogen-associated mutations at immune genes in chicken and
jungle fowl will be useful for breeding birds less susceptible to infections, in the
development of novel therapeutics for resisting diseases in birds, and in preventing

transmission of infections to human from avian sources.
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CHAPTER 1

Introduction



1.1 Outline and scope of the thesis

This thesis explores diversity among immune genes in chicken at a population and
genomic level. Genes associated with host defence determine the result of infectious
challenges, so their investigation is likely to identify functionally relevant variation.
This approach also permits the evaluation of the chicken's population history and its
variability in global populations. A novel combination of intra- and inter-specific tests
was implemented here. These analyses enhance and clarify our understanding of the

factors defining diversity at immune genes in chicken.

This introductory chapter details the origin of the domestic chicken, its immune
genes, and how testing for selection can identify variation of interest. Chapter 2 deals
with a survey of polymorphic sites in chicken expressed sequence tags (ESTs).
Evidence for selection at immune genes in the avian lineage is analysed in Chapter 3.
Chapter 4 describes how two key immune genes were sequenced and that data was
analysed in diverse chicken populations and jungle fowl (JF). A genome-wide search
for genes under selection and the subsequent sequencing of one immune-related
candidate is reported in Chapter 5. Chapter 6 considers the results of sequencing an
innate immune locus in global chicken samples, including commercial birds. In
Chapter 7, two categories of immune receptor and mediator genes are sequenced
using newly developed high-throughput technologies in order to determine the
evolutionary patterns at each class. Chapter 8 concludes the thesis by summarising
the underlying themes of chicken demographic history and the processes shaping

variation at immune genes.



1.2 The chicken and its demographic history

The advent of chicken population genomics began with the publication of the genome
sequence of an inbred female red JF (Gallus gallus) bird from UCD (University of
California-Davis) strain 001 (International Chicken Genome Sequencing Consortium
2004). This bird was originally of Malaysian stock that was bred at a Hawaiian zoo
before being developed for genetic and immunological research (Delany 2004). It was
also the first livestock organism to be sequenced and is the primary non-mammalian
vertebrate model for studying disease (International Chicken Genome Sequencing
Consortium 2004).

As the first non-mammalian amniote genome to be sequenced, the chicken links the
genomics of amphibians, reptiles and fish with that of mammals (International
Chicken Genome Sequencing Consortium 2004). The chicken genome has improved
our comprehension of vertebrate evolution: for example, in the evolution of amniote
sex determination (Smith et al. 2009). Taxonomically, chicken is classified in the
Class Aves and its diapsid ancestors are estimated to have diverged from their
synapsid premammalian common ancestors about 310 mya (million years ago; Kumar
& Hedges 1998). Mammals are the most closely related cladistic class to birds: the
last common ancestors of amphibians, birds and mammals lived approximately 360
mya (Hedges 2002).

Chickens belong to the subclass Neornithes, which contain more than 9,700 extant
species (Hedges 2002). The sole other bird species whose genome is sequenced, the
zebra finch (Taeniopygia guttata; http://songbirdgenome.org), is categorised in class
Passeriformes (Hackett et al. 2008), and thus shares ancient common ancestry with
the chicken, estimated at about 100 mya (Kaiser et al. 2007). Within the Neornithes,
infraclass Galloanserae contains all fowl, including chicken’s phylogenetic order,
Galliformes, as well as other birds such as waterfowl (Chubb 2004). Galliformes
contains a diverse array of birds, including guineafowl and species of new world quail
(Pereira et al. 2002). The genus Gallus is one of several bird species groups in the
subfamily Gallininae of Phasianidae, which include old world quail, pheasants,
partridges, francolins and peafowl (Kriegs et al. 2007). The genetically most closely
related species to Gallus fowl whose DNA has been studied are the grey francolin



(Francolinus pondicerianus interpositus) and the bamboo partridge (Bambusicola

thoracica; Kaiser et al. 2005, Kolm et al. 2007).

The jungle fowl genus is composed of four species: grey JF (Gallus sonneratii),
Ceylon JF (Gallus lafayetii), green JF (Gallus varius) and the chicken’s main wild
ancestor, red JF (Gallus gallus; Fumihito et al. 1994). Geographically, there is little
overlap between these species’ ranges: Ceylon JF inhabits the island of Sri Lanka off
the coast of India; green JF the island of Java near the south-east Asian continent;
grey JF the southern part of the Indian subcontinent; and red JF south and south-east
Asia, including islands such as Sumatra (Figure 1.1; Madge et al. 2002). Within red
JF, there are geographically defined subspecies: Gallus gallus (G. g.) bankiva on Java
island (co-inhabiting sympatrically with green JF), G. g. jabouillei around modern-
day Vietnam, G. g. murghi on the Indian subcontinent, G. g. gallus in south-east Asia,
and G. g. spadiceus in modern-day Burma (Madge et al. 2002). These subspecies
show great variability (Fumihito et al. 1994) and distinguishing between them
genetically can be challenging (Kanginakudru et al. 2008).

Figure 1.1 Geographic ranges of red, grey, Ceylon and green jungle fowl.
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Ranges for red JF are red; grey JF, grey; Ceylon JF, blue; and green JF, green. This
figure was adapted from Figure 1 in Eriksson et al. (2008).



Although red JF was the major donor of chicken genetic diversity (International
Chicken Polymorphism Map Consortium 2004), notable contributions have been
made by other JF. The clearest example is leg colour: grey JF have yellow legs and
red JF have white legs, yet a majority of chickens have yellow legs. Genetic and
expression analysis revealed that grey JF and chickens have mutations that stop the
action of B-carotene dioxygenase 2, and so possess this leg trait that was historically
preferred by many human groups but did not originate in red JF (Eriksson et al.
2008). Analysis of mtDNA segments suggests further interbreeding of grey and red
JF, and between grey and Ceylon JF too (Nishibori et al. 2005, Silva et al. 2008).
There is evidence that red JF have bred with Ceylon JF as well: phylogenetic trees of
the ornithine carbamoyltransferase gene Ceylon, grey and red JF clustered closely to

one another as well as chicken (Nishibori et al. 2005).

An initial examination of noncoding and mtDNA suggested that red JF was the main
ancestor of chicken (Fumihito et al. 1994, Fumihito et al. 1996). This was later
confirmed by more extensive mtDNA analysis revealing the chicken’s origins: this
analysis indicated that chickens underwent multiple domestication events in south,
east and south-east Asia (Liu et al. 2006). Archaeological evidence suggests this
occurred in China at least as early as 8 kya (West and Zhou 1989) and perhaps earlier
(Nishibori et al. 2005), coinciding with the widespread domestication of many
animals and plants after the Younger Dryas era (Salamini et al. 2002). It has not yet
been refuted that chickens were domesticated in other locations where red JF are
endemic (Fumihito et al. 1996).

In addition to multiple migrations of domestic chickens into other continents and
regions far from the domestication centres (West and Zhou 1989), mtDNA evidence
suggests there has been considerable historical chicken gene flow across Europe,
Asia, Africa and Oceania (Liu et al. 2006). Archaeological evidence indicates
domestic chickens reached east Africa at least 3 kya, and that there were three or
more independent migrations into west Africa from 1.5 kya (Williamson 2000).
Given that red JF are genetically diverse (Fumihito et al. 1994), these movements
have meant that modern chicken populations also have elevated variation (Hillel et al.
2003), even though only a small number of key clades may have widely spread since

their domestication (Liu et al. 2006). Comparing the complete red JF 1,060 megabase



(Mb) genome to portions sequenced for a broiler (bred for meat), a layer (bred for
eggs) and a silkie (bred for mating) revealed 2.8 million variable sites (International
Chicken Polymorphism Map Consortium 2004). This comparison showed that
diversity between wild and domestic birds is high in comparison to other organisms
with over 5 single nucleotide polymorphisms (SNPs) per kilobase (kb). Significantly,
this investigation also demonstrated that the chicken did not undergo a major genetic
bottleneck during domestication: much of the variation present in extant fowl was
present prior to this, and coalesces to 1.4 mya (International Chicken Polymorphism

Map Consortium 2004).

As a consequence of the chicken’s history of multiple domestications, interbreeding
with JF and human-driven migration, its demographic and genetic history may be
complex. Evidence for this comes from studies of specific populations where the
chicken’s genetic variation is constituted by an array of sources, including those from
distant continents: for example, Zimbabwean chickens originate in China as well as
Africa (Muchadeyi et al. 2008). Domestic chickens, be they Magalasy (Razafindraibe
et al. 2009), Chinese (Berthouly et al. 2008, Bao et al. 2008), Indian (Kanginakudru et
al. 2008), Chilean or Polynesian (Gongora et al. 2007), Japanese or Korean (Oka et
al. 2007), are difficult to genetically distinguish from wild red JF and have multiple
separate inputs of variation. However, microsatellite markers may be effective for

discrimination within certain populations (Mwacharo et al. 2007).

The chicken is by far the most important bird in terms of both the sheer extent of its
worldwide breeding and farming as a food protein resource (McPherson et al.), and
the depth of scientific analysis conducted (Zongker 2006). Apart from zebra finch the
only birds to be studied in any detail and also extensively farmed are the domestic
turkey (Meleagris gallopavo) and duck (Anas platyrhynchos). The chicken’s utility
for monitoring infection development in ovo, rather than in utero, led to its role as a
primary model organism for the study of viral and bacterial disease (McPherson et
al.). This trait, coupled with its significance as a major food source and a source of
zoonotic infections has created a necessity to further study the population dynamics

and evolution of genes involved in immune defence in chicken.



1.3 Chicken immune genes and diseases

1.3.1 The immune system and infectious disease:

The study of variation in chicken immune genes is inherently interesting because of
their relevance for disease and to illuminate evolutionary history. Their importance is
further highlighted by the chicken’s potential threat to human health as a reservoir
and vector of zoonotic disease (Diamond 2002). Avian illnesses help to generate
common pathogens for humans and serve as origins for human diseases, such as the
avian influenza virus (Xing et al. 2008) and the severe acute respiratory syndrome
coronavirus (SARS). These emerging diseases provide a new impetus to investigate
chicken immunity — in particular the relationship between genetic diversity and
disease susceptibility, with a view towards developing chickens more resistant to
disease (Kaiser et al. 2009). Additionally, many human vaccines are created using
chicken cells and eggs (International Chicken Genome Sequencing Consortium

2004).

Although the chicken serves as a model for the study of disease progression, much of
the likely function and organisation of its immune system is not yet adequately
understood and so is best inferred from that of the human (Burt 2005). Despite
existing in identical environments, the immune system of mammals is more complex
than that of birds: yet still there are key similarities in patterns of mechanisms found
in basal jawless vertebrates (Guo et al. 2009). Avian immunity has two components:
an innate one that operates as a fast, generalised response system; and an adaptive
part, which fights pathogens in a highly specific manner (Medzhitov & Janeway
2000). Both sides execute their reactions to microbial attack through humoral and
cellular responses — the latter activates macrophage, natural killer and cytotoxic T
lymphocyte (Tyl) cells, which can cause apoptosis and kill intracellular microbes.
Cell-mediated immunity also instigates the expression of signalling molecules, such
as interferon-y and tumour necrosis factor 3, in addition to other cytokines that
communicate with other cell types (Janeway & Medzhitov 2002). In humoral
immunity, T2 cells stimulate B cells to produce antibodies and certain cytokines —
for chicken, these include interleukins (ILs) 4, 5, 6, 10 and 13 (Kaiser 2007).

However, the innate and adaptive components of immunity are not separate; they



share signalling molecules and act in synergy to eliminate pathogens (for example,

IL10; Mege et al. 2006).

The chicken immune system battles many diseases, including avian leukosis virus,
Brucella abortus, Campylobacter jejuni, Clostridum perfringens, species of Eimeria,
Escherichia coli, Haemophilus paragallinarum, infectious bursal disease virus,
Listeria monocytogenes, Marek’s disease virus, Mycobacterium avium, Rous sarcoma
virus, different Salmonella enterica (SE) serotypes, Staphylococcus aureus and
vesicular stomatitis virus (see Appendix C and Chapter 7 for full lists of references).
All of these pathogens alter chicken immune gene expression upon infection and
several have host alleles implicated in resistance or susceptibility: Appendix C
contains a list of 104 of such genes and the linked diseases, as well as GenBank
(www.ncbi.nlm.nih.gov) accession numbers and details of the association. The
complex mechanisms of avian host defence operate through the humoral and cell-
mediated responses of the innate and adaptive immune systems outlined above and

have been explored in detail elsewhere (see Zekarias et al. 2002, Davison 2003).

1.3.2 The evolutionary pressures on the avian immune system:

The geographic distribution, population densities and disease epidemiology of
chickens changed dramatically during and since their domestication, undoubtedly
shaping their genetic diversity. Novel diseases and increased incidence of infection
would have challenged the chicken immune response, necessitating adaptive
evolution at key genes (Diamond 2002). Diseases are likely to have played a
significant role in the evolution of the chicken genome, especially as a result of
domestication, where new challenges would have required adaptation at genes
involved in immunity. Changes in population density and distribution, as well as
proximity to other species, would have altered the characteristics and scope of

diseases affecting chickens.

Immune system genes generally are subject to selective processes — for example in
Drosophila (Schlenke & Begun 2003, Sackton et al. 2007). Higher diversity at
nonsynonymous sites relative to synonymous ones has been observed at immune
system loci in mammals when compared to non-immune genes (Hughes et al. 2005),

a sign of adaptive evolution (Yang 1997). Human genes implicated in immune



defence are more frequently subject to selective processes than the average (Akey et
al. 2004, Harris & Meyer 2006): many of these have been subject to recent positive
selective sweeps (Williamson et al. 2007) and have been subject to local niche-

specific adaptive pressure.

There is evidence of adaptation of chicken immune genes: genes involved in the
immune response have lower sequence conservation than other functional categories
when compared to the human (International Chicken Genome Sequencing
Consortium 2004). Several studies have reported the association of allelic variation at
particular chicken immune genes with susceptibility to infection: for example,
different alleles at the chicken MHC-B locus are known to alter susceptibility to a
diverse array of diseases (Worley et al. 2008). A polymorphism (S631N) in the
myxovirus (Mx) resistance protein determines susceptibility to the virus in chicken
populations (Ko et al. 2002, Li et al. 2006): this is segregating in indigenous
Malagasy (Razafindraibe et al. 2008) and other (Balkissoon et al. 2007) chicken
populations as well as red JF (Seyama et al. 2006). There is strong evidence for
selection at this gene (Hou et al. 2007, Berlin et al. 2008). Different immune gene
variants determine the outcome of infection in chickens (Ye et al. 2006): for example,
Tanzanian chickens display variability in resistance to SE serovar Gallinarum (Msoffe
et al. 2006). However, the evolutionary history of genetic variability in response to

avian disease is not fully understood.

It is estimated that 10-20% of human amino acid substitutions are advantageous,
about 28% are neutral or nearly neutral, between 30-42% are mildly damaging, and
less than 1% are highly deleterious or lethal (Boyko et al. 2008). Similarly, a recent
survey of cranially expressed chicken-zebra finch orthologs indicates that about 20%
of nonsynonymous changes have been fixed by positive selection during avian history
and a further 23% currently segregating in chicken could be mildly deleterious
(Axelsson & Ellegren 2009). Consequently, a substantial number of substitutions in
immune genes are likely to be adaptive, and given immune genes’ higher relative rate
of nonsynonymous mutations, they are likely to have proportionately more adaptive
polymorphisms that are functionally relevant to chicken immunity. For these reasons,
genes involved in the immune system represent appealing candidates for examining

the selective processes shaping genetic diversity.



The range of new pathogenic challenges generated by domestication would have
necessitated adaptive evolution at chicken genes involved in host defence. These
selective forces have shaped variation at chicken immune genes and controlled the
chicken’s development of a unique repertoire of immunity-related genes
(International Chicken Genome Sequencing Consortium 2004, Kaiser et al. 2008,
Temperly et al. 2008). Consequently, exploring the evolutionary history of chicken
immune genes and searching for evidence of selection can identify genes that are of
functional relevance. In addition, understanding how selection operates on specific
genes can illustrate how immune genes react to pathogens at a molecular level.
Moreover, the isolation of key nucleotide or amino acid sites that determine the
effectiveness of the immune response to infection could lead to improved breeding of

disease-resistant chicken lines (Kaiser et al. 2009).
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1.4 Detecting selection

1.4.1 Defining a neutral model:

Determining the effect of selection on a locus is dependent on the extent and
distribution of variation present, the models selected to test the hypothesis, the
expected types of the selective processes and the prior knowledge of other forces
affecting diversity. The central process is to examine the capacity of given models of
evolution in defined demographic contexts to explain the pattern of variability
associated with the gene data. By understanding the nature of the allele frequency
spectrum, it is possible to develop an expectation of how neutral variation is likely to
behave (see Akey 2009).

Many population-based tests for selection evaluate if observed variability deviates
significantly from neutrality. Hence, it is crucial to develop models for neutral sets of
samples: these are based on assumptions concerning the number and dynamics of
alleles likely to be present. At a neutrally evolving locus, it is possible to show firstly
that most nucleotides will not vary; secondly that the random effects of neutral drift
will yield a predictable distribution of allelic variation; and thirdly that these
parameters are computable in the context of different modes of selection (Kimura &
Crow 1964). For a population with a neutral stepwise mutation rate, a sample’s
genotype can vary (or mutate) amongst a defined set of alleles in a linear manner

according to the direction of the substitutions (Ohta & Kimura 1973).

For a neutral population, a finite number of alleles would allow it to attain an
equilibrium rate of heterozygosity; however an infinite amount of alleles would not
(Kimura & Ohta 1976). Different tests implemented here assume either a finite or an
infinite allele model: for the former, this is the number of samples resequenced. For
the latter, the high allelic diversity of chicken populations reduces this possible bias
(International Chicken Polymorphism Map Consortium 2004), and such a model
could perform better for non-stepwise mutations invoking recombination or other
relevant evolutionary phenomena (Li 1976). Even a very small proportion of neutral
mutations that occur in a non-stepwise manner will sharply change the allelic
distribution and number (Li 1976). For example, recombination is one method of

generating diversity at immune genes like the MHC (O’Neill et al. 2009, Bernatchez
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& Landry 2003). Neither finite or infinite sites models fully account for the effect of
sampling implemented in this thesis, where a small number of genotypes were
sampled from highly diverse populations whose effective population sizes and
mutations rates have been estimated but are not necessarily accurately known
(Axelsson et al. 2005). However, this uncertainty is a common limitation for analyses
based on population-level resequencing and the use of large sample sizes and whole-

gene resequencing minimises this effect (Jensen et al. 2007).

The demographic forces outlined earlier clearly have substantial effects on the
capacity to detect selection at chicken immune genes, reducing population
substructure in particular (Kanginakudru et al. 2008). This is an advantage for
modelling adaptation because of the assumption that a neutral population is panmictic
largely holds true for chickens. An additional consequence of domestication is that
chicken population size is likely to have increased: this growth may mimic signals of
directional selection (Akey 2009), and would have increased the abundance of alleles

present (Kimura & Ohta 1976).

As a result of the predictability of a neutral allele frequency spectrum, it is possible to
determine a range of parameters for which neutrality applies. Additionally, although a
subset of mutations may not be completely neutral, in a large population their
behaviour may not be different from neutral variation (Crow 1976). It is important to
detect functional variation that may enhance or compromise resistance to disease:
substitutions of interest are those which are either deleterious or advantageous such
that the strength of selection is significantly different from that of neutral diversity.
Alleles that are severely deleterious are lethal and are unlikely to manifest in the
populations; equally, those that are very positively selected sweep quickly to fixation
and are difficult to detect at an intraspecific level unless very recent (Akey 2009).
Therefore, the strategies to detect adaptation here combine the assessment of
intraspecific variation, where changes in genetic fitness are likely to be discrete and
functionally relevant to extant birds (for example, Berlin et al. 2008), with
interspecies tests that can identify significant historical changes that have swept to

fixation in the avian lineage (Yang 2002).
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1.4.2 Patterns of adaptation:

Understanding variation at a locus is dependent not only on the neutral model but also
on the alternate models, which are related to the type of selection expected to be
present. In a population whose effective size is N, the effect of a mutation can be
quantified as a selection coefficient value (s) where -1 <s < I such that a neutral
effect has s = (. Advantageous polymorphisms have s > 0 and deleterious ones s < 0,
however, if -1/(2N,) <s < 1/(2N,), then the selective pressure caused by the variant is
effectively neutral (Kimura 1979). For chicken, which is likely to have a very large
N,, this means the effects of a significant proportion of genome-wide changes are no
different from neutral ones (Hurst 2009, Eyre-Walker & Keightley 2007).
Substitutions with negative consequences such that s < -1/(2N,) are likely to be
eliminated from the population: this is termed purifying or background selection
(Hughes 2007). Similarly, for advantageous variants with s > 1/(2N,) are directionally
selected, increasing the allele frequency and ultimately leading to fixation (in an ideal
population where all other variation is neutral; Akey et al. 2004). A corollary of
nearly neutral theory is that mildly deleterious mutations will not always be
eliminated and consequently will segregate in populations (Ellegren 2008). Likewise,

many nearly neutral mutations will be fixed by genetic drift (Conant 2009).

The dynamics of certain polymorphisms are more nuanced: particularly at immune
genes where mutations induced in host defences by the generation of new pathogen
challenges in changing local environments may vary not solely according to the
infection pathogenicity, but also according to the gene’s role and functional
constraints (Sackton et al. 2007). Compounding the genetic consequences of these
selective forces are the number and variety of microorganisms to which the chicken
must respond concurrently, and the introduction of immigrant red JF genotypes into
the populations (Kanginakudru et al. 2008). Therefore, complex models of evolution
may fit the evolution of these genes more exactly: these models invoke selection that
is dependent on the relative frequencies of different alleles (Charlesworth 2006).
Balanced diversity can also emerge from the latent admixture of previously separate
groups, and in situations where a heterozygous allele confers more fitness than either

homozygote combination (Charlesworth 2006).
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Balancing selection also operates on variants that were previously neutral or have
been historically selected in a variegated manner (Innan & Kim 2004). The
consequences of fluctuating selection on diverse sets of alleles in a population differ
considerably to a simplistic positive selection model of a single pathogen and
resistant allele (Przeworski et al. 2005). Classically, a single new mutant allele is
favoured; however, if the selected variant has more than one copy in the population,
or is present in a set of migrant genotypes, the subsequent trend of variation is
different (Hermisson & Pennings 2005). Selection acting on standing diversity that
was previously neutral will cause much less variation to be lost than would be
expected for a selective sweep of a sole de novo allele (Pennings & Hermisson
2006a). As a result, the effects of directional selection will be weaker: in the context
of serial selective sweeps on immune genes in a dynamic, pathogen-rich environment
this would mean less diversity is lost and that the magnitude of the selection signature

would be considerably reduced (Innan & Kim 2004).

Analyses of other disease-associated chicken genes have identified a pattern of
balancing selection at the chicken MHC (Worley et al. 2008). This is a common
pattern of variation at vertebrate MHC genes and could be caused by the wide variety
of infections to which the MHC responds (Jeffery & Bangham 2000). This is a form
of frequency-dependent selection (Asthana et al. 2005), where MHC variants that are
highly resistant to disease rise in frequency in the population while pathogens evolve
to enhanced forms that identify susceptibilities in the host group: if the resistant
genotype attains fixation, pathogens will either die out or adapt. Consequently, a form
of predator-prey relationship continues, and the populations that preserve diversity at
the MHC appear to persist: this may be a general pattern for certain types of immune

genes.

1.4.3 Methods to detect selection:

While it is possible to categorise the effects of mutations, the power to detect their
selection signatures has been enhanced by the development of many different
complementary population-level and genomic approaches (Zeng et al. 2006, Zhai et
al. 2008, Ellegren 2009). Primarily, these are based on examining nucleotide changes
within a population or between species. Differentiating these into groups of tests can

be useful, though where possible in this thesis the results of disparate methods that
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deal with the same question were analysed together to give a more comprehensive
picture of variability. Three such classes for assessing intraspecies diversity outlined
here are tests based on firstly linkage disequilibrium (LD), secondly allelic population
differentiation, and thirdly the site frequency distribution (Zeng et al. 2007, Hurst
2009). Other approaches explained later include phylogenetic trees and networks, as
well as non-parametric sampling methods. A more comprehensive perspective of
intra- and inter-species and comparative genomic approaches is available elsewhere

(Figure 1.2 — from Figure 1 in Anisimova & Liberles 2007).

Figure 1.2. Schematic of methods to detect selection.

" Maybe
(distant lineages)

This figure is from Figure 1 in Anisimova & Liberles (2007) — for details of the
parethesised numbers see this reference. Although not all approaches are implemented
in this study, it does illustrate the usefulness of multiple synergistic approaches to
identify properties of interest.

LD is the non-random association of alleles: if a pair of genes is linked on the same
chromosome of DNA, it is more likely that they will segregate together. This can be

disrupted by recombination events during meiosis that mix parental alleles to generate
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new allele combinations. Thus as the number of generations increases, the probability
of a defined pair of alleles associating on the same chromosome decreases assuming
both are neutral: if this temporal decay of LD deviates significantly from that
expected, it is evidence for selection (Gu et al. 2008). LD-based tests on human genes
have proved useful approaches for detecting selection (for example, Akey et al. 2003)
but only if the candidate region is well known (Zeng et al. 2006). For chicken
immune genes, certain sites or exon domains may be subject to selection when the
rest of the gene may not, such as the Mx gene (Berlin et al. 2008, Hou et al. 2007).
Additionally, many chicken genes display high levels of population diversity driven
by demographic effects, which can exaggerate the rate of recombination, concealing

the extent of true LD (Price et al. 2008).

Tests based on nucleotide or allele diversity examine the levels of heterozygosity
present and are effective at detecting demographic structure as well as selection (Zeng
et al. 2007). For alleles at a single locus, if the relative proportions of homozygotes
and heterozygotes in a population are significantly different from those expected, it
can be indicative of non-neutral evolution (Hurst 2009). For example, the Ewens-
Watterson test examines the levels of heterozygosity in populations in order to
determine if they are significantly different from those expected for a given allele
distribution (Ewens 1972, Watterson 1978). An excess of heterozygosity may indicate
diversifying selection; elevated homozygosity can be symptomatic of positive
selection, where an allele has been fixed in the population and so has reduced local
diversity. Tests based on the incidence of segregating sites can examine the extent of
variation between populations by determining the associated heterozygosity levels: if
the populations are very different, it can be a sign of adaptive evolution (Wright
1951). Wright’s F-statistics measure the extent of differentiation between groups and
can also be used to determine inbreeding (Charpentier et al. 2007), gene flow,

population structure and migration rates (Eldon & Wakeley 2009).

A wealth of tests have been developed that incorporate the spectrum of SNP allele
frequencies into tests, which arguably are more incisive strategies for examining
variation in species exhibiting high diversity with little population structure, such as
chicken. These tests included Tajima’s D (Tajima 1989), Fu’s F; (Fu 1997), Fu and
Li’s D and F (Fu and Li 1993), and Fay and Wu’s H (Fay and Wu 2000); the latter
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three metrics require outgroup information to assign ancestry. These tests examine the
relative ratios of singleton, low, medium and high frequency alleles in the population.
However, each test incorporates only certain components of the allele frequency
spectrum, and so it is most instructive to use them in a complementary fashion (Zeng
et al. 2006). For example, combining Tajima’s D, Fay and Wu’s H and the Ewens-
Watterson test is more efficient than each test alone at detecting positive selection,
particularly in the presence of recombination (Zeng et al. 2007). Multiple tests of
neutrality were used in concert in this thesis in order to give a more comprehensive
description of the pattern of variation in the data. Combining summary statistics can
be a more powerful approach (Innan 2006), and so using approaches measuring both
the absolute level of polymorphisms and their relative frequency distributions were

implemented where useful.

Interspecies tests for selection have been developed: the most basic of these examines
the differences between pairs of gene sequences at nonsynonymous and synonymous
sites (Yang 1997). Synonymous changes have no protein-level effect and so evolve in
a neutral, stochastic manner, whereas nonsynonymous mutations result in amino acid
alterations; thus calibrating the rate of change at nonsynonymous sites by that at
synonymous sites provides a measure of the rate of adaptive evolution. Although the
assumption that synonymous (or noncoding) sites are neutral is not always true
(Shields et al. 1988, Pagani et al. 2005), it is generally a valid assumption if N, is
small (Chamary et al. 2006). By conferring phylogenetic relationships onto such a
simple model, differing evolutionary rates between lineages can be deduced by
determining the relative probabilities of a neutral model and a non-neutral model
(Yang 2002). Similarly, sites that could have mutated in a non-neutral manner can be
inferred (Anisimova et al. 2001, Yang et al. 2005). These tests can be combined
further so that sites positively selected on specific branches can be identified (Yang &
Nielsen 2002), though their high detection power may be compromised by a high
false positive rate for datasets with low rates of polymorphism (Nozawa et al. 2009).
Therefore, genes that have been historically under selection between species can be

discovered and these are likely to hold functional relevance in extant birds.

Inter- and intra-specific investigations can be amalgamated so that for a given

species, the relative evolutionary rates can be compared with that of a second species.
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For example, the McDonald-Kreitman test evaluates the ratio of substitutions in two
classes of intercalated sites by comparing the rate between a pair of species to that
within one of the species’ population (McDonald & Kreitman 1991). If the ratio is
significantly higher between species, it is evidence that one class of sites has
preferentially been fixed more frequently and thus have been advantageous. This test
was originally developed from the Hudson-Kreitman-Aguadé (HKA) test (Hudson et
al. 1987) and is commonly implemented for nonsynonymous and synonymous or
nonsynonymous and silent polymorphisms (Smith & Eyre-Walker 2002). Such tests
can also discriminate between positive selection and the relaxation of selective

constraint (Eyre-Walker 2002, Cruz et al. 2008).

Certain genes that determine susceptibility to infection and function in both the innate
and adaptive immune responses have been subject to selective forces in the chicken,
such as Mx (Ko et al. 2002, Li et al. 2006, Seyama et al. 2006, Hou et al. 2007, Berlin
et al. 2008), MHC-B (Worley et al. 2008), and those discussed here later: IL1B
(Downing et al. 2009a), IL4RA (Downing et al. 2009b) and lysozyme (Downing et al.
2009c). Pathogen-driven selective pressures have resulted in the expansion and
diversification of both leukocyte receptor (Laun et al. 2006), immunoglobulin, and
immunoglobulin receptor families in chicken (International Chicken Genome
Sequencing Consortium 2004). This indicates that analysing immune genes for
evidence of selection in order to evaluate population history and functional variation
can enhance our understanding of host defence and the evolutionary mechanisms
implemented to combat pathogen virulence. The identification of alleles implicated in

diseases could lead to the breeding of chicken flocks resistant to disease.
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1.5 Evaluating variation at chicken immune genes

By determining the dynamics of the selective processes acting on chicken immune
genes, it is possible to test hypotheses regarding their functional importance, the
patterns of variation present and the demographic history of the chicken (International
Chicken Genome Sequencing Consortium 2004). It is clear that the intricate
demographic history of the chicken must be explored more thoroughly in order to
accurately discern the nature of evolutionary pressures acting on immune genes. To
this end, a global set of chicken samples, including commercial lines, are studied in
this thesis, and tests are incorporated on their population structure and how this is
reflected in their diversity. Additionally, variation in red, grey, Ceylon and green JF
and their relationships with chicken are examined. Although variability at immune
genes has been researched in inbred lines (for example, Ko et al. 2002), functional
variation in global chicken populations remains largely unexplored, and thus is a

novel attribute of this thesis.

The publication of the chicken genome sequence permits the implementation of
genomic approaches to the identification of genes evolving under selection, which
may reflect their functional importance. Such approaches have proved illuminating at
other disease-associated gene regions like the avian MHC (Kulski & Inoko 2004) and
in other organisms (Ronald & Akey 2005). The continued sequencing of other avian
species also now allows interspecies investigations of large sets of bird genes, a
strategy that may prove more informative than comparisons of birds with mammals,
which for many genes display such extensive protein-level sequence divergence that
it may conceal relevant functional changes (International Chicken Genome
Sequencing Consortium 2004). Similar methods have been successfully performed on
other vertebrates but not in birds, so this is an additional feature of this work (for

example: Schlenke & Begun 2003, Hughes et al. 2005).

Genes historically under selection between species are likely to remain of
significance in modern birds (Smith & Eyre-Walker 2002), and the diversity of such
genes in populations was evaluated to determine if they are still evolving in an
adaptive manner. These genomic schemes to search for important immune genes are

accompanied by a literature survey of chicken genes known to influence resistance
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and susceptibility to disease. Although the catalogue of avian immune genes is
increasingly well documented (Kaiser 2007), a gene- rather than a disease- focused
perspective on immunological results can identify pivotal genes, so this is a fresh

perspective on the genetic effects of chicken diseases.

The recent development of innovative sequencing technologies has meant that
computational genomic analyses can be fused with population-level assessments of
chicken diversity based on gene groups rather than single genes. Consequently,
patterns among functional classes of immune genes can be elucidated. A population
genomics approach to determining the evolutionary mechanisms of key immune gene
classes has only been implemented in Drosophila (Sackton et al. 2007) and at the
vertebrate MHC (Hughes & Yeager 1998). This has been done in a limited form for
humans (Ferrer-Admetlla et al. 2008, Fumagalli et al. 2009), but the persistence of a
gene-centric rather than a gene class-oriented approach limits our ability to
understand more fully selective pressures that operate on different components of the
immune system. Therefore, this is an innovative method to understand the underlying

patterns in categories of immune genes.

1.5.1 Explaining chicken immune gene history:

Genomic approaches to detecting selection at genes require a comprehensive
controlling for and understanding of the consequences of demographic effects in
order to minimise the detection of false positives (Hermisson 2009). Consequently,
accounting for the diversity at immune genes in chicken must be framed within this
context. Commercial broilers were included in the analysis to compare their diversity
to that of village chickens. It is possible that human-driven breeding, differential
exposure to infectious diseases and selective pressure due to vaccination regimes may

have significantly changed their variability.

The genomic and literature-based strategies used in this thesis endeavoured to
identify key immune genes. These were resequenced in global populations in order to
both to test for selection and to understand chicken population dynamics using
multiple intraspecific and interspecies analyses to isolate the properties most relevant
to immune defence. These results were consistent with the expectation that avian

immune genes have historically been subject to selection, and that the complex
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demographic history of chicken and JF explains much of the chicken’s elevated
genetic diversity. These projects culminated in a survey of population variation in
immune receptbr and cytokine genes that evaluated the evolutionary constraints on
these groups in light of their differing roles. This evolutionary immunomic study
illustrated that the selective processes acting on vertebrate immune genes are

determined by multiple competing effects.
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CHAPTER 2

Evidence of the adaptive
evolution of immune genes in

chicken
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2.1 Introduction

Understanding the evolutionary patterns of variability in gene functional categories
can illuminate their characteristics. Immune system genes in particular are subject to
acute selective pressures in order to resist pathogenic attacks and consequently
undergo many protein-level sequence changes. It is known that chicken host defence
genes evolve under stronger positive selection than other functional categories of
genes: in alignments with human genes, they possess lower sequence conservation
(International Chicken Genome Sequencing Consortium 2004). In mammals and
insects, genes implicated in immunity have higher diversity at nonsynonymous
relative to synonymous sites (Schlenke & Begun 2003, Hughes et al. 2005). In
humans, genes associated with defence have a higher fraction of genes subject to
positive selection than average, and genes with high rates of nonsynonymous

mutations are more frequently associated with disease (Bustamante et al. 2005).

The basis for understanding the characteristics of gene functional categories in
chicken has been enhanced by the ongoing sequencing of the zebra finch genome, the
second bird species to be extensively sequenced. This sequence provides an avian
context for examining how variation in chicken has evolved since its ancestors’
divergence from zebra finch as well as well as a calibrating point for studying
intraspecific diversity within chicken. Additionally, the lower sequence divergence of
the chicken with the zebra finch compared to that with mammalian genomes permits a
more precise analysis of functional diversity (Ellegren 2007). As a result, exploring
the evolutionary history of chicken immune genes within the avian lineage is more

likely to inform on molecular traits that distinguish them from other genes.

Higher GC content in the chicken genome is associated with smaller chromosome
sizes (Andreozzi et al. 2001) and higher rates of nucleotide substitution (Webster et
al. 2006). GC content in the chicken genome is elevated in regions that are gene
dense, a trait shared with mammalian genomes (Constantini et al. 2007). However, the
evolution of the chicken genome is unusual because it has been subject to more
complex pressures, such as a metabolic incentive to dramatically reduce genome size

(Organ et al. 2007, Hughes & Hughes 1995). Consequently, avian genomes could be
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subject to selective processes to optimise their sizes, chromosome structures and gene

distributions.

Immune genes have been subject to many selective processes during their
evolutionary history and this gene class was investigated here in a set of orthologous
chicken and zebra finch genes with functions assigned from the human ortholog.
Tests demonstrated that nonsynonymous sites at immune genes were highly
conserved both in chicken and on the avian lineage. McDonald-Kreitman tests
provided evidence of adaptive evolution and a higher rate of selection on replacement
substitutions at immune genes compared to that at non-immune genes. Further
analyses showed that GC content was significantly higher in chicken than in zebra
finch genes, and was significantly elevated in both species’ immune genes. Pathogen
challenges are likely to have driven the selective forces that have shaped variation at

chicken immune genes, and continue to restrict diversity in this functional class.
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2.2 Methods

2.2.1 Identifying a set of annotated bird genes:

In order to determine a set of functionally annotated chicken genes, translations of
chicken gene transcripts downloaded from Ensembl (18,766)
(www.ensembl.org/Gallus _gallus/) were searched against 38,754 human protein
RefSeqs (www.ncbi.nlm.nih.gov/RefSeq) using a basic local alignment search tool
(Blastp; Altschul et al. 1990) to identify single best hit pairs (15,754). These best hits
were used as a reference to assign human gene function and process categories from
33,905 Panther human gene entries (Thomas et al. 2003) successfully to 9,910
chicken orthologs.

Zebra finch ESTs and mRNAs (67,671) from GenBank were cleaned of vector
contaminants using SeqClean (http://www.tigr.org/tdb/tgi/software/) and repetitive
sequences were masked using RepeatMasker (http://www.repeatmasker.org). In this
thesis, default parameters were used except where stated. The TIGR gene indices
clustering tools (Tgicl; Pertea et al. 2003) clustered zebra finch sequences whose
length > 100 bases and identity > 96% for overlapping regions into 9,716 zebra finch

contigs.

Orthologous chicken-zebra finch sequence pairs were identified by searching the
zebra finch contigs against the chicken protein gene transcripts using Blastx (Altschul
et al. 1990), with an E value < e-10 separating best hits for each protein from
paralogous sequences. These best-hit protein pairs were aligned with T-Coffee
(Notredame et al. 2000) using Perl scripts (ckzfENEWblastx.pl, BLASTX.pl and
hitParserZF.pl in Appendix A). Those with length < 70 amino acids or sequence
identity < 60% were discarded. This chicken-zebra finch single best hit ortholog data
was first published by Downing et al. (2009b), see Chapter 5.

These protein alignments were used as templates to generate 3,653 chicken-zebra
finch pairwise coding sequence (CDS) alignments that were cross-referenced with the
9,910 chicken genes with orthologous Panther functions to generate 2,604 annotated
chicken-zebra finch gene pairs. 64 of these could be identified confidently as those

whose human ortholog had a function or process related to immunity; this was done
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by examination of the Panther orthologous human gene functional categories and
processes. Genes with positions not yet allocated to a defined position on a
chromosome were excluded. Only autosomal chromosomes with known chromosome
sizes (Gao & Zhang 2006) were considered. The Z and W chromosomes have
divergent properties: for example, W is gene poor and Z is gene rich (Marshall Graves
2009, Smith et al. 2009). Their unique evolutionary history as sex chromosomes may
affect the dynamics of immune genes located there (International Chicken Genome

Sequencing Consortium 2004).

2.2.2 Determining interspecies and intraspecific variation:

Pairwise ratio dy/ds () was calculated for each CDS alignment using the codeml
implementation of the PAML 3.15 package (Yang et al. 2002) where dy was the
number of nonsynonymous mutations per nonsynonymous site and ds the number of
synonymous substitutions per synonymous site. If synonymous and nonsynonymous
mutations are neutral, the relative rates of each are expected to be equal so that w = /
(Yang et al. 2002). Departures from this, where @ > 1 (dy > ds) suggest that
nonsynonymous mutations are advantageous, and are maintained under directional
selection. If @ < 1 (dy < ds) then the nonsynonymous SNPs may be deleterious since
they are not preserved and are likely to be subject to purifying selection (Yang et al.
2002). GC content at 3™ codon position (GC3) was calculated for each sequence from
these alignments: the 1 and 2" positions are subject to greater purifying selection, so

GC3 was a more neutral measure.

Intraspecific rates of evolutionary change were also calculated for the 2,604
functionally annotated chicken genes as Py/Ps, the ratio of nonsynonymous mutations
(Pn; which change the amino acid in the protein sequence) to synonymous mutations
(Ps; which cause no amino acid change) per effective CDS coding site (calculated as
the CDS length corrected for the coverage divided by the gene length). After adjusting
for genome sequencing coverage rates, SNP frequencies and GC3 for genes and
immune genes were explored using one-tailed Student’s t-tests and using Pearson’s
correlation coefficient (r), a measure of the shared linear variation between

parameters.
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2.2.3 McDonald-Kreitman tests for selection:

The McDonald-Kreitman tests (McDonald & Kreitman 1991) were implemented with
DnaSP to examine the rates of evolution within a species (chicken here) to that
between species (between chicken and zebra finch) at two categories of sites. The
relative ratios of fixed nonsynonymous (Dy) and synonymous (Ds) substitutions and
polymorphic nonsynonymous (Py) and synonymous (Ps) changes are evaluated as
Dn/Ds and Py/Ps. Sites are determined to be fixed if they are variable between the
species but not within chicken. Polymorphic sites are those that vary solely within the
species being tested, thus the test compares rates of interspecies and intraspecific
diversity. Nonsynonymous and synonymous sites are intercalated in coding sequences
and thus closely follow each other’s genealogical history, so the absolute numbers of
polymorphisms (Dx/Ds) can be used instead of the rates (dy/ds); this also makes the
test more robust to recombination. The test calibrates the rates of nonsynonymous site
change for what is assumed to be a neutral rate at synonymous sites. Although
mutations at nonsynonymous sites can be neutral, deleterious or advantageous, only

those that are in the latter category are expected to be preferentially retained.

If Dn/Ds > Py/Ps or Dy/Ds < Py/Ps for a significant one-tailed Fisher’s Exact Test, it
is indicative of non-neutral adaptation (McDonald & Kreitman 1991). Such

observations show that there are significant differences in the rates of evolution with
species or between species. Classically, if Dy/Ds > Pn/Ps, it suggests the presence of
adaptive evolution, whereas if Dy/Ds < Pn/Ps, it is more consistent with background

selection on the ancestral interspecies branch (Eyre-Walker 2002).

An observed fixation index (F7) for all genes and subsets was also determined as:

e ;)

(Py/ Fs)

reflecting the McDonald Kreitman test. If neutral, F7 should approximate a value of 1;
however, this may be violated in regions of relaxed selective constraint (Smith &
Eyre-Walker 2002). Consequently, the expected contingency table values of Dy, Ds,
Py and Ps for each gene were determined and summed across all genes so that an
expected fixation index (eF7) could be calculated as outlined by Axelsson & Ellegren
(2009). This also allows an estimation of the fraction of nonsynonymous mutations

driven by positive selection (a) to fixation as:

27



i (FI-eFI)
eFI

such that eFT represents an unbiased estimate of the neutral evolutionary rate against

which F7 can be compared.

On the basis that Py = 4NufLyk and Ps = 4N uLsk, where Ls was the total number of
synonymous sites, Ly was the total number of nonsynonymous sites, # is the mutation
rate per base, and k is a constant dependent the chances of observing a neutral allele
(see Smith & Eyre-Walker 2002), the mean proportion of amino acid-altering neutral
substitutions was determined as

J=PnLs/PsLy
This did, however, assume that f'was relatively constant since the chicken-zebra finch

divergence time.
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2.3 Results

Protein and coding sequences for a set of chicken genes whose functions were
determined from human orthologs were aligned to 2,604 orthologous zebra finch
contigs clustered from EST and mRNA sequences. A series of interspecies and
intraspecific analyses were conducted in order to test for evidence of selection in

chicken immune genes.

2.3.1 Conservation at chicken immune genes:

The analysis included 410,735 SNPs distributed across the autosomal chicken genome
at a rate of 0.011 per kb of transcript covered, a number lower than reported
elsewhere (International Chicken Polymorphism Map Consortium 2004) because only
chicken genes with both zebra finch and functionally annotated human orthologs were
investigated. 8,848 of these SNPs were in immune genes: 17 of these were
nonsynonymous and 129 were synonymous. In comparison 1,276 nonsynonymous

and 4,940 synonymous SNPs were identified in 401,728 SNPs at non-immune genes.

Comparisons of diversity between groups within chicken showed that the average
Py/Ps (mean 0.059 vs 0.121 for non-immune; Table 2.1) and number of
nonsynonymous substitutions per gene (0.266 vs 0.503 for non-immune) were both
about twice as high for immune genes as they were for non-immune genes. Although
the rate of synonymous substitutions per gene was about the same for each group
(2.016 vs 1.989 for non-immune), the rate of fixation of neutral amino acid-changing
variants was much lower in immune than in non-immune genes (f'= 0.021 vs 0.050
for non-immune; Table 2.1). These results illustrated that nonsynonymous sites within

chicken were more conserved at immune genes.

Alignments of chicken and zebra finch genes found that the average @ value (0.096)
was about the same as that observed between a red jungle fowl and a broiler for
genomic mRNA transcripts (0.098; International Chicken Polymorphism Map
Consortium 2004), and in an analysis of cranially expressed chicken-zebra finch gene
pairs (0.085; Axelsson et al. 2008), suggesting that the gene dataset was not biased
(Axelsson & Ellegren 2009). Mean @ values were higher for non-immune (0.097;
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Table 2.1) than immune (0.083) genes, signifying conservation of nonsynonymous

sites in the avian lineage at immune genes as well.

Table 2.1. Mean intra- and inter-specific diversity for chicken and zebra finch at all,
immune, non-immune and McDonald-Kreitman test outlier genes.

Genes with p <

Gene set All Immune Non-immune 0.05 !
Number 2,604 64 2540 26
w2 0.0963 £0.130 0.0826+0.091 0.0967 £0.131 0.2950=+0.169

Chicken GC3 0.600+0.173 0.652+0.171 0.599+0.173  0.518 £0.132
Zebra finch GC3  0.554+£0.159 0.608+0.182  0.553+0.158  0.507 +0.133

Dy 94,635 1,504 93,131 1096
Py 1,293 17 1,276 0
Ds 384,749 5,852 378,897 1439
Ps 5,069 129 4,940 272
Pyper kb ? 0.459 0.327 0.464 0
Psperkb? 1.813 2.474 1.800 0.111
P/Ps 0.255 0.132 0.258 0
Dn/Ds 0.246 0.257 0.246 0.762
Ly/Ls* 3.075 3.363 3.068 2.860
FI® 0.964 1.950 0.952 0
eFI° 1.056 0.945 1.060 1.377
a’ -0.087 1.062 -0.102 -1.000
Coverage * 0.814 0.723 0.816 0.859

' Genes whose McDonald-Kreitman test one tailed p values < 0.05 for Dy/Ds > Px/Ps.
2 Calculation excluded non-immune gene XM 422655 that had dy > 0 and ds = 0. ’
Per kb of effective CDS nucleotide length. * Total number of synonymous (Ls)
nonsynonymous (Ly) sites. > Observed fixation index, FI = (Dy/Ds)/(Pn/Ps). g
Expected fixation index, eFI. " Proportion of fixed nonsynonymous mutations driven
by positive selection fixed in chicken, a = (FI - eFI)/eFI. 8 Mean transcript coverage
per base.

2.3.2 Adaptive evolution in the chicken lineage:

Genes that had a higher ratio of fixed nonsynonymous to synonymous substitutions
(Dn/Ds) compared to the ratio of segregating nonsynonymous to synonymous
substitutions (Px/Ps) may be have undergone adaptive evolution (McDonald-
Kreitman 1991). McDonald-Kreitman tests on the set of immune genes showed a
significant excess of fixed nonsynonymous changes on the chicken-zebra finch
lineage (FI = 1.95; one-tailed p = 0.004) that was not present for non-immune genes,
whose FI value was about two times lower (0.95). Dy/Ds for non-immune (0.246;

Table 2.1) and immune (0.257) genes were about equal, but Py/Ps was much higher
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for non-immune genes (0.258 vs 0.132 for immune genes). The high number of SNPs
per immune gene ensured that this largely unlinked set of loci should be robust to
aggregative McDonald-Kreitman tests (Schlenke & Begun 2003, Andolfatto 2008).
The mean fraction of neutral amino-acid replacement mutations (f) for each gene with
Py > 0 and Ps > 0 was not different between those with immune (0.222) and non-

immune (0.239) functions.

An unbiased estimate of the neutral rate of the fixation of amino acid changing
variants in chicken, eFI, was lower for immune (0.95) than non-immune (1.06) genes,
further illustrating that immune genes were more conserved than non-immune ones.
eFT for all genes (1.06) was of the same scale as other datasets (Axelsson & Ellegren
2009). Given the immune set’s much higher FI, the estimated proportion of amino
acid changes fixed in chicken that were driven by positive selection (a = (FI -
eFI)/eFI) was much higher for immune (1.06) than non-immune genes (-0.10). This
indicated that immune genes were subject to stronger selective processes and also that

there were deleterious alleles present at non-immune genes.

Individual McDonald-Kreitman tests on chicken genes identified 26 (1% of the total)
with a significantly higher Dy/Dg than Py/Ps (one-tailed p < 0.05). This set of genes
had an average coverage rate (0.86; Table 2.1) above that for all genes (0.81),
indicating that the absence of the detection of nonsynonymous SNPs segregating in
chicken was not due to poor coverage. Although this group had an average w
significantly higher than that for all genes (mean 0.295 vs 0.096 for all, p< 1 x 10%;
Table 2.1), no replacement mutations were found segregating in the chicken
population, suggesting that the significant McDonald-Kreitman tests may be detecting
severe purifying selection rather than adaptive evolution. This group contained an
immunity-related helicase (KU70, McDonald-Kreitman p = 0.021) and a DNA
polymerase (eta, McDonald-Kreitman p = 1.8 x 10”) involved in homologous
recombination during DNA repair (Faure et al. 2008) and synthesis (Kawamoto et al.

2005), respectively.

2.3.3 GC content higher in immune genes:
GC3 was significantly higher for immune genes than for non-immune genes in both

chicken (mean 0.65 vs 0.60 for non-immune, p = 0.016) and zebra finch (mean 0.61
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vs 0.55 for non-immune, p = 0.006). GC3 was significantly higher for chicken than
zebra finch genes (0.60 vs 0.55,p<1 x10; Table 2.1), though it was highly
correlated between the species, as expected (r* = 0.940, p < 1 x 10°; Figure 2.1). Gene

rates for GC3 and @ did not correlate significantly.
Figure 2.1. Correlation of GC3 content at chicken and zebra finch genes.
o
0.9 1
0.8 1
0.7 1

GC3 0.6 T
zebra
finch

0.5 7

0.4

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
GC3 chicken

The best fitting linear correlation (not shown) has r’ = 0.940 (p<lx 10°).

Increasing chicken chromosome size correlated with higher chromosomal GC3 rates
for chicken genes (r* = 0.435, p = 0.010; Figure 2.2) and their zebra finch orthologs
(* = 0.358, p = 0.030). Although smaller chromosomes tended to have lower
chromosomal e values for all genes (r* = 0.325, p = 0.046; Figure 2.3), they had a
higher frequency of genic SNPs per kb due to a higher incidence of genes (Figure
2.4). This was consistent with previous human-chicken comparison (International
Chicken Genome Sequencing Consortium 2004) and analyses of SNP diversity
(International Chicken Polymorphism Map Consortium 2004) and supported the
relative non-biased nature of the ortholog datasets. Further F-tests involving
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chromosomal categories binned in groups according to size suggested that the manner

in which these were previously assigned has produced artefactual results

(International Chicken Genome Sequencing Consortium 2004); unbinned

chromosomes allowed a more robust analysis.
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2.4 Discussion

This study combined an intraspecific analysis of chicken variation and an interspecies
survey of chicken and zebra finch genes with orthologous human functions. It
demonstrated that amino-acid changing sites in immune genes are subject to purifying
selection both in chicken and the avian lineage. This demonstrated that there was no
evidence of a significant relaxation of the selective constraint on chicken immune

genes as a group since domestication.

In spite of this, chicken immune genes have undergone a higher ancestral rate of
fixation of replacement substitutions than non-immune genes, symptomatic of a
greater rate of directional selection (McDonald & Kreitman 1991). This was
supported by the high proportion of amino acid changes fixed in chicken for immune
genes. A previous study of chicken and zebra finch genes expressed in the brain
estimated the portion of nonsynonymous polymorphisms in chicken that were fixed
by positive selection (0.20; Axelsson & Ellegren 2009), indicating that immune genes
as a group are under a greater frequency of selective events. The negative a value for
non-immune genes indicated the incidence of deleterious variants on the chicken-
zebra finch lineage (Eyre-Walker 2006), which is backed by evidence that a
substantial minority (0.23) of amino acid changes segregating in chicken are

deleterious (Axelsson & Ellegren 2009).

The considerable conservation of nonsynonymous sites at immune genes within
chickens has probably exaggerated the perceived strength of positive selection on
these sites on the avian lineage (Smith & Eyre-Walker 2002). Additionally, it is
possible that high recombination or resequencing of rare polymorphisms may inflate
this figure (Axelsson & Ellegren 2009), and while the chicken’s high variability
suggests that it has not gone through a major population bottleneck since
domestication (International Chicken Polymorphism Map Consortium 2004), the
fixation of deleterious alleles in tandem with population size increases can amplify
estimates of a (Schlenke & Begun 2003). Nonetheless, the fraction of fixed
replacement substitutions that were under positive selection at chicken immune genes

further supports the assertion that this functional category was historically subject to

36



stronger adaptive forces from pathogens and consequently undergoes directional

selective sweeps more frequently than other gene groups (Schlenke & Begun 2003).

McDonald-Kreitman tests suggested that 26 genes were under pervasive purifying
selection within chicken. As a group, they had significantly reduced GC content,
which is associated with reduced variation (International Chicken Genome
Sequencing Consortium 2004), and two of these genes were associated with
recombination. Lower GC content is associated with decreased recombination
(International Chicken Polymorphism Map Consortium 2004) implying that the
impact of recombination on diversity may necessitate modification of genes

controlling this process.

A further examination of GC content showed that it was substantially lower in zebra
finch compared to chicken, and significantly higher in immune genes. Chromosome
size appeared to be related to w values, suggesting that genes on larger chromosomes
may evolve faster, as has been suggested previously (Schlenke & Begun 2003,
Axelsson et al. 2005). Once robust chromosomal assignments of zebra finch genes are
established, this could be explored further in order to understand the complex patterns
of chromosomal fission, fusion and rearrangements in avian species (Hannson et al.
2009, Nie et al. 2009, Griffin et al. 2007, Stapley et al. 2008, Itoh & Arnold 2005) and
how this relates to GC content and the evolutionary dynamics of immune genes.
Additionally, further sequencing and annotation of the zebra finch and other bird
genomes will allow a more comprehensive testing of selection operating in the

chicken genome.

Submitted paper

This chapter formed the basis for a submitted manuscript to BMC Research Notes in
2009 (in review since the 14™ of May) entitled “Evidence of the adaptive evolution of
immune genes in chicken”. The authors are: Downing T, Cormican P, O’Farrelly C,
Bradley DG and Lloyd AT.

3



CHAPTER 3

Identifying genomic variation
in chicken expressed sequence

tags
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3.1 Introduction

Examining diversity across the chicken genome can inform on patterns of variation at
genes of interest: investigating variability in ESTSs is one such approach to explore
this. ESTs are short cDNA sequences derived from randomly selected clones in a
DNA library (Boguski et al. 1993). Advantages of using ESTs include the high
number in which they are produced and that this expression level is related to the
tissue which was sampled. Clustered sets of ESTs can reveal variable sites in genes,
novel genes and splicing variants; however, this is compromised by the sequence

quality of ESTs, which is generally undetermined or poor (Li et al. 2009).

3.1.1 Nucleotide variation in the chicken genome:

Previous studies of chicken diversity have uncovered trends of high diversity at
nucleotide sites (International Chicken Genome Sequencing Consortium 2004). 2.8
million SNPs were identified by comparing a 6.6x coverage reference red JF genome
to 0.25x coverage of non-overlapping genomes of commercial broiler, layer and silkie
chickens (International Chicken Polymorphism Map Consortium 2004). 1,210 SNPs
were found in 23,427 chicken ESTs using an approach incorporating the visual
screening of chromatogram traces, a method traditionally used for resequenced data
(Kim et al. 2004). ESTs have been effective in analysis of diversity in other domestic

organisms as well (for example, Hawken et al. 2004).

Consequently, studying genomic variability in chicken ESTs is likely to illuminate the
diversity in the genome. SNPs in ESTs from genes associated with disease may have
consequences for the immune response function and the chicken evolutionary history

since domestication (International Chicken Genome Sequencing Consortium 2004).

In this study, a set of clustered GenBank ESTs was reciprocally searched against and
aligned with chicken genes so that valid SNPs could be identified while excluding
EST sequencing errors. Orthologous human functions and processes were assigned to
the chicken genes and a web-based database of EST alignments was developed. SNPs
discovered in ESTs were subsequently investigated in two resequenced candidate

genes: lysozyme and toll-like receptor-1like A (TLR1LA).
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3.2 Methods

3.2.1 Development of a robust EST SNP dataset

All available chicken EST sequences (578,354) were downloaded from GenBank
dbEST (www.ncbi.nlm.nih.gov/dbEST/) and cleaned of vector contaminants using
SeqClean. Repetitive sequences were masked out using RepeatMasker. Tgicl (Pertea
et al. 2003) clustered the ESTs into 52,718 consensus contigs conservatively
assuming a length > 100 bases and an identity > 96% for overlapping regions (Figure
3.1).

In order to identify orthologous regions between the EST contigs and chicken coding
sequences (CDS), chicken Refseq mRNA sequences (18,039) downloaded from
GenBank were aligned to the EST contigs in a reciprocal manner using Blastn
(Altschul et al. 1990). Subject to conditions of having an E value < 107, a length >
100 bp and an identity > 98% to remove incorrect sequences, this approach identified
15,755 best hits of mRNAs on ESTs, 31,870 best hits of ESTs on mRNAs, which
ultimately yielded 12,396 reciprocal best hit (RBH) pairs.

A series of Perl scripts were implemented to correct the orientation of the RBHs
(run_analysis3.pl) and to obtain their sequence properties: the sequence length,
number of polymorphisms, sequence positions, and EST coverage for each variable
site. The program Cap3 (Huang & Maddan 1999) was used to trim out low-quality
regions and to perform alignments to identify RBHs where there were at least four

ESTs clustered with a CDS sequence.

3.2.2 Identifying valid and functional EST SNPs

Valid RBH pairs were aligned and trimmed using Perl including a script
(chick_nonSNPit.pl) that parsed the sequences into the correct protein-coding codon
frame so that nonsynonymous and synonymous SNPs could be identified. Using
chicken RefSeq genes as the reference sequences, it was possible to determine the
frequency of the derived and ancestral alleles in the ESTs. The proportion of
nonsynonymous (Py) to synonymous (Ps) amino acid changes were determined.
Given a prior expectation of a Py/Ps ratio of 1 (Yang 2002), silent changes are

expected to occur at a neutral rate deviations from this where Py > Ps might indicate a
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relative surfeit of nonsynonymous substitutions in EST sequences. Alternatively, if Py
> Py this suggests more conservation at nonsynonymous sites. In addition, the
relative incidences of non-conservative (non-con) to conservative (con) amino acid
changes were ascertained (non-con/con) using protein impact prediction software
(SIFT; http://blocks.thcre.org/sift/; Ng & Henikoff 2003): a high frequency of non-
conservative substitutions could be a sign of functional relevance (International
Chicken Genome Sequencing Consortium 2004). SIFT works by aligning the
sequence of interest using PSI-BLAST (Altschul et al. 1997) with similar sequences,
which were compiled from a Uniref database (Apweiler et al. 2004) for 2 iterations to

determine the best hits: from these SIFT infers the substitution impact scores.

The 18,039 chicken Refseq mRNAs were aligned with human GenBank protein
refseqs (34,065) using Blastp (Altschul et al. 1990) to assign orthologous human
functional categories from Panther (www.pantherdb.org, Thomas et al. 2003) where
the E value > 10" for the chicken genes. From these, a set of EST SNPs in immune
genes was established. Mutations in ESTs causing stop codons were examined in
particular because of their abrupt consequences for gene function and implications for
deleterious disease. Chromatograms of ESTs on GenBank for genes with EST SNPs
causing stop codons that had adequate base coverage were examined for validity and
other GenBank databases (Homologene, PubMed, Entrez) were checked for

information pertaining to variability at this gene.

Additional Perl scripts were used to assemble all aligned RBH gene ESTs
(run_analysis_nocap3.pl). A local interactive web server was developed in HTML so
that the properties of each pair could be searched locally using MySQL software,
printed onscreen and the alignment could be graphically visualised with Jalview, a
Java alignment editor (Clamp et al 2004). Searchable terms included GenBank
accession number, gene names, SNP type and position, major and minor allele type,
count and frequency, gene CDS length, chromosome, human ortholog, human
ortholog function and process (Figure 3.2). These were implemented with pnpsdets.pl
and genbankdets.pl (see Appendix A). Jalview displayed the local degree of sequence
conservation and quality, which helped determine the validity of SNPs.
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Figure 3.1. Analysis pipeline for identifying SNPs in chicken ESTs.
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3.3 Results

In order to explore diversity in the chicken genome, EST sequences were reciprocally
aligned with a reference chicken gene dataset. This approach identified 3,154 genes

whose coding regions had at least one novel SNP present in four or more ESTs.

3.3.1 EST SNP database:

A web server was created that listed the gene names, accession number, length, SNP
amino acid position and type, major and minor allele type, frequency and number,
chromosome, human ortholog name, function and process (Figure 3.3). In addition, a
link to Jalview was provided so that the SNPs and alignments could be visually
examined. This software generated a Java applet with the GenBank and EST
accession numbers, sequence and SNP positions, local sequence conservation, quality
and consensus in a graphical format that enabled perusal of genes and SNPs of

interest (Figure 3.4).

3.3.2 EST SNP discovery:

The reciprocal alignment of chicken genes with ESTs found 3,154 best hit pairs with
at least one EST SNP. This identified 8,630 SNPs, 5,673 of which were synonymous.
2,885 nonsynonymous SNPs were discovered, 1,896 of which were conservative
substitutions and 989 of which were non-conservative — including 79 SNPs encoding
stop codons. Genes with high Py relative to Py and non-conservative (non-con)
compared to conservative (con) changes were identified: 1,296 genes had Py/Ps> 0.5
or non-con/con > 0.5 (see Appendix B for details). 560 genes had Py/Ps> 1 and 264
had more non-conservative compared to conservative changes (non-con/con > 1).
Those with the highest Py values were collated: 20 genes had Py > 10 (Table 3.1):
these included a pancreatic amylase (AMY2A), a haemoglobin gene (HBA1) and
lactate dehydrogenase B (LDHB). Most of these genes had a high number of observed
EST SNPs, Py/Ps > 1 and non-con/con > 0.5.

44



usoxd

(ZAT (smopopum|

01 | |meas wsieqRaw CEZDo0 dN ZA7| Lopin =euKsouo AR e EDD z| 1| ¢80 e 9| dNss 801 || T&Zete N
- A unuwes e glesee o pd PR swdzosd | _ srowdoudg|
aephpgr)
e — i i r——— — e
smndss)
E eSS T ST b CEZO00 dN| ZA7| b =euKsoLDApR ﬁb:ulvﬂi_..l 0 NS e z 1}| <80 e 0| dNs= o1 || T&ene NN
Aunuwsasegieseppdy PR} Swidros
aeplpqen
o <y | e — et e
8| =S usipgmal = 0EZ000 dN ZAT| Lo =ewosouLD AR b i g b (L £ o|| o0 w 9| dNS=Y o8| Temeoe N
A unwwes e glsse o pAy Eue.) sulzosd ) _,!‘»I.H.Kb
aepipqen
- —— L e e e
6| =2ag usipgquaiw " 0EZ000 dN ZAT| LN ~SuosDuLDAR SRS M e - ECFD| 4 Al ZE0] o a| dNS=I 8| | 1ekoe NN
Anuwesise glsseppiy ELe.) awdzosd | PAJRASSLIO-LD|
Aepipqen
— R g
:lb.u_ 2 ‘ZAD ?.li..i-l_ dNS
| |==as wsipamaw & DEZO00 ZAT)| b =S LKGDILDAD e0) EDD| 2 1f| <8 w 0|l dN== o) e NN
ey - A vnwwsase (0 sme e pdH L PLR) swkzosd) srowdouds)
aeplpqen
e e r——— v iy Ko —. ——
smodss ) J_
= use.d = ‘(ZAT (sEopojius| =g
250 S WSIOGR L 2 CEZDO0 LU =SUOSD LD AR e 00 ¥ v|| s€0 €D 1| |dNS=Y 0| | 18Ze0Z NN
. - Aunuwesise gisseppdH ™ = " FLe) suzosd SAJEASAL
aepigpqen
—il iy — -_ e N
i umox - ‘(ZAD IsEepous =
10| | == S s S E CEI000 L[] =SLOEDULD AP 0 00| ¥ H L6°0) -] N| dNS= O] | 1E280E NN
\‘ - A unuwesse ('sseppd Y cia td L) auwkzosd | — SAJRASROD
e plioqen i
—~ S e ~ 14 — e
= used - ZA EEepoue| s
0| |=oas wsiogqmaw 2 CEZ000 =JUOEOUO AP +e0) o0 ¥ v| s0 =] H| dNS=Y| =] ===y}
G P Aunwwesasegiseseppdy 4N e RLR.) suwidzosd)| SAITASSLIDO LD
Aepipqen
e - e A e
= usod ~ (ZAD IsEcpoiu
% ce2oco =UIEDILD L) e €0 | OIS 60 w0 3| |dNS=! EQ] 180 N
P s Aunwwesisge e ppdH N ZAypen RLR.) 2uikzosd | SAIRARILIOD-LO|
Aeplpgen _
- s
y.| ’ | -Iﬂﬂ_
TS| |==ag usioqaaw P95 ceznoo an ZAT| [t =ewosoLoap QAP Sy e 5 E0°0) z N| <60 % | dNs= 18| | T N
pd = A unwesiss gtsseppdy L) sukzosd | BAJEA DR
— e
aun baug |uno)) baug ::_nb— uoIsog .
yurg s00,] sumy auany || smosananyy || T T uoendussagTT | g1 Fusary ad&p ETRITRAY sy adLy O SE00Y
UOHIUNLISYIL] URUNH basiay AV ALY SRV PIPIHY G || woped
sataprp]| 12y ug wxun g MR pai AR gy Y EITETS auap aua) uonninsyng MR Houly e ol ]| NS ¥ hog jay.
: 4 g : UANIIU Y

1SH 9ua8 owAZ0SAT 10J YONS I0J SINSAI JOAIIS oM JO JOYSUAIOS “¢'¢ 2In31J

45



002

061

081

0

£

1

9

1

0

S

1

4

1

0

£

1

0Z1

0

1

1

Snsuasuo)

Alend

UONBAJIBSUDD

Bav-1///810L 66|

8av-1/ilazrEses
8av-1/fizzavreas
BQv-1///85ETPEQY
BQb-1/11v6T01EQS)
B0r-1//{849E8205]
Bav-1//iatL18208]
BAv-1/1/8LTLBS LY
BOV-1///5E03854 0
BOV-T1{/vZSVBS LW
B0v-1///585£85L 1]
BQv-T/¢TrPEBSLY
B0v-1/1{28EE8SLH
BOV-1///855285¢¥
BOV-1//12451854¢
ELT-T1118L0E35
BAV-11/1L128EETH
B0v-1/iizL0vBPEL]
BOV-11116V166582
80v-1///£9846582]
B0v-1///88968582
80v-1/{/00038582
B4v-1/41vSTHB5R2]
B0V-1/1/68528582
B0¢-1///6ET8E652]
8av-1/4i2veZT652
B0v-17/41£2588¢52
BOv-1/41L28¥5L57
80v-1///E8105£52]
BQv-1/¢150¥8¥LSE]
BOV-1/414vS62E12

(Tl (114 ~thaN|!z~

"OUE QWIAZOSA] 9} JOJ MOPUIM JUSWUSI[E MIIA[R[ JO JOYSUIIOS “H'€ 9INT1]

46



Legend to Figure 3.4: The uppermost sequence shown is the genome reference
sequence. Dashes represent EST regions with no determined sequence. White bases
represent SNPs. Blue bases represent conserved sequence. Sequence conservation,
quality and consensus increase correspondingly with bar height. Codon E53 is
represented by bases 157, 158 and 159 — only one of the four ESTs with stop SNPs is
visually displayed in this format due to the presence of a large number of ESTs (70),
most of which are not shown due to page size constraints.

Table 3.1. Genes with the highest Py values.

GenBank Gene Name Accession Number Py Pg PN/PS1 non-con con  non-con/con  SNPs?
haemoglobin alpha 1, HBA1 NM_001004376 26 5 5.200 8 18 0.444 32
amylase, alpha 2A;
paricrentia, AMYIA NM_001001473 23 5 4.600 9 14 0.643 29
ribosomal protein S6, RPS6 NM_205225 23 4 5.750 10 13 0.769 28
60S ribosomal protein L8 XM_416772 23 10 2.300 9 14 0.643 34
et hea‘l;’,’rll’{"llypept‘de L, NM_205086 2 5 4400 13 9 1.444 28
elastase 2A, ELA2A NM_001032390 21 13 1.615 9 12 0.750 35
apolipoprotein A-I, APOA]1 NM_205525 19 11 1727 7 12 0.583 31
protease serine 2, trypsin 2,
PRSS?2 NM_205384 18 11 1.636 10 8 1.250 30
SN Sorisiaipn NM_204157 18 5  3.600 8 10 0.800 24
elongation factor 1 alpha 1 =
ribosomal protein L7a,
RPL7A NM_001004379 17 6 2.833 5 12 0.417 24
heat shock cognate 70,
HSC70 NM_205003 17 5 3.400 6 11 0.545 23
Incinte dezly)‘g‘];ge“ase B, NM_204177 16 7 " 2286 3 13 0.231 24
polyubiquitin, LOC417602 XM_415847 15 11 1.364 7 8 0.875 27
40S ribosomal protein S10 XM_418029 15 0 high 8 7 1.143 16
glyceraldehyde-3-phosphate
deliydmgenase, GAPDH NM_204305 14 6 2333 8 6 1.333 21
ribosomal protein L7, RPL7 NM_001006345 12 4 3.000 3 9 0.333 17
DMRT1 isoform e,

LOC395181 XM_418817 12 4 3.000 5 7 0.714 17
ribosomal protein P0-like XM_425751 11 - 2.750 5 6 0.833 16
40S ribosomal protein S2 XM_414845 11 5 2.200 3 8 0.375 17
DKFZp434C0328 protein XM 416574 11 10 1.100 5 6 0.833 22

! Py/Ps is defined as “high” where Ps= 0 and Py > 0. 2 Total number of SNPs in ESTs
observed at the locus.

Genes with more than four non-conservative substitutions were assembled (Table 3.2)
— again this included AMY2A and HBA1. As before, this set of genes was highly
variable and displayed high Py/Ps values. The group of 20 genes with the highest
Pn/Ps values where Ps> 0 (Table 3.3) included the CD3¢ gene, which is immunity-
related (Gobel & Fluri 1997). With 23 and 26 nonsynonymous substitutions
respectively, AMY2A and HBA1 formed part of this dataset. Examining genes with

high ratios of non-conservative to conservative substitutions where there was at least
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one conservative SNP did not uncover any known genes, perhaps because the low

incidence of conservative amino acid changes excluded many genes (Table 3.4).

Table 3.2. Genes with the highest number of non-conservative substitutions.

GenBank Gene Name Accession Number Py Pg Py/Ps'  non-con con non-con/con  SNPs ¢
ferritin hea‘;ny}’I"llypep"de L NM_205086 2 5 4400 13 9 1.444 28
i S;’I‘;‘Seszz’ Serpein 2, NM_205384 B 1 183% 10 8 1.250 30
ribosomal protein S6, RPS6 NM_205225 23 4 5.750 10 13 0.769 28

amylase, alpha 2A;
puscrentic. AMYTLA NM_001001473 23 5 4.600 9 14 0.643 29
elastase 2A, ELA2A NM_001032390 21 13 1.615 9 12 0.750 35
60S ribosomal protein L8 XM_416772 23 10 2.300 9 14 0.643 34
glyceraldehyde-3-phosphate
dehwdioumnnse, GAPDH NM_204305 14 6 2.333 8 6 1.333 21

Suksyotic tepsiiion NM_204157 18 5  3.600 8 10 0.800 24
elongation factor 1 alpha 1 @
40S ribosomal protein S10 XM_418029 15 0 high 8 i 1.143 16
hemoglobin alpha 1, HBA1 NM_001004376 26 o 5.200 8 18 0.444 32
polyubiquitin, LOC417602 XM_415847 15 11 1.364 7 8 0.875 27
apolipoprotein A-I, APOAI NM_205525 19 11 Li27 Jf 12 0.583 31

heat shock cognate 70,

HSC70 NM_205003 17 5 3.400 6 11 0.545 23

NECAP endocytosis

associated 2, NECAP2 NM_001012837 8 2 4.000 5 3 1.667 11

ribosomal protein PO-like XM_425751 11 4 2.750 6 0.833 16
DMRT] isoform e,
LOC395181 XM_418817 12 B 3.000 9 ¥ 0.714 17
ribosomal protein L7a,
RPL7A NM_001004379 17 6 2.833 5 12 0.417 24
RESZptialaniet protein, XM_416574 11 10  1.100 5 6 0.833 22
LOC41
hypothetical protein
FLI2356 XM_416107 6 1 6.000 5 1 5.000 8
ribosomal protein L4, RPL4 NM 001007479 8 7 1.143 5 3 1.667 16

! Pn/Ps is defined as “high” where Ps= 0 and Py > 0. > Total number of SNPs in ESTs

observed at the locus.

It should be noted that protein impact predictions by SIFT were not sufficiently

confident due to excessive protein sequence divergence between chicken and

mammals for most RBH pairs, thus substitutions could not be assigned as neutral or

deleterious, though the substitution outcome (conservative and non-conservative)

could be inferred. The genes with the most EST SNPs included those with the most

nonsynonymous changes, such as AMY2A, HBA1 and LDHB (Table 3.5).



Table 3.3. Genes with the highest Py/Ps values where Ps> 0.

reductase, CYB5R

GenBank Gene Name Accession Number Py Pg Py/Ps non-con  con non-con/con SNPs !
CRIE amngen coailon NM_206904 8§ 1 8000 3 5 0.600 10
polypeptide, TiT3 complex,
hypothetical protein
MGC3508 XM_420702 T 1 7.000 0 7 0.000 9
hypothetical gene supported
by CR353961 XM_429985 6 1 6.000 4 2 2.000 8
hypothetical protein
FLJ2356 XM_416107 6 1 6.000 3 1 5.000 8
tyrosine 3-
monooxygenase/tryptophan NM_001006219 6 1 6.000 3 3 1.000 8
5-monooxygenas
DAZ associated protein 1,
LOC427266 NM_001031428 6 1 6.000 2 4 0.500 8
ribosomal protein S6, RPS6 NM_205225 23 4 5.750 10 13 0.769 28
hemoglobin alpha 1, HBA1 NM_001004376 26 5 5.200 8 18 0.444 32
#0-3 Suppraston of clege NM_001031236 5 1  5.000 0 5 0.000 7
homolog, C. elegans, SH
Secernin 2, LOC425759 part XM_423480 5] 1 5.000 - 1 4.000 7
zinc finger FYVE domain XM 421128 5 1 5.000 1 4 0.250 7
Giemidictns L opnn Tning XM_422229 5 1 5000 3 3 1.500 7
frame = 4 -
| AQ, LOC395744 NM_204914 d 1 5.000 3 2 1.500 i/
‘ amylase alpha 2A; salivary,
1 AMY2A NM_001001473 23, 5 4.600 9 14 0.643 29
| fepeivin h"a‘;lrl}’l"llypep“de L NM_205086 22 5 4400 13 9 1.444 28
NECAP endocytosis
associated 2, NECAP2 NM_001012837 8 2 4.000 5 3 1.667 11
Catalase, LOC423601 partial XM_421487 4 1 4.000 2 2 1.000 6
hypothetical protein
l BC011840, LOC42608 NM_001031355 4 1 4.000 2 2 1.000 6
| hypothetical protein
j FLI2062 XM_419675 4 1 4.000 1 3 0.333 6
| NANE-cytechsime b XM_420957 4 1 4000 0 4 0.000 6
:

' Total number of SNPs in ESTs observed at the locus.
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Table 3.4. Genes with the highest ratio of non-conservative to conservative
substitutions where there is at least one conservative change.

GenBank Gene Name Accession Number Py Py PyPs'  non-con  con non-con/con SNPs 2
hypothetical protein
FLI2356 XM_416107 6 1 6.000 5 1 5.000 8
ribosomal protein L29 XM_425143 5 0 high 4 1 4.000 6
Secernin 2, LOC425759 part XM_423480 5 1 5.000 4 1 4.000 7
cystatin C, CST3 NM_205500 B 0 high 4 1 4.000 6
LOC426122 XM_430363 4 2 2.000 3 1 3.000 i
hypothetical gene supported
by BX933436 XM_429924 4 2 2.000 3 1 3.000 7
CUG triplet repeat binding
protein 2, CUGBP2 NM_204260 4 1 4.000 3 1 3.000 6
whiuinol-cytacheome ¢ XM_414356 4 2 2.000 3 1 3.000 7
reductase =
Ras association,
RalGDS/AF-6 domain NM_001030884 4 2 2.000 3 1 3.000 7
family 2, RAS
TIMP metallopeptidase
Libiiiion 3, Sncsbv Satdbis NM_205487 7 6 1.167 3 2 2.500 14
ENSANGP00000017034,
LOC42322 XM_421148 3 1 3.000 2 1 2.000 5
mitaslninst £hesmal XM_420108 33 1000 2 1 2.000 7
protein =
B6.1, LOC396098 NM_205182 6 3 2.000 4 2 2.000 10
hypothetical gene supported .
by BX931271 XM_417971 3 0 high 2 1 2.000 4
RIKEN cDNA 2400003L07 XM_422733 3 2 1.500 2 1 2.000 6
hypothetical protein .
FLJ22626, LOC42236 NM_001006437 3 0 high 2 1 2.000 4
hypothetical gene supported
by CR353961 XM_429985 6 1 6.000 4 ) 2.000 8
hypothetical gene supported
by BX933825 XM_429587 3 2 1.500 2 1 2.000 6
mitochondrial ATP synthase XM_416717 3 2 1.500 2 1 2.000 6
hematological and
neurological expressed 1, NM_001006425 3 0 high 2 1 2.000 4

HN1

’ Px/Pgs is defined as “high” where Ps= 0 and Py > 0. 2 Total number of SNPs in ESTs
observed at the locus.
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Table 3.5. Genes with the highest number of EST SNPs.

GenBank Gene Name Accession Number Py Pg PylPs non-con  con non-con/con SNPs'
elastase 2A, ELA2A NM_001032390 21 13 1.615 9 12 0.750 35
60S ribosomal protein L8 XM_416772 23 10 2.300 9 14 0.643 34
hemoglobin alpha 1, HBA1 NM_001004376 26 3 5.200 8 18 0.444 32
apolipoprotein A-I, APOA1 NM_205525 19 11 1.727 7 12 0.583 31
protease serine 2, trypsin 2,
PRSS?2 NM_205384 18 11 1.636 10 8 1.250 30
amylase alpha 2A; salivary,
AMY2A NM_001001473 23 S 4.600 9 14 0.643 29
feacion hea;nyI"llypep“de b NM_205086 22 5 4400 13 9 1.444 28
ribosomal protein S6, RPS6 NM_205225 23 4 5.750 10 13 0.769 28
polyubiquitin, LOC417602 XM _415847 15 11 1.364 7 8 0.875 27
ribosomal protein L7a,
RPL7A NM_001004379 17 6 2.833 5 12 0.417 24
RN e e NM_204157 18 5 3.600 8 10 0.800 24
elongation factor 1 alpha 1 =
lactate dehydrogenase B,
LDHB NM_204177 16 7 2.286 3 13 0.231 24
heat shock cognate 70,
HSC70 NM_205003 17 5 3.400 6 11 0.545 23
enolase 1, alpha, ENO1 NM_205120 9 12 0.750 2 (i 0.286 22
DRTTRan g b fraein, XM_416574 11 10 1.100 5 6 0.833 22
LOC41 =
glyceraldehyde-3-phosphate
dehpduopngss, CAPDH NM_204305 14 6 2.333 8 6 1:333 21
‘ ribosomal protein S4,
’ LOC396001 NM_205108 9 10 0.900 -4 5 0.800 20
' ribosomal protein S3, RPS3 NM_001030836 9 8 112S 2 7 0.286 18
ribosomal protein L7, RPL7 NM_001006345 12 -+ 3.000 3 ) 0.333 17
RMRTI ofurm &, XM_418817 12 4 3.000 5 7 0.714 17

LOC395181

! Total number of SNPs in ESTs observed at the locus.

3.3.3 Immunity-related gene EST SNPs:

Functions and processes of human Panther orthologs were assigned to chicken genes
so that those associated with immunity could be identified. These numbered 79 genes
with a total of 206 EST SNPs. 19 immune genes had Px/Ps 2_ 0.5 or non-con/con > 0.5
and 4 of these had at least 3 nonsynonymous SNPs (nsSNPs): IRAK2, IL16, TLRILA
and TIMD4 (Table 3.6).

Although these 19 immune genes had more nonsynonymous (39) than synonymous
(30) SNPs, only one third of these were non-conservative (13). Of TLRILA’s
(GenBank accession number NM_001007488) 13 SNPs, four were nonsynonymous
and two of these were non-conservative (Figure 3.5). At IL16, five of 11 SNPs in total
were nonsynonymous and two of these were non-conservative. 10 SNPs were present

at TIMDA4, five of which were nonsynonymous and two of these were non-
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conservative. IRAK2 had seven SNPs — all of which were nonsynonymous but only 1

of these was a non-conservative change.

Table 3.6. EST SNPs at immunity-related genes with Py/Ps> 0.5 or non-con/con >
0.5.

Gene Name GenBank ' Py Ps Py/Ps® non-con con SNPs ;i
IL2Ra NM 204596 1 1 1.000 0 1 2
B-defensin 10 NM 001001609 1 O high 1 0 1
IL25 NM 001006342 1 0  high 0 1 1
IL16 NM 204352 5 6  0.833 2 3 11
Ig pheavy chain XM _428803 2 0 high 1 1 2
B-MA2 XM 415339 1 1 1.000 0 1 2
IRAK2 NM 001030605 7 0 high 1 6 Vi
IGHMBP2 NM 001031175 2 3  0.667 0 2 5
IRG1 NM 001030821 1 1 1.000 1 0 2
TNFRSF1B NM 204439 1 0 high 0 1 1
TNFAIPSL1 NM 001006343 1 O high 0 I 1
IL7R XM 423732 1 0 high 1 0 1
N4BP2L2 NM 001012828 1 1 1.000 1 0 2
TIMD4 NM 001006149 5 5 1.000 2 3 10
TGIF1 NM 205379 1 1 1.000 0 1 2
IFRD1 NM 001001468 2 1 2.000 1 1 3
TLRILA NM 001007488 4 9 0.444 2 2 13
SEMAS3F NM 204258 1 1 1000 0 1 3
NKRF NM 001012887 1 0 high 0 1 2

! GenBank accession number. 2PN/Ps is defined as “high” where Ps= 0 and Py > 0. :
Total number of SNPs in ESTs observed at the locus.

TLR1LA was resequenced in a group commercial broilers, heritage chickens, and JF:
red, grey, Ceylon and green. See Chapter 7 for further details on amplification, SNP
detection and sequence analysis. Only one of the 13 EST SNPs at TLR1LA was
detected during resequencing — this was at codon 491 in the single exon present at the
gene (equivalent to base 1636 in the GenBank mRNA entry for TLR1LA and base
1872 in Chapter 7). This synonymous polymorphism was a C to A change encoding
arginine. The ancestral C allele was present in the heritage birds, broilers, and red,
grey, Ceylon and green JF. The derived A allele was observed in half of the 16 broiler
genotypes. Both C and A nucleotides were present in 2 ESTs each: GenBank
accession numbers AJ723681 and AJ723686 for C (Caldwell et al. 2005), and
BU471924 and BU383051 for A (Boardman et al. 2002).
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The current GenBank reference sequence (NM_001007488.3 from
AADNO02015855.1, a whole genome shotgun sequence) for TLR1LA has the ancestral
C allele at this base, however, a previous version (NM_001007488.2 derived from
AJ720806 from Caldwell et al. 2005) that was used in this analysis has the derived A
allele (Figure 3.6).

3.3.4 EST SNPs coding for stop codons:

SNPs causing stop codons were examined in detail because of their functional
implications for disease. Only one immune gene with such a SNP satisfying the
criteria as set out above was identified: lysozyme. This innate immune gene had a
stop SNP in 4 ESTs at the catalytic site ES3 out of a total of 68 ESTs covering that
codon (BX258723, BX258724, BX261328, BX261329; Figure 3.4). All of these had
the T/G change to create the TAG stop codon at bases 161, 173, 153 and 153,
respectively, in their sequences. Nine other SNPs in ESTs were observed at this gene,
including seven at nonsynonymous sites — four of these were non-conservative (Table

3.7). Resequencing of the lysozyme gene was conducted for a set of chickens as well

as JF (grey, Ceylon, red, green) and related birds (bamboo partridge and grey

francolin) in order to determine if these SNPs in ESTs were present in the extant

population. See Chapter 7 for further details on amplification, SNP detection and

sequence analysis of lysozyme. None of the EST SNPs detected at lysozyme were

observed in the samples.

Table 3.7. EST SNPs identified at the lysozyme gene.

Position' Exon Ancestral EST  Ancestral EST Nt position® SNP type
o1 2 K N AAA  AAT 1404 nonsynonymous
533 2 E Stop* GAG TAG 1408 nonsynonymous
63 2 R Al CGT GCT 1439/40 nonsynonymous
64 2 N R AAC CGA 1442/3/4 NoNsynonymous
65 2 ¥ A ACC GCC 1445 nonsynonymous
70° 2 D D GAC GAT 1461 synonymous
84 2 D b GAT TAT 1502 nonNsynonymous
85 2 G 5 GLGLC - TGC 1505 nonsynonymous
102 3 | 4 L CTG TTG 3326 synonymous
108 3 S S GCG GCT 3346 synonymous

' Amino acid codon. >Nt position is the GenBank Refseq nucleotide position affected.
3 Catalytic sites. * Non-conservative substitutions. None of these SNPs were detected

in population resequencing of the gene.
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3.4 Discussion

In order to identify polymorphisms in the chicken genome, ESTs were aligned to
chicken genes and SNPs were detected according to conservative criteria. These were
assembled into a local searchable interactive database that displayed the sequence
alignments. Genes related to immunity and SNPs causing stop codons were

investigated in particular because of their importance in relation to disease.

3.4.1 EST database development:

The construction of a searchable database was an effective strategy for managing a
large EST dataset. This asset provided a framework for further analysis of
resequenced genes in the event that such work discovers the same SNPs as those
identified by analysing ESTs. This could deliver an efficient approach for determining
valid ESTs in the chicken, as demonstrated by the observation of a SNP present in

ESTs in the broiler population at TLR1LA.

Although this synonymous EST mutation at TLR1LA was not functional, it was
segregating at an intermediate frequency in the commercial broiler population but was
not observed in the small red JF population sample. It was present in two sequences
from bursal lymphocytes of Prague CB chickens (Caldwell et al. 2005) and in one of
the BBSRC chicken sets (Boardman et al. 2002) but was not observed in the red JF
genome reference sequence (International Chicken Genome Sequencing Consortium
2004). Thus this mutation could have emerged since domestication, however only

comprehensive resequencing in divergent red JF populations could confirm this.

3.4.2 EST SNP discovery:

The limited number of chicken protein-coding genes in this analysis (3,154) was
indicative of the restricted set of ESTs sequenced by previous EST-generating studies.
The observations of more synonymous than nonsynonymous and more conservative
than non-conservative substitutions illustrated the conserved nature of this dataset.
The consistent emergence of pancreatic amylase (AMY2A), haemoglobin gene
(HBA1) and lactate dehydrogenase B (LDHB) as highly polymorphic genes that had
known functions suggests these may be good candidates for further investigation of

SNPs in ESTs. Additionally, the immune gene CD3g, which spans the cell membrane
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as the signal transducing element of T cell antigen receptors, has undergone
adaptation since the avian-mammalian divergence and hence also represents a gene of

interest (Gobel & Fluri 1997, Gouaillard et al. 2001).

Further analysis of genes implicated in immunity suggested a further set of 19 genes
that may be subject to selection due to their high level of nonsynonymous or non-
conservative changes (Py/Ps> 0.5 or non-con/con > 0.5), particularly at known genes
IRAK2, IL16 and TIMDA4. The latter has a high incidence of nonsynonymous changes
that may be a reflection of alternate splicing, which is present in humans (Park et al.

2009), and would increase the detection of mutant variants.

An examination of stop SNPs at immune genes revealed one candidate gene,
lysozyme, that was resequenced because of the significance of a candidate EST stop
SNP and the crucial role of the gene in innate immune defence (Holler et al. 1975a,
Holler et al. 1975b). Although the samples resequenced were diverse and included
bird species related to chicken, none of the SNPs were observed. This has important
implications for the approach for detecting SNPs in ESTs implemented here,

however, these must be tempered by detection of one EST SNP at the TLR1LA gene.

Previously EST SNP analyses in other organisms have been successful: half of such
substitutions were detected in 61 resequenced cattle genes (Hawken et al. 2004). This
approach was developed further, so that many novel SNPs in bovine ESTs could be
identified computationally and verified through resequencing (Lee et al. 2006). Thus
the question arising here is why the chicken EST SNPs detected were not observed in

subsequent resequencing.

Many SNPs in ESTs may be sequencing errors, caused in part by the unknown
sequence quality of ESTs (Hawken et al. 2004). One response would be to increase
threshold requirement beyond four ESTs — however, the TLR1LA EST SNP and
ancestral allele were detected in just three sequences each. Such quantification is
complicated by the possibility of EST libraries sequencing the same individual for the
same gene more than once (Hayes et al. 2007). A further modification that could
improve power to detect SNPs is to use more stringent criteria for the clustering steps

(Wang et al. 2004), though those used here are arguably conservative, given the short
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lengths of most ESTs. These results may be a reflection of the low concentration of

expressed immune genes in the tissues samples to create the EST libraries.

A SNP-based analysis has suggested that commercial chickens have a 50% deficit of
rare alleles (Muir et al. 2008), and given that the effectiveness of SNP-based
approaches may be reduced by ascertainment bias leading to the absence of low-
frequency variants, the lower SNP site variation present in this study suggests that
ESTs may have less diversity as well. Nonetheless, the chicken’s geographically and
genetically admixed history suggests this may not be a dominant feature of the
chickens resequenced (Kanginakudru et al. 2008). Additionally, the absence of a
population bottleneck during chicken domestication (International Chicken Genome
Sequencing Consortium 2004) compared to other domestic species, such as the cow
(Finlay et al. 2007), would be expected to have maintained more nucleotide variation.
Moreover, chickens do display high levels of diversity, even among commercial birds

(International Chicken Genome Sequencing Consortium 2004).

The resequenced lysozyme gene displayed extensive CDS conservation: only three
SNPs were observed, and two of these were singletons. TLR1LA had 24 coding
SNPs, but 18 of these were singletons. Hence it is possible chicken ESTs will only
detect intermediate- and high-frequency SNPs, such as that observed at TLR1LA,
which was polymorphic in half of the broiler genotypes.

While none of these explanations alone are sufficient to explain the lack of power
present in this analysis, when taken with the unknown nature of EST library sequence
quality, they serve as a basis for developing better analyses of diversity in domestic
species, particularly at the advent of high-throughput transciptome resequencing (for
example, Trick et al. 2009, Ng et al. 2009).
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CHAPTER 4

Contrasting evolution of diversity
at two disease-associated chicken

genes
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4.1 Introduction

4.1.1 Interleukin and interferon as key cytokine families:

Cytokines are communicating proteins that modulate the effects of the immune
response by binding target cell receptors (Charo & Ransohoff 2006). Analysis of
protein structural homology has differentiated this group of molecules into several
families: the interferon and interleukin gene families encode cytokines that comprise a
substantial portion of the immune genes in the chicken genome (Kaiser 2007). Chicken
interleukins are signalling molecules that are secreted by immune cells to regulate and
activate the immune response (Kaiser 2007). Human interferons can inhibit the
replication of viruses, upregulate lymphocyte antigen presentation and activate natural

killer cells as well as macrophages (Sen 2001).

Chicken interferons and interleukins have been categorised into families based on
synteny with their human orthologs (Table 4.1). It is likely that continued genome
annotation and analysis will reveal more interferons and interleukins (such as those in
Fumagalli et al. 2009), many of which may be novel variants that are still unidentified
due to the use of a mammalian comparison. The use of avian comparisons, such as the
chicken and zebra finch, has been effective for other studies seeking to discover
immune genes (for example, Cormican et al. 2009). In addition, the general chicken
genomic pattern of gene family size reduction and gene loss reinforces the likelihood
that the remaining members are not redundant and are functionally pivotal to chicken
immune defences.Interleukin 1-f (IL1B) and IFNG are central components of the
immune response with distinct patterns of function. These two genes were selected here

for resequencing in chicken populations.

Table 4.1. Chicken cytokine family types and sizes.

Group Family Number Of the 26 known interleukin genes, five

Interleukin' T-cell proliferative 3 remain unassigned (Kaiser 2007, Kaiser

IL1 1 et al. 2005). Of the 12 known interferon

IL10 - genes the sole type II one is interferon-y

Tyl 3 (IFNG; Kaiser 2007, Kaiser et al. 2005).
Tu2 6
Inteferon Type I 11
Type 11 1
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4.1.2 The role of IL1B and IFNG in immunity:

The sole known type II chicken interferon, IFNG, is a central mediator of immune
networks (Kogut et al. 2005a). The human form activates the Jak-Stat (Janus kinases —
signal transducers and activators of transcription) pathway by binding a heterodimer
consisting of IFNG receptors -1 and -2 (Hebenstreit et al. 2005). IFNG has key roles in
innate and adaptive immunity, being an important product of Ty1 lymphocytes
(Schoenborn et al. 2007) and can inhibit viral replication: for example, in infectious
bursal disease in chickens (Rauw et al. 2007). Predominantly expressed by natural
killer cells and natural killer T cells, the main role of human IFNG is to activate and
mediate killing mechanisms including T and natural killer cell cytotoxicity

(Schoenborn et al. 2007).

The chicken IL1B gene is a member of the IL1 family and expresses a pleiotropic
proinflammatory cytokine that activates cells by binding the IL1R, and is thus involved
in innate immune responses to a wide variety of signals (Weining et al. 1998, Kaiser et
al. 2005). This protein is produced in significant amounts during the early stages of
inflammation, generally after the activation of TLR signalling (De Nardo et al. 2005).
Important secretors of human IL1 include macrophages, dendritic cells and epithelial
cells. It is expressed as a proprotein before being converted to its active form by
caspase-1 (also known as ICE, interleukin-1 converting enzyme), which in human can
be activated by certain lipoproteins, implicating IL1B in causing inflammation
associated with the thickening of artery walls (Stollenwerk et al. 2005). IL1 has
additional roles beyond the immune response, including regulation of the cell cycle
(Madge et al. 2000), cranial hormone regulation (Spangelo et al. 2000) and apoptosis
(Bratt and Palmblad 1997).

Human interleukins may regulate expression of the human Mx gene (Simon et al.
1991). Similarly, mouse IL1 and IFNG alter the expression of the mouse Mx gene
(Goetschy et al. 1989). Balancing selection may be present in the 5 UTR of human
IL1, and high diversity has been observed at the 5’ end of IFNG and IL1 (Hughes et al.
2005).
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4.1.3 IL1B and IFNG and chicken disease:

The chicken IFNG gene is known to affect resistance or susceptibility to several
diseases. It is implicated in susceptibility to infection with Salmonella (Ye et al. 2006)
— IFNG expression levels are low in chickens susceptible to SE serovar enteritidis,
while resistant birds tend to express it at a higher level (Sadeyen et al. 2004).
Interestingly, IFNG appears to mediate transcription and expression of other cytokine
genes (including IL1B) in response to SE serovar enteritidis infection (Kogut et al.
2005a). IFNG also enhances the immune response to Escherichia coli infection
(Janardhana et al. 2007) and to Brucella abortus antigens (Zhou et al. 2001). In the
duck, IFNG expression has protective qualities against both duck hepatitis B virus and

vesicular stomatitis virus when used in tandem with a vaccine (Long et al. 2005).

IL1B is implicated in the immune response to many pathogens, some of which have
been documented. Like IFNG, IL1B responds to Salmonella infection: Okamura et al.
(2004) found increased expression of IL1B following SE challenge. Campylobacter
Jejuni induces the expression of cytokines, including IL1B (Smith et al. 2005). IL1B
expression responds to lipopolysaccharides and peptidoglycan (Kogut et al. 2006), and
to recombinant human lipopolysaccharide-binding protein (Kogut et al. 2005b).

This analysis was an initial investigation into the evolution of specific functional
immune genes in a range of diverse global chicken populations and related Phasianidae
family species. Population-wide diversity present at IL1B and IFNG was complex and
evidenced the diverse origins of the domestic chicken. The genes possessed distinct
genetic characteristics, reflecting their functional roles and therefore indicating
differing pressures have shaped their evolution. Comparisons with other Gallus species

suggest red JF was the main origin of these genes in the domestic chicken.
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4.2 Methods

4.2.1 Sample collection:

A total of 70 chicken samples were acquired from each of 3 Asian populations (from
Bangladesh, Pakistan and Sri Lanka) and 4 African populations (from Botswana,
Burkina Faso, Kenya and Senegal). Village chickens represent a reservoir of diversity,
which may be useful in breeding in light of the reduced variability in certain
commercial lines (International Chicken Genome Sequencing Consortium 2004).
Given that chickens were domesticated in Asia, it is anticipated that much genetic
diversity is preserved in these populations. The African samples were acquired for
comparative purposes and to give a more global illustration of gene diversity in these

two continents.

Three outgroup samples were obtained from the Department of Ornithology and
Mammology at the Californian Academy of Sciences (CAS). The samples were green
JF (CAS number 85707), Chinese bamboo partridge (CAS number 89821) and grey
francolin (CAS number 87894). These were the same samples studied by Kaiser et al.
(2007), who showed that green JF, bamboo partridge and grey francolin are the most
closely related bird species to chicken, in that order (excluding grey, red and Ceylon
JF). One grey, Ceylon and red JF each from Wallslough Farm (Co. Kilkenny, Ireland)
were also sampled, giving a total of 6 outgroup samples. The DNA was isolated from

the samples using phenol-chloroform extraction following proteinase K digestion.

4.2.2 Sequence determination and acquisition:

Potential transcription factor binding sites at IL1B and IFNG were ascertained by
orthologous alignments of these genes in chicken, human and mouse using Mulan
(http://mulan.dcode.org). The UCSC (http://genome.ucsc.edu), GenBank and Ensembl
(http://www.ensembl.org) genome browsers were used to map the structures of the
genes. PCR primers were constructed using Primer3 software (http://frodo.wi.mit.edu)
subject to having lengths of 20-24 bases, a GC content of about 50%, an annealing
temperature of approximately 60°C, and a GC clamp. They were created by VHBio
(UK, www.vhbio.com). The details of the actual primer pair sequences and optimal
parameters for their usage were determined (Table 4.2). Each amplicon was amplified

according to a PCR cycle setup (Table 4.3).
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Table 4.2. Sets of primer pair sequences used in the amplification of IL1B and IFNG
and their associated optimal PCR parameters.

Gene Primer ?li;; Orientation (Ig) [I(\:Ingﬁ;] Primer Sequences
1 650 Forward 59 20 CTTCACCCTCAGCTTTCACG
Reverse CTTCTGGTTGATGTCGAAGATG
) 712 Forward 61 15 CTTCGACATCTTCGACATCAAC
ILIB Reverse ATACGAGATGGAAACCAGCAAC
3 737 Forward 59 15 TCATCTTCTACCGCCTGGAC
Reverse CGCATTCGTTTGTGTAAGAAAG
4 772 Forward 60 15 TCAGAGCCCTCTATCACTCCTC
Reverse CATCACGTAAACACTCGCTCTC
1 728 Forward 61 20 GTCTAGTACCCACCCTGCATTC
Reverse GAAGTTTCTTTTACCCGTGGTG
’ 875 Forward 60 20 ACCAGAAATGAGTTGACTGTTG
Reverse CTGCGTTAAGAGCCACTGTATG
3 687 Forward 61 20 CTTCAGCTGGGATTAGTCATACAG
IFNG Reverse GGGTCAGAGTTTAACCATCAGG
4 822 Forward 61 20 GCTGACGGTGGACCTATTATTG
Reverse CCCAACTTCTAATCACCTGGAG
5 663 Forward 60 20 CTGGAAAGTGTGATGTTTCCAC
Reverse GGAGGTCATAAGACGCCATTAG
6 303 Forward 59 20 CCAGAATCTCTGTGAAAAGCAG
Reverse TCATTGTCTCACTGTTGGTTCC

Regions between primer pair numbers 3 and 4, and 5 and 6 of IFNG and upstream of
pair 1 of IL1B were not successfully amplified.

Table 4.3. PCR cycle program used for each primer pair.

Step Temp. (°C)  Duration

1 95 15 mins
2 95 0.5 min
3 Ty ! 0.75 min
4 72 1 min

5 12 15 mins

! Annealing temperature as listed in Table 4.1. Steps 2 to 4 were repeated 33 times in
sequence.

Four amplicons covering IL1B and six for IFNG were successfully amplified by PCR
for all 70 chicken and 6 outgroup samples (Figure 4.1). The forward and reverse PCR
product sequences were determined by Agowa, Germany (http://www.agowa.de). The
5’ end of the IL1B gene was not successfully amplified, a problem also encountered
by Kaiser et al. (2004, although they did amplify a part). Consequently, the IL1B

promoter and upstream regions remain unexplored here.

65



‘yySuoy ur JopyIp souad oy ays Jeys uonduosuer dusd yueguon Yy 0) uone[al ul suonisod aseq oy} jussaidar
UMOUS SIOqUINU Y| “SISATeUE Ul papnjout jJ0u 219m pue 100d sem Ajijenb souanbas oty a19ym aso) a1e syurd JyS1y Ut seare oy, *a819q St 90uanbas
1oj0woid A1) pUE SMOLIE pal oY) Aq suoi3ar uoorjdure ‘anjq Ul SYLN DIYM Ul suordax oruagiajur ‘A213 Ul SUONUI ‘UIAIT UT UMOYS I8 SUOXH

9/89 6579 G655 €687 YLV ¥891
o —> P
796% ¥Sly 29S¢ 8e8l
<>

5929 (8VS S9ES €2l vrsh V627 ZL1T ¥SOT
88ly
Q@
6902 Lzl S69 09
<« —>» < >
80.2 058l 8zl 899
|« > <
ZS9l L8EL 6911 T80l LE€6 99/ L6S SlS Q€€ 8¥C TOC |08 L+

ozl

(®)

"ONAI (9) pue g1 (8) Jo seamjonns auan *|'f In31g

66



4.2.3 Sequence assembly:

The DNA base sequencing completed by Agowa generated chromatograms that were
assembled into contigs using the Phred-Phrap-Consed-Polyphred pipeline
(http://www.phrap.org/phredphrapconsed.html) programs Phrap v0.990319 and Phred
v0.020425.c (Ewing and Green 1998, Ewing et al. 1998). This pipeline has been used
widely to detect SNP data, for example in chicken ESTs (Kim et al. 2003). After
running the program Sudophred, the stringency used for clustering the contigs in
Phred-Phrap was modulated by the forcelevel flag, which was set to a value of 10,
allowing the maximum numbers of sequences to be incorporated into the same

assembly.

Bases were called using Consed (Gordon et al. 1998): each SNP suggested by Phrap
was verified independently and separately by two individuals. Using the formula
P(base is correct) = 1 - 10, where S the base quality score, most bases have a
99.99% or greater probability of being valid (S > 40; Johnson and Slatkin 2005). Any
bases with a quality score of 14 or less were not included in the analysis, so that all
bases had at the lowest a 96.8% probability of being correct. Similarly, only SNPs
with high probability of being accurate (in polyphred ranks 1, 2 or 3) were selected
for further examination. Polyphred version 5.0 (Stephens et al. 2006, Nickerson et al.
1997) was used to assemble the data for further processing using a series of Perl

scripts.

The reference coding sequences were aligned against complete region sequences so
that relative exon positions were confirmed by MGalign version 3.1 (Lee et-al. 2003)

and a list of the genotypes for each sample was collated.

Perl scripts (ppoutParser93.pl in Appendix A) were used to remove any sequence sites
where there was inadequate coverage in populations, sub-standard base quality scores,
or insufficient coverage for either forward or reverse sequences. PHASE version 2.1.1
(Stephens et al. 2001) was used to reconstruct the haplotypes and to infer any missing
ones for 100 iterations with a burn-in of 100 iterations. A series of Perl scripts
(Phaseln.pl, SeqBuild.pl, hashadd.pl and maskseqs2.pl) as well as a Microsoft Excel
application were used to parse the genotypes for use in PHASE, and so that the
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sequences could be exported to Mega (version 4.0.2; Tamura et al. 2007). There, the
sequences were converted to formats for other software packages. A total of 2,351 bp

of IL1B and 4,066 bp of IFNG were used for further analysis.

Haplotypes were assigned using PHASE and these were cross-referenced with
haplotypes generated by Arlequin version 2.001 (Schneider et al. 2000) to ensure
consistency: the haplotypes generated by both were identical. The nucleotide
sequences were submitted to the GenBank: the accession numbers are FI537713 to

FJ537864 for IL1B and FJ537865 to FI538016 for IFNG.

4.2.4 Generating summary statistics:

Nucleotide diversity was measured using 7, the average number of nucleotide
differences per nucleotide site between each sequence pair in a population: this is a
basic measure of heterozygosity (Tajima 1983). This was calculated using DnaSP 4.0
(Rozas et al. 1999, Rozas et al. 2003). For a diploid neutral population of effective
population size N, and with mutation rate per locus per generation u, the expected
value of 7 is 4Nu with variance 4N u(4Nqu + 1) — departures from this value may

indicate non-neutral evolutionary or demographic effects.

Different demographic histories were modelled for average pairwise nucleotide
difference (7) frequencies using DnaSP. Timing of ancient population size changes
were estimated for the peak pairwise differences such that:
ALY

- 2um,

where ¢ is the estimated time of the event; 4 is a mutation rate of 1.8 x 1o

t Equation 1

substitutions per site per year (Axellson et al. 2005);  is the mean pairwise difference
value — analogous to the time of the mean peak change in population size; and mr is
the gene length (Rogers & Harpending 1992). One generation was calibrated as one

year.

DnaSP was used to analyse the polymorphic characteristics of the data and to perform
a series of population genetic tests. The numbers and types of SNPs were assessed, as
was the GC content and the number of alleles. The haplotype diversity (Hd) is related
to the number (k) and distribution of haplotypes in the sample such that:
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k
Hd=1- 2 p! Equation 2

where p; is the frequency of the i™ haplotype, assuming an infinite-sites model
(Depaulis and Veuille 1998). Thus the scale of Hd is from 0 (no haplotype diversity,
Hd = 2(n — 1)n’) up to 1 (maximal Hd of (I — 1/n)) for a sample size n. This assumes
no recombination — chicken genes with recombination therefore have higher Hd

values than expected if this is present at an elevated level (Depaulis et al. 2001).

Kelly’s Z,s is a measure of LD based on haplotype correlations between sites (Kelly
1997). For the allele frequencies of sites i and j, p; and p;, the LD (denoted Dj))

between each is: D, = p, — p,p,, where p;; is the frequency of sequences with derived

alleles at both sites. A standardised form of this value is ;;, ranging between 0 and

2

1:6

. ) From this the statistic Z,s is taken as the average J;; for

= ii
pp;(-p M- p,

all sequence pairs with S segregating sites:

2 S-1 §

in e o..
"S(S-1) £ 2 ¥

Equation 3

where # is the number of sequences sampled. Recombination is likely to disturb gene-
wide patterns of LD by placing neutral sites adjacent to those under selection, and by

generating new variants at pairs of sites (Kelly 1997).

Watterson’s coalescent estimator of variation, Oy, assumes no population structure, an
infinite-sites model and a large N, compared to the number of genotypes sampled (»)

(Watterson 1975). For the number of SNPs per nucleotide (S), O is determined as:
n-1
6, =S/ 2 i Equation 4

This statistic measures the abundance of rare alleles in the sample and can estimate Gy

= 4N.u for a diploid population.

Recombination is a combination of processes that occurs during meiosis where
homologous DNA regions cross-over to exchange sequence or non-reciprocally
convert sequence of other homologous regions (Betran et al. 1997). Recombination

was studied using the four gamete test to obtain the minimum number of
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recombination events, Rj — however, this statistic may substantially underestimate the
actual number events that have taken place (Hudson and Kaplan 1985). The expected
value of this statistic is dependent on the number of samples () and the rate of

recombination per site per generation (c):
n-1
E[R, ]= 4N c/ 2 i Equation 5

However, the actual algorithm implemented here with DnaSP to measure R), (using
DnaSP) is more complex (see Appendix 2 in Hudson and Kaplan 1985). Hudson and
Kaplan regard R, as analogous to the number of observed SNPs in Equation 4 above:
it measures observed recombination but cannot be use to infer total recombination,
just as SNP sites are observed variation but cannot predict the true total number of
variable sites. Ry, can be visually apparent in phylogenetic networks, where
unresolved branching between sequences is reflected by the value of Ry so as Ry

increases, so does the number of unresolved phylogenetic branch trifurcations.

The rate of recombination, R, is based on ¢, the recombination rate per site per
generation:

R = 4N,.c Equation 6
assuming an infinite-sites model (Hudson 1987). The variance of R is calculated in the
same way as 7 stated above: 4N.c(4N.c + 1). This is based on Watterson’s 8 — a
metric to which R is analogous (Hudson and Kaplan 1985). Following from Equation
6, the estimated value of R is then adjusted for the average distance between sites that
have recombined. Because R is dependent on the inferred effective population size, it
can be biased by the effects of both selection and demographic changes: directional
and diversifying selection or a population size increase cause elevated N, values, and

purifying selection or a population bottleneck can yield reduced N, values.

Understanding the extent of gene conversion in resequenced data is important because
of its effect on allele diversity. The number (V) and lengths of gene conversion tracts
occurring pairwise between populations that possess sufficiently divergent haplotypes
are dependent on the probability of detecting a converted site () and the average true
tract length ((1 — @)”) with variance ((7 — ®)?), where @ is a geometric distribution
parameter of the true tract lengths, which differ from the observed tract lengths
(Betran et al. 1997). This gives the probability that a single gene conversion event
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creates a tract of length m equal to (1 — @) @™, and to detect such a tract at least two
symptomatic SNPs are required to be observed so the chances of detection are 1 — (1 —
w)" (1 — my/(I — y)). From this it ié possible to deduce the difference between the
observed (x) and true mean tract lengths through y, where x = d + 1 — g for d, the
distance between the most remote affected bases, and g, the number of nucleotide
gaps between these bases, and y in this instance is estimated as average probability of
detecting a set of sites in a specific tract. The number of undetected gene conversion
events and the rate of gene conversion per generation can also be inferred (see Betran

et al. 1997 for details).

4.2.5 Assessing population structure:

Fsris a genetic fixation index of relative population differentiation that takes 7 within
a population (7,) and the mean 7 between the initial population and another (z,;) such
that Fsr = I — my/my (Wright 1951). Thus Fsr is a measure of relative heterozygosity
between populations that is scaled from 0 (no difference) to 1 (maximal difference),

though these are relative rather than absolute measures.

In order to further examine possible links between genetic differentiation and
population configuration, pairwise Fsr values were calculated by Arlequin for each
population. The most parsimonious population tree structure was determined by
Neighbor from Phylip version 3.67 (Feselstein 1995). Treeview (Page 1996) was used
to produce trees of the populations. Using PASSaGE (Rosenberg 2007), Mantel
permutation two-tailed tests (Mantel 1967) were performed for 107 permutations
between the pairwise Fsr values for each gene and the geographic great circle

distances between the samples’ countries.

Analysis of Molecular Variance (AMOVA) tests (Excoffier et al. 1992) were
conducted on all sites using Arlequin, with 1,000 permutations. This assigns the
observed variation to different components of population structure using an ANOVA
(Analysis of Variance) approach: within populations, between populations and
between continental groups. This test assumes panmictic populations and non-random
mating. It is an effective test of the population structure present at these genes because

of the global sampling conducted.
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4.2.6 Creating haplotype networks:

Phylogenetic allele networks are an effective means of communicating the genetic
relationship between genotypes. The large number of samples under examination here
requires effective methods for clustering haplotypes because there are many possible
configurations. Mutations that are reversals of previous states or replicate other non-
ancestral states complicate genetic networks, and result in a computationally large
number of possibilities (Bandelt et al. 1995). The method used here created median-
joining networks, which work by firstly making a set of minimally spanning trees
from the genotypes sequences separated by mutations (Bandelt et al. 1999). It
secondly inserts intermediate (possibly ancestral) nodes where there are shared
mutations between at least three adjacent genotypes, shortening the overall distances.
Finally, this approach optimises the trees using a maximum parsimony heuristic
algorithm to produce the network with the shortest total mutational distance for all
sequences, which can include unresolved ancestries between haplotypes (Bandelt et
al. 1999) — these could be recombination events and can be estimated using R, in
Equation 5. Median-joining networks perform more accurately than those relying on

using the minimum spanning methodology alone (Woolley et al. 2008).

The median-joining haplotype networks were constructed for IL1B and IFNG using
Network version 4.2.0.1 software (Bandelt et al. 1999; http://www.fluxus-
technology.com). Networks in this thesis were designed without pre- or post-
processing steps and with the criteria for joining nodes as the connection cost rather
than a greedy algorithm (greedy FHP), which joins the nearest nodes at each iteration.
However, the greedy FHP was used for GMCSF (Chapter 7) because the connection
cost criteria did not converge on a single network. Extensive recombination that was
inferred at certain genes was in part represented by the nodal points in the networks,
and this recombination led to the presence of certain mutations more than once in the

network.

Phylogenetic networks can yield clues regarding the recent history of population
genotypes: a star-like radiation of closely related samples may indicate positive
selection (Bamshad & Wooding 2003). Clustered nodes may signify balancing
selection, or other effects like selective pressures in local environments. The networks

produced here might be best viewed as a representation of the distribution of extant
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diversity within chicken, rather than an accurate diagram of the genes’ or samples’

ancestry.

4.2.7 Predicting impact of amino acid replacement mutations:

Predictions to estimate the extent of the functional impact of each nonsynonymous
substitution were conducted using SIFT (Ng & Henikoff 2003), PMut
(http://mmb2.pcb.ub.es:8080/PMut/; Ferrer-Costa et al. 2005) and PolyPhen
(http://genetics.bwh.harvard.edu.pph/; Ramensky et al. 2002). These operate by
aligning the protein sequence of interest to available sequence homologs and
determining the probabilities of particular replacement changes based on this data as
well as the physical properties of the amino acids involved. In many cases the results
of estimating the extent of functional impact for each nonsynonymous substitution
were not statistically supported or had conflicting results, most likely due to the high
protein sequence divergence between chicken and the species to which it was
compared. Thus the mutation outcomes were also classed as not determined or

probably neutral, depending on the output of the programs.

4.2.8 Tests of neutrality:

Summary statistics were used to evaluate the degree of deviation from neutrality: Fu
and Li’s D and F (Fu and Li 1993), Tajima’s D (Tajima 1989), Fu’s F; (Fu 1997), Fay
and Wu’s H (Fay and Wu 2000). This set of statistics are based on examining the
relative ratios of singleton, rare, intermediate and high frequency alleles in the
populations, whose proportions should be approximately equivalent under neutral
conditions. These statistics were determined using DnaSP using an infinite-sites
model based on the number of mutations; the number of segregating sites can also be
used to calculate their values, however this alternate method gave the same values for

each metric.

The first published of these, Tajima’s D, compares moderate frequency alleles () and
the relative number of segregating sites (S), which reflects the number of rare variants
more strongly. These statistics are adjusted for the sampling size according to:

w-S/a

D =
\/els +e,s(s-1)

Equation 7
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n+l

n-1
where a, = 21’" and e, =c, /a, such that ¢, = b, ~1/a, with b, = and
o 3(n-1)
n-1 2
e, = 2c2 forc2=b2—n+2+f% whereaz=2i‘2andb2=M
a, +a, an a & 9n(n-1)

(Tajima 1989). This test of neutrality is scaled such that the denominator is the
standard deviation of the numerator, and so under ideal conditions behaves like a
normal distribution ~ N(0,1). Under recombination, the variation of D decreases, so
simulations were used to adjust for such effects that violate neutral assumptions.
Tajima’s D is robust to low numbers of samples and SNPs, and is an efficient

approach for assessing neutrality in populations where ancestry is complex.

Additional tests of neutrality examine the relative difference between the total number
of mutations (»), = and the number of derived singletons (#.). # is inferred from an
outgroup sequence to identify the number of singletons on internal branches (#;), such
that # = . + n; (Fu and Li 1993). The expectation of 7, is Watterson’s estimator of
genetic diversity from above, E[y.] = Ow = 4Nu, and E[n;] = Ow(a, — 1) where

a, = a, above and n is the number of genotypes sampled. Fu and Li’s D is the

adjusted difference between # and 7., testing the difference between the number of
low frequency variants and the number of unique derived alleles. Fu and Li’s F is the
difference between 7 and #. and so examines the ratio of alleles at intermediate
frequency to the number of derived singletons (Fu and Li 1993). They operate in the
same manner as Tajima’s by adjusting for the variance between the statistics, while

also incorporating sample size information. The test statistic for Fu and Li’s D is:
n-n.4
2
\VUph +vph

2
a, (Cn_n+1) withcn—zna" 4(n-1) sl

D= Equation 8

where b, =a, above andv, =1+

+a’  (n-D(n-2)

n n

n-1
u, =a, —1-v,. The statistic for F is:

F = e Equation 9

VUl + VFUZ
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2’ +n+3) 2
On(n-1) n-1

where v, = [cn . ]/(af +b,), withn, b,,, ¢, andw, =7 as

gl o 4 (n+1).(a,, -(2n/(n+1)))

2 /a, =ve.D and F are
3(n-1) (n-1)

above, and u, = [1 +

effective tests for the presence of background selection: in such a case a deficit of
singletons would be expected — an excess may reflect a population expansion. They
are sensitive to low numbers, and thus sufficient numbers of externally and internally
branched singletons are required for confident testing. If ancestry is not determined
and hence the direction of the mutations are unknown, Fu and Li’s D and F can be
calculated as D* and F*, respectively, however these metrics are less powerful and

since outgroups were acquired, were not implemented here (Fu and Li 1993).

Fay and Wu’s H examines the relative difference between variants at intermediate (6;)

and high (6y) frequencies, where the latter is determined for derived alleles from

, where n is as

n-1 -2 Rl A e
outgroup information as 6, = 2 il Sil) and 6, = 2%
=1 nn- " nin -

above, and S§; is the number of derived alleles found i times (Fay and Wu 2000). The
H statistic is:

H=0,—-0y Equation 10
H is effective even if the number of high-frequency variants is low. This metric can
detect hitchhiking signatures brought about by positive selection because neutral
alleles near positively selected sites are more likely to be fixed, a signal of hitchhiking

can be detected in some cases (Bamshad & Wooding 2003).

Fu (1996) defined Fs as a measure of the relative abundance of rare alléles ina
sample: a significant excess (F’s is highly negative) or deficit (Fs is very positive) can

reflect selective and other processes. The statistic is:

L
Fg = ln(1 SSI ) Equation 11

S k
l (I ) for a sample of ky alleles from a total of & alleles in »

where S’ ‘Z

sequences, with the product S, (0,, )= 6, (6,, - 1)...(0,, —n+1)and S; is the coefficient
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of 8} in S,. Thus S is equal to the probability of having kj or more alleles in a

random sample, given neutrality (6 = ). An excess of rare alleles detected by Fs can
often be related to the actions of hitchhiking, population growth or recombination.

Consequently, Fu’s Fis is most useful when used in tandem with the above tests.

In order to test the neutrality of each summary statistic (including those mentioned in
earlier sections), coalescent simulations of neutral data with the numbers of
genotypes, segregating sites, total sites, sample population sizes and rate of
recombination were performed for each gene using DnaSP for 1,000 replicates. These
simulations generated empirical distributions with which the observed values were
compared to determine the extent of their deviation from neutrality. Non-neutral
evolution was inferred if the observed values lay at the extremes of the distribution.
Sliding window analyses were performed for the summary and descriptive statistics,

however, these were not informative for any of the genes resequenced in this thesis.

The HKA test can detect selection at loci that share common demographic history by
seeking signatures of divergent evolutionary patterns between pairs of genes, where
one shows particularly high levels of variability (Hudson et al. 1987). However, this
test was not implemented in this thesis because of the hybrid nature of chicken
domestication history; certain loci may not share the exact same genetic ancestry,
which would ultimately produce false positive results. In addition, disparate
domestication and introgression events would lead to further demographic effects on
selection, such that comparing pairs of loci without context would not yield

meaningful results.

4.2.9 Coalescent simulations to infer demography and recombination:
Recombination was estimated for the aligned gene sequences using the CLE
(composite likelihood) method (Hudson 2001), which was applied with the program
LDhat (McVean et al. 2002). This estimates the gene-wide rate of recombination,
based on the number of samples and 8. Recombination is determined according to p
= 4N,r per locus, constant across all sites. LDhat estimated recombination rates at the

SNP loci, and tested locally elevated recombination at SNP hotspots. Initial
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simulations with LDhat normally assume p < 700, however IL1B exceeded this range

and a limit of p < 400 was used.

Coalescent simulations in the form of samples under neutral models were generated
for 10 repetitions using the program MS (Hudson 2002) and analysed with scanMS
(Ardell 2004) using Perl scripts (parser_scanms.pl, Appendix A). The input data was
generated by DnaSP (numbers of segregating sites, number of samples, cross-over
rate, gene length). The degree of recombination at each simulated locus was
calculated from the DnaSP results for R. The numbers of segregating sites were fixed
and the simulations were completed both with and without migration. Tajima’s D and
7 were simulated and the simulated values were compared to the observed DnaSP
data to determine how demography affects the distribution of diversity at these loci.
The strategy used here of examining neutrality in genes with given simulated
recombination and demographic parameters has been implemented by others

(Quesada et al. 2006, Ronald & Akey 2005).

Inter-population migration between seven populations was simulated within the
constraints of MS and varied in order to ensure this reflected the admixture levels
observed by AMOVA and the Fsy values. Migration has been previously used in MS
models (Akey et al. 2004, Schaffner et al. 2005). The levels of migration were
adjusted by optimising the parameter 4Nym, which determined the immigrant
genotype composition of the subpopulations and the degree of migration between
them. This permitted the examination of different demographic scenarios: the genes
were simulated with demographic change and crossing over in order to test more
carefully their neutrality. The distributions generated by scanMS (Ardell 2004)

allowed analysis of the fit of the observed values on these models.

Different models of population history were designed to test the likelihoods of
hypothetical demographic histories, according to three different scenarios (Figure
4.2). Models 1 (increasing) and 3 (exponential) had final population sizes (10°) ten
times greater than the initial population sizes (10°). Model 2 (constant) was neutral

and had a population of 10° throughout.
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Figure 4.2. A representation of the demographic models simulated by MS.

() () (3) past

!
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(1) a gradual constant increase; (2) a constant population size; and (3) a static
population until recent exponential population growth (to simulate a hypothetical
domestication event).

4.2.10 PAML analysis of interspecies evolution:

One rigorous approach for examining selection pressure is to calculate the relative
rate of nonsynonymous mutations (dy) to the relative rate of synonymous mutations
(ds) in the protein-coding portion of a gene with @ = dpy/ds. Analysis of @ under
different models was performed using the codeml implementation of PAML 3.15

package (see Chapter 2 for more information; Yang 1997).

The free-ratio (M1) model was used to calculate tree branch lengths and w for each
species lineage in the sample. For each model and each gene, chicken samples from
the most frequent haplotype were used: one from Pakistan (FJ537719) for IL1B and
one from Sri Lanka (FJ537935) for IFNG. Using different haplotypes yielded
insignificant changes to results. The sequences used for all samples were all in the 5’
to 3’ orientation. The PAML models implemented are sensitive to low numbers of
species, which totalled seven here (Anisimova et al. 2001). For all models and

datasets, the presence or absence of gaps made no difference to the results of the

alignments.

Lineage-specific models (M2) estimate one w for one or more specified branches: the
remaining branches have a different estimated o (Yang 1997). This is then compared
to a model with a fixed w for all branches. For this and other codeml tests, a

likelihood ratio test (LRT) was used to see if the estimated model is significantly
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more favoured than the neutral model according to a y’ distribution. The number of
degrees of freedom is the number of parameters in the estimated model minus the
number in the fixed model (Yang 1997). LRTs were conducted for lineages using two
o values (two-ratio models) and sets of lineages using more than two @ (multiple

ratio models).

Site specific models (M1a and M2a, M7 and MS8) estimate w ratios for each site
across the whole sequence by using a random sites model according to a Bayes
empirical Bayes (BEB) model (Yang 1997, Nielsen and Yang 1998). For each model,
o and the proportion of sites affected were determined. For M1a only two (K = 2)
fixed w values are permitted: wy = 0 (conserved) and w; = I (neutral) with
proportions pp = I — p;. For M2a, these same two classes are allowed, along with an
additional class where the w ratio is freely estimated (K = 3) with proportion p; to
allow for deviations from neutrality. A LRT is performed between the likelihoods of
these two models. M7 is a neutral model that calculates K = 4 sites classes from a
beta distribution, all of which are between 0 and 1. M8 has K = 5 with the same four
beta-distributed classes as M7 with an additional class where @ > 1. The LRT was
calculated between M8 (the estimated model) and M7 (the fixed model), and similarly
for M2a (the estimated model) and M1a (the fixed model), though the M8 versus M7
test is more effective. A BEB examination of the sites determines the posterior
Bayesian probability of the  ratio for each amino acid site. This differs from a fixed
sites model because it uses a statistical model for @ variation, rather than using
structural information, which can be challenging to determine for chicken genes. A
significantly high posterior probability for this free @ class suggested a particular site
is under positive selection, if M8 (or M2a) was significantly favoured and @ > 1
(Nielsen & Yang 1998).
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4.3 Results

The cytokines IL1B and IFNG are key regulators of chicken immunity and have been
implicated in resistance to multiple chicken diseases. These genes were resequenced
in seven chicken populations from Africa (Botswana, Burkina Faso, Kenya, Senegal)
and Asia (Bangladesh, Pakistan, Sri Lanka) — a total of 70 samples for each gene.
Additionally, four variants in the same genus as chicken were examined (red, grey,
green and Ceylon JF) and two outgroup species closely related to chicken (bamboo

partridge and grey francolin).

4.3.1 SNP and population diversity:

In order to determine if gene diversity was geographically structured, Mantel
permutation tests were conducted the population pairwise Fsr values (Table 4.4) and
neighbour-joining phylogenetic trees (Figure 4.3) were created from the Fsr values.
Neither approaches showed evidence of an association between pairwise Fsr and

geography at IL1B (Mantel p = 0.143) or IFNG (p = 0.143).

Figure 4.3. Neighbour-joining trees of populations sampled for (a) IL1B and (b)
IFNG.

(a) I Senegal
Burkina Faso
Pakistan
Kenya
Sri Lanka
Botswana
0.1 Bangladesh
(b) I Bangladesh
Burkina Faso
Kenya
Botswana
Sri Lanka
Pakistan
01 Senegal

The scaled genetic distance shown is 0.1 substitutions per site.



Table 4.4. Fsr values for chicken populations for IL1B (top) and IFNG (middle) and
geographic distances in miles (bottom).

IL1B Fsr Pakistan Burkina Faso Senegal Sri Lanka Botswana Bangladesh

Burkina Faso  0.218

Senegal 0.027 0.112
Sri Lanka 0.143 0.192 0.078
Botswana 0.064 0.276 0.075 0.087
Bangladesh  0.079 0.273 0.08 0.061 0.007
Kenya 0.134 0.198 0.077 0.134 0.098 0.098

IFNG Fsr  Pakistan Burkina Faso Senegal Sri Lanka Botswana Bangladesh

Burkina Faso 0.186

Senegal 0.003 0.161
Sri Lanka 0.009 0.206 0.010
Botswana 0.003 0.188 0.014 0.015
Bangladesh ~ 0.029 0.126 0.045 0.024 0.029
Kenya 0.026 0.141 0.006 0.015 0.001 0.002

Distances  Pakistan Burkina Faso Senegal SriLanka Botswana Bangladesh

Burkina Faso 4,867

Senegal 5,689 1,095
Sri Lanka 1,887 5,589 6,644
Botswana 5,075 3,147 3,995 4,287
Bangladesh 1,207 5,989 6,886 1,366 5,492
Kenya 3,374 2,797 3,885 3,078 1,764 4,009

The Fsy values at the top are those observed between populations at IL1B; those in the
middle section are for IFNG. The greater circle distances between the countries in
miles are shown in the section at the base.

The absence of strong population structure and abundance of variation was supported
by AMOVA tests that assigned variation observed among all sites to different
components of population structure. Most variation was found between individuals in
populations — 87.5% of the variation at IL1B and 95.6% of that at IFNG was found at
this level. Variation between populations accounted for 12.5% of diversity at IL1B
and 4.4% at IFNG. Interestingly, no variation partitioned between the continents, Asia
and Africa.

The frequency of SNPs at the genes was different: IL1B had 52 SNPs in 2,351 bp,
whereas IFNG had just 68 in 4,066 bp (Table 4.5). The patterns of coding SNPs were
contrasting as well: IFNG had just one SNP in 491 coding bases, much fewer than
IL1B, which had 11 in 801 coding bases. High intra-population variation was

observed in the numbers of SNPs in each continent. Two of nine nonsynonymous
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SNPs in total at IL1B were segregating at moderate frequencies: 9.3% at base 952 and
10.7% at base 1261 (Table 4.6, Table 4.7) and their minor alleles occurred in both
continents (Table 4.8, Table 4.9).

Table 4.5. Number of SNPs in the domestic chicken samples.

SNPs Total Informative Singleton sue Coding

coding Synonymous Nonsynonymous
ILIB 52 50 2 a1 5 .
IFNG 68 60 8 67 1 0

Table 4.6. IL1B coding SNP positions and types and the details of the observed amino
acid substitutions associated with them.

Amino acid allele
Major Derived
Proline -
Glycine Serine
Serine Phenylalanine

Position Type Base change  Frame

94 synonymous CCGto CCA 3
225 nonsynonymous GGC to AGC 1
630 nonsynonymous TCC to TTC v
633 nonsynonymous  GCC to GTC 2 Alanine Valine
939 nonsynonymous GGG to AGG 1 Glycine Arginine
952 nonsynonymous GGG to GAG 2 Glycine Glutamate
1
2
2
3
2

960 nonsynonymous GGG to AGG Glycine Arginine
982 nonsynonymous ACC to ATC Threonine Isoleucine
1063 nonsynonymous GGG to GAG Glycine Glutamate
1181 synonymous GTA to GTC Valine -

1261 nonsynonymous TCC to TTC Serine Phenylalanine

Table 4.7. IL1B coding SNPs population frequencies and distributions.

Position [Exon Continents Population(s) of Origin ' DAF *

94 1 Africa Bur, Bot, Ken 0.021
225 2 Both Pak, Bot, Ban, Ken 0.036
630 4 Both Pak, Bur, Bot, Ban, Ken 0.036
633 4 Asia Pak 0.021
939 5 Africa Bur, Bot, Ken 0.036
952 5 Both Pak, Sen, Ban, Ken 0.093
960 5 Africa Sen 0.014
982 5 Both Bot, Ban 0.021
1063 5 Africa Bot 0.014
1181 6 Asia Pak, Ban 0.029
1261 6 Both Pak, Bur, Sen, Ken 0.107

! Pak is Pakistan, Bur is Burkina Faso, Sen is Senegal, Sri is Sri Lanka, Bot is
Botswana, Ban is Bangladesh, Ken is Kenya. > DAF is the derived allele frequency.
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Table 4.8. Chicken and
outgroup genotypes for
IL1B at SNP sites
polymorphic in the chicken
samples.

sBBERARAooeEceEEseep ey RN ERRRERER RN EERRNRREER
Y Y
Y Y

ERYEE : 4

The synonymous and
nonsynonymous sites are
signified by the letter “Y™.
Samples are from Pakistan
(GenBank accession
numbers FJ537713-
FJ537732), Burkina Faso
(FJ537733-FJ537752),
Senegal (FJ537753-
FJ537772), Sri Lanka
(FJ537773-F1537792),
Botswana (FJ537793-
FJ537812), Bangladesh
(FJ537813-FJ537832),
Kenya (FJ537833-
FJ537852), bamboo
partridge (FJ537853-
FJ537854), grey francolin
(FJ537855-FJ537856),
green JF (FJ537857-
FJ537858), grey JF
(FJ537859, FJ537861),
Ceylon JF (FJ537860,
FJ537862) and red JF
(FJ537863-FJ537864).
Bases with nucleotide A
are in green, C in blue, G
in yellow and T in red.

T T R TS
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Table 4.9. Chicken S ypmmes
and outgroup e
genotypes for
IFNG at SNP sites
polymorphic in the
chicken samples.

The synonymous site
is listed as “Y™.
Samples are from
Pakistan (FJ537865-
FJ537884), Burkina
Faso (FJ537885-
FJ537904), Senegal
(FJ537905-
FJ537924), Sri
Lanka (FJ537925-
FJ537944),
Botswana
(F1537945-
FJ537964),
Bangladesh
(FJ537965-
FJ537984), Kenya
(F)537985-
FJ538004), bamboo
partridge (FJ538005-
FJ538006), grey
francolin (FJ538007-
FJ538008), green JF
(F1538009-
FJ538010), grey JF
(FJ538014,
FJ538016), Ceylon
JF (FJ538011,
FJ538015) and red
JF (F1538012-
FJ538013). Bases
colours are as per
Table 4.7.
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Further evidence for the high diversity at IL1B was observed in the number of
haplotypes illustrated in a median-joining network (Figure 4.4a). In contrast, the
IFNG network (Figure 4.4b) was considerably less diverse, and had one numerically
dominant haplotype. Networks of both genes showed little observable association of
haplotypes with geography, though IL1B did have one specific African branch with a

major Burkina Faso-Senegal haplotype present.

When a network was constructed for IL1B using coding SNPs only (Figure 4.4c¢), the
most significant difference was the single dominant haplotype present among the
coding region network. Notably, this was five sequence differences in phylogenetic

distance to the red JF genome sequence.

In each network the red JF genome sequence was the most closely related species to
the domestic chicken samples compared to the other JF. At IFNG, the red JF was one
synonymous SNP in phylogenetic distance to the largest haplotype in the chicken
samples, implying that red JF was the most likely source of diversity at IFNG.

The different functional predictions made by SIFT, Polyphen and PMut for the
nonsynonymous SNPs between red JF and the chicken populations at IL1B showed
three nonsynonymous SNPs segregating at high frequency (Table 4.10). In a T-Coffee
alignment (not shown) (Notredame et al. 2000) of all available IL1B protein
sequences, all the red JF amino acid variants at polymorphic sites in chicken also have
occurred in the turkey, duck, goose and pigeon (with the sole exception of S164 for

the latter), which suggested the chicken alleles were derived.
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Figure 4.4. Median-joining networks of chicken population haplotypes for (a) IL1B,
(b) IFNG and (c) IL1B for coding SNPs only.

(@) )

Ten mutations Legend:
Pakistan
Sri Lanka
Bangladesh
Kenya i

Senegal

Botswana

| Burkina Faso

One mutation

86

Asian

African




Legend to Figure 4.4: Branch lengths are proportional to the number of sequence
differences between haplotypes. The outgroup samples are represented by the
colourless nodes. V represents the green JF sequences; F the grey francolin; B the
bamboo partridge; G the grey JF; C the Ceylon JF; R the red JF; and RJF the genome
sequence. For IL1B (a) and (c) there were no differences between the genome
sequence and the red JF sample. In (c) synonymous SNPs between chicken samples
are denoted as “syn”; the rest were nonsynonymous.

Table 4.10. Predicted functional impacts of nonsynonymous SNPs among chickens on
the IL1B protein product by SIFT, Polyphen and PMut.

Gene Amino Acid

Pociiion p! RedJF DA 2 SIFT Polyphen PMut N? Outcome
225 22 G S tolerated possibly damaging n/d* 3 n/d
630 103 b F tolerated benign neutral 135 neutral
630 103 X S tolerated  probably damaging n/d* 5 n/d
633 104 A v tolerated benign neutral 2 neutral
939 150 R G deleterious benign w/d* 5 n/d
952 154 A E deleterious benign wd* 127 n/d
952 154 A G deleterious benign neutral 13 prob. neutral
960 157 R G deleterious benign wd* 2 n/d
982 164 S I deleterious benign neutral 137  prob. neutral
982 164 S T tolerated benign neutral 3 neutral
1063 191 E G deleterious benign n/d* 2 n/d
1261 230 S K deleterious  probably damaging pathological 15 deleterious

! Amino acid site. > Derived allele — in some cases this was the most frequent in the
chicken samples, and at positions 939, 960 and 1063 was observed in the outgroup
samples as well. > Number of observed samples with minor allele. * Not determined.

4.3.2 Summary statistics and tests of neutrality:

The summary statistics and tests of neutrality (Table 4.11) illustrated further contrasts
in diversity at the two genes. IL1B had 105 haplotypes among 140 genotypes, so its
haplotype diversity (Hd, Equation 2) was significantly high, while IFNG had 56
haplotypes in 140 genotypes and thus its Hd was significantly low. The nucleotide
diversity () at IL1B was much higher than at IFNG. Interestingly, the relative
numbers of haplotypes in each continent were much lower than for both continents
together. This indicated a high number of unique haplotypes, highlighting the high
population-level diversity. This was reflected in the Fu’s Fs (Equation 11) values that
showed an excess of rare alleles as a result of the high number of unique haplotypes
when both continents were examined in tandem. Nucleotide diversity tended to be
higher in Asia (3.58 per kb) than in Africa (2.85 per kb) at IFNG, but the relative

difference was reduced at IL1B.
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Table 4.11. Gene data, summary statistics and tests of neutrality from DnaSP for IL1B

and IFNG.
U I SRR e al DF“ b e oy i g
AllILIB ' 52 104 0.99 4.92 4.01 0.83 1.63 1.50 -740  -98.55
P value 0.018 n/s 0.040 0.020 <0.001 <0.001 0.011 0.015
Asia IL1B ok 0.99 497 4.01 0.80 1.82 1.71 -4.21 -28.70
P value n/s n/s n/s 0.021 0.002 0.004 n/s n/s
AfricaIL1B 44 56 0.97 4.76 3.78 1.04 0.84 1.03 -6.941 -32.49
P value n/s n/s n/s 0.006 n/s n/s 0.011 n/s
Al IFNG ! 68 56 0.82 * 3.18 3.03 0.15 1.06 0.76 2.47 -14.23
P value <0.001 n/s n/s n/s n/s n/s n/s 0.048
Asia IFNG 61 33 0.85 * 3.58 3.11 0.38 0.85 0.77 420 -4.71
P value <0.001 n/s n/s n/s n/s n/s n/s 0.007
Africa IFNG 61 33 0.76 * 2.85 2.78 0.08 0.62 0.48 4.20 -4.11
P value <0.001 n/s n/s n/s n/s n/s n/s 0.019

The length sequenced at each locus was 2,351 bp for IL1B and 4,066 bp for IFNG. '
All samples are constituted by the Asian and African samples. > Number of
haplotypes. * Haplotype diversity. * Mean number of pairwise differences per kb
between sequences. ° Watterson’s estimator per kb. P values are generated by
coalescent simulations for given recombination using DnaSP; only those with p <
0.05 are given. P values are significantly high except where stated. * Value
significantly low.

There was a strong and consistent contrast in the outcome of the tests of selection at
each gene. The Tajima’s D value (Equation 7) for IL1B was significantly high
because of the excess of intermediate relative to low frequency alleles present; IFNG
had a neutral value. Likewise, Fu and Li’s D (Equation 8) and F (Equation 9)
statistics were extreme at IL1B but neutral at IFNG — notably, the deficit of singletons
was stronger in Asia than Africa at IL1B. Fay and Wu’s A at IL1B suggests that there
was a significant excess of high-frequency derived alleles compared to intermediate
ones; for IFNG it did not. Further tests of Fay and Wu’s A (Equation 10) at the coding
segment of IL1B reveal outlying values: -6.49 (p < 0.001) for all, -4.40 (p < 0.001) for
Asia and -4.62 (p < 0.001) for Africa. This suggested that the relative excess of high-

frequency alleles encompasses the protein-coding portion of IL1B.

4.3.3 Neutrality of pairwise difference distributions:

The distribution of the numbers of pairwise differences () between sequences can
yield information about how a gene’s diversity has changed in the past in terms of
both demography and selective effects (Rogers & Harpending 1992). Historical

population sizes were simulated using DnaSP to fit observed pairwise frequency ()
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data for population size changes (4N), where 7 is the timing of 4AN: as t increases, it
becomes more ancient (Figure 4.5). Estimates of the historical timings of the major
demographic events were calculated according to Equation 1 (Table 4.12). Notably,
the IL1B coding sequence had a much more brief estimated history, suggestive of
purifying selection, and was consistent with the possibility that selective sweeps have

reduced variability in this region as well.

Table 4.12. Estimated time of the peak gene population expansions (kya).

Gene Estimated 7 Time (?)
IL1B 11.2 1,323 7is the mean peak pairwise difference (1)
15 1,772 values simulated in Figure 4.6. ¢ is time in
6.22 425 generations where one generation is equal
IFNG
17 1,161 to one year.
IL1B CDS 0.174 12.3

4.3.4 Coalescent simulations:

Coalescent simulations examined how different models of demographic history and
migration might affect the distribution of observed diversity at a locus. Despite
varying parameters, including values consistent with domestication and resequencing
information, the genotyped values of 7 and Tajima’s D at IL1B consistently lie at the
extreme positive end of the simulated scanMS distribution: all values lie in 96.9 to
99.9 percentiles for all models (Table 4.13). In contrast, the observed IFNG data was
extreme only with migration and where population size was constant during part of its

history.

4.3.5 Recombination rates:

There was a clear disparity in the recombination rates between the genes (Table 4.14).
The recombination rate (R, Equation 6) at IL1B was exceptionally high, and there was
a clear relative disparity between R and the minimum number of recombination events
(Rm, Equation 5) among IL1B and IFNG. GC content, an indicator of the extent of
recombination, was high at IL1B (Duret & Arndt 2008), and Kelly’s Z,s (Equation 3)
indicated that LD was more disturbed at IL1B.
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Figure 4.5. The frequency of pairwise differences in (a,b) IL1B, (c,d) IFNG and (e,f)
the IL1B coding region.

() (b)

10 15 20 25 15

Pairwise Differences

(a), (c) and (e) were computer simulated according to the mean pairwise difference
value; (b), (d) and (f) were manually adjusted for the peak pairwise difference value.
The solid line is the simulated pairwise differences according to the parameters and
the dashed is the observed one. The y-axis indicates the frequency of the pairwise
difference. For IL1B, (a) AN =388 and 7= 11.2; (b) 4N = 10,000 and 7= 15.0. For
IFNG, (c) AN = 149 and 7= 6.2; (d) AN = 1,000 and 7 = 17.0 (as per Table 4.12). For
the IL1B coding sequence (¢) had AN = 1572 and 7= 0.17; (f) AN =0 and 7= 0. The
length of the sequenced region (m7) was 2,351 bp for IL1B, 4,066 bp for IFNG and
668 bp for the IL1B coding sequence.
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Table 4.13. The results of the coalescent simulations with MS and scanMS for IL1B
and IFNG for specific models compared with the observed data.

IL1B Model Increasing’  Constant >  Exponential >
Migration Off On Off - On O On
Patacit, Mean 109 11.0 108 6.6 10.8 8.5
Differences  Percentile 005 85 88 86 49 82 6.6
(Obs = 40.95 134 132 132 835 . 1346 106
13.78) Std dev 1.5 1 14 1.1 1.6 1.2
Obs percentile | 97.2 983 983 999 969 999
Mean 0.00 0.02 -0.01 -1.21 -0.03 -0.67
Tajima’s D Percantilo 0.05 | -0.69 -0.62 -0.65 -1.70 -0.77 -1.22
(Obs = 0951069 066 0.66 -0.68 0.74 -0.10
0.83)° Std dev 042 038 040 031 046 034
Obs percentile 979 986 984 999 972 99.9
IFNG Model Increasing Constant Exponential
Migration Off On Off On Off On
Pairwi Mean | poae RO 17 SRl [+ R ot S v 9.7
A s 05 G 00 19 - e L 8
(Obs = 095 1 ¥5:2- 48 <150 96 ~ 155 - 119
12.92) Std dev 9 LA el . el 200 1.3
Obs percentile 642 645 651 999 639 994
Mean 0.00 0.02 0.00 -1.23 -0.03 -0.68
Tajima’s D Percentile 0.05 |-0.68 -0.58 -0.68 -1.71 -0.84 -1.22
(Obs = 095 0.73 063 0.67 -0.70 0.81 -0.10
0.15)° Std dev 043 037 041 031 050 0.34
Obs percentile | 63.7 63.7 642 999 639 993

' Model 1 — a constant population size gradual increase (from 10° to 10%). > Model 2 —
a large constant population size (10°). > Model 3 — no population size change until a
recent exponential increase (from 10° to 10°). * Standard deviation of the simulated
data. > Observed values for each statistic. The observed mean pairwise differences ()
and Tajima’s D are generated by DnaSP. The observed percentile is the point where
the observed value would lie on the scanMS simulated distribution.

Table 4.14. Recombination at IL1B and IFNG according the percentage GC content,
Hudson’s R and Ry, Kelly’s Z,s per kb and the number of gene conversion tracts (V)
from DnaSP, and significant estimated range of p from LDhat.

GC content

1 2 3
i Total Coding Non-coding g Ru Zns i J
IL1IB 0.649 0.657 0.646 125.98 23 3237 158.6-2933 179
IFNG 0.431 0.416 0.433 11.10 17 64.35 41.0-55.9 31

! For coalescent simulations using DnaSP p = 0.029 for IL1B and p < 0.0001 for
IFNG. ? p = 0.107 for IL1B, p = 0.458 for IFNG. * One-tailed }* p < 0.01. > Total
number of gene conversion tracts identified between all seven populations.
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The estimated range of recombination rates by LDhat, although wide, indicate that
recombination at IL1B was high and was about three to seven times higher than that
at IFNG (Figure 4.6). LDhat was used to examine the local recombination rate at SNP
sites: IL1B had a mean SNP-specific p (0.594) greater than that of IFNG (0.298), and
local recombination was largely uniform across the genes. The LDhat SNP hotspot
distribution showed that IL1B’s mean heat (0.018) was greater than IFNG’s (0.008)
and that the hotspot intensities were largely level throughout the genes. Thus higher
recombination at IL1B was due to gene-wide effects, rather than local or hotspots

phenomena at either gene.

Figure 4.6. Composite maximum likelihood estimators for p for (a) IL1B and (b)
IFNG.
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The midpoint of the estimate for p as determined by the LDhat CLE was 209.5 for
IL1B with a significantly more likelihood range of p = 158.6to p = 293.3 (’ p <
0.01) as indicated by the red arrow. Note that the x-axis scale for the p estimate is
longer for IL1B than IFNG.
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Figure 4.6. (continued).
(b) p

-220000

100

-220800 -

-221600 -
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-224000 A

The midpoint of the estimate for p as determined by the LDhat CLE was 47.5 for
IFNG with a significantly more likely range of p = 41.0to p = 55.9 (;* p < 0.01) as
indicated by the red arrow. Note that the x-axis scale for the p estimate is shorter for
IFNG than IL1B.

4.3.6 Interspecies tests for selection:

In order to test specific lineages and sites for selection, tests using PAML were
implemented. Using branch lengths and @ values from the free-ratio model,
neighbour-joining trees were constructed from coding sequences for each of the seven
species sequenced (Figure 4.7). PAML analysis was not informative for IFNG as a
consequence of a lack of CDS mutations between species: only seven substitutions
among the seven samples are observed at this gene (Table 4.15). For IL1B, the
chicken w value (0.82) was elevated compared to those of the other species (Figure
4.8). Lineage-specific (M2) LRTs examined the likelihood of a model with specific
branches under a different w ratio to others with a neutral model and these results

supported the chicken lineage having a w value higher compared to the other species
(Table 4.16).

93



Figure 4.7. Neighbour-joining phylogenies of (a) IL1B and (b) IFNG.

() (b)
w=0.8170 w =zero
Chicken Chicken
w=zero w =zero
Red JF Red JF
w=04727 w=0.0674 w=0.2541
Grey JF Grey JF
w=0.3203 w=2zero
Ceylon JF
w=0.3738 W v 08
Green JF Green JF
w=0.5903 w = infinite
Bamboo partridge Bamboo partridge
w = zero
w = 0.0608 0.1
Grey francolin Grey francolin

Branch lengths are estimated by maximum likelihood under the free-ratio model,
which assumes an independent w-ratio for each branch: these are displayed above
each branch. The branch lengths displayed are 0.1 of the total branch lengths for that

tree.

Ceylon JF

0.1

Table 4.15. Estimated distribution of nonsynonymous (N.dy) and synonymous (S.ds)
SNPs by the codeml free-ratio model for samples at IL1B and IFNG.

Gene IL1IB IFNG
Sample N.dN S.ds N.dN S.ds
Chicken ' gL 2i 0 1.0
Red JF 0 0 0 0
Grey JF 1.0 3.1 1.0 1.0
Ceylon JF 30 21 0 3.1
Green JF 7 S ) 0 0
Bamboo partridge 5.0 1.8 1.0 0
Grey francolin 1.4 49 0 0

' 10.8 nonsynonymous and 4.8 synonymous changes were in the branch ancestral to

the Gallus genus.
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Table 4.16. Generated PAML parameters used and output for significant test results

involving chicken for IL1B.

Lineage(s) Model Parameters Likelihood o = dylds 24ML P value
w = estimated :
All Ml R ity f5r &l -1253.410 See Figure 4.7(a) - -
Gallus genus el Gallus: o = 0.3864
and ancestral I‘ﬁttizm & = Usriiamg i s B, F: @ = 0.2055 9.143  0.0025
branch o = fixed -1260.512 1
Chicken: @ = 0.8167
Gallus genus M2 e 32t e ’
e o s w = estimated -1255.323 All JF: w_ 0.3326, 10317 0.0013
branch ! ratio HE =008
w = fixed -1260.481 1
Chicken: w = 0.8166,
gyl b R, G: w =0.0673,
Gallus1 genus M2 ttjour w = estimated -1254.477 C.V: w=03577, 5275 0.0216
i B,F: 0 =0.3124
o = fixed -1257.114 1
oot Gallus: o = 0.3604,
Gallus‘ genus Mritti:)vo w = estimated -1256.353 B, F: = 03124 8.128 0.0044
w = fixed -1260.417 1
M2 Chicken: @ = 0.8166,
Gallus genus o = estimated -1255.548 JF: 0 = 0.2843,
1 trl;?s B, F: = 0.3124 9.677 0.0019
w = fixed -1260.386 1
2 2 o : w, = 4.3622 (6.60%),
All? MZT onrELAN) i o1 = 1 (12.34%) 10.739  0.0047
Mla wo=0(79.3%) -1234.676 w; = 1(20.66%)
: wg = 0.0867 (9.23%),
2 M8 wp.7=0(9.2% each) -1229.337 wo = 0.9999 (9.23%),
All w10 = 3.9919 (7.75%) 10.701 0.0047
M7 @p.7=0(10.0% each)  -1234.688 wg 9= 1(10.00%)

The M2 models are branch-specific models. The M1a-M2a and M7-M8 comparisons
are site-specific models. 24ML is twice the difference between the models’
likelihoods. ' One degree of freedom for LRT. * Two degrees of freedom for LRT.
BEB analysis (Yang et al. 2005) showed two sites where P(w > 1) > 97.5%: 48 (0 =
5.428 + 1.969) and 222 (w = 5.403 + 2.002). * BEB suggested five sites where P(w >
1) > 93.8% (see Table 4.17).

Site specific tests between M8 and M7 (and also M2a and M1a) suggest that for IL1B
about 93% of sites may have a w ratio between 0 and 1, but 7% may have a positive @
value (@ = 4.36 for M2a, w = 3.99 for M8; Table 4.16). In both cases the variable
models (M2a, M8) were significantly more likely (p < 0.01) than the corresponding
neutral models (M1a, M7). BEB analysis for M8 determined five candidates that may
be subject to selection (Table 4.17): all these sites have nonsynonymous SNPs
segregating between chicken and the outgroup samples. The functional impact at
amino acids 51, 75 and 202 was predicted to be neutral (Table 4.18).
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Table 4.17. IL1B sites potentially under positive selection according to PAML MS.

Site  Amino Acid ) oSE' P(w>1) Bases Exon Out’ SNPs
C: CAG (Glutamine)
48 Arginine 5413 1.604 0.996 CGG 3 V, B: CCG (Proline)
F: CTG (Leucine)
B V: GGT (Glycine)
51 Arginine 3492, .. 1817 0939 CGT 3 B,F: CCG (Serine)
: V,B: TGC (Cysteine)
75 Serine 5.148  1.867 0.944 AGC 3 Fi 1 G0 (Ascinitio)
G V,B: ACG (Threonine)
202  Methionine 5.103 1.901 0.936 ATG 6 F: AGG (Asginine)
: V, B: GCT (Alanine)
222 Threonine - 5:397 " ' 1.629 0992 ACT 6 F: CCT (Pro)/ GCT (Ala) |

! Standard error. 2 Outgroup samples: C stands for Ceylon JF, V for green JF, B for
bamboo partridge and F for grey francolin.

Table 4.18. Predicted functional impacts of outgroup nonsynonymous SNPs for
polymorphic candidate sites from M8 BEB on the IL1B protein product.

Gene Amino Acid
Position B RALIE . A2 SIFT Polyphen PMut Outcome
P deleterious benign . n/d’
384-6 48 R L  deleterious benign - n/d’
Q  deleterious benign . n/d*
S tolerated benign - neutral
et b oo s G tolerated benign - neutral
; 8 tolerated benign neutral neutral
i il ? A tolerated benign neutral  neutral
T tolerated benign - neutral
L L A toleraged benign neutral neutrgll
A n/d possibly damaging neutral n/d
e b P deleterious  possibly damaging - deleterious

! Amino acid site. 2 Alternative alleles. > Not determined.

Like the nonsynonymous SNPs in the chicken samples, a multiple sequence alignment
with T-Coffee shows that these appeared to be scattered throughout the protein
sequence (Figure 4.8). Two nonsynonymous mutations (at sites 630, 633) in amino
acids 103 and 104 are adjacent to the polypeptide cleavage point. The protein
substitution impacts of Y103F and A104V were predicted to be neutral, suggesting
that these variants could have persisted in the population. Y103F was also a high-
frequency variant in chicken populations and all sites polymorphic in chicken are not

observed in other birds.
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Figure 4.8. Multiple sequence T-Coffee alignment of IL1B sites predicted by PAML
M8 to be under selection (red) and sites with nonsynonymous SNPs among the
chicken samples (blue).
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4.4 Discussion

This was the first study of evolution in functional chicken immune genes in a large set
of diverse populations. Two disease-associated genes (IL1B and IFNG) were re-
sequenced in seven Asian and African populations and six outgroup samples.
Analysis of SNP data, summary statistics and coalescent simulations suggested that
diversity within the two genes was different and particularly high at IL1B. Tests of
neutrality indicated the presence of balancing selection at this gene and PAML
analysis supported the possibility of adaptive processes. Confounding factors for

determining selection included recombination, which was elevated at IL1B.

4.4.1 Elevated and contrasting diversity:

IL1B and IFNG displayed differences in diversity as a result of the different
population histories. The International Chicken Polymorphism Map Consortium
(2004) found 7 levels of the same scale between red JF and domestic chickens (5.36
per kb on average) as described for IL1B (4.92). Most diversity statistics were
unusually low at IFNG, where 7 was 3.18 per kb. The contrast in diversity at these
two genes was visually apparent in haplotype distribution in the network diagrams.
IL1B had a higher frequency of rare alleles, higher haplotype diversity and a higher

concentration of SNPs.

The AMOVA results, pairwise Fsr trees and Mantel permutation tests illustrated the
absence of either strong population structure or of an association of population
distribution with geography at either gene. The high diversity within populations was
consistent with the idea that chickens did not endure a substantial bottleneck during
domestication (Ellegren 2005), although the pattern of this diversity may be affected

by other events, such as introgression of wild JF.

One key inference from the time depths estimated from the pairwise difference plots
was that even if large population size increases and recombination have exaggerated
the extent of measured variation, most SNPs present in domestic and wild lines pre-
date domestication (International Chicken Polymorphism Map Consortium 2004).
This may be still functionally interesting and can illuminate ancient population

history. For example, the incidence of the Mx susceptibility allele is higher in broilers
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than layers and this was present in ancestral strains (Balkissoon et al. 2007). This
could be compounded by a range expansion or an increase in population size, which

can both mimic directional selection (Excoffier 2004).

The lack of differentiation and geographical structuring among the chicken
populations and continents may be an artefact of the high portability and tradability of
the chicken during its history since domestication. Results from Liu et al. (2006)
showed geographic structuring in chickens, suggesting chicken autosomal DNA may
have different population histories to that of mtDNA.

4.4.2 Differing levels of recombination and GC content:

The chicken genome is noted for its high rate of chromosome-specific recombination,
particularly at microchromosomes (Ellegren 2005). As evident in high DnaSP R and
LDhat p values, IL1B had an exceptionally elevated rate of recombination, a level not
accounted for by being on microchromosome 22. This extreme recombination rate is
likely to have had profound effects on distribution of diversity and so would have
altered the signature of selection observed. Though consistent with its extensive
conservation, the low recombination rate at IFNG further highlights the contrast

between the two genes.

The significantly negative Fu’s Fs at IL1B was due to an excess of rare alleles and is
characteristic of directional selection (Akey et al. 2004). Recombination can lead to
an excess of rare variants by increasing the numbers of SNPs and reducing the genetic
distance between haplotypes (Tajima & Mukai 1990, Tajima 1993, McVean et al.
2002, Pennings & Hermisson 2006) and may mimic the effects of high positive
selection (Reed & Tishkoff 2006)

GC content is an indicator of the recombination rate (Duret & Arndt 2008), and
correlates with recombination hotspots (Gordon et al. 2007, Buard & de Massy 2007).
The elevated GC content at IL1B (0.65) was above the genome average (0.42;
International Chicken Genome Sequencing Consortium 2004) and the chromosomal
average (0.43; Gao & Zhang 2006). Given that functional sequences are not normally
GC rich (Galtier & Duret 2007), this was a unique feature of this gene. GC content at
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IFNG (0.43) was not substantially different from that of the genome or chromosome 1
(0.40), where it is located.

The statistic R, which measures crossing over and gene conversion (Hudson 1987),
was much higher at IL1B compared to IFNG than the relative difference between
them for Ry, the minimum number crossing over events (Hudson & Kaplan 1985).
Given this and the higher number of gene conversion events at IL1B compared to
IFNG, excess recombination at IL1B could be due, in part, to biased gene conversion
(BGC), a characteristic of GC-rich regions (Ellegren 2007). BGC is likely to have
played a significant role in shaping the chicken genome, particularly at certain
immune genes (Das et al. 2009). The GC isochores resulting from BGC may be
subject to selective pressures (Webster et al. 2006).

4.4.3 Evidence for selection:

A number of tests of neutrality at [L1B generated extreme values. IL1B had a
significant excess of intermediate alleles, which suggests the presence of balancing
selection. Further evidence for this was found in the coalescent simulation results,
which show that the Tajima’s D value for IL1B was much more positive than

expected across a set of demographic scenarios.

Fay and Wu’s H was significantly negative for IL1B, indicating a preponderance of
derived alleles (Fay and Wu 2000). The presence of a highly negative H value in the
IL1B coding region but not in the non-coding region was evidence that the H value
may be a result of selection at coding sites. Fu and Li’s D and F indicated a deficit of
singletons at IL1B, suggesting it may be conserved to some degree, particularly in the

Asian set of samples (Fu & Li 1993).

Interestingly, the values for Tajima’s D and Fay and Wu’s H are more extreme in
Africa than Asia. Signatures of selection relating to new environments may be
stronger in Africa than in Asia because chickens were first domesticated in Asia, and

thus it was possible that African chickens share a more recent history.

More evidence for the presence of adaptation at IL1B lies in the codeml w-ratio tests.

Lineage-specific tests showed that the chicken branch had a w value higher than the
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other birds. Site-specific test results produced five sites that were candidates for
selection: the 48", 51%, 75, 202" and 222" amino acids. These were segregating
between chicken and the other bird species: Ceylon JF, green JF, bamboo partridge
and grey francolin. Thus, it was possible selective forces acted on these sites during
the evolution of the Gallus lineage, or that selection constraints have become more
relaxed among avian species. The first three sites lie in the IL1B precursor portion
that is cleaved between sites 105 and 106 to produce the active mature polypeptide of
162 amino acids (Weining et al. 1998, Gyorfy et al. 2003), suggesting their functional
role may differ from that of the other two amino acids (Figure 4.5).

The pairwise difference plots of IL1B for all sites and for coding sites showed
significant disparities: the former suggested an ancient expansion of diversity or
population size, whereas the latter was consistent with a neutral increase of diversity —
indicating conservation of the coding sequence. This lack of CDS variation may
indicate the part of the balanced signal is partially due to the complicated
demographic history of the chicken. Though, directional selection and purifying
selection would have the effect of reducing diversity (Harris and Meyer 2006).

Most sites in key functional immune genes, such as the two examined here, can be
expected to be conserved, with only limited numbers of sites under positive selection
(Yang et al. 2001). There was evidence for conservation in both genes, particularly in
the coding regions. This was most apparent at IFNG, where there was just one
synonymous SNP among 68 detected in the 140 genotypes. Furthermore, the only
difference between the red JF genome sequence and the most numerous haplotype at
IFNG was one SNP. In sharp contrast, IL1B had a large number of coding SNPs
among the chicken and outgroup samples and a substantial amount of these are
nonsynonymous. This contrast indicates stronger preservation of functional sequence

at IFNG, most likely by purifying selection.

Interestingly, the pattern of a high number of nonsynonymous changes, a high ®
value and evidence for selection seen here for the IL1B gene was a trend observed not
only in the Mx gene (Hou et al. 2007, Berlin et al. 2008), but also in the MHC-B gene
(Worley et al. 2008). This could represent a pattern of chicken immune system genes

that maintain diversity in order to respond to a wider variety of pathogens.
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4.5 Conclusion

This study shows how comprehensive sampling can reveal distinctive patterns of
diversity at two disease-associated chicken genes. IFNG had low diversity among the
chicken and outgroup samples, and showed a high degree of coding sequence
conservation; both of these observations are evidence for its function as a pivotal
regulator of the immune system. IL1B diversity possessed properties symptomatic of
both balancing selection and recombination, yielding high numbers of diverse alleles.
This could be due to challenges driven by new diseases in different environments, or
it could represent an indication of multiple functions for IL1B in the chicken, as it has

in mammals.

It was already established that the chicken was domesticated in multiple locations
(Liu et al. 2006) and that wild red JF and domestic village strains may be closely
related (Kanginakudru et al. 2008). Networks shown here indicate that red JF was the
closest outgroup and therefore the most likely ancestor for diversity at each gene. This
was in contrast to the yellow skin gene (Eriksson et al. 2008), which appears to
originate in an introgression from grey JF. This seems to exclude the introduction of
exogenous variants in a gene with high diversity and balancing selection signals in
IL1B. However, this may be influenced by repeated introgression and interbreeding of

domestic populations with wild red JF.
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5.1 Introduction

New large-scale sequencing projects in several avian species, for instance the zebra
finch genome project (http://songbirdgenome.org), now allow the genome-wide
comparative analysis of avian genes and the detection of selection on a more
comprehensive scale. The estimated 100 million years of divergence between zebra
finch and the chicken permits the robust evaluation of functionally relevant
evolutionary change (Kaiser et al. 2007). For many chicken genes, the protein-level
identity with mammalian species like human and mouse is too low to permit effective
analysis of functional variation due to the long time since species divergence

(International Chicken Genome Sequencing Consortium 2004).

Approximately 20% amino acid changes between chicken and zebra finch have been
fixed by positive selection (Axelsson et al. 2009), so by comparing CDS between
these (and other) birds, chicken genes with signals suggestive of adaptation can be
identified. Previous examinations of chicken genes defined by mammalian orthologs
suggested immune genes in particular undergo a more frequent rate of change at the
protein level (International Chicken Genome Sequencing Consortium 2004), so
testing for substitutions that are adaptive in this set of genes may be an successful

strategy for identifying variability relevant to disease.

5.1.1 IL4RA gene functions:

This chapter reports that the chicken interleukin receptor 4 alpha chain gene (IL4RA)
showed a relative excess of nonsynonymous substitutions and may be subject to
selection. Chicken IL4RA is associated with disease: for example, its expression is

downregulated by avian influenza virus during infection (Xing et al. 2008).

The human ortholog of this gene encodes a type 1 transmembrane receptor for L4
and IL13, both of which are key immune system cytokines that initiate signalling
pathways in the inflammatory response to infection (Shirakawa et al. 2000). IL4RA
may also form an interleukin receptor with a gamma-c (y.) receptor chain — vy, can
bind other cytokines (Hershey et al. 1997). In humans, IL4RA regulates IgE
production by B cells and differentiation of Ty2 cells (Wu et al. 2001, Liu et al.
2004). Notably, replacement substitutions at human IL4RA are associated with the
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onset of atopy through the over-activation of inflammation (Hershey et al. 1997); this

suggests such variants would have historically been mildly deleterious.

Interestingly, an alternate form of the human protein with a different C-terminus can
be produced by translation or proteolysis of the dominant transmembrane variant: this
novel protein can inhibit cell proliferation driven by IL4 and IL5 expression by T cells
(Bergin et al. 2006). In humans, the extracellular domain is made up of exons 3 to 7,
the transmembrane domain from exon 9, and the intracellular domain exons 10 to 12;
the shorter, soluble IL4RA version has no transmembrane or intracellular domains

(Kruse et al. 1999).

The IL4RA gene was resequenced in 70 Asian and African village chickens, 20
commercial broilers, and in six closely related species: red, grey, Ceylon and green
JF, bamboo partridge and grey francolin. High allelic variation at this gene appeared
to be balanced at two nonsynonymous SNP sites in particular. Although this may
enhance immune system variability in response to challenges by pathogens, a
consequence of the complex domestication history of the chicken is that introgression,
multiple origins and migration are likely to have altered the pattern of diversity at this

locus, complicating selection signatures.
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5.2 Methods

5.2.1 Identification of putative alignments of chicken genes

As the most extensively sequenced other bird species, zebra finch genes were
compared with the chicken genome. With adequate levels of turkey (Meleagris
gallopavo) sequence present in GenBank, this species was used as an additional
contrast. For example, at the time of writing, the mallard duck (4nas Platyrhynchos)
was the bird species with the fourth highest number of GenBank sequences but still

had over four times fewer sequences than turkey.

Chicken Refseq protein sequences (19,661), zebra finch ESTs and mRNAs (67,671),
and turkey ESTs and mRNAs (16,032), as well as zebra finch (264) and turkey (39)
BAC sequences were downloaded from GenBank. These were cleaned of vector
contaminants using SeqClean and repetitive sequences were masked using
RepeatMasker. Tgicl (Pertea et al. 2003) was used to cluster the zebra finch and
turkey sequences separately with a minimum length of 100 bases and identity of 96%
or more for overlapping regions into 9,716 zebra finch and 1,810 turkey consensus

contigs (Figure 5.1).

The zebra finch and turkey contigs were searched against the chicken protein
sequences using Blastx (Gish & States 1993), with an E value < e-10 separating best
hits for each protein from paralogous sequences. The best-hit protein pairs identified
in the Blastx search were aligned with T-Coffee (Notredame et al. 2000) using perl
scripts (ckzfNEWblastx.pl, BLASTX.pl and hitParserZF.pl in Appendix A).
Alignments of length < 70 amino acids or sequence identity < 60% were discarded to
remove short or spurious sequences. These protein alignments were then used as
templates to generate 3,653 chicken-zebra finch and 1,139 chicken-turkey pairwise
coding sequence (CDS) alignments in the correct reading frames and with gaps
inserted where needed. These were used in subsequent analyses. The chicken-zebra

finch pairs were also used for analysis in Chapter 2.

5.2.2 Identifying candidate genes subject to selection:
Pairwise dy/ds (w) was calculated for each CDS alignment using the codeml

implementation of the PAML 3.15 package (see Chapter 2 for details; Yang 1997). @
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was compared by maximum likelihood under two different models: a neutral model
(Model A) where w was fixed = 1, and a model where w was free to vary (Model B).
These models were compared using a LRT to determine if the variable model was

significantly more likely (Yang 1997).

Figure 5.1. Procedural pipeline for determining orthologous alignments of chicken
genes that are candidates for undergoing selection.

All available sequences from Tgicl

zebra finch and turkey —————— :
Vector cleaned and masked contigs

Chicken Refseq

Consensus cDNAs

1) single best hit

—— BLASTx 2e<ell Al ¢
3) length > 70 amino acids

l 4) identity > 60%

Chicken Refseq
proteins (19,661)

BLASTn
Best hits

|

T-Coffee (to align protein pairs)
Copygaps (to insert gaps into CDS alignments)

Pairwise alignments for CodeML analysis

- Likelihood Ratio Test

do/ds > 0.5 and Model B significantly more likely

Programs used and their parameters are in red. Datasets are in blue. Pairwise
alignments with PAML are in black.
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As a consequence of this conservative strategy of calculating w across the entire gene
length, genes may be discounted when the signal of directional selection is focused on
specific regions or domains, and would thus be obscured by purifying selection
operating on the majority of the gene (Sawyer et al. 2005). Many genes known to be
subject to positive selection have 0.5 < w < I (Swanson et al. 2004), so using a lower
cut-off point than @ > I to identify candidate genes that may be subject to selection
can be effective. Accordingly, chicken-zebra finch alignments with @ > 0.5 where the
variable model was significantly favoured (p < 0.05) were identified. The annotation
associated with the best human orthologs from the Panther database (Thomas et al.
2003) was used to identify the function of chicken genes with relevance to the

immune system.

The chicken IL4RA mRNA sequence (Refseq ID: XM_414885) was initially
determined by Boardman et al. (GenBank accession: CR407301) and Caldwell et al.
(2004). This sequence aligned as a best hit to 2 clustered zebra finch sequences,
DQ213788 and DQ213787 (Wada et al. 2006). Situated on chromosome 14, the 5’
end of IL4RA is just 150 bp from a transcribed element (NSMCE1; Caldwell et al.
2005). The IL21 receptor is near the 3’ end of IL4ARA and an IL9R precursor homolog
lies close to the IL21R as well.

5.2.3 Sample collection:

A total of 90 chicken samples were acquired: 70 village birds from Asia and Africa
(International Livestock Research Institute, Kenya) and 20 commercial broilers
(Manor Farms, Co. Monaghan, Ireland). The commercial birds were composed of 10
Ross breed chickens from Ireland and 10 Hubbard Flex from France. The Asian and
African samples were the same as in Chapter 4. One sample for each of 6 outgroup
species were also sequenced — again, as per Chapter 4: bamboo partridge, grey
francolin, and green, grey, Ceylon and red JF. DNA was isolated from the samples

using a phenol-chloroform extraction following a proteinase K digestion.

5.2.4 Resequencing strategy:
The UCSC, GenBank and Ensembl databases were used to investigate the gene’s
structure. At the time of analysis, a portion of the chicken IL4RA region was not

displayed on these browsers, so the reference assembly (NC _006101) and reference
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contig (NW_001471454) were aligned with the IL4RA mRNA sequence from
GenBank (XM _414885) using T-Coffee (Notredame et al. 2000) to determine
potential coding regions. A further T-Coffee alignment of the human and chicken
IL4RA protein sequences identified chicken regions orthologous to variable regions in
humans (Figure 5.2): according to the Uniprot (www.uniprot.org) entry for human
ILARA (Uniprot: P24394), most variation is in the extracellular and cytoplasmic
domains. Genscan was used to corroborate the predicted gene structure (Figure 5.3;

http://genes.mit.edu/GENSCAN.html).

PCR primers were designed using Primer3 according to the parameters listed in
Chapter 4 and were constructed by VHBio. The details of the primer sequences and
optimal parameters for their usage are in Table 5.1. Each amplicon was amplified
according to the PCR cycle setup (Table 5.2): eight were successfully amplified for all
96 samples. The forward and reverse PCR product sequences were determined by

Agowa.

Table 5.1. Sets of primer pair sequences and their associated optimal PCR parameters.

Amplicon (SI;IZ); Orientation (Ig) [I(\r/{]gﬁ;] Primer Sequences

1 903 Forward 56 15 GGTTAGGTTGCAAGGTTTTGTC
Reverse CCAGCCCTTAAGATTTCATGTC

) 799 Forward 60 20 GAATCCTAACATCCAGCAAAGC
Reverse AGTGAAGAACACACACCACCAC

3 684 Forward 56 20 CAGGAAAAATCCCAACTGAAAG
Reverse GCACTACTTGGCAAACACTCTG

4 708 Forward 61 15 CAGAGTGTTTGCCAAGTAGTGC
Reverse ACATACTGGTGCCATTGAACTG

5 943 Forward 57 25 ACAGTTCAATGGCACCAGTATG
Reverse TTCAGGCCTTCTCACTAAGCTC

6 867 Forward 58 20 GCAGTGCTTGTTGATGAATACC
Reverse TTAGATGCCAACTGTGTTGTCC

7 970 Forward 60 20 AATGCAGTTTTAACCCCTGAGA
Reverse GGGTTAAAGACGGTAACAAGCA

3 906 Forward 62 20 ACAATTGCAGTACAACCAGCAG
Reverse TCAAACACTCATGGCCATCTAC
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Figure 5.2. An alignment of chicken and human IL4RA protein sequences.
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Table 5.2. PCR cycle program for each primer pair.

Step Temp. (°C)  Duration

1 95 15 mins
2 95 0.5 min
3 v 0.75 min
4 72 1 min

5 72 15 mins

! Annealing temperature as listed in Table 5.1. Steps 2 to 4 were repeated 33 times in
sequence.

5.2.5 Sequence assembly:

Sequencing reads were assembled into contigs using the Phred-Phrap-Consed-
Polyphred pipeline programs Phrap v0.990319 and Phred v0.020425.c (Ewing &
Green 1998, Ewing et al. 1998). For complete details of base calling, SNP detection
and sequence assembly see Chapter 4, though elements were improved from Chapter
4: firstly, only bases with base quality scores (S) > 20 were included in the analysis,
so all bases had at least a 99.0% probability of being correct: most had § > 40
(99.99%). And secondly, only SNPs in polyphred rank 1 were called for the outgroup

samples.

A list of the genotypes for each sample was collated and PHASE version 2.1.1
(Stephens et al. 2001) was used to infer missing haplotypes. These assigned
haplotypes were cross-referenced with haplotypes generated by Arlequin (Schneider
et al. 2000) to ensure consistency — both were identical. Any sequence sites with
inadequate coverage across populations or continents, which had sub-standard base
quality scores, or had insufficient coverage for either forward or reverse sequences,
were removed using Perl scripts — leaving a total of 5,298 bp for further analysis.
Coding sequence regions were corroborated using MGalign version 3.1 (Lee et al.
2003). The sequences were exported to Mega (version 4.0.2, Tamura et al. 2007) to

convert the data to formats useable by other software packages.

5.2.6 Data analysis:
DnaSP 4.0 (Rozas & Rozas 1999, Rozas et al. 2003) was used to analyse the
polymorphic characteristics of the data and to perform a series of population genetic

analyses, the calculation details of which are discussed in Chapter 4. The numbers and
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types of SNPs were assessed. Nucleotide diversity was measured using =, the average
number of nucleotide differences between sequences pairs (Tajima 1983). The
haplotype diversity (Hd, the number and frequency of haplotypes in the sample,
Equation 2; Depaulis & Veuille 1998), the number of haplotypes, Z,s (Kelly 1997,
Equation 3) and Oy = 4N.u (Watterson 1975, Equation 4) were determined. The four
gamete test for the minimum number of recombination events (R); Hudson & Kaplan
1985, Equation 5) and R (the degree of recombination; Hudson 1987, Equation 6)

were calculated, as was the GC content.

A set of summary statistics were used to identify departures from neutrality using
simulations: Fu and Li’s D and F (Fu & Li 1993, Equations 8 and 9), Tajima’s D
(Tajima 1989, Equation 7), Fu’s F; (Fu 1993, Equation 11) and Fay and Wu’s H (Fay
& Wu 2000, Equation 10). For details on their calculations and the coalescent
simulations using DnaSP, see Chapter 4. These simulations generated empirical
distributions with which the statistical values were compared to determine the extent
of their deviation from neutrality. It is an indication of non-neutral evolution if the

observed values lie at the extremes of the distribution.

Median-joining haplotype networks were constructed using Network version 4.2.0.1
(Bandelt et al. 1999). AMOVA tests (Excoffier et al. 1992) were conducted using
Arlequin (Schneider et al. 2000) with 1,000 permutations. See Chapter 4 for details
on the utility of the test.

Predictions to estimate the extent of functional impact for each radical substitution
were conducted using PMut (Ferrer-Costa et al. 2005) — more details on the test are in
Chapter 4. In some cases, the program did not have sufficient confidence in the results
due to the high protein sequence divergence between chicken and the species with
which it was compared. In such cases, the prediction outcomes were classed as not

determined.

The McDonald-Kreitman tests (McDonald & Kreitman 1991) were implemented with
DnaSP to examine the rates of evolution within a species (chicken here) to that
between species (between chicken and outgroup genotypes) at two categories of sites.

The relative ratios of fixed nonsynonymous (Dy) and silent (D;) substitutions and
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polymorphic nonsynonymous (Py) and silent (P,) changes are evaluated as Dy/D; and
Px/Py. Silent sites include both noncoding and synonymous sites. The test calibrates
the rates of nonsynonymous site change for what is assumed to be a neutral rate at
silent sites. If Dy/Ds > Pn/Ps or Dy/Dy < Pn/Pp, based on a one-tailed Fisher’s Exact
Test, it can indicate the presence of non-neutral evolution (McDonald & Kreitman
1991). If Dy/Dy, > Py/Py, it is more consistent with purifying selection on the
ancestral interspecies branch (Eyre-Walker 2002): this would likely require
synonymous rather than silent sites in order to detect positive selective in a more
stringent manner because the probable lack of selective constraint on coding
compared to noncoding sites may bias the test, so using synonymous sites would
reduce this inaccuracy, given that differing rates of background selection would

mimic the effects of positive selection (Eyre-Walker 2006).

5.2.7 Selection at IL4RA among avian species:

To investigate for evidence of selection in IL4RA between chicken and each of the six
outgroups, CDS alignments were generated and w was determined under a variety of
models using codeml (Yang 1997). For this analysis, a chicken sequence from the
most numerous haplotype was used (FJ542575). Although the chicken coding
haplotypes observed at IL4RA were diverse, substituting this for other chicken
genotypes yielded no significant changes to results, except at certain sites with model

M8 for a divergent sample (FJ542675).

The free-ratio (M 1) model was used to calculate tree branch lengths and @ for each
species lineage in the sample. To identify specific codon sites with evidence of
selection, site-specific models estimated w for each site across the whole sequence by
using a random sites model under BEB (for details see Chapter 4; Yang 1997, Nielsen
& Yang 1998, Yang et al. 2005). A LRT was conducted between the paired neutral
and variable models (neutral M1a vs variable M2a; neutral M7 vs variable M8). BEB
determined the posterior Bayesian probability of @ for each amino acid site: a
significantly high posterior probability for this variable w class suggests that a
particular site is under selection, if @ > I and M8 (or M2a) is significantly favoured
by the LRT (Yang et al. 2005). Candidate positively selected sites from M8 were
examined using PMut to assess the functional impact for each nonsynonymous

substitution.
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5.2.8 Identification of IL4RA in the zebra finch

Searching the zebra finch genome sequence (July 2008 assembly) with the chicken
IL4RA protein sequence (XP_414885) and the translated versions of zebra finch
sequences (DQ213788, DQ231787) using tBlastn (Altschul et al. 1990) identified the
IL4RA gene on zebra finch chromosome 14. Alignments of known bird IL4RA gene
and protein sequences and the candidate zebra finch region on chr14 using T-Coffee
(Notredame et al. 2000) and the tBlastn data yielded a large portion of the translated
zebra finch IL4RA coding sequence.
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5.3 Results

5.3.1 Pairwise comparisons of chicken and zebra finch genes:

A set of 3,653 chicken-zebra finch and 1,139 chicken-turkey CDS pairwise
alignments were examined for candidate genes potentially subject to directional
selection. After visual screening, 12 valid chicken candidate genes were observed
with @ > 0.5 where the variable model was significantly favoured (Table 5.3, Figure
5.4).

Table 5.3. Pairwise comparison details and functions for chicken sequences with @ >
0.5 and p < 0.05.

Chiskon Refseq Chicken Qshelogous Chicken GenBank
accession w=dyds 24ML P value dy ds human gene Ay
gene name : description
number function

Protein phosphatase
XM_420574 3.0968 5.668 0.0173 3.741 1.208 LOC422614 Signalling 1K (PP2C domain
containing)
NADH
dehydrogenase
(ubiquinone) 1 B
subcomplex 6
Solute carrier family
XM_419473 0.5162 4776  0.0289 0.201 0.390 SLC4A1AP Signalling 4 (anion exchanger),
member 1, adaptor

XM_414705 0.5373 4334 0.0374 0.225 0418 NDUFB6 Structure

NM_001012594 0.5127  4.430 0.0353 0.157 0306 GORASP2 Structure Sl consesmibly
stacking protein 2
NM 001031332 05511  8.708 0.0032 0.254 0461  GTSEl Apoptosis G;i:r‘efs‘f;'al“
XM 414885%  0.5098 9.896 0.0017 0.179 0.351 LOC416585  Immunity IL4R a-chain
. Protein inhibitor of
NM_001030626 0.5665  6.796  0.0091 0426 0.751  PIAS2 Immunity - eteasediEAT 3
Progesterone-
XM 417014  0.5666  4.006 00453 0.115 0202 LOC418820  Immunity induced blocking
factor 1

XM_420836 4.0730 6.172  0.0130 4.027 0.989 LOC422894 - -
XM_001234647 0.5082  7.616  0.0058 0.544 1.070 LOC771361 - -
XM_001234647 0.5215 3.988  0.0458 0.197 0.377 LOC771361 - -
] KIAA2005, sterile a
XM _418660°*  0.5700 17.036 <0.0001 0.055 0.096 LOC420559 - motif domain

containing 9

NM 205033% 05983  7.306  0.007 0.191 0.319 NES Apoptosis,
NM 205033%  0.6108 6350  0.012 0.120 0.196 NES sl Hestin
development

! Twice the difference of the maximum likelihood values of the variable model minus
the fixed model. 2 IL4RA, the chicken gene selected for resequencing. > These were
identified through comparisons with turkey, and the remainder with the zebra finch. *
Aligned with turkey BAC sequence.

The most represented functional category among the 12 candidate genes was related

to immunity. Three genes have roles in the immune response: IL4RA, protein
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inhibitor of activated STAT 2 (Pias2) and progesterone-induced blocking factor 1
(Pibf). Other functional categories included apoptosis: G-2 and S-phase expressed 1
stimulates p53 localisation and controls DNA damage-induced apoptosis in humans
(Monte et al. 2003). Also represented was nestin, a type IV intermediate filament
protein that is expressed during cranial development in humans to divide nervous
system cells into types (Lendahl et al. 1990). Signalling genes are listed as a
phosphatase and an anion exchanger — the latter is an anion exchange adaptor in
humans. The human version of the intracellular structure gene NADH DH 1 6
encodes two transcripts that create a mitochrondrial protein. GORASP?2 is required for
golgi fragmentation during apoptosis in humans. Functions for two genes were
unknown. Two of the genes with @ > 1 were not valid coding sequences; the other
two were a phosphatase (PPM1K) and an unannotated sequence (XM_420836). From
these genes, IL4ARA was selected for further analysis because of its critical function in
the immune response, including an implicated role in the anti-viral response (Xing et
al. 2008).

Figure 5.4. The numbers of genes (N) in classes of @ values from pairwise alignments
of chicken-zebra finch gene sets where the variable model was favoured (p<0.05).
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w
The y-axis is on a logarithmic scale. The @ values on the x-axis are classes into
groups of 0.01, with the exception of values greater than 1, which are classed as 0.99-

1.00 (with N = 4).
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The IL4ARA mRNA sequence (XM _414885) aligned as a best hit to two clustered
zebra finch mRNAs (DQ213788 and DQ213787) in contig CL6154Contigl with a
Blastx score of 339 and an E-value of 2e-92. A LRT of the variable and fixed model
pairwise comparison log-likelihoods showed that the variable model (@ = 0.5098) was
significantly more likely than the neutral model (@ = 1; -1422.79 for variable vs -
1427.74 for fixed, p = 0.0017).

5.3.2 Exploring interspecies selection at IL4Ra.:

IL4RA was resequenced in seven closely related bird species: chicken, red JF, grey
JF, Ceylon JF, green JF, grey francolin and bamboo partridge. An excess of
nonsynonymous compared to synonymous substitutions was observed in all birds

except red JF (Table 5.4).

Table 5.4. Estimated distribution of synonymous (S.ds) and nonsynonymous (N.dy)
SNPs by the codeml free-ratio model.

Sample N.dy S.ds
Chicken ' 5.9 5.5
Red JF! 2.0 4.4
Grey JF ' 1.0 0
Ceylon JF ' 3.0 0
Green JF ! 32.2 16.8

Bamboo partridge  20.0 12.9
Grey francolin 22.7 8.7

! On the branch ancestral to the Gallus birds, 19.8 nonsynonymous and 6.8
synonymous mutations were observed.

Branch-specific models of evolution implemented with PAML (Yang 1997) were
used to investigate evidence of selection among the sequenced lineages. Using the
free-ratio model, the branch leading to the Gallus genus was determined to have a
high @ value (0.92; Figure 5.5), though this cannot be taken as strict evidence of
positive selection. Consequently, site-specific models were implemented to
investigate whether particular codon sites contributed to the evidence of selection.
Model M8, one of the most conservative models of site-specific evolution was
determined to be significantly more favoured in comparison to the neutral M7 model
(p =15 x 10%; Table 5.5). BEB was used to estimate the proportion of sites under

positive selection: 48 (9.8%) of the sites had w > 9.5 — w values much greater than
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that expected under neutrality (w = /; Yang et al. 2005). Under M8, 28 sites were
identified to have a BEB posterior probability of at least 95% for @ > I (Table 5.6).
There were substitutions between the chicken and red JF sample or genome sequence
at six of these sites (5, 517, 547, 590, 628 and 665). PMut predicted four substitutions
at these sites would have a neutral effect on protein structure (Table 5.7).

Figure 5.5. Codeml neighbour-joining phylogeny of IL4RA.

w=0.3439 Branch lengths were estimated
Chicken by maximum likelihood under
the free-ratio model, which
assumed an independent w-ratio
e oh:.’? ?w for each branch: these values are
displayed. The branch length
displayed is 0.1 of the total
w=09236 |w=infinite branch lengths for the tree. The
Grey JF o for chicken was 0.4181 when
sample FJ542675 was used
instead of FJ542575. The w
lvzi"ﬁ”i'e values for grey and Ceylon JF
NEs are high because no synonymous
SNPs were observed.
w=0.6115
Green JF
w = 0.4963
Bamboo partridge
w=0.8299 0.1

Grey francolin

Table 5.5. Generated PAML parameters for free-ratio (M1) and significant site-
specific test (M2a, M1a; M7, M8) results for IL4ARA.

Model Parameters Likelihood w = dylds 24ML P value

Mi ﬁ;gzgz‘;‘fl‘; W -2907.434 See Figure 5.5 ; -

EE e B R
0 e 0

! BEB analysis suggests 28 sites where P(w > 1) > 95.0%. 24ML is twice the
difference of the variable model likelihood minus that of the neutral model. The
number of degrees of freedom was 2 for these site-specific model LRTs.
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Table 5.6. Sites potentially under selection according to BEB analysis of PAML M8
results for the most frequent haplotype.

Base position P’  aA w Se”’ P(w>1) Exon Bases SNP alleles and amino acids °_
4429-31 3 T 9983 0.878 0.998 1 ACA V,F:CCA (P); B: GCA (A)
4435.37 5 F 10002 0772  1.000 1 TIT fr:?’GC('F)CTT s L
4477-79 19 L 999  0.807 0.999 1 CTG V,F: CGC (R); B: CCA (P)
7453-56 23 V. 9951 1.029 0.995 2 GIT  V.F:T&#F(F);B;CIT (L)
7534-36 50 E 10.003 0.770 1.000 2 GAA V,F:CCA (P); B: CGA (R)
7582-84 66 L 10.000 0.786 1.000 2 CTT V,F:TTT (F); B: AAT (N)
7594-5,8394 70 R 9984 0.871 0.998 2,3 AGA V:TCA (S); F: ATA (M)
9583-85 125 T @ 9999  0.788 1.000 4 ACT C,B:GCT (A); V,F: TCT (S)
9631-33 141 o 97T 1.636 0.976 B TTG C,G,B:CTG (L); V,F: ATG (M)
9646-48 146 S 9.995 0.811 0.999 - AGC V,F:CGC (R); B: GGC (G)
9715-17 169 Q 9972 0933 0.997 o CAA V,F:CGC (R); B: CCC (P)
9721-23 171 E 9970 0942 0.997 4 GAA V,F:GCA (A); B: GGA (G)
12367-69 418 M 9.661 1.904 0.964 9 ATG V:CTG (L); B: GTG (V); F: TTG (L)
12628-30 509 A  9.895 1:253 0.989 9 GCA V,F:GTA (V)
12631-33 510 R | 9966 . 0.963 0.996 9 AGA  V:AGT (S); B: AGG (R); F: AGC (S)
CK, R: CAT (H); RJF, F, V: CAA (Q);
12652-54 517 "H ' 99951 0.811 0.999 9 CAC B: AAC (N)
12661-63 ° 5200 P 9.110  2.540 0.930 9 CCT' CK,R,/RIF:CTT (L)
12742-44 * 547 I 9.619 2.097 0.954 9 ATA R,C:TTA (L)
12823-25 574 H  9.941 1.070 0.994 9 CAT V,F:CAC (H); B, F: CAT (H)
12844-46 581 V9976 0914 0.997 9 GTG V,F:ATG (M); B: CTG (L)
12871-73 590, G 9.580: 2,076 0.956 9 GGC CK,RIJF,B,F, V: AGC(S)
12955-57 4 618 E 9.622 2.092 0.955 9 GAG V,F,B:GCG (A)
12979-81 626 S 9.579 2.078 0.956 9 AGC V:CGC (R); F: GGC (G)
12985-87 628 E 9934 1.101 0.993 9 GAA CK: GAG (E); RIJF, R, G, C: GAC (D)
13042-44 647 A 9.661 1.902 0.964 9 GCC . V, ByBuGTC: (V)
13078-80 659 ‘N - 9727 1.746 0.971 9 AAT V,F: AAA (K); B: AAC (N)
CK: CAA (Q), TGA (stop); R, G, C:
13096-98 665 R 9981  0.889 0.998 9 CGA  AGA (R):RJF,F: ATA (M); V: ACA
(T); B: AAA (K)
13123-25 674 S 9950  1.033 0.994 9 TCT; V:TGT(C); B: TTT (F); F: TAT (%)
13138-40 679 A 9994  0.820 0.999 9 GCA  V: GGC (G); B: GTG (V); F: GGT (G)

! Amino acid position. > Standard error for w. > CK stands for chicken, B for bamboo
partridge, F for grey francolin, V for green JF, C for Ceylon JF, R for red JF, G for
grey JF and RJF for the genome sequence. * Significant in analysis with divergent
sample FJ542675 only. > Almost significant.

5.3.3 SNP and population diversity:

Of the 100 SNPs observed among the chicken populations, seven were singletons. In
protein-coding regions 17 SNPs were observed: 10 were nonsynonymous and seven
were synonymous. Assuming red JF was the primary ancestral origin of diversity at
this gene, some replacement mutations between red JF and chicken are potentially
associated with the domestication process. Seven nonsynonymous substitutions were
segregating at a frequency of 0.55 or more in chicken: FSL, L520P, S590G, L594R,
M665R, S670Y and T692S (Table 5.8, Figure 5.6).
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Table 5.7. Protein function impacts predicted by PMut for candidate M8 BEB sites
under selection that varied between the chicken and the red JF genome sequence.

P(?s?tsif)n Positiﬁxmlrll{(:a?;;d DA Prediction Score Certainty Outcome
4435-37 5 F L neutral 0316 1° n/s
12652-54 517 Q H*  neutral  0.095 8 neutral
12742-44 5472 L I neutral  0.026 9 neutral
12871-73 590 S G neutral  0.329 3% n/s
12985-87 6283 D E neutral  0.035 9 neutral
13096-98 665 M R neutral  0.495 o n/s
13096-98 665 M Q°  neutral 0.119 7 neutral
13096-98 6652 R Q’ neutral  0.510 82 n/s

! Derived allele. > Polymorphic between the chicken and the red JF sample. > The red
JF allele was the same for the genome sequence and sample. * The red JF sample and
some chickens shared a synonymous SNP at this site. > The chicken minor allele at the
site. ® Substitutions where the PMut certainty values < 6 did not have statistical
support for the predicted change (n/s).

Table 5.8. Frequencies and PMut predicted functional impacts of chicken-red JF

genome nonsynonymous SNPs on the IL4RA protein product.

Base

Amino Acid

Positions - Positice. BEAUF DA ! Prediction Score Certainty N?  Outcome
4435-37 [ % F L neutral  0.316 3° 111 /s
4450-52 10° ; A neutral  0.104 7 1 neutral
9622-24 138 N H neutral  0.320 < 1 n/s
12661-63 520 1 P neutral  0.413 s 102 n/s
12871-73 590 S G neutral  0.329 3 173 n/s
12883-85 594 L R neutral  0.270 4° 174 /s
13096-98 665 M R neutral  0.495 0’ 172 n/s
13096-98 665 M Q neutral 0.119 7 7 neutral
13096-98 665 * R Q neutral  0.510 LA 7 /s
13096-98 665 * R top - 2 k 1 deleterious
13111-13 670 S Y neutral 0.036 9 163 neutral
13111-13 670 S F neutral  0.061 8 17  neutral
13111-13 670 * Y F neutral 0.023 9 17 neutral
13177-79 692 T S neutral 0.037 9 157 neutral
13177-79 692 T N neutral  0.060 8 23 neutral
13177-79 692 * S N neutral 0.028 9 23 neutral

! Derived allele(s) — in some cases this is the most frequent in the chicken samples.
2N is the number of observed samples with the AA. > Amino acid sites 5 and 10 are
polymorphic in the outgroup samples as well. * Polymorphic within chicken samples
only. ° Substitutions where the PMut certainty values < 6 did not have statistical
support for the predicted change.
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The generation of median-joining networks (Figure 5.7) illustrated a high degree of
allele diversity among samples and little geographical structuring among populations.
The number of genetically divergent high-frequency haplotypes showed a trend of

balanced diversity.

When only the nonsynonymous SNPs were examined, an interesting pattern of
dominant haplotypes emerged (Figure 5.8). This picture was obscured when all silent
SNPs were included by recombination that dispersed these groups (Figure 5.9). Four
haplotypes containing 81% of the 180 genotypes were characterised by substitutions
at two sites: FSL and L520P. The 4 alleles possible at these 2 sites (F-L, F-P, L-L and
L-P) were present in all 8 populations. No single variant was dominant among the
sample genotypes: 32 were F-L, 38 were F-P, 46 were L-L and 64 were L-P. Both
sites 5 and 520 showed evidence for positive selection in the site-specific test in
codeml (Table 5.6, Figure 5.9). Here, red JF and chicken both shared L520 and P520
alleles as well as F5, but L5 was unique to chicken (Figure 5.10).

The feature of high population diversity and little geographic partitioning in the
networks was apparent in the analysis of variation using AMOVA with the Arlequin
package (Schneider et al. 2000). This assessed the extent of partitioning of diversity at
different levels of population structure. Most variation lay within the populations
(94.1%, p < 1 x 10”), a trend observed in other studies of chicken populations
(Kanginakudru et al. 2008); the remainder partitioned between the populations (1.8%,
p = 0.060) and the continents (4.1%, p = 0.033).
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Figure 5.8. Median-joining network of chicken haplotypes for nonsynonymous SNPs.

Legend:

L520P Pakistan
Sri Lanka Asian
Bangladesh_

Kenya
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Broilers

One mutation

Populations are denoted in the legend. Branch lengths are proportional to the number

of mutational differences between haplotypes. The outgroup samples are represented

by the colourless nodes. V represents the green JF sequences; F the grey francolin; B

the bamboo partridge; G the grey JF; C the Ceylon JF; R1 and R2 the red JF; and RJF
the genome sequence.

5.3.4 Summary statistics and tests of neutrality:

There was further evidence for the trend of elevated allelic diversity: 115 haplotypes
were observed in just 180 genotypes, which was reflected in the high Hd value (Table
5.9). The significantly positive Tajima’s D in Asia and Africa (Table 5.9) and in each
of their populations (Table 5.10) was paralleled by a highly negative Fay and Wu’s H,
an indicator of an excess of derived alleles. Together, these metrics suggested a clear
tendency for alleles to rise to mid- or high- frequency levels. Tests on the protein-
coding portion of the gene alone indicated a significantly negative Fay and Wu’s H
(-3.02, p < 0.05; Table 5.9) and a less positive Tajima’s D (0.61); the latter may be a
consequence of stronger conservation in coding regions, which appeared to limit

diversity, except at sites 5 and 520.
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Table 5.9. SNP data, summary statistics and tests of neutrality.

: 1 2 3 4 5 6 Tajima’s Fu & Li’s Fay & Fu’s

All sites N S Hap Hd T 0, D D F Wu's H F,
All 90 90 100 115 0.990 5.19 3.37 1.69 1.22 1.86 -21.40 -34.06
P value <0.001 <0.001 n/s 0.001 <0.001 0.027 <0.001 0.010 0.015
Asia 30 95 51 0.993 . S5:37 3.89 1.32 1,25 1.68 -19.45 -16.06
P value <0.001  0.007 n/s 0.005 <0.001 <0.001 0.009 0.008 0.012
Africa 40 86 53 0.983 4.72 3.36 1.36 19110} 1.55 -27.34 -10.13

P value ) n/s n/s n/s 0.002 0.001 0.031 0.002 0.002 n/s

Broilers 20 79 23 0944 5.14 351 1.69 2.15 2.47 -10.85 1.38
P value 0.010  0.003 n/s 0.018 <0.001 <0.001 <0.001 n/s 0.007

! Number of chickens sampled. > SNPs. * Haplotypes. * Haplotype diversity. > Mean
pairwise differences per kb. ® Watterson’s estimator per kb. Only p values generated
by simulations < 0.05 are given; p > 0.05 are denoted “n/s”. Of the 5,298 sites
resequenced in total, 1,472 were coding and 3,380 were noncoding sites

Fu’s Fs was highly negative, signifying an excess of rare alleles. Nucleotide,
haplotype and SNP diversity were all higher in Asia than in Africa as expected,
despite sampling fewer birds in Asia (30) than in Africa (40).

Table 5.10. Tajima’s D and Fay & Wu’s H for each Asian and African population.

Continent Asia Africa
Population Bangladesh  Pakistan L::ka Botswana B;;l;lona Senegal Kenya
SNPs 82 86 73 74 51 70 71
Tajima’s D 0.85 1.10 0.86 0.90 1.21 1.03 1.81
P value 0.032 0.006  0.033 0.015 0.004 0.012  <0.001
Fay & Wu’s H -14.33 -17.58 -2223 -22.32 -21.85  -1422  -1241
P value 0.031 0.027  0.004 0.003 <0.001  0.016 0.037

For each population, 10 chickens were sampled.

Moderate recombination was detected at IL4RA: for the calculated value of the
recombination rate (R) coalescent simulations showed the minimum number of
recombination events (R)s) was significantly high among all groups (Table 5.11). The
effects of recombination were apparent in the disruption of the phylogenetic network

groups (Figure 5.8, Figure 5.10, Figure 5.11).
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Figure 5.10. A multiple sequence alignment of zebra finch and other bird samples

IL4RA protein-coding sequences.
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Legend to Figure 5.10: Sites marked were candidates for selection according to
PAML M8 BEB results (red), and had differences in the chicken populations
compared to the red JF genome or samples (green). Regions marked with X were not
resequenced. Bamboo refers to the bamboo partridge. Chicken had 2 alleles (F, L) at
site 5; red JF, grey JF and bamboo partridge all had F; and Ceylon JF, green JF and
grey francolin had L. At site 520 the alleles segregating in chicken (L, P) were present
in chicken and red JF, and though zebra finch genome had L, the remaining birds all
had P.

Table 5.11. Recombination at IL4RA according the percentage GC content, Hudson’s
R and Rjsand Kelly’s Z,s per kb from DnaSP.

GC content (%) Ry’ Z.:2
Total Coding Non-coding R All  Asia Africa Broilers -
44.5 46.3 43.8 3360 .35 .27 21 17 66.13

! Coalescent simulations in DnaSP: p < 0.001 for all, p < 0.001 for Asia, p = 0.004 for
Africa and p = 0.013 for broilers. > Coalescent p = 0.017.

Evidence of non-neutral evolution was evident from the McDonald-Kreitman test
results. The McDonald-Kreitman test examines the relative ratios of fixed and non-
fixed nonsynonymous differences to fixed and non-fixed silent changes between
species (Dy/Dy, versus Py/Pr; McDonald & Kreitman 1991). Background selection
may explain a rate of fixation of nonsynonymous differences much lower than that for
silent substitutions. Alternatively, if there is a significant excess of fixation of
nonsynonymous changes compared to silent ones, then directional selection may be

present.

The chicken genotypes were tested against the red JF genome sequence and also
against the outgroup samples. Both tests showed a dearth of nonsynonymous
substitutions fixed between species (p < 0.01 with the genome sequence, p = 0.04
with all six outgroups, p < 0.05 with all outgroups except red JF; Table 5.12),
indicating that purifying selection affected the evolution of this gene. For chicken
versus the genome sequence Dy/Dy, = 0.108 and Py/Pr = 1.000, and for chicken versus
the outgroup sequences Dy/Dy = 0.159 and Py/P; = 0.667. Both these observations
indicated more extensive conservation at nonsynonymous sites on the lineages
separating chicken from the genome sequence, and separating chicken from the JF,

bamboo partridge and grey francolin.
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Figure 5.11. Median-joining network of chicken haplotypes for coding SNPs.

Legend:
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Populations are denoted in the legend. Branch lengths are proportional to the number
of mutational differences between haplotypes. The outgroup samples are represented
by the colourless nodes. Most outgroup sample branch lengths were considerably
reduced in order to show the details of the chicken population network. V represents
the green JF sequences; F the grey francolin; B the bamboo partridge; G the grey JF;
C the Ceylon JF; R the red JF; and RJF the red JF genome sequence.

While an excess of nonsynonymous substitutions within chicken may be a sign of
adaptive evolution (Eyre-Walker 2002), it can also be a sign of relaxed purifying
selective constraint. McDonald-Kreitman tests for positive selection would need to be
conducted in a more robust manner, which would entail testing relative ratios for
fixed and polymorphic substitutions at nonsynonymous versus synonymous rather

than silent sites. When such tests were implemented for the samples in Table 5.12,
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there was no significant evidence of selection. Given that an excess of silent
compared to nonsynonymous substitutions on the ancestral JF lineage was detected, it
is likely that the McDonald-Kreitman tests were significant due to conservation at

nonsynonymous sites.

Table 5.12. McDonald-Kreitman tests between the chicken populations and the red JF
genome sequence and the outgroup samples.

Samples tested Substitution Type Intraspecific Interspecies P value
Chicken vs Silent

6
genome sequence  Nonsynonymous 6 10 o
Chicken vs 6 Silent 6 447
0.040
outgroups Nonsynonymous 4 71
Chicken vs 5 Silent 6 436 0.04%
outgroups Nonsynonymous 4 72 y

! Not including the red JF sequences.

5.3.5 Zebra finch IL4RA gene on chri4:

The GenBank zebra finch IL4RA mRNAs used in this analysis included 5’ UTR and
perhaps leader sequence, like the chicken copy. The zebra finch IL4ARA coding region
starts with a 69 base-long first exon at position chr14:16,260,749. Other identifiable
orthologous coding regions to chicken are exon 2 at 16,264,259-402, exon 3 at
16,265,272-427, exon 4 at 16,266,443-604, exon 5 at 16,267,141-299, exon 8 at
16,268,959-9,036 and exon 9 at 16,269,132-71,277. Regions for exons 6, 7 and 10
were not clear as the zebra finch mRNA sequences were short and the divergence
between chicken and zebra finch was high at the 3’ end of the gene: this was reflected

in the number of segregating polymorphism in the chicken samples.
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5.4 Discussion

5.4.1 Identifying IL4RA as a candidate for resequencing:

A pairwise comparison of @ = dy/ds in chicken and zebra finch genes identified 12
genes, including IL4RA, as having an elevated rate of nonsynonymous substitutions,
suggesting they were possibly subject to positive selection (Yang & Nielsen 2002). It
is possible some of these genes were candidates due to relaxed selective constraint,
which has been observed in other domestic species (Cruz et al. 2008), however, the

low general pattern of @ values suggested most genes were conserved.

Interestingly, the two other chicken immune genes identified with this pairwise
comparison method (Pibf and Pias2) have human orthologs that interact with IL4RA
and its signalling pathway (Figure 5.12; KEGG www.genome.jp — pathway 04060).
Human Pibf is an immunoregulatory factor expressed during embryo development
that regulates Ty1 and Tu2 cytokine production balance by binding the IL4RA and an
anchored Pibf receptor chain, which activates Jak1 to phosphorylate STAT6 (Anderle
et al. 2008). Normally, activated STAT6 proteins dimerise and translocate to the
nucleus, where they activate T2 cytokines (Liu et al. 1998, Kozma et al. 2006).
However, human Pias proteins may prevent cytokine activation by inhibiting STAT
proteins in the nucleus (Chung et al. 1997, Shuai & Liu 2005). Thus, the 3 immune
genes identified by this method not only are expected to interact in the same pathway
but also are likely to have crucial roles in modulating the immune response of

chickens to viruses, bacteria and parasites.

Due to its important role in the host immune response and evidence of selection in
humans, IL4RA was resequenced in six closely related birds and subsequently in 70
global village chickens and 20 commercial broilers. An analysis of sequence data
from these six related species identified a large number of sites likely to be subject to
positive selection, supporting the initial detection of IL4RA as a candidate gene
undergoing adaptive evolution. Probable confounding factors in these results,
however, are the complex domestication history of these populations and high rate of

recombination identified at this locus.
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Figure 5.12. Simplified cellular schematic of the interactions between human IL4RA,
Pibf and Pias2 gene products.

IL-4R j

IL-4 receptor alpha chain

Pibf

IL-4
STAT

dde Nucleus Pias2 J
k ¢

The three candidate genes products are in blue; other proteins and cell components are
black. Genes are pink and the black arrows indicate their expression. Green arrows
indicate activation by binding; the red arrow represents Pias2 inhibiting activated
STAT. Human IL4RA (yellow) forms part of a transmembrane receptor (purple
arrow) with other interleukin receptor chains ILI13RA1, IL2RG or the Pibf receptor
(“R”, orange).

The identification of chicken IL4RA is of particular interest given the vital role
played by its human ortholog as a regulator of IgE production and Ty2 cell
differentiation (Wu et al. 2001, Liu et al. 2004). In mammals, the vy, chain dimerises
with the IL13RA1 or the IL4RA before binding IL4 and IL13, suggesting that the
chicken IL4RA can interact with IL13 as well (Junttila et al. 2008). The critical role
of human IL4RA in the immune response is evidenced by its differential expression
during particular infections and the association of its variability with disease
susceptibility; it facilitates gastrointestinal nematode clearance (Horsnell 2007) and its

expression is upregulated in response to HIV-1 infection (Puri et al. 1992). Variation
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in human IL4RA has been shown to affect signal transduction (Kruse et al. 1999) and
to modulate Ty1/Ty2 balance in the blood (Youn et al. 2000), as well as contributing
to various allergies (Shirakawa et al. 2000) and to mumps virus infection
susceptibility (Dhiman et al. 2008). Selection at IL4RA in human populations may be
driven by different Ty1 (viral and bacterial) and Ty2 (parasitical) immune responses
to pathogens (Wu et al. 2001), and the dysregulation of such components of immunity
may be associated with atopy (Hershey et al. 1997).

5.4.2 The origin of diversity at IL4RA:

Although nucleotide diversity at this gene (5.19 per kb) was comparable to that
observed between red JF and domestic fowl (5.36 per kb on average; International
Chicken Genome Sequencing Consortium 2004), the substantial excess of haplotypes
was suggestive of non-neutral evolution. Despite this, the significantly positive Fu
and Li’s D and F values show that there was a relative deficit of singletons (Fu & Li
1993). A deficit of rare alleles in commercial chicken lines has been observed in other
studies comparing wild and standard breeds (Muir et al. 2008). In this study, the Hd
and Fu’s F values highlighted this rare allele deficiency in the commercial broilers,
in contrast with the excess of haplotypes in the Asian and African samples. In
addition, the significantly high Rj, values indicated that some recombinant alleles
were present in the populations, implying either relaxed selective constraint or

adaptive processes favouring allelic diversity.

Tajima’s D compares the proportions of low- to medium-frequency alleles and is an
indicator of directional or purifying selection when negative, and balancing selection
when positive (Tajima 1989). Fay and Wu’s H measures the relative frequency of
derived alleles, which increases when there are more high-frequency haplotypes (Fay
& Wu 2000). The observed surplus of mid- and high-frequency haplotypes at the
IL4RA locus has generated highly significant D and H values that are more extreme
than those observed by other studies of disease-associated chicken genes (Berlin et al.
2008) — however, D and H are likely to be affected by demographic aspects of
chicken history and the pooling of samples (Carlson et al. 2005).

The networks were diffused into several divergent high-frequency haplotype clusters

with high intra-population diversity. A distinctive set of balanced alleles was apparent
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when silent substitutions were removed. The signal of balanced diversity in the
chicken populations appeared to centre around two nonsynonymous substitutions:
F5L and L520P. All four variants at these two sites were segregating in the 8
populations surveyed at similar frequencies. Site-specific models of evolution

identified both these sites as likely subject to selection across species.

An alignment of the chicken and human IL4RA protein sequences identified the
amino acid positions orthologous to sites 5 and 520 in chicken (Figure 5.2). The site
orthologous to 520 is segregating in humans (C431R, rs1805012; Deichmann et al.
1997, Lozano et al. 2001) at an intermediate frequency of over 10% in the population
(Landi et al. 2007), similar to the chicken polymorphism here. Substitution C431R is
in the cytoplasmic domain of the receptor and is linked with better survival from
gliomas in humans (Wrensch et al. 2006). The human amino acid position
orthologous to chicken site 5 is conserved (F10) and is located in the signal peptide of
the protein, indicating that the L5 chicken variant might affect expression activation

of the receptor protein.

There is a series of shared population genetic properties between chicken and human
IL4RA that may be the result of equivalent functional roles for each. The genes
possess comparable positive McDonald-Kreitman test results and Tajima’s D values
as well as sharing orthologous high-frequency nonsynonymous SNPs (L520P and
C431R). And given that several amino acid substitutions in [L4RA affect disease
susceptibility in humans (see Franjkovic et al. 2005) the variability at nonsynonymous

substitution sites in chickens is likely to be of biological importance.

The balanced and elevated variation and possible selective processes at chicken
IL4RA may be in response to common pathogens and the range of pleiotropic roles
that the receptor plays in facilitating cytokine binding in the innate immune response.
The trend of high diversity fuelled by balancing selection has been seen at other
chicken immune genes including MHC-B (Worley et al. 2005), Mx (Seyama et al.
2006, Berlin et al. 2008) and IL1B (Downing et al. 2009a), which initially suggests
that immune system genes may maintain high diversity in order to respond to a wide

array of pathogens.
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Another explanation for the observed elevated balanced diversity is that multiple
domestications of red JF and genetic introgressions of other JF have both enhanced
and distorted variation at this locus. The lack of observed geographic structure, which
has also been observed at other chicken genes may be in part a consequence of this.
There are likely to have been multiple events of chicken domestication in south and
south-east Asia (Liu et al. 2006, Oka et al. 2007, Fumihito et al. 1996). And though
the red JF is the main source of chicken genetic diversity (International Chicken
Genome Sequencing Consortium 2004, Fumihito et al. 1994), genetic introgressions
have come from other wild JF (Eriksson et al. 2008, Silva et al. 2008, Nishibori et al.
2005). Wild red JF and domestic village strains are closely related (Yang & Nielsen
2002, Berthouly et al. 2009), indicating that introgressions of red JF may have
continued after domestication. Here, networks of IL4RA indicated that red JF is the
most closely related wild relative to the domestic chicken. This does not exclude the
possibility of multiple contributions of different genetic sources of JF. If admixture of
different sources occurred sufficiently early through trading and migration (Berthouly
et al. 2009, Muchadeyi et al. 2008, West & Zhou 1989) this may explain the presence
of the four alleles at the two nonsynonymous sites in each population. Regardless of
whether this signal of high and balanced diversity is from biological pleiotropy or
from multiple origins, it is persisting, indicating that it may have an important role in

current chicken immunity.

5.5 Conclusion

This study shows evidence for high and balanced diversity at the chicken IL4ARA
gene, which was initially identified through the evaluation of the rate of
nonsynonymous to synonymous substitutions in pairwise comparisons of chicken and
zebra finch orthologs. This strategy incorporated functional and literature information
to detect a suitable gene for resequencing in African, Asian and commercial chicken
samples, as well as in related JF and bird species. Haplotype networks, tests of
neutrality and summary statistics indicated a signal of balanced nonsynonymous
polymorphisms at two sites in the IL4RA gene. Networks showed that red JF is the
primary source of diversity at this gene. The elevated and balanced diversity present
in all the populations might be a result of the chicken’s history of multiple
domestications, introgressions (2008) and subsequent admixture of different types.
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However, the identification of two potentially functionally significant SNPs as
fulcrums of the balancing signal suggest that the functions of [L4RA in the immune
system may affected by selective processes for specific allelic variants in response to

new pathogenic challenges during domestication.

Publication

This chapter formed the basis for a publication in BMC Evolutionary Biology
9(1):136 in 2009 entitled “Bioinformatic discovery and population-level validation of
selection at the chicken interleukin-4 receptor alpha-chain gene”. The authors are:
Downing T, Lynn DJ, Connell S, Lloyd AT, Bhuiyan AKFH, Silva P, Naqvi A, Sanfo
R, Sow RS, Podisi B, O’Farrelly C, Hanotte O, Bradley DG.
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CHAPTER 6

Variation in chicken populations
may affect the enzymatic activity

of lysozyme
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6.1 Introduction

The innate component of the immune system forms the initial response to any
pathogen invasion and also acts to stimulate the adaptive immune system, which takes
additional time to respond (Medzhitov & Janeway 2000). This is the most ancient part
of immunity and is present in plants as well as animals — by contrast, only vertebrates
have an adaptive side (Janeway & Medzhitov 2002). Consequently, innate immune
defences sustain selective pressure from novel pathogen adaptations to develop
effective and swift mechanisms to fight disease. Improving the innate immune
response of chickens to disease can enhance the adaptive component as well, and has

direct relevance to ongoing research in commercial broilers (Swaggerty et al. 2009).

6.1.1 Chicken lysozyme as a model gene:

Hydrolytic enzymes that can disrupt key parasitic, bacterial or viral cell components
are an important part of innate chicken defence systems. Lysozyme is one such
protein whose bactericidal activity was initially identified serendipitously in human
nasal mucous (Fleming 1922). It operates by hydrolysing peptidoglycan and
chitodextrin, both of which are components of gram positive cell membranes (Holler
et al. 1975a, Holler et al. 1975b), and is also effective against gram negative bacteria
(Pellegrini et al. 1997). Lysozyme’s unique combination of properties, fast
crystallisation and high concentration in egg-white, from which it can be purified
easily, made it a model protein for primary investigations of spatial structure using X-
ray crystallography (Blake et al. 1965, Johnson & Phillips 1965). The catalytic
mechanism of lysozyme hydrolysis was determined using this technique (Strynadka &
James 1991). The gene also served as a model for exploring gene regulation in

complex organisms (Bonifer et al. 1997).

6.1.2 Chicken lysozyme’s role in disease resistance:

Lysozyme’s elevated expression in ovo highlights the importance of its role, at which
stage of development innate immune mechanisms are vital because the adaptive
immune system is not yet fully developed (Sippel ef al. 1978, Ask et al. 2007). The
study of chicken lysozyme has unveiled insights into human susceptibility to disease:
for example, the resistance of certain Streptococcus cell walls to chicken lysozyme

and to human leukocyte enzymes is determined by the same set of compositional
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factors (Glick et al. 1972). Chicken lysozyme can help resist the infections of
Micrococcus lysodeikticus, Flavobacterium columnare and Edwardsiella tarda when

expressed by zebra fish (Yazawa et al. 2006).

Specific sites in lysozyme are responsible for different components of its activity.
Amino acids 98 to 112, which are part of a helix-loop-helix (HLH) domain at sites 87
to 114, have antimicrobial activity against Serratia, Micrococcus and Staphylococcus
species without having muramidase activity (Pellegrini et al. 1997). This HLH
domain is active against gram negative and gram positive bacteria, as well as certain
fungi (Ibrahim et al. 2001). Substitutions at other sites can change the catalytic
effectiveness of the enzyme by either enhancing (Goto et al. 2008) or diminishing it
(Harada et al. 2008, Kawamura et al. 2008). Mutant forms of lysozyme can
compromise immune system function in rabbits (Prieur et al. 1974). Additionally,
variants of lysozyme are associated with amyloidosis in humans (Pepys et al. 1993).
Thus it is possible that chicken lysozyme has sites that have been subject to sharp

evolutionary pressures during its evolution.

Here, diversity present at the gene was explored by resequencing it in chicken
populations and related species, and found one nonsynonymous substitution
segregating at an intermediate frequency. Tests indicated that this site and one other
nonsynonymous change fixed between red JF and chicken were spatially close to the

key catalytic sites.
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6.2 Methods

6.2.1 Sample collection:

The same chicken samples from Asia and Africa from the International Livestock
Research Institute (Kenya) in Chapters 4 and 5 were used. Samples from red, grey and
Ceylon JF from Wallslough Farm (Ireland); green JF, bamboo partridge and grey
francolin from the Californian Academy of Sciences; and 20 commercial broilers
from Manor Farms (Ireland) were also surveyed. More details of the samples are
listed in Chapters 4 (Asian, African and outgroups) and 5 (broilers). The DNA was
isolated from the samples using a phenol-chloroform extraction following a proteinase

K digestion.

6.2.2 Sequence determination and acquisition:

The UCSC, Ensembl and GenBank Map View
(http://www.ncbi.nlm.nih.gov/projects/mapview/) browsers were used to map the
gene structure using GenBank contig NW 001471454 and reference assembly
NC_006101. PCR primer sequences (Table 6.1) were designed using Primer3
according to the parameters in Chapter 4 and were created by VHBIio. Five amplicons
covering 3,726 bp of the gene were successfully amplified by PCR (Table 6.2) for the
96 samples (Figure 6.1). The forward and reverse PCR product sequences were

determined by Agowa.

Table 6.1. Sets of primer pair sequences and their associated optimal PCR parameters.

Amplicon (S‘;IZ); Orientation (Ig) [?rlixgl\%] Primer Sequences

1 770 Forward 59 25 TGATGAACAATGGCTATGCAGT
Reverse TTCTCCCCCACTACTCCTTGTA

2 578 Forward 54 25 TACAAGGAGTAGTGGGGGAGAA
Reverse ATAAATTCCAGCGTGCTTTTGT

3 750 Forward 55 20 ACAAAAGCACGCTGGAATTTAT
Reverse CTTCACTAGTGGGATGGGAAAG

4 862 Forward 62 15 TAAGGTGAAACGACACTCATGG
Reverse CTACAACCTCTCTGGGCAGTCT

5 766 Forward 58 20 CTATGAGAGTGGTGAGGTGCTG

Reverse AAGGCGTTTGCGTATAGTCG
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Table 6.2. PCR cycle program used for each pair of primers.

Step Temp. (°C)  Duration (min)

1 95 15
2 25 0.5
3 Twm 0.75
4 72 1

5 72 15

Twm is the annealing temperature as listed in Table 6.1. Steps 2 to 4 were repeated 33
times in sequence.

6.2.3 Sequence assembly and haplotype reconstruction:

The DNA base sequencing generated chromatograms that were assembled into
contigs using the Phred-Phrap-Consed-Polyphred pipeline programs Phrap v0.990319
and Phred v0.020425.c (Ewing & Green 1998, Ewing et al. 1998). Bases were called,

SNPs were selected and sequences were assembled as detailed in Chapter 5.

PHASE version 2.1.1 (Stephens et al. 2001) was used to reconstruct the haplotypes
and to infer any missing haplotypes. A list of the genotypes for each sample was
collated. Perl scripts were used to remove any sequence sites where there was
inadequate coverage across all populations or continents, or sub-standard base quality
scores, or insufficient coverage for either forward or reverse sequences. The
sequences were exported to Mega (version 4.0.2, Tamura et al. 2007) to convert the
data to formats useable by other software packages. Haplotypes were assigned using
PHASE and these were cross-referenced with haplotypes generated by Arlequin
(Schneider et al. 2000) to ensure consistency: the haplotypes generated by both were
identical. The genome sequence was used to align the resequenced regions so that

relative exon positions could be confirmed by MGalign version 3.1 (Lee et al. 2003).

6.2.4 Data analysis:

AMOVA tests (Excoffier et al. 1992) were conducted on all sites using Arlequin, with
1,000 permutations (Schneider et al. 2000). See Chapter 4 for details. Median-joining
haplotype networks were constructed using Network version 4.2.0.1 (Bandelt et al.
1999) software.
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DnaSP 4.0 (Rozas & Rozas 1999, Rozas et al. 2003) was used to analyse the
polymorphic characteristics of the data and to perform a series of population genetic
analyses — see Chapter 4 for complete methods on each metric. The numbers and
types of SNPs were assessed. Nucleotide diversity was measured using z (Tajima
1983). The haplotype diversity (Hd, Depaulis & Veuille 1998, Equation 2), the
number of haplotypes, Z,s (Kelly 1997, Equation 3) and 8 = 4N.u (Watterson 1975,
Equation 4) were determined. The four gamete test for the minimum number of
recombination events (Rj; Hudson & Kaplan 1985, Equation 5) and R (the degree of

recombination; Hudson 1987, Equation 6) were calculated, as was the GC content.

A set of summary statistics were used to identify departures from neutrality using
coalescent simulations: Fu and Li’s D and F (Fu & Li 1993, Equations 8 and 9),
Tajima’s D (Tajima 1989, Equation 7), Fu’s F; (Fu 1993, Equation 11) and Fay and
Wu’s H (Fay & Wu 2000, Equation 10). These were implemented in DnaSP as
discussed in Chapter 4. These simulations generated empirical distributions with
which the statistical values were compared to determine the extent of their deviation
from neutrality. It is an indication of non-neutral evolution if the observed values lie

at the extremes of the distribution.

The above statistics evaluate intraspecific variation, so these were combined with an
interspecies examination of evidence for selection using the ratio of the relative rate
of nonsynonymous mutations (dy) to the relative rate of synonymous mutations (ds) in
the protein-coding portion of the gene. This was calculated as dy/ds (@) for models
using the codeml implementation of PAML 3.15 package (for details see Chapter 4;
Yang 1997). The free-ratio model (M1) and tests for positive selection on specific
sites (models M2a vs M1a, M8 vs M7) were implemented.

6.2.5 Protein spatial modelling and impact prediction:

The proximity of amino acids of interest can yield information regarding their
possible effect on the effectiveness of the enzyme. The spatial relationships of the
amino acids that were polymorphic or are involved in catalysis were examined in a
three-dimensional model of chicken lysozyme displayed in RasMol 2.7.4.2

(http://www.openrasmol.org/software/rasmol/). Euclidean distances between a-carbon
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atoms recorded the lysozyme protein database (PDB) file were calculated for each of
the sites of interest (PDB ID 3B6L; Michaux et al. 2008).

Predictions to estimate the extent of functional impact of each nonsynonymous
substitution were conducted using SIFT (Ng and Henikoff 2003), PMut (Ferrer-Costa
et al. 2005) and PolyPhen (Ramensky et al. 2002); Chapter 4 details the software
more fully.

Multiple sequence alignments using T-Coffee (Notredame et al. 2000) of human and

bird versions of the gene were completed to identify patterns in avian variation. For

most species, only the active regions of the protein sequences were available.
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6.3 Results

Lysozyme is a crucial innate immune system enzyme expressed at high levels in
developing chicken eggs. It was resequenced in seven village chicken populations
from Africa (Botswana, Burkina Faso, Kenya and Senegal) and Asia (Bangladesh,
Pakistan and Sri Lanka) and a set of broilers — a total of 90 samples for each gene.
Additionally, four samples in the same genus as chicken (red, grey, Ceylon and green
JF) and two outgroup species closely related to chicken (bamboo partridge and grey

francolin) were examined.

6.3.1 Chicken population and jungle fowl diversity:

Of 59 SNPs discovered among domestic chicken genotypes for this gene, only one
was a non-singleton coding SNP (cSNP). Slightly more SNPs are found in Asia (54)
than in Africa (53), despite sampling more in the latter than the former. Broilers had
significantly fewer SNPs (37), in part because only 20 of such samples were analysed.
Only three cSNPs were discovered: two of these were singleton alleles, one of which
was nonsynonymous (S71F) — the other was synonymous. The one non-singleton
cSNP was a nonsynonymous substitution (A49V) at base 1398 in exon 2 and defined
the two most numerous haplotypes of 84 observed in total in a median-joining
network (Figure 6.2). In this network, the red JF genome sequence was the most

proximal JF genotype to the chicken samples.

When only cSNPs were used to construct a network (Figure 6.3), this substitution
alone separated the two principal alleles that were present in all 8 chicken
populations. Substitution Y718 at site 1464 was the solitary cSNP distinguishing the
red JF genome sequence and the chicken haplotypes. The grey, red and Ceylon JF
were separated from the reference red JF genome sequence by a single synonymous
SNP at base 1699. Because of the extensive coding sequence conservation,
segregating cSNPs may have more functionally relevant implications.

Analysis of variation at different levels of population structure with Arlequin
(Schneider et al. 2000) using AMOVA (Excoffier et al. 1992) showed the high allelic
diversity observed in the phylogenetic networks was partitioned within the
populations (90.59%, p < 10), and among populations (9.41%, p < 107°); but not

among the continents.
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Figure 6.3. Median-joining network of chicken population haplotypes for coding

SNPs only.
g 2 One mutation

@D\//Y\ Legend:
N Pakistan g

Sri Lanka Asian
Bangladesh_
syn
Rp R/G/C Kenys
Senegal

African
Botswana

Y71S

Burkina Faso_

Broilers

Populations are denoted in the legend. Branch lengths are proportional to the number
of mutational differences between haplotypes. The outgroup samples are represented
by the colourless nodes; their branch lengths were considerably reduced in order to
show the details of the chicken population network. V represents the green JF
sequences; F the grey francolin; B the bamboo partridge; G the grey JF; C the Ceylon
JF; R the red JF; and RJF the genome sequence, which was just one cSNP in distance
to the major haplotype. The red, grey and Ceylon JF coding sequences were identical.

6.3.2 Intraspecific patterns of variability:

Significantly high allelic variation was observed at the gene: this was supported by
the AMOVA analysis and coalescent simulations incorporating recombination that
evaluated the degree of deviation from neutrality of the observed data for a number of
statistics, including the haplotype diversity (Hd = 0.923; Table 6.3) and Fu’s Fs
(-34.48). A relative deficit of singletons shown by the positive Fu and Li’s D (1.42)
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and F (1.34) suggested that such alleles were not the cause of the elevated allele

variation.

Table 6.3. Gene data, summary statistics and tests of neutrality.

v 1 5 3 4 s Tajima’s Fu & Li’s Fay & Fu’s
All sites S H Hd iz 8, D D F Wu's i F,
59 84 0923 356 296 0.618 1.42 1.34 -14.08 -34.48
P value <0.001 0.006 ns ns ns 0.022 0.016 0.002 0.008
54 39 0969 4.12 331 0.824 0.99 1.14 -10.69 -9.93
P value ns ns ns 0.026 ns ns 0.036 0.028 ns
Africa 53 36 0.886 335 296 0.440 1.05 1.06 -13.92 -548
P value ns 0.001 ns ns ns ns 0.045 0.001 ns
Broilers 37 17 0.881 2.81 2.42 0.566 1.27 1.20 -16.43 0.15
P value 0.032 0.013 ns ns ns 0.028 0.044 0.001 0.011

30 chickens from Asia, 40 from African and 20 broilers were sampled. All sites
(3,726 bp) includes 440 bp of coding and 3286 bp of noncoding sequence. ' Number
of SNPs. * Number of haplotypes. > Haglotype diversity. * Mean number of pairwise
differences per kb between sequences. ° Watterson’s estimator per kb. P values are
generated by 1,000 DnaSP coalescent simulations for given recombination rate; only
those whose p < 0.05 are given.

A positive Tajima’s D (0.618) and negative Fay and Wu’s H (-14.08) supported a
trend of the elevated variation balanced around the two most numerous haplotypes in
the network diagrams (Figure 6.2), which appeared to centre on substitution A49V.
Although a significantly high minimum number of recombination events (Ry = 25)
suggested that some new haplotypes created by recombination were preserved (Table

6.4, Table 6.5), these recombinants were not maintained at nonsynonymous sites

(Figure 6.3).

Table 6.4. Recombination according the percentage GC content, Hudson’s R and Ry,
and Kelly’s Z,s per kb from DnaSP.

GC content (%) & Ry’ e
Total Coding Non-coding All Asia Africa Broilers it
49.0 57.4 47.8 24199 25 19 15 8 6.528

! Coalescent p < 0.001 for all values except Europe (p = 0.039). > Coalescent p value
not significant.
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6.3.3 Interspecies tests for selection:

Using the codeml implementation of PAML 3.15 package, dy/ds (w) was calculated
for the free-ratio model, which allows independently estimated w values based on
probabilities of the genealogical positions of mutations (Table 6.6) and branch lengths

for each lineage (Figure 6.4; Yang 1997).

Table 6.6. Estimated distribution of synonymous (S.ds) and nonsynonymous (N.dy)
SNPs by the codeml free-ratio model.

Sample Ndy S.ds

Chicken 1.0 1.0
Red JF ! 0 0
Grey JF ' 0 0
Ceylon JF ! 0 0
Green JF ! 12 9
Bambusicola 3.4 0
Francolinus Sl 3.0

! 5.5 nonsynonymous and 2.1 synonymous changes are in the branch ancestral to the
Gallus genus.

Figure 6.4. Neighbour-joining phylogeny constructed using codeml.

w=0.2450
[ Chicken
w=zero
Red JF
w=0.6552 w=2zero
Grey JF
w=2zero
Ceylon JF
w=0.8587
Green JF
w = infinite
Bambusicola
w=04724 0.1

Francolinus

Branch lengths are estimated by maximum likelihood under the codeml free-ratio
model, which assumed an independent w-ratio for each branch: these are displayed
above each branch. The branch length displayed is 0.1 of the total branch lengths for
the tree.
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Site specific models estimate @ for each site across the whole coding sequence for a
neutral model (M7, 0 > w < 1) and a variable model (M8) that allows for @ > 1 as
well as 0 > w < 1. (Yang 1997). Likelihood ratio tests (LRT) were conducted with 2
degrees of freedom for M2a vs M1a and M7 vs M8 for the seven resequenced species.
LRTs performed between these model pairs showed M8 was significantly more likely
than M7 according to a y* distribution, as model M2a over M1a (both p =5 x 107,
Table 6.7). Using a random sites BEB model, a significantly high posterior
probability of w > 1 (p > 0.95) indicated positive selection at candidate sites 57, 70,
72 and 96 (Table 6.8; Nielsen and Yang 1998, Yang et al. 2005).

Table 6.7. Generated PAML parameters used and output for significant test results for
the major coding allele.

Model Parameters Likelihood w = dy/ds 24AML P value
o = estimated '
Ml indenendintte i 411 -723.6036 As per Figure 6.4 - -
& . y w2 =7.065 (12.55%),
M2a wo =0 (87.46%) 747.9517 o1 =1 (0%) 15025  0.0005
Mla o = 0 (73.68%) -755.4643 w1 =1(26.32%)

M8 wo-9 = 0 (8.76% each) -747.9517  w10="7.07 (12.55%)

M7 mgc DN e ST =l (0 ¢ T A0S

24ML is twice the difference between the likelihoods of the variable and the neutral
models.

Table 6.8. Sites potentially under positive selection according to BEB analysis of

PAML M8 results.
Sites W o SE  P(w>1) Majorallele  Outgroup Derived allele Bases
57 7358 2398 0954 Asrf;":a(éine) 8 4 ﬁigziﬁg 1421-23
70 7635 2038 0992 Ag‘:rite) g {3, (T:‘:(C: gﬁ;g;‘;?) 1460-62
72 7407 2347 0960 GGA (Glycine) B,F,V: GAA (Glutamate) 1466-68
9 7.634 2.039 0992 (Isoﬁ?fine) o %‘;‘gglme) 1538-40

SE is standard error. Outgrp is the outgroup sample species. All sites are in exon 2.

Given the dearth of coding sequence variability among the resequenced species, a
diverse set of lysozyme protein sequences for a range of species: human, zebra finch,
turkey (Meleagris gallopavo) and birds from the Phasianidae family (chicken; copper

(Syrmaticus soemmerringii), kalij (Lophura leucomelanos), and golden pheasant
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(Chrysolophus pictus); bobwhite (Colinus virginianus) and Japanese quail (Coturnix

Jjaponica)) were aligned using T-Coffee (Notredame et al. 2000). This alignment

showed that all Phasianidae had a different amino acid (A) at site 49 compared to the

zebra finch and human (L; Figure 6.5). L49 in human is shared by mammals Papio

anubis (NP_001106112), Pan troglodytes (NP_001009073), Macaca mulatta

(XP_001117369), Mus musculus (NP_038618) and Bos taurus (NP_001071297).

Alignments of lysozyme at a genetic lysozyme resource webpage

(http://lysozyme.co.uk/) indicate that many species sequenced for the gene have either

A49 or L49. Site 71 was conserved in all samples (Y), except the domestic chicken

(S), indicating that while site 49 has evolved in the avian lineage, site 71 appeared to

be altered in chicken alone.

Predictions to estimate the extent of functional impact for each nonsynonymous

substitution with PMut, SIFT and Polyphen were generally not effective or had

conflicting results for certain sites, most likely due to the high protein sequence

divergence between chicken and the species with which it was compared. The

prediction outcomes were classed as not determined, probably neutral or probably

deleterious, depending on the output of all three programs (Table 6.9).

Table 6.9. Predicted functional impacts of different nonsynonymous SNPs on the

protein product.

Gene Amino Acid

Position Position Red JF AA it ol e o A
1398 49 A Vv w/t' benign n/d? n/d?
1422 57 N K wt' benign n/d? n/d?
1437 62 N T wt' probably damaging w/d? deleterious
1437 62 N I wt' benign pathological n/d?
1460 70 D e n/t' probably damaging w/d?* deleterious
1460 70 D H n/t' probably damaging n/d? deleterious
1464 71 Y S wt' probably damaging pathological deleterious
1464 71 Y F wt' possibly damaging neutral n/d?
1464 71 S F n/d? benign neutral neutral
1466 75 G E wt' possibly damaging pathological deleterious
1509 86 R K .tolerated benign neutral neutral
1538 96 I F n/t'  probably damaging n/d? deleterious
1538 96 I V  tolerated benign neutral neutral

Red JF refers to the allele present in the reference genome sequence. AA stands for
the alternative alleles. D70 is a catalytic site. N62 is in the catalytic cleft. ' Not
Tolerated. > Not determined. Site 49 is red, catalytic site 53 is black, catalytic cleft site

62 is yellow, and site 71 is blue.
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Figure 6.5. A multiple sequence alignment of the active portion of the gene.
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6.3.4 Spatial relationship of variable and catalytic sites:

The positions of the catalytic sites (53 and 70), catalytic cleft and polymorphic sites
(49 and 71) clustered closely in a three-dimensional model of chicken lysozyme
displayed in RasMol 2.7.4.2 (Figure 6.6). Using the Euclidean distance between the a-
carbon atoms of each amino acid, the length between sites 49 and 53 was 5.58 A,
substantially smaller than average, only 4.3% of site pairs were closer. Sites 70 and 71
were separated by 3.78 A: only 0.9% of pairs and 10.9% of adjacent pairs were closer.
The distance between these particular sites were small in comparison to the average
distance between all sites (18.80 + 9.47 A), the mean distance between adjacent sites
(3.80 + 0.002 A), the distance between the catalytic sites (53 and 70: 12.84 A), and
the average distance between the sites in the catalytic cleft (Figure 6.7: 25.04 A).
Variable sites 49 and 71 are also within 8 A of several sites in the catalytic cleft: 52 is
proximal to 49, and 71 to both 75 and 77.

The proximity of these amino acids to the catalytic sites was likely to be of
significance because single sites changes and interactions can alter the activity and
stability of this enzyme (Klein-Seetharaman et al. 2002, Zhou et al. 2007), implying
that mutations at sites 49 and 71 spatially affected the catalytic sites. Certain sets of
amino acid substitutions at lysozyme have been shown to be compensatory, even
though they were located at the core of the molecule (Wilson ef al. 1992): this could

be possible for variants at sites 49 and 71.
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6.4 Discussion

A key innate immune hydrolase, lysozyme, was re-sequenced in Asian, African and
broiler chicken populations and in six outgroup samples, including red, grey, Ceylon
and green JF. Summary statistics, phylogenetic networks and interspecies tests for
selection indicated a signal of elevated diversity in chicken balanced around one
nonsynonymous site (A49V) and an additional nonsynonymous site (Y71S) that
divided chicken and JF. Spatial modelling of the protein’s structure suggested that
these mutations could affect the catalytic function of the enzyme.

6.4.1 Polymorphic despite conservation:

Although nucleotide diversity at the lysozyme gene is lower (3.56 per kb) than the
average between the red JF genome reference and a broiler (5.28 per kb; International
Chicken Genome Sequencing Consortium 2004), there was considerable diversity
maintained at noncoding regions. AMOVA results and statistical tests of Fu’s Fig and
Hd indicated that this was preserved mainly within populations. The positive Tajima’s
D and very negative Fay and Wu’s H suggest that much of this haplotype diversity
was present at the mid- and high-frequency levels in the samples, consistent with a

hypothesis of balancing selection acting on the gene.

This balanced allele structure was modulated by recombination, which has generated
alleles that were preserved at non-coding positions. In coding regions no such SNPs
appear to be maintained, further supporting the conserved nature of the protein-coding
portion of the gene. Purifying selection may quickly eliminate singletons created by

recombination, ultimately leading to the scarcity of variation observed at the gene.

A previous study on diversity in commercial chickens found a dearth of rare alleles
(Muir et al. 2008), an observation repeated here. The European broilers had much less
haplotype diversity, which may be a result of breeding or of proximity to the origins
of diversity for chickens: the further away from Asia, the harder it is for additional

migration and introgressions to enhance diversity.

Studies in which A49V has been reported show it as a GCC (A) to GTT (V) change
(Jung et al. 1980; also see NP_990612, Moult et al. 1976). In that paper, site 49 was
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segregating as GCT and GTT in chicken; GCC alone in the red, grey and Ceylon JF;
and GCT in the bamboo partridge, grey francolin and green JF. A N124S mutation
was also observed in the same analysis (Jung et al. 1980), which is also present in
quail and pheasant, hinting that further coding sequence variability may exist at
lysozyme — resequencing in more JF and bird samples may uncover additional

polymorphisms of relevance to the functional diversity in commercial lines.

A49V was segregating in all eight sampled chicken populations, an indication that it
was actively being maintained at high frequencies in each. Site 71 was different in
chickens (S) compared to the sequenced red JF genome and all other birds (Y), and
adjacent sites 70 and 72 seemed to be subject to positive selection between species.
Unlike V49, S71 had risen to fixation in all observed chicken populations, bar one
genotype that was F71. Interestingly, site 70 appears to have changed in green JF and

grey francolin, perhaps a consequence of continued selection pressure at that site.

The noticeable absence of changes at nonsynonymous or synonymous sites suggested
A49V and Y71S were likely to have function relevance. Calculations and
visualisations of the distances between sites 49 and 71 to catalytic sites 53 and 70
indicated that alterations at 49 and 71 might cause changes to the enzymatic activity
of lysozyme. The probability of one amino acid being substituted for another is
dependent on several competing biochemical factors: size, pH and hydrophobicity (to
a lesser also chemical composition and polarity; Conant 2009). These may need to be
considered more carefully for lysozyme in the context that the chance of a mutation in
an internal protein site is much lower than for an external one because internal
changes may affect more adjacent sites. Lysozyme could therefore represent an

anomaly among enzymes.

6.4.2 Identifying the cause of the balanced signal:

Though it is possible that the substitutions of interest here (A49V and Y71S) were a
result of drift, founding effects or a build-up of deleterious mutations subsequent to
domestication, like in dogs (Cruz et al. 2008), in light of the extensive conservation at
the gene, this seems unlikely. It is more feasible that the diversity among the chicken

populations distributed around substitution A49V may be a result of latent admixture
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following domestication and ongoing selective processes stimulated by novel

pathogenic challenges.

The signature of high allelic diversity observed here is reminiscent of previous work
on chicken genetic variation: mtDNA (Liu et al. 2006), MHC-B (Worley et al. 2008,
O'Neill et al. 2009), Mx (Seyama et al. 2006, Berlin et al. 2008), IL1B and IL4RA,
signifying that it may be the result of the complex population history of the chicken
during domestication. Although the main source of chicken genetic variation is the
red JF (International Chicken Genome Sequencing Consortium 2004, Fumihito et al.
1994), multiple domestications (Liu et al. 2006, Fumihito et al. 1996) and genetic
introgressions of other JF into chicken populations (Silva et al. 2008, Nishibori et al.
2008, Eriksson et al. 2008) suggest diverse alleles may have been introduced during
domestication. The impact of human trade, migration and selection for novel
characteristics is likely to have created a widespread intermixing of red JF subspecies
with chicken the result of which may be the high haplotype diversity observed in
many studies (Oka et al. 2007, Granevitze et al. 2007, Kanginakudru et al. 2008,
Muchadeyi et al. 2008, Bao et al. 2008, Berthouly et al. 2009). Though the elevated
allele variation may be a relic of chicken domestication, this does not exclude the
proposal of pathogen-driven selective pressure, which might explain the continued

persistence of the divergent alleles in modern chicken populations.
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6.5 Conclusion

A pattern of high allelié diversity observed in the resequencing of the lysozyme gene
in global village chickens, broilers, jungle fowl, bamboo partridge and grey francolin
was structured in a balanced manner around a replacement mutation at site 47 for the
chicken samples. Broilers showed only slightly less relative variability than chickens
from different countries in Asia and Africa. Variation differentiated between chicken
and the other birds, including JF, by a replacement mutation at site 71, which is
adjacent to catalytic site 70 in the enzyme. Red JF was the most likely candidate as

the genetic resource for diversity at his gene.

Spatially aligning sites 47 and 71 showed they were sufficiently close to the two
catalytic sites (53 and 70) to possibly alter their function. This suggestion of
functional relevance was further highlighted by the paucity of coding sequence
substitutions at the gene. Given that noncoding regions of the gene added to the
balanced signal, it is likely that the admixture of populations from different
domestication centres has enhanced variation in multi-modal fashion at many chicken
genes, including lysozyme. Nonetheless, the maintenance of a pattern of diversity
balanced around A49V at lysozyme indicates that it may still be subject to selection

induced by pathogens.

Publication

This chapter formed the basis for a publication in Animal Genetics in 2009 entitled
“Variation in chicken populations may affect the enzymatic activity of lysozyme”.
The authors are: Downing T, O’Farrelly C, Bhuiyan AK, Silva P, Naqvi AN, Sanfo R,
Sow RS, Podisi B, Hanotte O and Bradley DG.
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CHAPTER 7

The differential evolutionary
dynamics of chicken cytokine and

toll-like receptor gene classes
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7.1 Introduction

The innate immune system provides an iniﬁal barrier against invasion and is initiated
by pathogen recognition receptors (PRRs), including toll-like receptors (TLRs; Akira
et al. 2000). The TLR family of transmembrane PRRs are key activators and
regulators of immune response mechanisms that recognise pathogen-associated
molecular patterns (PAMPs; Zhou et al. 2007). TLR extracellular domains identify
conserved molecular moieties that are common to pathogens including
lipopolysaccharide, flagellin, lipoproteins and microbial forms of nucleic acids. These
detector molecules activate pathways through the TLR cytoplasmic domain. These
signals are relayed through TLR pathway cascades activating the transcription factor
NFxB to initiate expression of genes that code for molecules that amplify, mediate
and regulate subsequent inflammatory and immune mechanisms, including cytokines

(Leulier & Lemaitre 2008).

Cytokines are important immune mediators responsible for initiating, amplifying and
regulating inflammation as well as controlling immune cell differentiation and
proliferation in response to pathogenic challenge (O’Garra 1998). Chicken cytokines
share properties with those in mammals (Staeheli et al. 2001), in which they perform
equally extensive arrays of roles mediating innate and adaptive immune responses
(Avery et al. 2004). Many chicken genes are orthologous to well-characterised
mammalian cytokine class members, indicating that the chicken orthologs are likely
to possess a wide range of functions (Kaiser et al. 2005). Their roles span the innate
immune response initiated through IL1B and IL6 as well as the adaptive immune
component. The latter has several cytokine groups defined by their roles in immunity
(Kaiser et al. 2005): the cell-mediated Tyl (IL12A, IL18 and IFNG); the humoral Ty2
(IL4 and IL13); and the anti-inflammatory (IL10 and TGFB). IL4 and IL13 mediate
helper activities of T lymphocytes including differentiation of B cells. In contrast to
mammals, IL5 expression is decreased during the Ty2 response (P. Kaiser, personal

communication).

7.1.1 Cytokine and TLR genes associated with diseases:
Both cytokine and TLR classes selected for sequencing include genes implicated in

response to parasitic, bacterial or viral diseases in avian species. To illustrate, TLR7
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expression is increased but that of IL4 is suppressed during infection with avian
influenza HON2 (Xing et al. 2008), and PAMPs acting as agonists for chicken
TLR2A, TLR4 and TLRS can induce expression of IL8 (Kogut et al. 2005c¢).
Expression of TLR4 increased in response to SE serovar Typhimurium and
Campylobacter jejuni, but TLRS, TLR15 and IL8 (as well as IFNG) responded only
to the former and not the latter (Shaughnessy et al. 2009). All nine TLRs resequenced
here have been associated with chicken bacterial and viral diseases. Expression of
TLRs increased in response to SE serovar Enteritidis, but that of TLRS5 was
downregulated (Abasht et al. 2008) — variation at this locus can affect resistance to SE
serovars Enteritidis (Keestra et al. 2008) and Typhimurium (Igbal et al. 2005). TLR7
showed elevated expression after infection with the former serovar, as did many
pathway components activated by TLR signalling (Chiang et al. 2008). Nucleotide
variation at TLR4 was implicated in resistance to diseases in commercial broilers
(Keestra et al. 2009, Ye et al. 2006, Malek et al. 2004). This gene was associated with
the immune response to challenges by gram negative SE serovar Enteritidis (as is
TLR2A; Abasht et al. 2009), gram-positive Staphylococcus aureus (Farnell et al.
2003) and on exposure to PAMPs such as lipopolysaccharides (Ozoe et al. 2009,
Keestra & van Putten 2008, He et al. 2006, Dil & Qureshi 2002). TLR3 was
implicated in the immune response to influenza HSN1 infection (Karpala et al. 2008)
and its expression and that of TLR2A was increased when exposed to the
Massachusetts strain of infectious bronchitis virus (Wang et al. 2006). TLR15 and
TLR2A expression was upregulated in response to SE serovar Typhimurium infection
(Higgs et al. 2006). TLR15 was expressed more highly in chickens resistant to
stimulation by SE serovar Enteritidis than those that were susceptible (Nerren et al.
2009). TLR1LA, TLR1LB, TLR2A and TLR2B were involved in activating the

immune response to Mycobacterium avium (Higuchi et al. 2008).

Among the cytokines resequenced in this study, at least granulocyte-macrophage
colony-stimulating factor (GMCSF), IL4, IL8, IL12 and IL13 have been linked with
disease resistance or susceptibility. Expression of GMCSF, IL4 and IL13 was
upregulated in response to Marek’s disease virus infection (Heidari et al. 2008). IL8
expression was increased in response to transformation of cells with Rous sarcoma
virus (Bedard et al. 1987, Sugano et al. 1987) as well as Eimeria maxima oocysts: the
latter PAMPs also changed the expressions of the cytokine IFNG, IL1B, IL6, IL12,
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IL15,1L17A, IL10 and IL17D (Kim et al. 2008b). IL13 expression was increased
following vaccination with the turkey herpes virus (Abdul-Careem et al. 2008).
Higher expression levels of IL8 and IL12 were observed in chickens with better
resistance to Eimeria maxima infection (Kim et al. 2008a). Expression of IL12 was
elevated upon infection with four different SE serovars (Berndt et al. 2007). Several
other cytokines not sequenced in this Chapter have also strong evidence for
associations with diseases: pro-inflammatory cytokines IL1B, IL6 and IL18 respond
to Salmonella minnesota LPS (Kogut et al. 2005b). SE serovar Enteriditis agonists
stimulate these pro-inflammatory cytokines and also those involved in the Tyl
response: expression of IFNG in particular is important at all stages of the immune
reactions (Kogut et al. 2005¢). IFNG expression is also upregulated in environments
with poor hygiene, as is that of IL2 (Ye et al. 2006). Additionally, IL1B and IL6 are
activated by bacterial PAMPs via the TLR signaling pathway (Kogut et al. 2006).

7.1.2 Comparing cytokine and TLR gene classes:

The material presented in this chapter examines the variation present in two chicken
immune gene classes from different functional categories to illuminate the adaptive
pressures provided by domestication and disease. Genes whose products interact
directly with the environment are more likely to have undergone adaptive change than
those that mediate the immune response (Kim et al. 2007, Cui et al. 2009). Thus PRRs
like TLRs are good candidates for detecting selection at the population level: previous
studies have shown that the avian TLR genes have been subject to selection (Yilmaz
et al. 2005, Cormican et al. 2009). Chicken cytokine genes may also be subject to
selective processes, though the signatures may be more subtle (for example, IL1B in

Downing et al. 2009a).

Recent advances in sequencing power have greatly enhance the potential for studies
investigating genetic diversity (for example, Ng et al. 2009) and consequently, in this
chapter Solexa high-throughput sequencing technology was used to examine variation
at two categories of chicken immune genes with different functional roles: receptors
and mediators. TLRs identify and alert the immune system to pathogen molecules,
and cytokines act as mediators in regulating and communicating immune response
signals. Nine genes from each class were resequenced in a panel of commercial and

heritage chickens as well as red, grey, Ceylon and green JF (cytokine genes: IL3, IL4,
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ILS, IL8, IL9, IL12A, IL13, KK34 and GMCSF; and TLR genes: TLR15, TLR1LA,
TLRI1LB, TLR2B, TLR2A, TLR3, TLR4, TLRS and TLR7).

Analyses indicated that a general pattern of high variability at these genes is likely to
have been enhanced by genetic exchange between chicken and red JF, and in two
possible instances between chicken and grey JF. Tests on variation and summary
statistics between the gene classes indicated that the selection signatures at each gene
class were distinctive: TLRs showed evidence of directional selection and cytokines
evidence of diversifying selection. This difference was present in the allele frequency
spectra at coding sites, suggesting functional relevance. The unique patterns of
variation at each gene class may be constrained by their functional roles in the
immune system: TLRs identify pathogens and thus are required to adapt quickly in
response to pathogen evolution, whereas cytokines interact with many molecules in
mediating the power of immune response signals, and consequently respond to

selective stimuli differently.

7.1.3 Examining variability at MC1R:

Pigmentation, metabolism and the immune response have all been subjected to novel
selective processes since domestication and key genes associated with these processes
are likely to have undergone adaptation in chicken (Andersson 2003): for example,
the gene determining chicken leg colour (yellow-skin) is derived from grey JF
(Eriksson et al. 2008). An additional determinant of fowl plumage is Pmell7, a
membrane glycoprotein involved in eumelanosome development (Kerje et al. 2004).
Genes implicated in colouration determination are over-represented in a survey of
cranially-expressed chicken-zebra finch orthologs displaying accelerated evolution
(Axelsson et al. 2007). The melanocortin-1 receptor gene (MC1R) determines
plumage colour in mammals and birds (Andersson 2003) by encoding a pleiotropic G-
protein coupled transmembrane receptor expressed on melanocytes that increases
intracellular cAMP levels when bound by a-MSH (a-melanocyte-stimulating
hormone; Kerje et al. 2003). This change activates tyrosinase, which raises eumelanin
production in melanosomes, darkening nearby feathers (Takeuchi et al. 1996a,
1996b). In this Chapter, diversity at MC1R was also investigated and this identified

known plumage-associated mutations distinguishing chicken from JF.
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7.2 Methods

7.2.1 Sample collection:

A total of 15 chicken samples were acquired: six Plymouth Rock heritage chickens
(VIDO, Canada) and nine commercial broilers (Manor Farms, Co. Monaghan,
Ireland) — five of the latter were Ross breed from Ireland and four were Hubbard Flex
from France. The commercial broilers were a subset of those resequenced in Chapters
5 and 6. Nine jungle fowl (JF) were sampled: one green (CAS85707, Department of
Ormithology & Mammalogy at the Californian Academy of Sciences); one Ceylon,
one grey and one red (Wallslough Farm, Co. Kilkenny, Ireland); one Ceylon and one
grey (Tommy Haran, Co. Meath, Ireland); and three red (Billy Wilson, Co. Antrim,
Northern Ireland); a total of four red, two grey, two Ceylon and one green JF. DNA
was isolated from the samples using a phenol-chloroform extraction following a

proteinase K digestion.

7.2.2 Resequencing strategy:

The UCSC, GenBank and Ensembl genome resources were used to investigate the
structures of the 19 genes (Figures 7.1-1 to 7.1-19). PCR primers were constructed
using Primer3 software according to the parameters in Chapter 4 and were created by
VHBio. The primer sequences’ parameters were optimised for usage (Table 7.1).
Each amplicon was amplified according to the PCR cycle setup (Table 7.2): 26 were
successfully amplified — in most cases this included the entire coding region. All
PCRs were performed with a Magnesium concentration of 20 mM. Not all amplicons

successfully amplified for every sample.

Although a SNP-based study proposed that commercial chickens have a 50% deficit
of rare alleles (Muir et al. 2008), this was not observed to the same extent in previous
resequencing-based analyses that used commercial chickens included in this thesis. In
addition, SNP-based approaches may be compromised by an ascertainment bias that
misses many low-frequency variants (Kreitman & Di Rienzo 2004, Soldevila et al.
2005), which is reduced here by aiming to resequence entire genes at high coverage

rates.
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Table 7.1. Sets of primer pair sequences used in PCR and their optimal parameters.

Size

Gene Amplicon (bp) Orientation Ty Primer Sequences
Forward ATATAAGAGGAACACAGGGCAGAG
e - Al Reverse 6 TGAGATTACAGCAGTGAAAGCAG
Forward TCCTACTCCTCCACCGACATAA
LR i FI4 Reverse i CTIGCGTTTGCTICTTACATCECT
IL13 1 1892 Forward 61 CAGCATTTTGACTGTAGTGAGCA
Reverse GTTGGCAAGCACTCTGGTTAT
1 2608 Forward 58 TGAGCTTCTTTGTGGTGAGGTAT
L3 Reverse GTTCAGATGTGTCAACTCCCTCTA
2 1533 Forward 59 ATTGACTCCAAGCCAAGTAAGTG
Reverse ATGGTTCCCCTCACTAAACAAAGT
L4 1 1943 Forward 61 CTGCCTCCTACCACTGTTATCTG
Reverse GGTCTGCTAGGAACTTCTCCATT
IL5 1 1090 Forward 56 AGCAAACACTTGGATGTGACC
Reverse TTGGCTCTCAATAAAAGCTAGA
ILS 1 2524 Forward 61 AAACAAGCCAAACACTCCTAACC
Reverse CACAGCACTGACCATTATGAAAG
ILO 1 2609 Forward 61 GGACAATCCTGCTTTGAACTCT
Reverse CACGTGTCAGACTCTGGTAGAAG
KK34 1 1100 Forward 58 AGTTGACAGCTGAGAATGAAGACTCAC
Reverse ATTGGACACGCTGCCTTCAA
Forward ATCCTTCTGACACCTCTTCTAGT
e i ! i Reverse i TGCAGTAATCTCCAAAAGATAGT
Forward AGGTCACGTAGTCCAACTCTCTG
TLEA : Bk Reverse &0 CAGCAATTTAGGAACGCTTCAC
1 1447 Forward 60 GATGGGATCTGTGGAAGAGTAAAG
TLRILB Reverse CATCTTGGGAAGGTCTAAGTATGG
’ 2513 Forward 60 GAATGTGCATTGTAGACCCAGTAG
Reverse GAATAGTCGAAGCGAGTACTTACG
1 3104 Forward 60 CTAATTCTCATCTGTTCCCAGCAC
TLR2B Reverse ATACTGAAACGAGCTCCTAACCTG
2 2761 Forward 61 TTCAGAAAGACAGAACAGCAAGG
Reverse TCCAGTAGAGGATGGCTACAGTC
Forward TGGCCTACACAGACATATTCTAGC
TN : o Reverse A CAGTTGGAGTCGTTCTCACTGTAG
1 3157 Forward 59 CAGTCTGCCTGATACTCTCACTTG
Reverse AGTGGTAGTGTCCATTCTCCTTTC
: Forward CCAGTCTGCCTGATACTCTCACT
b 3 G Reverse 9 GCAACCTTCAGTGACTTATTCCA
3 2286 Forward 58 GTAACGGAGTCTCTTCACTCTGC
Reverse CCACACCATACTTCATCAGCATA
1 2530 Forward 59 TTAGTGCGGTAGTGTTAGTGAAGG
TLR4 Reverse GTTGCCACTCCTTATCTTGATAGC
’ 2066 Forward 59 ATTCCCCAACTCTACAGCTACATC
Reverse TGCACTCAGTATCTGGACTGAAAG
Forward TTAAGCCAATGTACCAGAGTAGT
b : A0 Reverse i TTCCAAGTTTAGTAGGATTTTCA
Forward GCTGCTGTTGTCTTGAGTGAGT
sl : T Reverse o CAGAAATGAACGTGTAGGAAGGA
Forward TTTGTAGGTGCTGCAGTTGTG
ek : ki Reverse ik TGAATTGCAGATGATGAGGATG

Certain regions amplified are overlapping. Ty is the annealing temperature (°C).
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Table 7.2. PCR cycle program used for each primer pair.

Step Ty Duration (min)

1 95 15
2 95 0.5
3 Tm 0.75
-+ 12 1
5 72 15

Twm is the annealing temperature listed in Table 7.1 (°C). Steps 2 to 4 were repeated 33
times in sequence.

7.2.3 Sequence assembly:

Equimolar PCR libraries were assembled for each individual chicken and JF sample.
Each individual PCR library was coligated, tagged and then pooled into two library
sets containing 12 PCR sample libraries each by GATC, UK (www.gatc-biotech.com)
— one set of 12 PCR libraries for each of two lanes on a flow cell. Pooled PCR library
preparation and resequencing on an Illumina Solexa Genome Analyser II was carried
out by GATC. Using efficient local alignment of nucleotide data software (Eland;
Cox, unpublished), mapping of sequences to reference genes from GenBank (Table
7.3) allowed a pair of 36-base reads to be clustered where there were not more than 2

mismatches over their lengths.

Table 7.3. Average coverage values for each gene from Solexa resequencing.

Gene  Coverage GenBank accession number

GMCSF 4444 NM_001007078
IL12A 232.0 NM_ 213588
IL13 241.0 NM_001007085
IL3 229.4 NM_001007083
IL4 693.8 NM_001007079
ILS 230.4 NM_001007084
IL8 384.2 NM_205498
IL9 320.3 NM_001037825
KK34 2111 NM_213585
TLR15 205.7 NM_001037835
TLRILA 85.5 NM_001007488
TLRILB  425.8 NM_001098854
TLR2B 350.7 XM_001232192
TLR2A 56.7 NM_204278
TLR3 432.0 NM_001011691
TLR4 407.7 NM_001030693
TLRS5 78.3 NM_001024586
TLR7 198.0 NM_001011688
MCIR 37.1 NM 001031462
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A total of 22,607,104 reads were generated — equivalent to 814 Mb of DNA. This
gave a mean of 1,189,848 + 482,630 reads per gene, of which 77% on average aligned
correctly to the reference gene sequences. Reads that did not align to these genes were
either of poor sequence quality and so exceeded the number of mismatches per read,
or aligned to control DNA regions inserted to test the robustness and fidelity of
alignments. The mean coverage for all sequences was 290 + 154: 332 + 149 for
cytokines and 249 + 148 for TLRs (Table 7.3). A total of 55,848 bp of valid gene
sequence was amplified — 19.7 kb for the cytokines and 36.2 kb for the TLRs. A total
of 927 bp in two blocks spanning 2,377 bp was amplified at MC1R.

7.2.4 SNP ascertainment:
SNPs were called in the verified aligned sequences according to a set of criteria as
follows:
(1) if the reference sequence was known and different to the resequenced data;
(2) if the base coverage > 20;
(3) if the fraction of undetermined nucleotides (“N”) < 0.25;
(4) if the polymorphic nucleotide frequencies observed > 0.35 of the total,
including heterozygotes;
(5) if the base quality > 30, so the probability that the base is called correctly >
0.999.
The base quality ranged from 0 to 100: most nucleotides had base quality > 99. All
likely SNPs were verified visually: 77 of them (8.3%) clustered as serial SNPs

suggestive of localised poor sequence quality and were omitted from analysis.

The sequences for all these genes have accession numbers in GenBank: FJ907553-
600 for GMCSF, FJ907601-48 for IL3, FJ907649-96 for IL12A, F1907697-742 for
IL13, FJ907743-90 for IL4, FJ907791-838 for ILS5, F1907839-82 for IL8, FJ907883-
924 for IL9, GQ337430-GQ337473 for KK34, FJ915219-58 for TLR1S5, FJ915259-98
for TLR1LA, FJ915299-342 for TLR1LB, FJ915343-86 for TLR2B, FJ915387-432
for TLR2A, FJ915433-80 for TLR3, FJ915481-528 for TLR4, FJ915529-54 for
TLRS, FJ915555-600 for TLR7, and FJ915199 to FJ915218 for MCIR.
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Figure 7.1. Structures of genes resequenced.

Gene names are listed in diagrams: 1 is GMCSF, 2 is IL12A, 3 is IL13,4 is IL3, Sis IL4, 6 is
ILS, 7 is IL8, 8 is IL9, 9 is KK34, 10 is TLR1S5, 11 is TLRILA, 12 is TLR1LB, 13 is TLR2B,
14 is TLR2A, 15 is TLR3, 16 is TLR4, 17 is TLRS, 18 is TLR7 and 19 is MC1R. Exons are
in green, introns in grey, UTRs in blue and poor quality resequenced regions in black.
Intergenic regions are shown as white and amplified regions are indicated by the red arrows.
The numbers shown represent the base positions in relation to the GenBank gene sequences.
The black region at MCIR has a very high GC content and consequently did not amplify
adequately.
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7.2.5 Data analysis:

To determine the genetic relationship between chicken and each JF species, Fsr
(Wright 1951) values for populations and species were tested for 1,000 permutations
using Arlequin (Schneider et al. 2000). Additionally, median-joining haplotype
networks were constructed for each gene using Network version 4.2.0.1 (Bandelt et al.
1999). The connection cost criteria for joining nodes was used for all genes except
GMCSF where it did not converge on a single network, so a greedy algorithm (greedy
FHP), which joins the nearest nodes at each iteration, was used. AMOVA analysis
(Excoffier et al. 1992) was carried out on MCI1R using Arlequin version 2.001
(Schneider et al. 2000) to quantify the extent of population and species differentiation.

DnaSP 5.0 (Librado & Rozas 2009) was used to analyse the numbers of SNPs and
haplotypes, haplotype diversity (Hd, Depaulis & Veuille 1998) and Watterson’s
estimator of genetic diversity (Ow = 4N.u; Watterson 1975). Nucleotide diversity was
measured using 7 (Tajima 1983a). Nucleotide divergence between chicken and JF
species was assessed using K, the average number of nucleotide differences per site.
Values for 74 (the population average number of nonsynonymous SNPs per
nonsynonymous site), zs (the population average number of synonymous SNPs per
synonymous site) and equivalent metrics for interspecies divergence (K4 and Ks) were
also calculated. The four gamete test to get the minimum number of recombination
events (Ry; Hudson & Kaplan 1985), R (the degree of recombination; Hudson 1987),
GC content and gene conversion (Betran et al. 1997) were also analysed. z per kb, Oy

per kb and K per kb were adjusted for the poor quality region in MCIR (length 1,450
bp).

A set of summary statistics were used to identify departures from neutrality using
coalescent simulations in DnaSP: Fu and Li’s D and F (Fu & Li 1993), Tajima’s D
(Tajima 1983b), Fu’s Fg (Fu 1996), Fay and Wu’s H (Fay & Wu 2000). These tests
were performed as detailed in Chapter 4. These simulations generated empirical
distributions with which the observed values were compared to determine the extent
of their deviation from neutrality. Non-neutral evolution was inferred if the observed
values lay at the extremes of the distribution.

Deleterious alleles are expected to remain at low frequencies, whereas only

functionally advantageous or neutral alleles are expected to rise to intermediate or
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high frequencies, particularly in large populations (Axellson & Ellegren 2009). The
fraction of deleterious alleles can be estimated by examining derived allele
frequencies (DAF). The fraction of alleles with DAF < 0.2 minus that for alleles with
DAF > 0.2 (Liti et al. 2009) can approximate the deleterious proportion. This was
carried out for DAF at amino acid-altering (the number of nonsynonymous changes
per nonsynonymous site: DAFy) and silent coding (the number of synonymous
changes per synonymous site: DAFs) sites. Variation at synonymous nucleotides is
expected to be neutral, whereas that at nonsynonymous sites would be subject to
selective processes (Yang 2002). The fraction of nonsynonymous substitutions
expected to be neutral (f) was determined for each gene as well (Eyre-Walker and
Smith 2002).

In order to determine the neutrality of population allele frequency spectra at
functional sites in the gene classes, the DAF of SNPs at nonsynonymous (DAFy) and
synonymous (DAFg) sites were determined. This corresponds to the DAF for each
coding SNP site. These values were also determined for the entire sampled population
(denoted 74 and 7s) where they were quantified in terms of their specific DAF relative
(m4 and 7s) to the average DAF for all genes (DAFn and DAFs). Ancestral and
derived alleles were determined according to those present in grey, Ceylon and green
JF; the multiple origins of the domestic chicken complicate signatures of ancestry
from red JF.

The protein domain locations of nonsynonymous mutations were ascertained from
Uniprot. If there were no annotated chicken gene protein domains, these were
determined by aligning the chicken genes with their human orthologs using T-Coffee
(Notredame et al. 2000).

The sizes of the TLR protein extracellular, cytoplasmic and transmembrane domains
were estimated using TMpred
(http://www.ch.embnet.org/software/TMPRED _form.html; Hofmann & Stoffel 1993).
This software compares the protein sequence to entries in SwissProt database 22 from
which it can estimate the most probable transmembrane region and its cell membrane
orientation, which serves to specify the domains. The sole major limitation of TMpred

is its inability to estimate confidently signal peptide domains, which tend to be small
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in comparison to the TLR proteins’ full lengths of about 700-1000 sites. This program
was used because it does not rely purely on mammal-chicken protein alignments,
which can be highly divergent in certain regions, and is effective for novel avian

genes, such as TLR15, which have no mammalian ortholog.

The lengths of signal and active peptide regions of the cytokines were determined
with SignalP 3.0, which ascertains the most likely cleavage points using the hidden
Markov model methods (http://www.cbs.dtu.dk/services/SignalP/; Bendtsen et al.
2004). By comparing amino acid composition of N-terminal regions of the input
protein to those of a eukaryotic database, the chances of each site belonging to the
signal peptide and the cleavage region were calculated so that the amino acids with

the maximum cleavage site probability could be identified.

Using the codeml implementation of PAML 3.15 package (Yang 1997), as w = dy/ds
was calculated for the coding sequences of MCIR in chicken, red, grey and Ceylon JF
where the dy was the relative rate of nonsynonymous mutations and ds the relative
rate of synonymous mutations (Yang 2002). Branch-specific models determined one
o for the chicken lineage and another for the thee (grey, Ceylon and green) JF
lineages according to a neutral model where @ = 1 and a variable model where w can
vary (Yang 2002). A LRT was performed between the log likelihoods of the variable

and neutral models according to a y* distribution with one degree of freedom.

7.2.6 Simulating demographic history:

Coalescent simulations were used to test if chicken demographic history could explain
the variation at the cytokine and TLR gene classes. Using the program MS (Hudson
2002), samples were generated under a neutral model for 100,000 repetitions given
the observed resequenced data observed for each of the 18 genes (numbers of SNPs,
6w, number of samples, recombination and gene length). Models simulated chicken
population size growth and genetic introgression of JF into the chicken population so
that comparisons between observed and simulated data would indicate if these two

parameters affect diversity at these loci.

In order to simulate the original domestication of chicken from red JF and subsequent

genetic introgression of red JF, the simulations started 4N, kya with an ancestral
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mixed population of size Ny (Figure 7.2). At 0.1N; kya, the population divided in two
groups, chicken and red JF — the population size of the latter was constant. The
growth rate (a) of the present chicken population size (N;) was determined as N, =
Noe™: given that chickens have a large effective population size, I <AN > 100 for AN
= N/N, for t, the present time in generations (International Chicken Genome

Sequencing Consortium 2004).

Figure 7.2. Demographic model for coalescent simulations.
4N, kya

N constant

0.1Ng kya

N increasing

Present

After domestication (.1N, kya, a historically panmictic ancestral population with a
constant size since 4N, kya split into a chicken population, whose population size
increased, and a red JF population, whose population size was static