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Bioinformatic analysis of whole genome sequencing data -
Detection of Selective Sweeps and Structural Changes

Abstract

Evolution has shaped the life forms for billion of years. Domestication is an accelerated
process that can be used as a model for evolutionary changes. The aim of this thesis
project has been to carry out extensive bioinformatic analyses of whole genome
sequencing data to reveal SNPs, InDels and selective sweeps in the chicken, pig and
dog genome.

Pig genome sequencing revealed loci under selection for elongation of back and
increased number of vertebrae, associated with the NR641, PLAGI, and LCORL genes.
The scan for copy number variations (CNVs) revealed four duplications at the KIT
locus associated with dominant white and belt colour phenotypes. Selective sweeps in
the dog genome included genes involved in adaptation to a starch rich diet, fat
metabolism and behavior. Identification of a selective sweep and a CNV in the AMY2B
gene, which correlates with variation in a-amylase expression, along with selective
sweeps in MGAM and SGLTI, in dogs revealed adaptation to a starch-rich diet after
domestication. Analysis of chicken genome resequencing data identified hundreds of
regions under selection shared among all domestic chicken and others that were
specific for layers or broiler chickens and 68 fixed large deletions and 70 small InDels
in domestic chicken populations.

Structural variations are changes in the genome that may affect the copy number of
genes, their regulation or their coding sequence. Current methods utilize sequence
information from either single sample or pair of samples to scan for CNVs across the
genome. We developed a fast algorithm and a tool, MultiSV, to identify structural
variations using short reads from massively parallel sequencing of multiple
populations.

This thesis demonstrates the importance of structural variations as a factor
contributing to phenotypic diversity in domestic animals and has revealed regions
under strong selection during animal domestication and breeding. It also presents a new
method for the identification of structural variations in populations using short reads
from NextGen sequencers.
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1 Introduction

1.1 Origin, complexity and variation of life

Life appeared on earth around 3.5 Byr ago (Altermann & Kazmierczak, 2003)
and then, with the passage of time, it evolved by accumulating genes,
developing structures and processes and radiating to different life forms. The
first eukaryotic cell developed 2.7 billion years ago, one billion years after the
start of life on earth (Brocks ef al., 1999). After further evolution, the animals
started to originate around 800 Myr to 1.7 Byr ago (Durham, 1978; Seilacher et
al., 1998). Those animals continued to evolve into complex as well as simple
forms and around 600 Myr ago chordates started to emerge on earth (Ayala et
al., 1998).

Life took a turning point after 500-600 Myr ago in terms of spreading
diversity and accumulation of variation with massive expansion of life forms
(Welch et al., 2005). Cell size increased along with an increase in diversity of
living beings as they become large and complex with the passage of time
(Carroll, 2001). With increasing complexity there is opportunity for an organism
to use ecospace in a different manner than others have used it in the past. There
are three trends of development clearly evident in the fossil record: development
of multicellularity, increased size and diversification. Development of
multicellularity  likely happened independently many times. Once
multicellularity was attained there followed larger and larger forms with a
variety of new body plans and higher grades of complexity. This process led to
development of body plans and explosive origin of metazoans during the
Cambrian explosion (Welch et al., 2005). A recent discovery suggests that the
common ancestor of vertebrates, Metaspriggina, lived around 500 Myr ago
(Morris & Caron, 2014). Birds and mammals started to diverge around 310 Myr



ago (Figure 1)(Kumar & Hedges, 1998; Hedges, 2002; Hillier ef al., 2004; Reisz
& Miiller, 2004; Alfoldi et al., 2011). Different orders of mammals started to
diverge from each other into artiodactyla, carnivora, rodentia, primates, etc.
Artiodactyla and primates started to diverge from each other around 79-97 Myr
ago (Kumar & Hedges, 1998; Meredith et al., 2011; Groenen et al., 2012) while
carnivores diverged from primates about 90-94 Myr ago (Archibald, 1996;
Kumar & Hedges, 1998; Liu et al., 2006).
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Figure 1. Origin and evolution of animals leading to domestication. Vertical axis represents
approximate timeline of evolution. Asterisk indicates first bird, known to live about 150 Myr ago,
modified from (Hillier et al., 2004; Rubin et al., 2010).

1.2 Domestication of animals

Evolution of life during 3.5 billion years produced the raw material in the form
of enormous genetic variation as well as organisms well adapted to the
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environment, life forms and processes around them. Humans utilized this
genetic raw material to manipulate the evolution of some plants and animals
according to our needs by artificial selection also known as domestication.
Domestication is a process whereby a species comes in close contact to humans,
which promotes genetic adaptation to the environment where humans control
their reproduction and food or nutrient supply (Diamond, 2002). Allele
frequency changes occur during domestication as a result of phenotypic
selection, also called artificial selection, controlled by humans. Artificial
selection can affect a wide array of phenotypic traits, such as: external
morphology, internal morphology, physiology and development. These changes
make the domestic animals differentiated from their wild ancestors having
modified plumage or coat color, reduced size of brain, faster growth and reduced
sense of fear (Jensen & Andersson, 2005; Jensen, 2006). The phenotypic
variation in domestic animals provides an opportunity to understand genetic
basis for phenotypic diversity (Andersson & Georges, 2004).

The wild boar (Sus scrofa) emerged around 5.3 to 3.5 Myr ago in South East
Asia and was domesticated around 10,000 years ago in different locations of
Europe and Asia (Giuffra et al., 2000; Larson et al., 2005; Ottoni et al., 2012).
The size of the current pig genome assembly (SS10.2) is 2.8 Gbp (Groenen et
al., 2012), which is similar in size to the size of other mammalian genomes,
including human (Lander et al., 2001; Venter et al., 2001), dog (Lindblad-Toh et
al., 2005), mouse (Chinwalla et al., 2002), cattle (Elsik et al., 2009) and horse
(Wade et al., 2009). However, the pig genome contains less repetitive DNA
compared to other mammalian genomes (Groenen et al., 2012). A comparison of
orthologous sequences from human, mouse and pig revealed that there is a
higher degree of sequence identity between sequences of pig and human
compared to sequence similarity between human and mouse. Furthermore,
purifying selection has been more efficient in pig compared to humans
(Wernersson et al., 2005). The pig genome is organized in 18 pair of autosomes
and two sex chromosomes (2n=38) (Ellegren et al., 1994; Archibald et al., 1995)
which is a less than some other mammals for example dogs (2n=78), cattle (2n =
60), goats (2n=50) and horses (2n=64). However, central Asian wild boars carry
36 chromosomes due to the fusion of chromosomes 16 and 17, while western
European wild boars also carry 36 chromosome due to the fusion of
chromosomes 15 and 17 (Troshina et al., 1985).

The dog (Canis familiaris) was domesticated from grey wolf (Vila et al,
1997; Lindblad-Toh et al., 2005). The process of dog domestication may have
started around 11,000 to 16,000 years ago (Freedman et al., 2014). Early dog
domestication and recent breed development generated bottlenecks causing
about sixteen times reduction in population size (Freedman et al., 2014) that



resulted in long linkage disequilibrium blocks within breeds and short linkage
disequilibrium blocks across breeds (Figure 2).

Old Bottleneck

<

Recent Bottleneck

Figure 2. The origin and evolution of domestic dogs (modified from Lindblad-Toh et al., 2005)

Chicken was the first bird and the first agricultural animal to have its genome
sequenced (Hillier et al., 2004). The size of chicken genome is around 1 Gbp
and is similar in size and structure to the genome assemblies of zebra finch
(Warren et al., 2010) and large ground-finch (Rands et al., 2013), but almost
one third of the size of mammalian genomes. However, the number of genes in
the chicken genome is similar to that in the human genome (Hillier et al., 2004;
Clamp et al., 2007). The chicken genome is organized in 38 pair of autosomes
and two sex chromosomes. The autosomes are further classified into five pairs
of macro-, five pairs of intermediate-, and 28 pairs of microchromosomes (Burt,
2005; Schmid et al., 2005). The microchromosomes have higher GC content and
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gene density, shorter intronic regions and lower microsatellite density when
compared to macrochromosomes (McQueen et al., 1996; Primmer et al., 1997,
Hillier et al., 2004). The repetitive sequences in microchromosomes make it
difficult to assemble them; hence the current chicken genome assembly (Gallus
gallus, ICGSC Gallus_gallus-4.0/galGal4) contains only 34 chromosomes. The
female chicken is heterogametic carrying one Z and one W chromosome,
whereas the male is homogametic with two Z chromosomes, unlike mammalian
species where males are heterogametic with one X and one Y chromosome. Sex
chromosomes in birds show similar size differences with one smaller W and one
larger Z, similar to smaller Y and larger X chromosomes in mammals. However,
the sex chromosomes of birds and mammals are not homologous (Fridolfsson et
al., 1998), but may have evolved from neighboring regions on a common
ancestral chromosome (Smith & Voss, 2007). Regions from chicken
chromosomes Z and 4 and from human chromosomes 9, 4, X, 5, and 8 were
linked in a common ancestor (Smith & Voss, 2007).

Domestic chicken (Gallus gallus domesticus) was domesticated from Red
jungle fowl (Gallus gallus) in South East Asia around 6000BC (Figure 1). They
provide a major source of protein for human consumption in the form of eggs
and meat (Burt, 2002). In the beginning of the 20" century, domestic chicken
was split into two major breeds, layers and broilers, used for egg and meat
production, respectively (Dodgson, 2007).

1.3 Genomics and next-generation sequencing

We are in the middle of a technological revolution that will transform all areas
of biology. The very rapid development of new methods for DNA sequencing
(so called NextGen sequencing) will make the genome and transcriptome from
any species accessible for research. The possibility to screen populations for
essentially all polymorphic loci in the genome is a dream coming true for
geneticists. Just a few years ago there were only a handful of major genome
centers in the world (Broad Institute in Boston, WashU genome center in St.
Louis, Baylor college in Houston, Sanger center in the UK and the Beijing
Genome Institute in China) that could carry out whole genome sequencing of a
vertebrate genome. This situation has changed completely with the development
of NextGen sequencers such as Roche 454, Illumina Solexa and Applied
Biosystem SOLiD. This technological revolution has reduced the cost for
sequencing, making whole genome sequencing at population scale feasible and
it has reduced the amount of time required to perform all the analysis (Mardis,
2008).



The next big challenge after sequencing the human genome (Lander et al.,
2001; Venter et al., 2001) was to characterize variations in the genome to obtain
more in-depth understanding about function and structure of the genome
(Pennisi, 2007), which requires more samples to be sequenced. The Sanger
sequencing technique, which was used to sequence the human genome, is not
only expensive, but also time consuming because of low throughput, which
makes it impracticable to sequence whole genomes for multiple samples
(Mardis, 2008; Shendure & Ji, 2008). The solution is to perform massive
parallel sequencing, also called next generation (Next-Gen) sequencing (Wang
et al., 2008; Wheeler et al., 2008; Pushkarev et al., 2009; Rands et al., 2013).
Multiple samples can be sequenced to identify SNPs (Koboldt ez al., 2009; Li et
al., 2009; Bansal et al., 2010; McKenna ef al., 2010). The SNP data can then be
used to identify selective sweeps (Nielsen et al., 2005; Tang et al., 2007; Rubin
et al., 2010; Boitard et al., 2012, 2013; Clément et al., 2013) and structural
variations (Koboldt et al., 2009, 2012) and to study population demography and
structure (Pritchard et al., 2000; Falush et al., 2003; Patterson et al., 2006, 2012;
Alexander et al., 2009; Li & Durbin, 2011). Additionally, read depth and mate
pair distance information can be utilized to identify structural variations.

1.4 Selective sweeps

Single nucleotide polymorphisms (SNPs) constitute the most common form of
genetic variation. Although, most of the genetic variation remains selectively
neutral, selection operates on SNPs that affects fitness, which may lead to
fixation of favorable variants and hence reduced or no genetic variation in the
selected region, also called selective sweeps. The beneficial variant gets selected
and the alleles adjacent to the selected allele become enriched through genetic
hitchhiking (Figure 3) (Smith & Haigh, 1974; Kaplan et al., 1989; Barton, 2000;
Fay & Wu, 2000; Andolfatto, 2001). This leads to loss of heterozygosity
(Hudson et al., 1987; Kim & Stephan, 2002; Jensen et al., 2005), higher linkage
disequilibrium (Przeworski, 2002; Kim & Nielsen, 2004; Kimura et al., 2007),
increase of rare alleles (Fu, 1997) and a high frequency of derived alleles (Fay &
Wu, 2000).

It is a challenging task to carry out population genetic studies based on whole
genome sequencing because it is costly to sequence many individuals in order to
identify SNPs in populations and compute allele frequencies for each SNP. A
cost effective way is to use pooled DNA sequencing of many individual from
populations (Rubin et al., 2010; Kofler et al., 2011, 2012; Boitard et al., 2012,
2013; Clément et al., 2013; Gautier et al, 2013). The reads covering
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polymorphic positions can be used to compute allele frequencies that can then
be used to compute heterozygosity in windows to identify sweep regions.
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Figure 3. A beneficial mutation arises and the region gets selected. The frequency of the selected
allele increases after few generations of selection and the frequency of alleles adjacent to the
selected allele also increase due to linkage. The continuous process of selection leads to loss of
heterozygosity in the region under selection. This produces initially long haplotypes having reduced
heterozygosity. Recombination reduces the size of haplotype blocks into smaller blocks that are
confined to the region under selection. We can scan for such regions to identify selective sweeps in
the genome.

1.5 Structural variations

Structural variations play an important role in the divergence between closely
related groups of organisms (Britten et al., 2003) and contribute to phenotypic
variation in domestic animals (Andersson, 2012) and humans (Feuk et al.,
2006).

Whole genome next-generation sequencing data can be used in different
ways to identify structural variations. Among those methods, read depth based
methods can be applied to the data from almost all sequencing platforms to
identify deletions and duplications (Figure 4). Mate pairs are two reads from the
same clone and the distance between them span over few kbp. Analysis of
distances between mate pairs can be used to identify insertions, deletions,
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inversions and translocations. The mapping positions of the mate pairs can be
compared to the expected map distance and the regions where the distances
between mates differ significantly indicate the presence of structural variation or
an error in the genome assembly.
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Figure 4. Read depth comparison among three hypothetical populations. Blue and red lines
represent mate pairs. The mate pairs are aligned to a reference genome, which is represented by a
black line. Read depth analysis is performed in windows represented by vertical blue dotted lines.
Population 1 shows uniform read depth indicating that there is no evidence of structural variation.
Population 2 shows increase in read depth indicating presence of a duplication and population 3
shows reduction in read depth indicating presence of a deletion.
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2 Aims of this Thesis

The aim of this thesis was to reveal SNPs, short insertions and deletions, and
structural rearrangements in the chicken, pig and dog genome by carrying out
extensive bioinformatics analysis of whole genome sequencing data. We
searched for signatures of selection in these data and cross-referenced with data
on the location of quantitative trait loci (QTL) and expression data with the
ultimate goal to identify causative mutations for phenotypic traits.

The step-wise aims of this thesis have been to:

I. Identify the most common allele in each population studied at all

polymorphic loci in the chicken, pig and dog genome

II. Identify regions of the chicken, pig and dog genomes that have been
under positive selection

III. Identify causative mutations that has been selected during chicken, pig
and dog domestication

IV. Develop a method to identify structural variations from sequencing data
obtained from multiple populations
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3 Current Research

3.1 Signatures of selection in the domestic pig genome (Paper I)

3.1.1 Background

The wild boar (Sus scrofa) diverged into different subspecies 2.7 to 4.5 million
years after their origin around 3.5 to 5.3 Myr ago (Giuffra et al., 2000; Larson et
al., 2005; Groenen et al., 2012; Ottoni et al., 2012). The domestication of pig
started independently in Asia and Europe from different subspecies of wild
boars giving rise to considerable morphological and physiological differences
when compared with their ancestors (Giuffra et al., 2000; Kijas & Andersson,
2001; Larson et al., 2005; Fang & Andersson, 2006).

One example of the parallel domestication of pigs from wild boars in Asia
and Europe is independent missense mutations in melanocortin receptor 1
(MCIR) causing black coat color that are present on different haplotypes
originating from the two geographic regions (Kijas et al., 1998, 2001; Fang et
al., 2009). Mutations in MCIR are associated with coat color variation in other
animals including horse (Marklund et al., 1996), cattle (Klungland et al., 1995),
fox (Vage et al., 1997), sheep (Vége et al., 1999), dog (Newton et al., 2000) and
chicken (Kerje et al., 2003).

Selection for high protein and low fat content during the past 60 years
resulted in accumulation of mutations in Ryanodine receptor 1 (RYRI1) (Fujii et
al., 1991), PRKAG3, which encodes 5'-AMP-activated protein kinase subunit
gamma-3 (Milan et al., 2000) and insulin-like growth factor 2 (IGF2) (Van
Laere et al., 2003).

Here our focus was to identify selective sweeps and structural variations in
the pig genome that may have played an important role during domestication.



3.1.2 Results and discussion

We generated pooled DNA sequences from 20 European wild boars, 78
domestic pigs and 14 F2 intercross animals from a wild boar, Large White
intercross and aligned the reads to the SS10.2 pig reference genome sequence.
We identified a total of 7.35 million SNPs, 863 fixed deletions and 1619 CNVs.
We used allele frequencies at each SNP locus to identify signatures of selection
in European domestic pigs by scanning the genome to look for stretches of
regions with reduced heterozygosity (Rubin et al., 2010). We divided the
genome in windows that were of size 150 kbp each overlapping 50% with
neighboring windows. We then used Z-transformation (ZH,) and used a
threshold of four standard deviations away from the mean in the lower tail
separately for autosomes and chromosome X. Overlapping windows were
merged after applying the threshold. This approach identified 13 regions with a
ZH, of heterozygosity lower than —5, and 64 regions with a ZH, < —4. Some of
the putative sweeps occurred in regions containing QTLs for phenotypic traits
including feed intake, growth, elongation of the back, number of vertebrae and
body length. Some of these phenotypic difference between domestic pig and
wild boars were also noticed by Charles Darwin (Darwin, 1868).

One of the sweep regions contained a gene, melanocortin 4 receptor
(MC4R), that harbors a QTL for feed intake and growth (Kim et al., 2000).
Another sweep region, which showed the strongest signature of selection
includes the NR6A41 (Nuclear Receptor 6 Al) gene that harbors a major QTL
affecting the numbers of vertebrae in pigs, and a missense mutation in NR6A1
has been proposed to be causative (Mikawa et al., 2007). It is known that wild
boars have 19 vertebrae, whereas European domestic pigs intensively selected
for meat production have 21-23 (King & Roberts, 1960). The next two strongest
selective sweeps were found in regions harboring previously identified major
QTLs for body length (Andersson et al., 1994; Andersson-Eklund et al., 1998).
These two regions contain PLAGI (pleomorphic adenoma gene 1), which has
been associated with variation in height in humans (Gudbjartsson et al., 2008) as
well as with a major QTL for height in cattle (Karim et a/., 2011) and LCORL
(ligand dependent nuclear receptor corepressor-like), which has been associated
with human stature (Lango Allen et al., 2010), as well as with body size in dogs
(Vaysse et al., 2011), cattle (Pryce et al., 2011), and horses (Signer-Hasler et al.,
2012). We performed QTL analysis after genotyping the F, population from an
intercross (Andersson et al., 1994) using informative markers in the LCORL and
PLAGI regions and observed that the two QTLs associated with LCORL and
PLAGI acted additively with a combined effect of 5.3 cm in body length
difference between the opposite homozygotes. Furthermore, phylogenetic
analysis of the three loci (NR641, LCORL, and PLAGI) loci revealed a
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European origin of the swept haplotype for all three loci. A total of 180 loci
affecting variation in human height only explained 10% of the population
variance (Lango Allen et al., 2010), while only two loci, LCORL and PLAGI,
explained 18.4% of the residual variance in body length in pigs in this wild boar
intercross. It is likely that alleles with similar large effects are also segregating
in human populations, but that each such variants explain a small portion of the
population variance. Another particularly interesting candidate selective sweep
overlaps Osteocrin (OSTN), whose secreted protein product (OSTN) was first
identified as an inhibitor of osteoblast differentiation (Thomas et al., 2003) and
later OSTN was rediscovered as “Musclin” in a screen for skeletal muscle-
derived secretory factors (Nishizawa et al, 2004), which may be related to
selection for an altered body composition and/or altered skeletal development.

We identified 72 derived nonsynonymous substitutions approaching fixation
in domestic pigs. Three (NR6A41, CCTSL2 and MLL3) of these were colocalized
with putative sweep regions detected in this study, and two of these (VR6A1 and
SERPINAG6) have been identified as candidate causative mutations. First in a
missense mutation (Pro192Leu) in NR6A1 alters the binding affinity of NR6A1
to its coreceptors and has been proposed to be the causative mutation for the
QTL affecting number of vertebrae (Mikawa et al., 2007). Second a missense
mutation (Gly307Arg) in SERPINAG6 has been shown to affect cortisol-binding
capacity and proposed to underlie a pleiotropic QTL affecting serum cortisol
levels, fat deposition, and muscle content (Guyonnet-Dupérat et al., 2006).

We used read depth signals to screen for deletions and CNVs from the
pooled samples that showed large allele frequency differences between wild and
domestic pigs. One of the selective sweeps, containing the Caspase 10
(CASP10) gene, overlapped an 8 kbp duplication in an intron of the gene. We
also confirmed the presence of a previously known 450 kbp duplication at the
KIT locus, which control white spotting in pigs (Moller et al., 1996; Giuffra et
al., 2002). KIT is a tyrosine kinase receptor, and normal KIT signaling is
required for development and survival of neural crest-derived melanoblasts
(Chabot et al., 1988). Three major KI/T variants have been described in pigs:
Dominant white (completely white), Patch (partially white), and Belt (white belt
across forelegs). Mutations associated with Dominant white and Patch were
previously reported, whereas no causative mutation has been identified for Belt
(Giuffra et al, 1999). We identified additional duplications, one 4.3 kbp
duplication located about 100 kbp upstream of KI7, a second 23 kbp duplication
located about 100 kbp downstream of K/7T and a third 4.3 kbp duplication within
the second duplication in Hampshire pigs, which have the Belt phenotype. The
4.3 kbp duplication is present in three to six copies in Hampshire pigs and is a
causative candidate mutation because it overlaps with one of the most well-
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conserved noncoding regions in the K/T region. This may constitute a regulatory
element that becomes stronger with copy number expansion, as recently
demonstrated for a melanocyte-specific enhancer located within the duplication
causing graying with age in horses (Sundstrom et al., 2012). These three KIT
duplications in pigs are present within a large 450 kbp duplication, partly
underlying the Dominant white phenotype in pigs.

3.2 Signatures of selection in the dog genome (Paper Il)

3.2.1 Background

Dogs play an important role in the human society. It is uncertain, when and
where dog domestication started (Pang et al., 2009; Ovodov et al., 2011). Dog
domestication may have started either because humans used wolves in guarding
and hunting or wolves coming close to human dwellings in southern East Asia,
Middle East or Europe more than 16,000 years ago (Figure 1) (Vila et al., 1997;
Savolainen et al., 2002; Sharma et al., 2004; Ostrander & Wayne, 2005;
Verginelli et al., 2005; Pang et al., 2009; vonHoldt et al., 2010; Ovodov et al.,
2011; Skoglund et al., 2011; Thalmann et al., 2013).

Domestic dogs, like other domestic animals, show phenotypic differences
from its ancestor the grey wolf in size, color and behavior (Trut, 1999;
Lindblad-Toh et al., 2005; Trut et al., 2009). The potential for uncovering genes
and pathways underlying behavior makes the detection of domestication genes
in dogs especially appealing.

Earlier studies have mainly focused on origin of dogs and their phylogenetic
relationships (Vila et al., 1999; Verginelli et al., 2005), here we focused to
identify regions of selection and structural variations in the dog genome that
may have played an important role during domestication.

3.2.2 Results and discussion

We used pooled DNA sequences from 12 wolves and 60 dogs and aligned the
reads to the CanFam 2.0 dog reference genome sequence. The unique
alignments were used to identify a total of 3.78 million SNPs, more than
506,000 small InDels and more than 26,000 CNVs. We then used allele counts
and frequencies at each SNP locus to identify signatures of selection in dog
genome by scanning the genome for stretches of regions with reduced
heterozygosity (Hp) in dogs and high populations differentiation between dogs
and wolves (Fy). To compute the H, (Rubin et al., 2010) and Fy (Weir &
Cockerham, 1984), we divided the genome in 21,927 windows that were of size
200 kbp each overlapping 50% with neighboring windows. We then used Z-
transformation of each statistic separately and used a threshold of five standard
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deviations away from mean in lower tail for H, and higher tail for Fg.
Overlapping windows, after applying the thresholds, were merged separately for
windows identified using H, and F respectively. This approach identified 14
regions with low H,, and 35 regions with high Fy. The average lengths were 400
kb for the regions identified using H,, and 340 kb for the regions identified using
Fs. We then combined the two approaches to finally identify 36 unique putative
domestication regions in autosomes that contained 122 genes.

We used GOstat (Beiflbarth & Speed, 2004) to identify genes enriched in
biological processes. The gene ontology analysis identified that genes including
MBP, YWC2, SMO, TLX3, CYFIP1, SH3GL2, RNF103 and YWHAH were
enriched mainly in ‘nervous system development’. Additionally other genes
with a function in the central nervous system included GALRI, ARIDIB,
NKAIN2, CRYM, GPRI139, FRMD6, GRIK3, VEZT, HIPK2, ACMSD and
TCTN3. This indicate that selection of genetic variants in developmental genes
may have played an important role to modify behavior of dogs during
domestication (Hare et al., 2012). The second major category of biological
processes with enriched genes was related to digestion, fatty acid and starch
metabolism. The genes that were enriched include AMY2B, MGAM, SGLTI,
GP2, SGLT3, TAS2R38, ACSM5, ACSM2B, METAP2 and FABP5. This
indicates that selection of variants in genes involved in metabolism may have
played an important role in adaptation to food with high level of starch during
dog domestication.

Main events in starch digestion involve conversion of starch to maltose by
the activity of a-amylase in small intestine (Butterworth ez al., 2011), which is
converted to glucose by the activity of maltase-glucoamylase (Nichols et al.,
2003; Mochizuki et al., 2010). Transport of glucose across plasma membrane is
facilitated by brush border protein, SGLT1 (Wright et al., 2011) where it enters
the bloodstream that distributes it throughout the body (Figure 5).
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Figure 5. Starch metabolism pathway. Starch is first converted to maltose by the activity of a-
amylase and maltose is converted to glucose by the activity of maltase-glucoamylase. Finally
glucose is absorbed into the cells facilitated by brush border protein SGLT1.

We used read depth signals to scan for SVs that are fixed in the dog genome.
The SVs were overlapped with domestication sweep regions. One of the
domestication regions overlapped with one of the strongest signals of CNVs that
were fixed in all dogs. The size of the CNV was around 8.8 kbp and the region
was annotated using EST sequences to contain AMY2B gene. The identification
of a CNV and selective sweep in a-amylase (AMY2B) along with selective
sweeps in maltase-glucoamylase (MGAM) and SGLTI suggests that selection
may have operated on all three stages of starch digestion during dog
domestication.

24



We confirmed copy number differences between 136 wolves and 35 dogs
using qPCR. The analysis revealed that all tested wolves were carrying only two
copies while all tested dogs were carrying 4 to 30 copies of a-amylase gene. We
further confirmed differences in amylase expression using qPCR for the o-
amylase gene using pancreatic tissue from 9 dogs and 12 wolves to find out if
variation in copy numbers is associated with variation in a-amylase expression.
We observed that expression of the a-amylase gene in dogs was 28 times higher
than the expression in wolves. We used frozen serum samples from 12 dogs and
13 wolves to test if the increase in AMY2B copy number is associated with
increased amylase activity and found a 4.7 times higher activity in dogs than in
wolves. Similar gene expression analysis and enzyme activity assay was
performed to confirm differences in maltase activity in pancreas tissue from
dogs and wolves, which revealed a 12 times higher MGAM expression in dogs
and two times higher activity of MGAM in dogs when compared with wolves.
The diet of most dogs today is starch rich while that of wolves is mainly
carnivorous. However, there is variation of AMY2B copy numbers in dogs
(Arendt et al., 2014; Freedman et al., 2014), for instance Dingoes carry only two
copies and Huskies carry four copies of AMY2B while some wolves also carry
greater than two copies of AMY2B, suggesting that the diet of early dogs, at the
start of domestication, may have shared carnivorous diet with hunter-gatherers
(Andersson, 2012; Freedman et al., 2014).

We also genotyped SNPs identified in the maltase and SGLT1 sweeps in 71
dogs and 19 wolves. The dogs were selected from 38 different breeds and
wolves from a worldwide distribution. Genotyping was performed to identify
the most common haplotype associated with the maltase sweep and revealed that
55 dogs were homozygous and 13 were heterozygous for a specific haplotype
whereas three dogs and all of the 19 wolves did not carry this particular
haplotype.

In conclusion, out data suggest that selection at all three stages of starch
digestion and for altered behavior may have played an important role during dog
domestication.

3.3 Signatures of selection in the chicken genome (Paper III)

3.3.1 Background

The chicken is an extremely valuable organism. Firstly, it is a major source of
animal protein worldwide (Burt 2005). Secondly, it is an important model
organism for genome biology. We use it to study the mechanisms by which
animal genomes evolve and function. Initially, the process of chicken
domestication may have started by changing the behavior to make it possible to
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breed them in captivity. Once the chickens were domesticated, divergent
selection for egg and meat production led to the development of distinct
populations of two types of chickens, egg layers and meat producing chicken
(broilers). Furthermore, dual-purpose chickens and lines carrying specific
phenotypic characteristics were also developed.

The pooled sequencing method was previously applied to study signatures of
selection and identify fixed deletions in chicken genome (Rubin et al., 2010). It
involved whole genome sequencing, to a depth of four to five fold coverage, of
pooled samples representing eight populations of domestic chicken and red
jungle fowls from zoo populations, as well as the single red jungle fowl female
previously used to establish the draft genome assembly for chicken (Hillier et
al., 2004). The study revealed 7.5 million single nucleotide polymorphisms
(SNPs). The scan for fixed deletions revealed more than 1,000 deletions
occurring at a high frequency in at least in one of the sequenced populations and
the scan for selective sweeps identified 21 loci with very strong signatures of
selection in all domestic chicken populations.

Here we present results from further exploring genetic variants and loci
having undergone positive selection in domestic chicken by analysis of more
samples and carrying out deeper sequencing.

The data have been used to estimate nucleotide diversity in each population
and to identify signatures of selection and structural variations in all domestic,
broiler and layer populations.

3.3.2 Results and discussion

We resequenced the genomes of two wild and 12 domestic chicken populations
and aligned the reads to the galGal 4.0 chicken reference genome assembly.
The unique alignments were used to identify a total of 13.62 million SNPs. We
computed pooled heterozygosity (Hp) (Rubin et al., 2010) in all domestic,
broiler and layer populations and Fy (Weir & Cockerham, 1984) between all
domestic and wild, and broiler and layer populations to identify signatures of
selection. This revealed 344 selective sweeps in all domestic, 118 in broiler and
29 in layer chicken populations.

The amount of whole genome sequencing data based on short reads from
multiple populations generated using different platforms, in public databases are
rapidly increasing. It is challenging to combine next generation sequencing short
read data from different sequencing platforms and even from different versions
of the same platform. The sequences from different sequencing platforms and
versions of the sequencing platforms differ, including but not limited to read
length and read type. The read type includes single fragments, mate pair and pair
end, etc. The reads from different sequencing platforms, different hardware and
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software versions have variable sequencing quality scores, different read
orientations and sequencing error rates. Furthermore, the different platforms
sometimes have specific biases regarding how efficiently they sequence GC-rich
DNA and certain other DNA motifs, which result in read depth also differing
significantly, creating problems to obtain unbiased test statistics in a study that
combines these data. It becomes extremely challenging to combine and analyze
the data in a single study. However, this can be done by identification of biases
in the data and development of methods that could remove those biases.

We have combined whole genome sequencing data from two different
sequencing platforms, SOLiD and Illumina. Furthermore, short reads from
SOLiD platform are obtained from different types of fragment libraries, which
includes 35 bp single fragments, 50 bp mate pairs and 100 bp mate pairs.

The analyzed data included eight populations each sequenced to 4X-7X
coverage using 35bp SOLiID single reads from a previous study (Rubin et al.,
2010). In the present study we increased sequence depth for three of those
populations and added one more broiler population by generating 50+50 bp
SOLiD mate pair libraries. Additionally, we added one wild and three domestic
populations by generating 100+100 bp Illumina paired end libraries. All the
reads were mapped to the chicken reference genome assembly (ICGSC Nov.
2011Gallus_gallus-4.0). SOLiD reads were mapped using SOLiD BioScope
software v.1.3.1 accepting six mismatches and 100 hits per reads while reads
from Illumina sequencing platform were mapped to the same reference genome
assembly using BWA (Li & Durbin, 2009) also accepting six mismatches. A
total of 13.62 million high-quality SNPs were called using GATK v.2.3.6
(McKenna et al., 2010) after quality score normalization. Only biallelic SNPs
were included in all analyses, as they comprised 99.29 percent of all the SNPs.

We obtained unbiased estimates of nucleotide diversity by introducing depth
filter for each sample. This also involved computation of effective nucleotides in
each population. Effective nucleotides constitute the total number of nucleotides
with sequence coverage of at least two reads. Finally, nucleotide diversity was
computed by introducing a correction factor for population sizes. This was
accomplished using the following formula (x = £H / (£S x (1 — 1/ 2n)),
where ZH is the total number of heterozygous positions detected using two
randomly selected reads for each position, XS is the total number of nucleotide
positions with at least two reads and n is the number of individuals included in
the pool. We estimated nucleotide diversities () in the range of 0.1-0.4 for
commercial populations of chickens and captive populations of red junglefowl.

We computed pooled heterozygosity (Hp) using average allele frequencies
and Fst using allele counts accounting for sample size differences for different
contrasts of wild, domestic, layer and broiler chicken populations. We used a
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probability distribution function to compute the probability of each 10 kbp
window as deviation from the average Hp and Fst. The top convincing putative
selective sweeps in all domestic chicken populations, also detected in the
previous study, include but are not limited to the regions harboring TSHR
(thyroid-stimulating hormone receptor) and VSTM24 (V-set and
transmembrane domain containing 2A4) genes. Moreover, we identified a
putative selective sweep that was not detected in the previous study, which
overlaps the 3’ end of ARID 1B encoding AT rich interactive domain 1B (SWI1-
like). Furthermore, we identified regions with the most pronounced
differentiation between broiler and layers located on chromosome 5. One region
overlapped the NELLI (NEL-like 1) gene while the other was in the interval
between SPREDI(sprouty-related EVHI domain-containing protein 1) and
MEISI (Meis homeobox 2).

We identified putative fixed deletions by combining all the read depth from
the 12 chicken populations divided into three overlapping groups, (1) all
domestic (2) all broilers and (3) all layers and scanned for regions with no read
coverage. The probability of each deletion was computed based on median read
depth from wild populations combined. This revealed a total of 68 fixed
deletions. The deletions shared by all domestic, layer or broiler populations do
not delete coding regions in the chicken genome. One of the deletions fixed in
all domestic chicken populations was found in intron 7 of 7SHR and another
fixed deletion present in all broiler populations was found in an intron of
ARIDIB.

3.4 Identification of structural variations in multiple populations
(Paper IV)

3.4.1 Background

Structural variations include regions of the genome that show copy number
variations and chromosomal rearrangements. These may contribute to disease
risk as well as to genome evolution (Volker et al., 2010; Alkan et al., 2011).
Structural variations include deletions, duplications and insertions, inversions.
Read depth (RD) comparisons give better resolution compared to mate pair
based approaches to identify breakpoints of duplications and deletions. Current
methods for analysis of CNVs from NGS data have limitations and present
substantial computational and bioinformatic challenges (Alkan et al., 2011; Teo
et al., 2012). Currently available tools that utilize information from RD identify
SVs in scans of single samples or pairwise samples. This limits their ability to
accommodate complex study designs.
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The use of free and open source software in any field of science, particularly
biology enables us to apply, modify and enhance computational methods in
different experimental settings. R (R Development Core Team, 2011) is a free
and open source, interpreted programming language and a software environment
for statistical computing and graphics. It runs on a wide variety of UNIX
platforms and similar systems including FreeBSD and Linux (including Fedora,
Ubuntu, etc.), Mac OS X and Microsoft Windows, which makes the method
implementation available to many users running different operating systems.

We developed a novel algorithm that provides an approach for detection of
structural variations based on linear modeling and implemented as a package
(MultiSV) in R (this thesis).

3.4.2 Method, Results and discussion

We applied a linear mixed model to identify SVs using RD from multiple
samples that have been sequenced using any current next generation sequencing
method. MultiSV can be used with almost no modifications and it can scan
multiple genomes with same ploidy level from any organism.

The installation of MultiSV requires first installation of R (R Development
Core Team, 2011), which can be downloaded from http://cran.r-project.org.
Additionally, RStudio (Racine, 2012) can also optionally be installed. MultiSV
is  freely available under @ LGPL  license  from  http://cran.r-
project.org/web/packages/MultiSV/index.html. This also includes an extensive
documentation. The following R syntax would install and load MultiSV in R
(“>” indicates only the prompt and is not part of the code).

> install.packages("MultiSV")

MultiSV package includes example data for two pig chromosomes, chr8 and
chr9, obtained using SOLiD sequencing from seven pig populations (Rubin et
al., 2012). The R syntax below can be used to run of MultiSV on pig
sequencing data for chr8 and chr9, which gives output of the structural
variations in gff (generic feature format).

> library(MultiSV)
> MultiSVExample(MultiSVData)

We used a previously described duplication of the KIT region in pigs and a
known duplication affecting the AMY2B gene in dogs to demonstrate the
function of MultiSV. For this, we used pig whole genome resequencing data
(Rubin et al., 2012) and data from six dog pools and one wolf pool (Axelsson et
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al., 2013). We can also use MultiSV to compare RD differences from multiple
male and female samples to identify scaffolds that belong to sex chromosome in
genome assemblies in which scaffolds yet have not been assigned to autosomes
and sex chromosomes.

MultiSV can handle data obtained from multiple sequencing platforms and
works with model as well as non-model organisms and keeps performing where
other tools (e.g. CNVnator, CNV-seq etc.) crash due to multiple reasons,
including but not limited to lower memory allocation, very long computation
time due to inefficient use of iterations and incompatibility with data structure.
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4 General Discussion and Future
Perspectives

In this study we identified regions under selection during domestication as
well as structural variations using whole genome resequencing of pooled
samples from different populations of pig, dog and chicken. This provided
insight on the genetic basis for phenotypic evolution during domestication of
animals. We associated the mutations and genes with phenotypes by performing
additional expression, functional and QTL analysis where applicable. For
instance, we performed assays to quantify CNVs and gene expression, serum
amylase and maltase activity in dogs, and QTL analysis to study selective sweep
candidates in more detail in pigs. Additionally, we also searched the literature
as well as QTL databases to learn more about previous knowledge about the
genes and chromosomal regions identified in these screens. This revealed
convincing associations between putative sweeps and structural variations and
the striking phenotypic differences between wild and domestic populations of
pig, dog and chicken. The analyses performed in paper I, II and III revealed that
artificial selection targeted genes that are mainly involved in metabolism,
growth, morphology and behavior. Hence, we have demonstrated that domestic
animals can efficiently be used as models for deciphering complex phenotype—
genotype relationships.

We have shown that alleles with large phenotypic effects have played a
significant role, and strong directional selection may result in the evolution of
loci that differ by multiple mutational steps from wild-type alleles. For instance
in Paper I, we identified multiple structural changes near KIT in the pig genome,
which explain variation in coat color in pigs. The Dominant white allele is due
to at least three causative mutations. The intermediate forms were associated
with a subset of the mutations present in Dominant white, Belt and Patch.
Additionally, three loci (NR6A41, PLAGI and LCORL) show large phenotypic
effects, which probably played a major role to increase body length and number
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of vertebrae in pigs. Similarly, Paper II revealed that selection during
domestication of dogs at three genes (AMY2B, MGAM and SGLTI) was
important to enable dogs to share food with humans, food which is rich in
starch.

The analyses performed in Paper 1, II, and III only scratch the surface of the
selective history of domestication by identifying causal variations underlying
few of the selective sweeps in domestic animals. Domestic animals provide an
opportunity to further study the loci by developing experimental crosses and
populations, which make them an excellent model for deciphering complex
phenotype-genotype relationships. Performing similar studies would be very
difficult if not impossible in humans (Sabeti et al., 2007). More work is needed
to identify causative mutations for sweeps with larger sample size to improve
resolution by continuing addition of expanded data sets. This can be achieved by
sampling individuals from different breeds representing worldwide distribution
and performing a deeper sequencing of each one of them. Moreover, improving
the functional annotation of the genes and regulatory factors to elucidate
functional role of the causative mutations selected for during domestication, by
detailed transcriptome profiling and RNAseq analysis would also enhance the
understanding about the mechanisms by which these interact in the genome and
underlie physiological, behavioral and morphological changes. It further
requires development of computational methods to efficiently perform analysis
over the large amount of data generated using Next-generation sequencing. In
Paper 1V, we suggested a method and provided a tool, MultiSV, for the
identification of structural variations in multiple populations based on whole
genome resequencing. The better resolution of data from deeper sequencing of
multiple populations and development of improved methods to analyze such
data would enable us to identify most common alleles across the whole
populations with unbiased and precise estimates of allele frequencies, the causal
variants and breakpoints of selective sweeps and structural variations.
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