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Abstract
Liu, L. (2021). Genome evolution of Suidae: a looking glass of speciation and
hybridization. PhD thesis, Wageningen University, the Netherlands

Understanding the origin of species and biodiversity is one of the fundamental
objectives in evolutionary biology. Developments in sequencing technology have
revolutionized our understanding of evolutionary biology. In this thesis, with
genomics information, | systematically describe the evolutionary history of the
Suidae species and examine complex speciation scenarios with hybridization. In
Chapter2, utilizing whole-genome sequence data, | show that pygmy hog should be
classified into a distinct genus separated from other Suinae species, which initially
emerged during the Miocene/Pliocene boundary. In this chapter, admixture
analyses reveal at least two independent events of inter-species gene flow during
wild boar range expansion across Eurasia. In Chapter3, | provide an in-depth
analysis of the formation of the current pygmy hog population and demonstrated
consequences of the historical demography. Our demographic analysis reveals that
pygmy hog has remained at small population sizes with low genetic diversity since
~1 Mya. The long-term, extremely small population size may have constrained the
purifying effect and led to the accumulation of genetic load. In Chapter 4, | present
a chromosome level genome assembly of Visayan warty pig. The alignment of the
Visayan warty pig assembly and Duroc pig assembly reveal a high degree of
collinearity, but also chromosome fission and fusion. The similarity of the
chromosome interaction maps may explain the absence of post-zygotic
reproductive isolation among Sus species. Moreover, we investigated the evolution
of olfactory and gustatory genes and report the genetic basis of species-specific
sensation. In Chapter5, | describe a reference-guided assembly approach to
generate genome sequences for three other Sus species and the outgroup species
pygmy hog. With the near complete phylogenomic framework of Sus species, we
were able to perform admixture analyses directly from genome sequences. We
provide candidate genes that might have contributed to adaptive radiation and
domestication of pigs. Together, thesis findings provide a comprehensive view of
the evolutionary history of Suidae, describing species origin and demographic
history afterwards. In this work | compared genome scale data from various pig
species to refine the understanding of their evolutionary processes and provide
new insights on the underlying genetic mechanism.
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1. General introduction

1.1 Introduction

Introduction to genome evolution

Planet Earth is populated by an incredible variety of lifeforms, ranging from simple
viruses and single celled bacteria to complex organisms like vertebrates and higher
plants. The evolutionary trajectory of each organism is encoded within its genome.
Understanding the genetic basis of evolutionary novelty is central to recognizing
fundamental processes that drive biological diversity. Basic mechanisms of genome
evolution can be broken down into two components: DNA mutation and selection.
The DNA code is the core of the genome, and serves as a template for other
components in the genome (Crick, 1970). Genomes evolve over time through
accumulation of mutations in DNA, ranging from those at single base level like single
nucleotide polymorphism (SNP) to large-scale rearrangements like inversions,
duplications, and translocations (Figure 1.1).

SNP Inversion
o1 o1 — -
62 —{AHT] c2 —
Insertion Tandem duplication
a1 o T
62 c2 I
Deletion Translocation
G1 Gl—-_— c1—
G2 G] G2 I =

Figure 1.1 The most common types of genetic variants.

Mutations can emerge when the DNA sequence undergoes replication, is exposed to
mutagenetic compounds, or even when an earlier error is being repaired (Kogoma,
1997; Wilson, 2014). Besides, recombination is another important molecular
mechanism that promotes genome evolution. By exchanging sister chromatids
during meiosis, recombination can introduce mutations from distinct populations or
even different species. Not all mutations contribute to evolution. Only heritable
mutations, which occur in germ line, can be passed to the next generation and lead
to differentiation between parents and offspring.
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1. General introduction

Based on its effect on the organism, a mutation can be selected, counter-selected or
unselected (a mutation is neutral and therefore there is no selection pressure). A
mutation is selected if, for instance, it enhances the survival and reproductive ability
of the individual in a particular environment. This could be through a substitution
resulting in a better choice of amino acid, elevating the efficiency of protein product,
or an increased production of a protein due to e.g., a duplication event. However,
advantageous mutations are very rare. More commonly, mutations are counter-
selected or neutral (Kimura, 2020). A counter-selected mutation may result in a
lower viability, lower reproduction rate or death of the organism, by altering the
function of the protein, or in the extreme case, damaging the gene product. Counter-
selected mutations are likely to be rapidly removed from the population, because
their phenotypic disadvantage prevents them from being passed on to the next
generation. The vast majority of the remaining mutations in the genome are neutral,
neither beneficial nor harmful enough to influence fitness. Although neutral
mutations are usually not subjected to natural selection, they may reach fixation by
random genetic drift. Moreover, neutral mutations can serve as a genetic repository,
providing evolutionary potential to adapt to future environmental changes.
Collectively, spontaneous mutations create differences in levels of variation across
the genomic landscape. In the meantime, they can lead to both increases or
decreases of genomic complexity. Directional selection or random drift on mutations
has led to changes in the frequency of phenotypes, which gives rise to the diversity
we see today.

The genome is made of alternately distributed coding regions and non-coding
regions. Because protein coding genes can be directly linked to molecular
phenotypes, until now, coding regions have been studied the most. Works from
different ENCODE projects suggest that only ~2% of the mammalian genome codes
for protein product. Nevertheless, ~80% of a genome, while not encoding a protein,
also underlies evolutionary forces affecting the genome (Dunham et al., 2012). Non-
coding regions are likely to have, often still unidentified, functional activities. Several
lines of evidence indicate that non-coding regions are involved in pervasive
transcription and epigenetic regulation throughout the genome (Carninci et al., 2005;
Birney et al., 2007; Beagrie et al., 2017). Functional non-coding region can be a
regulatory element which affect the expression of protein coding genes and RNA
genes. It can also be a sequence involved in chromatin and chromosome structure
(Pennacchio et al., 2006; Barrett et al., 2012). Phenotypic changes between both
individuals and species have been shown to associate with alterations of non-coding
sequences (Mattick, 2001). Moreover, the ratio of non-coding region to total
genome size in complex multicellular organisms is usually higher than unicellular
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1. General introduction

organisms (Benjamini and Hochberg, 1995). This indicates that the complexity of
higher organisms, which correlates with an increase in the proportion of non-coding
regions of their genomes, arises from an increase in the number and complexity of
regulatory pathways (Levine and Tjian, 2003).

In recent years, a genomic revolution has taken place, which has been strongly
stimulated by the developments in sequencing technology. This has provided
unprecedented opportunities to unravel the complexities of the story of evolution.
The increased feasibility of whole genome sequencing has allowed inference of the
evolutionary history and identification of genetic loci associated with particular traits
in any species at a very high resolution. The aim of my thesis is to utilize emerging
sequencing technology and whole-genome scale data to provide new insights into
the evolutionary process and mechanisms in Suidae evolution.

Glossary

DNA A linear chain of linked nucleotides, consisting of adenosine (A), thymine (T),
guanine (G) and cytosine (C).

Genome Complete set of genetic instructions for an organism, including both the
genes and the non-coding DNA. A genome can either consist of DNA or RNA (RNA
virus).

Chromosome Thread-like DNA molecule and the histone proteins that support its
structure.

Gene The basic physical and functional unit of heredity. The structure of a gene
consists the sequence of DNA encoding a protein or RNA that performs a function,
as well as regulatory sequence that is requited for its expression.

Recombination An event that occurs during meiosis, involving a crossing-over of
homologous chromosomes. It can result in gene conversion, and it breaks and
shuffles parental alleles to produce new combinations of alleles in the offspring.
Interbreeding Sexual reproduction between two distinct populations or species,
thereby producing hybrid offspring.

Effective population size (Ne) Idealized population size that would be expected to
experience the same rate of genetic diversity loss (due to genetic drift) as the
population under study

Runs of homozygosity Two contiguous stretches of homologous DNA segments,
whose parental haplotype are identical by descent.

13



1. General introduction

1.2 Speciation genomics

1.2.1 Species diversification

A primary objective in evolutionary biology is to understand the origin of biodiversity
via the process of species formation. Speciation is a process in which species
originates or multiplicates by subdivision (Cook, 1906). Based on the classical
definition, speciation could be initiated from the emergence of a barrier to dispersal,
such as plate tectonics, human intervention, or mismatching mating seasons, which
divides individuals into subpopulations and the interbreeding across the
subpopulations become restricted (allopatric/peripatric, Figurel.2a). The speciation
process finishes when postzygotic isolation (i.e., all hybrid offspring are sterile) is
established between subpopulations. This spatial or temporal separation was
previously thought to be a precondition for speciation and needed to persist during
the whole speciation process.

a Common ancestor b Common ancestor

Gene flow

]

-+ ——————mm

e e e e e e A

- [livergence
Time Time

Figure 1.2 lllustration of two modes of speciation. a) Speciation without gene flow.
Allopatric/peripatric speciation. Starting from a single ancestor population, which moves
forward in time (from top to bottom of figure). An isolating event causes the population
to split into two separate lineages (red and blue). b) Speciation with gene flow.
Sympatric/parapatric speciation. After the first isolating event, the two diverging
descendant populations have a secondary contact. This facilitates gene flow between
populations and reduces their accumulated divergence by exchanging unique alleles
from red to blue and vice versa. A second isolating event separates them once more and
divergence can progress again.
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1. General introduction

However, the process of speciation can span a long evolutionary time scale. The
beginning and end of this process can be considered as opposite ends of a
continuous trajectory. The early stages of speciation can be marked by the time
when interbreeding between two subpopulations starts to become restricted.
Postzygotic isolation may not be established at this phase. Recent studies have
shown that speciation can take place spontaneously in a shared or overlapping niche
(sympatric/parapatric). The genetic compositions of two subpopulations can shift
toward each other due to selection, genetic drift, and most sharply, gene flow. When
gene flow accompanies speciation, a series of back and forth exchanges take place
between divergent selection and interbreeding, in which the former builds up
differentiation and the latter breaks down the difference and homogenizes
subpopulations (Figurel.2b). These processes have influenced divergence and
reproductive isolation in a dynamic context of geography and ecology. Over time,
due to animals’ preference of mating with members from their own subpopulations,
new genetic variations will accumulate independently in each of the two
subpopulations. Finally, when the two subpopulations have diverged sufficiently,
speciation results in the formation of postzygotic isolation. The genomes of the two
subpopulations have become reproductively incompatible, such that their hybrids
are unable to develop into a fertile adult.

1.2.2 Tree of life and speciation genomics

In his enlightening book On the Origin of Species, Charles Darwin wrote in the first
paragraph that he hopes to “throw some light on... that mystery of mysteries”
(Darwin, 1859). Reconstructing the timing and pattern of phylogenetic relationships
in the tree of life illuminates the mysterious processes of biodiversity origination. In
a phylogenetic tree, organismal or molecular lineages coalesce back to a universal
ancestor whose descendants are found in current or now extinct lineages. Using
tree-like schemes for illustrating the evolutionary processes of speciation can be
traced back as early as 1801 (Augier, 1801). After that, Darwin introduced the
prototype of the modern phylogenetic tree, in which evolutionary lineages split and
diverge from each other. The genomic revolution was brought about by stunning
technical advancements since the beginning of 21t century. It has rapidly shifted the
field of speciation studies towards the investigation of genome-wide patterns of
diversity and differentiation in many species pairs, which are referred to as
“speciation genomics”. This added another dimension of complexity but also
opportunity to understand how species develop. Given the massive observations of
gene flow events in whole genome sequencing projects, there is growing
appreciation that the tree of life may oversimplify the evolutionary history
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1. General introduction

(Patterson et al., 2012; Bridgett et al., 2016; Fan et al., 2016; Sankararaman et al.,
2016). The reticular relationship necessitates modifying the model of the “tree of life”
into, more precisely, the “web of life”. Gene flow will cause different molecular
lineages not to coalesce to the organismal common ancestors, but coalesce to
different organismal lineages and to different times. Thus, it is imperative to not only
reinterpret the concept of species, but to also test the complex speciation model
under a reticulation framework.

Besides resolving the taxonomic question, speciation genomics also aims at revealing
how genome evolution relates to speciation processes and the forces that govern it.
For example, the variable effects of selection, random drift, as well as genome
architecture and interactions between loci can all potentially reduce global and
localized gene flow and stimulate species differentiation (Nosil and Feder, 2013;
Seehausen et al., 2014). Regions of high inter-specific divergence or “islands of
speciation” may result in hybrid incompatibilities, which can be resistant to gene
flow if populations come into contact (Butlin, 2010; Ellegren, 2010; Harrison and
Larson, 2014). In addition, differentiation of genome architecture, in the form of
structural rearrangements and varied recombination rates, further facilitates
divergence across the genome (Bush et al., 1977; Burri, 2017). As we study the
evolution of the genome and understand the variations involved in it, we can start
to understand the trajectory and duration of speciation, uncovering the potential
patterns of demographic history and biogeographic context.

1.3 Comparative genomics

1.3.1 Principles of comparative genomics

Comparative genomics is a field of biological research in which the genomic features
of different organisms are compared. Genomic features may include the genes, gene
order, regulatory sequences, and other genomic structural landmarks. In this
research branch of genomics, complete or large parts of genomes resulting from
genome sequencing projects are compared to study basic biological similarities and
differences in consideration of evolutionary relationships between organisms. The
major principles of comparative genomics are straightforward. Common features of
two organisms’ genomes are often considered to be derived from their common
ancestor, whereas different features reflect the distinct histories of each genome
since they last shared a common ancestor. Based on incorporation of Darwinian
theory and molecular coalescent theory, this rationale can be applied to any two or
more species in a comparative analysis, because all cellular organisms on Earth can
be connected to a single phylogenetic tree (i.e., all share the same common ancestry)
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1. General introduction

(Theobald, 2010). Comparative genomics becomes a fundamental tool of genome
analysis that aims to (1) characterize the similarity of lineages, (2) understand the
evolutionary forces, such as mutation and selection, that govern the changes of
these genomic features, and (3) find out how genomic evolution leads to the
divergence of phenotypes.

1.3.2 Translation between genotype and phenotype

After the first complete genomes of two organisms (the bacteria Haemophilus
influenzae RD and Mycoplasma genitalium G37) were published in 1995
(Fleischmann et al., 1995; Fraser et al., 1995), biologists are able to compare whole
genomes. Thus, the field of comparative genomics started to become booming. With
the development of laboratory and analytical methods, large amounts of sequencing
data can be produced efficiently. Up to now, genomes of nearly 100,000 species have
been sequenced, of which over 20,000 are complete (Augustus 2020,
https://gold.jgi.doe.gov). Comparing genomes of different evolutionary distances
can address different questions. Highly similar sequences found in different species,
in other words, evolutionarily conserved sequences, are expected to have critical
functional roles (Siepel et al., 2005). General insights about classification and amount
of shared genes can be obtained by genomic comparisons at very large phylogenetic
distances, e.g., greater than 1 billion years since speciation. Over such large distances,
the order of genes and the sequences regulating their expression are mostly not
conserved. The evolutionary history of shared genes can be inferred by differences
in the rates of synonymous and non-synonymous changes at the level of base-pairs
within coding regions (Yang, 2007). At moderate phylogenetic distances (i.e., ~100
million years divergence, as between human and pig), both functional and
nonfunctional DNA can be found within the conserved region. In these cases,
functional sequences will show a signature of stronger purifying selection, with
fewer changes than nonfunctional DNA (Jukes and Kimura, 1984). Furthermore, in
genome comparisons within a species or between closely related species (i.e., wild
boar and domesticated pig, or red jungle fowl and chicken), the different genomic
features may be of interest for revealing the recent species-specific evolutionary
trajectory, such as that caused by domestication.

Not only does comparative genomics aim to discriminate conserved from divergent
and functional from nonfunctional DNA, this approach also contributes to identifying
the general functional classes of certain DNA segments. Protein coding regions of
genes are conserved across species in a highly specific pattern (3-bp code with a third
degenerate base), and sequence conservation has proven to be an important feature
for gene model prediction (Flicek et al., 2013). Due to the high variety in sequence
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1. General introduction

level and short length, identification of non-coding regulatory elements with
traditional experimental approaches has generally been slow and laborious. Recent
progress in comparative genomics has greatly improved the situation. Comparison
of orthologous genomic sequences from different species identifies conserved non-
coding elements (CNSs) as reliable candidates of regulatory element (Pennacchio et
al., 2006). For example, CNSs identified by comparison of distant species such as
human-zebra fish are highly enriched in functional enhancers (Clément et al., 2020).
Subsequently, phylogenetic footprinting analyses searching for changes in sequence
conservation upstream or downstream from a gene predicts promoter, e.g.,
transcription factor-binding sites. Furthermore, researchers have mapped conserved
non-coding regions with histone modifications, chromatin structures, and
transcription factor associations, which inferred the actual function of the regulatory
elements (Feingold et al., 2004).

One fundamental question in biology is to understand what makes individuals,
populations, and species different from each other. With the identified functional
elements, approaches like genome-wide association study (GWAS), which use
sequence variations in the whole genome together with the phenotype and pedigree
information to perform association analysis, have identified numerous genes or
regulatory elements that are important for the traits of interest (Stranger et al., 2011;
Flint and Eskin, 2012; Buniello et al., 2019; Mills and Rahal, 2019). For a long time,
genome research focused on inbred strains of model organisms with detailed
phenotypic records. As genomic sequence data accumulates, a large collection of
genomic resources comes from non-model organisms, whose phenotypes are often
poorly recorded. Comparative genomics can transfer knowledge from one organism
to that of another. It finds associations from known genes and variants in model
organisms to unknown genes in non-model organisms and thereby infers functions
for the unknown, thus offering opportunity to predict phenotypes using the
genotypes of non-model organisms. This link between genomics and physiology
contributes to, for example, advancing the discovery of gene function in natural
contexts, and discovering mechanisms whereby organisms integrate cues from,
respond to, and are ultimately shaped by the environment.

1.4 Population dynamic and conservation

1.4.1 Inferring demography history from genomic data

Lynch (2007) famously argued that “Nothing in evolutionary biology makes sense
except in the light of population genetics”. While in the previous paragraphs | mainly
described the evolutionary process on individual levels, there is also a long-standing
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1. General introduction

and ongoing interest in how genomes evolve on a population scale. The idea that
molecular data contains information on the evolutionary history of populations
traces back to the beginning of the twentieth century (Hirschfeld and Hirschfeld,
1919). In recent years, population genetic analyses, taking better advantage of
genome-scale data, have received considerable attention. Quantifying changes in
effective population size (Ne), admixture, inbreeding and outbreeding depression,
and the genomic basis of fitness provides vital information for understanding
organismal biology and informing resource conservation and management. Two
metrics have been widely used in the field of population genetics, namely linkage
disequilibrium (LD) and site frequency spectrum (SFS). With recombination rate and
number of generations, the extent of LD in a population can be used to estimate the
contemporary effective population size (Hill, 1981). A more detailed reconstruction
of demographic history can be performed by using site frequency spectrum (SFS)
(Nielsen, 2000; Gutenkunst et al., 2009). Different demographic scenarios change
the shape (topology or branch length) of the underlying genealogies, which
consequently change the SFS, and based on that, demographic history can be
inferred. However, the use of LD and SFS requires large-scale of genomic data. This
can result in many problems in practice, especially for studies on critically
endangered species or multiple populations. Although a sufficient number of
samples is not always available, a single genome can also contain information about
the demography of the population. A recent popular demographic inference method
is based on sequentially Markovian coalescence, e.g., PSMC, which uses a pair of
diploid sequences from one individual to infer piecewise-constant population size
histories (Li and Durbin, 2011). The key feature of PSMC is estimation of the time to
the most recent common ancestor of two alleles at a given locus. Because the rate
of coalescent events is inversely proportional to Ne, demographic history can be
estimated. Even more exciting is the use of more informative statistical estimators
such as runs of homozygosity (ROH), which measures inbreeding and effective
population size changes from a single genome (Kirin et al., 2010; Kardos et al., 2015).
Different demographic histories result in different ROH size (Kardos et al., 2017).
Long ROH suggests a recent event of inbreeding whereas short segments indicate
ancient inbreeding. From a molecular perspective, the bioinformatic tools, e.g., SIFT
(Flanagan et al., 2010) and PROVEAN (Choi et al., 2012), can make predictions of the
deleteriousness of the variations in protein coding genes. The recently developed
CADD ranking systems can even evaluate the altering non-coding regulatory
elements (Rentzsch et al., 2019; Grol} et al., 2020a, 2020b). This will also increase
our ability to understand the genomic architecture of inbreeding depression and to
predict and compare populations for genetic load.
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1. General introduction

1.4.2 Population management

The list of endangered species has more than doubled in the past two decades,
according to the International Union for Conservation of Nature (IUCN,
https://www.iucn.org/). The genetic refugium of many endangered species is
contained in a small number of individuals, typically with unknown kinship and
uncertain demographic backgrounds. Small populations tend to lose genetic
diversity rapidly, due to random drift and inbreeding, and finally fall into a so-called
“extinction vortex”, where the genetic variation is too small to sustain the population
(Frankham et al., 2017; Laikre et al., 2020). Thus, managing population growth and
maintenance of genetic variation are central features of captive management, such
as that undertaken in zoos and free-ranging ex-situ populations of endangered
species, for which recovery is actively being attempted. Genomic studies analyzing
intra-specific and inter-specific differences can serve as effective and significant
conservation tools. For example, in managed populations, genomic analysis can
assist in estimating the relatedness of the wild founders that make up captive
populations. Founders of captive populations are typically assumed to be unrelated
to one another, which may be unrealistic for most species. Another immediate
application of genomics for conservation management is to boost population fitness.
Predicting the deleterious effects of the variants across the genome allows the
estimation of the genetic load that are carried by a population. Combining this
information with patterns of inbreeding across the genome enabled detection of
candidate loci underlying inbreeding depression (Kardos et al., 2016). This finding
underlines the fact that genomics analyses can aid conservation programs with
optimal breeding strategies, where potential breeding candidates with high
deleterious/mutation load can be excluded.

1.5 Evolution history of Suidae species

1.5.1 Brief introduction of the Suidae family

Pigs and hogs belong to the Suidae family, which comprises six extant genera, divided
further by region: Babyrousa (deer hog) from Island Southeast Asia (ISEA),
Potamochoerus (bush pig and river hog), Phacochoerus (warthog) and Hylochoerus
(forest hog) from sub-Saharan Africa, Porcula (pygmy hog) from India, Sus (wild pig
species and domestic pig) from Eurasia and ISEA (Figure 1.3). Previously, the
taxonomic relationships among Suidae were assessed using morphological and
molecular studies. Suidae emerged around 40 - 34 million years ago (Mya) (Gongora
et al., 2011). In the middle Miocene (7.9 - 6.7 Mya), the first lineage to split from
those early Suidae was Babyrousa, forming an ancient lineage endemic to the island
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1. General introduction

of Sulawesi (Frantz et al., 2018). Along with the global cooling during the late
Miocene (Zachos et al., 2001), a new subfamily, the Suinae, emerged in the fossil
record (Roth and Wagner, 1854; Geraads et al., 2008). The Suinae later diversified
into multiple tribes (Roth and Wagner, 1854; Geraads et al., 2008). This was followed
by a divergence of the African Suidae and the Eurasian Sus genus, at around the
Miocene/Pliocene boundary (4.0 -3.2 Mya). Shortly thereafter, the Sus genus started
to diverge during the early Pliocene (~3.9 Mya). Several Sus species on ISEA evolved
during the early/mid Pliocene (Frantz et al., 2013). During the early Pleistocene, wild
boars expanded from South Asia into almost every ecosystem across the old world
(Fistani, 1996). Archaeological evidence suggests three major episodes of species
replacement in Eurasia that took place during the evolutionary history of Suidae,
including (i) replacement of almost all other subfamilies of Suidae (except Babyrousa)
by Suinae around the Miocene/Pliocene boundary (van der Made et al., 2006; Orliac
et al., 2010), (ii) replacement of all non-Sus species by Sus in Eurasia during the
Pliocene, and (iii) replacement of most Sus species by Sus scrofa during the
Pleistocene (Fistani, 1996; Guérin and Faure, 1997). These three events shaped the
layout of modern Suidae species (Figure 1.3). However, many questions remain
about the genetic consequence of Sus scrofa’s range expansion and species
replacement. Further discussion will be provided in Chapters 2 and 5 of this thesis.

Figure 1.3 Geographic distribution of extant Suidae species. The area shaded black
(black arrow) represents the distribution of Babyrousa. The green shaded area represents
Sub-saharan suids. The orange shaded area represents Procula. The blue shaded area
represents ISEA Sus. The red shaded area represents wild and domestic Sus scrofa.
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1. General introduction

1.5.2 Fast divergence of ISEA Sus

Sus is the largest genus of the Suidae family, comprising more than 7 species, most
of which are restricted to ISEA. ISEA covers three (Sundaland, Wallacea and
Philippines) of the 25 so-called global biodiversity hotspots, which are regions with
an extremely high species diversity (Myers et al., 2000). Large-scale climatic
fluctuations in the late Cenozoic induced fluctuations of sea levels in this region. The
biogeography of this region was affected heavily when sea levels fluctuated with
each of the Pleistocene glacial cycles. For instance, during the Last Glacial Maximum
(LGM), the sea level dropped to approx. 118 m below the present level, enabling the
Malay Peninsula, Java, Sumartra and Borneo to be connected by exposed seabeds,
and a land area formed in Sundaland (Woodruff, 2010). In warmer periods, rising sea
levels converted mountains into geographically isolated islands (Hall, 1998;
Woodruff, 2010). These alternating climatic conditions required frequent adaptation
and induced intermittent allopatric and parapatric speciation processes among the
ISEA fauna and flora, resulting in a complex and species-rich assemblage (Whittaker
and Fernandez-Palacios, 2007). The relatively recent divergence of species in the Sus
genus appear to have been closely linked to sea level fluctuations (Frantz et al., 2013,
2014). The initial divergence of the Eurasian wild boar from a clade consisting of
other Sus species took place during the beginning of the Pliocene (5.3-3.5 Mya,
Zanclean stage). During the following millions of years (3.5-2.5 Mya, Piacenzian
stage), consistent with fossil records, concomitant drops in sea levels likely allowed
the dispersal of the ancestor of Sus verrucosus to Java (Aimi, 1989; Meijaard, 2004).
Following the divergence of the Sus verrucosus lineage, the ancestor of Sus cebifrons
colonized the Philippines, when tectonic activity led to the isolation of the Philippines
from Sundaland during periods of low sea levels (2.4-1.6 Mya, Gelasian stage)
(Barrier et al., 1991). During the latter stage of the Pleistocene (1.6-0.8 Mya,
Calabrian stage), Sus celebensis colonized Sulawesi, coming from the west (Borneo).
Although the Makassar Strait separating Sundaland and Sulawesi continued to exist
during the Plio-Pleistocene, more frequent incidences of lower sea levels during this
period would have reduced the distance between Sundaland and Sulawesi (Hall,
2002; Miller et al., 2005), thereby increasing the likelihood of a successful
colonization. Sea level fluctuations also gave rise to open niches, leading to
interspecific hybridization. Admixture analysis revealed that, because of the lack of
a post-zygotic reproductive barrier in Sus species (Blouch and Groves, 1990),
extensive inter-specific gene flow existed that likely took place during cold intervals
(Frantz et al., 2013, 2014).
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1.5.3 Domestication of Sus scrofa

Although sharing a common ancestor around 10 million years ago, today’s Suidae
species are all, like their extinct ancestor Entelodonts, gregarious, omnivorous, with
short slender legs, bulky bodies and long snouts. What makes pigs (Sus scrofa) stand
out from other Suidae is not only their global distribution (Meijaard et al., 2011), but
also their irreplaceable role in human society. Pigs have been popular symbols dating
back in many prehistoric cultures, often being a favorite animal for sacrifice as they
implied richness (Sillar et al., 1961; Mizelle, 2012; Cucchi et al., 2016). Based on the
excavations of early Neolithic sites found in the Near East and East Asia, it is clear
that pigs had already been considered as a crucial source of food (Zeder, 1998; Zhang
and Luo, 2008; Cucchi et al., 2011). It is widely accepted that pigs were domesticated
independently in China and Anatolia ~10,000 years ago (Larson et al., 2005; Groenen
et al., 2012). In the following thousands of years, extensive hybridization took place
between wild and domesticated pigs, as well as between different populations of
domesticated pigs (Ottoni et al., 2013; Bosse et al., 2014; Frantz et al., 2019). After
the Industrial Revolution in the nineteenth century, pig production became
industrialized. Breeding schemes, based on different production demands and
cultural preferences, were made. Pigs were selected for various traits including litter
size, carcass weight, back fat, and specific coat colors (Whittemore et al., 1998;
McGlone and Pond, 2003). However, while pigs have been studied extensively as an
important livestock and a model organism, a blanket of uncertainty descended on
how they were domesticated initially and what was selected for, especially in terms
of the underlying genetic mechanisms. Understanding the origin and distribution of
variations in domesticated pigs is important for decoding the domestication process
and conservation of genetic resources (Groeneveld et al., 2010).

1.5.4 Missing pieces in Suidae evolutionary history

Since the release of the Sus scrofa reference genome in 2012 (Groenen et al., 2012),
the Animal Breeding and Genomics group at Wageningen University has generated
genome sequences for nine Suidae species. Those genomic resources represent a
wide range of collection of this family, but the pygmy hog (Porcula salvania) was still
missing. The pygmy hog is the smallest and the most endangered suid found in the
wild. The species was originally named Porcula salvania by Hodgson (Hodgson,
1847). This was amended as Sus salvanius based on morphological comparison
(Garson, 1883; Groves, 1981; Corbet and Hill, 1991). However, a phylogenetic study
using pygmy hog mitochondrial DNA (Funk et al., 2007) confirmed its original
classification and the name Porcula salvania was regained. Currently, pygmy hogs
are restricted to a small corridor of high grassland at the southern foothills of the

23



1. General introduction

Himalaya, Assam, India. However, fossil remains suggest a far wider distribution of
the pygmy hog in the middle Pleistocene, even covering current southwest China. In
this thesis, | provide a comprehensive genomic analysis of the evolution of the pygmy
hog in relation to the range expansion of Sus scrofa. Moreover, | investigated the
formation of the current pygmy hog population.

1.6 Aims and outline

The main goal of my research is to gain a better understanding of the evolutionary
process at a genomic level. On the basis of previous studies, this thesis provides a
refined evolutionary history of Suidae. In chapter 2 and 3, | utilize whole genome re-
sequencing data of the pygmy hog. With those, | reconstruct the evolutionary history
from the origin of the species to the current population status. Specifically, in
chapter 2 | present a genome-scale phylogenetic and divergence tree for the Suidae
family. Also, | evaluate complex models of wild boar range expansion during
Pleistocene. Chapter 3 describes the demographic trajectory of pygmy hog
populations and evaluates the genetic consequences of long-term small population
size. In chapter 4 | report a high quality reference genome of the endangered Visayan
warty pig. | characterize the evolution of genome architecture underlying the rapid
speciation and adaptation of Sus. To take this one step further, in chapter 5 | present
reference-guided genome assemblies of an additional three Sus species and the
outgroup pygmy hog. Thereafter, | provide a comparative system, which takes
advantage of the genome collection to screen for genomic signatures of
hybridization, domestication and adaptive radiation. Lastly, in chapter 6 | provide an
additional discussion on these topics as well as a synthesis of the work described in
this thesis.
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Abstract

Wild boar (Sus scrofa) drastically colonized mainland Eurasia and North Africa, most
likely from East Asia during the Plio-Pleistocene (2-1Mya). In recent studies, based
on genome-wide information, it was hypothesized that wild boar did not replace
the species it encountered, but instead exchanged genetic materials with them
through admixture. The highly endangered pygmy hog (Porcula salvania) is the only
suid species, in mainland Eurasia, known to have outlived this expansion and
therefore provides a unique opportunity to test this hybridization hypothesis.
Analyses of pygmy hog genomes indicate that despite large phylogenetic
divergence (~2My), wild boar and pygmy hog did indeed interbreed as the former
expanded across Eurasia. In addition, we also assess the taxonomic placement of
the donor of another introgression, pertaining to a now-extinct species with a deep
phylogenetic placement in the Suidae tree. Altogether, our analyses indicate that,
the rapid spread of wild boar was facilitated by inter-specific/inter-generic
admixtures.

Key words: Genetic hybridization, Genomics, Phylogenetics, Phylogenomics,
Population genetics
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2.1 Introduction

The expansion of species into novel habitats can have tremendous impacts on the
native fauna. If the native fauna contains species that are closely related to the
invasive population, hybridization may also threaten the integrity and survival of
native species (Rhymer and Simberloff, 1996). Observation of admixture in
expanding populations has led to speculation whether admixture has an important
role in driving the success of those populations (Kolbe et al., 2008; Lawson Handley
et al., 2011; Nuijten et al., 2016). Although the old-world pigs, the Suidae, are
distributed throughout Africa and Eurasia, only two species are recognized across
mainland Eurasia: wild boar (Sus scrofa) and pygmy hog (Porcula salvania) (Groves,
1981; Hardjasasmita, 1987; Oliver, 2001; Groenen et al., 2012; Munz, 2017).

This, however, was not always the case and extensive fossils records suggest that
Eurasia hosted a highly diverse set of Suidae species that originated during the
Miocene (Andrews, 1988; Pickford, 1988; Pickford Senut, B., Hadoto, D., 1993;
Made, 1999) (Fig 2.1a). In middle Miocene, the first isolated lineage to split from
those early Suidae was Babyrousa which forms an ancient lineage endemic to the
island of Sulawesi (Fig 2.1b) (Frantz et al., 2016, 2018). Along with the global
cooling during the late Miocene (Zachos et al., 2001), a new subfamily, the Suinae,
emerged in the fossil record (Roth and Wagner, 1854; Geraads et al., 2008a) and
replaced almost all other subfamilies of Suidae present at that time (van der Made
et al., 2006; Orliac et al., 2010) (Fig 2.1c). The Suinae later diversified into multiple
tribes (Roth and Wagner, 1854; Geraads et al., 2008b). This was followed by a
divergence of the African Suidae and the Eurasian Sus genus, at around the
Miocene/Pliocene boundary (Fig 2.1d). Shortly thereafter, the divergence within
the Sus genus started during the early Pliocene (Fig 2.1f). Several Sus species on the
islands of southeast Asia (ISEA) evolved during the early/mid Pliocene (Frantz et al.,
2013). Relatively high levels of species diversity were likely maintained across
Eurasia, until the early Pleistocene, when wild boar expanded out of East Asia into
almost every type of ecosystem across the old-world. This expansion was highly
efficient mirroring the great human expansion during the late Pleistocene (Schiffels
and Durbin, 2014), and previous study have suggested that it is the reason for the
disappearance of most suid species across Eurasia (Fistani, 1996; Guérin and Faure,
1997) (Fig 2.1g&h). With this, the layout for the modern Suidae species became
settled.
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Fig 2.1: A series of schematic models depicting the geographic evolution of Suidae
species over the past 20Mya. (a) Emergence of Suidae across Eurasian and Northern
Africa. (b) The black arrow depicts the hypothesized trajectory of Babyrussa migrating
to ISEA. (c) Emergence of Suinae (grey collage pattern) that replaced other Suidae. (d)
The green arrow indicates the diversification of the ancestor of Sub-Saharan suids. (e)
Eurasian Suinae split into multiple genera (multi-color collage pattern), including pygmy
hog (orange shade). (f) The blue arrow depicts the migrations of Sus to ISEA. The red
arrow indicates emergence of Sus scrofa. (g-h). The spread of Sus scrofa from southern
Asia to Europe and replacement of all Suinae species except pygmy hog. During the
replacement, Sus scrofa populations introgressed at least three times with one of these
Suinae species (ghost linage), pygmy hog and ISEA Sus, respectively. The colors
correspond to those used in Fig.2 and represent the cluster on the tree to which the
samples belong.
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As the only reminiscence of the once highly diverse Pliocene suid fauna, the pygmy
hog represents not only an important species to conserve but also the key to our
understanding of the expansion of wild boar. Indeed, previous studies have
suggested that the rapid and highly efficient expansion of wild boar was facilitated
by inter specific adaptive gene-flow (Frantz et al., 2013, 2014). Under this scenario,
wild boar absorbed rather than replaced species, a process paralleled to some
extent in humans (Green et al., 2010; Huerta-Sanchez et al., 2014; Slon et al.,
2018). Although pygmy hog is now highly endangered and restricted in a small
corridor of high grassland at the southern foothills of the Himalaya (Breeding et al.;
von Koenigswald, 1963; PHCP, 2008), it was far more widespread in the past
(Pickford, 2013) (Fig 2.1e). According to middle Pleistocene fossil remains from
southwest China, the geographical range of pygmy hog and wild boar did overlap
(HAN and D.-F., 1975, 1987), implying that the temporal and geographical proximity
of pygmy hog and wild boar could have resulted in hybridization. Therefore, pygmy
hog provides an excellent comparative framework to study the evolutionary
processes that occurred during a fast and extensive radiation. We analyzed 6
genomes of pygmy hog in combination with genomes of related suid species and
found strong support for an important role of inter-species hybridization during
range expansion. The results suggest that wild boar hybridized with pygmy hog and
a now-extinct suid species during the rapid spread across Eurasia and North Africa.

2.2 Results

Phylogenetic relationships and divergence of the Suidae species.

We sequenced the genomes of six pygmy hogs and one Babyrousa babyrussa and
analyzed these with the genome sequences of 31 individuals, in total representing
10 of the extant Suidae species (See Material and methods and Supplementary
data 1 for details). We first assessed the phylogenetic relationship of these species.
The concatenation and consensus methods resulted in the same main topology (Fig
2.2a, Supplementary Fig 2.1-2.2). The phylogenetics analyses clearly show that the
most basal split within the Suinae are sub-Saharan suids followed by a highly
supported split of pygmy hogs (BS=100 in supermatrix and CF=1 in supertree) from
all Sus species. To compare our phylogenetics results to an earlier study using
fragments of mitochondrial DNA (Funk et al., 2007), we also carried out a Bayesian
phylogenetic analysis using complete mitochondrial genomes (Supplementary Fig
2.3). The resulting topology is consistent with previous studies confirming pygmy
hog as basal to Sus. Thus, both the genome wide autosomal phylogenetic analysis
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and complete mitochondrial genome analysis support, with very high confidence,

that pygmy hog is a monophyletic sister taxon of Sus.
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Fig 2.2 Phylogenetic relationships and divergence of the Suidae species used in the
current study and admixture event between pygmy hog and Sus scrofa. (a) The tree on
the left is the ML tree of the Suidae family based on consensus and concatenation
methods. Branch length of the consensus analysis above branches, concatenation
below branches. Node labels show bootstrap values of the concatenation analysis and
concordance factors of the consensus analysis respectively. The tree on the right is the
time tree of divergence. Node labels show age in million years. Blue bars indicate 95%
confidence interval and red dots show the calibration points (See Supplementary
material figures 1-3 for full trees). (b) A diagram depicting the excess derived allele
sharing when comparing sister taxa and outgroups. Each column contains the fraction
of excess allele sharing by a taxon (up/down) with the pygmy hog/outgroup compared
to its sister taxon (up/down). We computed D statistics of the form D (X, Y, Pygmy hog,
warthog). Error bars correspond to three standard errors. (Note: the Fig 2.2b in this
thesis is the corrected version, see Additional file)
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We selected autosomal genomic loci supporting the main topology to obtain the
basal divergence between the studied taxa (Fig 2.2a, Supplementary Fig 2.4).
Molecular clock analyses indicated that the divergence between Sub-Saharan suids
and Eurasian Suidae (pygmy hog and Sus) took place shortly after the divergence of
Babyrousa babyrussa ~10.2 Mya (95% HPD = 12.7-7.9). Pygmy hog separated from
the common ancestor with Sus during the early Pliocene, ~6.1 Mya (95% HPD = 7.8-
4.2) and the Eurasian wild boar split from other Sus species during the early
Pliocene ~4.1 Mya (95% HPD = 5.5-2.7). (Fig 2.2a, Supplementary Fig 2.4,
Supplementary Note)

Admixture between pygmy hog and wild boar.

In order to test whether temporal and geographical proximity of closely related
species could have resulted in hybridization, we looked for interspecific admixture
signal within our genome-wide data. Several studies have reported that in diverged
species sex-linked markers may show evolutionary histories incongruent to other
sex-linked and/or autosomal markers (Chan and Levin, 2005; Ropiquet and
Hassanin, 2006; Nakagome et al., 2008; Yannic et al., 2010; Ai et al., 2015). Thus,
we analyzed autosomes and the X chromosome separately. To investigate whether
any of the sequenced pygmy hogs showed evidence for autosomal introgression
from ancestors of present-day Sus species, or vice-versa, the pygmy hog was
compared to representatives of eleven Sus populations using D-statistics. We found
a significant overrepresentation of derived alleles between the pygmy hog and
mainland Eurasian wild boar at autosomal chromosomes (Fig 2.2b, Additional file,
Supplementary data 2), indicative of admixture. This signal of admixture was also
supported by TreeMix analysis. The best fitting model suggests an ancient
admixture between ancestral wild boar and pygmy hog (Supplementary Fig 2.5).

To further examine this autosomal genome-wide pattern of admixture between
pygmy hog and wild boar, we combined D-statistics and fd to infer regions of
introgression. We also calculated DNA sequence divergence (dxy) for each window
to reduce false positive signals (Smith and Kronforst, 2013). This resulted in 636
putative introgression intervals between pygmy hog and wild boar from Europe,
North China and South China, of which 427 (67.1%) are shared within wild boars
(Supplementary Fig 2.6, Supplementary Note). This suggests the admixture
occurred before the divergence within Eurasian wild boar, further sustaining the
evidence of an ancestral gene flow between pygmy hog and the common ancestor
of wild boar.
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Wild boar harbors genetic introgression from a ghost linage.

We next addressed evidence of admixture from the X chromosome starting with
reconstructing a maximume-likelihood tree for the X chromosome. This tree displays
a different topology compared to our main phylogenetic tree (Supplementary Fig
2.8). Previous study has reported two distinct haplotypes in European pigs and
South Asian pigs, and proposed that this might be derived from a now extinct Suid
(ghost) lineage(Ai et al., 2015). To investigate the existence of genealogical
discordance, we carried out a sliding-window D-statistic and a machine-learning
based detection of local phylogenetic incongruent regions (Zamani et al., 2013).
Both approaches supported that there is a ~40.6Mbp (46.2-86.8 Mbp) region on
the X chromosome, where pygmy hog clusters with ISEA Sus and South China pigs,
while the European pigs and North China wild boars appear to be basal to this
cluster. (Fig 2.3, Supplementary data 3, Supplementary Fig 2.9-2.15, Supplementary
Note). In addition, an ambiguous pattern was also observed in northern Chinese
domestic pigs, where the region from 46.2-57.1 Mbp support a clustering of
northern Chinese domestic pigs with European pigs/North Chinese wild boars while
from 57.1-86.8 Mbp support northern Chinese domestic pigs clustering with
southern Chinese pigs (Fig 2.3, Supplementary Fig 2.13). The signature of the
introgression regions was also supported by maximum-likelihood trees
(Supplementary Fig 2.16). Taken together, our results show that within this
genomic region, sequences of European/North Chinese pigs have an ancient origin.
With the inclusion of pygmy hog genome, we could locate this ghost lineage to be
older than the split of pygmy hogs but younger than the split to the Sub-Saharan
suids. So far, there is no molecular or fossil evidence for this ancient linage, which
was probably extinct long time ago. We further looked for evidence of this
introgression in the autosomes. Comparison between different wild boar
populations further identified autosomal regions supporting the X-chromosome
introgression signal (Supplementary Fig 2.10-2.15). The amount, length and
magnitude of ghost introgression in autosomes are similar among the wild boar
populations (Supplementary Fig 2.17&2.18), which suggests that this hybridization
likely occurred early within the evolutionary history of wild boar.

It has been reported that the region around the centromere on the X chromosome
in pigs has an extremely low recombination rate (Ma et al., 2010; Fernandez et al.,
2014). Also, as a consequence of the global reduction in effective population size of
wild boar in the past ~1 My to the end of the Last Glacial Maximum (Groenen et al.,
2012), wild boar went through processes like incomplete lineage sorting and
positive natural selection. The joint effect likely resulted in distinct distribution of
ancient introgressed haplotype between European/northern Chinese and southern
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Chinese wild boar populations (Ai et al., 2015). Finally, the genealogical discordance
on the X chromosome became fixed in pigs from different regions. Recombination
rates are highly variable on the autosomes and this hybridization probably
happened at least 1 Mya. The long period of recombination, in addition with post-
divergence gene flow between wild boar population (Groenen et al., 2012), highly
truncated autosomal haplotype blocks. This would lead to many very short
introgression segments scattered over the autosomes, which is what we observed
in our analyses (Supplementary Fig2. 18).

For the male individuals, we also reconstructed the phylogeny based on the non-
recombining part of the Y-chromosome (4.8~43.5 Mb), which resulted in a topology
consistent with our main phylogenetic tree (Supplementary Fig 2.19).
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Fig 2.3 Genealogical discordance in Chromosome X. (a) The D-statistic for testing
introgression for 100-kb windows on chromosome X for tree topology (((ISEA, X), pygmy
hog), warthog) (X = EUWB, MS and XI). Excesses of BABA in 46 — 86 Mb indicated higher
genetic similarity between ISEA and pygmy hog. See supplementary Figure 9-14 for D-
statistic testing introgression for 100-kb windows on autosome chromosomes. (b)
SAGUARO plot illustrating the distribution of the 5 frequent rooted local topologies
over the X chromosome. The red unrooted topologies support introgression from a
missing linage into European/North China wild boar. Note that the blue unrooted
topology includes the discrepant haplotype within Chinese population (see text for
further explanation). ISEA=Islands of Southeast Asia Sus; MS=Meishan; Xl=Xiang;
EUWB=European wild boar; See Supplementary data 3 for further details and
supplementary Figure 8 for results for autosomal chromosomes.

Demographical modeling of the Suidae evolutionary history

We then used an automated gpGraph approach (Patterson et al., 2012;
Leathlobhair et al., 2018) to evaluate the fit of various admixture graphs to our
data (see Material and methods). We then estimated the marginal likelihood of 37
models that left no f4-outliers using a MCMC approach (Leppaléd et al., 2017)
(Supplementary Fig 2.21). According to these models, both pygmy hog and ISEA Sus
contributed to wildboar. Interestingly, these models suggest that the ISEA Sus only
contributed to south Chinese wildboar. This discrepancy is likely the result of the
near simultaneous divergence of all three wildboar lineages, as well as the fact that
a population closer to the South Chinese wildboar potentially also contributed to
ISEA Sus (Frantz et al., 2013). The best admixture graph, however, is slightly
different from those obtained from TreeMix and phylogenetic analyses, as it finds a
signal of ISEA Sus admixture into pygmy hog population. This suggest that pygmy
hog actually interbred with an unsampled admixing/separating population which
was intermediate between ISEA Sus and Sus scrofa. However, our parsimonious
model may be too simple to reflect the complexity of the reticulate admixture in
these populations and to disentangle the ancestral variants between ISEA Sus and
Sus scrofa. Altogether, this analysis validates the existence of gene-flow between
wildboar and ISEA Sus as well as between pygmy hog and wildboar. Yet it also
suggests that this admixture could have been bidirectional in which case the south
Chinese wildboar population forms the best proxy for these events.

To coalesce the known demographic implications by far, we further fitted various
fitted various gene flow models, which are based on our priori assumption of
Suidae systematic, to a phylogenetic scenario using G-phocs. We separated
admixture branches into each of the Sus scrofa populations, to better account for
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their variable levels of basal admixture. (Supplementary Fig 2.22, Supplementary
Note). In support of our D-statistic findings, high probability of gene flow between
the common ancestor of wild boar and pygmy hog was inferred. In our full model,
signatures of admixture in the ISEA population were also examined and significant
gene flow between the ISEA Sus and Asian wild boar was found in agreement with
previous analyses (Frantz et al., 2013). Furthermore, a model assuming a basal
ghost population was applied and confirmed a post-speciation gene flow between
the common ancestor of wild boar and the ghost population (Supplementary data
4, Supplementary Fig 2.23, Supplementary Note).

Testing for incomplete lineage sorting

It is well known that incomplete ancestral linage sorting can inflate ad-mixture
signals. Therefore, we used two methods to test for incomplete lineage sorting (ILS)
in our data. First, we calculated calculate the maximum length of a shared
haplotype by pygmy hog and wild boar due to ILS (probability < 0.005). With the
deep divergence split between pygmy hog and wild boar (at least 4.2 My), the
estimated length of a shared haplotype due to ILS is extremely small (<688bp) and
significantly different from the window size used in our sliding-window D-statistic
analysis (100kb) Furthermore, in our Saguaro analysis, we also filter out all the
segment having alternative topology with a length <= 688 bp.

Secondly, we also follow the approach described in Huerta-Sanchez's(Huerta-
S&nchez et al., 2014) to assess the probability of ILS. We simulated 10000 loci with
length of 100kb under the model described in Supplementary Note, and calculated
D-statistics with the same quadruplets we used in the sliding-window analysis. All
results from the simulations resulted in P < 0.001 against ILS for all comparisons
(Supplementary Fig 2.25). Thus, we conclude that it is unlikely that ILS have
contributed significantly to our observed introgression signal.

Identification and functional analysis of introgressed genes

The different introgression signals that we observe in Sus scrofa could have played
an important role in its successful expansion. We therefore accessed the functional
annotation of the genes overlapping introgressed regions. However, given our low
coverage unphased genomic datasets and limited sample size, our ability to reveal
ultra-short introgression segments broken down by long-term recombination is
limited. With this in mind, we undertook a functional annotation analysis for
candidate introgressed genes. For the introgressed pygmy hog genes in wild boars
(384 genes), enrichment for GO terms related to the sensory perception of taste,
olfactory pathways and participating in glycolysis and fatty acid metabolism was
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observed (Supplementary Fig 2.26, Supplementary data 5). This finding is in
agreement with the knowledge that smelling, taste and energy metabolism
pathway do have specific roles in adaptive capacity to environment (Chevin et al.,
2010; Paudel et al., 2013; Kishida et al., 2015). However, it should be noted that
especially olfactory genes are prone to copy number variation making them
consistent enriched in such analysis. The Ghost introgression genes (104 genes) are
related to more broad GO terms including neurogenesis, immune response and
TCA cycle (Supplementary data 5). Of the Ghost introgressed genes, the POR gene
is of most interest as it is involved in Vitamin D metabolism(Larson-Meyer et al.,
2017), which could potentially boost the fitness during the expansion of wild boar
from sun-belt region (Southern Asia) to short daylength region (Northern Asia and
European).

2.3 Discussion

Our analyses reveal the phylogeny and diversification times of the Suidae family
(Fig 2.2). The demographic analysis suggests at least three independent events of
inter-species gene flow during Suidae evolution — the most notable from an ancient
and now extinct linage (Fig 2.3 and Supplementary Fig 2.23). Combined, these
results allow us to dramatically refine the evolutionary history of the Suidae family.
After the Sub-Saharan suids evolved during the late Miocene (~10.2 Mya, Fig 2.1d),
the divergence between pygmy hog and Sus took place around the
Miocene/Pliocene boundary (~6.1Mya, Fig 2.1e), followed by the emergence of
ISEA Sus and wild boar (Fig. 1f). At around 1 Mya, populations of wild boar from
Asia started to spread and reach Europe around 0.8 Mya (Fig 2.1g&h). During this
migration, wild boar colonized Eurasia and efficiently replaced all but one of the
local species along the way (Fistani, 1996; Guérin and Faure, 1997), with pygmy hog
as the only survivor. Moreover, during this the expansion, despite long divergences
(approximately 2 My between wild boar and pygmy hog, even longer for the ghost
linage), wild boar hybridized with both pygmy hogs and an extinct, more divergent,
Suinae species (Fig 2.1h). The frequent climatic fluctuations during the Pleistocene
led to alternating warm and cold periods (ices ages) (Guo et al., 2001; Hansen et al.,
2013), which likely resulted in multiple rounds of north-south directed migration
(Seebacher and Post, 2015). While expanding instantly, wild boar had greater
chances of encountering and temporal co-existing with local species, enabling
possible interspecies hybridization. Although our knowledge of the impact of
admixture on the fitness of expanding populations is still limited, it is likely that
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changes in the genetic architecture that arise from admixture will generate
heterosis that could boost adaptation to local niches (i.e. high grassland for pygmy
hog, high altitude for ghost lineage).

Here, we have shown that an effective replacement of species is accompanied by
consistently absorption of part of gene pool of the local related species. This
suggests that admixture may play a role as an evolutionary biological driving force
in successful range expansion and provides pertinent evolutionary hypothesis on
the model of massive species replacement. With the booming development of
paleogenomics technology, several case studies have directly verified ancient gene-
flow between genomes of extinct species and extent recipient species (Huerta-
Sanchez et al., 2014; Barlow et al., 2018). Future studies, where the genome of
fauna from early/middle Pleistocene remain is retrieved, will probably further
refine the Sus scrofa expansion from Asia to Europe. Overall, the demographic
history of pig species not only demonstrates how explosive and invasive range
expansion can be, but also reminds us of the ubiquity of inter-species hybridization
during speciation.

2.4 Methods

Sampling, genome sequencing, alignment and SNP calling

The pygmy hog used for this research consists of three individuals sampled from
the wild and three individuals from captivity. Whole genome Illumina PE 100 bp re-
sequencing was performed at SciGenom Laboratories in Chennai, India on these six
pygmy hog samples. The Babyrousa babyrussa was sampled from Copenhagen Zoo.
Libraries of ~300 bp fragments were prepared using Illumina paired-end kits
(NMumina, San Diego, CA) and 100bp paired-end sequenced with Illumina HiSeq. A
selection of published genome from other Suinae species was included
(Supplementary data 1). All these samples were also sequenced with the Illlumina
sequence technology. The whole genome sequencing data were trimmed using
sickle (https://github.com/najoshi/sickle) with default parameters. The
trimmed reads were aligned to the Sscrofa 11.1 reference genome using the
Burrows-Wheeler Aligner (BWA 0.7.5a) (Li and Durbin, 2009). Local re-alignment
was performed using GATK v3.6.0 RealignmentTargetCreator and IndelRealigner
and variants were called using GATK UnifiedGenotyper (McKenna et al., 2010), with
the —stand_call_conf option set to 50, the —stand_emit_conf option set to 20, and
the -dcov option set to 200. Variants with a read-depth between 0.5 and 2.0 times
of the average sample genome coverage were selected and stored in variant calling
format. We identified the sex of all individuals by calculating the ratio of read depth
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on X chromosome and the autosomes. For the individuals whose molecular sex are
male, we filtered out variants in the non-PAR regions which are heterozygous and
with a coverage larger than the average read-depth in autosomes. We do not have
any explicit pedigree for the Babyrousa Babyrussa sample. To avoid potential
biases caused by recent interbreeding, we did decide to use warthog as the
outgroup in all the analyses related to introgression. Pygmy hog samples were
collected within the Pygmy Hog Conservation Programme in Assam, India in
accordance with ethical and legal regulations in India. The Babyrousa babyrussa
was sampled from a dead individual in Copenhagen Zoo in accordance with ethical
and legal regulations in Denmark (The Animal Experimentation Act LBK no. 253,
March 8th 2013). This study was ethically approved by the European Research
Council under the European Community's 256 Seventh Framework Programme
(FP7/2007-2013) / ERC Grant agreement n°® 249894",

Phylogenetic analysis

Phylogenetic trees on autosomes were construct based on the maximum likelihood
(ML) method as implemented in RAXML 8.2.3 (Stamatakis, 2014) using the best
fitting model of substitutions, identified by jModelTest2 (Darriba et al., 2012) on
100 random subsets of 1 Mbp. In order to eliminate possible bias stemming from
alignment and genotyping errors, we only used autosome one-to-one orthologous
gene coding sequences (CDS) (Frantz, 2015) between pig and cow for this analysis.
A list of One-to-one orthologous genes (between cow and pig) and coordinates of
corresponding one-to-one CDS region were extracted from ENSEMBL with biomart
(Kinsella et al., 2011). Finally, we got 486203 CDS regions from 18313 genes. The
total number of SNPs in the one-to-one gene regions was 2571419. We used both
supermatrix and supertree techniques (Delsuc et al., 2005), using Babyrousa
babyrussa as an outgroup. In the supermatrix approach, the concatenated CDS
alignment was analyzed under best fitting substitution model (GTR++l) with 100
bootstrap replications. In the supertree approach, pig-to-cow orthologous genes
with CDS alignments longer than 1000 bp were used. Individual gene trees were
inferred separately under GTR+I+| substitution model with 100 rapid bootstraps.
All gene trees with an average bootstrap value above 40 were combined into a
consensus tree using the software ASTRAL-Il (Mirarab and Warnow, 2015). To
assess support for particular clades in the supertree analysis, we calculated
concordance factors in DensiTree (Bouckaert, 2010).

RAXML 8.2.3 was used to reconstructed ML phylogenetic trees on the whole X
chromosome and on the two regions which have anomalous phylogenetic
relationship in the SAGUARO analysis. For mitochondria DNA analysis, we used a

45



2. Genomic analysis of pygmy hog

Bayesian Markov Chain Monte Carlo simulation (MCMC) to estimate the most likely
phylogenetic trees with MrBayes 3.2.3 (Ronquist et al., 2012), using the best fitting
model of substitutions, identified by JModelTest2. The length of the MCMC was set
to 10,000,000. The parameter estimates and consensus trees resulting from 10
MrBayes runs were recorded and compared. The best supported phylogenetic
consensus tree was summarized with TRACER v1.6
(http://tree.bio.ed.ac.uk/software/tracer/) discarding the first 10% as burn-in. All
trees were depicted using the software FigTree v1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/).

Molecular clock analyses

We estimated divergence times using an approximate likelihood method as
implemented in MCMCtree (Yang, 2007), with an independent relaxed-clock and
birth-death sampling. To overcome difficulties arising from computational
efficiency and admixture, we only used coding sequences (CDS) with pig-to-cow
ortholog filter. We fitted an GTR + 4 model to each genomic bin and estimated a
mean mutation rate by fitting a strict clock to each fragment setting a root age at
20Mya, which represent the earliest Tayasuidae fossil. This mean rate was used to
adjust the prior on the mutation rate (rgene) modelled by a gamma distribution as
G (1,241). The BDS and sigma2 values were set at 7 5 1 and G (1,10) respectively.
We ran 100,000 (25% burn in) MCMC samples for fossil calibration reported
previously. We used a float prior and a maximum bound age, with a scale
parameter of c=2. Allowing the MCMC to explore a wide range of time for the
divergence between Babyrussa and Suinae and calibrate the time later than the
split of ‘new world’ peccaries (tU=2 [20 Mya], p=0.1, c=2). For MRCA of sub-
Saharan African suid and Sus, we used the same fossil calibration as in Frantz et al.
2013 (tL=0.55 [5.5 Mya], p=0.9, ¢=0.5). For MRCA of Sus, we used a minimum
bound at 2 Ma [tL=0.2 [2 Mya], p=0.1, ¢=0.5] to represents the earliest appearance
of Sus in the fossil record of Island Southeast Asia.

Detecting gene flow among Suidae

We integrated Patterson’s D-statistic to examine the phylogenetic distribution of
derived alleles at loci that display either an ABBA or BABA allelic configuration
across the chromosomes among Suidae using warthog as an outgroup. For
admixture estimation, we assigned 18 autosomes and selected a block size of 5Mb
to calculate the standard errors on D-statistics using Admixtools (Patterson et al.,
2012). We also identified candidate introgression loci using D-statistic and fd in
slide window (Rosenzweig et al., 2016a). To avoid D returning inflated values in
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small genomic regions (Martin et al., 2015), we set the window size as 100Kb and
summarized the results in Venn diagrams.

SAGUARO

Phylogenetic relationships of genomic regions may differ from the species tree due
to incomplete linage sorting and introgression. To test whether this is the case in
our analysis, and to detect breakpoints between genomic segments supporting
different local topologies, we used the machine-learning approach implemented in
SAGUARO (Zamani et al., 2013). We first ran SAGUARO with 6 representative
individuals for the overview of whole genome (See Supplementary data 3). Then, to
better estimate length of phylogenetic incongruent regions, we performed the
same approach but using the quadruplets in sliding-window D-statistic analysis. We
constrained SAGUARO to use only nucleotide positions with no missing data and
ran with 20 iterations and 500 neurons.

Fitting models of population history

We used gpGraph (Patterson et al., 2012) to fit admixture graphs to six populations
representing European wild boar, North Chinese wild boar, South Chinese wild
boar, ISEA, pygmy hog and warthog as the outgroup. We filter the dataset using
following criteria: SNPs with at least 10Kb distance from one another, no more than
10% missing data. This resulted in 361,837 SNPs. To explore the space of all
possible admixture graphs, we used a heuristic search algorithm first described in
Ni Leathlobhair et al. 2018 (Leathlobhair et al., 2018) (code available at
https://github.com/ekirving/gpbrute). Given an outgroup with which to root
the graph, a stepwise addition order algorithm was used for adding leaf nodes to
the graph. At each step, insertion of a new node was tested at all branches of the
graph, except the outgroup branch. Where a node could not be inserted without
producing f4 outliers (i.e. |Z] >=3) then all possible admixture combinations were
also attempted. If a node could not be inserted via either approach, that sub-graph
was discarded. If the node was successfully inserted, the remaining nodes were
recursively inserted into that graph. All possible starting node orders were
attempted to ensure full coverage of the graph space. We fitted 2,444 unique
admixture graphs for these 6 populations and recorded the 37 graphs that left no
f4 outliers (i.e. |Z] < 3). We then used the MCMC algorithm implemented in the
ADMIXTUREGRAPH R package (Leppéld et al., 2017) to compute the marginal
likelihood of these 37 models and their Bayes Factors (BF). We ran two
independent replications, each with 2 million iterations, 5 heated chains, a burn in
of 50%, and no thinning. Convergence was assessed by calculating the potential
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scale reduction factor (PSRF) for the model likelihoods using the CODA R package
(Best and Cowles, 1997). We found one particularly well supported model
(1d9676€e) which, when compared to all others, had K < 119 (Supplementary Fig.
20-21). We also note that among the remaining models there are small differences
in the admixture topologies, however, most models support gene-flow between
ISEA Sus and Chinese pigs, as well as between the pygmy hog and basal wild boar
(Supplementary Fig 2.21).

We further carried out our demographic analysis is based on the G-PhoCS, were
applied to 10,000 loci of 1 kb of length chosen via a series of filter to obtain
putatively neutral loci. We filtered out exons of protein coding genes and 10
kilobases (kb) flanking them on each side, as well as conserved noncoding elements
(CNEs) and 100 bases on each side of these elements. We selected 1 kb loci located
at least 30 kb apart. We identified a collection of 11,274 loci that followed these
criteria, and random selected 10,000 loci for the G-PhoCS. Multiple sequence
alignments for these loci were extracted using sequence data from the all
individual genomes. We conditioned inference on the population phylogeny based
upon the neighbor-joining tree constructed with MEGA (Kumar et al., 2016) on the
basis of the IBS distance matrix data of neutral loci used in G-PhoCS analysis
calculated by PLINK 1.9 (Chang et al., 2015) (Supplementary Fig. 24). The prior
distributions over model parameters was defined by a product of Gamma
distributions with a=1 and B =10,000 for population size and divergence time
scaled by mutation rate, and a=0.002 and B =0.00001 for the migration rates.
Markov Chain was run for 100,000 burn-in iterations, after which parameter values
were sampled for 200,000 iterations every 10 iterations, resulting in a total of
20,001 samples from the approximate posterior. Convergence was inspected
manually for each run (effective sample size (ESS) for all parameters >200). We
converted probabilities into rates using the formula p=1-e™ (where p is the
probability of gene flow and m is the total migration rate) (VonHoldt et al., 2016).
We checked for convergence between runs using Tracer v1.7 (Rambaut et al.,
2018).

Finally we also used Treemix v1.12 (Pickrell and Pritchard, 2012) to test models of
possible admixture for Babyrussa, warthog, pygmy hog, ISEA, European pigs,
Northern China pigs and Southern China pigs. Windows with 500 consecutive SNPs
were used to account for the non-independence of SNPs located in close vicinity.
Migrations from mO to m10 were tested, with five replicates per m to assess
consistency.
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Probability of introgression fragment from shared ancestral lineage
Based on the equation described in Huerta-Sanchez et al (Huerta-Sanchez et al.,
2014), we calculate the probability of a haplotype shared by pygmy hog and wild
boar as a result of incomplete ancestral lineage sorting. Briefly, let k be the
introgressed haplotype length of the two species’ branches since divergence. The
expected length of a shared ancestral sequence is L= 1/(r x t), where r is the
recombination rate and t is branch lengths of pygmy hog and wild boar since
divergence. The probability of a length of at least k is 1-GammaCDF(k, shape=2,
L=1/L), where GammaCDF is the Gamma distribution function. The lower estimate
of 4.2 My of the Sus — pygmy hog was used as branch length and an assumed
generation time of 5 years. The recombination rate was set to 0.8 cM/Mb
(Tortereau et al., 2012).

Another approach to assess probability of ILS is comparing D-statistics between
populations under simulations of demographic model. However, it requires a very
detailed and precise demographic model to obtain a better assessment. The
historical demographic information of pygmy hog and the ancestral population of
Suinae species are still deficient. Here, we can only fit in a simplified model.
Inaccuracy of the effective ancestral population size and bottleneck event may lead
to over-/underestimation of ILS. With this in mind, we compared D-statistics with
the same quadruplet as we used in the sliding-window steps under simulations of a
simple demographic model with no gene flow. (see Supplementary Note for
details). All simulations resulted in P < 0.001 against ILS for all comparisons (see
Supplementary Fig 2.25 and Supplementary Note).

Functional annotation of genes in introgressed regions

We applied a functional annotation analysis using PANTHER v.11 (Westbury et al.,
2018) on the candidate introgressed genes. Genes from the pygmy hog/Sus scrofa
introgression and the Sus scrofa/ghost lineage introgression were analyzed
separately. Gene-enrichment analyses were performed using clusterProfiler(Yu et
al., 2012). False discovery rate (FDR) was performed to adjust P-values using the
Benjamini and Hochberg method. A P-value of <0.05 was used as the cut-off
criterion.

Data Availability

The authors declare that all data supporting the findings of this study are available
within the article and its Supplementary Information files, or from the
corresponding author upon request.
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Accession codes

Raw reads of pygmy hog and Babyrousa babyrussa have been deposited in the
European Nucleotide Archive (ENA) under accession PRJEB30129. Sequences for
the sequenced Sus scrofa and other species have been deposited on the EBI
Sequence Read Archive under accession number ERP001813.
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Correction to: Nature Communications

Published online 2019.

In the original Article, we analyzed 38 genomes from pygmy hog and related suid
species. Our analysis identified a signal of introgression between Sus scrofa and
pygmy hog but also reinforced the idea that there was gene flow between Sus
scrofa and an extinct (ghost) Suidae linage (Ai et al., 2015). In our original analysis,
however, for the D-statistics equation in Admixtools (Patterson et al., 2012), we

ABBA—-BABA : . : BABA—-ABBA .
————— while it was in fact D = ——————. This
ABBA+BABA ABBA+BABA

led to an inversion of the direction of admixture in the original version of the

mistakenly interpreted as D =
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article. To remain consistent with the rest of the analyses in the article, we rectified

ABBA-BAPA and updated Fig. 2.2b (*in this thesis
ABBA+BABA

we used the corrected figure). The results after correcting the formula indicate
that in fact there is an excess of shared derived alleles between the pygmy hog and
Island of Southeast Asian (ISEA) Sus (ABBA) and not between the pygmy hog and
Sus scrofa (BABA). The excess of ABBA can be the result of admixture either
between pygmy hog and ISEA Sus or between Sus scrofa and the archaic ghost
linage or both. Methods to detect hybridization such as Patterson’s D, fd or Twisst
(Green et al., 2010; Martin et al.,, 2015; Martin and Van Belleghem, 2017),
however, are inadequate to distinguish gene-flow events between P1 and P3 (Fig.2,
orange arrow) from those between P2 and an archaic ghost lineage basal to P3
(Fig.2, blue arrow).

the formula of D-statistics as D =

— P1 (SEASus) &,

“
h |

— P2 (Sus scrofa)

—— P3 (Pygmy hog)

Ghost

O (warthog)

Fig. 2 Schematic representation of the potential gene-flow scenarios discussed in the
text. Two-way arrows pointing the two hybridized species.

To address this issue an alternative method was used, based on relative nucleotide
distance, as implemented in RNDmin (Rosenzweig et al., 2016) to calculate the
relative node depth between each taxon. To do so, we first used BEAGLE
v4.1(Browning and Browning, 2007) to perform haplotype phasing on genotypes of
all individuals (excluding Babyrousa babyrussa, Potomochoerus larvatus and
Potomochoerus porcus) with default parameters. Then we calculated RNDmin in
100kb sliding windows along autosomes with less than 50% missing sites using
PopGenome(Pfeifer et al., 2014). Comparisons were carried out between pygmy
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hog, ISEA Sus and Sus scrofa, using the genome of a warthog as an outgroup. This
shows that, for the genomic regions supporting topoA (Fig. 3a), the distribution of
RNDmin computed between the pygmy hog and Sus scrofa is significantly lower
(16.2%, Welch's t-test p-value < 1.8e-14) than RNDmin between pygmy hog and
ISEA Sus, indicating the first two species share more similarities. We also note that
this pattern is more apparent in regions supporting topoA than in the overall
genomic background (grey dots in Fig. 3a). Altogether, this indicates that the
average genomic distance between the pygmy hog and Sus scrofa is smaller than
between the pygmy hog and the ISEA Sus clade, which supports the existence of
gene-flow between pygmy hog and Sus scrofa.

If the result of our D-statistics were affected by an admixture between pygmy hog
and ISEA Sus, we would expect that, in regions that display topoB (FIG. 3b), the
RMDmin computed between the pygmy hog and ISEA Sus should be lower than in
the overall genomic background. Our analysis, however, shows that this is not the
case. In fact, we found these distributions to be very similar (Fig. 3b), especially
when compared to the result shown in Fig. 3a. In addition, we found the distance
between ISEA Sus and Sus scrofa to be higher (23.2%, Welch's t-test p-value < 2.2e-
16) than the overall genomic background in the regions that show topoB,
suggesting that topoB was caused by the admixture with an unsampled taxon.
Altogether, our analyses indicate that the findings and interpretations presented in
the original article are correct. Firstly, there was no admixture between ISEA Sus
and pygmy hog. Instead, the combined results of the D-statistics and RMDmin are
more consistent with a ghost admixture between a distantly related taxon and Sus
scrofa, and this inflated the number of shared derived alleles between ISEA Sus and
the pygmy hog. Secondly, the shorter distance between Sus scrofa and pygmy hog
suggests that there was also admixture between these two species.

Fig. 3 Phylogenetic tree indicated the alternative topologies (topoA and topoB) to the
main species tree. Scatter and density plots below show the distribution of RNDpin
between different comparisons. a) Blue circles represent RNDmin distribution within
windows supporting topoA. b) Red circles represent RNDpmin distribution within windows
supporting topoB. Grey circles represent RNDpi, distribution of the 100kb windows
among all autosomes. Populations used to calculate RNDmin is shown on axis lables.
Warthog was used as outgroup. (figure on next page)
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Supplementary Figure 2.4
Phylogenetic time tree

b brwranas

Species tree with mean posterior age (in millions of years). Blue bars indicated 95%
confidence intervals. Red dots indicated the calibration points. We used a float
prior and a maximum bound age, with a scale parameter of c=2. For the root
divergence, we set the prior to (tU=2 [20 Mya], p=0.1, c=2). For MRCA of Suinae
and Sus, we used the same fossil calibration as in Frantz et al. 2013 (tL=0.55 [5.5
Mya], p=0.9, ¢=0.5 and tL=0.2 [2 Mya], p=0.1, ¢=0.5, respectively).
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Supplementary Fig 2.5

Admixture graph inferred using Treemix
a) A simple tree-like model without admixture fits the data poorly, as can be seen
from the matrix of residuals between empirical and modelled allele frequency
covariance on the right. b) The optimal placement of two admixture event are from
the common ancestor of Eurasian wild boar to pygmy hog, as well as from ISEA Sus
to common ancestor of Asian wild boar.
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Supplementary Fig 2.9

Distribution of chromosomal segments supporting the 12 most frequent tree
topologies assigned by SAGUARO to segments along the autosomes and the X
chromosome. The numbers given next to phylogenies indicate chromosome IDs.
See Supplementary data 3 for further details.
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Supplementary Fig 2.17

The Venn diagram shows shared autosomal segments with ‘ghost’ introgression
signal in sliding-window ABBA-BABA analysis among different swine populations.
For European pigs, we calculated the average D-value for the clear ‘ghost’
introgression region on X chromosome and any autosomal windows with D-value
lower than this will be regarded as introgression region. Numbers in parentheses
refer to the total amount of introgression windows in each population. SCWB =
South Chinese wild boar, SCD = South Chinese domesticated pig, NCWB = North
Chinese wild boar, NCD = North Chinese domesticated pig, EUWB = European wild
boar, EUD = European domesticated pig.
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Supplementary Fig 2.18

Violin plot representing the length of autosomal ‘ghost’ introgression region in
different population inferred by Saguaro. Numbers on top of each violin are the
total length of introgression region. Dash lines indicated the average length. SCWB
= South Chinese wild boar, SCD = South Chinese domesticated pig, NCWB = North
Chinese wild boar, NCD = North Chinese domesticated pig, EUWB = European wild
boar, EUD = European domesticated pig.
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Supplementary Fig 2.20

Heatmap showing the comparation of the Bayes factors for all model pairs. |K|>3 is
considered as the significant threshold. Coordinates of the scale indicated the
internal code for each model.
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Supplementary Fig 2.21

23 most well supported models (based on K) used for ADMIXTUREGRAPH. Strings
on top of each diagram indicated the internal code for each model. (AF=
Phacochoerus  africanus;  LIB=pygmy hog; ISEA_SVSV=Sus  verrucosus;
EUWB=European wildboar; NCWB=North Chinese wildboar; SCWB=South Chinese
wildboar)
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Supplementary Fig 2.23

Migration bands are shown in blue, red and gray with associated values indicating
estimates of total migration rates, which equal the probability that a lineage will
migrate through the band during the time period when the two populations co-
occur. Thig figure only show a subset of models tested and only significant
migration signals were delineated (See Supplementary data 4 for further details).
G-Phocs result is consistent with our admixture analysis between pygmy hog and
Sus scrofa. In our model with ghost population, European pigs appeared to have
more introgression from ghost population than other pigs, which supports the
hypothesis that European pig used to hybrid with other species. Notably, G-Phocs
always estimated a migration signal from Sus scrofa to other species. A possible
reason is that Sus scrofa population remain the biggest effective population size
and genetic diversity, which may overweight ILS. ISEA=Island of South Asia pigs, SC
= South Chinese pig, NC = North Chinese pig, EU = European pig.
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Abstract

Increasing human disturbance and climate change have a major impact on habitat
integrity and size, with far-reaching consequences for wild fauna and flora.
Specifically, population decline and habitat fragmentation result in small, isolated
populations. To what extend different endangered species can cope with small
population size is still largely unknown. Studies on the genomic landscape of these
species can shed light on past demographic dynamics and current genetic load,
thereby also providing guidance for conservation programmes. The pygmy hog
(Porcula salvania) is the smallest and rarest wild pig in the world, with current
estimation of only a few hundred living in the wild. Here, we analyzed whole
genome sequencing data of six pygmy hogs, three from the wild and three from a
captive population, along with 30 pigs representing six other Suidae. First, we show
that the pygmy hog had a very small population size with low genetic diversity over
the course of the past ~1 million years. One indication of historical small effective
population size is the absence of mitochondrial variation in the six sequenced
individuals. Second, we evaluated the impact of historical demography. Runs of
homozygosity (ROH) analysis suggests that the pygmy hog population has gone
through past but not recent inbreeding. Also, the long-term, extremely small
population size may have led to the accumulation of harmful mutations suggesting
that the accumulation of deleterious mutations is exceeding the purifying selection.
Thus, care has to be taken in the conservation programme to avoid or minimize the
potential for inbreeding depression, and guard against environmental changes in
the future.

Key words: conservation genomics, inbreeding, deleterious variants, population
genomics
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3.1 Introduction

During the last glacial maximum, the ranges of most temperate species shifted and
shrunk as temperatures decreased (Davis and Shaw, 2001). During the Holocene,
human populations expanded rapidly, and negatively affected biotic recoveries and
natural range expansions through both hunting and land clearing (Ellis, 2015). Thus,
the combined effects of climate changes and human activities have reduced
population sizes of many species throughout the world to a critically small size over
the past 10,000 years (Miraldo et al., 2016; Pimm and Raven, 2017).

Small, fragmented, and isolated populations lead to reduced genetic variation and
increased inbreeding and genetic drift (Lynch et al., 1995, 2016). Inbreeding can
have a negative effect on population viability through inbreeding depression, which
is a consequence of an increase of harmful mutations in the homozygous state of
inbred individuals (Pekkala et al., 2012, 2014; Kardos et al., 2017). In extremely
small populations, genetic drift tends to prevail over natural selection, limiting the
potential for purifying selection against deleterious variation, and even allowing
deleterious variants to increase in frequency (Funk et al., 2016; Lynch et al., 2016).
Importantly, low variety of genetic variation is expected to reduce the
opportunities for selection and to limit adaptive potential in populations that
experience rapid environmental changes, e.g. new diseases and climate fluctuation
(Piertney and Oliver, 2006; Hamilton and Miller, 2016).

Studies on demographic history and erosion of genomic variation of endangered
populations, can show the impact of losing genomic diversity and accumulation of
genetic load. For instance, in the endangered Cheetah (Acinonyx jubatus)
population, long term decline and subsequent bottlenecks have resulted in
excessive deleterious mutations, reducing reproductive success (Merola, 1994;
Dobrynin et al., 2015). However, not all populations with low genetic diversity
suffer from inbreeding depression. Similar patterns of long-term decline are
apparent in the genomes of island foxes, which resulted in extensive runs of
homozygosity and increased genetic load. Yet, the lack of apparent phenotypical
defects suggests that deleterious variants were purged from the island fox
population in parallel with further adaptation to the local environment (Robinson
etal., 2016, 2018). It is, therefore, important to understand demographic history as
well as temporal changes in mutational load in small, fragmented populations in
order to predict the impact of inbreeding and increase the chances of long-term
population persistence.

The pygmy hog (Porcula salvania) is the smallest and the rarest wild suid in the
world, and so far known as the sole living representative of the genus Porcula. The
pygmy hog has been classified as a critically endangered species by the
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International Union of Conservation of Nature (IUCN) since 2008. The pygmy hog is
confined to the tall grass savanna of the Himalayan foothills. Since the early 20%
century, human settlement and agriculture led to accelerated fragmentation and
loss of pygmy hog habitat (Peet et al., 1999). The pygmy hog was believed to be
extinct in most of its natural range in the Terai and Duars region (Oliver and Deb
Roy, 1993) until they were rediscovered in 1971. Currently, only one viable wild
population remains, in Manas National Park, northern Assam, India. Considering its
critical status and the unique habitat it lives in, a recovery programme for this
species, the Pygmy Hog Conservation Programme (PHCP), was initiated in 1995
(PHCP, 2008). Starting with six wild caught hogs, the breeding programme
exceeded early expectations. The captive population is now around 80 (Leus,
2017). Although the PHCP has benefited from several decades of planned breeding
and pedigree management, so far there has been no information on the genetic
diversity in the individuals that were used to establish the breeding programme.
This information is essential to inform the breeding programme to prevent
inbreeding issues.

It is still largely unknown whether the small population size has experienced
purifying selection of harmful mutations and whether current inbreeding leads to
inbreeding depression. To infer the demographic history, and eventual inbreeding
concerns, we studied whole genome data of six pygmy hogs: three from the wild
and three from the breeding programme. By combining the pygmy hog information
with 30 pigs belonging to six other old-world pig species (Sup Table 3.1), we
interpreted our findings in the context of these other pig species, whose
demographic history has been well studied. For example, the critically endangered,
Javan warty pig (Sus verrucosus), which is highly inbred due to recent zoo
management (Semiadi and Meijaard, 2006). And even far more widespread
species, such as the European wild boar (Sus scrofa), have experienced profound
population bottlenecks, due to glaciations and, historically, hunting and habitat loss
(Groenen et al., 2012).

In this study we aim at using a comparative genomics approach to infer past
population dynamics and assess the consequences of severe population decline.
Our results provide a detailed genomic estimation of the pygmy hog’s population
history, genomic diversity, inbreeding status and genetic load. These results
provide a strong foundation in evaluating the conservation status of the pygmy hog
and highlighting the importance of genomic monitoring in population management
of pygmy hogs and other endangered species, both in situ and ex situ conservation
programmes.
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3.2 Materials and methods

Whole-genome resequencing and variant calling and filtering

The pygmy hog samples used for this research are derived from three wild and
three captive individuals. On these samples, whole genome Illumina PE 100 bp re-
sequencing was performed at SciGenom Laboratories in Chennai, India. A selection
of other Suidae species was included (Sup Table 3.1). All these samples were also
sequenced with the Illumina sequence technology. The whole genome sequencing
data were trimmed using sickle (Version 1.33, https://github.com/najoshi/sickle)
with default parameters. The trimmed reads were aligned to the Sscrofa 11.1
reference genome. Since there are multiple closely related species to the reference
species, we used the unique alignment option of MOSAIK aligner (Version 2.2.30)
(Lee et al., 2014) to increase mapping accuracy (Pightling et al., 2014). Local re-
alignment was performed using GATK (Version 3.7) RealignmentTargetCreator and
IndelRealigner and variants were called using GATK UnifiedGenotyper (McKenna et
al., 2010), with the —stand_call_conf option set to 50, the —stand_emit_conf option
set to 20, and the -dcov option set to 200. Variants with a read-depth between 0.5
and 2.0 times of the average sample genome coverage were selected and stored in
variant calling format (Sup Table 3.1).

Mitochondrial genome assembly and analysis

As no pygmy hog mitochondrial sequence was available, we reconstructed one,
using the short-read data from the high-coverage individual (Sup Table 3.1). We
assembled the mitochondrial genome through iterative mapping using MITObim
v1.8 (Hahn et al., 2013) on 100 million trimmed and merged reads, subsampled
using seqtk (version 1.3 r106), https://github.com/Ih3/seqtk). Mitochondrial
reconstruction was performed in three independent runs using three different
starting bait reference sequences. The references included the domestic pig
(AF034253.1), common warthog (DQ409327.1), and cattle (AY526085.1). We
implemented MITObim using default parameters apart from mismatch value where
we used zero. We resolved the circularity of mitochondrial DNA using the published
control region sequences (Funk et al., 2007). All three independent MITObim
assembly runs produced identical pygmy hog mitochondrial sequences, providing
strong evidence that our reconstructed mitochondrial genome is correct. The
reconstructed mitochondrial genome served as a reference sequence for
subsequent mitochondrial DNA mapping analyses. We mapped the trimmed and
merged reads from our 6 pygmy hogs to the reconstructed reference sequence
using BWA-mem (version 0.7.15) (Li and Durbin, 2009) using default parameters
and parsed the mapped files using Samtools (version 0.1.19-44428cd) (Li et al.,
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2009). Local re-alignment was performed using GATK RealignmentTargetCreator
and IndelRealigner and variants were called using GATK UnifiedGenotyper
(McKenna et al., 2010), with the -stand_call_conf option set to 50, the -
stand_emit_conf option set to 20. The consensus sequences were constructed
using ANGSD (version 0.929) (Korneliussen et al., 2014). Mitochondrial genome
sequence was aligned and analyzed using MEGA7 (Kumar et al., 2009).

Genetic diversity

Nucleotide diversity was calculated for bins of 10 kbp over the entire genome
within each individual, following the description in Bosse et al. (2012b) . Nucleotide
diversity was represented by “SNPbin”. “SNPbin” is the SNP count per 10 kbp
window, corrected for the number of bases within that bin that was not covered
after the read-depth filtering, so that the eventual SNP count per bin (SNPhin) is
proportional to 10,000 covered bases. SNP count is the total number of SNPs
counted in a bin of 10 kbp. We assessed genetic diversity by calculating
heterozygosity for each SNPbin, here defined as the number of heterozygous
genotypes divided by the number of called sites within a single individual.
Heterozygosity was calculated for the entire autosomal genome and in 100 kb
sliding windows with a 10 kb step size. Windows with more than 20% of the sites
failing the quality filters, or with fewer than 20 kb of confidently called sequence
were excluded. Peaks of heterozygosity within a genome were defined as windows
with heterozygosity greater than two standard deviations above the mean, based
on the genome-wide distribution of per-window heterozygosity. Overlapping
windows of high heterozygosity were merged using BEDTools (version 2.28.0)
(Quinlan, 2014).

Runs of homozygosity (ROH) analysis

For homozygosity analysis, we calculated the runs of homozygosity (ROH) to
estimate autozygosity for the sequenced individual. ROH for an individual were
calculated based on the following criteria specified in Bosse et al. (2012b) and using
the python script specified in Bortoluzzi et al. (2019). This included the number of
SNPs, in a window size of 10 Kb, counted below 0.25 times the average whole-
genome SNP count; and the homozygous stretches contained at least 10
consecutive windows which showed a total SNP average lower than the genomic
average. Sufficiently covered windows with 0.5-2 times the individual average
depth was considered. The relaxed threshold for individual windows were used
within a homozygous stretch to avoid local assembly or alignment errors, which
was done by allowing for maximum twice the genomic average SNP count, and the
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average SNP count within the candidate ROH to not exceed 1/4 the genomic
average. The inbreeding coefficient derived from ROH genomic coverage (FROH)
was calculated by dividing total ROH length per individual by total genome length
across all autosomes (~2.4Gb) for each individual.

Variant Annotation

All variants were annotated using Variant Effect Predictor (ensembl-vep version
91.1) (Gentleman, 2015), with “--species sus_scrofa --fork 4 --canonical --stats_text
--gene_phenotype --numbers --domains --symbol --buffer_size 100000 --offline --
force_overwrite --vcf --sift b”. Functional significance of amino acid substitutions
was predicted using SIFT (Kumar et al., 2009). Putative deleterious mutation was
further evaluated by pig Combined Annotation Dependent Depletion (pCADD)
(GroR et al., 2020).

Functional, pathway and interaction enrichment analysis
ClusterProfiler (version 3.6.0) (Yu et al., 2012) was applied to perform GO analysis
(including cellular composition, molecular function and biological process terms)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis. False discovery rate (FDR) was performed to adjust P-values using the
Benjamini and Hochberg method. A P-value of <0.05 was used as the cut-off
criterion.

PSMC analysis

To derive an estimate of the historic effective population size, a Pairwise Sequential
Markovian Coalescence (PSMC version 0.6.4-r49) model was used (Li and Durbin,
2011). This software uses the time to most recent common ancestor of a diploid
genome (determined by looking at the density of heterozygotes) to estimate the
effective population size (Ne) in the past. The individual whole genome consensus
sequence, called by SAMtools (Li et al., 2009), was used as an input for this analysis.
We used a generation time of five years (in concordance with the studbook files
that showed a generation time for the captive population of 4.5 years) and a
default mutation rate / generation of 2.5 x 10®. The following parameters were
used: Tmax = 20; n = 64 (‘4+50*1+4+6").

Forward simulations of genetic variation in pygmy hog population

To evaluate the demographic parameters that could lead to a purging of genetic
load, we performed forward-time simulations as described in Robinson, et al
(Robinson et al., 2018). We simulated neutral and deleterious variation under a
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constant population size, involving the establishment of a small population (N =
100, 200, 300, 500 or 1000 individuals) derived from a large ancestral population (N
= 10000 individuals). Based on the PSMC results, the pygmy hog kept a low and
stable population size from 100~200kya. We assumed the generation time to be 5
years. The small populations were randomly sampled from the ancestral population
and kept at constant size for 20,000 or 40,000 generations. Each simulated
individual consisted of a diploid 2Mb genome, consisting of 2000 “‘genes’ carried
on 18 chromosomes proportional to chromosome lengths in the pig genome. A
mutation rate of 2,5 x 10® and recombination rate was set to 0.8 cM/Mb
(Tortereau et al., 2012). Each model was run for 20,000 and 40,000 generations
following a 100,000 generation burn-in period. 100 replicates were performed for
each dominance value and each population size. The average number of alleles and
the average number of homozygous alleles carried by each individual were
calculated for deleterious (s < 0) and neutral mutations (s = 0). Deleterious
mutations were grouped as strongly (s <-0.01), moderately (-0.01 < s <-0.001), and
weakly deleterious (-0.001 < s < 0). One-way ANOVA and Tukey HSD post hoc tests
were used to evaluate significant differences in the number of total alleles and the
number of homozygous alleles between different models.

3.3 Result

Relatedness between pygmy hog samples

According to pedigree information provided by the breeding programme (Figure
3.1, Sup Table 3.2), the three captive individuals were representatives of the third
and fourth generations of the captive population. Two of the captive individuals
(PYGMY2 and PYGMY3) are maternal half-sibs. Assuming that all wild founders are
not from the same family, no related mating caused by the breeding scheme was
observed within the breeding programme. Among all six pygmy hog samples, only a
fraction, around 10%, of these variants was specific to either wild or captive
individuals, and no significant difference between the number of SNPs between
wild and captive animals was observed.

Due to being maternally inherited and lack of recombination, variation in
mitochondrial genomes can provide unique insight into population structure. We
assembled the complete mitochondrial genome from the wild caught individual
with the highest read depth (Sup Table 3.1). Next, we mapped the reads from the
six individuals to the assembled mitochondrial sequence to assess the
mitochondrial variation in our sequenced pygmy hogs. We observed that all six
pygmy hogs carried identical mitochondrial genomes.
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TPH191[TPH234

Figure 3.1 Studbook information. Part of the pedigree of the captive pygmy hog
populations in the wild and the captive program reconstructed from the studbook files.
Founder individuals were indicated as “WILD”. PYGMY1 (born 2007, sampled 2014);
PYGMY2 (born 2008, sampled 2014); PYGMY3 (born 2009, sampled 2014).

Genome-wide diversity, inbreeding and demographic history

We compared the genome-wide autosomal nucleotide diversity between the
pygmy hog and the other Sus species. Overall, genome-wide nucleotide diversity
(m) of the pygmy hog is much lower (3.33 + 1.36) than for all the other Suidae
species, which are less threatened (15.15 £ 10.30). This number is even lower than
what is observed in Sus verrucosus (4.82 + 5.03) or European wild boar (8.42 + 7.50)
(Figure 3.2).
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Figure 3.2 Nucleotide Diversity (*10-*bp) in the sampled populations. (FYGMY = pygmy
hog, SBSB=Sus barbatus, SCEB=Sus cebrifons, SCEL=Sus celebensis, SVSV =Sus
verrucosus, EUWB =European wild boar, NCWB = Northern China wild boar,
SCWB = Southern China wild boar)
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Figure 3.3 Demographic history of pygmy hogs compared to other pig species.
Demographic history was inferred using a hidden Markov model (HMM) approach as
implemented in pairwise sequentially Markovian coalescence (PSMC). (A). Comparison
between pygmy hog and other Sus species. (B). Historical effective population size for
all pygmy hog individuals. (PYGMY = pygmy hog, SBSB=Sus barbatus, SVSV =Sus
verrucosus, EUWB =European wild boar, NCWB = Northern China wild boar,
SCWB = Southern China wild boar, detailed sample abbreviations see Sup table 3.1.)
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The mean heterozygosity per 10kb window across the autosomal genome showed
that the pygmy hog has very low levels of autosomal heterozygosity (Sup Table
3.3). The distribution of heterozygous peaks in pygmy hogs shows that 87.4% are
shared by all individuals (Sup Figure 3.1a). These conserved peaks of heterozygosity
are strongly enriched for olfactory receptor (OR) genes (Sup Figure 3.1b). It is well
known that OR gene repertoires evolve rapidly through gene duplication,
pseudogenization, and loss in other pig species and mammals (Paudel et al., 2013).
It is likely that a large fraction of these conserved heterozygosity peaks is
ambiguous and caused by copy number variation of OR gene families. We therefore
excluded regions with OR genes, which results in a lower heterozygosity
distribution (Sup Figure 3.1c). The 30 genes within the remaining diverse hotspots
are mainly related to energy metabolism processes and immune response (Sup
Figure 3.1d and Sup Table 3.4).

We investigated the historical changes of effective population size within pygmy
hogs and compared them with other Suidae species. The results of the PSMC
analysis revealed a persistent low effective population size smaller than ~500 from
100,000 up to 10,000 years ago (Figure 3.3).

ROH were separated into four size classes. Among the Suidae species, the pygmy
hog has an intermediate ROH coverage (Figure 3.4, Sup Figure 3.2). On average we
found that the captive pygmy hogs have 408 + 190 ROH with a total coverage of
17.8 £ 4.1% (means + SDs, equal to 422 + 101 Mb) and that the wild pygmy hogs
contain 420 + 142 ROH with a total coverage of 23.2 + 2.9% (576 £+ 74 Mb). This
average is higher for pygmy hogs than for most Island of Southeast Asia (ISEA) Sus
species (6.3 £ 1.3%, 157 + 32 Mb). Compared to the highly inbred Sus verrucosus
individual (48.9%, 1217 Mb), or European wild boars (56.0 + 0.4%, 1388 + 11 Mb),
the proportion of ROH in pygmy hog genomes is significantly lower. In most pygmy
hog individuals, the largest proportion of the genome was covered by short ROH
(size ranges of 0-1 Mb and 1-5 Mb). Notably, one pygmy hog (PYGMY2) has
significantly more long ROH than the other five individuals (t-test, p-
value=0.04475).
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Figure 3.4 Proportion of the genome covered by ROH (Fron). ROH are divided into four
categories ranging from a relatively ‘small’ (0.2 — 1 Mb) size category to a relatively
‘large’ (>10Mb) size category. WARTHOG = Phacochoerus africanus, PYGMY = pygmy
hog, SBSB = Sus barbatus, SCEB = Sus cebrifons, SCEL = Sus celebensis, SVSV = Sus
verrucosus, EUWB = European wild boar, NCWB = Northern China wild boar, SCWB =
Southern China wild boar, detailed sample abbreviations see Sup table 3.1.)

Analysis of genetic load in pygmy hog genomes

We functionally annotated the variations found in our data. Variations which are
predicted to result in frameshift, stop-gained and deleterious missense translation
were selected. Compared with other species, pygmy hog harbors the highest
number of frameshifts, stop-gained and missense variants (Figure 3.5), and the
overwhelming majority of these variants is fixed within pygmy hogs (Sup Figure
3.3). The functional implication underlying the putative deleterious variants in the
pygmy hog genomes was further investigated. First, to avoid uncertainty caused by
alignment ambiguities, variants located in OR genes were excluded (see above).
Next, to assess potential genetic load in the pygmy hog, we further extracted
pygmy hog specific frameshift, stop-gained and missense mutations. Overall, 5972
frameshift mutations, 389 stop-gained mutations and 1772 deleterious missense
mutations were observed to be pygmy-hog specific. To assess the potential impact
of these functional variants, we used pig Combined Annotation Dependent
Depletion (pCADD) scores to evaluate the predicted impact of stop gained and
missense mutations (GroR et al., 2020). The pCADD scores are derived from a
supervised classification that integrates multiple annotations, including
conservation score (e.g. PhyloP, PhastCons and GERP), transcriptomic and
epigenomic parameters (e.g. RNA-seq and ChIP-seq). Pygmy hogs appear to have
more high impact mutations compared to the common warthog (Phacochoerus
africanus), European wild boar, and Javan warty pig (Sup Figure 3.4). An
enrichment of frameshift, stop-gained and missense mutations in the N- and C-
terminal end of the affected genes can be observed (Sup Figure 3.5a). We further
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predicted the distribution of high-impact variation within protein domains. In the
terminal region of proteins, we found a relatively larger proportion of variants
located in protein domains (Sup Figure 3.5b). Functional analysis did not reveal a
significant gene ontology enrichment for frameshift and stop-gained mutations, or
for missense mutations, however, significant enrichment for genes involved in
immunity and hemostasis was found (Sup Figure 3.5b and Sup Table 3.5-3.7).
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Figure 3.5 Relative position in the protein for frameshift, non-frameshift, and stop-

gained variants in the different suid population. The x-axis displays the relative

position of amino acid along the protein. The y-axis displays the average amount of

variants within populations. WARTHOG = Phacochoerus africanus, PYGMY = pygmy hog,

SBSB = Sus barbatus, SCEB = Sus cebrifons, SCEL = Sus celebensis, SVSV = Sus

verrucosus, EUWB = European wild boar, NCWB = Northern China wild boar, SCWB =
Southern China wild boar, detailed sample abbreviations see Sup table 3.1.)

Purging of deleterious alleles will occur naturally, as inbreeding increases the
frequency of homozygotes where recessive effects are exposed to selection.
However, whether the persistence of a small population size over long periods of
time can be attributed to continued purging of harmful recessive mutations has not
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been studied. To investigate this, we conducted forward-in-time simulations from
100k years ago onward with different consistent effective population sizes. Our
results indicated that the population size is the key factor that influences the
genetic load (Sup Figure 3.6). Numbers of strongly and moderately deleterious
alleles were predicted to be remarkably increased in the current populations
following the reduction of population size. The total number of deleterious alleles
per individual in the current population relative to the ancestral population varied
according to selection and dominance coefficients. Although we can still observe
the elimination of harmful mutations in large populations, in small population,
selection against deleterious alleles was weakened dramatically and the
accumulation of additive deleterious alleles became more severe. Under additive
regime scenario, with a population size smaller than 1000, current genomes always
contained more deleterious alleles per individual than in the ancestral genomes.
Under recessive regime scenario, when population size is smaller than 100,
deleterious alleles per individual will excess the ancestral genomes. (Sup Figure
3.6a&b). Moreover, all harmful mutations, including high impact mutations tended
to be homozygous, which is consistent with the actual pygmy hog genomes. In sum,
these findings suggest the limitation of purging of high impact alleles in the
historically persistent small population of pygmy hogs.

3.4 Discussion

This study offers insight into the historic demography and current genetic
conservation status of the critically endangered pygmy hog. The continued low
population size for the past one hundred thousand years, the very low genetic
diversity, and the accumulation of potentially harmful mutations, are supporting
the endangered conservation status of this species. Being a small and isolated
population, the pygmy hog has low genomic diversity and heterozygosity compared
to other pig species. Although having low genetic variation similar to other critically
endangered species, such as the Cheetah and the Tasmanian devil, the pygmy hog
genome possesses a relative low level of ROH compared to the mentioned
endangered species. In the meantime, unlike the island foxes, the effective size of
pygmy hog populations have been so small for a very long time that effective
purging of harmful mutations is likely impossible. This makes the pygmy hog an
interesting model for studying the survival of small populations.

Demographic analyses of the pygmy hog revealed a persistent low effective
population size with fewer than ~500 animals over the past one hundred thousand
years to ten thousand years. These results are consistent with paleontological
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evidence where all fossil finds of pygmy hogs outside the Assam region were from
~1 Mya (Pickford, 2013). This suggests that the pygmy hog used to have a broader
distribution range and then started contracting already during the Pleistocene.
Phytogeographic analysis shows that the type of grasslands currently found at the
southern foothills of the Himalayas, were far more widespread across parts of
South Asia during the Pliocene and early Pleistocene (Dowsett et al., 1994; Dennell,
2011). According to our PSMC analysis, the pygmy hog was not noticeably affected
by the Last Glacial Maximum (LGM), which, in contrast, had a huge effect on
effective population size in the Eurasian wild boar (Groenen et al., 2012).
Palaeoclimatologists have hypothesized that the southern flank of the Himalayas
during the LGM harbored a range of climatological refuges (Singh et al., 2010). This
would continue to provide a suitable habitat, allowing pygmy hog to continue to
have a constant, local, population size.

After persisting a long period of low effective population size, the current pygmy
hog population is harboring more deleterious mutations, or precisely high impact
mutations, than other Suidae species. Notably, reference bias can influence variant
calling by missing alternative alleles or by wrongly calling heterozygous sites as
homozygous for the reference allele (Ros-Freixedes et al., 2018). This effect
increases with the genetic distance toward the reference genome (Sus scrofa) (Liu
et al., 2019). Although we do expect some bias in this estimation of high impact
mutations in pygmy hogs, caused by the genetic distance to the reference genome,
the pygmy hog does harbor more high impact mutations than the warthog (Figure
5, Figure S4). Since the African warthog is even more distantly related to Sus scrofa,
distance to the reference genome alone cannot explain the high frequency of high
impact mutations in the pygmy hog. Therefore, the pygmy hog appears to have a
dramatically increased rate of accumulation of high impact mutations.

In pygmy hog genomes, high impact mutations show a pattern of historical
purifying selection, since most of them are located at the N- and C-terminal end of
genes. However, even within the two tails of proteins, which generally contain less
functional domains, there are still abundant mutations that may influence the
function of the protein. The gene set enrichment analysis clearly shows that certain
GO terms are strongly associated with pygmy hog-specific missense mutations.
These GO terms are mostly related to the immune response and blood coagulation
pathways. In the meantime, selection against deleterious recessive alleles is less
efficient when population size is small (Garcia-Dorado, 2012). A previous study
suggested that the minimum effective population size to avoid severe inbreeding

depression in the short term is Ne=70 (Caballero et al., 2017). This is consistent
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with our simulations, which show an elevation of deleterious mutations in small
populations. Moreover, the majority of the deleterious mutations is in the
homozygous state, suggesting that the accumulation of deleterious mutations is
exceeding the purging effect. The overall ROH coverage in pygmy hog indicated a
low level of inbreeding. As a result, recessive deleterious mutations had less chance
to become exposed before they became fixed in the population. Such dynamic
relationship between inbreeding and purging has thus far not been observed in
other endangered populations illuminating the importance of species-specific
genetic analysis for predicting and enhancing population persistence. The results
underly the assumption that the predicted variants in pygmy hog are
predominantly harmful, or greatly affect gene function. High impact mutations can
also show selective advantage by genetic hitchhiking in regions under selection,
sometimes even boosting the fitness in specific lineage due to the local adaptation
(Bosse, 2019; Bosse et al., 2019). With the limited information we have, it is
difficult to assess the actual effect of specific alleles, some of which potentially
could be related to shaping species characteristic like e.g. behavioral traits and
adaptation to a specific habitat. However, since the accumulation of deleterious
mutations is well in excess of a purging effect, we believe that the majority of these
predicted high impact variants have a negative effect on fitness.

The current pygmy hog population exhibits low nucleotide diversity and
heterozygosity compared to other pig species, which conforms to its critically
endangered status. Comparing the mitochondrial genomes of three wild-caught
pygmy hogs and three captive individuals, we find that there is no variation within
the analyzed samples. Although the small sampling size, six individuals in this case,
may lead to sampling biases of maternal linage. The wild individuals and founders
of the captative population were independently sampled in 2014 and 1996,
respectively, reducing the possibility of sampling biases to a certain extent. This
indicates a very low mitochondrial DNA diversity and a potential maternal
bottleneck happened before the establishment of the captive population. Severe
unbalanced sex-ratio is often observed in species on the edge of extinction (Bessa-
Gomes et al., 2004; Allentoft et al., 2010; Peénerovd et al., 2017). The same
situation may have happened to pygmy hogs in the 60s, when they almost
disappeared from the wild.

The long-term small population size and potential historical bottleneck lead to
reduction in genetic diversity, which further limits the ability to adapt to
environmental changes. By comparison, the close relative to the pygmy hog, Sus
scrofa, is widely distributed over Eurasia continent, whereas the pygmy hog is
highly specialized, only living in the tall grass savannah. A conservation programme
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was used to transfer pygmy hogs to the Zurich and London Zoos in 1998 and 1876
respectively (Oliver and Roy, 1993), but both failed. The dependence on a specific
ecological niche and a reduced adaptability to environmental changes could be the
consequence of the reduced standing genetic variation and accumulation of
genetic load. Thus, maximum efforts should be made to protect the fragile high-
grassland ecosystem.

While genome-wide allelic diversity may be low, the pygmy hog does not show
extreme ROH coverage. Specifically, long ROH are rare, compared to for instance
the sequenced male Javan warty pig (SVSVO1MO1) or European wild boars, which
are known to have gone through series of recent population bottlenecks (Groenen
etal., 2012; Nuijten et al., 2016). Between wild and captive pygmy hog populations,
there is no significant difference in the total length of ROH. The overall ROH
landscape in pygmy hog indicates very little recent inbreeding. The observed ROH
were possibly caused by an ancient bottleneck followed by a gradual breakdown of
ancient long ROH (Speed and Balding, 2015). Notably, although the pedigree
information does not indicate closely related mating, one of the pygmy hogs
(PYGMY2) has significantly more long ROH than the other individuals. Thus, the
founders of the maternal and the paternal lineage of PYGMY2 seem to share more
relatedness than the founders of other two captive individuals. This result is a
warning that the arbitrary assumption in conservation practices that the wild
capture founders are genetically unrelated is not always valid.

Considering the genetic diversity and inbreeding level, the initial founders of the
PHCP were sufficiently representatives of the wild population. However, the
captive individuals in this study represent the third and fourth generation of the
breeding programme. The observation that the most recent generation showed a
significant decrease in individual heterozygosity indicates that drift effects likely are
becoming prominent after more than five generations (Purohit et al., 2019). Since
there is no other existing wild population and pygmy hog is the only member in its
genus, ‘genetic rescue’ is not feasible for the pygmy hog population. Fortunately,
signatures of very recent inbreeding, compared to some of the other endangered
pig populations, are relatively mild. Furthermore, no noticeable morphological
changes have been reported (i.e., length, weight, external appearance) (Narayan et
al., 1999; Deka et al., 2009). Other additional phenotypic traits have not yet been
examined within this population and therefore it is not known if the low levels of
genetic diversity are impacting population fitness. Considering the recent decline of
genetic diversity in captive pygmy hogs (Purohit et al., 2019), genetic defects may
become apparent due to the recessive deleterious alleles being homozygous.
Recent studies have shown the potential of using genomics information to monitor

84



3. Conservation genomics of pygmy hog

deleterious mutations in breeding programme (Charlier et al., 2016; Derks et al.,
2018, 2019). A genomic method to measure the kinship in captivity is pressingly
needed for the PHCP to prevent close relatives from mating and to estimate
individual genetic load to guide the artificial selection against harmful mutations
causing genetic defects. To preserve the evolutionary potential of the pygmy hog
population, it is essential to enlarge the extant population and prevent a severe
decline of population size due to disease outbreaks or anthropogenic threats.

3.5 Conclusion

In conclusion, long-term persistence of extremely small population size can lead to
an increase in genetic load. Although species management through breeding
programmes can prevent the occurrence and expression of harmful alleles, genetic
diversity cannot be boosted by human intervention, but only by natural mutation
and introgression with closely-related species. Monitoring the individual
heterozygosity of subsequent generations is, hence, crucial for maintaining the
genetic diversity in captive pygmy hogs and to inform future conservation breeding
decisions.
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Sup Fig. 3.5 a) Relative position in the protein for pygmy hog specific frameshift, non-
frameshift, and stop-gained variants. The x-axis displays the relative position of amino
acid along the protein. b) Distribution for pygmy hog specific frameshift, non-
frameshift, and stop-gained variants related to protein domain. The y-axis displays
counts of variant located in a protein functional domain. The x-axis displays the relative
position of amino acid along the protein normalized by the distribution of protein
domain. Information of functional domain was downloaded from
https://pfam.xfam.org/. ¢) Functional enrichment result for gene set harbored missense
mutations. The number of horizontal axis is the number of enriched genes. The bubble
size indicates the ratio of genes in each term or pathway, and different colours
correspond to different adjusted p-values. The p-values are adjusted by Benjamini-
Hochberg method.
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Sup Fig. 3.6 Forward simulations of genetic variation in pygmy hog population. Charts
shows the total number of derived alleles and the number of homozygous derived
alleles per individual (Y-axis) by dominance and selection strength. Bar height
represents the mean across all 50 replicates. Selection strengths are set as four
categories: a) strongly deleterious, b) moderately deleterious, c) weakly deleterious,
and d) neutral. Simulations include a mixture of neutral and deleterious alleles in which
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Abstract

Environmental induced speciation is common in animal and plant, but the genomic
consequences of speciation remain poorly understood. An excellent model for
understanding rapid evolution is provided by the Sus genus, which diverged
relatively recent and lacks post-zygotic isolation. Here, we present a high-quality
reference genome of the Visayan warty pig, which is specialized to tropical island
environment. Comparing the genome sequence and chromatin contact map
between Visayan warty pig (Sus cebifrons) and domestic pig, we characterized the
dynamic of chromosomal structure evolution during Sus speciation. We further
investigated the different signatures of adaptive selection and domestication in
Visayan warty pig and domestic pig. Moreover, we studied the evolution of
olfactory and gustatory genes and showed the genetic basis of species-specific
sensation.

Key words: de novo genome assembly, speciation, chromosomal rearrangement,
adaptation, domestication
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4.1 Introduction

The process of speciation is often initiated by changes in the environment, where
exposure to new environmental selective forces directs populations toward new
evolutionary trajectories (Templeton, 2008; Coyne and Orr, 2009). In animals,
behavioral modifications are sometimes associated with ecological differences
during an initial colonization event, or sudden environmental fluctuation (Hoy,
1990; Gottlieb, 2002; Rundle, Howard D. and Boughman, 2015). But no matter
which forces are at work during speciation, for a successful response to altered
conditions there must be sufficient genetic variation for the population to reach a
new adaptive norm through natural selection.

The genus Sus, pigs and hogs, comprises of at least seven morphologically and
genetically well-defined species. Except for Sus scrofa, that inhabit the Eurasian
continent, all other Sus species are restricted on Islands of South East Asia (ISEA).
Recent findings showed that these species diverged during the late Pliocene (4 - 2.5
Mya), as a result of isolation on different islands of ISEA due to climate fluctuation
(Frantz et al., 2013; Liu et al., 2019). One of the representative species of ISEA Sus,
the Visayan warty pig (Sus cebifrons) has been assigned the highest threat status,
Critically Endangered, by the IUCN Red List. Visayan warty pig is named after the
islands it lives on, and the three pairs of fleshy warts on the face of boars. Living in
social groups, this species requires dense forested areas, on primary and secondary
forests. Visayan warty pigs are omnivores and eat a wide variety of forest food.
Contrary to the endemic nature of the ISEA Sus species, such as the Visayan warty
pig, the wild boar (Sus scrofa) has a widespread geographical Eurasian distribution.
The widespread distribution has recently been suggested to have been facilitated
by admixture events with local pig species during the expansion from Asia to
Europe. Meanwhile, Sus scrofa have also been highly interacting with human
during the process of domestication. Having been domesticated 9,000 to 10,000
years ago independently in East Anatolia and in China (Larson et al., 2005, 2010;
Frantz et al., 2015), pigs have experienced long-term artificial selection for various
traits including production, fertility, and disease resistance,

Since the draft reference genome of domesticated pig, published in 2012 (Groenen
et al., 2012), the number of Sus scrofa genomes available has increased
dramatically during the last couple of years (Fang et al., 2012; Li et al., 2013, 2017;
Vamathevan et al.,, 2013). However, to date, no reference genome has been
reported for the other members of Suidae family. Here we provide a high-quality
draft Visayan warty pig genome sequence. The complete assembled sequences of
two closely related pig species genomes provides an opportunity to further
understand the dynamic nature of mammalian chromosomes over a relative short
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evolutionary scale. The highly phenotypic and ecological divergency of these two
sister species also provides an excellent comparative framework to study the
genomic consequences of distinct evolutionary and demographic history.

4.2 Result

Genome sequencing, assembly and quality evaluation

For the genome assembly, 10X genomics, Hi-C and mate pair sequences were
employed. The size of the Visayan warty pig genome was estimated at 2.25 Gb (Sup
Fig. 4.1). The genome sequence was constructed by a hybrid assembly approach
(see Material and Methods), which finally yielded a contig N50 size of 159.6 Kb, a
scaffold N50 size of 141.8 Mb and an assembled genome size of 2.48 Gb,
comprising of 1585 scaffolds (Table 4.1, Sup Fig. 4.2, Sup Table. 4.1). The assembly
of the mitochondrial genome sequence resulted in a 16.56 kb assembly with a
cyclic structure (Sup Fig. 4.3). A schematic representation of some characteristics of
the genome is shown in Fig. 1a.

A total of 99.73% of the short sequence reads covered 99.41% of the genome
assembly map. The percentage of homologous SNPs reflects the accuracy of the
genome assembly. 201,798 SNPs are in homozygous state (0.008% of the whole
genome), indicating that the genome assembly shows high quality at the single-
base level. The Visayan warty pig assembly was also assessed for completeness
using BUSCO (Benchmarking Universal Single-Copy Orthologs) (Siméo et al., 2015).
The BUSCO analysis gave 95.7% of the BUSCOs genes as complete, suggesting a
high completeness of the assembly (Sup Table. 4.2).

Table 4.1 Assembly and annotation statistics of the draft genome of Visayan warty pig
Assembly features

Total length (bp) 2,459,328,531
Scaffold count 1,585

Longest scaffold (bp) 289,860,557
N50 of scaffold (bp) 141,782,568
N50 of contig (bp) 159,795

GC ratio (%) 41.78

Genome annotation

Number of putative coding genes 21,153
Average gene model length (bp) 583,09.93
Average CDS length (bp) 1,640.66
Average gene exon length (bp) 220.89
Average exon number per gene 11.56
Average gene intron length (bp) 4,565.05

Total size of Tes (bp)

1,079,874,097

TEs in genome (%)

43.91
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Fig. 4.1 Overview of the assembly characteristics of the Visayan warty pig genome. a)
Circular diagram depicting the characteristics of the Visayan warty pig genome. The
tracks from outer to inner circles are indicated in the legend (density of coding gene are
shown in track 4). b) Whole genome alignment between Visayan warty pig and Duroc
pig (Sus scrofall.l). c) Divergence times and history of orthologous gene families.
Numbers on the nodes represent divergence times, with the error range shown in blue
bar. The numbers of gene families that expanded (red) or contracted (green) in each
lineage after speciation are shown on the corresponding branch.

Contiguity and Chromosomal rearrangements

The chromosome-level Visayan warty pig assembly allows comparisons to the
assembled Duroc pig genome (Sus scrofall.l) (Kurtz et al., 2004) to assess the
genomic dynamics between these closely related species. We assessed the scaffold
orderings of these two genomes through whole-genome sequence alignments (Fig.
4.1b). Our Visayan warty pig assembly reveals a high degree of co-linearity with the
Duroc pig PacBio assembly. Beside the strong overall collinear relationship between
the two genomes, we could confirm previous described chromosomal
rearrangements between the two species (Sup Fig. 4.4). The karyotype of Visayan
warty pig (2n = 34) seems to contain the centric fusions SSC13/16 and SSC14/18,
which hereby gave rise to the largest and third largest Visayan warty pig
chromosomes respectively. Chromosome interactions of Visayan warty pig and
Duroc pig was assess from Hi-C data. The Hi-C interaction maps between
homologous chromosome pairs show obvious similarities (Sup. Fig 4.5) and the
fused chromosomes in Visayan warty pig retained the same chromosome
interaction patterns as the corresponding Duroc pig homologous chromosomes (Fig.
4.2). The inter-chromosomal interactions in the fused chromosome SCEB1
(SSC13/16) are mainly restricted within the two chromosome arms, while SCEB3
(SSC14/18) shows more trans-interactions. We further quantified the similarity of
interaction matrixes between Visayan warty pig and Duroc pig using Phylo-HMRF
(Yang et al., 2019). Around 23.5% of the total interactions are categorized as highly
or medium conserved (Fig. 4.2, Sup Fig. 4.6, see Material and Methods).
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Fig 4.2. Chromosome interactions in homologous chromosome pairs. Hi-C contact map
of a) SCEB1 and b) SCEB3, with signal scale displayed at the left. Dash lines highlight the
homologous region between Visayan warty pig (top panel) and Duroc pig (middle
panel). The darker color in the Hi-C contact map represents higher contact frequency.
Bottom panel shows cross-species Hi-C contact frequency states identified by Phylo-
HMRF. The darker color represents less conserve state between two species.
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Repetitive sequences, telomeres and centromeres

The numbers of different repeat classes and the divergence distribution of these
repetitive elements were identified in Visayan warty pig genome (Sup Table. 4.3
and Sup Fig. 4.7 respectively). In total 43.9% of the Visayan warty pig genome
consists of repetitive elements. The main repetitive transposable elements (TEs)
were long interspersed nuclear elements (LINES) (~511 Mb, covering 20.8% of
genome).

Putative telomeres were identified at the proximal ends of Visayan warty pig
chromosome assemblies of SCEB1-4, SCEB6, SCEB8, SCEB9 and SCEB11-16 (Sup Fig.
8, Sup Table. 4.4) and putative centromeres were identified in the Visayan warty
pig chromosome for SCEB1-11, SCEB13, SCEB14 and SCEB16 (Sup Fig. 4.8, Sup Table.
4.5). Chromosome SCEB7 and SCEB14 both harbored two centromeric repeat
regions, which is consist with observations for the Duroc genome (SSC8 and SSC11).
However, in SCEB6 we only identified one centromeric region, while there are two
in the homologous SSC15. Chromosomes SCEB1-11, SCEB13 and SCEB14 are
metacentric, whilst chromosome SCEB17 is acrocentric.

Genome comparison between Sus cebifrons and Sus scrofa

Genome variations, such as insertions, deletions, inversions and duplications, are
important sources of the genetic diversity that shapes phenotypic variations. We
identified 52,827 deletions and 59,299 insertions (INDELs) with a length greater
than 100 bp using Sus scrofa as the reference. The average lengths of the deletions
(374 bp) and insertions (342 bp) were very similar (Sup Fig. 4.9), and >70% of the
INDELs were overlapping with TEs. The TE distribution patterns for insertions and
deletions are distinct. Short interspersed nuclear elements (SINEs) have the highest
proportion associated with INDELs (38.3% for insertion, 30.6% for deletion). Long
interspersed nuclear elements (LINEs) have the second highest proportion of
deletions accounting for 27.0%, whereas simple sequence repeats (SSRs) have the
largest number of insertions representing approximately 23.9% (Sup Fig. 4.10, Sup
Table. 4.6). In addition, we identified 115 large inversions (INVs) with length longer
than 100 kb, of which two, on SCEB4 (SSC6) and SCEB9 (SSC3), were longer than 1
Mb (Sup Fig. 4.5). We investigated the relationship between these major inversions
and the density of the transposal elements. We found that the breakpoints of these
two INVs were associated with low TE content, which may have induced these
inversion events (Sup Fig. 4.11-4.12).
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Genome annotation of the Visayan warty pig

RNA-seq data from the Visayan warty pig and the proteomes of six other
mammalian species were used for the structural and functional gene annotations.
By using an integrative annotation approach (see Material and Methods) we
identified 21,153 protein-coding genes. Among the 21,153 protein-coding genes,
20,750 (99%) were functionally annotated with GO terms (Sup Table. 4.7). Gene
annotation of mitochondria was performed using MitoZ (Meng et al., 2019) and 13
protein-coding genes as well as 21 tRNA genes were annotated (Sup Table. 4.8).

Of the predicted protein-coding genes, 15,175 genes (90%) are shared with Duroc
pig, and 14,643 genes (80%) are shared with human. We compared the gene
models of Visayan warty pig with other mammalian species. The structural feature
of genes is highly conserved within the mammalian linages, and Visayan warty pig
had very similar gene features with Duroc pig (Sup Fig. 4.13, Sup Table. 4.7).

In the Visayan warty pig genome, we predicted 21,467 non-coding RNA transcripts,
including 11,767 Long noncoding RNAs (IncRNAs). Based on miRBase
(http://www.mirbase.org) hairpin sequence alignments, 1037 miRNA loci were
identified. On the basis of alignment evidence from Ensembl noncoding RNA
sequences (release 95), approximately 20,515 non-coding RNA genes in Visayan
warty pig had a reciprocal best hit (RBH) or second-best hit against Duroc pig (Sup
Table. 4.9).

We estimated the number of expanded and contracted gene families among the six
mammalian genomes (Fig 4.1c, Sup Table. 4.12-4.14). In the Visayan warty pig,
Duroc pig and the ancestral Sus genus branch the most prominent gene family
involved in gene expansion related to olfactory function.

Phylogenetic and divergence-time analysis

We obtained a high-confidence orthologous gene set of Visayan warty pig together
with pig, cattle, horse, dog, mouse and human. From 18,586 gene family clusters
we obtained 10,057 confidence single-copy gene families (Sup Fig. 4.15) which was
used for phylogenetics analysis. The phylogenetic time tree (Sup Fig. 4.15)
indicated that Visayan warty pig and Duroc pig diverged ~3.6 million years ago (Fig.
4.1c, Sup Fig. 4.16) and that the evolutionary rate in Visayan warty pig was ~0.82 x
10-9, which was significantly lower than that Duroc pig (t test, P < 0.01) (Sup Fig.
4.17).

Selective constraints on functional elements

Conservation of DNA sequences across distantly related species reflects functional
constraints. We first generated multiple genome alignments from Visayan warty
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pig, Duroc pig, cattle, horse, dog, mouse and human genome. Among the aligned
mammalian genomes, we predicted 16.6 million highly conserved elements (HCES)
at a resolution of 20 bp or greater, spanning 7.5% of the Visayan warty pig genome.
Functional annotations revealed that ~3.5% of these HCEs are associated with
protein-coding genes, whereas the majority of the remaining HCEs are located in
intron and intergenic regions (Sup Fig. 4.18). We further subset the Sus genus
specific HCEs (SHCEs). Noncoding HCEs may play important roles in the regulation
of gene expression. We compared the transcription factor binding sites found in
the ENCODE project with these SHCEs. In total, 37.9% (49,846) of the SHCEs contain
known transcription factor binding sites (Sup Table. 4.10), which are significantly
associated with transcription factor functioning in temporal and spatial of cell
differentiation (Sup Table. 4.11). To investigate evolutionary constraints on genes,
we identified positively selected genes (PSGs) and rapidly evolving genes (REGs) for
the 10,057 one-to-one orthologs. Functional enrichment analyses of the PSGs and
REGs in Duroc pig and the ancestral Sus genus branch both exhibit enrichment in
immune response and energy metabolism functions (Sup Table. 4.15-4.22).
Specifically, we observed a series of PSGs and REGs in Visayan warty pig involved in
regulation of growth (Sup Fig 4.19, Sup Table. 4.23-4.26). In addition, we identified
PSGs in Visayan warty pig related to adaptive thermogenesis and chromatin
organization.

Genomic variations related to species characteristics

In mammals, the chemosensory system mediates many behaviors such as locating
food, mating and finding shelter sites. Suidae species do not have particularly good
vision. Thus, they heavily utilize their olfactory and gustatory sensation
(Sutherland-Smith, 2015). For example, olfactory receptor (OR) gene duplications
are evident in the genomes of domesticated pig, which potentially enhances the
adaptations to novel habitats (Truong Nguyen et al., 2012; Paudel et al., 2015).
Having distinct evolutionary history, habitat and diet, Visayan warty pig and Duroc
pig represent a prefect pair to identify genomic variations correlated with
particular species characteristics.

Evolution of olfaction

In the Visayan warty pig genome, we identified 1,163 OR genes of which 921 are
functional ORs. This number of functional ORs is approximately equivalent to the
number found in Duroc pig (1,213 ORs, 1,089 functional ORs) and is more than
most of other mammals (Fig. 4.3a, Sup table. 4.27). Based on the OR families we
estimated the dynamics of ORs and found OR expansion at the ancestral branch of
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Sus genus, Visayan warty pig and Duroc pig (Sup Fig. 4.20). This suggest that an
expanded OR repertoire became important already in the Sus ancestor and we
therefore looked in detail into specific OR function in Visayan warty pig. The
diversity of the OR gene repertoire in the Visayan warty pig is represented by
different families. Similar to Duroc pig (Truong Nguyen et al., 2012), the identified
Visayan warty pig OR genes could be clustered into 2 classes, 17 families and
further grouped into 428 subfamilies, based on phylogenetic analyses and their
sequence similarity (Fig. 4.3b).
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Fig.4.3 Evolution of Olfactory gene family. a). Shared and specific olfactory receptor
(OR) genes in Visayan warty pig and six other mammalian species. b) Phylogenetic tree
constructed with OR protein sequences of Visayan warty pig showing classification of
ORs in Visayan warty pig. The different family members are colored according the
colors shown in the legend of panel b. c) Potential association between olfactory
receptor gene and odorant recognition.

To identify potential target specificity of pig OR genes in odor perception, we
compared the amino acid sequences of translated Visayan warty pig OR genes and
Duroc pig OR genes to those of other species with annotated information on
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odorant specificity. Using Nguyen et al.’s methods (Truong Nguyen et al., 2012),
two sequences were considered to have the same odorant recognition if their
identity reached more than 60%. Of the 921 Visayan warty pig functional OR genes,
121 ORs matched to an OR with known odorant (Fig. 4.3c). We found that
expanded ORs in Visayan warty pig are mainly involved in spearmint, caraway, spicy
and fruit odor detection, while Duroc pig is more enriched in herbal, woody, orange,
rose and fatty odor detection. Additionally, we calculated the amino acid diversity
of each OR gene families. In general, OR genes in Duroc pig show higher diversity
than those in Visayan warty pig (Sup table. 4.28).

Evolution of gustation

Taste perception affects mainly diet preference and consequently food/feed intake.
The mammalian gustatory system usually discriminates five major basic taste
classes: salty, sour, sweet, umami and bitter. In addition, as fat is an essential
ingredient in feed, fat taste is one of the taste types with high potential
implications relevant to the swine industry. We did a systematic study on taste
transduction related genes in Sus (Fig. 4.4a, Sup table. 4.29).

For the 35 well characterized gustatory genes (Danilova et al., 1999; Glaser et al.,
2001; Huang et al., 2006; Ishimaru et al., 2006; Bachmanov and Beauchamp, 2007;
Horio et al.,, 2011; Roura et al., 2013; Li and Zhang, 2014), we carried out a
comprehensive evolutionary analysis. Among all the taste receptor genes, only
TAS2R42 and TAS2R39 had significantly elevated dN/dS ratios in the Visayan warty
pig. The cluster of genes sensing amino acids showed a high proportion of
members under relaxed selection in both Visayan warty pig and Duroc pig (Sup
table. 4.29). All fatty acid sensors in Duroc pig are under relaxed selection, while
none of them shows the same pattern in Visayan warty pig.

PKD1L3 and PKD2L1 genes participate in reception of sourness. In the duroc pig
annotation, PKD1L3 is pseudogenized and identified as a long non-coding RNA
(LOC102158108). In the Visayan warty pig genome, the putative PKDI1L3 is
overlapping with DHODH and is identified as an antisense long non-coding RNA (Fig.
4.4b).

Pigs have a limited ability to taste NaCl (Danilova et al., 1999; Hellekant and
Danilova, 1999). Na+ taste reception involves the selective epithelial amiloride-
sensitive sodium channel, ENaC. In most mammals, there are four ENaC channel
subunits, a, B, y, and 6. By comparing the ENaC genes among mammals, we found
a Sus genus specific insertion (S420 _Y421insNYG) in the ENaC channel subunit B
(SCNN1B) (Fig. 4.4c). In a second candidate NaCl receptor, vanilloid receptor
subtype 1 (TRPV1), we also found a Sus specific deletion (T662del in Visayan warty

105



4. Genome assembly of Visayan warty pig

pig and S661_R665del in Duroc pig, using human TRPV1 as reference, Sub Fig. 4.21).
These two amino acid variants are located in hydrophobic regions on the protein

surface (Sub Fig. 4.22).
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Fig.4.4 Genomic features related to taste transduction. a) Diagram of the taste bud cell
and related taste receptor genes. The red font indicates different selection pressure
present in Visayan warty pig and Duroc pig. Black Asterisk indicates a putative
pseudogene. b) Genome track for Visayan warty pig. PKD1L3 is nested with DHODH.
Functional genes are shown in blue, while the putative pseudogene is shown in brown.
c) Multispecies DNA alignment of SCNN1B, showing the region with Sus genus specific
insertion. GERP scores are shown on top of the alignment. Dashed lines represent
upper quartile, average and lower quartile respectively.

4.3 Discussion

With the decrease in sequencing costs and improvement in genome assembly
algorithms, it is expected that many more commercial pig and closely related pig
species genome sequences will be published at a striking pace. In this study, we
have produced a hybrid assembly approach for the Visayan warty pig genome using
10x Chromium linked-reads to generate long contigs. These contigs were scaffolded
using Hi-C chromatin contact map and jump reads. This pipeline enabled us to
produce a highly contiguous genome, with all chromosomes reconstructed as single
scaffolds.

Evolution of Suidae genomes

On the basis of a comparison of the genome assembly of Visayan warty pig with
that of Duroc pig, both genome sequences displayed considerable continuity with
comparable scaffold N50 lengths. The characteristics of short read sequencing
technology constrains its ability to resolve low-complexity repeats (Minoche et al.,
2011). This explains the relatively low contig N50 (159.6kb) and incomplete
telomeres & centromeres observed in the Visayan warty pig genome assembly.
However, the contig N50 is less likely to affect Hi-C based genome scaffolding
(Zhang et al., 2019). Thus, the clustering, ordering and orientation of our final
assembly is likely reliable. We also compared basic genome structural features,
including genes lengths, coding regions, and non-coding regions of the Visayan
warty pig genome with the Duroc pig, all of which showed a striking level of
similarity. Interestingly, we found that the breakpoints of inverted homologous
region between Visayan warty pig and Duroc pig are highly associated with low TE
content. It was hypothesized that TEs can induced chromosomal rearrangements.
TE contents are observed to be enriched in chromosome regions proximal to the
inversion breakpoints in plants, invertebrates and vertebrates (Fedoroff, 1988; Lim
and Simmons, 1994; Bennetzen, 2005; Bourque, 2009; Konkel and Batzer, 2010;
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Parisod et al., 2010). However, to date, most of these studies were done within one
species, and no unified characterization of the mechanisms governing the inversion
process has been addressed. Our cross-species comparison implied that the
different role of TEs in the inversion process may reflect differences in evolutionary
timescales.

Using fossil calibrations, we estimated the divergence between Visayan warty pig
and Duroc pig at 4.57 million to 2.71 million years ago (early Pliocene), which is
reflected in the high collinearity between them. In addition, we observed a
chromosome number difference when comparing these two species (Visayan warty
pig 2n=34, Duroc pig 2n=38), which has been reported previously using G-banding
and painting probes (Musilova et al., 2010). A systematic survey of the karyotype of
members of the Suidae family indicated that the centric fusion in the Visayan warty
pig genome homologous to Sus scrofa chromosomes (SSC) 13/16 is more likely to
be the ancestral karyotype of Suidae (Sup Fig 4.23). Pygmy hog (Porcula salvania)
and other Sus species are all carrying separated SSC13/SSC16 homologous
chromosome (Bosma et al., 1983, 1991; Rothschild and Ruvinsky, 2011). However,
in the more ancestral linages, Babyrousa and Sub-Saharan Suids (MELANDER and
HANSEN- MELANDER, 1980; Bosma et al., 1996; Thomsen et al., 1996; Musilova et
al., 2010), SSC13/SSC16 are fused. We hypothesize that the ancestral chromosome
SSC13/SSC16 split in the common ancestor of Porcula and Sus, while the centric
fusion independently occurred in Visayan warty pig. The other centric fusion,
homologous to SSC14/18, is only found in Visayan warty pig. Notably, chromosome
fusion/fission seems to happen quite frequently among the Suidae linage. For
example, the karyotype of Sub-Saharan suids (2n = 34) differs from that of the
domestic pig by the presence of 2 fusion chromosomes homologous to SSC13/16
and 15/17 (Musilova et al., 2010), and some wild boars living in Western Europe
carry a single centric fusion between SSC15 and SSC17 (Raudsepp and Chowdhary,
2011). Moreover, fertile hybrid off-spring between Sus scrofa and Visayan warty pig,
as well as other ISEA Sus (Blouch and Groves, 1990; IUCN, 1993; Ruvinsky et al.,
2011), have been recorded. Genome analyses also reveal that Sus scrofa exhibited
extensive gene flow with other Sus species, and even with its sister genus Porcula,
during range expansion (Frantz et al., 2013, 2014; Liu et al., 2019). This indicates a
limited post-zygotic reproductive isolation despite frequent chromosomal re-
arrangements. In meiotic prophase, homologous chromosomes must be organized
into compacted loop arrays in order to identify one another, pair along their length
and physically link to ensure their accurate recombination and segregation in the
meiosis | division (Keeney et al., 2014; Patel et al., 2019). The comparison of
chromosome interaction maps suggests that, in the short divergence time between
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Visayan warty pig and Duroc pig (~3 Mya), the chromosome structure remains the
same after chromosome fusion. This may explain the loose reproduction barrier
between Sus species. Even with different chromosome numbers, the synapsis
during meiosis is probably not interrupted, leading to the absence of post-zygotic
reproductive isolation.

Selective constraints on functional elements and genes

With the newly generated Visayan warty pig genome assembly, we were able to
conduct evolutionary genomic analyses aimed at revealing genomic variations
correlated with particular features in the Sus genus. Noncoding HCEs play an
important role in the regulation of gene expression, which among others has been
reported to direct gene expression involved in establishing of the anatomical
structures in the embryo (Pennacchio et al., 2006). We found Sus genus specific
noncoding HCEs to be significantly associated with transcription factors functioning
in temporal and spatial cell differentiation, for example at the PAX9 gene. PAX9
regulates squamous cell differentiation in the esophageal epithelium, which has
been reported to be associated with rumen development in pecoran (Doane and
Elemento, 2017; Chen et al., 2019). Although Artiodactyla species are highly diverse
in morphology, most of the families have multichambered stomach, except Suidae
which is the only monogastric Artiodactyla (Langer, 1974). The Sus genus specific
noncoding HCE associated with PAX9 could potentially be related to the
monogastric trait, corresponding to the omnivorous diet (Miller and Ullrey, 1987;
Robeson et al., 2018).

Functional enrichment analyses of the PSGs and REGs in the ancestral Sus genus
branch both exhibit enrichment in immune response to various pathogens and
energy metabolism functions. Although fossil evidence cannot resolve the origin
and dispersion route of Sus species, it has been well supported that during Pliocene
this genus effectively colonized most of the Eurasia continent and ISEA (Azzaroli,
1992; van der Made et al., 2006; Frantz et al., 2013; Pickford, 2013). The genomic
changes associated with olfactory function, immune system and metabolism may
relate to the wide distribution and effective local adaptation of the ancestral Sus
population.

Comparing the genome of Visayan warty pig with domestic pigs further showed
species specific characteristics and the impact of domestication. In the genome of
the Visayan warty pig, we observed a series of PSGs and REGs involved in
regulation of growth. Like many island species, the Visayan warty pig is relatively
small in size, with an adult weight of 20-40 kg (Rabor, 1977; Oliver et al., 1993;
Clauss et al., 2008). Accordingly, adult weight of Duroc pig shows a up to ten-fold
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difference (250-300 kb) to that of Visayan warty pig (Evans et al., 1946; Comission,
2010). We also identified PSGs in Visayan warty pig related to thermoregulation.
The geographical distribution of Visayan warty pig has always been restricted to the
Visayan islands which have a typical tropical rainforest climate. This region does
not experience significant seasonal changes and keeps a high annual mean
temperature (Villafuerte et al., 2020). The genomic changes associated with body
size and body temperature could reflect the adaptation to a tropical island
environment. In addition, we identified six PSGs related to DNA ligation and DNA
repair in Visayan warty pig: BRCA1, RIF1, TIMELESS, DNA2, BABAM2, XRCC6, which
may have related to the described chromosome rearrangements.

Domestication and subsequent long-term selective breeding have profoundly
changed the anatomical, physiological, and behavioral characteristics of livestock
with clear selective genomic signatures. We found a functional enrichment of the
PSGs and REGs in Duroc pig exhibiting enrichment in neural functions, immune
response, energy metabolism functions, growth and muscle development, which is
consistent with previous reports of genes related to pig domestication. A typical
altered trait of domesticated animals is reduction of alertness and sensitivity to
environmental changes. To fit the demand of meat production, selection in pig
breeding programs has been vigorous for factors such as meat yield and growth
rate and adaptation to high-calorie diets and minimal activity. Nonetheless, we
would like to note that without the genome information of the wild boar, we
cannot pinpoint when did the selection constraints occur. Future studies, where
genome assembly of wild boar and, ideally, genome on early pig domestication are
available, will probably further reveal the genetic basis underlying the evolution of
the pig.

Evolution of olfactory and gustatory sensation

As two of the basic senses of mammals, olfaction and taste play a very important
role in daily life. These two types of chemical sensors are important for recognizing
environmental conditions, and have a positive coactivation (integration) in flavor
perception (Murphy and Cain, 1980; Veldhuizen et al., 2009).

Olfactory receptors are largely responsible for odor perception and detection of
chemical cues, facilitating the differentiation of tens of thousands of unique
odorants. This makes olfaction an important physiological function crucial for the
success of animals because of their role in recognizing suitable food, mates,
offspring, territories, and the presence of predators or prey. We Identified 921 and
1089 functional ORs in Visayan warty pig and Duroc pig, respectively, which are
higher than for most mammals, but lower than e.g. mouse (1135 ORs). The mouse
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has a large number of OR genes, which probably reflects its nocturnal lifestyle,
complex living conditions (Cuesta et al. 2009) and the ability to identify various
odors from complex environments. Olfactory gene families were expanded in the
ancestral Sus branch, and have been independently accumulating in two Sus
species linages. Functional categories of expanded ORs in Visayan warty pig are
different from Duroc pig, which suggests that environmental adaptation of the two
species are orchestrated by the olfactory system. For example, we found expanded
ORs involved in the identification of fatty odor in Duroc pig. Wild Suiformes are
foraging animals with a diet consisting roughly 90% of plant-derived foods such as
fruits, roots, leaves and grasses. The relative amount of dietary fats is usually low
('less than 10%) (Leus, 1994; Ballari and Barrios-Garcia, 2014; Souron et al., 2015),
while in the swine industry additional fat is added to feed for a better performance
(Lewis and Lee Southern, 2000). Fat related OR duplications could be the
consequence of adaptation to a high-fat diet. Moreover, diversification of genes
within each OR subfamily in Visayan warty pig is lower than in Duroc pig. Visayan
warty pig is specialized to the tropical island habitat in Southeast Asia. In contrast,
the source population of the domesticated pigs, the wild boar (Sus scrofa) has an
enormously wide distribution across the globe (also include ISEA). This requires
wild boar to heavily utilize their olfactory system to acclimate the complex and
various environment. We hypothesis that the high diversity of OR genes already
existed in the pig genome before domestication and has been retained in current
domesticated pig genome.

Taste receptors play a fundamental role in survival through the identification of
dietary nutrients or potentially toxic compounds. Thus, dietary adaptation through
taste sensory mechanisms is emerging as a major evolutionary force. TAS2R42 and
TAS2R39 in Visayan warty pig are under positive selection. TAS2Rs are part of the
sensory mechanism to identify potentially toxic compounds and elicits bitter taste
(Bachmanov and Beauchamp, 2007). This positive selection can be explained by
adaptation to avoid undesirable substances, e.g. plant and insect toxins.
Accordingly, relaxed selection constraint can lead to trait reduction or loss (Lahti et
al., 2009; Bely, 2010; Wicke et al., 2016). Relaxed selection of fat sensory genes in
Duroc pig indicated a weakened fatty taste sensibility, which may be due to the
selective breeding history of high-fat diet tolerance.

It was reported that pigs have a limited ability to taste NaCl (Danilova et al., 1999;
Hellekant and Danilova, 1999). Compared to other mammalian species, we
identified two Sus genus specific INDELs in SCNN1B and TRPV1. Those INDELs are
not located in the transmembrane region, and are both in-frame mutations, which
may not affect the structural integrity of the proteins. However, the multispecies
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alignments show that around those INDELs sequences are relatively conserved.
Also, by modelling the protein structure, we hypothesize that the conformation of
the hydrophobic surface has changed. As channel proteins, those amino acid
mutations could potentially influence the combination and transport of ions, which
further reduced the nerve response to salty gustatory stimulate in Sus species.
Notably, we observed pseudogenization of PKD1L3 in both Visayan warty pig and
Duroc pig, which overlaps with DHODH. PKD1L3 presents in most mammalian
species and does not overlap with DHODH. PKD1L3 and PKD2L1 genes participate in
reception of sourness. PKD1L3 and PKD2L1 are co-expressed, and interact through
their transmembrane domains (Ishimaru et al., 2006). The resulting heterodimer
(PKD1L3/PKD2L1) forms a unique hydrogen gated channel for acid stimulation (Ishii
et al., 2012). Under in vitro conditions, PKD2L1 is only activated by acid when it is
co-expressed with PKD1L3 (Ishimaru et al., 2006). However, in vivo studies have
shown that PKD2L1 expressing cells response to acid when lacking PKD1L3
expression (Huang et al., 2006; Chang et al., 2010). Nerve pulse recordings during
taste stimulation indicate that acids give a distinct taste to the pig (Hellekant and
Danilova, 1999; Glaser et al., 2001). This suggests that an unknown compensatory
effect for H+ response may exist. Or instead of generating sense of sourness,
PKD1L3 absent individuals might still respond to acid simply by chemical
stimulation. Further research is needed to answer this unresolved question.

4.4 Conclusion

Our comprehensive evolutionary and comparative genome analyses provided
insight into the distinct evolutionary scenarios occurring during recent species
divergence. Comparing the chromosome-level assembly of Visayan warty pig with
domestic Duroc pig has revealed the potential biological mechanism of frequent
post-divergence hybridization among Suidae. We identified numerous genetic
variations correlated with natural selection for local adaptation and artificial
selection during domestication, shedding new light on the origin of species-specific
characteristics. This study provides valuable genomic resources as well as insights
into not only the evolution and diversification of Suiform but also our
understanding of mammalian biology.
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4.5 Material and Methods

Sample collection and sequencing

DNA of a female Visayan warty pig was obtained from tissue samples at the
Rotterdam Zoo. Tissues for RNA-seq were dissected from seven organs (liver,
spleen, lymph, muscle, lung, frontal lobe, olfactory bulb).

10x Genomics library: Visayan warty pig’s genomic DNA was size selected for
fragments >40 kb on a BluePippin instrument (Sage Sciences, Beverly, MA, USA)
and lllumina sequencing libraries were constructed using the 10x Genomics
Chromium Controller instrument with the Genome Reagents Kit v2 chemistry (10x
Genomics, Pleasanton, CA, USA) according to the manufacturer’s recommendations.
The resulting lllumina library was sequenced on a NextSeq500 using a High Output
Kit v2 for paired-end, 2 x 151 bp run (lllumina, San Diego CA, USA).

Hi-C library: Hi-C library was generated by Dovetail Genomics as described by
Lieberman-Aiden et al (2009). Briefly, for each library, chromatin was fixed in place
with formaldehyde in the nucleus and then extracted. Fixed chromatin was
digested with Dpnll, the 5’ overhangs filled in with biotinylated nucleotides, and
then free blunt ends were ligated. After ligation, crosslinks were reversed, and the
DNA purified from protein. Purified DNA was treated to remove biotin that was not
linked to ligated fragments. The DNA was then sheared to a mean fragment size of
~350 bp, and sequencing libraries were generated using NEBNext Ultra enzymes
and lllumina-compatible adapters. Biotin-containing fragments were isolated using
streptavidin beads before PCR enrichment of each library. The libraries were
sequenced on an lllumina Hi-seq 4000 sequencing platform (2x151bp).

Long jumping libraries: Briefly, DNA was extracted from the same Visayan warty pig
tissues, and used to create two mate-pair libraries, with insert sizes of 10 and 20 kb
respectively. The mate-pair libraries were prepared with lllumina's “Nextera Mate-
Pairs Sample Prep kit" followed by the “TruSeq DNA Sample Prep kit” and
sequenced on Illumina HiSeq 2500 platform.

RNA-seq: High-quality RNA (1 pg) was used to generate TruSeq Stranded RNA-seq
libraries (TruSeq Stranded RNA Sample Preparation Kit, Illumina, San Diego, CA,
USA) by the HTS lab (University of lllinois, Urbana, IL, USA) following standard
protocols and sequenced on an Illumina HiSeq 2000 platform.
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Genome assembly

Based on linked-reads that were sequenced with a standard lllumina system, we
used the Supernova assembler (version 1.2.2, 10X Genomics Inc., Pleasanton, CA,
USA) with the parameters (run --maxreads=1,500,000,000; mkoutput --
style=pseudohap2 --minsize=500) to construct contigs and scaffolds of the Visayan
warty pig.

Chromosome assembly using Hi-C

The input de novo assembly, Chicago library reads, and Dovetail Hi-C library reads
were used as input data for HiRise, a software pipeline designed specifically for
using proximity ligation data to scaffold genome assemblies (Putnam et al., 2016).
An iterative analysis was conducted. First, Shotgun and Chicago library sequences
were aligned to the draft input assembly using a modified SNAP read mapper. The
separations of Chicago read pairs mapped within draft scaffolds were analyzed by
HiRise to produce a likelihood model for genomic distance between read pairs, and
the model was used to identify and break putative misjoins, to score prospective
joins, and make joins above a default threshold. After aligning and scaffolding
Chicago data, Dovetail Hi-C library sequences were aligned and scaffolded following
the same method. After scaffolding, shotgun sequences were used to close gaps
between contigs.

Reference guided and long jumping reads scaffolding

Since the high relatedness between Visayan warty pig and Duroc pig (Sus scrofa)
(Frantz et al., 2013), the HiRise assembly was subjected to a secondary assembly
with AlignGraph (Bao et al., 2014) using the Sus scrofall.l reference genome
(Warr et al., 2019) as guidance. Briefly, in the guided secondary assembly with
AlignGraph the de-novo generated scaffolds are aligned to the reference and the
long jumping reads (10kb and 20kb insert size) are mapped to the assembled
scaffolds and to the reference. This results in a paired-end multi-positional de
Bruijn graph from which the scaffolds are extended if possible.

Mitochondrial genome assembly

We randomly selected 4 Gb PE reads from resequencing library to assemble
mitochondrial genome sequence using MitoZ, resulting in 16.52 kb assembly with a
cyclic structure (Sup Fig. 4).
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Evaluation of genome assembly

The lllumina short reads from the 10X libraries were used for kmer frequency
analyses of genomes. A k-mer count analysis was done using Jellyfish v2.3.0
(Marcais and Kingsford, 2011) on the lllumina data. From the paired end reads,
only the first read was truncated to 100 bp to avoid the lower quality part of the
read. The second read was omitted from this analysis to avoid counting overlapping
k-mers. A k-mer size k=21 was used. After converting the k-mer counts into a
histogram format, this file was analyzed using the Genomescope (Vurture et al.,
2017).

Evaluation of genome completeness with BUSCO

BUSCO v3.1.0 (Sim&o et al., 2015) was used to assess the genome completeness by
estimating the percentage of expected single copy conserved orthologs captured in
the Visayan warty pig assembly, according to the mammalia_odb9 BUSCO set.

Cross-species Hi-C processing

Hi-C data for pig were downloaded from FR-AGENCODE
(http://www.fragencode.org/results.html) (Foissac et al., 2019). Each mate of the
Hi-C sequencing read pairs was aligned separately using bwa mem 0.7.5a (Li and
Durbin, 2009) with parameters ‘-E50 -LO’. We mapped approximately 7.31E+07 and
2.26E+07 Hi-C contact pairs for Visayan warty pig and Duroc pig genome,
respectively. Next, we aligned the Hi-C contact pairs of Visayan warty pig to the pig
genome. We mapped the aligned loci of the two ends of a contact pair in the Hi-C
data of the Visayan warty pig from the original genome assembly to the pig
genome with reciprocal mapping using the tool liftOver (Hinrichs, 2006) based on
the whole genome alignment. We used HiCExplorer v3.0 (Ramirez et al., 2018) to
create the contact matrices and extract the Hi-C contact maps of each species at
the resolution of 50kb. Normalization was performed using Knight-Ruiz matrix
balancing (Knight and Ruiz, 2013). We applied Phylo-HMRF (Yang et al., 2019) to
the multi-species Hi-C data to predict 20 hidden states. For all the autosomes and
chromosome X in the Duroc pig genome, we run Phylo-HMRF jointly on the
multiple synteny blocks of the chromosomes and identified possible different
evolutionary patterns of the Hi-C contact frequencies across species in a genome-
wide manner. We further categorized the 20 estimated hidden states based on
their conservation status.
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Identification of repetitive elements

We identified repetitive elements by a combination of homology alignment and de
novo searches, as follows. We used RepeatMasker (Tarailo-Graovac and Chen, 2009)
with Repbase (v.16.10) (Jurka et al., 2005) to scan for sequences homologous to
annotated repeat sequences in published databases and then used RepeatModeler
(Jurka et al., 2005) (http://www.repeatmasker.org/RepeatModeler.html) with the
default parameters to predict de novo TEs. We combined the repeat sequences
identified by both methods as the final annotated repeat set. We integrated the
overlapping TEs and removed those with scores less than 200. Subsequently,
tandem repeats were annotated using Tandem Repeat Finder (Benson, 1999)
(version 4.07b; with following settings: 2 7 7 80 10 50 2000 -d -h).

Gene prediction

Gene prediction was conducted with the BRAKER v2.1.2 (Hoff et al., 2019) pipeline
by integrating ab initio, transcriptome-based and protein homology-based evidence.
Ab initio gene predictions were performed with Augustus v3.3.2 (Stanke et al., 2006)
and GeneMark-ET v4.33 (Lomsadze et al., 2014). Before starting the annotation
process, we used the mammalia_odb9 BUSCO set to train Augustus. For prediction
based on the RNA-seq data, all RNA reads were aligned to the Visayan warty pig
genome by HISAT (Kim et al., 2015). The results were used to identify candidate
exon regions, donor and acceptor sites. Protein sequences of all mammalian
species were downloaded from UniProt (Bateman et al, 2015) as protein
homology-based evidence.

Single exon genes (SEG) were identified as mono-exonic genes containing full-
length ORFs, as specified by the gene prediction pipeline. The same approach was
applied to the human, mouse, dog, horse, cattle and pig genomes. Lists of non-
redundant SEG from all six genomes were obtained and aligned to the Visayan
warty pig genome using TBLASTN (Camacho et al., 2009) (E-value cutoff: 1E-5). We
aligned homologous genomic sequences against matching proteins to define gene
models using GeneWise v2.4.1 (Birney and Durbin, 2000). Gene annotation of
mitochondria was performed using MitoZ software.

EVidenceModeler v1.1.1 (Haas et al., 2008) was used to integrate the genes
predicted by BRAKER and SEG approaches and generate a consensus gene set.

Functional annotation

We annotated the functions of the protein-coding genes using BLASTP (E-value
cutoff; 1E-5) (Camacho et al., 2009) based on entries in the Swiss-Prot and TrEMBL
databases (Bateman et al., 2015). The motifs and domains were annotated using
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InterProScan v5.35 (Jones et al., 2014) by searching against publicly available
databases, including ProDom, PRINTS, Pfam, SMRT, PANTHER and PROSITE. The
Gene Ontology (GO) IDs for each gene were assigned according to the
corresponding InterPro entry.

Non-coding gene element prediction

We also predicted gene structures of tRNAs, rRNAs and other non-coding RNAs. A
total of 37,019 tRNAs were predicted using t-RNAscan-SE v2.0 (Lowe and Eddy,
1996). Because rRNA genes are highly evolutionarily conserved, we choose human
rRNA sequence as references and then predicted rRNA genes using Blast tool with
default parameters. Small nuclear and nucleolar RNAs were annotated using the
Infernal v1.1.2 (Nawrocki and Eddy, 2013). Long non-coding RNAs were detected
using FEELnc (https://github.com/tderrien/FEELnc) with default parameters and
the output transcripts of the HISAT alignments.

Whole genome alignments and structural variation

The Nucmer program from Mummer v3.23 (Haas et al., 2008) was used with -
maxgap 50 and -breaklen 400 for comparing the genomes between Visayan warty
pig to Duroc pig to obtain the synteny blocks. Structural variations between Visayan
warty pig and Duroc pig were called using svmu as described by Chakraborty et al
(2019)

For multiple genome alignments from Visayan warty pig, Duroc pig, cattle, horse,
dog, mouse and human, we first aligned all genomes to the human genome using
LAST v980 (Kietbasa et al., 2011), Then, we used MULTIZ v11.2 (Blanchette et al.,
2004) to merge the pairwise alignments into multiple genome alignments using the
human genome as the reference. Approximately 241 Mb syntenic sequence are
shared by the seven mammalian species.

Gene family, phylogenetic analyses and divergence time calibration
We used the Orthofinder v2.3.3 to identify gene families/clusters (Emms and Kelly,
2019). Genome sequences and annotations for Duroc pig, cattle, horse, dog, mouse
and human were downloaded from Ensembl (https://www.ensembl.org). The
longest proteins of each gene were aligned to one and another. The species-
specific gene families were determined according to the presence or absence of
genes for a given species. The shared family expansion and contraction analysis
were conducted with CAFE v3.1 (De Bie et al., 2006).

Phylogenetic relationships were resolved based on the maximum-likelihood (ML)
method as implemented in RAXML v8.2.3 (Stamatakis, 2014) using the best-fitting
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model of substitutions, identified by jModelTest2 (Darriba et al., 2012). 10,057
high-quality 1:1 single copy orthologous genes were used.

We estimated divergence times using an approximate likelihood method as
implemented in MCMCtree (Yang, 2007), with an independent relaxed clock and
birth-death sampling. We used a float prior and a maximum bound age, with a
scale parameter of c¢=2. For the root divergence, we set the prior to (tU=2 [100
Mya], p=0.1, c=2). For MRCA of Sus, we used the same fossil calibration as in Frantz
et al. (2013) (tL.=0.2 [2 Mya], p=0.1, c=0.5).

DNA evolutionary rates in each species, the common ancestor of Sus and
Artiodactyla were calculated using r8s (Sanderson, 2003) based on the whole
genome alignments

Identification of highly conserved elements (HCES)

PHAST v1.5 program package (Hubisz et al., 2011) was used to identify highly
conserved elements (HCEs) based on the multiple-genome sequence alignments.
Firstly, we extracted the 4-fold degenerate sites from the multiple genome
alignments generated above and used phyloFit (in PHAST v1.5 package) to estimate
a neutral phylogenetic model (also considered as the nonconserved model in
PhastCons). Then we ran PhastCons (in PHAST v1.5 package) to estimate conserved
and nonconserved models and predicted conserved elements and conservation
scores based on the conserved and nonconserved models. We identified 1,162,748
HCEs, covering 137.2 Mb of the human genome. Further, we identified Sus genus
specific HCEs (SHCEs), which are conserved in Sus species, but not in other
mammalian species. We used phyloP (in PHAST v1.5 package, with the parameters:
phyloP --method LRT --mode CONACC) under the non-conserved model. Finally, we
identified 49,846 SHCEs, covering 13.9 Mb.

Non-coding conserved regions usually contain regulatory elements, i.e.
transcription factor binding sites (TFBSes). We downloaded the human TFBS data
from the UCSC data set generated by the ENCODE project
(ftp://hgdownload.cse.ucsc.edu/goldenPath/hg38/encRegTfbsClustered/encRegTfb
sClusteredWithCells.hg38.bed.gz) to compare the conservation degrees of SHCEs.
We found that of 4,379,357 human TFBSes used in analysis, 71,908 (1.6%) was
conserved in Sus.

Identification of selective constraint in genes

Positively selected genes (PSGs)

The strength of positive selection on each codon of each orthologous gene along a
specific targeted lineage of a phylogenetic tree was estimated with the branch site
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model using the Codeml program of the PAML package v4.9. To determine to what
degree these codon sequences, along the targeted lineage fit the branch site model
(including positive selection) better than the one containing neutral selection or
negative selection. An alternative branch site model (Model =2, NSsites=2 and
Fix=0) and a null branch site model (Model =2, NSsites =2, Fix=1 and Fix w = 1)
was combined to calculate log-likelihood values for each model using likelihood
ratio tests. The log-likelihood values generated were used to assess the model fit,
using the Chi-square test with one degree of freedom. Genes with a p value less
than 0.05 were treated as candidates under positive selection.

Rapidly evolved genes (REGS)

Branch model in Codeml was used to identify evolutionary rate among orthologous
genes. To determine whether these codon sequences along the targeted lineage
are evolving under a different evolutionary rate than other lineages, an alternative
branch site model (Model=2) and a null branch site model (Model =0) were
combined to calculate log-likelihood values for each model using likelihood ratio
tests. Genes with a p value less than 0.05 and a higher w value for the foreground
than the background branches were considered as evolving with a faster rate.

Relaxed selected genes

RELAX (Wertheim et al., 2015) analyses were also performed to evaluate whether
selective constraints are stronger in foreground branches compared with
background branches. The analyses were performed using the RELAX tool on
datamonkey server (test.datamonkey.org/relax/). An input file that contains the
codon sequence alignment and the RAXML tree was provided, and the foreground
branches (test branches) and background branches (reference branches) were then
indicated before running the analysis. A likelihood ratio test was also performed to
evaluate if selection varied between test and reference branches. A significant
result (P value < 0.05) indicates a stronger level of selection if K is greater than 1 or
a weaker selection or relaxed constraint if K is less than 1.

Functional, pathway and interaction enrichment analysis

KOBAS (version 3.0) (Wu et al., 2006) was applied to perform GO analysis (including
cellular composition, molecular function and biological process terms), Reactome
pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. False discovery rate was performed to adjust p values using
the Benjamini and Hochberg method. An adjusted p value of < 0.05 was used as the
cutoff criterion.
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Interspecies conservation of taste receptor genes

We used genomic evolutionary rate profiling (GERP++) (Davydov et al., 2010) to
estimate the interspecies conservation of taste receptor genes. GERP++ provides
conservation scores through the quantification of position-specific constraint in
multiple-species alignments. We calculated and attributed the GERP scores for
each nucleotide site.

Protein structure modelling

The three dimensional homology models of proteins were obtained using Swiss-
Model (https://swissmodel.expasy.org/) (Waterhouse et al., 2018) to search for
templates and build the models. The predicted protein structures were estimated
based on target-template alignment using ProMod3 on SWISS-MODEL server
(https://swissmodel.expasy.org/). Models were built based on the target-template
alignment using ProMod3. The global and per-residue model quality was assessed
using the QMEAN scoring function.

Ethics statement

DNA of Visayan warty pig was obtained from tissue samples collected by
veterinarians at the Rotterdam Zoo, The Netherlands, according to national
legislation. Tissue samples obtained are derived from an animal culled within the
wildlife management program of the Rotterdam Zoo.

Description of supplementary Material

For a compact layout, in this thesis | did not include all supplementary material. |
presented Supplementary Figures which may help the reader. For sake of
coherence, | kept the original number of Supplementary Figures and tables.
Complete supplementary material are available at the Open Science Framework
repository: https://osf.io/6yznw.
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Sup Fig. 4. 4 Synteny between Visayan warty plg and Duroc plg Maps of the 17 Visayan
warty pig chromosomes (purple) and of the 19 Duroc chromosomes (red) based on
positions of 18,175 orthologue pairs demonstrate highly conserved synteny. Inversions
are shown in blue.
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Sup Fig. 4.6 Hi-C evolutionary patterns identified by phylo-HMRF in all the major
synteny blocks on all chromosomes between Visayan warty pig and Duroc pig. The
boxplot shows the normalized cross-species Hi-C contact frequency distributions in the
corresponding state. Percentage of each state among the genome is shown below each
panel. State 20 represent the missing data point, which contains ~50.3% of Hi-C signal.
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Sup Fig. 4.8 Predicted telomere and centromere locations in the Visayan warty pig
assembly.
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(deletion/insertion/inversion) was detected using Sus scrofall.l assembly as reference.
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Sup Fig. 4.11 Chromosome diagrams of Visayan warty pig assembly. Inversions were
detected using Sus scrofall.l assembly as reference and shown by black bar. Inverted
regions caused by chromosome fusion are indicated by green boxes. Red lines above
each chromosome indicate density of Transposable elements (Z-transformed). Blue
lines indicate density of Ns and gaps (Z-transformed).

132



4. Genome assembly of Visayan warty pig

[ | - -

s

1 | FNT I 1

et i

“WWWM

I T 1 1 —

Aol e A PO

s P

s

T WVl L

Sup Fig. 4.12 Chromosome diagrams of Sus scrofall.l assembly. Inversions were
detected using Visayan warty pig assembly as reference and showed in black bar.
Inverted regions caused by chromosome fusion are indicated by green boxes. Red lines
above each chromosome indicate density of Transposable elements (Z-transformed).
Blue lines indicate density of Ns and gaps (Z-transformed).
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used for visualization. Detailed enrichment results can be found in Sup Table 20 and 24.
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Sup Fig. 22 Protein 3D structures estimated by SWISS-MODEL. Computed molecular
surfaces of A) SCNN1B and B) TRPV1. Sus genus specific INDEL regions are highlighted
by black arrows. Electrostatic potential of modelled surface residues is showed in color.
Red indicates a more negative electric potential, whereas blue indicates a more positive
electric potential.
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Abstract

The diverse habitats and unique domestication history have made Sus scrofa and its
related species attractive models for evolutionary biology. We assembled the
genomes of three Sus species and one closely related outgroup. Along with published
Sus genome sequences, we present a near complete collection of Suinae genomes.
We conducted comparative genomic analyses to investigate the genetic mechanisms
underlying Sus speciation. Our tests with complex models of speciation revealed that
the extensive inter-species gene flow is concomitant with past climatic fluctuations.
By investigating the switch of evolutionary rate, we identified candidate genes likely
to be associated with wild boar range expansion and the pig domestication process.
The data and results presented in this study provide a refined scenario of Sus
evolution.

Key words: reference-guided assembly, introgression, positive selection, purifying
selection
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5.1 Introduction

Investigation of the molecular patterns and mechanisms underlying biological
diversification remains central in answering unresolved guestions about taxonomic
diversity on Earth. Species diversity is shaped by a variety of different, possibly
interacting, processes including different modes of speciation, divergent adaptation,
adaptive radiation, mass extinction, species replacement, and introgression from
distant lineages. By comparing the patterns of genomic difference and similarity
between members in species complex will inform the study of species diversification.
The biota of the island of Southeast Asia (ISEA) is regarded as the world’s most
diverse but at the same time most imperiled region (Wallace, 1855). Large-scale
climatic fluctuations beginning in the early Pliocene changed the landscape and
further stimulated intermittent allopatric and parapatric speciation events, which
resulted in high species richness. The biodiversity hotspot found in ISEA is hosting at
least seven morphologically defined species of pig of the genus Sus. Aside from Sus
scrofa, which is distributed across most of the world, all other species of the genus
Sus are restricted to ISEA. Sus scrofa has undergone an extremely rapid radiation
during the Pleistocene. Due to the lack of postzygotic reproductive barrier in Sus, this
range expansion was accompanied by a consistent gene flow with local related
species (Frantz et al., 2013; Liu et al., 2019). Sus scrofa later was domesticated
independently in Asia and Europe some 10,000 years ago, followed by a strong and
continuous artificial selection for meat industrial production in the last 200 years.
Thus, the genus Sus provides an excellent model to study many of the species
diversification processes mentioned above.

So far, there are two chromosome level genome assemblies of Sus species available,
i.e., Sus scrofa (Warr et al., 2020) and Sus cebifrons (Chapter 4). For three other Sus
species (Sus verrucosus, Sus celebensis and Sus barbatus) and the outgroup species
Porcula salvania (Pygmy hog), also medium coverage resequencing data is available,
which was used for evolutionary studies based on mapping against the Sus scrofa
reference genome (see Fig 5.1 for the geographical distribution). Using a reference
genome from a single species may potentially bias the results of cross species
comparison (Gunther and Nettelblad, 2019). In this study, we present reference-
guided genome assemblies of the three Sus species and the outgroup species Porcula
salvania (Sup Table 5.1). With these reference-guided assemblies combined with the
two chromosomal Sus assemblies, which represent nearly all species of the Sus
lineage, we test the genetic mechanisms underlying Sus speciation using
comparative genomic and molecular evolution analyses. This study demonstrates
the power of directly using genome sequences to address evolutionary and
functional genomic questions, in particular by using genome wide scanning for
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selections signal, and assessing impact of reticulation speciation diversification
process.
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Fig 5.1 Geographic distribution, phylogenetic relationships and divergence times of
Suinae species. A) A map of Europe and Southern Asia depicting the modern distributions
of Suinae species (Note: distribution of wild boar is covering the whole Eurasia). B)
Phylogenetic relationships among Suinae species inferred from nuclear DNA. Node labels
show age in millions of years and 95% confidence interval. Tip labels show the taxon and
the conservation status according to IUCN red list (https://www.iucnredlist.org/). (animal
illustrations credit to Sheila McCabe, https://faunalfrontier.com/)

5.2 Results

Validation of the Reference-Based Assembly Strategy

We adapted the reference-guided assembly approach from Lischer and Shimizu
(2017). This approach first maps reads against the reference genome to identify
conserved regions. In the following steps, reads with no similarity to the related
genome are combined with the conserved regions and further integrated into
scaffolds. (Sup Fig 5.1).

To validate the reference-guided approach, we took ~25X resequencing data from
the same individual which was used to generate the complete de novo assembly of
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Sus cebifrons and performed a reference-guided assembly with the Sus scrofa as
reference. This reference-guided assembly resulted in a total size of 2.34 Gb, with a
contig N50 of 78 kb. We mapped the contigs from the reference-guided assembly to
the complete de novo assembly. In total, 5.94% of the genome was misassembled
(translocations, relocations, inversions or duplication) in the reference-guided
assembly (Sup Table 5.2). The completeness of the obtained reference-guided
assembly was also assessed with BUSCO (Table 5.1, Sup Table 5.3), which showed
that 92.30% of BUSCO genes was retrieved from the reference-guided assembly
compared to 95.70% BUSCO genes for the complete de novo assembly. However, the
reference-guided assembly shows more fragmented gene models (5.00%, while
2.40% for the complete de novo assembly). To confirm that the reference-guided
assembly method resulted in the correct reconstruction of gene sequences, we
compared the BUSCO genes in the reference-guided assembly and the complete de
novo assembly. In 4,104 genes, covering ~22.8 Mb, only 31 mismatches were
observed. Overall, our evaluation shows the accuracy and robustness of this
reference-guided assembly pipeline.

Table 5.1 Genome assembly Statistics for the two de novo assemblies and five reference-
guided assemblies.

De Novo Assembly Reference-Guided Assemidy

| S.acrofs | S cabifrons | Scebdiors 5 ovemucosus | 5. celebensis 5. barbabus P saleania

Total length 2.50 248 234 2.44 242 242 2.3
{Gb)

| Contig N50 (Kb} 45231 | 158 | 78 &8 g5 81 30
Scaffolds count B13 1585 13008 17932 15215 18414 17928

| GC% 4187 | 4179 | 41,68 41,19 4182 41,81 41,78
N% 1.18 0.80 081 oA o7eE 0.84 :IEEI.
Complete 93,84 8572 54,55 9284 9381 54,04 8263
BUSCO%

Reference-guided assemblies, quality assessment, and annotations

For Sus verrucosus, Sus celebensis and Sus barbatus, paired-end sequencing reads
were assembled using the Sus cebifrons genome as reference since Sus cebifons is
more related to these species than Sus scrofa. Porcula salvania has a similar
evolutionary distance to all the Sus. Considering the similar karyotype between
Porcula salvania and Sus scrofa (Bosma et al., 1983) and the higher continuity of the
Sus scrofa reference genome, we used the Sus scrofa genome as reference to guide
the assembly of Porcula salvania. The summary statistics of the genome assemblies
are shown in Table 5.1. The completeness of the obtained assemblies was assessed
with BUSCO (Sup Table 5.3). The reference-guided assemblies resulted in 91%-93%
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of the mammalian core genes being either completely or partially represented in the
assembly of the different species.

We annotated the genome using ab initio gene prediction and homology-based
searching. Combining these two methods, we predicted 18,408 functional annotated
genes in Sus verrucosus, 19,661 genes in Sus celebensis, 18,854 genes in Sus
barbatus, and 19,689 genes in Porcula salvania, respectively (Sup Table 5.4). Species-
specific gene duplications or losses due to the misassembly were examined by
checking the gene distribution of gene coverage (Sup Fig 5.3). The coverage
distributions are approximating a normal distribution (Shapiro-Wilk normality test,
p-value < 0.05).

Gene orthology and divergence time

Gene orthology inference was performed on proteomes of the 4 reference-guided
assemblies, Sus scrofa, Sus cebifrons, and Bos taurus. This resulted in 16,543
orthogroups, of which 10,177 were single-copy among the used ungulates. We
constructed a phylogenetic tree and determined the time of speciation (Fig 5.1). We
estimated that Porcula salvania and the Sus lineage diverged about 5.1 million years
ago (Mya). The divergence between Sus scrofa and ISEA Sus occurred ~4.1 Mya. For
the insular Sus lineages, Sus verrucosus on Java first diversified ~2.2 Mya, followed
by the emergence of Sus cebifrons on the Philippines ~2.1 Mya. Finally, the
divergence between Sus celebensis and Sus barbatus occurred ~1.6 Mya.

Whole genome synteny

We obtained the synteny blocks among the 6 Suinae species by aligning their
genome sequences to the pig reference genome. All the newly assembled species
showed an over 90% alignment ratio to the pig genome (Sup Fig 5.2, Sup Table 5.5).
The whole genome alignments were transformed into a multiple sequence
alignment format using the pig genome as reference. Approximately 2.2 Gb syntenic
sequences are shared by all the Suinae genomes, with an average length of 14 kb.
Considering the potential assembly error in the low complexity regions, we further
subset the alignment with less than 10% repetitive content. This resulted in a final
1.5 Gb aligned sequences representing 62% of the pig genome.

Hybridization history of Sus genus

Whole genome alignments were used to infer the gene flow among Sus species. In
order to differentiate between incomplete lineage sorting and gene-flow, we
conducted admixture analysis (using D-statistics) and reconstructed local genealogy
for synteny blocks longer than 10kb. Overall, we found strong evidence of admixture
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between Sus scrofa and Sus verrucosus, while there is no significant gene flow
between Sus scrofa and other ISEA Sus (Fig 5.2, Sup Table 5.6). Furthermore, we
estimated the admixture fraction from Sus verrucosus to Sus scrofa to be 1.4% (Sup
Fig 5.4, Sup Table 5.7). Besides the signal for admixture between Sus verrucosus and
Sus scrofa, the D-statistics supports that the admixture of Sus verrucosus with Sus
barbatus is similar to the admixture with Sus celebensis (using Sus cebifrons as non
introgressed; D=0.12; D=0.11). Furthermore, the 53% overlap of the admixture
regions between Sus celebensis and Sus barbatus suggests an ancient admixture
between Sus verrucosus and the common ancestor of Sus celebensis and Sus
barbatus. We further investigated the genes located in the introgressed regions and
their functions. In total, 481 genes are located in the introgressed fragments
between Sus scrofa and Sus verrucosus (Sup Fig 5.4, Sup Table 5.8). We found
enrichment of gene ontology terms involved in Sialic acid transport and Fatty acid
beta-oxidation (Sup Table 5.9). Meanwhile, 2271 genes were found that are related
to the admixture between Sus verrucosus and the common ancestor of Sus
celebensis and Sus barbatus. (Sup Fig 5.5, Sup Table 5.10). We found significant
functional enrichment for nervous system development (Sup Table 5.11).
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Fig 5.2 Admixture between Suinae species. Diagrams depicting the excess derived allele
sharing when comparing sister taxa and outgroups (pygmy hog). We computed D
statistics of the form D (X, Y, SSC, PYGMY). Error bars correspond to standard errors. Red
dots indicate that the D statistic is significantly different from 0 (]Z]>=3), such that the
Sus scrofa genome shares more derived alleles with the genome on the right (Y) than the
left (X).
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Selection changes on Single-Copy Genes

We assessed the direction and the strength of changes of selection across functional
genes by dN/dS and the selection strength parameter K through branch-site models
(Yang, 2007; Wertheim et al., 2015). We tested for positive selection and purifying
selection at the ancestral Sus linage, the Sus scrofa linage, and the basis of the ISEA
Sus clade for 10,177 single-copy orthologous genes, with cattle orthologs as
outgroup. We used the likelihood ratio (LRT) to identify significant positive or
purifying selected genes. These genes were further analyzed to assess how the
selection pattern changed along the phylogeny. A total of 42 genes was found to
have evolved under positive selection at the ancestral Sus and Sus scrofa lineage, but
with a switch to purifying selection in the ISEA Sus clade (Sup Table 5.12). In the
meantime, a total of 122 genes was found to have evolved under purifying selection
at the ancestral Sus and ISEA Sus clade but with a switch to positive selection in the
Sus scrofa linage (Sup Table 5.13).

5.3 Discussion

The knowledge of the genomic mechanisms underlying speciation and adpatation is
still scarce, and this is particularly true when studying domesticated animals.
Traditional methods lack the ability to distinguish between natural selection on
ancestral variants and artificial selection during and after domestication. In this
study, we obtained genomic sequences for three Sus species and one closely related
outgroup, the pygmy hog, which were combined with the previously assembled
genome of Sus scrofa and Sus cebifrons. These genomes are valuable resources,
which in this study were further exploited for advancing our understanding of the
genomic pattern observed in adaptive radiation and domestication.

Reference guided assembly for pig species

The Mammalian gene content is found to be evolutionary stable for ~100 My (Zhao
and Schranz, 2019). Moreover, almost complete synteny and large blocks of
collinearity were also observed between Sus scrofa and Sus cebifrons (chapter 4, this
thesis). The divergence time among Sus species is ~4 Mya, while the split between
pygmy hog and Sus occurred ~5 Mya. Thus, given the short divergence time, non-
conserved synteny and noncollinearity were therefore not expected to be a primary
concern here.

We verified the quality the referenced-guided assemblies, which show high
completeness, especially in the genic regions. However, we should keep in mind that
the reference-guided assemblies may still miss characteristics that are specific to a
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particular species but not found in the reference used. For instance, species-specific
gene duplications or losses may be missed if exclusively comparing the assembled
genomes. These features can for most part be identified by taking advantage of the
gene coverage, similar as is done for copy-number variation detection. In our study,
the distributions of the gene coverage were in general normally distributed, with the
mean centered on the expected average coverage. This suggests that there are little
species-specific duplications or losses in the reference-guided assemblies (Yoon et
al., 2009). Moreover, species-specific features are in any case out of the scope of the
current study, as we specifically investigated sequences common to all pig species.

Reference bias

In standard next-generation genome sequencing, DNA is fragmented and
sequenced. The sequenced reads are subsequently aligned to a linear reference
genome of the same or a closely related species. Because a reference genome
normally comprises a single sequence from one individual, it does not in full capture
the genomic diversity within the reference species, and even less to other closely
related species. This results in a reference bias since reads with high similarity to the
reference have a higher mapping rate and mapping quality compared to the non-
reference reads. Incorrect read mapping in turn leads to false negative or false
positive variant calls, which can be a single nucleotide polymorphism, insertion,
deletion, or structural variation. This systematic bias is, in general, towards the
reference allele, resulting in higher genomic similarity between the reference species
and the other species. One of the aims of this study was to directly compare the
genome sequences from different species. For this analyses, homologous genome
segments extracted from the multiple whole genome alignment were used. This
potentially avoids the bias towards the reference.

Speciation with gene flow in Sus

Geological evidence suggests that during most of the late Pliocene to early
Pleistocene four major land bridges provided access from Asia into Wallacea, the
geologically mobile region between Sundaland and Sahul-land (Tjia, 2006). The land
bridges later became deep sea passages due to the rise of the sea level and tectonic
subsidence. The temporal connection between the insular island and continent
allowed animal migration. It appears that the late Pliocene to early Pleistocene was
a time when three faunal dispersals in Southeast Asia occurred. One of these took
place from Sumatra and Java along the Lesser Sundas to Timor; the other two were
from Borneo to Sulawesi and from Borneo to the Philippines (Groves, 1985). The
Philippines appear never to have a land bridge to the Asian mainland (Heaney, 1985,
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1986), but it is possible that western Sulawesi was still attached structurally to
Sundaland during the Pliocene (Hall, 1996), although not necessarily by continuous
dry land.

Our admixture analysis revealed the inter-specific gene-flow to be highly correlated
with the geological accessibility between two species. The mainland Southeast Asia
is frequently connected with Java, and we found clear evidence of admixture from
Sus scrofa to Sus verrucosus (see Figure 5.1 for the species distribution). Similarly,
the fluctuation of the sea level not only induced the speciation in Sunda-shelf and
the Philippines (Frantz et al., 2013, 2014), but also allowed post-speciation gene-flow
between geologically isolated species. We observed gene-flow signals from Sus
verrucosus to Sus celebensis and to Sus barbatus, and this admixture may have taken
place before the divergence of Sus celebensis and Sus barbatus. Due to the much
lower geographic accessibility of the Philippines, in all comparisons, Sus cebifrons did
not show any significant gene-flow signal. Our results are mostly consistent with
previous studies (Frantz et al., 2013, 2014), except for the similar admixture fraction
from Sus verrucosus into Sus celebensis and Sus barbatus. This can be explained by
the different individuals we used in this study. The different admixture fraction
between individuals led us to the hypothesis that there is a more recent admixture
from Sus verrucosus into Sus celebensis than into Sus barbatus, and that the
introgressed fragments have not got fixed within the population. Moreover, we did
not find the previous reported minor gene flow between Sus scrofa, Sus celebensis
and Sus barbatus. We note that using Sus scrofa as reference, reference bias will
force resequencing samples to appear more similar to Sus scrofa than they actually
are, which may have led to false positive gene flow signals between Sus scrofa and
resequencing samples. In this study we eliminated reference bias by working on pure
assemblies generated from the sequencing data in our experiment. The results
illustrate that, in admixture analyses on re-sequenced data aligned against a
reference genome, concerns about reference bias should be taken into
consideration. Thus, further investigation is needed to shed more light on the effects
of reference bias in admixture analyses.

Candidate genes involved in Sus scrofa adaptive radiation and
domestication

Evolutionary mechanisms that may result in the appearance of new advantageous
traits (e.g., boosting viability or adapting to environmental changes) include positive
selection on protein-coding genes, where frequency of mutations altering the
function of genes are raised in the population because they are favorable. By
contrast, purifying selection is the mechanism preventing the fixation of deleterious
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mutations, as those mutations are detrimental for the organism. Therefore, under a
continuously changing environment, the appearance of an advantageous trait by
positive selection in an ancestral species may be followed by a switch in the selective
pressure, with this trait undergoing purifying selection in the descendant species
(the gene is still functional but not showing additional advantage). Examples of this
scenario with a pattern of positive selection in internal branches of a phylogeny,
followed by a shift to purifying selection are found in both animals and plants (Perry
etal., 2012; Zhao et al., 2013; Schwerdt et al., 2015; Daub et al., 2017; Popejoy et al.,
2020). The near complete genome collection of Sus species enabled us to reconstruct
the ancestral state of the Sus linage and estimate the changes of selection pressure
across the phylogeny.

Based on the archaeological and paleoclimatological evidence, ancestral Sus and
present-day Sus scrofa shared a similar geographic distribution (van der Made et al.,
2006; Frantz et al., 2016). The global temperature and atmospheric carbon dioxide
level of 5 Mya also resemble current conditions (Hansen et al., 2013). Genes involved
in continental habitat adaptation may have been under the similar selection pressure
in ancestral Sus and Sus scrofa. Meanwhile, as the ISEA Sus are specialized to tropical
island habitats, continental adaptive genes may have experienced purifying selection
constraint. A total of 42 genes were found to have evolved under positive selection
in the ancestral Sus and Sus scrofa lineages but showing a switch to purifying
selection in the ISEA Sus clade (Sup. Table 5.12). For example, we identified the ESR1
gene, which in domestic pigs is associated with litter size (Mufioz et al., 2007). Wild
boar is known to have the biggest litter size within the Suidae family. Both ancestral
Sus and Sus scrofa have colonized the whole Eurasian continent. These finding
suggest that this high fecundity could have played a role in the successful range
expansion of Sus scrofa. During the range expansion of Sus scrofa from Southern Asia
to the North, the most immediate challenge would have been the different
temperature. Mammals will adjust blood flow to acclimate to extreme climate
conditions (Jansky and Hart, 1968; Stocks et al., 2004; Horwitz, 2011). We identified
genes affecting sinus rhythm (FXP2), along with genes involved artery development
and embryonic heart tube development (JCAD and ZNF335), which are associated
with the function of cardiovascular system. We also found the CHMP1A gene which
previously has been associated with tanning ability (Nan et al., 2009; Visconti et al.,
2018). This gene is also related to the tropical adaptation in cattle (Makina et al.,
2015) and could potentially have boosted the fitness during the expansion of wild
boar from a sun-belt region (Southern Asia) to short day-length regions (Northern
Asia and Europe).
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Domestication is often associated with morphological and or behavioral changes
induced by human mediated involuntary or voluntary selection that results in direct
control over breeding to improve traits that are beneficial for humans (Zeder, 1982).
A total of 122 genes were found to have evolved under purifying selection at the
ancestral Sus and ISEA Sus clade, but which showed a switch to positive selection
solely in the Sus scrofa linage (Sup.Table 5.13). These genes may reflect the unique
evolutionary process during Sus scrofa domestication. Most significantly, we found
genes involved in cognitive ability (ATF7IP, BRWD1, C200rf96, PEF1, PTPRO, ZBBX)
and chronotype (ARID2, PABPCI1L, TNRC6B). This observation is consistent with the
hypothesis that the primary selective pressure during the initial stages of
domestication is on behavior, and in particular for tameness (lack of fearful or
aggressive responses to human caretakers). Such a reduction in acute fear and long-
term stress is a prerequisite to successful breeding in captivity (Kiinzl and Sachser,
1999; Price, 1999; Gariépy et al., 2001; Schitz et al., 2001). We observed a gene
related to brain region volumes (NUAK1). This finding is in agreement with the wildly
observed fact that domesticated animals show reduction in total brain size and
specific brain regions compared to their wild ancestor (Kruska, 1987, 1996, 2005;
Zeder, 2012). Another typical change associated with domestication in mammals is
morphological change of teeth. We also found genes associated with orofacial
development (ABCA4) and dental crown development (CA12 and ITPKB). Due to
agriculturalization and domestication, the diet of pigs shifted to household scraps
primarily with rich starch content (Weber and Price 2015), which requires less
mastication. Pigs’ jawbones eventually experienced a shrinkage from the lack of
frequent, forceful use (Evin et al., 2015). By the same token, domesticated pigs tend
to have a high linear enamel hypoplasia (LEH) occurrence rate (Magnell and Richard
Carter and Magnell O., 2007; Hu et al., 2009). We also found genes related to energy
metabolism and storage (ATP2A3, MRPL19, PARPS8, SLC12A8). This is in line with the
breeding goal of domesticated pig. To meet the demand of meat production,
domesticated pig was selected to adapt to the high energy diets and inactivity.
Interestingly, there are several genes affecting lung function (BACH2, ITGA1, MN1,
MTERF3, NR5A2, SCAF8). Extensive evidence exists for the different relative weight
of lungs between wild boar and domesticated pig (ZHAI and Wang, 2001; Gun et al.,
2009; Razmaite et al., 2009). There is even one extreme case reporting different
number of lobes (Cabral et al., 2001). This may be a consequence of adaptation to
the captive living environment and restriction of movement.

In addition to the above-mentioned genes, we found genes in adaptive radiation
category and domestication category, which shared similar functions. They are
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regulating immune response, growth and development, and most importantly, fat
metabolism. These genes and their associated traits are also very important for both
wild and captive living. However, in the absence of phenotypic records, it is difficult
or even impossible, to predict the actual phenotypic consequences of the selection
on those genes.

5. 4 Conclusion

This study highlights the value of using comparative genomic approaches to examine
evolutionary genomics patterns in a near complete phylogenetic framework. We
provided insights into the distinct evolutionary scenarios occurring under adaptive
radiation and under artificial selection during domestication. Reference-guided
assemblies with medium-coverage libraries hold strong potential to reveal
interesting genomic characteristics and features before high-quality genome
assemblies become available. Such preliminary studies will be useful to guide
genome sampling projects across the tree of life.

5.5 Materials and Methods

Reference-guided de novo assembly pipeline

The samples used in this study were chosen from previously described and published
data in order to ensure that each was representative of their respective species.
We adapted the reference-guided de novo assembly pipeline described by Lischer
and Shimizu (2017). In brief, it first identifies the homologous regions between target
and reference genome, then de novo assembles the homologous regions separately.
The assembled contigs are further merged into scaffolded with the guide of
reference genome. We modified the assembly approach to be aware of divergent
and repetitive regions, and integrated an iterative gap-closure and error correction
to the final scaffolds. These modifications enable multithreading for most of the
steps in the pipeline to reduce runtime. Scripts used in this pipeline were deposited
in https://github.com/llq0325/ref-guided-assembly.

Evaluation of the reference-guided de novo assemblies

The completeness of all reference-guided genome assemblies was investigated with
BUSCO (v2, mammalian dataset) (Sim&o et al., 2015). For each species, we calculated
the proportion of the sequence covered by mapped reads and average read depth
with bedtools v2.2 (Quinlan, 2014).
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Genome Annotation

We identified repetitive elements by a combination of homology alignment and de
novo searches. We used RepeatMasker (Tarailo-Graovac and Chen, 2009) with
Repbase (v.16.10) (Jurka et al., 2005) to scan for sequences homologous to
annotated repeat sequences in published databases and then used RepeatModeler
(Jurka et al., 2005) (http://www.repeatmasker.org/RepeatModeler.html) with
default parameters.

Gene annotation was performed using BRAKER v2 (Hoff et al., 2019) with the ab initio
gene prediction and homology-based searching with proteome from Sus scrofa and
Sus cebifrons as protein homology evidence. EVidenceModeler v1.1.1 (Haas et al.,
2008) was used to integrate the genes predicted by BRAKER and generate a
consensus gene set.

Whole genome alignments

The Nucmer program from Mummer v3.23 (Haas et al., 2008) was used with -maxgap
50 and -breaklen 400 for comparing the genomes between the pig reference genome
and genomes of other species to obtain the synteny blocks.

To generate multiple genome alignments, we first aligned all genomes to the pig
reference genome using LAST v980 (Kietbasa et al., 2011), Then, we used MULTIZ
v11.2 (Blanchette et al., 2004) to merge the pairwise alignments into multiple
genome alignments using the pig genome as the reference. Approximately 1.7 Gb
syntenic sequence are shared by the six pig species.

Admixture analyses

D-statsitics were calculated using the python script ABBABABAwindows.py
(github.com/simonhmartin/genomics_general), and standard errors were calculated
employing a weighted block jackknife with a lock size of 5 Mbp. We used the pygmy
hog genome as an outgroup. To quantify genealogical relationships among taxa,
neighbour-joining phylogenies were inferred for windows of 10 kb using PHYLIP v3.6
(Retief, 2000).

Orthology Inference

We used Orthofinder v2.3.3 to identify gene families/clusters (Emms and Kelly,
2019). Genome sequences and annotations for pig and cattle are download from
Ensembl (https://www.ensembl.org). The longest proteins of each gene were
aligned to one another. The species-specific gene families were determined
according to the presence or absence of genes for a given species.
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Positively selected genes

The strength of positive selection on each codon of each orthologous gene along a
specific targeted lineage of a phylogenetic tree was estimated with the branch site
model using Codeml program of the PAML package v4.9. We infer the fitness of the
codon sequences along the targeted lineage. An alternative branch site model
(Model =2, NSsites=2 and Fix=0) and a null branch site model (Model=2,
NSsites = 2, Fix=1 and Fix w = 1) were combined to calculate log-likelihood values
for each model using likelihood ratio tests. The log-likelihood values generated were
used to assess the model fit, using the Chi-square test with one degree of freedom.
Genes with p value less than 0.05 were treated as candidates that under positive
selection.

Relaxed selected genes

RELAX (HyPhy v2.3) (Wertheim et al., 2015) analyses were also performed to
evaluate whether selective constraints are stronger in foreground branches
compared with background branches. An input file that contains the codon sequence
alignment and the phylogenetic tree was reconstructed using RAXML v8.2.9, and the
foreground branches (test branches) and background branches (reference branches)
were then indicated before running. A likelihood ratio test was also performed to
evaluate if selection varied between test and reference branches. A significant result
(P value <0.05) indicates a stronger level of selection if K is greater than 1 or a weaker
selection or relaxed constraint if K is less than 1.

Functional, pathway and interaction enrichment analysis

KOBAS (version 3.0) (Wu et al., 2006) was applied to perform GO analyses (including
cellular composition, molecular function and biological process terms), Reactome
pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses. False discovery rate was performed to adjust p values using
the Benjamini and Hochberg method (Benjamini and Hochberg, 1995). An adjusted
p value of < 0.05 was used as the cutoff criterion.

Description of supplementary Material

For a compact layout, in this thesis | did not include all supplementary material. |
present Supplementary Figures which may help the reader. For sake of coherence, |
kept the original number of Supplementary Figures and tables.

Complete supplementary material are available at the Open Science Framework
repository: https://osf.io/wbrhe.
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Sup Fig 5.1 Schematic flowchart of the reference-guided assembly pipeline. Reads and
their alignments are shown in blue. Regions of constant coverage were definded as blocks.
Adjacent blocks were combined into superblocks until they reached a minimal length of
10 kb. Superblocks were defined in an overlapping fashion, such that blocks could belong
to several superblocks. All reads of a superblock were assembled with reads that had not
been aligned. Resulting contigs were merged into a nonredundant set of supercontigs.
Short read alignments against the supercontigs allowed for error correction and
scaffolding. Short read alignments against the scaffolds enabled a final quality
assessment and filtering.
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Sup Fig 5.3 Gene average depth for all species. Number of reads mapping to the gene
was calculated with bedtools. Red line represents the average sequence coverage in the
whole genome. The normality of the distribution of read depth was test with Shapiro—
Wilk test.
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6. General discussion

6.1 Introduction

Developments in sequencing technology have revolutionized our understanding of
evolutionary biology, and have led to the concept of evolutionary genomics.
Continuous efforts to sequence additional species have generated a comprehensive
dataset for biologists to study the evolution of the diversity of life on earth, to
explore the underlying biological mechanisms and to aid conservation of ecosystems.
In this thesis | systematically described the evolutionary history of the Suidae species
and examined complex speciation scenarios with hybridization. The critically
endangered pygmy hog was used as a model species to reconstruct the demographic
trajectory and evaluate corresponding genetic consequences of it. With the genome
sequences of Sus, | characterized the evolution of genome architecture underlying
the rapid speciation and adaptation. | also demonstrated the importance of a fine-
structured reference genome for the interpretation of selective signatures. In the
following sections, | attempt to generalize these findings to provide answers to the
fundamental questions of contemporary interest in evolutionary genomics.

6.2 A resource for the pig research community

While our findings represent a significant contribution to the understanding of
genome evolution in Suidae, one of the major outcomes of this work is a resource
that has been created for the pig research community. For long periods of time,
studies on pigs were mainly focused on the domesticated pig and the pig research
community lacked the resources to place pig into a broader evolutionary context. In
recent years, the Animal Breeding and Genomics group at Wageningen University
has sequenced hundreds of genomes of domestic and wild Suidae, significantly
expanding available genome resources. In Chapter 2 of this thesis, whole genome
sequencing data of pygmy hog is presented. With this, we are approaching the
complete phylogenetic framework of Suidae species. Moreover, in Chapter 4, |
presented a chromosome level genome assembly and annotation of Sus cebifrons.
Our results suggest that having a highly contiguous genome sequence is a great
addition to large scale genome resequencing at low to medium coverage, especially
for non-coding regulatory elements and chromosome structure.

So far, several species and sub-species of extant Suidae still have not got their
genome sequenced, namely, Babyrousa bolabatuensis (Bola Batu babirusa),
Babyrousa celebensis (North Sulawesi babirusa), Babyrousa togeanensis (Togian
babirusa), Hylochoerus meinertzhageni (giant forest hog), Phacochoerus aethiopicus
(desert warthog), Sus ahoenobarbus (Palawan bearded pig) and Sus oliveri (Mindoro
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warty pig). Due to the lack of sufficient morphological differentiation, the taxonomy
of these species remains controversial. The genus Babyrousa was first described as
a monotypic taxon (Groves, 1980). Later, it was recommended treating the
subspecies under genus Babyrousa as separate species based on morphological
classification (Meijaard and Groves, 2002). Likewise, Sus ahoenobarbus (Palawan
bearded pig) and Sus oliveri (Mindoro warty pig) used to be subspecies of Sus
barbatus (Bornean bearded pig) and Sus philippensis (Philippine warty pig),
respectively. Based on phylogeny inferred from partial mitochondrial DNA (Lucchini
et al., 2005) both subspecies have been upgraded to separate species. Sequencing
the genomes of all species of the Suidae family can provide a full resolution of their
phylogeny and resolve the taxonomy question. In the meantime, there are also great
merits for generating chromosome-scale assemblies for all Suidae species. As with
the rational of on-going ambitious genome projects, like the Earth BioGenome
Project (EBP) (Lewin et al., 2018), reference-quality genomes across the phylogenetic
spectrum serve as backbone of understanding evolutionary and other biological
processes, such as speciation, extinction and adaptation. This knowledge creates
new foundation to provide solutions for preserving biodiversity and ecosystems, and
finally save mankind from itself.

6.3 Resolving complex speciation models

Phylogenetic reconstruction has now advanced into the era of phylogenomics that
takes full use of sequence information from whole genomes. This provides great
power in resolving difficult taxonomy problems. However, processes that generate
gene tree discordance may impede species tree reconstruction. Gene flow among
populations and species is one of the major evolutionary processes that can generate
gene tree discordance. The traditional mode of species divergence assuming a model
of strict allopatry is now being amended with many empirical examples of divergence
accompanied by gene flow, or allelic introgression across species boundaries (see
General introduction). Another natural evolutionary process responsible for gene
tree discordance across the entire tree of life is incomplete lineage sorting (ILS). ILS
can be defined as a genealogy different from the species phylogeny, which arise due
to the retention of ancestral polymorphisms in different species or populations.

In Chapter 2, to effectively accommodate ILS, | used ASTRAL to reconstruct Suidae
phylogeny. ASTRAL incorporates a multispecies coalescent (MSC) model, which uses
asimple heuristic that provides estimates that are statistically consistent when gene
trees arise under the MSC (Mirarab and Warnow, 2015). It computes branch lengths
in coalescent units and measures branch support by calling local posterior probability.
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However, jointly considering ILS and gene flow remains a great challenge. The MSC
method will fit a single neutral coalescent model to each branch in a species
phylogeny. As to the coalescent model, it relies on the assumption that speciation is
a series of isolation events unaccompanied by gene flow. Failing to account for gene
flow during species tree estimation surely impacts demographic parameter
estimation, such as divergence time, population size and migration rate. Recently,
Flouri et al., (2020) proposed a full likelihood method for the joint estimation of
population demographic parameters. It extended the MSC to incorporate cross-
species gene flow. However, currently the demographic parameters of this model
are fixed, with the number and directions of the introgression events specified by
the user. The future research in the field of species tree reconstruction should
therefore include developing more sophisticated frameworks for hypothesis testing
using the MSC and developing network coalescent models to test finer models with
variable gene flow events. This will finally allow us to reconstruct the detailed
evolutionary history and understand genetic diversity across time and space.

6.4 Fitting complex speciation models to genome sequences
There are several statistical methods available for identifying introgression from
genome-wide data. The most well-known is D-statistic (also known as Patterson’s D
or ABBA-BABA test), a statistical quantification of SNP patterns to detect
hybridization between taxa (Patterson et al., 2012). It measures the excess sharing
of derived alleles between each of two populations in a pair (ingroup populations)
and an outgroup population, labeled as “ABBA” and “BABA” (Fig 6.1). D-statistic is
based on a phylogenetic argument that, due to incomplete lineage sorting, ABBA and
BABA counts are expected to be similar under a null hypothesis of no gene flow. An
excess of either pattern represents a signal that can be used to detect introgression.
Identifying specific genes or segments of the genome that are introgressed is more
challenging, because ILS and gene flow produce very similar patterns of shared
genetic diversity. Inferences regarding specific regions must instead rely on
demographic models that include assumptions about parameters such as divergence
time, effective population size (Ne), and recombination rate. The extent of ILS (and
the resulting gene tree discordance) is correlated with the effective population size
and negatively correlated with the time between speciation events (Maddison,
1997). Also, in the presence of selection, Ne is negatively correlated with the
recombination rate (Pease and Hahn, 2013). Taken together, Huerta-Sanchez et al.,
(2014) provide a statistical framework to test whether the lengths of putative
introgressed haplotypes exceeded the length of segments resulting from ILS. For the
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more recent admixture, it is still challenging to rule out ancestral polymorphisms
from true introgression. For this reason, ancient sequence data have proven useful.
If historical samples are available, comparing the ancient and modern genomes
would be an efficient way of excluding shared ancestral polymorphisms. It allows
inference of ancestry of specific genes or genomic regions that an admixed individual
derives from an ancestral population. For example, with the first genome sequencing
data from a Neanderthal individual (Green et al., 2010), researchers directly
investigated the relative contribution of Neanderthals to individual human genomes
using D-statistic. Further investigations has shown that in modern human genomes
more than 95% of polymorphic derived alleles shared with Neanderthals are due to
incomplete lineage sorting, and thus less than 5% of shared alleles are informative
about introgression (Lin et al., 2015).

7"\
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Fig 6.1 The ABBA-BABA test is used to detect an excess of one pattern of discordance
relative to the other in four taxon phylogenies. An equal number of incongruent ABBA
and BABA allele patterns are expected under ILS alone. A significant excess of ABBA or
BABA allele patterns is consistent with a history of introgression.

Four taxon tests (e.g. D-statistic, F-statistic, fd) can estimate the introgression
probability and internal branch lengths in coalescent units on the species tree.
However, with a null hypothesis of symmetric genealogies, these methods often do
not have an implicit assumption about the direction of gene-flow. In Chapter 2, |
show that such statistics can be difficult to interpret and can lead to biased
inferences. Admixture involving unsampled or extinct lineages can result in complex
site patterns and might influence the results of the D-statistics (Durand et al., 2011),
so called ghost introgression. Direct genetic traces of ghost introgression are
detected as highly divergent haplotypes in present day genomes. These divergent
haplotypes can be either in mitochondrial DNA (mtDNA) or in the nuclear genome.
Deep mitochondrial divergence along with shallow overall nuclear genomic
differentiation may indicate mitochondrial replacement/capture through genetic
introgression (Mao et al., 2013; Rakotoarivelo et al., 2019; Zhang et al., 2019).
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However, for the nuclear genome, it is more complicated. Intense episodes of
continuous gene flow and recombination will shuffle the introgression pattern along
the genome. In Chapter2, | propose that combining a relative distance method
(RNDmin, Rosenzweig et al., 2016) and a four taxon test (D-statistic) can successfully
resolve the genealogy discordance caused by a ghost introgression, which can also
be applied to other similar studies. Model-based approaches can also address
complex speciation hypothesis testing. Large-scale simulation based on
demographic inferences drawn from whole genome sequences (e.g., G-PhoCS,
MOMI, admixturegraph (Gronau et al., 2011; Leppéla et al., 2017; Kamm et al., 2018))
or site frequency spectrum (Excoffier et al., 2013; Martin and Amos, 2020), have
shown their power of detecting and quantifying ghost introgression. However, the
number of coalescence-events one can include in a model grows quadratically with
the number of lineages (individuals) (Oulu, 2003; Weber, 2008), limiting the
application in practice, especially when one can only sequence one or two individuals
per population.

6.5 Hybridization and range expansion

It has become clear that speciation with gene flow is more of a rule than an exception.
Much of our knowledge about the role of hybridization in evolution comes from
studies of secondary contacts during Quaternary environmental changes (Hewitt,
2011). Climate changes are expected to shape the ecological niche and biodiversity
distribution. For example, rising temperatures can result in animals and plants
migrating northward or uphill to escape the heat and vice versa. Generally, the
distribution of species is limited by the ability of populations to adapt to
environmental pressures at the range margins (Bridle and Vines, 2007). Populations
at the range edge are directly facing the severe selection pressure and the danger of
extinction. They can avoid becoming extinct by the arise of alleles for adaptive traits
to the new environment. However, studies further predict that the source of local
adaptation at a range edge does not always result from new mutations. Compared
with the rapid climate fluctuations, the waiting time until favorable mutations
emerge is too long (Orr and Unckless, 2008; Bijlsma and Loeschcke, 2012). An
alternative source of adaptive allelic variants at the range edge is hybridization,
interbreeding of distinct evolutionary populations or species. Interspecific admixture
can provide genetic variation that allows populations to adapt to selective pressures,
either through the transfer of alleles for key traits that are already adapted to the
new environment, or through an increase in overall genetic diversity which can then
facilitate adaptation (Stelkens et al., 2014; Hamilton and Miller, 2016). Ecological
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conditions that lead to hybridization and establishment of hybrid populations also
tend to lead to range expansion. Range expansion is by definition a non-equilibrium
process, because spatial distribution of individuals within a population is based on
the individual fitness. Once the adaptive allele is introduced by hybridization,
individuals with higher adaptability to the new environment will aggregate at the
range edge, thus further accelerating the establishment of populations in newly
colonized areas. Moreover, hybridization can lead to replacement of the resident
species by the species invasion or the breakdown of species boundaries (Huxel,
1999). In Chapter 2, the range expansion of Sus scrofa during the Plio-Pleistocene (2-
1Mya) represents an illustrative example of this phenomenon. During the expansion
from south to north Asia, Sus scrofa not only replaced many local species, it also
“absorbed” the genetic material from closely related species’ genomes (ISEA Sus,
pygmy hog and an unknown Suidae). Some genes harbored within the introgressed
genomic fragments are further detected to be associated with altitude adaptation,
which may potentially boost the viability of pigs during northward migration. These
results highlight that admixture events can involve multiple species and that
hybridization plays a role as an important evolutionary force in range expansion.
Ironically, in the light of global climate change and human-mediated species invasion,
hybridization might be a factor that contributes to the collapse of populations and
resulting in biodiversity loss. Thus, hybridization is not just a topic of academic
interest but an unavoidable issue of conservation of biodiversity in the wild.

6.6 Demographic history inferred from genomes

Uncovering the temporal fluctuations of population size and understanding
corresponding consequences provide information about how species reacted to past
events such as glacial cycles, climate change or human intervention. Such prior
information can be used directly in species conservation (Frankham et al., 2002). To
make decisions regarding a conservation programme, it is important to understand
the level of inbreeding in the population, which also depends on the population size
and its demographic history. Traditionally, inbreeding levels was estimated using
pedigree or low density genetic markers (e.g., microsatellite, SNP array) (Kardos et
al., 2016). Recently, whole-genome sequencing has enabled a transition from
focusing on genome-wide estimates of inbreeding to examining patterns of
inbreeding across the genome, which means literally observing inbreeding across the
genome. In Chapter 3, | used whole genome sequencing data to characterize the
genetic diversity, demographic history, and level of inbreeding of the critically
endangered pygmy hog. The pairwise sequentially Markovian coalescent (PSMC)
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analysis shows that pygmy hog exhibited persistent low effective population size
smaller than ~500 from 100,000 to 10,000 years ago. However, due to the
homogeneous distribution of heterozygous sites in the pygmy hog genome, PSMC
cannot make reliable estimates of demography more recently than 10,000 years ago.
A way to infer recent demography is by investigating runs of homozygosity (ROH). In
pygmy hog an absence of long ROH indicates that no recent inbreeding happened in
the pygmy hog population. Our study highlights the power of combining several
methods to reconstruct a complete and continuous demographic history.

6.7 Evolution of genome architecture

6.7.1 Highly contiguous genome assemblies

The development of genome sequencing technologies and assembly tools has
rapidly advanced with genome projects. Since the Illumina short read sequencing
technigue was introduced, the substantial decrease in sequencing costs and efforts
has enabled genome sequencing project for non-model species. The read length for
lllumina sequencers is typically 150bp to 250bp, with less than 1% error rate. To
assemble genomes with lengths of billions of base pairs, such reads are too short in
length to obtain high quality assemblies. This is mainly due to the limited power of
the short reads for resolving tandem repeats, GC-rich regions and duplicated
segments in the genome. To overcome these limitations, complementary
approaches based on the short read platform were developed. One example is 10X
genomics linked read sequencing technology (Zheng et al., 2016). In 10X genomics
sequencing, DNA is partitioned and dispersed to barcoded oligonucleotides, which
are then sequenced using a short-read sequencer. The resulting reads are then
assembled using the long-range linkage information from barcodes into long DNA
molecules. However, extreme repetitive sequences can still introduce ambiguity and
prevent complete reconstruction of a genome. Some of the newer chromosome
conformation capture techniques like Hi-C provide genome-wide contact maps
between loci within chromosomes (Lieberman-Aiden et al., 2009). Because the
intrachromosomal interaction probability rapidly decays with increasing genomic
distance and is much higher than interchromosomal interaction, Hi-C data can be
used to order and orient contigs, even producing scaffolds which can span complete
chromosomes (Zheng et al., 2016). In Chapter 4, | show that by only using sequencing
data from short read platforms (10X and Hi-C), one can generate a highly contiguous
genome assembly. Further, in Chapter 5, using the available genome sequences as
reference, | applied a reference guided assembly approach to generate genome
assemblies with reasonable quality using previous published medium coverage
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resequencing data. These studies provide a good example of initiating a new genome
project and fully utilizing the available genome resources.

De novo genome assemblies are rarely considered complete due to technical
limitations during the sequencing and assembly process. Thus, constant
improvements in sequencing technologies and assembly algorithms make genome
building an iterative process. Examples are the human reference genome which is
currently version 38 (GRCh38) and pig which is version 11 (SSC11.1, Warr et al., 2020).
For the genome sequence of Sus cebifrons presented in this thesis, there is also
considerable room for improvement, especially considering the contig N50. In recent
years, two platforms have acquired major roles in improving de novo genome
sequencing of larger eukaryotic animals, namely PacBio single molecule real time
sequencing and Oxford Nanopore Technology sequencing. Both techniques produce
long reads of up to several thousand kilobases. The long read length can easily bridge
the repetitive genome regions and results in high contiguous scaffolds. Currently,
sequencing accuracy is limited by the technology and chemicals used in long read
sequencing. To eliminate sequencing errors, long read technologies require high
depth sequencing when used for de novo genome assembly. Lower cost, and lower
sequencing errors of lllumina short read still provide a solid alternative to long read
sequencing. Thus, new technologies require more time to be adapted and improved.
Nevertheless, genome projects could immensely benefit from a hybrid approach.
Combining sequencing data obtained from short and long read technologies has
shown to substantially increase assembly quality, especially for complex genome
structures. Most recently, The Telomere-to-Telomere (T2T) consortium used almost
all the available sequencing technics (including 120x coverage of Oxford Nanopore,
70x PacBio CLR, 30x PacBio HiFi, 50x 10X Genomics, as well as BioNano DLS and Arima
Genomics Hi-C) to sequence the CHM13hTERT human cell line and assembled a
complete human genome with only 5 known gaps within the rDNA gene cluster
(Logsdon et al., 2020; Miga et al., 2020). Moreover, groups, affiliated with Earth
BioGenome Project (EBP), such as the Vertebrate Genomes Project (VGP) and the
10,000 Plants(10KP), have made significant progress in building up standardized
pipelines to generate high-quality and complete references (Cheng et al., 2018; Rhie
et al., 2020). Thus, there is no doubt that this represents an exciting area of future
research. The continuous improvement of these cutting-edge technologies and
bioinformatics tools will allow for sequencing every single base in the genome and
ultimately every representative genome in the Tree of life.
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6.7.2 Chromosomal rearrangement

As the most conspicuous genetic variation, chromosome rearrangement has been a
topic of interests for many decades. From chromosome banding to whole genome
sequencing, higher data density allowed for a much more detailed analyses of
chromosomes. In theory, comparing de novo assembly of the query genome and the
reference genome allows detection of all forms of chromosomal rearrangement
present in the query genome. In Chapter 4, | compared the genome assemblies of
two closely related species, Sus scrofa and Sus cebifrons. Three major questions were
addressed: two known chromosome fusion events, conservation of syntenic blocks
between species and the disruption of syntenic blocks (via chromosomal inversion
events).

By directly comparing the two genome sequences, | observed the previous reported
chromosome fusions (Musilova et al., 2010), that led to the different karyotypes of
these two species. It is well known that different Sus species can produce fertile
hybrid offspring. With the genome sequence and Hi-C chromatin interaction
information, | confirmed that Sus scrofa and Sus cebifrons share very similar
chromatin conformation even in chromosomes involved in fusion events. A
successful meiosis requires accurate homologous chromosome paring,
recombination and segregation by recognizing the compacted loop arrays of the
homologs (Keeney et al., 2014; Patel et al., 2019). This is the basis of the hypothesis
that chromosome structure is one of the determining factors of post-zygotic isolation.
A recent study used mitochondrial genetic divergence as proxy to predict the
reproductive compatibility between species (Allen et al., 2020). Similar to that, based
on the mechanism of meiosis, | propose that the similarity of chromatin
conformation can be a more direct proxy to infer hybrid fertility. Thus, in the future,
comparative analysis of chromatin conformation based on Hi-C should be explored
to evaluate the role of chromosome topology in the speciation process.

The genome organization reveals a macro perspective of the evolutionary history.
Mammalian genomes are overall highly syntenic (Zhao and Schranz, 2019).
Comparison of syntenic blocks between Sus scrofa and Sus cebifrons genome
assemblies confirms that ~95% of the genetic elements are localized in the same
order. Within a short evolutionary time scale (~4 Million years), paracentric
inversions serve as the dominant mechanism for shuffling the order of genes along
a chromosome. Transposable elements (TEs) have long been considered as activate
components of the genomes, inducing structural rearrangements by chromosome
breakage, thereby inactivating or duplicating genes and adding or removing
regulatory regions (Slotkin and Martienssen, 2007; Akagi et al., 2013). The presence
of paralogous copies of TEs in a genome can provide the substrate for aberrant

173



6. General discussion

transposition and ectopic recombination leading to novel structural rearrangements
and genomic plasticity. To date, most of the conclusions are drawn based on studies
within species. In Chapter 4, | examined TEs distribution in the genomes of two closly
related species in order to better understand the genomic changes around large
inversions. The results, that TE contents are lower in chromosome regions proximal
to the inversion breakpoints in both Sus scrofa and Sus cebifrons genome, cannot be
explained by current theory (Fig 6.2). The dramatic decrease of TE content can
overlap with the inverted segment or be located outside the inverted region.
Moreover, this pattern is usually only present at one side of the inversion
breakpoints. The cross-species comparison implied that the different effects of TEs
in inversion may be explained by the different evolutionary timescales. We
hypothesize that the lowered TE content may prevent secondary chromosomal
rearrangement and maintain the inverted allele frequency. Thus, chromosomal
inversions between species have generally reached fixation in both populations. Due
to the time constrains of my PhD, | wasn’t able to test our hypothesis in broader
taxonomic groups. Further theoretical and empirical work is therefore needed to
evaluate these hypotheses.
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Fig 6.2 Example of chromosomal inversion and associated TE distribution. G1 and G2
represent the query and target genome. Red line above each genome represent the TE
content. The blue arrows represent the inverted segments.

6.7.3 Adaptation genomics

Another major theme of this thesis is to discover genomic determinants of
phenotypic differences between species, which is important to understand nature’s
fascinating phenotypic diversity. In Chapter 4, | introduced a molecular evolutionary
analysis using the Sus scrofa and the Sus cebifrons genomes, which are
phenotypically different and living in different natural environments. Our analyses
detected candidate genes that show differences in the coding regions. The functional
annotation of these candidate genes offers potential insights for the observed
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environmental adaptation and phenotypic divergence. Notably, the current pig
reference genome was made from a domesticated pig (a Duroc). Since domesticated
pig has gone through a complex evolutionary history before domestication and after
the split from other Sus species, it is important to distinguish the genetic traces left
by different evolutionary dynamics (selection during domestication and natural
selection) in the modern pig genome. In Chapter 5, having a near complete collection
of Sus species, | was able to reconstruct the ancestral codons sequence of Sus. This
enabled me to infer the selection constrain in each of the Sus species lineages, as
well as in the ancestral branch of Sus. | specifically tested for long-term shifts in
selection pressure associated with changes in ecology and function. The analyses
revealed a subset of positively selected genes in the pig genome categorized into
two categories: adaptive radiation or artificial selection, which correspond to range
expansion and domestication events, respectively. A general remark concerning this
work is the importance of carefully contrasting any observations suggestive of
positive selection between (or among) different partitions of a phylogeny. Proper
prior hypothesis about the location or timing of the divergence point should help
identify historically important selection events and uncover mechanisms of
evolution. Ideally, in the future, when more genome sequences of wild boar are
available, this approach can better help us to understand the selection constrain in
the pig genome at different times of evolution.

In this thesis, | mainly discuss the coding sequences of genes involved in adaptation
and domestication, although it is now well established that evolutionary changes in
gene expression are widespread, both within and between species (Kleinjan and Van
Heyningen, 2005; Wray, 2007; Stern and Orgogozo, 2008). Regulatory sequence
changes do not alter the protein structure, rather influence phenotypes by
controlling the spatial and temporal distribution, as well as the quantity of protein
produced. SNPs located within epigenetic switches, e.g., promoters and enhancers,
may underlie inter-species differences in gene expression levels and also underlie
phenotypic adaptation and speciation (Elena and Lenski, 2003). The speed of genetic
adaptation depends on the rate of emergence of fitness mutations as well as the
strength of selection pressure. The rate of epigenetic variation is usually much faster
than genetic mutation (Rando and Verstrepen, 2007). Under rapid environmental
change, epigenetic variation can adjust phenotypes instantaneously (i.e. during
development) without modifying the DNA sequence, thereby quickly providing
adaptive plasticity. Examples of epigenetic switches of gene regulation include
transcription factor activity, DNA methylation, chromatin modification and
chromatin accessibility (Henikoff and Greally, 2016). Epigenetic switches can emerge
through positive feedback loops in biochemical or genetic networks. Epigenetic
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variations contained in germline cells are heritable from parents to offspring
(Jablonka et al., 1992; Grossniklaus et al., 2013). Collectively, DNA regulatory
elements and epigenetic components constitute a gene regulatory network, hence
playing a central role in organisms’ responses to environment. Further integrative
studies using multi-omics data (e.g., genomics, transcriptomics, epigenomics) should
improve the understanding of adaption mechanisms in specific environmental
dynamics.

6.8 Methodological challenges in the post genomic era
6.8.1 Reference bias

Resequencing is currently the most commonly used DNA sequencing approach.
Resequencing data analyses often begin with aligning reads to a reference genome,
with the reference represented as a linear string of bases. Single linear haploid
references such as the human GRCh38 assembly or the pig SSC11.1 assembly used
in this thesis originated from a single individual or a mix of several individuals. Thus,
the underrepresentation of the entire genetic variation of population leads to
reference bias, a tendency to miss-align or incorrectly align reads containing non-
reference alleles. This can ultimately lead to confounding scientific results, especially
for analyses related to hypervariable regions (Brandt et al., 2015) or allele-specific
effects (Degner et al., 2009). Generally, reference bias can influence variant calling
by missing alternative alleles or by wrongly calling heterozygous sites as homozygous
for the reference allele which is known to influence estimates of heterozygosity and
allele frequencies. It impacts any comparative study where reads are mapped to a
divergent reference. For example, reference bias can lead to the underestimation of
rates of molecular evolution or the overestimation of phylogenetic discordance due
to stochastic genealogical processes (i.e., incomplete lineage sorting) or
hybridization (Gunther and Nettelblad, 2019).

Efforts have been made to address reference bias, which can roughly be classified
into three directions. First, based on the linear reference, some studies suggest
replacing the widely used linear reference with a customized reference that
incorporates sample-specific variation (Stevenson et al., 2013; Buchkovich et al.,
2015; Sarver et al., 2017). This can increase alignment and genotyping accuracy.
However, this linear reference-based framework will always be limited with respect
to larger-scale structural variation (e.g., chromosomal translocations and inversions).
Thus, this approach is most useful for generating comparative evolutionary genomic
data sets of orthologous loci that can be used for phylogenetic and population
genomic inferences. Second, alternative mapping strategies such as mapping against
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genome graphs could eliminate reference bias already at the mapping step (Paten et
al., 2017; Garrison et al., 2018; Rakocevic et al., 2019). Genome graphs include the
reference genome together with genetic variation and polymorphic haplotypes and
can not only increase the number of aligned reads and resolve haplotypes, but also
allow a better representation of the diversity among population groups (Fig 6.2). A
typical application of graph reference is for “pangenome”, which has been generated
for human, pig, goat and many other extensively studied species (Eizenga et al.,
2020). Although graph genome tools could eventually transform how whole-genome
sequences are analyzed, current implementations have important limitations
(Marschall et al., 2018). The accuracy of graph genomes highly relies on the prior
identification of structural variations and complex genomic rearrangements, which
generally need to be detected by high quality sequencing. This leads to the third
approach, using an unbiased de novo assembly to make inferences on individual
genomes. Single molecule and synthetic long reads are advantageous for structural
variation calling because they can overcome repetitive regions and span structural
variations entirely. For example, a recent study using a combination of long-read
technologies reported a sevenfold increase in structural variations compared with
the number of structural variations using standard short-read whole-genome
sequencing. In Chapter 4 and 5, | show the possibility to directly compare genome
sequences from different species. With that, | successfully inferred structural
variations, as well as gene flow and selection signals. However, building an
alignment-based framework for analysis of mammalian genomes is a huge
computational task. Until we break through this bottleneck, graph genome
approaches embracing high quality de novo genome assemblies may be the best
solution to harness the full potential of genome data.

TTTGCTG!

Fig 6.2 Example of a fragment of variation graph. Colored paths represent genomes
which traverse sequences (nodes). This visualization was rendered using the

SequenceTubeMap (https://github.com/vgteam/sequenceTubeMap).
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6.8.2 Sequence comparison methods

Reconstructing phylogenies of DNA and amino acid sequences is of fundamental
importance in biological research, particularly in molecular biology and genomics. It
is the key step in molecular evolutionary analyses, e.g., gene function and regulatory
region prediction. Traditionally, phylogenetic and phylogeographic inferences are
based on nucleotide substitutions. Indels (insertion and deletion) and structural
variations in molecular sequence alignments are removed prior to the analysis by
coding them as missing data or by deleting whole columns that contain gaps.
Moreover, mutation rates and patterns of indels and structural variations are less
well studied than those associated with single nucleotide or amino acid substitutions.
With the increasing number of whole genome sequences available, the rate of indel
and structural variation events observed in whole genome comparisons is too high
to ignore, especially for across species comparison. Several methods have been
developed for including indel events. Thorne et al (1991) developed the first
probabilistic model (the TKF91 model), describing the evolution of indels on a
phylogenetic tree as a Poisson process (Bouchard-C&té and Jordan, 2013). The TKF91
model was further extended to allow longer indels (the TKF92 model, Thorne et al.,
1992). The TKF91 and TKF92 models can be represented as Hidden Markov Models
(HMM, Thorne et al., 1992). Recently developed pair-HMMs can closely approximate
the features of the indel model in various length, assuming geometrically distributed
indel lengths, and without assuming reversibility (De Maio, 2020). Lastly, awide array
of alignment-free approaches to perform sequence comparison have been
developed. Currently, the most widely used alignment-free algorithms are based on
k-mer counts (Reinert et al., 2009; Schwende and Pham, 2014). K-mer methods work
by projecting sequences into a feature space of k-mer counts, which is further
transformed into numerical values (e.g., k-mer frequencies) that can be used to
calculate sequence distances. Alignment-free algorithms are rapidly extending the
range of applications and answering previously intractable questions in
phylogenomics (Fan et al., 2015), horizontal gene transfer (Bernard et al., 2016),
population genetics (Haubold et al., 2013) and evolution of regulatory sequences
(Zhao et al., 2016). It is conceivable that molecular evolution studies in the future
will abandon alignment altogether and uncover the evolution trajectory for every
single base.
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Understanding the origin of species and biodiversity is one of the fundamental
objectives in evolutionary biology. Continuous efforts to sequence additional
species have generated a comprehensive dataset for biologists to explore the
underlying biological mechanisms contributing to evolution and to aid conservation
of ecosystems. The aim of my thesis is to utilize genome scale data to provide new
insight into the evolutionary process and mechanisms in Suidae evolution. In this
work, | provided a comprehensive view of the evolutionary history of pig species,
spanning from species origin to current time. Furthermore, the refined
comparative genomic framework of Suidae species contributes to our
understanding of the effects of complex speciation and hybridization from an
evolution genomics perspective.

In Chapter 2 we sequenced and analyzed the genomes of the highly endangered
pygmy hog (Porcula salvania). Phylogenetic reconstructions using whole-genome
data strongly support pygmy hog as a distinct genus separated from other Suinae
species, whereby the controversial taxonomic classification is resolved. Time of
divergence estimation suggested that pygmy hog initially emerged during the
Miocene/Pliocene boundary some 5.1 million years ago. Moreover, admixture
analyses revealed at least two independent events of inter-species gene flow
during wild boar range expansion across Eurasia. Despite the large phylogenetic
divergence, wild boar interbred with pygmy hog and a now-extinct species which
exhibit a deep phylogenetic placement between pygmy hog and warthog. Our
analyses highlight the important role of admixture as evolutionary biological driving
force in successful range expansion and species replacement.

In Chapter 3 we provided an in-depth analysis of the formation of the current
pygmy hog population and demonstrated consequences of the historical
demography. Using whole genome sequencing data of six individual pygmy hogs,
our demographic analysis revealed that pygmy hog has remained at small
population sizes with low genetic diversity since ~1 Mya. The absence of
mitochondrial variation in the six sequenced individuals suggested a historical
maternal bottleneck. Runs of homozygosity (ROH) analysis showed that pygmy hog
does not comprise high ROH coverage and long ROH, indicating very little recent
inbreeding. Also, our genome wide scan and simulation of harmful mutations
suggested that the long-term, extremely small population size may have
constrained the purifying effect and led to the accumulation of genetic load.

In Chapter 4 we generated a Sus cebifrons (the Visayan warty pig) genome
assembly using linked-read sequencing and chromosome conformation capture
techniques. The assembly is on chromosome level, which consisting of 17
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chromosomes and yielding a genome size of 2.48 Gb and scaffold N50 of 141.8 Mb.
The alignment of the Sus cebifrons assembly and Sus scrofa assembly (Duroc -
Sscrofall.l) revealed a high degree of collinearity, but also chromosome fission
and fusion. The comparison of chromosome interaction maps suggested that, due
to the short divergence time between Visayan warty pig and Duroc pig (~3 Mya),
the chromosome 3D conformation structure remained the same after the
chromosomal rearrangements. We hypothesized that this may explain the absence
of post-zygotic reproductive isolation among Sus species. We further identified the
different signatures of adaptive and domestication selection in Visayan warty pig
and domestic pig, respectively. In particular, we investigated the evolution of
olfactory and gustatory genes and reported the genetic basis of species-specific
sensation.

In Chapter 5 we went one step further and used a reference-guided assembly
approach to generate genome sequences for three other Sus species (i.e., Sus
verrucosus, Sus celebensis and Sus barbatus) and the outgroup species Porcula
salvania. With the near complete phylogenomic framework of Sus species, we were
able to perform admixture analyses directly from genome sequences. This
unbiased admixture analysis reaffirmed the extensive inter-species gene flow
between Sus is concomitant with past climatic fluctuations. In addition, we tested
the shift of selection pressure along the Sus phylogeny and interpreted the results
in the context of paleobiogeographic evidence. We provided candidate genes that
might have contributed to adaptive radiation and domestication of pigs. This case
study demonstrates that utilizing genome sequences is a powerful tool for
evolutionary and functional genomic analyses.

Finally, in Chapter 6, | string all chapters together and provide additional discussion
on the findings presented in Chapter 2 to 5. | discuss the molecular and genetic
mechanism underlying the complex evolutionary history of Suidae species. | also
discuss the evolution of genome architecture during speciation and hybridization
from a general perspective. Lastly, | summarize methodological challenges of
evolutionary analysis in the genomic era and explore the potential implication of
the emerging methods.
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