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Abstract

Abstract
Bosse, M. (2015). The hybrid nature of pig genomes. Unraveling the mosaic
haplotype structure in wild and commercial Sus scrofa populations. PhD thesis,
Wageningen University, the Netherlands
A single genome contains information on the demographic history of a population,
from ancient bottlenecks till recent inbreeding, hybridization and selection. In this
thesis I provide an in-depth analysis of the genome-wide patterns of diversity in
domestic pigs, wild boars and closely related species. Pigs originated around 4
million years ago in South-East Asia, and spread over the entire Eurasian continent
from there. Because of its wide geographical range and because European and
Asian wild boars diverged ~1.2 million years ago, the Eurasian wild boar is an
excellent model species to study the effects of demography on genomic variation.
Using the latest genomic tools, I show that past glaciations had a strong effect on
the effective population size and diversification in many wild boar populations
worldwide. I also detect signs of recent inbreeding. Pig domestication occurred
independently in Europe and Asia about 10.000 years ago, leading to genetically
and phenotypically highly distinct domesticated clades. It is well documented that
Asian pigs have been imported into Europe in the early nineteenth century and
were crossed with European pigs to improve the performance of local breeds. I
demonstrate the genome-wide nature of these introgression and selection patterns
in domesticated European pigs. The results presented in chapters 5 and 6 reveal
selection on Asian haplotypes in the genome of European commercial pigs and
significant effects of the Asian variants on multiple traits of commercial interest.
The identified Asian introgressed haplotypes are associated with regions harboring
genes involved in meat quality, development and fertility. On top of that, I show
that nucleotide diversity in the genome of European domesticated pigs has
increased as a result of the introduced Asian haplotypes, supporting the
fundamental genetics theory behind outcrossing. Finally, I demonstrate how
genomics-based measures of inbreeding can outperform classic pedigree-based
breeding programs in maintaining variation and fitness in a population.

5

Table of Contents
5

Abstract

9

1 – General introduction

27

2 –Regions of Homozygosity in the Porcine Genome: Consequence of
Demography and the Recombination Landscape

57

3 –Untangling the hybrid nature of modern pig genomes: a mosaic derived
from biogeographically distinct and highly divergent Sus scrofa populations

79

4 –Hybrid origin of European commercial pigs examined by an in-depth
haplotype analysis on chromosome 1

99

5 – Genomic analysis reveals selection for Asian genes in European pigs
following human-mediated introgression

117

6 – Artificial selection on introduced Asian haplotypes shaped the genetic
architecture in European commercial pigs

135

7 Genomic Data in Population Management: Implications for Conservation
and Selection Programmes

163

8 – General discussion

183

References

199

Summary

203

Samenvatting

209

Acknowledgements

215

Curriculum Vitae

220

Training and Education

223

Data availability and supplementary material

254

Colophon

1
General introduction

1 General introduction

1.1 Introduction
1.1.1 Genetic variation

The genome is a mosaic of sequences, consisting of interconnected stretches of
DNA that each represent a unique history. This history is enclosed in the specific
combination of genetic variants in the sequence. Genetic variation provides the
raw material for evolution. Some variants in the DNA will have an effect on the
phenotype, and therefore also on fitness of an individual. Because variants occur in
different combinations in all individuals in a population, fitness is unequally
distributed over individuals. Therefore, genetic variation is the foundation for
natural selection to act upon a population. While some variants will elevate the
probability of survival and producing offspring, others will have a negative effect.
To truly comprehend the mechanisms that underlie the evolutionary forces of
survival and extinction, we need to understand the factors that shape the
distribution of genetic variation in a population. The aim of my thesis is to provide
insight into the mechanisms that shape the variation landscape in diploid
organisms, and how this information can be used in selection and conservation
efforts.
1.1.2 Sources of genetic variation

In diploid organisms, like most animals including mammals, a single copy (or
haplotype) of the same chromosome is inherited from each parent. Although these
two haplotypes originally represent the same chromosome, they are not
completely identical. Two major phenomena in genetics are thought to cause most
variation in the genetic code of diploid organisms: mutation and recombination.
Single base substitution mutations result in single nucleotide polymorphisms
(SNPs). SNPs are, in numbers, the most common type of genetic variant in the
genome, and are relatively easy to study compared to other types of genetic
variation like structural variations. The rate at which per-base pair mutations occur
in cellular organisms is correlated to genome size (Lynch 2010). The prevailing
assumption in the past four decades has been that the majority of mutations can
be considered neutral (Kimura, 1968). Initially, only a fraction of the genome was
thought to be functional. However, this view was challenged in 2012 by the
publication of the ENCyclopedia Of DNA Elements (ENCODE) Project by the
ENCODE consortium (Birney 2007, Dunham 2012), suggesting that a large
proportion of the genome is actually functional to some extent. Apart from the
conventional protein coding genes, the functional elements of the genome consist
of non–protein-coding genes, transcriptional regulatory elements, and sequences
11
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that mediate chromosome structure and dynamics in eukaryotes. Mutations can
have effects on function, but it is important to realize that variation in functional
regions does not necessarily indicate that the variant has any measurable effect.
The different variants, or alleles, that can be observed at a SNP locus in the
genome, have a specific genomic context. They occur at a particular physical region
on one of the chromosomes, and since any stretch of DNA can have multiple such
alleles, the alleles that co-occur on the same chromosome are physically (or
genetically) linked. Genetic linkage was first suggested in 1905 by William Bateson,
who discovered an excess of parental phenotypes and therefore a deviation from
predicted Mendelian independent assortment in the F2 in pea plants crosses,
hinting at a connection between the inherited traits. This ‘connection’ that Bateson
described is the fundamental mechanism behind the concept of haplotypes: the
combination of alleles on the same chromosome that are inherited together. The
th
fact that the founder of the inheritance theory in the late 18 century, Mendel, did
not find linkage is probably because the limited number of genes associated with
the traits he studied were too far apart or on different chromosomes (Blixt 1975). A
higher resolution and/or number of traits was needed in order to actually observe
this phenomenon. Recombination is a process that occurs during meiosis between
homologous chromosomes. Although recombination generally does not create de
novo genetic variants that did not already exist in the population, it is the main
mechanisms that shuffles genetic material present on the two parental copies of a
chromosome, resulting in unique combinations of variation. The extent of genetic
linkage, therefore, depends not only on the chromosomal location, but also on the
local recombination frequency. With current techniques in genetics, basically all
variants on a chromosome can be detected which allows us to study the
occurrence and inheritance of combination of alleles in the highest possible detail.
As we go back in time, more recombination events have shuffled the combination
of alleles on a chromosome, and only the combination of alleles of markers very
close together can be found back in the descendants. A central theme in this thesis
is how long these fragments of co-inherited alleles are, and what they can tell us
about the history of a population.
Each haplotype has a unique history of mutation and recombination that has
resulted in the combination of alleles on that haplotype. Whether a particular
variant will persist within a population, and at which frequency, therefore, is highly
dependent not only on its own selective (dis)advantage, but also on its genomic
context. Other factors, in particular demography, contribute to the distribution of
variation in genomes as well. In the following sections of my introduction, I will
12
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briefly discuss techniques for measuring genetic variation and the main factors that
determine the genomic distribution of variation.

Glossary
SNP – Single nucleotide polymorphism or point mutation, resulting in another
nucleotide at one single base in the genome.
Haplotype – The combination of alleles on the same (part of a) chromosome that are
inherited together.
Recombination – The process that shuffles the alleles from parental haplotypes of the
same chromosome into a new combination of alleles in the offspring.
Genetic variation – The number of loci that are variable between two haplotypes,
proportional to the full number of loci that are measured.
Linkage Disequilibrium (LD) – A measure for the extend of genetic linkage, so how
often alleles co-occur on the same haplotype in a population.
Coalescence – The convergence of alleles (or haplotypes) in a sample to a single
ancestral allele, when tracing them back in time.
ROH – Region Of Homozygosity in the genome of an individual: a stretch of DNA for
which both parental haplotypes are identical by descent.
Selective Sweep – A region in the genome that is or has been under selection and
displays reduced genetic diversity based on the genotypes of multiple individuals in a
population.
Hybridization – The process describing mixture of two genetically distinct
populations, resulting in hybrid individuals that contain haplotypes from both gene
pools.
Introgression – The introduction of a genetically distinct haplotype from another
source into a genome (or population).

1.2 Measuring genetic variation
Although the concept 'genetic variation' is widely used in biology, it can refer to
various levels in variation in a population or genome. Therefore, let me first
describe what is actually meant by 'genetic variation' in this thesis. Nucleotide
diversity, or π (Tajima 1983), can be referred to as the average number of per-site
single basepair differences between two randomly sampled haplotypes in a
13
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population. It is important to realize that this measure of variation can be used at
multiple levels: one can measure variation between different species, but it can
also refer to differences between haplotypes within the same individual. In a
panmictic population, the genetic variation within a single individual is similar to
the variation between two randomly chosen haplotypes in that population.
Therefore, the pattern of variation within a genome can be used as representative
of the variation in the population.
The first DNA-based studies that measured genetic diversity looked at variation at a
single locus in the genome. The mitochondrial D-loop has been widely studied,
because this eliminates within-individual variation, does not recombine and has a
Ne of ¼ of autosomal nuclear markers, making it particularly suitable for
phylogeography. As technology in genetics rapidly developed, multiple
measurements from the same (individual) genome became feasible. A very popular
type of marker that is still widely used is microsatellites, which are short copies of
identical repeated sequence that can have many variants (alleles) at the same
locus. With the advent of high-density genotype arrays (SNPchips), the resolution
of genomic variation became dense enough to look at the interaction of variation,
distributed over the length of a chromosome. Linkage disequilibrium (LD) is a
measure to describe the co-occurrence of alleles at different marker positions in a
population. If no genetic linkage is present, alleles at different markers are
inherited independent of each other, and the frequencies of inherited allele
combinations are similar thus LD is low. It was in the beginning of this century that
the patterns of genetic linkage in the human genome were described in detail
(Reich 2001, Altshuler 2005). LD is an important concept for population genetic
studies, since it is determined by the number of generations (and, therefore,
contains a time factor) and the effective population size. The current era of nextgeneration sequencing has revolutionized genome research since it allows almost
full characterization of genomic variation. In this thesis, I use this genome-wide
information to better understand the evolutionary forces shaping variation in
genomes. In my opinion, the biggest advantage of genome-wide information over
independent loci such as microsatellites is that it provides knowledge on the
genomic context of a variant. Most information on demographic history and
selection on a population scale lies within the population haplotype structure, e.g.
the combination of alleles that are observed together on a haplotype, and the
length and abundance of those haplotypes. Moreover, the genomic context of any
variant determines the likelihood of persistence of the variant in the population.

14
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1.3 Haplotypes and demography
Demography is one of the major determinants of the level of genetic variation in a
population. When population size is large, many individuals contribute to the pool
of alleles in the population and many different combinations are created by
recombination. The longer this process has been going on, the more time there is
for unique haplotypes to be created. Two haplotypes are said to coalesce when
they eventually converge into one parent haplotype when they are traced back in
time. So coalescent time is the time to the most recent common ancestor for two
sampled haplotypes in a population. Multiple methods have been developed to
estimate past and current population size based on the distribution of alleles in the
population. One of the most widely used methods is the linkage disequilibrium
(LD)-based method by Hill (1981) in which the extent of LD in a population, in
conjunction with known recombination rate, predicts the effective population size.
Although this method is very useful when a limited number of markers are
available, implementing full-genome information should lead to the most accurate
results. Recently, Li and Durbin (2011) and MacLeod (2013) proposed demographic
inference based on the distribution of variation in a single diploid individual (=two
copies of a genome). The key assumption here is that the genome is a mosaic of
different haplotypes that are derived from different individuals at different time
points. The time to the most recent ancestor of both haplotypes is a function of
recombination and mutation, and based on the length of the shared segment, and
differences between segments, demographic history can be inferred. Recent
consanguineous mating will result in long stretches of homozygosity in the genome,
since the same haplotype is inherited through both parents. The occurrence of
these Regions Of Homozygosity (ROHs) are forced either by demographic processes
or by selection elevating the frequencies of haplotypes surrounding a favored allele
(Szpiech 2013). Associating genomic ROH regions to particular phenotypes can be
utilized in different types of studies on selection, but also disease. Homozygosity
mapping in artificially selected lines can pinpoint genomic regions harboring genes
of commercial interest, but screening for ROHs in humans that are suffering from a
genetic defect can also aid in recessive disease mapping in medical research.
Excessive homozygosity is thought to result in inbreeding depression, which has
negative consequences for the fitness of inbred individuals. The key concept here is
that, due to loss of heterozygosity, the change that recessive deleterious mutations
become homozygous increase significantly. Even during times that genetics was
still in its infancy, Charles Darwin already mentioned his concern regarding consan15
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Figure 1.1. Letter by Darwin. Year 1870 letter from Charles Darwin to his neighbor and
member of the Census, John Lubbock. Darwin expresses his concern about the level of
inbreeding in cousin marriages. Reprint from “Wyhe, John van ed., 2002- The Complete
Work of Charles Darwin Online (http://darwin-online.org.uk)”.
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guineous marriages and the survival chances of offspring resulting from inbred
matings. In a letter to his neighbor John Lubbock (Figure1.1) he stresses that more
research was needed on the consequences of cousin marriages, especially lessened
vitality in offspring. Even though the genetic revolution came too late for Darwin
himself, who was actually married to his cousin, a wide range of literature has risen
since, discussing the putative damaging effect of inbreeding. At the individual level,
inbreeding can cause a reduction in fertility and juvenile survival (Witzenberger and
Hochkirch 2011). Darwin actually lost three of his children at a young age, possibly
due the deleterious effects of inbreeding. At the population level, inbreeding and
loss of genetic diversity reduce the potential for evolutionary change (Allendorf
2010). Together, these effects make small populations highly vulnerable to
extinction, as they tend to amplify each other (“extinction vortex”; Frankham
2010). However, the response of a population in terms of negative effects on
fitness related traits when inbreeding increases can vary widely between different
populations (Hedrick and Kalinowski 2000, Lacy 2012). Even within-population, the
reduction of genetic variation after a bottleneck can vary at different loci as a
consequence of alternating selective pressure in the genome. Whether inbreeding
will have an effect on the population in the long term thus depends on multiple
factors, complicating a priori- predictions about how a population will respond to a
bottleneck.

1.4 Haplotypes and selection
If one of the variants that are part of a haplotype at a particular locus has an effect
on the phenotype of the organism, it is likely that some selective pressure will act
upon that variant. Those haplotypes that contain variants that elevate fitness will
rise in frequency due to natural selection. The length and frequency of these
haplotypes depend on a combination of factors. Selection is more effective in large
populations with random mating (i.e. Charlesworth 2009). Patterns of neutral
genetic diversity, especially in smaller populations, are determined by a
combination of genetic drift and the loss of variation due to selection at linked
sites. How variation is influenced by selection depends on the extent of linkage
disequilibrium at selected loci and the type of mutation that is selected for.
Selection on novel mutations and with high LD will result in a stronger reduction of
local genetic variation than on standing variation with low LD.
Overall, the frequency and strength of selection will determine genome-wide
variation patterns. However, which type of selection predominates and how these
17
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loci are distributed throughout the genome varies. Although this process is
extensively studied, many questions remain about how these patterns can vary
across species and populations. Coalescence is defined as the convergence of
alleles (or haplotypes) in a sample to a single ancestral allele, when tracing them
back in time. Selection, therefore, may change coalescence time compared to
neutrality since it influences the haplotype frequencies in a population. In some
regions of the genome, heterozygosity is preferred over the homozygous state. This
so-called balancing selection therefore increases local diversity levels, and
coalescence time is increased because more diverse haplotypes are preferred.
Alternatively, positive selection for a certain haplotype locally reduces coalescence
time, because the genetic diversity or number of mutations between haplotypes at
that locus are diminished. The more recent the selection on a particular haplotype
is, the longer the associated selective sweep in the genome will be due to limited
time for recombination. This phenomenon can have deleterious consequences for
fitness of a population because putative damaging alleles are increased in
frequency through genetic hitchhiking. Therefore, LD between two loci in the
genome should be considered. The method of hitchhiking-mapping, i.e. screening a
population for changes in allele frequency due to selection, depends on the density
of the marker system and extent of LD near the selected variant. Next-generation
sequencing enabled much progress in building the connection between genetic and
phenotypic variation, since it provides the highest possible density.
Selective pressure might be very different in strength and direction in natural
populations compared to commercial breeds under strong artificial selection, but I
want to emphasize that the effects on genetic variation are the same in both cases.
Artificial selection is, therefore, ‘just’ another case of positive selection for a
particular allele. If the selective pressure is strong, as can be the case in artificial
selection, variation near the selected locus will be reduced. In those instances, the
low genetic variation at those loci is actually advantageous from the perspective of
the breeder since all individuals will contain the preferred phenotype.

1.5 Hybridization and introgression
The genome of each individual in a panmictic population contains two randomly
sampled collections of haplotypes from that population. Therefore, each individual
genome can be considered a representative mixture of the genetic variation that is
present in this population. The genetic variation in a population accumulated over
time and shaped by selection and demography, and is therefore characteristic for
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the population. If, however, genetic material from elsewhere is introduced, the
uniformity of the genetic background no longer applies. Such introgressed
haplotypes result in hybrid individuals that represent different population histories
within a single genome. First generation hybrids will still contain a single copy from
one particular (source) population, and another copy of the same chromosomes
from the donor population. But after this first generation, recombination will
create recombinant haplotypes so that the introgression is fragmented and
reduced in frequency.
Speciation with the presence of gene-flow was originally thought to be rare and
limited to few species, but this view is changing (Hey 2006, Nosil 2008). The
increase in molecular techniques to measure fine-scale genomic variation has
changed our perspective on admixture drastically. Interspecific hybridization
appears to be relatively common in eukaryotic organisms (Schwenk 2008).
Hybridization is gene-flow after the split of two lineages, which implies that the
separation of the two populations into phylogenetically separate clades needs to
be characterized and verified first. Hybridization may, therefore, complicate
inferences of speciation, divergence and selection. If hybridization is indeed as
common as appears according to recent estimates, species borders are permeable
and we might need to change our traditional view on species boundaries.
Hybridization, admixture and gene-flow all refer to combining genetic material
from distinct lineages into one organism or population, and therefore are used
alternately throughout this thesis.
The genomic and biological consequences of hybridization and admixture are
largely unknown. Admixture of diverged populations generally leads to an increase
in genetic diversity but not necessarily to higher fitness - this strongly depends on
the environment and selection pressure. Hybridization can occur naturally, along
hybrid zones of overlapping population ranges. Under these circumstances a steep
decline in hybridization is often observed from the region of admixture, due to
lower fitness of the hybrids. However, an increasing number of examples from wild
and captive populations showed that haplotypes from another source indeed can
confer a selective advantage. Originally, adaptive variation was thought to be
derived from either standing variation in the population or new mutations. The
discovery of the relatively new concept of adaptive introgression introduced a third
source of adaptive variation (Hedrick 2013). However, the magnitude of adaptive
introgression contributing to adaptive variation is largely unknown. The chance of
an introgressed haplotype to remain in a population is highly increased if it
19
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contains some selective advantage (Hedrick 2013). In natural populations of house
mouse, about 10% of the genome was found to have another origin than the
studied population, and in some genomic regions the introgressed haplotypes had
risen to a higher frequency than expected under a neutral scenario (Staubach
2012). A well-known example of adaptive introgression is the warfarin resistance in
mice described by Song (2011). Even sexual selection can act upon introgressed
haplotypes. Mate choice in Heliconius butterflies has been shown to have a hybrid
origin in the genome (Salazar 2010). It is therefore not surprising that also in
human genomes, admixture with differentiated populations has been identified
(Hellethal 2014, Hammer 2011, Alves 2012). For example, introgressed haplotypes
with Neanderthal ancestry are thought to have driven evolution for lipid catabolism
in Europeans (Khrameeva 2014). Humans have also played a role in stimulating
hybridization in other species, either unintentional or on purpose. Human-induced
hybridization can be a by-product of globalization as some species became widely
distributed due to human mobility, but it can also be intentional in for example
domesticated species (Kijas 2012, White 2011). In this thesis I disentangle the
genome of hybrids at the finest scale possible with state-of-the-art genomics
techniques, and draw conclusions about the mechanisms that distributed the
introgressed haplotypes in the genomes of the source population.

1.6 Haplotypes in population management
Small populations are more susceptible to drift and associated change in frequency
and distribution of recessive deleterious mutations (Lynch 1995). Captive and/or
ex-situ populations are particularly sensitive since they are usually small and
therefore genetic drift is large. Effective population sizes of ex-situ populations are
often critically small (Ne <50, Baker 2007). Ex-situ populations require careful
demographic and genetic population management to minimize loss of genetic
diversity (Ballou and Lacy 1995). Without proper genetic management, such small
populations will rapidly lose genetic diversity due to random drift and inbreeding
depression. In livestock populations, apart from the clear selection goals,
maintenance of variation to keep the population resilient to inbreeding depression
is desired, just as in natural populations. In terms of strategies on how to manage a
population, very different fields of population management face similar problems:
intense farming systems and conservation efforts both require maintenance of
variation and fitness to meet production or conservation goals. ROHs have high
potential for estimating genome-wide autozygosity (McQuillan 2008). Using ROH
coverage as a measure of the inbreeding, as an alternative for the inbreeding
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coefficient estimated from pedigrees, has only recently been recognized by the
livestock industry. Currently, only a hand-full of studies has estimated inbreeding
through ROH identified with high density SNP chip data. Ferenčaković (2013a,
2013b) correlated inbreeding estimated from ROH (Froh) with the conventional
pedigree coefficients (Fped) and showed that the accuracy of the inbreeding
coefficient estimated with pedigree data varies. Pryce (2012), Bjelland (2013) and
Purfield (2012) concluded that ROHs are a promising tool for management of
inbreeding. Recently, de Cara (2013) developed a method for population
management using optimal contributions (OC) calculated from ROHs. Simulation
studies demonstrated that avoiding inbreeding was more effective with OC
calculated from ROHs than from pedigrees.
Such detailed identification of shared identical-by-descent (IBD) haplotypes can
also aid other aspects of population management. Maintaining variation can be of
importance, even for the breeding industry, because it creates a framework for
selection. The fast development of genomic techniques and available resources is a
key element in the current genomic selection based breeding technology.
Coancestry mapping can also aid in the determination of hybrids in a population,
which may be undesirable. Overall, high-resolution genomic tools have proven to
be very useful in population management and will likely become omnipresent and
indispensable in any form of population management in the near future.

1.7 Domestic animals as model for evolutionary processes
To study haplotype structure, a model organism is desired in which the different
factors influencing the variation landscape in diploid organisms are well known.
Domesticated species are generally good models to study genomic and phenotypic
consequences of demography and selection (Megens and Groenen 2012).
Domestication and breed formation result in population bottlenecks, leaving clear
traces of drift and inbreeding in the genome. Artificial selection for particular
phenotypes creates opportunities for characterization of Mendelian traits.
Genotyping and sequencing technologies have opened up many opportunities to
reveal the complex history of domestication, admixture and selection in livestock
(Bruford and Bradley 2003, Larson 2014).
1.7.1 Suitability of the pig as model species

Apart from a suitable history and documentation, the availability of detailed
genetic information is crucial to be able to study genomic alterations due to
demography and selection. The pig (Sus scrofa, Linnaeus, 1758) was the first
21
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livestock species for which a genome consortium was established with the
intention to completely map the genome (Haley 2009, Schook 2005). The design of
a 60K SNP chip for pigs in 2009 greatly contributed to the applicability of genomics
techniques in pig breeding, and simultaneously increased possibilities for
population genomics studies (Ramos 2009). The publication of the pig reference
genome in 2012 (Groenen 2012) opened up an even greater window of
opportunities to study various aspects of the genetics of the pig, since the highest
resolution possible became reality. Together with the evolutionary history of the
pig, these provide an unprecedented study system for the questions regarding
genome evolution that I address in this thesis. Apart from population-specific
occurrences, I recognize four major events in the evolutionary history of pigs that
are of importance for the distribution of genetic variation in the pig genome (Figure
1.2).

Figure 1.2. Schematic overview of the history of the pig (Sus scrofa). Four main events are
indicated: 1) Speciation of Sus in ISEA. 2) Divergence between European and Asian S. scrofa.
3) Independent domestication leading to separate domesticated clades in Europe and Asia.
4) Hybridization between domesticated pigs from Asia and Europe.
22
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1.7.2 Speciation of Sus in ISEA

Sus scrofa is widespread within Eurasia (figure 1.2) and consists of many isolated
wild and domesticated populations. The Suidae family is particularly interesting for
molecular genetic studies as it is one of the few mammalian lineages that have
closely related species living today, and multiple species originated roughly ~4
million years ago on Island Southeast Asia (ISEA). The island structure in this region
probably promoted speciation, since the bearded pig Sus barbatus, the warty pigs
Sus celebensis and Sus verrucosus but also wild Sus scrofa occur on separate
islands. The complex phylogenetic structure within the genus Sus has been studied
intensively but until recently remained unclear (Larson 2005, Mona 2007). The past
connection of landmasses at the Sunda shelf and isolation of Indonesian islands by
the rapid sea level rise after the last glaciation period (Hanebuth 2000) created a
dynamic process of (re)colonization, isolation and admixture of different Sus
species and populations (Frantz 2013b, 2014). The African warthog Phacochoerus
africanus is the closest living relative outside the genus Sus, together with other
African genera such as Potamochoerus and Hylochoerus. The Sus scrofa reference
genome has proven to be suitable for genomic analysis on all these closely related
species.
1.7.3 Divergence between European and Asian S. scrofa

The species Sus scrofa has its origin in Southeast Asia some ~4 Mya and colonized
almost the entire Eurasian mainland from there. The divergence between WesternEuropean and Eastern-Asian populations has been estimated at about 1.2 Mya
(Groenen 2012, Frantz 2013b), and has resulted in many fixed differences between
both groups. This divergence not only resulted in a European and an Asian S. scrofa
clade, but also in differences in demographic history and population size. The last
glacial maximum probably reduced population size in both geographical regions,
but was most severe in Europe (Groenen 2012). The geographic distribution of wild
boar over Europe faced another severe decline starting in the middle ages and
lasting until the late 18th century. In the mid-19th century, natural or humanmediated recolonization events resulted in isolated populations expanding their
range. Some of these isolated populations were small in effective size for decades
or longer, causing inbreeding and population differentiation. Local re-stocking of
populations with geographically distinct wild boar resulted in complex genetic
structures and signatures of population dynamics (Goedbloed 2013a,b). Such
complex genetic architectures have been detected in Italian and Luxembourg wild
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boar. However, these mixed genomes could have been shaped due to ancient
glaciation events (Scandura 2008) or because of recent mixture (Frantz 2013a).
1.7.4 Independent domestication leading to separate clades

The demographic and geographic history of the domesticated pig may be just as
complex as that of its wild counterpart. There is compelling evidence that pig
domestication events occurred at multiple locations across Europe and Asia
independently (Larson 2005, Megens 2008). Domestication has not been a single
event, but rather a long period with recurrent admixture with wild populations
(Frantz 2015). Even very recently, hybridization between wild and domesticated
pigs has been reported (Goedbloed 2013a, 2013b, Frantz 2012b). The domesticated
pig as it is used nowadays for agricultural purposes consists of many breeds that
have been separated and kept isolated for decades, which has resulted in genetic
differences between these breeds. Breeds have been subjected to different
selection goals. Breed and population specific genetic studies have greatly
enhanced the dissection of complex traits that are economically important. The
influence and contribution of commercial pig breeds to local ecology and
biodiversity is however debated (Hall & Bradley, 1995, Goedbloed 2013a,b).
Knowing and understanding the origin and distribution of variation in
(domesticated) species is important for conservation of genetic resources
(Groeneveld 2010). In this thesis I will investigate the details of genetic variation in
both wild and domesticated populations, and the proportions of shared and unique
alleles.
1.7.5 Hybridization between domesticated pigs

It is well documented that during the Industrial Revolution in Europe, European
pigs have been deliberately hybridized with Asian pigs. Urbanization in Europe
increased the demand for meat such as pork, but during those times pig farmers
would still have their pigs roaming in surrounding forests. Forest cover was
decreasing and a different pig production system seemed inevitable (White 2011).
Due to this changing environment, pig breeders sought a way to improve their
stock in such way that pigs had to become adapted to living in small(er) enclosures,
be more prolific and gain weight more rapidly. This led to selection for traits better
adapted to the changed environment. Many of these traits were already present in
Asian domestic pigs. Therefore, British farmers started crossbreeding their own
pigs with these Asian pigs (White 2011). This introgression of Asian genetic material
into European populations has been demonstrated by genetic markers (Guiffra
2000, Amaral 2011). We expect that many livestock species/breeds actually are a
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mixture of highly divergent populations with a mixed demographic history,
combined in one genome. Pig breeding and the formation of livestock breeds
provide a good example of how Mankind can influence the genome of species.

1.8 This thesis
The main goal of my research is to investigate the distribution of genomic variation
within and between different populations of pigs and closely related species. By
analyzing re-sequence data from multiple individuals per breed and from wild
populations, and some additional individuals from closely related suid species, I
identify species- and population-specific regions with particular high or low
variation, and relate these patterns to their demographic and selective history. This
thesis gives a broad overview of genomic variation in pigs: how it is created,
maintained, reduced and increased. This turned out to be a complex interplay of
molecular processes, selection, demographic history, gene-flow and human
interference. Also the importance of maintenance and possible applications are
discussed. In chapter 2 I evaluate the occurrence of ROH in the porcine genome
and assign its non-randomly distributed nature over the genome of several pig
species to a combination of demographic events and recombination rate. Chapter 3
describes the genomic consequences of hybridization between two divergent pig
populations from Europe and Asia. In chapter 4 I demonstrate that the
introgression landscape of Asian haplotypes is highly heterogeneous in the
commercial Large White breed, and that the Asian introgression at the AHR locus
increases litter size in this breed. In chapter 5 I further explore these introgression
signals and their association with commercially important traits, and conclude that
the deliberate introgression and artificial selection broadly shaped the
introgression landscape in commercial pigs. Chapter 6 discusses the origin of the
higher nucleotide diversity in commercial pigs compared to wild boars in Europe,
disentangling the different contributions of European wild haplotypes and Asian
introgressed haplotypes to the genomic variation in commercial pigs. In chapter 7 I
make use of the latest techniques to follow haplotypes in a breeding scheme and
implement this information into selection and conservation management
strategies. Finally, in chapter 8 I discuss the relevance of my findings and place
them in a broader context. I reflect on the advantages and shortcomings of using
sequence data for these analyses and discuss future perspectives.
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Abstract
Inbreeding has long been recognized as a primary cause of fitness reduction in both
wild and domesticated populations. Consanguineous matings cause inheritance of
haplotypes that are identical by descent (IBD) and result in homozygous stretches
along the genome of the offspring. Size and position of regions of homozygosity
(ROHs) are expected to correlate with genomic features such as GC content,
recombination rate but also direction of selection. Thus, ROHs should be nonrandomly distributed across the genome. Therefore, demographic history may not
fully predict the effects of inbreeding. The porcine genome is has a relatively
heterogeneous distribution of recombination rate, making Sus scrofa an excellent
model to study the influence of both recombination landscape and demography on
genomic variation. This study utilizes next generation sequencing data for the analysis
of genomic ROH patterns, using a comparative sliding window approach. We present
an in-depth study of genomic variation based on three different parameters:
nucleotide diversity outside ROHs, the number of ROHs in the genome and the
average ROH size. We identified an abundance of ROHs in all genomes of multiple
pigs from commercial breeds and wild populations from Eurasia. Size and number of
ROHs are in agreement with known demography of the populations, with population
bottlenecks highly increasing ROH occurrence. Nucleotide diversity outside ROHs is
high in populations derived from a large ancient population, regardless current
population size. In addition, we show an unequal genomic ROH distribution, with
strong correlations of ROH size and abundance with recombination rate and GC
content. Global gene content does not correlate with ROH frequency but some ROH
hotspots do contain positive selected genes in commercial lines and wild populations.
This study highlights the importance of the influence of demography and
recombination on homozygosity in the genome to understand the effects of
inbreeding.
Author summary

Small populations have an increased risk of inbreeding depression due to a higher
expression of deleterious alleles. This can have major consequences for the viability
of these populations. In domesticated species like the pig, that are artificially selected
in breeding populations, but also wild populations that experience habitat decline,
maintaining genetic diversity is essential. Recent advances in sequence technology
enabled us to identify patterns of nucleotide variation in individual genomes. We
screened the full genome of wild boars and commercial pigs from Eurasia for regions
of homozygosity. We found these regions of homozygosity were caused by the
demographic history and effective population size of the pigs. European wild boars
29

are least variable, but also European breeds contain large homozygous stretches in
their genome. Moreover, the likelihood of a region becoming depleted depends on
its position in the genome because variation has a high correlation with
recombination rate. The telomeric regions are much more variable, and the central
region of chromosomes has a higher chance of containing long regions of
homozygosity. These findings increase knowledge on the fine-scaled architecture of
genomic variation, and are particularly important for population genetic
management.

Key words: Regions of Homozygosity, Demography, Sus scrofa, Inbreeding, Identity
by descent, Recombination

2 Regions of Homozygosity in the Porcine Genome

2.1 Introduction
The effects of parental relatedness on the fitness of the offspring has long been
recognized. Consanguineous matings cause the inheritance of haplotypes that are
Identical By Descent (IBD), resulting in potentially long homozygous stretches across
the genome of the offspring. These Regions Of Homozygosity (ROHs) increase the risk
of recessive deleterious alleles to be co-expressed, reducing the viability of the
organism. In human and canine populations, large homogeneous outbred
populations have a lower proportion of genomic autozygosity than small isolated
populations (Auton 2009, von Holdt 2011, Ku 2011). In addition, studies have shown
a correlation between homozygous stretches in the genome and human diseases
(Nalls 2009, Vine 2009, Lencz 2007). One of the long standing interests across various
facets of biology is to understand the direct consequences of inbreeding. The
inbreeding coefficient F is a commonly used statistic to estimate the degree of same
alleles inherited as a consequence of parental relatedness (Wright 1921). However,
inbreeding depression may greatly vary across the genome and studies using few
molecular marker are unlikely to detect these differences. Thus, it is important to
understand the genomic distribution of IBD alleles, to fully grasp the importance of
inbreeding for the viability of a given population. The biological characteristics of a
species, such as mating systems and reproductive rate, play an important role in
maintaining genetic diversity in a population. Moreover, the interactions between
standing genetic variation, and past and current demography effect the degree of
inbreeding in a population. Homozygosity is used in artificial mate selection to
minimize progeny inbreeding (Pryce 2012). Maintenance of the minimum viable
population size (MVP) is essential for a population to ensure its persistence in time
(Shaffer 1981). This is important for conservation efforts but also in commercial
breeding. But, the intrinsic features of the genome that contribute to its architecture,
such as recombination rate, are usually neglected in estimations of genetic variation
and associated considerations for genetic conservation (Allendorf 2010, Laikre 2010).
In a randomly mating population, IBD tracts are expected to be broken down through
time by recombination. In humans, ROH decay is thought to follow an inverse
exponential distribution with each generation since the common ancestor halving the
ROH size (Keller 2011, Nothnagel 2010). Thus, the size and position of ROHs in the
genome are expected to correlate with recombination rate (Macleod 2009).
Homozygous stretches should be non-randomly distributed if, as is expected,
recombination rate varies throughout the genome and cannot be explained only by
past demography. The occurrence of ROHs should rather be an interaction between
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demography and the recombination landscape. Pemberton (2012) showed that ROHs
may have swept through a population because of positive selection of a particular
allele in the region. Moreover, ROHs derived from consanguineous matings may
falsely appear to be a signature of positive selection, as these two effects are
expected to display depletion of polymorphism in a given genomic region. Therefore,
it is important to understand how ROHs segregate across the genome if we are to
distinguish signal of selection from inbreeding.
Previous studies that investigated the pattern of ROHs in different mammalian
species found that the occurrence of ROH correlates with recombination rate
(Vonholdt 2010, Howrigan 2011). However, these studies were based on
homozygosity scores from high-density single nucleotide polymorphism (SNP) chips.
Recent advances in sequencing technology enable a thorough investigation of
genome-wide SNP distributions, and can largely extend the use of high-density SNP
arrays for ROH identification. Moreover, re-sequencing strategies should enable a
less biased characterization of variation, whereas SNP chips usually suffer from
ascertainment bias. In addition, subtle effects of recombination rate can be examined
with a full genomic resolution. The porcine genome is known to have a relatively
heterogeneous distribution of recombination rate and GC content (Tortereau 2012).
Particularly the central parts of chromosomes have a much lower recombination rate
than peripheral parts. Although this effect is present in other mammalian genomes, it
seems much more pronounced in the porcine genome. In In addition, the species S.
scrofa (domestic pigs and Eurasian wild boars) is known to have very diverse
population structure across its natural and artificial habitat. These characteristics
make Sus scrofa an excellent model to study the effect of recombination and
demography on the distribution of ROHs in mammalian genomes.
The genus Sus originated in Southeast Asia during a speciation event in the late
Miocene or near the Miocene/Pliocene boundary ~14-4 million years ago (Mya)
(Larson 2007a, Mona 2007, Groenen 2012) and the wild boar expanded its range all
throughout Eurasia in the Pleistocene ~ 1 to 0.5 Mya (Larson 2005). The European
wild boar populations, which are geographically the most distal from the putative
origin of the species, are thought to have separated from Southeast Asian Sus scrofa
in the late Pleistocene between 0.5 and 0.9 Mya (Larson 2007a, Larson 2005,
Scandura 2008). The latest glaciation events in Europe created population
bottlenecks and subsequent post glacial demographic expansion from refugia in the
Iberian Peninsula and the Balkans (Scandura 2008). The genetic diversity of Asian wild
boars was probably less affected by the latest glaciation event because a larger area
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of suitable habitat would have remained available, although it may have separated
Northeastern and South-eastern wild boars (Zachos 2001). The pig has been
domesticated at least twice, independently, from local wild boar populations in Asia
Minor and China around 8,000 years ago, and there was probably recurrent
introgression from the wild species and between breeds since the first domestication
event. Because of possible introgression, or even de novo domestication, Near
Eastern mitochondrial haplotypes have been completely replaced by European wild
boar haplotypes in European commercial pigs (Larson 2007a). Known population
histories of Sus scrofa, both wild and domesticated, provide a valuable framework for
population genomic studies, as conclusions from sequence data can be supported by
demography.
This study uses re-sequencing data for the analysis of ROHs and nucleotide diversity
(π, (Nei 1979)), to explore how genomic distribution of ROH and π is shaped by
additive effects of the recombination landscape, demography and selection. The
polymorphism distribution in complete genomes from multiple individual pigs, from
different breeds and wild populations from Europe and Asia, are studied in
substantial detail. We expect the abundance of ROHs in the genome to be correlated
to effective (past and current) population size. The size of ROHs in particular can be
expected to correlate to recent and current population size, reflecting founder effects
and population bottlenecks. Nucleotide diversity between non-IBD haplotypes,
should rather reflect past or ancient population size. In addition, we investigate the
influence of recombination rate on the genomic ROH patterns. This highly
heterogeneous genomic recombination landscape make pigs and wild boar very well
suited for studying the effects of recombination on shaping variation on a genomewide scale. Furthermore, we investigate the integral effects of demography and
recombination on the distribution of ROHs. Finally, we investigate ROH hotspots for
traces of positive selection and gene content. Since these different factors are
interconnected, the formation and degradation of ROHs is a dynamic genomic
process. Overall, we found that a combination of past demographic events and the
recombination landscape mostly shaped the pattern of ROHs in the genome.

2.2 Results
2.2.1 General statistics

Regions of homozygosity in the autosomes of individuals were determined by resequencing pigs and wild boars of Asian and European origin. We grouped our
samples based on geographic origin and domestication status for further analysis
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(Figure S2.1; Table S2.1). Pigs were separated into five groups, being Asian
domesticated, Asian wild, European domesticated, European wild and other species.
Grouping was based on geography and domestication rather than phylogeny. ROHs
were identified in all 52 sequenced individuals (examples in Figure S2.2, details in
Table S2.1). We found an average number of 778.8 ROHs/genome (+/- 349) with an
average size of 1.11 Mbp. ROH size ranged from 10Kbp (minimum size considered) to
83.6 Mbp (29% of the chromosome). Genome-wide nucleotide diversity (π) was on
average 1.733 SNPs/Kbp (+/- 0.57) and 2.49 SNPs/bp (+/- 0.57) in the genomic
regions outside ROHs (π-out). The difference in π and π-out varied between 1.2
SNPs/Kbp in a European Large White pig, and 0.05 SNPs/Kbp in the Sus barbatus
individual. The mean number and size of ROHs varied significantly between European
and Asian domesticated pigs (p<0.001) as well as between wild boars and breeds
within continents (p<0.001, Figure 2.1C and 2.1D). On average 23% of the genome
was considered to be a region of homozygosity. Nucleotide diversity outside ROHs
was not significantly different between domesticated pigs and wild boars within Asia,
but did vary between the two continents and within the two European groups
(p<0.001, Figure 2.1B). The most extreme ROH coverage was observed in the
Japanese wild boar (78% of its genome).

Figure 2.1 Summary statistics for genomic variation. The distributions of ROH statistics for
Asian breeds (n = 7), Asian wild boars (n = 5), European breeds (n = 29), European wild boars
(n = 6) and other species (n = 5). Groups are divided based on geography (Asians and
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Europeans), domestication (pigs and wild boars) and speciation (Other-species include the
African Warthog Phacochoerus africanus and other representatives of the Sus genus being
Sus barbatus, Sus celebensis, Sus verrucosus and Sus cebifrons). Values are averaged within
individuals resulting in a single data point per ROH characteristic for each individual. A.
-4
-4
nucleotide diversity including ROHs (*10 bp) B. nucleotide diversity excluding ROHs (*10
-4
bp) C. Average ROH size (*10 bp) D. number of ROHs in the genomes of individuals.

Figure 2.2 Total number of ROHs and proportion of the genome covered by ROHs. A. The
average number of ROHs belonging to three size classes small (<100 Kbp) medium (0.1 to 5
Mbp) and large (>5 Mbp) for each of the different groups. B. The total size of the genome
that is covered by the particular ROH size class in one individual, averaged per group. The
Japanese wild boar is shown separately and is not included in the Asian group, as its
demographic history from an island population and the associated ROH pattern is very
distinct from all other sampled individuals. Asian wild boars (n = 4), Asian pigs (n = 7),
European wild boars (n = 6), European pigs (n = 29), other species (n = 5).

2.2.2 Effects of Demography on ROH distribution

ROHs were separated into three size classes: 1) small (<100Kbp), 2) medium (0.1 to
5Mbp) and 3) large (>5Mbp). We computed the proportion of ROHs falling in each
class in all our 52 samples. While small ROHs were abundant throughout the genome,
their absolute contribution to the genome was relatively small (Figure 2.2). In
contrast, medium sized ROHs were the less common but covered significantly more
of the genome than small and large RoHs. The large ROHs were at least a tenfold less
abundant than medium RoHs, but nevertheless covered a significant proportion of
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the genome. Asian domesticated pig genomes were covered mostly by large ROHs.
Asian wild individuals had much fewer genomic ROHs and also a smaller proportion
of ROHs in their genome than all European pigs and the Asian domesticated pigs
(p<0.0001). European wild boars had on average the highest number of ROHs and
highest proportion of genomic autozygosity. The Japanese wild boar is an outlier in
both number of ROHs and cumulative size likely due to its island bio-geographical
background, so we treated it separately. The divergence between the wild boars in
Europe and Asia was estimated to have occurred ~1.2 mya and a major drop in
population size in both continental groups took place from ~50 kya and onwards,
based on individual genome demographic inference as implemented in the Pairwise
Sequentially Markovian Coalescent (PSMC) model (Figure S2.3). Population size in the
Asian Sus scrofa is thought to not have been reduced as severely as for the European
populations, which is supported by the nucleotide diversity outside ROHs and ROH
analysis (Figure 2.1A-B and Figure 2.2). In addition, the Asian wild populations were
estimated to have a larger effective population size than the Asian domesticated pigs,
and the European wild populations had the smallest population size based on the
ROH analysis.
We tested the utility of the Illumina porcine 60K beadchip to identify ROHs in the
three size classes. Genotyping arrays are widely used and offer the possibility to costeffectively study a much wider sample size and to test the usefulness of this
technology for the detection of ROHs. Using this array we evaluated whether the
results from whole genome re-sequencing analyses for a limited number of
individuals could be extrapolated to an entire population. The chip-based
methodology was capable of detecting the ROHs larger than 5 MB (Figure 2.3) but
underestimated the cumulative size of ROHs in the genome, especially for the
European samples. This phenomenon is likely to be due to the number of small sized
ROHs in European populations that cannot be detected due to the limited resolution
of the SNP chip. The Japanese wild boar had many ROHs, but the ROH size was not
extremely large because the ROHs were interceded by short sections with variable
sites (Figure S2.2 and Table S2.1). Therefore, the total sum of ROHs was probably
overestimated in this individual (Figure 2.3) by the chip-based method and showed a
weak correlation with the cumulative ROH size of >5Mbp homozygous blocks that
were identified with the re-sequencing method. Since ROHs in the highest size class
are fully detected (>5Mbp, Figure 2.3) comparing populations based on their 60Kdefined ROH distribution is valid for analysis of large ROHs. Naturally, the limited
capability of detecting shorter ROHs has implications for the inferred demography
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and therefore we use the 60K defined ROHs only for comparison with our largest
sequence based ROHs.

Figure 2.3 ROH size in pigs based on the 60K chip method and the re-sequencing method. A
shows the correlation between both methods when the total sum of ROHs is taken from the
re- sequencing method (‘Genomic ROHsum’) and the 60K chip method (‘60K ROHsum’). In B
the correlation is shown when only the ROHs over 5 Mbp are taken into account for the resequencing method. The outlier for the Asian group (the Japanese wild boar) is not included
2
in the R calculations.

241 individuals from the different Sus scrofa populations that had been resequenced, were genotyped using the 60K assay, and number and cumulative ROH
size where scored. Details of the genotyped individuals can be found in table S2.2.
Sequenced individuals were never extreme within their population in terms of ROH
number or ROH size. In the Asian and European breeds, the number of ROHs ranged
from 5 to 59 and cumulative ROH size was 10 Mb to 1 GB (Figure 2.4). European
breeds had a narrower distribution of number of ROHs and cumulative ROH size.
Both sum and number of ROHs in the Asian breeds Jianquhai and Xiang showed a
modest bimodal distribution. The Chinese wild boars tended to have fewer ROHs and
cumulative ROH size than their European relatives. Even though cumulative ROH size
for the Japanese wild boars may have been overestimated because of the low
resolution of the 60K chip, four individuals were extremely homozygous with more
than 2/3 of their genome consisting of ROHs. Variances in ROH size and abundance in
the Japanese wild individuals was much higher than in the other groups. Notable, two
Dutch wild boars had significantly fewer ROHs than all other European wild boars
from the same populations (indicated with an* in Figure 2.4B).
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Figure 2.4 Number and cumulative ROH size (ROHs>5MB) for all genotyped individuals.
Number of ROHs and sum of ROHs detected by PLINK for all 241 individuals genotyped by
the Illumina porcine 60k beadchip. Sum of ROHsize is *1000 bp. A. ROHs in domesticated
individuals. Asian pigs are shown in red, orange and purple and the European pigs are in blue
and green. B. ROHs in wild individuals. Asian wild boars are shown in red and orange and the
European wild populations are displayed in green and blue. The dashed line represents the
range of ROH number and ROH size for the domesticated individuals. The individuals marked
with * are putative hybrids.
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The genomic variation pattern for the 52 re-sequenced individuals was analyzed in
more depth. We found that statistics such as π-out (nucleotide diversity outside
ROHs), average ROH size and total number of ROHs were good predictors to assign
individual to their corresponding group (Figure 2.5). Interestingly, while all Asian wild
boars formed a monophyletic clade on our phylogenetic tree (Figure S2.1), we found
that the Japanese sample did not cluster with other Asian samples on our three
dimensional plot (Figure 2.5). The Chinese wild boars represent the most variable
cluster due to their high nucleotide diversity and few ROHs (p<0.001). We found that
nucleotide diversity was higher in European breeds than European wild boars
(p<0.0001). Moreover, total number of ROHs in the genome was also lower in
European breeds. This resulted in two clusters in our three dimensional plot (Figure
2.5), contrasting with the monophyletic status of European populations on our
phylogenetic tree (Figure S2.1). The Asian breeds were more inbred than their wild
ancestors but displayed fewer ROHs and higher nucleotide diversity than the
European animals (p<0.0001). The sequenced Sus verrucosus individual had the
lowest genomic variation of all tested animals due to extremely low nucleotide
diversity, intermediate ROH number and large ROH size. The sequenced Sus barbatus
individual had the least ROHs and smallest ROH size of any of the sequenced
individuals, suggesting the individual is highly outbred, with a high effective
population size. The ROH pattern in Sus cebifrons was particularly interesting because
the total number of ROH was very low, but it contained few very large ROHs and had
relatively low nucleotide diversity.
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Figure 2.5 Three-point ROH statistics for all 52 sequenced individuals. On the x-axis, the
4
number of ROHs in the genome per individual is plotted, the average ROH size (*10 bp) is
displayed on the y-axis and the nucleotide diversity outside ROHs in a 10 kb window
-4
‘nucleotide diversity (π-out *10 )’ on the z-axis. Coloration is based on relatedness and
geography, with individuals from the same populations having the same color.

2.2.3 Effects of recombination rate on ROH distribution

To test for the effect of recombination rate and GC content on ROH formation and
distribution, we computed GC content and recombination rate relative to the
physical chromosomal position, for each chromosome separately, and averaged the
results over all chromosomes (Figure 2.6C and 2.6D). The GC content was based on
the porcine reference genome build 10.2 (Groenen 2012). GC content was generally
higher when moving toward telomeric regions in metacentric chromosomes and
toward chromosomal edge in acrocentric chromosomes (Figure 2.6A). Overall, GC
content was inversely correlated with distance to the telomeres (Figure 2.6C).
Recombination rate for pigs was calculated based on ~60.000 markers, obtained from
Tortereau (2012) and averaged over all chromosomes. Variation in recombination
fraction over the physical position of the chromosomes, with high recombination
rates at telomeric regions and very low recombination rates at the central part of
chromosomes, was most pronounced in pigs and virtually absent in mice (Figure
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2.6D). A ‘U-shaped’ distribution of recombination rates was present in all
chromosomes in pigs, while in humans this is only observed in metacentric
chromosomes (data not shown). Nucleotide diversity correlated strongly with both
recombination rate (cor=0.88, p<0.00001) and GC content (cor=0.61, p<0.005).
Nucleotide diversity greatly increased in the European breeds and wild boars when
ROH bins were excluded. However, this phenomenon was only observed in Asian
breeds at the chromosome tips (Figure 2.6A, B). ROH distribution was negatively
correlated with GC content, recombination rate and nucleotide diversity outside
ROHs (cor=-0.71, -0.87 and -0.95 respectively, p<0.0001 for all). This is expected as
these genomic features all appeared to be highly correlated.

Figure 2.6 Characteristics of the porcine genome over relative chromosomal position.
Physical distribution of total nucleotide diversity (A), nucleotide diversity outside ROHs (B),
GC content (C), recombination rate (D) over chromosomes. Relative chromosomal position is
averaged for all chromosomes so that 0.0 represents the left telomeric region and 1.0 the far
right telomere.
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The likelihood of ROH occurrence at a particular chromosomal position was
dependent on the size of the ROH (Figure 2.7). The ROHs from the four Sus scrofa
groups were separated into the three previously mentioned size classes (small,
medium, big) and the relative distribution of ROHs over the genome was calculated
for each size class (the Japanese wild boar is included in the Asian wild boar group,
Figure 2.7D). The largest ROHs appeared more in the low recombination regions in
the middle of the chromosome in European breeds and both Asian groups, and the
smallest ROHs had a relatively higher distribution towards the telomeric regions
(p<0.001). Medium sized ROHs seemed to be evenly distributed across the genome in
all groups. The ROHs in European wild boars tend to be more evenly distributed than
those in other groups (Figure 2.7B). The differences in ROH occurrence and
nucleotide diversity between the extreme regions in recombination frequency were
most profound in the European domesticated pigs.

Figure 2.7 Distribution of ROHs over relative chromosomal position. ROHs were split into
three size classes; big (x>5 Mbp), medium (0.1 to 5 Mbp) and small (x<0.1 Mbp). The
distribution is relative only to the total number of ROH bins in that particular size class, and
the distributions are averaged over all chromosomes. ROH distribution is given for four
groups: European pigs (A), European wild boars (B), Asian pigs (C) and Asian wild boars
(including the Japanese, D).
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2.2.4 ROH, gene content, and shared homozygosity

We investigated the correlation of gene content and ROH occurrence on a genomewide scale. We found no significant correlation between gene content and ROH
count. This result was confirmed when repeating the same analysis in different
sample groups (Figure S2.4). Moreover this was still non-significant when using
different classes of ROHs (small, medium, large). No regions of homozygosity
overlapped in all sequenced Sus scrofa individuals. We found two overlapping RoHs
among our European breeds (cumulative size of 6.03Mb). The first region on
chromosome 1 did not contain any genes, whereas the second region on
chromosome 9 contained 11 genes, of which 7 were semaphorins. These genes are
involved in cell differentiation (nervous system development) and have previously
been identified as differentially expressed between the Large White breed and
Iberian pigs (Ferraz 2008).
Among all homozygous regions in the pigs from Asian breeds, 4 regions were shared
among all individuals with a cumulative size of 4.38 Mb. The largest region was on
chromosome 1 and contains a total of 1136 genes. Two neighboring fractions of
chromosome 3 contained a ROH in all Asian breeds. Interestingly, we found that one
of these regions also partially overlapped with ROHs found in all Asian wild boars, but
not in all European pigs. This gene dense region contained 91 genes total, and has
previously been reported as a region possibly under positive selection in Asian pigs
(Groenen 2012). The last homozygous region in the Asian breeds on chromosome 5
contained 3 genes including LEMD3, MSRB3, which is involved in oxidation reduction,
and the WIF1 gene, involved in positive regulation of fat cell differentiation.
We found 28 ROHs that were overlapping among our 13 Large White samples
(European breed; cumulative size of 54.38Mbp). All of these ROHs were carrying
genes (336 genes in total). GO analysis revealed 37 significantly overrepresented GOIDs, i.e. involved in the organization and assembly of nucleosome and involved in
reproduction (Table S2.3). ROHs that were found exclusively in all individuals in the
Large White – Landrace group of breeds contained 11 genes, including the PLAG1
gene on chromosome 4, which is related to growth.
The European wild boars displayed shared genomic homozygosity on a total of 47.52
Mb in 81 regions. Out of these mutually homozygous regions, only 26 were carrying
genes. The 97 genes in these regions contributed to 24 significantly overrepresented
GO-IDs. Some enriched terms found in the Large Whites were also overrepresented
in the European wild boars, mostly histones. Histones are usually very syntenic, which
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may explain the clustering of histone related genes and may not have any functional
relevance. Macromolecular complex and cellular component assembly and
organization were abundant in the list for wild boars, as well as defence responses
(Table S2.4).

2.3 Discussion
Recombination maps are currently available for only a few vertebrate species. The pig
shows very pronounced differences in recombination-rate throughout the genome,
and highly diverse demographies in both wild and domesticated populations, making
it an excellent model species to demonstrate the interaction between recombination
landscape and demography.
2.3.1 Effects of demography

The size and abundance of ROHs in the porcine genome varied markedly between
individuals from different (sub) populations. Animals from the same population tend
to have similar ROH patterns in their genome (Figures 2.4 and 2.6), which indicates of
the influence of shared demography on ROH distribution. The class of large ROHs is
most sensitive to recent population changes. Thus, the bimodal distribution of large
ROHs in Asian breeds may be explained by the sampling of two different populations.
In European humans, the number and expanse of ROHs correlated strongly with
latitude (Nothnagel 2010) but not longitude. Kirin et al. also showed a correlation
between geography and genomic ROH occurrence in humans (Kirin 2010). In our
study we also showed a significant difference in ROH abundance and size between
European and Asian wild boars. However, the Japanese wild boar shared a long
demographic history with the other Asian wild boars compared to all other
individuals, and yet displayed a completely different ROH pattern. The ROH pattern in
this individual is consistent with a small current population size. The high number of
ROHs (rather than ROH size or nucleotide diversity) indicates that the population has
been small for a longer period of time, but that the source population has been
substantial in size. This ROH pattern is probably indicative of small isolated or island
populations, as was also found to a smaller degree in relatively small human
populations (Kirin 2010).
The fact that cumulative ROH size was dominated by large ROHs in Asian pigs
indicates that the population size has only recently reduced and these pigs are
derived from large source populations (Figure 2.2). The European wild boars, by
contrast, showed a more uniform distribution of ROHs relative to chromosomal
position (Figure 2.7), consistent with a long lasting low effective population size.
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Findings by Scandura (2008) confirmed that genetic diversity in current European
wild boars (apart from those on the Italian Peninsula) was mostly affected by glacial
bottlenecks. Nothnagel (2010) stated that recent population growth in humans over
the last ~200 years has not significantly contributed to genomic ROH distribution. For
the current study on pigs, ROHs did appear to be affected, both by population
growth, as previously larger ROHs are broken down by recombination in a nonuniform distribution (Figure 2.6 and 2.7), and population decline, as new ROHs are
formed. These different results may be a consequence of the demographic histories
of the two species, since humans have had a global population expansion, but wild
boars and pigs experienced severe (local) population reductions. Thus it seems like
ROHs reflect both the recent past and current status of a population as well as distant
population history, and are very susceptible to population dynamics.
South-East Asia has been pinpointed as the centre of origin of Sus scrofa (Larson
2005, Groenen 2012, frantz 2013b). Thus, it is not surprising that the estimated
haplotype diversity in the Asian source populations was found to be higher than in
European populations. This phenomenon is also seen in the (out of Africa) human
genetic patterns, where linear relationships exist between nucleotide diversity and
distance to source of origin (Ramachandran 2005, Li 2008). Likewise, the westward
migration across Eurasia by Sus scrofa likely involved numerous founder events.
These events are expected to result in lower genetic diversity in Western Eurasian
populations. Moreover, recent studies have found evidence for more intensive
bottlenecks in Europe compared to Asia due to Pleistocene glaciation (Groenen
2012). Thus, we expect a degradation of the overall genetic diversity in European
populations compared to Asian populations. This phenomenon was most apparent in
the nucleotide diversity outside ROHs (Figure 2.5). The demographic decline of most
European wild boar populations did not seem to cause a decline in genetic variation
within these populations according to Scandura (2008). Here we show, however, that
patterns of ROH distribution as well as nucleotide diversity outside of ROHs are
consistent with a long and ongoing history of small local effective population sizes.
In the breeding industry, a possible consequence of artificial selection is a reduced
effective population size and associated genetic diversity. Pig breeders, however, are
generally concerned about retaining sufficient genetic variability to maintain a good
selection response in the future (Habier 2009). Based on microsatellite markers and
quantitative measures of genetic diversity such as the expected heterozygosity (H),
Ramirez (2009) suggested that the genetic variation within domesticated pig breeds
is not significantly lower than within the wild boar genome. This is confirmed by our
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findings in that European wild boars contained more ROHs and lower nucleotide
diversity outside ROHs compared to European domesticated pigs. Even though the
Duroc and Hampshire breeds cluster within one clade with the European wild boars
(Figure S2.1) their ROH pattern and nucleotide diversity are typical for the European
breeds (Figure 2.5). The ROH pattern is a signature of similar treatment of the breeds.
In closed populations, nucleotide diversity outside ROHs, named π-out, should reflect
ancient haplotype variation that was present in the ancestral population and should
not be strongly affected by (recent) occurrences of autozygosity. The difference in
overall π and π-out was highest in European commercial pigs. This suggests high
haplotype diversity in the ancestral population, despite the more recently formed
populations with smaller effective population size that result in ROHs that reduce the
overall nucleotide diversity π. This may be explained by a recent admixture between
European and Asian breeds. Indeed, during the industrial revolution, Asian pigs were
imported to Europe to improve local pigs. Such introgression of Asian pig genomes in
Europe is expected to have increased overall genetic diversity in European pigs
compared to their wild counterpart. The hybridization could have introduced distinct
haplotypes resulting in fewer IBD tracts and probably higher variation. The higher
nucleotide diversity may be a consequence of improvement of European breeds by
hybridization with Asian pigs (Giuffra 2000, Megens 2008, SanCristobal 2006),
showing the strong influence of outcrossing. Among the Dutch wild boars that were
analysed using the Illumina porcine 60K beadchip data, two showed a highly distinct
ROH pattern compared to other individuals from the same population (Figure 2.4B).
A previous study identified these two individuals as being recently introgressed with
domesticated pigs (Goedbloed 2012). These individual-specific ROH patterns and the
relatively high nucleotide diversity in the European breeds underline the importance
of parental ancestry for the levels and pattern of variation in the genome of the
offspring.
We were able to use the same re-sequence based methodology to study the ROH
pattern in a few closely related Sus species. The most outstanding individuals in terms
of low nucleotide diversity and number of ROHs were found in this outgroup. The
bearded pig Sus barbatus, most widespread in Borneo, had a minimal genomic ROH
coverage. This indicates that the population has been large enough to avoid
consanguineous matings for a substantial (recent) time period. Interestingly, the
genome of Sus cebifrons displayed few ROHs, despite the fact that this species only
occurs on a few small islands in the Philippines. Nevertheless, the average ROH size
was the largest of all individuals, and it showed a low π-out indicative of small ancient
population sizes. As this species is confined to a few small islands, founder effects
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could explain the low observed π-out. The species Sus verrocusus had the lowest
nucleotide diversity and ROHsize. This indicates a very small current and past
effective population size, consistent with its endangered status on the IUCN red list.
The inbreeding could have intensified due to this individual coming from a zoo. Other
factors, such as different mating system may also influence ROHs distribution. For
example, the mating pattern is expected to be different in artificially managed
populations than in natural populations. In addition, closely related species or even
separate wild populations can have different hierarchical systems that strongly
influence the effective population size (Wright 1921). For instance, the Chinese
domesticated pigs cluster closer to the European pigs in Figure 5 than the European
wild boar, although the phylogenetic tree displays a different clustering (Figure S2.1).
This indicates that the pattern of haplotype variation is similarly shaped in domestic
populations, despite having a mostly independent domestication history.
2.3.2 Effects of recombination rate

From population genetic theory, the effects of linkage disequilibrium are important
to understand variation in genomes (Megens 2009), particularly in the presence of
selection. Large parts of genomes seem to be under selection, and all functional sites
in a genome are potentially under purifying selection (Lohmueller 2011) or adaptive
evolution, even in non- transcribed regions (Andolfatto 2005). The effects of selection
and demography are expected to have an interaction with the recombination
landscape in the genome, thereby shaping genome wide variation in individuals and
populations. This interaction has so far been poorly studied even in species for which
considerable genomic resources exist, and has been neglected in studies on genetic
conservation (Allendorf 2010).
ROH distribution over the chromosomes was found to be non-random in other
mammals, including humans (Nothnagel 2010, Vonholdt 2010, Kirin 2010, Curtis
2008). The proportion of ROHs in the genome was much higher in pig than in any
other species studied so far, with individuals containing ROHs in over 75% of their
genome. The U-shaped distribution of recombination rate was more profound in pig
compared to other mammals. Despite a high degree of conserved synteny between
human and pig (Sun 1999), it is surprising that this pattern is so pronounced in pigs
compared to humans. Correlations between ROHs and LD exist for other species, and
were also very strong in pigs, with a higher recombination rate outward of the central
chromosomal regions and in short chromosomal arms (Rohrer 1996). We showed
that heterozygosity is higher towards these peripheral regions, a phenomenon that
was previously observed in pigs (Esteve-Codina 2011). In humans, chromosome size
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seems to be an important determinant of ROH occurrence (Nothnagel 2010). In pigs
the occurrence of ROHs was not proportionally higher on larger chromosomes, but
seemed to be present throughout the genome and mostly influenced by the physical
position on the chromosome, particularly in relation to local recombination rate. The
higher abundance of small ROHs towards the telomeres probably stems from the
central part of the chromosome being covered by the larger ROHs that have not been
broken down due to lower recombination in this region. A bottleneck in the past with
stable or on-going population growth ever since may lead to a more equal
distribution of ROHs, as observed in the European wild boars.
Genomic features, GC content, nucleotide diversity and recombination rate, were all
correlated and displayed similar U-shaped chromosomal distributions in the porcine
genome (Figure 2.6A-D). This has important implications for the probability of
autozygosity in different chromosomal areas. Large ROHs appeared significantly more
often in regions with low recombination. The difference in pattern of ROHs between
European domesticated pigs and European wild boars is probably related to more
continuous inbreeding in European wild populations, which have only expanded their
population and range in the past 60 years (Goedbloed 2012). Breed formation in
European pigs has likely resulted from hybridization of different domestic and wild
origins, including pigs originating from Asia. Pig populations, defined as breeds or
commercial lines, are likely to have had an effective population size, in many cases
measured in tens rather than hundreds or thousands, over the past decades. Many
traditional breeds have been marginalized, with very small breeding stock (HerreroMedrano 2013a). Even the commercial pure lines, particularly the boar lines that are
usually applied in three- or fourway crosses to generate the finisher pigs that go to
slaughter, are often kept closed with small effective population size. Larger ROHs
were therefore mostly found in regions of low recombination rate in domesticated
pigs, because time since formation has been short. Small ROHs are thought to be
present in a population longer than large ROHs and are more often shared among
individuals than large ROHs. The rationale behind this is that recombination will
degenerate large ROHs with time, but in regions with little or no recombination, small
ROHs will be retained. Therefore, despite the time factor, these non-recombining
regions will preserve ROHs when created, while recently originated large ROHs may
occur randomly in the genome before they are degraded. The number of ROHs and
the size distribution of the ROHs are therefore important determinants of recent and
more historical population bottlenecks and inbreeding events.
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2.3.3 Effects of gene content and selection

Coding sequences are generally GC-rich regions in mammals, including pigs (Nie 2010,
Wernersson 2005). We found a correlation between ROH occurrence and GC content
in the genome, but not between global gene content and ROHs. The apparent lack of
gene enrichment in ROHs suggests no direct correlation to the ROHs identified in our
study and selection acting on genes. However, it is possible that some of the ROHs
overlap with non-coding functional elements such as cis-regulatory modules.
Although a few regions were identified where loss of genetic diversity may have been
the result of selection, our study suggests that vast majority of the ROHs are likely to
be neutral. The occurrence and distribution of ROHs, therefore, are mainly shaped by
the interaction of past demographic events and recombination rate.
For the Large White breed, of which 13 individuals were sequenced, only 54Mb was
found to be homozygous across all individuals combined, a fraction of the total of the
genome embedded in ROHs across the same population. The total sum of
homozygosity for each individual, therefore, is much larger than it is for the
population. In the Large White breed, some genes were found in the homozygous
regions that are possibly under positive selection associated with traits of commercial
interest, such as fast reproduction. These genes are, however, found in regions that
are large (many Mb in size). In other populations, such as the European wild boar, the
cumulative shared homozygous regions are much shorter and not always carrying
genes, which could indicate that, despite the high degree of homozygosity in
individual genomes in wild populations, selective sweeps may not be very common.
Some overlapping ROHs may contain selected genes that are associated with defense
mechanisms and adaptations to novel environments, but the fact that no genes were
found in many overlapping ROH regions between the wild boars elucidates the
stochasticity of ROH occurrence. We conclude that only a small fraction of the ROHcontaining regions in pigs are homozygous due to positive selection.

2.4 Conclusion
Our study shows that the formation of ROHs is mainly influenced by past
demographic events and local recombination rate. This finding implies that
inbreeding and recombination rate may act together in regions containing genes,
mimicking selection. Genes in regions of low recombination, therefore, are at higher
inbreeding risk, and could experience more rapid fixation. This phenomenon can
have drastic influence on the fitness of individuals in small populations.
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The genome-wide correlation of ROHs with the local GC content and recombination
rate highlights the importance of genomic features such as recombination rate for
autozygosity predictions. Many diploid species are likely to be heterogeneous in
genome-wide recombination rate. This means that estimating inbreeding coefficients
from effective population size, pedigrees, and even genetic data such as
microsatellite genotype data (Keller 2011, Leutenegger 2003) does not completely
measure the proportion and distribution of IBD homozygosity. Therefore of risk of
inbreeding depression is underestimated. In addition, in a selective sweep analysis
such local genomic regions of low recombination may wrongly be interpreted as
being under selection.
Our re-sequencing based methodology to determine genomic variation implements
genomic ROH distribution as a separate variable to nucleotide diversity. We show
that the method is applicable even to closely related non-model species. Therefore,
its utility exceeds species boundaries and combines different characteristics of
diversity in diploid organisms. We show that both population demography and
recombination landscape influences genomic ROH occurrence and these factors
should both be taken into consideration when designing genetic conservation
strategies in wild and domesticated species. We suggest more research on the
genome-wide mechanisms that prevent the negative effects of inbreeding by
influencing the localization of ROHs.

2.5 Materials and Methods
2.5.1 Experimental setup

A total of 52 animals were selected for re-sequencing and genotyped on the porcine
60K SNPchip. We re-sequenced one individual per species of Sus barbatus, Sus
celebensis, Sus cebifrons and Sus verrucosus, and one warthog (Phacochoerus
africanus) representing one of the closest relatives outside the genus Sus. Within Sus
scrofa, the five European pig breeds Duroc, Hampshire, Large White, Pietrain, and
Landrace were represented by 4, 2, 13, 5 and 5 individuals, respectively. A total of six
animals from European wild boar populations from four distinct populations from the
Netherlands, France and Italy were included as a separate group, as well as five Asian
wild boars (two from North China, two from South China and one from a small
population originated from a Japanese island). Finally, seven Chinese pigs, four from
the Meishan breed, two from the Xiang breed and one from the Jianquhai breed
were selected to represent the variation within Asian domesticated pigs. An
additional 241 individuals from Sus scrofa populations, for which individuals were
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sequenced, were genotyped for SNP assay based ROH analysis. Because of
ascertainment bias and paucity of segregating SNPs on the 60K chip for other Suids
than Sus scrofa, no other Sus species were genotyped (Figure S2.5).
2.5.2 DNA extraction, SNP genotyping and library preparation

DNA was extracted from whole blood by using the QIAamp DNA blood spin kit
(Qiagen Sciences). Every DNA sample was checked for quantity and quality on the
Qubit 2.0 fluorometer (Invitrogen) and run on a 1 % agarose gel. SNP genotyping was
performed on the Illumina Porcine 60K iSelect Beadchip (Ramos 2009). DNA from all
individuals was diluted to 100ng/ul and genotyped according the IlluminaHD iSelect
protocol. Data was analyzed using Genome Studio software (Illumina Inc.). In case of
re-sequencing, library construction and re-sequencing of the individual samples was
performed with 1-3 ug of genomic DNA according to the Illumina library prepping
protocols (Illunima Inc.). The library insert size was aimed for 300-500 bp and
sequencing was performed with the 100 paired-end sequencing kit.
2.5.3 Sequencing and SNP discovery

All selected individual pigs from domesticated breeds and wild populations were
completely sequenced to ~8X depth (details on coverage in Table S2.1). Reads were
trimmed to a phred quality > 20 and minimum length of both pairs of 40 bp, and the
quality trimmed reads were aligned to the Sus scrofa reference genome build 10.2
(Groenen 2012) using the unique alignment option of Mosaik Aligner (V. 1.1.0017) to
avoid erroneous called SNPs due to copy number variations and repeats. The data
has been deposited to the Sequence Read Archive (SRA) at EBI, under accession
number ERP001813 (link: http://www.ebi.ac.uk/ena/data/view/ERP001813). SNPs
were called and filtered with mpileup from the SAMtools (V.0.1.7 r510) software
package (Li 2009) with default settings for diploid organisms. Additional filtering was
applied to the called variants with VCFtools (minDP=7; minDP calling a SNP=2;
maxDP=~ 2*average coverage; INDELs excluded). By setting the minimum depth to
call a SNP to 7X and only consider a base sufficiently covered at 7X, we reduce the
number of missed variants. Nucleotide diversity was calculated for bins of 10kbp over
the entire genome within each individual. “SNPbin” is the SNP count per 10kbin,
corrected for the number of bases within that bin that was not covered enough for
the VCFtools filtering, so that the eventual SNP count per bin (SNPbin) is proportional
to 10.000 covered bases.
SNPcount = total number of SNPs counted in a bin of 10kbp
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DP = coverage in bp/bin (per base at least depth of 7X and maximum of ~2*average
coverage)
binsize =10.000
Correction factor = DP/binsize
SNPbin = SNPscount /Correction factor
2.5.4 Phylogenetic tree construction

A phylogenetic tree was constructed for the 52 re-sequenced individuals. We
genotyped these individuals on the Illumina Porcine 60K iSelect Beadchip. Based on
these genotypes, an IBS similarity matrix was created using Plink 1.07 (Purcell 2007).
Subsequently a neighbor joining hierarchical clustering was performed using the
program Neighbor available from the Phylip package (Felsenstein 2005).
2.5.5 ROH definition

Regions of homozygosity were extracted for all autosomes of the 52 re-sequenced
individuals. Sex chromosomes were excluded as their recombination landscape is
known to be different from the autosomes and the genetic map resolution for the Xchromosome differed from the autosomes in pig. Moreover, males and females
should have been treated differently when the X-chromosome would have been
included, and such analysis falls outside the scope of this paper. Autozygosity (a
genomic region that was inherited from a common ancestor by both parents, and
therefore indicates a certain level of relatedness) can typically be traced back in the
genome as a ROH. The autozygous stretch is eventually broken into shorter pieces by
recombination. A region of homozygosity is a genomic stretch that contains less
variation in an individual than is expected based on the genomic average. Autosomal
homozygous stretches (ROHs) for the re-sequenced individuals were determined
using a sliding window approach. SNPs were counted in bins of 10 kbp, and those
bins that fall into a window of 10 consecutive bins with a total SNP average below the
genomic average were extracted in both the forward and reverse orientation. All
neighbor bins were concatenated to form homozygous stretches. Out of this
selection, only those stretches that contained a SNP count below a set threshold
were considered part of a true homozygous stretch. The threshold was set to a SNP
count of maximum 0.25 times the genomic average, with a maximum absolute value
8
per stretch of the false discovery rate plus the mutation rate (μ = 2.5*10ˉ ) because
in some cases that exceeded the value of 0.25 times the genomic average. The false
discovery rate was calculated based on the homozygous loci genotyped on the
Illumina Porcine 60K iSelect Beadchip (Ramos 2009) that were called as a
heterozygous locus in our database by vcftools (average ~1.78 per bin). The rationale
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behind a threshold for heterozygosity rather than no heterozygote allowance is
based on the thought that mutations in originally autozygous stretches may mask
autozygosity over time. The genome-wide heterozygosity of an individual expresses
the present variation in the population, and the associated chance that a certain
autozygous stretches will reunite. The sequenced individuals varied greatly in the
genomic heterozygosity and in population history. In addition, not all populations
were sampled equally. Therefore the height of the threshold was based on the
genomic average of the tested individual only, rather than the total set of individuals
or an allele frequency-based likelihood of ROH occurrence. The threshold of 0.25
times the genomic average is based on permutations where the individual SNP
distribution is randomized over all chromosomes. At a value of <0.25 times the
genomic average, the observed ROH distribution deviates from the randomized
distribution (see Figure S2.6). Local assembly or alignment errors were avoided as
much as possible by relaxing the threshold for individual bins within a homozygous
stretch, allowing for maximum twice the average SNP count in a bin, if the local
maximum of 10 bins did not exceed 2/3 times the genomic average, and if the
average of the ROH surrounding the presumed erroneous bin(s) still matched the
previously mentioned criteria. Insufficiently covered bins (DP=<10%) were excluded
from the SNP average calculations but were included in the ROH size determinations,
with accepted ROHs containing maximum 2/3 uncovered bins and containing covered
bins at both ends (example in Figure S2.7). In an analysis where the coverage of all
individuals was lowered, we used a range of 5 thresholds for bin coverage (DP=<5,
<10, <20, <50, <80%) and proportion of uncovered bins within a ROH (<1/4, <1/3,
<1/2, <2/3, <3/4). We compared the outcomes with the highly covered individuals,
and the errors in ROH size and abundance due to low coverage were minimized when
thresholds of DP=<10% for bin coverage and <2/3 of missing ROH bins were used.
We genotyped 241 individuals on the Illumina Porcine 60K iSelect Beadchip for ROH
detection (details in table S2.2). ROHs were calculated with the Runs of Homozygosity
tool in PLINK (v.1.07) with adjusted parameters (--homozyg-density 1000, --homozygwindow-het 1,--homozyg-kb 10, --homozyg-window-snp 20) (Purcell 2007). Markers
were filtered for call rate >95%. The homozygosity tool in PLINK v.1.07 does not
include removal of MAF <0.05 or LD pruning when assessing ROHs. We aimed at
keeping the ROH detection methods for the 60K data and genomic data as similar as
possible in order to make sound comparisons. Therefore, no additional filtering for
low allele frequencies was done, because sampling was unequal across populations
and removing rare alleles could result in an overestimation of ROH in individuals from
undersampled populations. No adjustments according to recombination rate were
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done because part of our goal was to analyze the influence of recombination rate on
the occurrence of ROHs. For the re-sequenced animals, correlations with ROHs
defined with PLINK were tested with the R (v.2.11.1) cor and cor.test functions.
2.5.6 Population size estimations

Estimates of effective population size and split between the European (n=2, from the
Netherlands and Italy) and Asian (n=2, from North and South China) wild boars were
inferred using a HMM as implemented in PSMC (Li 2011) on copy number neutral
fragments with a cumulative size of 1Mbp, with a generation time of five years (g=5)
8
and default mutation rate/generation (μ = 2.5*10ˉ ).
2.5.7 Statistical analysis of the genome ROH distribution

All genomic features are based on the non-repeat masked Sus scrofa reference
genome (build10.2). Values for GC content and nucleotide diversity were calculated
for each relative chromosomal distance (0-1 with steps of 0.05) and averaged for all
chromosomes. Based on the porcine genetic map (Tortereau 2012) we estimated
recombination rates based on the ratio of genetic and physical distances of
neighbouring markers within the relative bins, averaged over all markers in the bin.
For comparisons with recombination rate in the human, mouse and cow genome we
used the genetic distances and chromosomal sizes described by Myers (2005),
Shifman (2006) and Arias (2009). Four groups (Asian wild, European wild, Asian
breeds and European breeds) were analyzed separately and correlation coefficients
for the relative ROHbin distribution within the groups and the genomic features were
calculated and tested for significance by the R (v2.11.1) cor and cor.test functions
with Pearson's product-moment correlation. The between-group differences in
outside-ROH-nucleotide diversity, ROHnumber and ROHsize were tested with oneway analysis of variance in R(v2.11.1). Proportional differences of ROHs between
groups and uniformity of ROHs over relative chromosomal position were tested with
the χ2 test for proportions and goodness-of-fit in R. All plots were generated with the
R (v.2.11.1) lattice package and Ubuntu OpenOffice 3.2.1.
2.5.8 ROH and gene content

Each chromosome was divided into 20 equal sized segments and the relative gene
content per segment was calculated. ROHs were grouped according to the three size
classes and per class their relative distribution over these chromosomal segments
were calculated. Correlations of gene content and ROH content were tested with
corr.test in R.
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All the annotated porcine genes from Sus scrofa (build 10.2 Ensembl release 67),
were extracted using Biomart (Haider 2009). The distribution of genes over
chromosomes was calculated in a similar way as the ROH occurrence. Each
chromosome was divided in 20 equal sized stretches (thus each stretch representing
5% of the chromosome), the total number of genes per stretch was counted and
expressed as relative gene content per stretch, proportional to the total gene content
on the chromosome. Since the human genome is better annotated, all the human
Ensembl orthologues of porcine genes were considered for the gene ontology
analysis. BinGO v2.44 (Maere 2005) a Cytoscape v2.8.3 (Shannon 2003) plugin was
used to identify over-represented GO terms related to biological processes using the
human annotation as background. A hypergeometric test was used to assess the
significance of the enriched terms and the Benjamini and Hochberg correction was
implemented for multiple comparisons.
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Abstract
The merging of populations after an extended period of isolation and divergence is
a common phenomenon, in natural settings as well as due to human interference.
Individuals with such hybrid origins contain genomes that essentially form a mosaic
of different histories and demographies. Pigs are an excellent model species to
study hybridization because European and Asian wild boars diverged ~1.2 Mya and
pigs were domesticated independently in Europe and Asia. During the Industrial
Revolution in England, pigs were imported from China to improve the local pigs.
This study utilizes the latest genomics tools to identify the origin of haplotypes in
European domesticated pigs that are descendant from Asian and European
populations. Our results reveal fine-scale haplotype structure representing
different ancient demographic events, as well as a mosaic composition of those
distinct histories due to recently introgressed haplotypes in the pig genome. As a
consequence, nucleotide diversity in the genome of European domesticated pigs is
higher when at least one haplotype of Asian origin is present, and haplotype length
correlates negatively with recombination frequency and nucleotide diversity.
Another consequence is that the inference of past effective population size is
influenced by the background of the haplotypes in an individual, but we
demonstrate that by careful sorting based on the origin of haplotypes both distinct
demographic histories can be reconstructed. Future detailed mapping of the
genomic distribution of variation will enable a targeted approach to increase
genetic diversity of captive and wild populations, thus facilitating conservation
efforts in the near future.
Key words: conservation genetics, domestication, hybridization, identity by
descent, introgression, Sus scrofa

3 Haplotype sharing in pigs and wild boars

3.1 Introduction
Separation and consecutive fusion of populations is common in both natural and
managed populations. For instance, the waxing and waning continental ice sheets
during the Pleistocene is known to have had a pronounced effect on shaping the
population genetics of many species. While the glacial periods usually resulted in
refugial populations and thereby promoted population differentiation, the
interglacial periods that followed would result in renewed gene flow. Apart from
natural causes, populations can also be reunited due to deliberate management. It
is well known that the adaptive ability of a population or species to an ever
changing environment is mainly determined by its standing variation, and
susceptibility to a variety of diseases and environmental changes is assumed to
increase if nucleotide diversity is low in the population (e.g. Jimenez 1994, Lacy
1996, Keller and Waller 2002). An increased probability of homozygosity for
partially deleterious recessive mutations may lead to individuals with reduced
fitness, i.e. inbreeding depression. Such inbreeding effects can be offset by directed
population management aimed to facilitate outcrossing, which could result in
higher haplotype diversity.
These patterns of reticulation can severely complicate the elucidation of
population history. In the past decades, marker systems that have relative fast
coalescence and do not or rarely undergo recombination (e.g. mtDNA, Y
chromosome) have proven to be useful for phylo-geographic analysis. However,
the ensuing pictures of population history that were thus constructed often turned
out, or will turn out, to be literally only part of the demographic story. Because
autosomes recombine, the genome of a single individual can contain haplotypes
from distinct sources, each with another demographic history. Hybridization of
populations therefore entails a great challenge to disentangle what has essentially
become a mosaic of different demographies. In studies that focused on a relatively
small number of nuclear DNA markers, results are usually concatenated to provide
a ”genome average”, for instance by doing Structure analysis. Although such
analyses may provide insight in the degree of mixing of populations, they do not
contain details of the distribution of the introgressed haplotypes over the genome.
For instance, the number of generations since the last common ancestor influences
the probability of haplotypes in the genome of two individuals to be Identical By
Descent (IBD), since the size of the IBD segment declines over time due to
recombination. Therefore, the length of IBD haplotypes as a function of local
recombination frequency is a measure for the time since the last common ancestor
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(Palamara 2012, Ralph 2013, Henn 2012) and signatures of introgression are
revealed by coalescence times of haplotypes that are shorter than expected
(Staubach 2012). Current high-throughput genotyping and sequencing techniques
enable such investigations on a whole-genome scale, providing information on how
long ago the reticulation took place. Genomes have been studied in detail to
elucidate population history for only a handful of species, e.g. Human (Harris and
Nielsen 2013), polar bears (Miller 2012) and pigs (Groenen 2012). However, the
effects of admixture in terms of nucleotide diversity on the genome but also on
inferences of demographic parameters like past effective population size (Ne) are
largely unknown.
Ever since Darwin, domesticated populations have served as important model
organisms for evolutionary and population genetic questions (Megens and Groenen
2012). Sus scrofa – domesticated pigs and wild boars - is an excellent model species
to examine the evolution of genome-wide patterns of haplotype sharing because of
its complex but generally well documented demographic history, multiple
domestication events and recent admixture between Asian and European breeds.
The Eurasian wild boar has its origin in Southeast Asia where it diverged ~3-6 Mya
from a clade that gave rise to several other species in the genus Sus that are mostly
confined to Islands South East Asia (Frantz 2013b, Meijaard 2011). Sus scrofa
spread throughout the entire Eurasian mainland ~1.2 Mya and an Eastern and
Western clade diverged soon after colonization of the West during the cold
Calabrian period, in which especially the European population experienced severe
bottlenecks (Fang and Andersson 2006, Fang 2006, Alves 2010, Groenen 2012).
Domestication of wild boars occurred independently in Europe and Asia, as early as
10,000 years ago and subsequent intensification of the pig breeding industry has
led to a variety of breeds (Ottoni 2012, Larson 2005, Kijas 2001, Megens 2008,
Groenen 2012). Hybridization between wild and domesticated Sus scrofa occurs
sporadically nowadays (Giuffra 2000, Goedbloed 2013a), but is likely to have been
common until pigs were kept in sties (e.g. Larson 2007b; Herrero-Medrano 2013a,
b). Around the late 18th, early 19th century, pigs were imported from Asia to
improve local European pigs for key traits such as fertility, growth and fatness.
As a consequence of this hybridization, two very divergent populations, that were
separated around 1.2 million years ago, have artificially become merged again.
Each of these populations from the Eastern and Western regions of the Eurasian
landmass had their own demographic history, with the European wild boar in
particular being very much less variable compared to the East Asian wild boars
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(Groenen 2012, Bosse 2012), due to founder effects during migration throughout
Eurasia and the sequential marginalization in refugia during glaciations. It is
historically well documented that pigs from the UK in particular were improved by
hybridization with Asian pigs in the 18th, 19th century, and subsequently, due to
superior production traits, became founders of a number of the modern
commercial pig breeds such as the Large White breed (LW, formally established as
a breed in 1868). Therefore, the LW breed serves as an excellent model for
studying divergence and subsequent hybridization between populations, since it
originated from two highly distinct source populations, that have even been called
subspecies (a.o. Groves 2008, Genov 1999), and the hybridization events have been
well documented.
The aim of our study is to investigate the consequences of hybridization on
genome-wide variation and on disentangling demographic parameters. On a
genome-wide segment-by-segment basis we elucidate the origin of the haplotypes
in LW pigs, investigating whether they have a Western Eurasian origin or an Eastern
Eurasian origin. By this we aim to investigate patterns of introgression and to
unravel genomic consequences of isolation and outbreeding. Because the time of
divergence between Eastern and Western Sus scrofa has been estimated to be
around ~1.2Mya (Frantz 2013b, Groenen 2012), Asian wild haplotypes in European
commercial pigs are expected to be shorter and less abundant than European wild
haplotypes. Since the European population suffered a severe bottleneck, genomic
regions for which pigs have one haplotype of Western origin and one of Eastern
origin, are likely to show a higher degree of nucleotide diversity than regions for
which pigs have two haplotypes that both are of European origin. For comparison
purposes, we also investigated the haplotype patterns in an Asian breed, Meishan
(MS), as a representative of East Asian pigs. Not only do these pigs represent a
domestication event independent from the Western Eurasian pigs, they also
represent the demographic history of the East Asian wild boars (up until
domestication). Because introgression of Asian haplotypes into European pigs has
occurred fairly recently (White 2011, Merks 2012), it is expected that haplotypes
shared by European and Asian pigs are longer compared to haplotypes shared by
common ancestry in the Western pigs and Asian wild boar. Finally we investigate
the effect of the composite nature of the LW genome on demographic inferences
like Ne. This analysis of haplotype patterns in pigs provides a detailed insight into
the genomic distribution of variation after recent hybridization.
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3.2 Materials and Methods
The genomes of 70 domesticated pigs and wild boars were re-sequenced for this
study (Table S3.1). These individuals originate from Asia and Europe and form four
different functional and geographical groups; Asian wild boars (ASWB), Asian
domesticated pigs (ASDom), European wild boars (EUWB) and European
domesticated pigs (EUDom). We sequenced two wild boars from Sumatra as
outgroup (Groenen 2012). The other Asian wild individuals come from North China
(3), South China (4) and Japan (1). The 18 European wild boars originate from the
Netherlands, France, Switzerland, Greece and Italy. We sequenced 13 Asian
domesticated pigs from the MS, Jianquhai and Xiang breeds and 29 European
domesticated pigs from the Duroc, Hampshire, Pietrain, Landrace and LW breeds.
3.2.1 Sampling and preparation

DNA was extracted from whole blood samples from all 70 individuals using the
QIAamp DNA blood spin kit (Qiagen Sciences). Quality and quantity of DNA
extraction was checked on the Qubit 2.0 fluorometer (Invitrogen). 1-3 ug of
genomic DNA was used for the construction of the sequencing library (insert size
range 300-500 bp), according to the Illumina library preparation protocol (Illumina
Inc.). All samples were 100 bp paired-end sequenced on 1-3 ug of genomic DNA on
Illumina HiSeq sequencing systems to a targeted ~10x depth of coverage. Details on
all used samples can be found in Table S3.1.
3.2.2 Alignment and variant calling

Reads were quality trimmed to a phred quality >20 for both mates over 3
consecutive bases, and read length were >44 bp after trimming for each mate.
Trimmed reads were aligned with the unique alignment option of Mosaik aligner
(V. 1.1.0017) to the porcine reference genome build 10.2. SNPs were called for
each sample individually with Samtools mpileup 0.1.12a (Li 2009), with the
alternative base covered at least 2 times. We filtered the SNPs with VCFtools for a
read-depth between 7x and twice the average depth, and discarded SNP sites with
a genotype quality<20. We constructed a genotype matrix for all 70 individuals, for
those sites that were heterozygous or non-reference in at least 1 individual. We
included only sites that were covered >=4x in all the individuals to reduce biases,
resulting in a total of 2,377,607 autosomal markers.
3.2.3 IBD detection

We phased all 70 individuals for each chromosome separately, based on the
2,377,607 markers, with Beagle fastPhase (V. 3.3.2). IBD detection between
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individuals was executed with Beagle fastIBD for each chromosome, as described in
Browning and Browning (2011). We ran 10 independent cycles of phasing and
pairwise IBD detection, and merged the identified IBD tracts based on the Beagle
probability scores, as suggested (Browning and Browning 2011). Since fastIBD was
originally designed for human data, we tested different thresholds for IBD
detection to examine which threshold fits our pig data best. We empirically
determined that the relative IBD size and number of recorded IBD tracts remained
stable with different thresholds, although absolute numbers varied. Our aim was to
identify haplotypes that are IBS or IBD, and reflect demographic history over a
relatively large time frame. Asian haplotypes are expected to be more diverse and
fragmented, and therefore comparatively small in size. Because a higher threshold
will enable us to identify Asian wild haplotypes within the genome of the LW pigs,
we decided on a threshold of 5.0-6. This is higher than that used in the original
paper (Browning and Browning 2011), but this threshold fits our data best.
3.2.4 Haplotype classification

The purpose of the haplotype classification is to be able to infer the geographic
origin of the haplotypes that are present in the LW and MS pigs. Shared haplotype
tracts were recorded for all pairwise comparisons between the individuals in our
matrix. Then, only those haplotypes were extracted from this dataset that were
shared between any individual and an individual belonging to either the MS or the
LW breed. The haplotypes shared with a MS were grouped into one of three
classes, i.e. haplotypes shared between MS and either a) European wild boars, b)
European domestics and c) Asian wild boars. The haplotypes shared with a LW pig
were also grouped into one of three classes, i.e. haplotypes shared between LW
and either a) European wild boars, b) Asian domestics and c) Asian wild boars
(figure 3.1). In total there are four reference groups of pigs, but the MS and LW pigs
were only compared to three groups because they were not compared to the same
group as they belong to themselves. With this setup, we have a total of 6 group
comparisons and 351 unique pairwise comparisons between individuals. The
rationale of the pairwise comparisons is further described in figure S3.1. The group
of Asian breeds included 3 individuals of the MS group, and the group of European
breeds included 3 individuals of the LW group. Only six individuals were used from
the EUDom group, even though a larger number has been used for the phasing
step, to keep number of animals in all four reference groups similar. Because the
analysis is based on pairwise comparisons, any individual may share a haplotype
with multiple individuals from different pig groups. The average length and number
of shared haplotype tracts between the LW or MS pigs and the members of the
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four pig groups were computed and significant levels were calculated with a twosample Kolmogorov-Smirnov test in R version 2.13.1. Recombination frequency was
obtained from Tortereau (2012) and correlation with IBD length was calculated
with a Pearson's product-moment correlation test in R.

Figure 3.1 Experimental setup for the IBD detection. Arrows indicate all the pairwise
comparisons between groups that are used for the IBD detection. Individuals from two
breeds (LW: Large white and MS: Meishan) are used for all comparisons with four
geographical and functional groups: European wild boars (EUWB), European domesticated
pigs (EUDom), Asian wild boars (ASWB) and Asian domesticated pigs (ASDom). All individuals
in the phylogenetic tree are used for the pairwise IBD detections. Three individuals from the
LW and MS group (indicated with*) are also used for the representation of the EUDom and
ASDom group, respectively, which means that they are used for IBD detection in both
groups. Total numbers of IBD detection between two individuals for the six pairwise
comparisons are: 1–72; 2–72; 3–54; 4–72; 5–54; 6–72 (see also Figure S3.1, Supporting
information).

3.2.5 Nucleotide variation

To estimate nucleotide diversity within the individuals on a genome-wide scale, the
genome was divided into bins of 10,000 bp and within each bin SNPs were called
according to the criteria mentioned above. Nucleotide diversity was calculated as
SNPs per called base in the bin (read-depth of 7x to 2 times the average coverage).
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To compute the nucleotide diversity in the LW or MS pigs within regions that are
IBD with the 4 different pig groups, the IBD tracts that were recorded during the
IBD detection were likewise divided into bins of 10,000 bp. Nucleotide diversity
within the LW and MS individuals was extracted for these bins as described above.
Significance levels were calculated with a two-sample Kolmogorov-Smirnov test in
R. We also computed the average nucleotide diversity for entire IBD tracts (without
dividing the tracts into bins). The correlation of the nucleotide diversity and length
of IBD tracts was calculated with Pearson's product-moment correlation test in R.
3.2.6 Fst analysis

We calculated pairwise Fst as defined by Weir and Cockerham (1984) in bins of
10,000 bp over the full genome with Genepop 4.2 (Rousset 2008), based on the
2,377,607 SNPs. The pairwise Fst between the LW and two wild boar groups (EUWB
and ASWB) as well as pairwise Fst between the MS and the two wild boar groups
(ASWB and EUWB) was computed.
3.2.7 Phylogenetic analysis

A phylogenetic tree was constructed for all the 42 re-sequenced individuals that
were used in the pairwise comparisons (figure 3.1, figure S3.1) with the Sumatran
Sus scrofa INDO22 as an outgroup. A distance matrix was constructed in PLINK
(Purcell 2007) for all 2,377,607 genotypes spanning the full genome and a
neighbor-joining tree was created in Phylip (Felsenstein 2005). The tree was
depicted in FIGTREE (http://tree.bio.ed.ac.uk/software/figtree/).
3.2.8 Admixture analysis

For the admixture analysis, the outgroup individuals from Sumatra were removed,
and all bi-allelic sites in the matrix were LD-pruned with the PLINK option –indep
with a window size of 50, steps of 5 SNPs and a variance inflation factor of 1.5 and
the remaining SNPs were filtered for MAF<0.05. Then an Admixture (Alexandre
2009) analysis, which uses the same statistical model as STRUCTURE (Pritchard,
Stephens and Donnelly 2000), was computed for the remaining 68 individuals with
K between 2 and 5.
3.2.9 PSMC analysis

The consensus sequence for one LW (LW22F07), one MS (MS20U10) and one
European wild boar (WB25U11) was constructed using samtools mpileup and
vcftools (Li 2009). To estimate past effective population sizes, we performed a
Pairwise Sequential Marcovian Coalescent (PSMC) analysis (Li and Durbin 2011) on
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these consensus sequences. Generation time was set at 5 years and mutation rate
-8
at µ=2.5*10 as used in previous analyses (Groenen 2012, Bosse 2012 and Frantz
2013b). The PSMC analysis was also performed for all three individuals on only
those regions of the genome in which the LW contains at least one haplotype
shared with ASDom. The same analysis was done for those regions where the LW
did not contain an Asian haplotype, but did have a shared haplotype with an
European wild boar. These genomic fragments were filtered for regions that
contained only a EUWB signal for at least 100 kbp in length, because we expect
these calls to be more reliable. Smaller IBD fragments are more difficult to detect
and therefore these are more prone to false positives and negatives of Asian
heritage, which in turn may influence the effective population size estimates.

3.3 Results

The Asian and European Sus scrofa in our dataset formed two distinct clades (figure
3.1). Our two focal populations, the European Large Whites (LW) and the Asian
Meishans (MS), both represent the domesticated form on their continent. We
show however that the LW contained a proportion of Asian haplotypes in their
genome, indicative of the recent admixture probably stemming from the late 18th,
early 19th century (figure 3.2). Although the Admixture analysis with K=4 had the
highest likelihood (figure S3.2), the analysis with K=2 assigned the Asian or
European heritage of the alleles (figure 3.2). The genetic differentiation between
the LW and MS populations, measured as Wrights fixation index (Fst, Weir and
Cockerham 1984), is 0.383(+/- 0.217). Fst between LW and ASWB is higher than the
Fst between LW and the EUWB (p<0.001, figure 3.2). By contrast, the Fst between
the MS and ASWB is lower than between MS and EUWB. The overall Fst between
LW and the ASWB is lower than Fst between the MS and EUWB, which corroborates
the Asian introgression. This phenomenon is the initial concept behind our further
analyses.
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Figure 3.2 Genomic structure and Fst of the four main pig groups used for analysis. A. The
percentage of Asian (red) and European (blue) genetic material is displayed on the y-axis,
and each individual is displayed on the x-axis. We examined the genetic structure of all
individuals when we force two populations (K = 2) for four groups: Asian wild boars (ASWB),
an Asian domesticated breeds (including MS), European wild boars (EUWB) and the
European domesticated breeds (including LW). Asian wild boars are the most diverse group
in terms of both within-individual and between-individual variation. B. Distribution of Fst
between MS and EUWB (blue) and MS and ASWB (red). Fst was calculated for each bin of
10.000 bp over the full genome. C. Distribution of Fst between LW and EUWB (blue) and LW
and ASWB (red).

3.3.1 IBD haplotype occurrence

We extracted shared haplotype tracts between LW or MS pigs and pigs originating
from the four wild and domesticated pig groups from Asia and Europe. An example
of the distribution of IBD haplotypes in the genome of one LW pig is shown in
figure S3.3. This example clearly shows a large proportion of Asian-derived
haplotypes in the genome of the LW, sometimes in homozygous state, sometimes
occurring together with a European haplotype. The length and number of shared
haplotypes shows a distinct pattern for each of the pairwise comparisons as
described in figure 3.1. Size and number of all shared haplotype groups differ
significantly (p<0.001 for all; figure 3.3); the LW share more and longer haplotypes
with the European wild boars than with both Asian Sus scrofa groups (p<0.001 for
both).
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Figure 3.3 Size and number of pairwise IBD tracts. The average size of an IBD haplotype is
plotted against the number of pairwise IBD haplotypes for each pairwise comparison
between individuals. Coloration is based on five different groups of pairwise comparisons:
the LW individuals compared with ASWB (red) and EUWB (light green); the MS individuals
compared with ASWB (brown) and EUWB (dark green); and both domesticated groups
compared with each other (LW-MS, in blue).

Likewise, the MS share more and longer haplotypes with the Asian pigs than with
the European domestics and wild boars (p<0.001 for both), in agreement with their
independent domestication history. The average size of LW haplotypes that were
found to be IBD with the Asian domesticated pigs is significantly larger than the
haplotypes shared with the Asian wild boars (p<0.01). In addition, the MS-LW
haplotypes are, on average, longer than the MS-EUWB haplotypes. Haplotypes that
are shared between LW and EUWB are longer than haplotypes shared between MS
and ASWB, but the number of the relatively smaller MS-ASWB haplotypes is higher
in the MS genome than the number of LW-EUWB haplotypes in the genome of the
LW. The occurrence of all IBD haplotypes in the genome of LW pigs is not randomly
distributed. For all three groups of IBD haplotypes in the LW, we found a negative
correlation between length of the IBD haplotype and recombination frequency (r=0.3 +/- 0.12, p<0.001, Pearson's product-moment correlation, example in figure
3.4).
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Figure 3.4 Recombination frequency and average length of IBD haplotypes over
chromosome 1. Example of the distribution of recombination frequency and the average
length of IBD haplotypes over the full length of chromosome 1 in bins of 1 Mb. A.
Recombination frequency per bin of 1 Mb (Tortereau 2012), the x-axis displays location on
chromosome 1. B. Length of IBD fragments in LW shared with EUWB (green), ASDom (blue)
and ASWB (red) over chromosome1. C. Correlation between log-transformed recombination
frequency (x-axis) and log-transformed haplotype length (y-axis) over all autosomes for
haplotypes in LW shared with EUWB (green), ASDom (blue) and ASWB (red).
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We compared the distribution of shared haplotypes with ASDom over the full
genome for all 9 LW pigs. On a population wide scale most parts of the genome
contain at least one Asian haplotype (Figure S3.4), but some parts of the genome
contain no Asian haplotype and others are relatively high in Asian haplotype
frequency. The regions in the genome without Asian haplotypes are longer in the
middle of the chromosomes, which is in line with the observed correlation of
haplotype length and recombination frequency.
3.3.2 Nucleotide diversity

We define nucleotide diversity in this paper as the proportion of SNPs between the
two haplotypes of an individual in a particular region of the genome, relative to all
the sites called in that region. The nucleotide diversity within the genome of an
individual was computed for all LW and MS pigs. Average nucleotide diversity was
higher within the genomes of the MS pigs than within the LW pigs (p<0.001). The
geographic origin of the haplotypes influenced the local nucleotide diversity in the
genome. Figure 3.5A shows an overview of the nucleotide diversity within one LW
pig, over the full length of chromosome 1. Relatively recent consanguineous
matings are reflected as Regions of Homozygosity (ROH) on this chromosome. The
diversity between two haplotypes on chromosome 1 for this pig was significantly
higher when at least one haplotype was shared with an Asian pig or Asian wild boar
(p<0.001, figure 3.5A-E). The same pattern was observed when we extrapolated
this to a genome-wide scale for all LW pigs (p<0.001, figure S3.5A). Those genomic
regions in the LW that share at least one haplotype with an European wild boar are
relatively less diverse than the regions that share at least one haplotype with the
European domesticated pigs (p<0.001), but note that these regions are not
mutually exclusive. All distributions of genome-wide nucleotide diversity contain
multiple peaks at low nucleotide diversity, showing the presence of homozygosity
in the genome, regardless the origin of the present haplotypes (figure S3.5A-B). A
negative correlation can be observed between length of the IBD fragment and
nucleotide diversity in the fragment (r=-0.26, p<0.0001, figure S3.5B). The strongest
correlation was found for LW-EUWB haplotypes (r=-0.35).
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Figure 3.5 Example of nucleotide diversity and shared haplotypes for a LW pig over
chromosome 1. A. The nucleotide diversity between two haplotypes per bin of 10Kbp is
plotted against the physical position of the bin on chromosome 1. Regions in the genome in
bins of 10Kbp where one of the two haplotypes is IBD with EUWB (green), ASDom (orange)
or ASWB (red) are indicated in bars beneath the original plot. B. Histogram of nucleotide
diversity between the two haplotypes in this individual in bins of 10Kbp. C-E. Histogram of
nucleotide diversity between the two haplotypes in this individual in bins of 10Kbp, where at
least one of the two haplotypes is IBD with EUWB (green, c), ASDom (orange, d) or ASWB
(red, e).

The past effective population size was estimated for the full genome of one LW pig,
one French wild boar and one MS (figure 3.6). Although the LW breed is known to
be domesticated from the European wild population, its past effective population
size is estimated to be larger than that of the French wild boar (figure 3.6A, B).
When the same analysis is done for regions where the genome of this LW pig has a
European haplotype (and no Asian), the population size for the LW is lower than for
regions where the LW has an Asian haplotype (figure 3.6A). However, the French
wild boar and the MS have the same estimated population size when estimated for
these regions as compared to their full genome (figure 3.6B, C), which suggests
there is no effect on the estimate of Ne due to the regions in the genome that these
haplotypes were extracted from.
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Figure 3.6 Estimates of past effective population size based on parts of the genome with
different demographic history for three pigs. Red lines indicate the effective population size
when a pairwise sequential markovian coalescent analysis is run on the consensus sequence
for the full genome. Green lines are estimates for Ne based on only those segments in the
genome where the LW pig contains an Asian haplotype, and blue lines indicate the Ne when
the PSMC is run on only those segments where the LW contains an European wild haplotype
and no Asian haplotype. These regions are filtered for a length of at least 100 kb, and
therefore, we consider only the left side of the dotted black line to be accurate Ne estimates.
A. Ne estimated for the LW individual LW22F07. B. Ne estimated for the French wild boar
WB25U11. C. Ne estimated for the MS pig MS20U10.
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3.4 Discussion
3.4.1 IBD haplotype occurrence

Multiple studies have shown that domestication of pigs took place at least twice,
and independently, in Western and Eastern Eurasia (Larson 2005, Kijas 2001). In
both cases, it was the local wild boar that was domesticated, and subsequent
hybridizations with local wild boar populations as agricultural practices spread have
been documented from ancient DNA studies (e.g. Larson 2005, 2007a). Pigs,
therefore, represent a subset of the natural variation present in the east and west
of the natural range of the wild boar that encompasses the Eurasian
supercontinent. The LW breed used in this study serves as a model in which these
diverged populations have been reunited. Incidentally, an ideal model for ancestral
European pigs is not available, as it is presumed that even most of the traditional
heritage breeds in Europe may have been influenced by Asian pigs over the past
two centuries albeit probably indirectly through improving pigs using popular
commercial stock. Intriguingly, the European wild boar, despite representing the
non-domesticated form, may therefore be the best model for the ”original”, pre18th century European pigs alive today.
The Asian breed for which we were able to obtain the largest number of sequenced
individuals was the MS. MS pigs, as far as is known, have never been crossed with
European pigs, and therefore serve as a good model for the imported Asian pigs.
The Fst between MS and European Sus scrofa is higher than between MS and
ASWB, confirming two independent domestication centers. Incidental exchange of
genetic material between European and Chinese pigs has been suggested to
happen as early as during Roman times (Porter 1993). However, during the
intensification of Northern European agriculture in the eighteenth century, pig
breeding expanded from forested areas to more urban environments, resulting in a
changing selection pressure on multiple traits. Since in particular the European
breeds that were crossed with Asian breeds seemed to perform best in this
relatively new environment, there was an extensive period of genetic exchange
between multiple European breeds in the early nineteenth century (White 2011). It
was during this time of experimental crossing and breeding that the first modern
pig breeds with mixed English and Asian origin emerged. Therefore it is not
surprising that the proportion of Asian material that we identified in these breeds is
roughly similar. The genetic signature of introgression from Asian into European
pigs was first discovered using mtDNA sequence data (Giuffra 2000), and many pig

73

3 Haplotype sharing in pigs and wild boars

populations, particularly certain commercial breeds derived from British breeds
such as LW, were found to contain large proportions (>>50%) of Asian-derived
mitochondrial haplotypes. Interestingly, Asian Y-chromosome haplotypes appear to
be very rare in European pigs, which suggests that the introgression was
predominantly female-driven (Ramirez 2009). Our Fst analysis shows a greater
divergence between LW and Asian individuals than between LW and EUWB,
confirming that indeed there is an asymmetry in the hybridization event. The Asian
component is less than half, which is consistent with earlier findings based on full
genome data that suggested that the Asian fraction in European modern pigs can
be up to 35% (Groenen 2012), and mitochondrial studies that estimate the average
proportion of Asian mitochondrial (mt) haplotypes in European breeds at ~29%
(Fang and Andersson 2006). However, the proportion of Asian mt haplotypes can
vary considerably between breeds with Duroc and Hampshire containing less Asian
mt material than Large White. In this study we show that the average Asian
component in the autosomes is very similar in individuals belonging to different
European breeds, suggesting that autosomal and mtDNA tell different stories
regarding the introgression history as has been proposed previously (Ramirez
2009). Our Admixture analysis confirms the global introgression of Asian material
into European breeds, although the estimated fraction is somewhat lower (~20%).
The introgression of Asian domesticated breeds into European breeds may have
reduced the genetic differentiation (Fst) between the LW and ASWB compared to
the MS and EUWB.
If no hybridization had taken place since the original split of European and Asian
Sus scrofa, one would expect that the shared haplotypes between all European and
Asian Sus scrofa are similar in size and abundance, regardless of the domestication
status of the individuals. The fact that haplotypes shared between LW and ASDom
are, on average, larger than haplotypes shared between LW and ASWB, is an
indication that indeed Asian domesticated haplotypes have been introgressed at a
later stage. These differences in length in particular indicate a more recent
common ancestor between these haplotypes, since haplotypes are broken up in
time due to recombination. There is, however, a proportion of LW-ASDom
haplotypes that have lengths overlapping the length distribution of the LW-ASWB
haplotypes. These haplotypes may represent the original split between European
and Asian wild boars, i.e. incomplete lineage sorting between Eastern and Western
Sus scrofa. More IBD tracts are found between MS and ASWB than between LW
and EUWB and haplotypes shared between EUWB and LW are, on average, longer.
The difference in length between MS-ASWB haplotypes and LW-EUWB haplotypes
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can be a signal of smaller effective population size in the EUWB and the LW (i.e all
European Sus scrofa), resulting in a smaller haplotype diversity in European wild
boars, compared to Asian Sus scrofa.
3.4.2 Nucleotide diversity

Because the effective population size in Asia was larger and the latest glacial
bottlenecks was not as severe in Asia compared to Europe, on average, two Asian
haplotypes drawn from a population are thought to be more divergent than two
European haplotypes (Groenen 2012). Secondly, the relative old divergence (~1.2
Mya) between Asian and European Sus scrofa, is expected to result in more
variation between haplotypes of Asian and European origin than any two European
haplotypes. Therefore, those parts in the genome of LW pigs where an Asian
haplotype has been detected were expected to be more diverged, as was
corroborated in this study. It has been shown previously that European
domesticated pigs contain more variation than European wild boars (Groenen
2012). The higher nucleotide diversity in the regions that contain an Asian
haplotype in the LW pigs compared to regions that contain two European
haplotypes, suggests that the higher diversity is due to hybridization with Asian
individuals, rather than a post-domestication bottleneck in the European wild boar
population. Both breeds show some regions of low variation, probably due to
recent inbreeding resulting in ROH formation. ROHs tend to be longer and more
abundant at the center of the chromosomes, chiefly following the distribution of
recombination frequency (Bosse 2012). In our IBD analysis we show that length of
shared haplotypes follows the same pattern and correlates negatively with
recombination frequency. The negative correlation between length of the IBD
fragment and nucleotide diversity in the fragment might also be influenced by the
recombination frequency, since higher nucleotide diversity tends to be found in
regions of high recombination (Bosse 2012). Less recombination results in longer
haplotypes, and in many species there is a positive correlation between
recombination rate and nucleotide diversity [i.a. Begun and Aquadro 1992, Fang
2008, Lercher and Hurst 2002], which may explain the negative correlation in pigs
as well. Another explanation for this observation can be that long IBD fragments
are an indication of (recent) selection for a particular haplotype, resulting more
often in homozygosity, regardless the background of the haplotype. Figure S3.4
shows that some regions in the genome of the LW pigs are enriched in Asian
haplotypes, while other parts do not contain any Asian material at all. Such
variation of Asian haplotypes may also hint towards selection, which can be
expected in a hybrid population that carries very divergent haplotypes. After
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introgression, Asian haplotypes may either have had a neutral effect, could have
been beneficial or have had a negative effect. This study focuses on the
consequences for nucleotide diversity in the genome and inference of demographic
history under a neutral introgression scenario, which is observed in the majority of
the genome resulting in the general patterns that are described. However,
introgression mapping could also be used to screen for regions with an excess of
heterozygosity within individuals with introgressed and non-introgressed
haplotypes, in order to detect regions under balancing selection, as has been
shown for the major histocompatibility complex (Charbonnel and Pemberton 2005,
Castric 2008, Abi-Rached 2011). Also regions with a lack of introgressed haplotypes
or with more introgressed haplotypes than expected could answer interesting
questions about selection in the focal population after introgression, as has been
shown for i.e. mouse (Song 2011), and human (Jeong 2014). Our results clearly
show that the genomes of LW and MS pigs are a mosaic of haplotypes,
representing a variety of demographic and selection events.
We have shown that the genomes of LW pigs have a composite origin in which
European and Asian haplotypes are combined. This phenomenon has important
implications for demographic analyses on these genomes, since a single individual
essentially represents multiple, distinct, demographies. By running a Pairwise
Sequential Marcovian Coalescent analysis (PSMC, Li and Durbin 2011) on different
fragments of the genome of one LW pig, we showed that it is possible to
disentangle these separate demographies if the origin of the haplotypes can be
properly assigned. If no introgressed haplotypes are included in this inference, the
effective population size indeed resembles that of the source of domestication (the
European wild boar). The effective population size is however greatly
overestimated if one of the two haplotypes originated from an Asian pig. The
effective population size of the LW resembles that of the MS in those genomic
regions where European and Asian haplotypes are combined in the LW and used
for the PSMC analysis. Since the European wild boars are descendants from Asian
wild boar, the majority of genetic variation that is present in the European wild
boar population has its origin in Asia. Therefore, one European and one Asian
haplotype could indeed approximate the Ne estimates for two Asian haplotypes, as
is found in the MS. Newly arisen mutations in the European and Asian clades after
the original split will probably have resulted in a slightly higher Ne estimate when
an Asian and European haplotype are combined, as we see in the LW, than when
the Ne is based on two Asian haplotypes. These findings highlight the importance of
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knowledge on the background of samples when these types of analyses are used to
infer the demographic history of a population.
A combination of recombination, genetic drift, selection and introgression has
resulted in a complex distribution of haplotypes in the two breeds. Knowing the
genomic footprints of admixture can be used in commercial breeding and
conservation management to increase the variation within populations. Introducing
new haplotypes from one inbred population to another, highly divergent but also
inbred population, may result in a strong increase in variation within the genomes
of hybrid individuals. Detailed mapping of the genomic distribution of variation
enables a targeted approach to increase genetic diversity of captive and wild
populations, by selecting individuals that contain particular desired haplotypes in
breeding programs. However, the identification of introgressed haplotypes may
also be used in breeding efforts that intend to “purify” a particular breed or
population. The integrity of a population can be very important for branding of
particular regional products for example (e.g. Herrero-Medrano 2013a, b), but also
for species conservation (e.g. Frantz 2013b). When the contribution of introgressed
haplotypes to future generations can be actively managed, this approach may
facilitate conservation and breeding efforts in the near future.
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Abstract
Although all farm animals have an original source of domestication, a large variety
of modern breeds exists that are phenotypically highly distinct from the ancestral
wild population. This phenomenon can be the result of artificial selection or gene
flow from other sources into the domesticated population. The Eurasian wild boar
(Sus scrofa) has been domesticated at least twice in two geographically distinct
regions during the Neolithic revolution when hunting shifted to farming. Prior to
the establishment of the commercial European pig breeds we know today, some
200 years ago Chinese pigs were imported into Europe to improve local European
pigs. European domesticated pigs are genetically more diverse than European wild
boars, although historically the latter represent the source population for
domestication. In this study we examine the cause of the higher diversity within the
genomes of European domestic pigs compared to their wild ancestors by testing
two different hypotheses. In the first hypothesis we consider that European
domestics are a mix of different European wild populations as a result of
movement throughout Europe, hereby acquiring haplotypes from all over the
European continent. As an alternative hypothesis, we examine whether the
introgression of Asian haplotypes into European breeds during the Industrial
Revolution caused the observed increase in diversity. By using re-sequence data for
chromosome 1 of 135 pigs and wild boars, we show that an Asian introgression of
about 20% into the genome of European domesticated pigs explain the majority of
the increase in genetic diversity. These findings confirm that the Asian
hybridization, that was used to improve production traits of local breeds, left its
signature in the genome of the commercial pigs we know today.
Key words: Sus scrofa, hybridization, domestication, introgression, genetic
variation, haplotype, homozygosity
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4.1 Introduction
Domestication is a complex process that has major implications for both
phenotypic and genetic variation. It is not an exception that the domesticated form
appears to be very different from the wild species in terms of phenotype and
genetic makeup. Examples include multiple crop species (Doebley 2006), dogs
(VonHoldt 2010) and farm animals (Andersson 2001). The differences are caused
mainly by two phenomena: 1) selection for particular desired traits in the
domesticated population including domestication genes, which facilitate the
maintenance of the species in question or have commercial interest; 2)
hybridization with individuals from highly divergent populations to improve
selected traits. The domesticated pig (Sus scrofa) is a good example of such a
species, since the domesticated form as well as its wild relatives are widespread
across the Eurasian continent but can be phenotypically highly distinct.
Domestication of the pig is known to have its origin independently in the Near East
and in Asia roughly 10.000 years ago (ya), which lead to at least two distinct
domestication clades (Kijas 2006, Larson 2005).
Strong artificial selection after the initial domestication lead to a wide variety of
breeds, each with distinct phenotypes, and selective signatures in the genome
(Rubin 2012, Wilkinson 2013). Breed formation and artificial selection for particular
traits can drastically reduce genetic diversity, which has been shown for multiple
species (Taberlet 2008, Kristensen and Sorensen 2005). Surprisingly, in pigs the
commercial breeds in Europe are generally more diverse than their wild
counterpart (Groenen 2012, Bosse 2014a). In this research we examine which
process contributed most to the difference in genetic diversity between European
commercial breeds and European wild boar.
In Europe, pig domestication did not occur as a single, unique event, but rather was
a continuous process of domestication, isolation and hybridization that lead to
current European pigs (Larson 2007b). Furthermore, glaciations likely had a major
impact on the genetic diversity in European wild boar (Scandura 2008). It has been
suggested that there were multiple refugia in Europe during the last glaciation,
resulting in many private haplotypes for the separate populations (Alves 2010). In
the drawn-out process of domestication of the pig in Europe, the mixing of wild
boar genetic variation from different regions in Europe, might explain the high
diversity found in modern European pigs. Although variation has been lost locally in
most European wild populations, the combined genetic diversity from
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geographically isolated populations should display similar patterns of genetic
diversification as is shown for European commercial haplotypes. The first
hypothesis we test, therefore, is that the European breeds are a combination of
separate European populations that have been amalgamated into a single
population, resulting in higher levels of variation.
Introgression from Asian pigs into European breeds was first demonstrated with
molecular data by Giuffra (2000), and indeed multiple international breeds have
subsequently been found to contain Far Eastern mitochondrial haplotypes (Clop
2004, Fang and Andersson 2006). Ramirez (2009) suggested that this introgression
was mostly female driven, because of the predominance of the European HY1 Ychromosomal haplotype in Europe. An Asian origin for multiple commercially
important phenotypes has been shown as the result of this hybridization (Ojeda
2008, Wilkinson 2013, Bosse 2014b and Hidalgo 2014). Alves (2003) showed that
not all European local breeds, such as Iberian pigs, contain mtDNA of Asian origin,
and based on genomic DNA varying levels of admixture in local breeds have been
suggested (Herrero-Medrano 2013b). We recently found that parts in the genome
of Large White pigs that contain DNA that is shared with Asian pigs are generally
more diverse than regions that do not share DNA with Asian pigs (Bosse 2014a).
Whether this is a direct result of the introgression (rather than, for example,
incomplete lineage sorting) and the overall contribution by Asian haplotypes to
variation, remain unanswered questions. Thus, the second hypothesis we test is
that Asian introgression leads to higher diversity in the European commercial pigs.
For prioritizing farm animal genetic resources (FanGR) for conservation, it is
important to know the distribution and the origin of variation in the (domesticated)
species (Groeneveld 2010). With this work, we make a contribution by analyzing
the details of genetic diversity on chromosome 1 within and between groups of
pigs and wild boar in Asia and Europe.

4.2 Materials and Methods
4.2.1 Data
The data that we used for this paper consists of all variants on chromosome 1, 2
and 18 that were observed in 136 pigs. These variants were previously deposited
into dbSNP (release 138). This data was obtained by aligning Illumina paired-end
100bp reads to the Sus scrofa reference genome (build 10.2) with Mosaik Aligner
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(V.1.1.0017). Reads were trimmed to a minimum base PHRED quality of 20
averaged over 3 consecutive bases and only mate pairs with both reads at least 45
bp in length were included. Each individual was sequenced to ~10x depth of
coverage. SNPs were called separately per individual with SAMtools (V. 0.1.13)
pileup with a minimum coverage of 4x, with at least 2 reads supporting the
alternative allele. Sites were filtered for a minimum genotype and mapping PHRED
quality of 20. Most of our analyses were based on all 2,747,210 variants called on
chromosome 1. From the original matrix containing all variable sites in all 136 pigs,
indels were excluded and SNP loci were retained if called in >80% of all individuals.
The minimum coverage of genotypes called within each group of pigs was set to
>80%, resulting in 410,237 high-quality SNPs on chromosome 1. All individuals
were imputed and phased for these 410,237 SNPs with Beagle v.3.3.2. Although it
is unsure whether these two haplotypes represent the actual phases, we
considered them as one full-length haplotype because the uncertainties in phase
should be balanced out when we calculate homozygosity rates for all pairs of
haplotypes in the dataset and look at the distributions. We pooled the haplotypes
from pigs belonging to the 8 groups listed in table 4.1.
4.2.2 Phylogenetic analysis

To assess the relationship of haplotypes in our dataset, we constructed a
phylogenetic tree based on the phased haplotypes. Each haplotype was considered
as an independent sample, so that haplotypes belonging to the same individual do
not necessarily need to cluster together. Because missing sites were imputed with
Beagle, no missing alleles were present in the phased haplotypes. Sites with more
than two alleles were removed from the data and a distance matrix was
constructed in PLINK (Purcell 2007). NEIGHBOR (PHYLIP V. 3.695; Felsenstein 2005)
was used to build a neighbour-joining tree for all haplotypes using two Sumatran
Sus scrofa as outgroup, and the tree was depicted using FIGTREE
(http://tree.bio.ed.ac.uk/software/figtree/).
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Table 4.1 Number and haplotypes per group and background of sequenced individuals. The
group name of the pigs under 'group' is how this group of individuals is referred to in the
rest of the text. The codes of all pigs correspond to their labels in figure 4.1. The details of
the populations or breeds that the pigs belong to are summarized in the column 'Population
details'. Note that information for the European local and Asian local individuals can be
limited, and therefore these are rather heterogeneous groups.
group

No. haplotypes Codes

Population details

Outgroup

4

INDO

(wild) Sumatran Sus scrofa

European local

32

AS,BB,BK,BS,G Heritage breeds (Old Britisch breeds), Less
O,LB,LE,LS,MW global breeds (Linderodsvin, Bunte Bentheimer,
,TA,NS
Angler Sattelschwein, Leicoma, Nera Siciliana)

European
Iberian

22

CA,CM,CS,CT,
MA,NI

Pigs from the Iberian peninsula (Mangalica,
Negro Iberico, Casertana, Chato Murciano,
Calabrese, Cinta Senese)

European
commercial

94

DU,HA,LR,LW,
PI

Widespread commercial breeds (Duroc,
Hampshire, Landrace, Large White, Pietrain)

European wild

52

WB21,22,25,2
6,28,31,32,33,
42, 44,72

Wild boar from Western, South-Eastern and
Southern Europe (Netherlands, France, Spain,
Italy, Switserland, Greece, Samos, Armenia)

Asian
commercial

30

JQ,MS,XI

Asian breeds known to be commercially
important (Meishan, Xiang, Jianquahai)

Asian local

18

JI,LSP,TH,WS,Z Local breeds and wild pigs (Jinhua, Leping
A
spotted, Wannan spotted, Zhang, Thai)

Asian wild

20

WB20,29,30
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North China, South China, Japan
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4.2.3 Haplotype homozygosity analysis

Analysis 1
After individuals were phased for the full length of chromosome
1, we analysed the homozygosity between two haplotypes spanning the full
chromosome for all possible combinations of two haplotypes in the dataset.
Haplotype homozygosity is defined as the proportion of homozygous sites between
two paired haplotypes, and ranged between 0 and 1. We calculated haplotype
homozygosity as the proportion of all sites (410,237) that occurred in homozygous
state, so that 0 represents only heterozygous loci and 1 represents complete
homozygosity between both haplotypes. We then paired all possible combinations
of two haplotypes in the dataset and determined the homozygosity of these
hypothetical diploid individuals in R (see box 4.1). We pooled the haplotype
homozygosity for pairs of haplotypes belonging to the same group (table 4.1), so
that we ended up with a distribution of homozygosity within a group that
represents the full range of variation between haplotypes in a group. Within-group
haplotype homozygosity was then compared between the different groups. In the
second part of this analysis we paired haplotypes from different groups and
computed the haplotype homozygosity for these mixed pairs, so that we have a
distribution of homozygosity between haplotypes from two different groups which
is compared with the distribution of homozygosity between haplotypes from two
other groups
Analysis 2
Previous estimates on the fraction of Asian DNA ranged from 20
to a maximum of 35% (Bosse 2014b, Groenen 2012). In the second analysis we
want to assess the influence of Asian introgression into a European haplotype. In
order to do this, we simulated introgression by transferring 15, 20 and 25% of a
haplotype belonging to the Asian commercial group into a haplotype that belongs
to the European wild group (see box 4.1). We used a custom perl script to construct
these chimeric haplotypes in which 15, 20 or 25% of the alleles coming from an
Asian commercial haplotype replace the alleles in a European wild haplotype. All
possible pairs between European wild and Asian commercial haplotypes to
construct a chimeric haplotype were included. Then, these chimeric haplotypes
were again paired with all possible European wild haplotypes (except for the one
that the chimeric haplotype is constructed of) and the homozygosity between the
two haplotypes was calculated as described for analysis 1. These haplotype
homozygosities were pooled so that we obtained a distribution of haplotype
homozygosity in the artificially created Asian-European hybrids.
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Box 4.1 Principles of the analyses
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4.2.4 Consistency over chromosomes

All analyses presented in this paper are based on haplotypes spanning the full
length of chromosome 1. We selected this chromosome because it is the longest
pig chromosome and therefore the introgression signals are probably most
representative for the full genome and less prone to occasional aberrations due to
a limited recombination/drift. However, to check whether chromosome 1 is
representative for the complete genome, we compared the haplotype
homozygosities for the same pairs of individuals between chromosome 1 and two
other chromosomes: chromosome 2 (the second longest chromosome), and the
shortest and acrocentric chromosome 18. We tested the correlation coefficient
between the haplotype homozygosities of the different chromosomes with
Pearson's product-moment correlation in R.
4.2.5 Runs of homozygosity

We extracted runs of homozygosity (ROH) from all combinations of paired
haplotypes coming from the European pigs and wild boars. ROHs were called with
the –homozyg option using PLINK v1.07, allowing for one heterozygous site in the
ROH and a minimum ROH size of 10Kb.

4.3 Results and discussion
4.3.1 Variation within groups

We analyzed the phylogenetic relationship of all haplotypes spanning the full
chromosome 1 by constructing a neighbor-joining tree (figure 4.1). The Asian and
European haplotypes form two distinct clusters, which is consistent with the
hypothesis of independent domestication (Kijas 2006, Larson 2005, Groenen 2012
and Ramirez 2014). European wild boars constitute a monophyletic clade within
the European domesticated pigs. The pig reference genome sequence (Groenen
2012) clusters within a group of Duroc pigs, which is expected because the
reference genome is based on a female Duroc. The Chinese commercial and local
haplotypes cluster with the Northern and Southern Chinese wild haplotypes. The
only exception is the Zhang pig, which is closer to European pigs (labelled “ZA” in
figure 4.1). This individual is possibly introgressed with European breeds and
therefore we mention explicitly when this individual is included in the analysis.
Haplotypes from the same individual generally cluster together, but within the
European commercial group this is not always the case, showing the close
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relationship of these individuals. The Japanese wild boar (“WB20”) and the
Mangalica pigs (“MA”) are the most inbred individuals, with homozygosity between
the two haplotypes within each individual above 0.99. Branches within the Asian
cluster are longer than those for European haplotypes.

Figure 4.1 Neighbor-joining tree of all haplotypes of chromosome 1. Each individual has 2
haplotypes, one labeled after the name of the individual with the suffix “A” and the second
haplotype contains the suffix “B”. Red line=Asian wild haplotype; orange line =Asian
commercial or local haplotype; blue line=European commercial or local haplotype; green
line=European wild haplotype. Locations of the markers on chromosome 1 are indicated by
red bars. Alleles from the pig reference genome are included as two separate haplotypes
without variation between them, and are highlighted in yellow.
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When the homozygosity between two haplotypes from individuals with the same
background is measured, the variation (within groups) between two Asian
haplotypes is indeed higher than between two European haplotypes from the same
group, except for the Japanese wild boar (figure 4.2). This is congruent with
previous findings that Sus scrofa has its origin in Asia (Groenen 2012, Frantz 2013b)
and that European pigs experienced a stronger bottleneck during the last
glaciation, resulting in reduced variation (Bosse 2012). Independent domestication
should lead to Asian domesticated pigs being more variable than European pigs,
which has been shown previously based on microsatellite data (Megens 2008) and
sequence data (Bosse 2012) and is also supported by our analysis (figure 4.2).

Figure 4.2 Boxplots of homozygosity between two randomly paired haplotypes within
groups. 1) Darkblue = two European local haplotypes; 2) blue = two European Iberian
haplotypes; 3) lightblue = two European commercial haplotypes; 4) grey = two European
wild haplotypes; 5) red = Asian commercial haplotypes; 6) brown = Asian local haplotypes; 7)
orange = Asian wild haplotpyes (the highest dot indicates haplotype homozygosity within the
Japanese wild boar).
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Before and even after the establishments of modern breeds, hybridization between
different European populations was common practice. Therefore European
commercial pigs are all thought to contain Asian haplotypes. However, this is not
necessarily the case for all local breeds in Europe. Our results show that variation
between haplotypes from European local breeds is lower than between European
commercial haplotypes, which could be due to less Asian introgression or because
they have a less mixed European origin (Herrero-Medrano 2013b). Some breeds
from the Iberian peninsula and old British heritage breeds cluster with the
European wild boar (figure 4.1) which suggest that the source population for
domestication more closely resembles these breeds and wild boar, and that genetic
differentiation between those pigs is low as recently described by Ramirez (2014).
In line with our expectations, we find that variation between two European wild
haplotypes is generally lower than between two European commercial haplotypes,
especially when variation within individuals is not considered. These findings serve
as initial concept of our further analyses.
4.3.2 Consistency over chromosomes

We did an in-depth analysis of haplotypes on chromosome 1, but first we wanted
to know whether chromosome 1 is actually a representative model for the rest of
the (autosomal) genome. The correlation between haplotype homozygosity for
pairs of haplotypes of chromosome 1 and haplotype homozygosity for
chromosome 18 is 0.9848, and between chromosome 1 and chromosome 2 is
0.9874. Looking at the homozygosities for pairs of haplotypes on chromosome 1
and pairs of haplotypes on chromosome 18 (figure S4.1), two small clouds of dots
stand out: one having a higher homozygosity on chromosome 18 (red) and the
other having a lower homozygosity on chromosome 18 compared to chromosome
1 (orange). These clouds actually represent the haplotypes from only two Asian
pigs WS01U03 (red) and ZA01U02 (orange) in combination with all European
haplotypes, suggesting a different level of European introgression into the different
chromosomes for these two pigs. Since the overall correlation coefficients are so
high for the rest of the paired haplotypes in the dataset, we conducted the rest of
the analyses only on chromosome 1 and exclude these two individuals from further
analyses.
4.3.3 Variation in wild boars

Sus scrofa probably originated in South-East Asia. To assess the full width of
variation that is present within the species in the wild, we measured variation for
all possible pairs of haplotypes in the dataset. The lowest homozygosity between
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haplotypes is observed when a haplotype is paired with an outgroup haplotype (the
peak at ~0.72 in figure S4.1). The geographic region closest to the center of origin is
often the richest in genetic diversity, as shown for other species like dogs and
humans (VonHoldt 2010, Long and Kittles 2003). Indeed, our analysis corroborate
that the divergence between haplotypes is larger when at least one haplotype is
Asian than when no Asian haplotypes are present (figures 4.2 and 4.3). Eastern and
Western Sus scrofa diverged around 1.2 Mya and this divergence resulted in a
multitude of fixed differences between both wild populations (Groenen 2012).
Naturally, this divergence also contributes to genetic variation within the species,
and to quantify the unique contributions of both continents to variation within the
species we looked at the difference in homozygosity between paired haplotypes
from the same continent and paired haplotypes from Europe and Asia. For
mainland Sus scrofa, most divergence between haplotypes is found when a
European wild haplotype is pooled with an Asian haplotype, regardless its
domestication status. The fact that we do not find a significant difference in
homozygosity between a Asian wild or Asian domesticated haplotype paired with a
European wild haplotype suggests that the time since the most recent common
ancestor is similar and that generally no or very little introgression from Europe
into our sampled Asian domesticated breeds occurred. The homozygosity of
European wild haplotypes paired with Asian wild is lower than that of two Asian
wild haplotypes (averages of 0.825 and 0.84, figure 4.3), but the difference is far
less profound than the difference in homozygosity between two European wild
haplotypes and the mixture between European and Asian (0.94 vs 0.825, figure
4.3). This indicates that the largest source of variation comes from the Asian wild
boars, and that despite the ~1.2My divergence between European and Asian
populations, the European clade contributes marginally to the genetic diversity of
the species as a whole. The finding that populations further away from the source
population capture less genetic diversity is consistent with other species.
4.3.4 Variation between European haplotypes

We had a closer look at the cause of the difference in variation within Europe. One
of our hypothesis was that if the higher variation in the commercial lines is mainly
caused by a mixture of different European populations, the distribution of variation
between two European haplotypes should overlap with the distribution of variation
between European commercial haplotypes. The European wild boar used in the
current study are derived from different glaciation refugial origins and should
therefore represent well extant wild boar variation throughout Europe. All possible
pairs of haplotypes from European wild origin should therefore result in a distribu91
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Figure 4.3 Homozygosity between paired wild haplotypes. A. Haplotype homozygosity
between all possible pairs of European wild haplotypes. B. Haplotype homozygosity between
all possible pairs of 1 European wild and 1 Asian wild haplotype. C. Haplotype homozygosity
between all possible pairs of two Asian wild haplotypes.
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tion that exceeds the lowest haplotype homozygosity of all pairs of European
commercial haplotypes, because the most divergent haplotypes from Europe are
included in the European wild distribution. The far tail of the distribution of
European wild haplotypes with most variation does not even overlap the mean of
variation between two commercial European haplotypes (figure 4.4A), indicating
that two wild European haplotypes show more homozygosity than two random
European commercial haplotypes, even if these wild haplotypes are sampled from
very divergent populations. This suggests that the variation within the European
commercial group cannot be completely explained by a mixture of European wild
haplotypes. Therefore, it is highly unlikely that the relatively high degree of
variation (compared to European wild boar) that is generally found within the
European commercial breeds, is due to a mixture of European wild haplotypes, as
assumed in hypothesis 1. The distributions for paired haplotypes within the
European local and European Iberian group have lower means than the European
wild group as well, and their extremes also exceed the European wild distribution.
These findings suggest that even some local breeds may contain introgressed
haplotypes.
4.3.4.1 Runs of homozygosity (ROH)

Another possibility of the higher variation in European commercial breeds is that
European wild boar populations experienced strong recent bottlenecks and
associated loss of diversity after the split with European domestic pigs
(domestication). We compared the correlation between total ROH coverage in the
genome on chromosome 1 (as inferred from PLINK) and homozygosity between
haplotypes for the European commercial breeds and European wild boar. ROHs
between two commercial European haplotypes are slightly more abundant and
longer than ROHs between one European commercial and one European wild
haplotype (figure S4.2 A, B). By contrast, more ROHs are found between two
European wild haplotypes than between a European wild and a European
commercial haplotype (figure S4.2 C, D). Average length of ROH between two
European wild haplotypes is generally the same as between a European wild and a
European commercial haplotype, unless haplotypes belong to the same European
wild population (i.e. within the Netherlands). If the higher level of homozygosity
between European wild haplotypes would have been caused by recent inbreeding,
the coverage of ROH on chromosome 1 should be higher between two European
wild haplotypes than between two European commercial haplotypes. As can be
seen in figure 4.4B, the haplotype homozygosity between two European wild
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haplotypes is higher than between two European commercial haplotypes with the
same level of ROH coverage. These findings suggest that recent inbreeding (i.e. the

Figure 4.4 Homozygosity between paired haplotypes in Europe. A. Homozygosity between
two European wild haplotypes is displayed in green. Homozygosity between two European
commercial haplotypes is in red and the blue bars indicate homozygosity between one
European wild and one European domesticated haplotype. B. Homozygosity between
haplotypes over the full chromosome on the x-axis is plotted against total ROH coverage
between haplotypes on the y-axis for three combinations: two European commercial
haplotypes (blue); two European wild haplotypes (green); one European wild and one
European commercial haplotype (red).

94

4 Hybrid origin of European commercial pigs

occurrence of ROH) does not explain the higher homozygosity between wild
haplotypes compared to domestic haplotypes.

4.3.5 The effect of introgression
4.3.5.1 Pairing with Asian haplotypes

Although the hypothesis that different source populations in Europe caused the
higher diversity in domestic pigs can be rejected based on these previous analyses,
our second hypothesis, that Asian introgression caused the higher diversity, is not
immediately confirmed. In a previous study (Bosse 2014b) we showed that within
the genome of a commercial European pig, the variation is higher when at least
one Asian haplotype is present. This observation however does not confirm the
role of Asian introgression either, since the presence of an Asian haplotype can be
due to incomplete lineage sorting or recent introgression. Another potential cause
of the increased variation is hybridization with an unknown population, so called
'ghost admixture'. Introduced haplotypes from an unknown source are likely to
increase variation in the European commercial population. Since this source should
be unrelated to any of the pig groups here studied, pairing of a commercial
European haplotype and an Asian haplotype should not result in less variation than
an European wild haplotype paired with an Asian haplotype. If, however, the higher
variation in European commercial genomes is due to Asian introgression, pairing
with an Asian haplotype should results in higher homozygosity when a commercial
European haplotype is used than when a wild European haplotype is used. We do
find a small but significant difference between the European wild and European
commercial haplotypes when they are paired with a commercial Asian haplotype
(figure 4.5A). As expected, the pairing with a European commercial haplotype
results in less variation than the European wild haplotypes. Together with the
lower haplotype homozygosity in the European commercial group, these findings
indeed suggest that the introgression is Asian derived, or at least that the
introgressed haplotypes are genetically more similar to Asian haplotypes.
4.3.5.2 Variation with chimeric haplotypes

In order to test whether the influx of Asian haplotypes caused the increase in
homozygosity between the Asian wild and European domestic group, and to
quantify this amount, we created composite haplotypes that contained 15, 20 and
25% of an Asian breed haplotype and 85, 80 and 75% of a European wild haplotype
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Figure 4.5 Haplotype homozygosity with Asian introgression A. Homozygosity between
haplotypes when Asian commercial haplotypes are paired with European commercial (red)
or European wild (blue) B. Boxplots of haplotype homozygosity. Haplotypes are paired with
European wild haplotypes (left) or Asian commercial haplotypes (right). Red boxes indicate
haplotypes paired with European wild haplotypes. Blue boxes represent haplotypes that are
paired with European commercial haplotypes. Grey boxes represent the distribution of
homozygosity when the haplotype is paired with a chimeric haplotype that is a combination
of a European wild haplotype and an Asian commercial haplotype (see also box 4.1). 1)
European wild paired with 15% Asian chimeric haplotype 2) European wild paired with 20%
Asian chimeric haplotype 3) European wild paired with 25% Asian chimeric haplotype 4)
European wild paired with European commercial 5) European wild paired with European
wild 6) Asian commercial paired with 15% Asian chimeric haplotype 7) Asian commercial
paired with 20% Asian chimeric haplotype 8) Asian commercial paired with 25% Asian
chimeric haplotype 9) Asian commercial paired with European commercial 10) Asian
commercial paired with European wild.

96

4 Hybrid origin of European commercial pigs

as described in box 4.1.2. These percentages were chosen because the
introgression fraction from Asia into the European commercial pigs has previously
been estimated to be between 15-35% (Fang and Andersson 2006, Groenen 2012,
Bosse 2014a). If the percentage of introgression is indeed around 20%, the
distribution of haplotype homozygosity when a European domestic haplotype is
paired with a European wild haplotype is expected to strongly overlap the
distribution when a chimeric haplotype in which 80% of the markers contain
European wild alleles and 20% of the markers contain Asian domestic alleles is
paired with a European wild haplotype. On top of that, the distribution of the
chimeric haplotype paired with an Asian haplotype should overlap that of a
European commercial haplotype paired with an Asian haplotype. The results show
(figure 4.5B) that pairing of a chimeric haplotype of European wild and Asian
domestic with a European wild haplotype indeed results in a similar distribution of
homozygosity as a pair between a European wild and a European domestic
haplotype. Mean haplotype homozygosity shifts from 0.941 to 0.917, suggesting
20% introgression of Asian haplotypes. Our results confirm the previous estimates
of around 20% admixture and demonstrate that the Asian introgression decreased
haplotype homozygosity within Europe. In addition, we show that the haplotype
homozygosity when a chimeric haplotype is paired with an Asian domestic
haplotype increases compared to a European wild haplotype paired with an Asian
domestic haplotype. The mean of the 15% Asian chimeric haplotypes is closest to
the mean of a European commercial haplotype paired with an Asian domestic
haplotype (figure 4.5B), supporting the hypothesis that the introgression comes
from Asia indeed.

4.4 Conclusions

We confirmed Asia as the biggest source of genetic variation in Sus scrofa, in line
with its geographical origin. The higher variation in the European domesticated pigs
compared to the European wild boar is largely explained by introgression of Asian
haplotypes, rather than a mixture of European backgrounds.
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Abstract
The independent domestication of local wild boar populations in Asia and Europe
about 10,000 years ago led to distinct European and Asian pig breeds, each with
very different phenotypic characteristics. During the Industrial Revolution, Chinese
breeds were imported to Europe to improve commercial traits in European breeds.
Using whole genome sequence data, we demonstrate the presence of introgressed
Asian haplotypes in European domestic pigs and selection signatures on some loci
in those regions. The signatures of introgression are widespread and the Asian
haplotypes are rarely fixed. The identified Asian introgressed haplotypes are
associated with regions harboring genes involved in meat quality, development and
fertility. More specifically, we identified Asian-derived non-synonymous mutations
in the AHR gene that are associated with increased litter size in multiple European
commercial lines. These findings demonstrate that increased fertility was an
important breeding goal for early nineteenth century pig farmers, and that Asian
variants of genes related to this trait were preferentially selected during the
development of modern European pig breeds.

Key words: Domestication, hybridization, selection, introgression, Sus scrofa
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5.1 Introduction
Thousands of years of selection on numerous traits in domesticated species like
dogs (Boyko 2010, vonHoldt 2010), cows (Diamond 2002) and chickens (Miao 2012)
has led to a wide range of distinct phenotypes that are not (or only rarely)
observed in the wild. Improvement of breeding practices, which involves making
crosses between different breeds and even (sub)species, has greatly improved
productivity in intensive farming systems. Examples include the white seed colour
in rice, shown to originate from a single mutation that swept through different
subspecies following hybridization (Sweeney 2007), and the yellow skin allele that
is fixed in the majority of modern western chicken breeds originating from
admixture with the Grey junglefowl (Eriksson 2008). Human-mediated
introgression of alleles is likely to have played a major role in the genomic
architecture of many modern domestic species including pigs.
The wild boar (Sus scrofa) originated ~4 million years ago in Southeast Asia and has
since expanded its range over Eurasia leading to the emergence of numerous
geographically and genetically divergent populations (frantz 2013b, Meijaard
2011). The independent domestication of two of these populations in East Asia and
western Eurasia led to distinct domesticated populations (Larson 2011, Megens
2008 and Groenen 2012). Hybridization and introgression between domestic pigs
that originated from highly divergent wild populations has resulted in modern
genomes that possess a mosaic of different haplotypes (Giuffra 2000, Goedbloed
2013a). While some gene-flow may have taken place before the 19th century, it
was certainly extremely rare given the geographic distance between Asia and
Europe and the lack of any historical records describing the importation of Asian
breeds into Europe before the 19th century (or vice-versa). Mitochondrial studies
have suggested that the introgression was mostly female driven (Giuffra 2000) and
the introduction of Asian pigs into Europe at the onset of the Industrial Revolution
in the late 18th and early 19th centuries has been particularly well documented
(White 2011, Jones 1998). In parallel with increasing intensification of farming at
that time, British pig breeders sought to improve productivity of the local breeds,
and did so, in part, by importing Chinese pigs. Chinese pigs were renowned for
having great mothering characteristics, superior meat quality, strong resistance to
diseases, better adaptation to living in sties, and producing larger litters (>15 live
born young). The selection for specific traits in European pig breeds has resulted in
multiple selective sweeps in the genome of domesticates (Rubin 2012). Since
European pig breeders deliberately introgressed Asian haplotypes into European
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local breeds, it is expected that the origin of haplotypes for which evidence of
selection exists, often stems from Asian introgression. Known examples include the
EDNRB, IGF2 and KITLG regions (Wilkinson 2013, Okumura 2008 and Ojeda 2008),
all of which the identified variants have considerable effect on the phenotypes.
Interestingly, the selection criteria shifted through time. When Asian lines were
first introgressed into European pigs, fatness was selected for, while now leanness
is preferentially selected. The Large White (LW) breed, one of most widely used
breeds in commercial pig production, originated in the United Kingdom and is
renowned for high growth rate, desirable carcass lean meat percentage and a
desirable feed to body weight conversion ratio, traits potentially the result of
selected Chinese haplotypes. Because of deliberate introduction of Asian
germplasm into European pigs and subsequent intensive artificial selection, Asian
haplotypes in Large White genomes are expected to be non-randomly distributed,
but rather to be overrepresented in regions that contain genes or regulatory
elements that are linked to traits relevant for production. Here, we test this
hypothesis and identify specific gene variants bred into European pigs involved in
key production traits. More specifically, we interrogated the genomes of Large
White pigs to reveal patterns introgressed and selected haplotypes to unravel the
genomic consequences of human-mediated hybridization and artificial selection.

5.2 Results & Discussion
5.2.1 Evidence of introgression

We identified haplotypes in the Large White pigs that were identical by decent
(IBD) with individuals from both the original source of domestication, the European
wild boars (EUWB), and the source of introgression, the Asian domestic group
(ASDom, figure 5.1). Individuals from different locations in Europe were used to
represent the source of domestication, whiles individuals from three different
Asian breeds were used to represent the pool of putative introgressed haplotypes
(see table S5.1 and Methods for details). Average genetic differentiation (Fst, as
defined by Weir and Cockerham (1984)) between the LW and ASDom was 0.33 (sd
0.23, se 0.0008), while the average Fst value between LW and EUWB was 0.16 (sd
0.17, se 0.0006). These results show that the genomes of the LW pigs still share
greater similarity with their EUWB ancestors than with ASDom. We used another
independent method to further verify the existence of gene-flow between ASDom
and LW after lineage divergence between Asian and European Sus scrofa (Dstatistics (Green 2010), see Methods). We computed this statistic for each possible
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trio between LW, ASDom and EUWB and (LW, EUWB, ASDom) so that significantly
negative D (Z<-4) imply admixture between ASDom and LW. Our results
demonstrate that all Large White individuals possess roughly an equal degree of
admixture with Asian pigs over their entire genomes, reflecting the humanmediated hybridization with Asian domestics in the late 18th and early 19th
century (D=-0.083 +/- 0.015, Z=-20).

Figure 5.1 Experimental setup for the introgression detection. Arrows indicate the
comparisons between groups that are used for the IBD detection. Individuals from the LW
breed are used for all pairwise comparisons with individuals from two geographical and
functional groups: EUWB and ASDom. The blue arrow indicates the human-mediated
introgression from ASDom in to LW.
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5.4.2 Introgression mapping

To infer whether a region was introgressed in multiple individuals, we calculated
the frequency of all LW haplotypes that were of Asian or European origin for each
bin of 10.000 bases in the genome. The relative fraction of Asian vs European
haplotypes in the LW group is expressed as rIBD. Asian haplotype frequency in the
LW population, for a given locus, ranged from 0.7 (where 1 indicates all haplotypes
are ASDom and none are EUWB) to -1 (all haplotypes are IBD with EUWB, figure
5.2a). The majority of the genome displays more similarity with the European wild
boars that with the Asian domesticated pigs. Despite this, every chromosome
contained regions in which the signal for Asian ancestry was stronger than the
European signature. A cutoff of two standard deviations from the mean in the Ztransformed rIBD distribution allowed us to identify regions, which spans ~1.3% of
the genome of LW pigs that were likely to be of Asian origin (figure 5.2c-d; table
S5.2).

Figure 5.2 Distribution of regions in the genome where the LW contain introgressed
haplotypes from ASDom. A. The x axis shows the full length of all chromosomes, and the y
axis represents the relative frequency of LW haplotypes IBD with ASDom or EUWB, ranging
from 1 (all haplotypes are IBD with ASDom, and none with EUWB) to -1. The two longest
regions of consecutive introgression are indicated with arrows. B. Distribution of the relative
proportion of IBD haplotypes in LW and the EUWB (green, IBDEUWB, 0 to -1) or ASDom
(blue, IBDASDom, 0 to 1) in bins of 10 Kbp. C. Distribution of the rIBD scores for the LW
haplotypes (rIBD¼IBDEUWB–IBDASDom). D. Z-transformed distribution of rIBD.
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This introgression pattern is likely the result of a combination of drift and selection.
In contrast to dogs, where selection seems to have acted on a relatively small
number of loci with large effects (Boyko 2010, vonHoldt 2010), the introgression
signal in the pigs is found at many loci, and the putatively selected Asian haplotype
is rarely fixed. This pattern suggests that selection on Asian haplotypes, if present,
mostly involved complex multi-genic traits or genes influencing traits selected in
opposing directions. A high rIBD signal in our analysis refers to a region that
contains predominantly introgressed haplotypes, but this does not imply that the
introgressed haplotypes are identical or similar. Regions that contain more Asian
haplotypes just by chance, but have not been under selection, could result in a high
rIBD signal. We used an extended haplotype homozygosity test (Sabeti 2002) to
check for extended haplotypes in the Large White population and compared the
iHS signal with our rIBD values. This way, we can distinguish between regions that
contain multiple Asian haplotypes and regions that contain one or few particular
elongated Asian haplotypes. We inferred a significant correlation between rIBD and
iHS in bins of 500kb over the full genome (figure S5.2A). To check whether the
extended haplotype homozygosity in the LW pool was specific for the breed or
observed in more European breeds, we contrasted the LW signal with a reference
pool of other European commercial pigs (figure S5.2B-C).
5.4.3 Genome-wide patterns of introgression

On a genome scale, many of the genes located within the regions where the LW
pigs share more haplotypes with ASDom than with EUWB (σZrIBD>=2), are
associated with commercial traits such as meat quality (DNMT3A, SAL1, ME1,
IGF2BP1), fertility (PGRMC2, KIF18A CDK20, AHR), and development (NRG1, AHR,
table S5.2), although no significant enriched GO-term was found. Gene-dense
regions on chromosome 1 and 2 display a high rate of alternating between ASDom
and EUWB haplotypes. For instance, the regions containing the CDK20 and SAL1
genes, which both have been associated with reproduction traits (Liu 2011, Seo
2011), are only 10-20kb long. These short tracts of shared haplotypes either
indicate a high recombination frequency (corroborated by the recombination map
for pig (Tortereau 2012), a more temporally distant hybridization episode, and/or
favorable European haplotypes surrounding these genes that could lead to positive
selection on recombinant haplotypes. The recombination landscape in Sus scrofa is
known to be highly heterogeneous, and this probably results in an unequal
distribution of haplotype length (Bosse 2012). Longer Asian haplotypes will be
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found in regions of low recombination and therefore the introgression signal is
easier to identify in regions with a low recombination rate.
5.4.4 Longest regions of introgression

Chromosomes 8 and 9 contain the largest consecutive regions of inferred
introgression in the LW genomes (defined as regions where rIBD>0). To check
whether the extended haplotype homozygosity in the LW pool was specific for the
breed or observed in more European breeds, we contrasted the LW signal with a
reference pool of other European commercial pigs with the Rsb statistic (Tang
2007) (figure S5.2B-C). This analysis demonstrates that the region of introgression
on chromosome 8 contains a stronger EHH signal in the reference panel, and that
the region on chromosome 9 contains a particularly strong signal in the Large
White population. We used two independent methods, D-statistics and Fst, to
support the detected introgression in these regions in the LW (figure 5.3a-e). To
show that divergence between LW and ASDom was reduced in the introgressed
regions, we calculated Fst for these regions separately. The Fst between ASDom and
the LW was lower in both introgressed regions than between EUWB and LW (figure
5.3c-e), thereby supporting the signal of Asian introgression (high rIBD). The Dstatisctics for the regions on chromosome 9 was lower than the genome-wide
average, which corroborated our rIBD analysis (figure 5.3b). The region on
chromosome 8 shows a wide distribution, indicating that some LW-haplotypes
contain the Asian signature, while others do not. Inconsistent clustering of
European haplotypes within an Asian clade at this locus supports this hypothesis
(figure S5.1). Curiously, the ~4 Mb sequence shows a clear signal of introgression,
although a large part of the region is devoid of annotated genes. Because this part
of the genome has a relatively low recombination frequency (Tortereau 2012), the
region may extend considerably beyond the position of the actual favorable allele
that has been selected for, due to genetic hitch-hiking and the short time since
introgression. Alternatively, drift could have resulted in the presence of Asian
haplotypes in this region. The PGRMC2 gene, coding for the progesterone receptor,
lies within the highest peak of Asian haplotypes in that region. Progesterone is an
important hormone involved in female reproduction and maternal behavior (Chen
2010), traits that Asian pigs have been selected for extensively. The Asian
haplotype containing the PGRMC2 gene, therefore, could be associated with higher
reproductive success in LW pigs and may have been subjected to selection pressure
as a result. The rSB signal suggest that in other European breeds the proportion of
Asian haplotypes is even higher for this locus (figure S5.2B-C). We used genotype
data from the Illumina 60K iSelect porcine beadchip (Ramos 2009) for an additional
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5143 pigs from three European commercial purebred lines to screen allele
frequencies in this region. Two genetic lines have been selected for reproductive
traits since establishment of the lines (A and B), and one line for finishing traits (C).
The 60K markers in this 4Mb region show a clear difference between the two
reproduction-associated lines and the growth-associated line (figure S5.3). These
findings could indicate that the Asian haplotypes in this region are associated with
fertility, but further analyses are needed to support this hypothesis.

Figure 5.3 Levels of differentiation between LW and ASDom or EUWB in regions of
introgression. A. Relative introgression fraction (rIBD) over the full length of chromosome 8
and 9. The longest regions of introgression are indicated with purple and blue. B. Boxplot of
D-statistics for the full genome (red) and the two longest regions of introgression as
indicated in a on chr8 (purple) and chr9 (blue). The minimum, first quartile, median, third
quartile and maximum are indicated with the box and whiskers with outliers >1.5*IQR. Dstatistics are computed for each possible trio with LW¼P1, ASDom¼P2 and EUWB¼P3, with
the Sumatran S. scrofa as outgroup (O) resulting in 378 trios. C-E. Distribution of Fst between
LW-ASDom (blue) and LW-EUWB (red) in bins of 10 Kbp. The left histogram shows the Fst
distributions based on the full genome (c), and the other two show the Fst distribution for
the regions of introgression on chr8 (d) and chr9 (e).
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5.4.5 Introgression at the AHR locus

The 6.8 Mb region on chromosome 9 has a large proportion of Large White
haplotypes that are nearly identical to two haplotypes found in the Asian Jianquhai
breed (figure S5.1). Among the genes in this region of putative Asian introgression
are multiple members of the TWIST gene family, transcription factors known to be
involved in a variety of processes including embryonic development (Gitelman
2007). This highest introgression peak in this region contains the AHR gene that has
previously been associated with female reproductivity (Hernández-Ochoa 2009).
Originally, the AHR gene has been identified as mediator of xenobiotic induced
toxicity (Fujii-Kuriyama 2010, Denison 2011). AHR has been shown not only to be
involved in the response to toxicity, but also to be associated with fertility in
mammals (Baba 2005, Pocar 2005). The AHR gene seems to play an important role
in the female reproductive system at multiple levels (Hernández-Ochoa 2009). In
pigs, expression of AHR during the estrous cycle and putative involvement of AHR
in the regulation of reproduction has been observed (Jablonska 2011, Onteru
2012). Furthermore, polymorphisms in human are known to occur predominantly
in exon 10, which contains an important transactivation domain (Harper 2002). We
screened this gene in pigs for non-synonymous mutations and identified four nonsynonymous mutations in exon 11 of the AHR gene, which corresponds to exon 10
of the human AHR gene. The variants of Asian origin were all in strong LD. Since the
AHR is a strong candidate gene for which Asian variants have been selected since
introgression during the Industrial Revolution, we examined this gene further (see
methods).
The iHS signal within the Large White population is strongest for the AHR locus. The
fact that the Rsb signal is also strong in the LW compared to other European
breeds, indicates that the Asian haplotypes at the AHR locus were never fixed in
the ancestral population that led to current commercial breeds, because the
frequency and iHS signal differs between breeds (figure S5.2B-C). We used an
additional method to screen for selection, nSL that has recently become available
and should be robust to variation in recombination rate (Ferrer-Admetlla 2014).
We averaged the rIBD, the nSL statistic and the corrected iHS p value over bins of
500kb for chromosome 9 (figure S5.4A-C). All three statistics contain a high signal
at the previously identified region on chromosome 9 that also contains the AHR
gene. We show that the haplotype containing the ancestral allele at the AHR locus
is more persistent than haplotypes containing the derived allele at this locus (figure
S5.4D-F). A survey of wild boar populations and four other Sus species for these loci
revealed that the ancestral haplotype is homozygous in all closely related Sus
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species, and at high frequency in Asian domesticated pigs and European breeds.
However, only derived haplotypes were found in European wild boar and the
ancestral type was present only at a low frequency in Asian wild boars. This
suggests a history of selection for the ancestral state in domestics, after the derived
state reached high frequency in the wild populations.
5.4.6 Effect of Asian haplotypes at the AHR locus

To examine the effect of the amino acid changes in the AHR protein on
reproductive success, we used genotype data from the Illumina 60K iSelect porcine
beadchip (Ramos 2009) for the same 5143 pigs from three European commercial
purebred lines for which estimated breeding values (EBV) for the total number of
piglets born (TNB) was available. We extracted genotypes for those markers that
fell within the region of high introgression (rIBD>2). The AHR gene was the only
annotated gene in this selected part of the genome. Either Asian or European
heritage was assigned to the 60K haplotypes for these 5143 commercial pigs at the
AHR locus, based on our re-sequenced individuals and confirmation in the lab (see
methods). Haplotypes containing the Asian AHR variants had a significant effect on
the EBV for total number born over all three lines (EBV-TNB 0.162, std.error 0.04,
p<0.0001, Table1). Although the EBV-TNB can be rather different between different
lines, also within-line effects of the Asian allele were estimated. A difference of 0.1
in EBV equates to a difference of 0.1 piglets born. Since total number of piglets
born is a complex multi-locus trait, an increase of 0.16 piglets born (across all three
breeds) is substantial in the current breeding industry. If the costs of maintaining a
sow on a farm are spread over a larger number of piglets being weaned from that
sow, the marginal cost reduction of producing a finishing pig is just over 3 euros per
extra piglet (Hanenberg 2010), that is, 2% of that total. Even though we cannot rule
out that the effect could be due to some extended haplotypes covering other genes
in the region, these details in combination with known literature contribute to AHR
as the strongest candidate gene.
Interestingly, the AHR locus is an example of selection on the ancestral state that
was either lost or never present in the European wild population. Re-introduction
of the variants by introgression of Asian haplotypes and the positive effect of these
alleles on litter size contributed to the high frequency of Asian haplotypes at the
AHR locus in the current population. Since the AHR gene seems to be involved in
multiple life history traits, it could very well be that some long-term balancing
selection acted upon the alleles. The AHR gene is involved in multiple traits and
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Table 5.1 Estimated breeding values for total number born per line for haplotypes
containing Asian or European alleles at the AHR locus. Two models were used to estimate
the effect of the Asian allele: a linear model and an animal model. As-EBV is the estimated
breeding value for haplotypes containing the Asian alleles and Eu-EBV is the EBV for
European haplotypes under the linear model. "Estimate" is the estimated effect of the origin
of the haplotypes on TNB for the linear model, and "Effect" refers to the effect of the origin
of haplotypes under the animal model. The effect was calculated for two reproductionassociated lines (line A, N=1053 and Line B, N=568) and one growth-associated line (Line C,
N=965). N is number of haplotypes in the line. Significant codes: ‘***’ 0.001; ‘**’ 0.01; ‘*’
0.05; ‘.’ 0.1; ‘ ’ 1.
Linear model

Animal model

Line

N

As-EBV Eu-EBV Estimate

Std. Error t value Significance

Effect

Se effect

F value P value

ALL

2586

0.038

-0.115

-0.163

0.039

-4.221

2.54e-05***

-0.07

0.03

5.65

0.018*

Line C 965

-0.091

-0.178

-0.089

0.040

-2.191

0.0287*

-0.04

0.09

0.19

0.66

Line B 568

0.242

0.113

-0.128

0.088

-1.461

0.144

-0.02

0.02

0.91

0.342

Line A 1053

0.039

-0.167

-0.227

0.068

-3.329

0.000901*** -0.15

0.06

6.5

0.012*

during ever changing adaptation to e.g different environments, some alleles might
be more desirable that others under different circumstances (Connallon 2013). The
significant association between the Chinese haplotypes and an increased estimated
breeding value for total number born, which in our opinion is a strong independent
indication for selection, in combination with the selection sweep results provide
convincing evidence for the AHR locus to have been under selection after
introgression. Similar examples of selection on Asian haplotypes in European pigs
exist in literature, like the signals of selection associated with coat color (Kijas
1998), ear morphology (Wilkinson 2013) and increased lean content (Ojeda 2008).
The evidence presented here demonstrates how crossing of divergent populations
may shape the variation on a genome wide scale in populations. The introduction
of Asian haplotypes into European breeds in the late 18th and early 19th centuries
(Meijaard 2011, Larson 2005) and consecutive selection for desired traits in these
breeds thereby provides a robust, historically documented model system for these
instances. We identified numerous genomic regions where Asian haplotypes were
introgressed into a larger European background, including the AHR locus. The AHR
gene has been known to be involved in reproduction (Baba 2005, Pocar 2005,
Jablonska 2011, Onteru 2012), and our study corroborates that earlier report by
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demonstrating a significantly increase in litter size in European commercial pigs
that possess the Asian haplotype. Our findings provide a unique insight into the
genomic haplotype patterns resulting from breeding practices from first
domestication until the intensive breeding industry we know today. The observed
introgression pattern is a combination of drift and selection, and detailed analyses
like those demonstrated for the AHR locus will shed more light onto the
importance of other introgressed Asian haplotypes on signatures of selection in
modern pig breeds.

5.5 Materials and Methods
5.5.1 Sample collection and DNA preparation

Blood samples were collected from a total of 70 individual wild and domesticated
Sus scrofa. Among these individuals were two wild boars from Sumatra, eight Asian
wild boars from China and Japan, eighteen European wild boars from the
Netherlands, France, Switzerland, Greece and Italy, thirteen Asian domesticated
pigs from the Meishan, Jianquhai and Xiang breeds and 29 European domesticated
pigs from the Duroc, Hampshire, Pietrain, Landrace and Large White breeds. DNA
was extracted from the blood samples with the use of the QIAamp DNA blood spin
kit (Qiagen Sciences) and checked for quality and quantity on the Qubit 2.0
fluorometer (Invitrogen). Library construction for the re-sequencing was performed
with 1-3 ug of genomic DNA according to the Illumina library prepping protocols
(Illumina Inc.) and the insert size varied from 300-500 bp. Sequencing was
performed on 1-3 ug of genomic DNA with the 100 paired-end sequencing kit for all
samples. SNP genotyping was performed on the Illumina Porcine 60K iSelect
Beadchip (Bosse 2012). DNA from all individuals was diluted to 100 ng/ul and
genotyped according the IlluminaHD iSelect protocol. Data was analyzed using
Genome Studio software (Illumina Inc.).
5.5.2 Alignment and variant calling

All individuals were re-sequenced with the Illumina paired-end sequencing
technology (Illumina Inc.) to ~10x depth of coverage (details in table S5.1). The read
pairs were trimmed to have a minimum phred quality > 20 over three consecutive
bases, while each mate should have a minimal size of 45 bp after trimming.
Alignment was performed with Mosaik Aligner (V. 1.1.0017) with the unique
alignment option to the Porcine reference genome build 10.2. Variants were called
using Samtools mpileup 0.1.12a (r862). The alternative allele should be covered at
least two times to call a SNP and INDELS were excluded. VCFtools was used for
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filtering for a genotype quality of >20, a minimum read depth of 7x and a maximum
read depth of twice the average read depth. For the list of all those sites that were
heterozygous or non-reference within at least one individual, genotyping was
performed with Samtools mpileup for all 70 individuals to create a matrix
containing an unbiased representation of the variation present in the samples.
Homozygous reference alleles were also included in the matrix at this stage, and
only those sites that were covered >=4x in all individuals were included, resulting in
2.377.607 markers.
5.5.3 Pairwise IBD detection

The matrix of 70 individuals genotyped for 2.377.607 positions in the genome
served as input for the IBD detection pipeline. All individuals were phased with the
fastPhase function in Beagle version 3.3.2. Pairwise shared haplotypes were
extracted with the Beagle fastIBD function as described by Browning and Browning
(2011). Phasing and IBD detection was executed 10 times independently and
identified IBD tracts were merged from all 10 runs, as suggested by the authors.
Partially overlapping runs were extracted and the IBD runs with the highest
probability scores were added to the pool of IBD tracts. The 10 cycles of IBD
detection were run with different thresholds for assigning IBD to the haplotypes of
two individuals. The numbers varied from zero detected pairwise IBD tracts to
complete IBD genomes. We empirically determined that the middle range of
thresholds resulted in pairwise IBD tracts that remained stable in terms of relative
number and length of detected IBD tracts between members of different pig
groups. To this end , the final threshold that was used for IBD detection (5.0−6) was
elevated compared to that of the original paper, to allow extracting similar, but not
necessarily identical, haplotypes between individuals. Because the focus of this
analysis was to identify regions containing haplotypes that are more similar
between distantly related individuals than expected based on their inheritance, and
the frequencies of similar haplotypes are leveled out, this threshold was thought to
fit the data best.
To estimate the frequency of shared haplotypes in different regions of the genome,
the genome was divided into bins of 10.000 bp and the number of recorded IBD
tracts between the LW pigs and the two different pig groups (ASDom and EUWB)
was computed per bin. Because the total number of pairwise comparisons differed
between the groups, these numbers were normalized, ranging from 0 (no IBD tract
detected) to 1 (all individuals IBD with all individuals within the group). Relative IBD
between the LW and the two competing pig groups ASDom and EUWB was then
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calculated by extracting per bin the normalized IBD with ASDom from the
normalized IBD with EUWB.
Normalized IBD for one pig group:
nIBD = cIBD / tIBD (cIBD = count of all
haplotypes IBD between LW and one pig group, tIBD = total pairwise comparisons
between LW and one pig group)
Relative IBD between two pig groups:
rIBD = nIBDASDom – nIBDEUWB
The distribution of rIBD for the comparison between LW-ASBr and LW-EUWB IBD
haplotypes resembled and normal distribution and therefore was Z-transformed as
follows: ZrIBD = (rIBD – μ)/ σrIBD. ZrIBD therefore represents the number of
standard devations that rIBD deviates from the mean rIBD. The threshold for
extreme IBD with the breeds from the other continent compared to the wild boars
from the same continent was set to 2 standard deviations from the mean in the far
right tail of the distribution.
5.5.4 GO-enrichment analysis

All annotated genes in build 10.2 (Ensembl release 67) from the Sus scrofa
reference genome were extracted. GO-enrichment analysis was performed for
genes in the top 1.3% (σ>2 for ZrIBD) of regions with an over-representation of
ASDom haplotypes in LW pigs. The Cytoscape v.2.8.3 plugin BinGO v2.4444 was
used to identify over-represented biological process related GO terms. The human
one-to-one orthologues (Ensembl db) for all pig genes were used for the analysis,
since human genes are annotated more comprehensively. Significance levels were
adjusted based on the Benjamini and Hochberg correction for multiple
comparisons.
5.5.5 Fst analysis

To measure genetic differentiation the individuals from the Matrix were assigned
to one of the following pig groups (if applicable): Large White breed (LW), Asian
domesticated pigs (ASDom) and European wild boars (EUWB). Pairwise Fst as
described by Weir and Cockerham (1984) between the LW breed and the other two
groups were computed with Genepop 4.2 in bins of 10kb over the full length of the
genome45. Relative Fst (rFst) and Z transformation of rFst (ZrFst) were computed
similarly as rIBD and ZrIBD. Correlations between ZrFst and ZrIBD values were
calculated with Pearson's product moment correlation in R.
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5.5.6 Admixture fraction

In order to prove the existence of admixture between LW and MS in our potentially
introgressed regions, but also genome-wide, we computed D-statistics (Green
2010) as implemented in qpDstats from the ADMIXTOOL software package (Durand
2011). In short, the D-statistics provide a robust test for admixture by challenging
the strictly bifurcating nature of a phylogenetic tree. For a triplet of taxa P1, P2 and
P3, and an outgroup O, that follows the phylogeny (((P1,P2),P3).O), one can
compute the number of sites where P1 and P3 (BABA) or P2 and P3 (ABBA) share
the derived state (B; assuming ancestral state, A, in the outgroup). Under a null
hypothesis of no gene-flow or no sub-structure (strict bifurcation), the count of
ABBA and BABA should not be significantly different. Alternatively, a significant
excess of either ABBA or BABA site pattern provide a conclusive proof of gene-flow
or sub-structure. However, because sub-structure is very unlikely to affect our
analysis of domestic pigs from Asia and Europe (because of independent
domestication), we can conclude that significant D implies gene-flow. We
computed D-statistics between LW (P1), European wild-boars (P2) and Asian
domestics (P3), for every possible combination of samples, using the sequence of
wild boar from Sumatra as an outgroup (O). For each possible combination we first
computed a genome-wide value. Significance level was computed using a standard
block jackknife, with blocks of 1cM (assuming 1Mb=1cM). We also computed Dstatistics in potentially admixed regions separately.
5.5.7 Haplotype association test

To examine the putative effect of the amino acid change we used genotype data
from an additional 5143 individuals from 3 different commercial purebred lines,
genotyped on the Illumina Porcine 60K iSelect Beadchip (Ramos 2009) for 21
markers surrounding the mutation. Line A and B are dam lines selected for
reproductive traits and line C is a sire line selected for finishing traits. In all three
lines, total number born (TNB) was routinely recorded on sows. The estimated
breeding values (EBV) of the genotyped animals were obtained via routine genetic
evaluation using MIXBLUP in a multitrait model (Mulder 2012). The model for
obtaining the EBV of TNB included fixed effects (herd-year-season, insemination
number, parity, cross-fostering (Y/N), interval weaning (class)) and random effects
for service sire, permanent sow and animal. Reliabilities per animal were extracted
from the genetic evaluation and were based on the methodology of Tier and Meyer
(2004) and animals with a reliability <0.15 were excluded from the analyses. We
genotyped 64 individuals for the mutation by Sanger sequencing with the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on a ABI3730
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sequencer.
The
following
primers
were
used:
AHRgene_Forward
AGCAGCAGCAACAACTGTGT and AHRgene_Reverse GACACAGCTCCACCATAGCA.
The haplotypes, based on the 21 markers that were associated with the alleles at
the site of mutation were reconstructed. Then all 5143 individuals were phased
with Beagle and the G or T allele at the site of the mutation was assigned to these
phased haplotypes when possible. We identified 19 unique haplotypes in the
dataset for which the allele at the site of mutation could be verified. The following
linear model was fit to the data using R to test for a significant effect of the allele
on EBV for TNB:
lm(formula = EBV_TNB ~ LINE + Origin, weights = REL_TNB)
EBV_TNB is the estimated breeding value for total number born and these values
are weighted for the reliability for this trait (REL_TNB). Genetic line was included to
account for differences between selection strategies between the three genetic
lines A, B and C.
Finally, an animal model was fit (to account for family relatedness) to the data
using ASReml (Gilmour 2009) to test for a significant effect of the allele on EBV for
TNB:
y = Xb + Za + e
where b is a vector of the fixed effect for line and origin, a is the vector of the
random animal genetic effect. The term e is a vector of the random residual effects
assumed to be normally distributed, but weighted by the reliability of the EBV.
5.5.8 Mutation characteristics

The functional annotation of the genomic variants in the high IBD regions (σrIBD>2)
was determined using Annovar (Wang 2010). The nature of the non-synonymous
mutation in the gene was obtained from the webtool polyPhen 2 (Adzhubei 2010)
by using the human ortholog AHR for the pig gene ENSSSCG00000030484.
5.5.9 Phylogenetics

We performed our primary phylogenetic analysis using MrBayes 3.2 and our matrix
of variable sites (Ronquist 2003). To estimate correct branch length solely from
variable sites, we used the Mkv model implemented in MrBayes, which provides a
likelihood framework for data-sets that contains only variable characters. We
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recorded SNPs in 4 potential states (0-3). Rate of evolutions, for each SNPs, were
drawn from a gamma distribution. We ran 2 independent runs of 4 MCMC chains
with 2 million samples. We repeated this analysis solely based on SNPs found in the
2 introgressed regions on chr 9 and 8 separately.
5.5.10 Extended haplotype homozygosity tests

The identification of extended haplotype homozygosity was tested on 56 LW
individuals that were genotyped on the Illumina Porcine 60K iSelect Beadchip
(Ramos 2009). First, a genome-wide scan for iHS within line was performed with
the R package rehh (Sabeti 2002, Gautier 2012). Significance levels within line were
averaged for 500kb and correlation with the rIBD values for the same bins of 500kb
was tested with the cor.test R. Secondly, a reference panel of 100 individuals
belonging to the Landrace, Pietrain and another Large White breed was used to
polarize the iHS signal in the original 56 LW individuals with the ies2rsb function in
rehh (Tang 2007, Gautier 2012). To check the signal on chromosome 9, we also
performed the recently developed nSL test that uses a slightly different approach
to screen for extended haplotype homozygosity than the original iHS test and is
robust to variation in recombination frequency (Ferrer-Admetlla 2014). The
bifurcation diagram option in rehh was used to visualize the LD from a focal SNP on
the Beadchip that was closest to the AHR gene.
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Abstract
Early pig farmers in Europe imported Asian pigs to cross with their local breeds in
order to improve traits of commercial interest. Current genomics techniques
enabled genome-wide identification of these Asian introgressed haplotypes in
modern European pig breeds. We propose that the Asian variants are still present
because they affect phenotypes that were important for ancient traditional, as well
as recent commercial pig breeding. Genome-wide introgression levels were only
weakly correlated with gene content and recombination frequency. However,
regions with an excess or absence of Asian haplotypes contained genes that were
previously identified as phenotypically important such as FASN, ME1 and KIT.
Therefore, the Asian alleles are thought to have an effect on phenotypes that were
historically under selection. We aimed to estimate the effect of Asian haplotypes in
introgressed regions in Large White pigs on two commercial traits: fatness and
reproduction. The majority of regions in the genome that retained Asian DNA
showed significantly increased backfat from the Asian alleles. We demonstrate
here that the introgression in Large White pigs has strongly been determined by
the selective pressure acting upon the introgressed Asian haplotypes. We conclude
that human-driven hybridization and selection broadly shaped the genomic
architecture of commercial pigs.
Key words: Hybridization, Adaptive introgression, Selection, Domestication, Sus
scrofa, Commercial breeding
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6.1 Background
Introgression and subsequent selection on introgressed variants is thought to be a
widespread phenomenon among many species (Currat 2008). The introgression can
occur naturally, due to mixture of populations in hybrid zones or occasional
invasions. During those instances, selection for introgressed haplotypes can occur,
a process known as adaptive introgression (Hedrick 2013). However, introgression
can also be human-driven through hybridization, either accidental or on purpose
(Crispo 2011, Harrison 2014). Domestic animals are a clear example of species that
have experienced population admixture due to human interference (Larson 2013).
Introduction of and selection on novel alleles into a population has been observed
in e.g. chicken (Eriksson 2008), cagebirds (Rheindt 2011) and cattle (Flori 2014).
Also in pigs, human mediated hybridization has introduced haplotypes that cause
desired effects on phenotypes (Bosse 2014a).
Pig farming has undergone a true metamorphosis from first domestication till the
intensified industry we know today. Pigs were domesticated independently leading
to separate European and Asian domestic pigs some 10,000 years ago (Larson
2005, 2007a). Subsequent selection and breeding resulted in highly distinct breeds
on these continents (Kijas 2001, Megens 2008). Especially in Europe, farmers were
herding their swine in surrounding forests, and it was not before the Industrial
Revolution during the eighteenth century that pigs were kept in sties and became
an important farm animal (White 2011). Ever since pig farming as a profitable
profession became widespread, breeders have been aimed at optimizing their
production process. Pigs were selected based on their phenotypes regarding traits
of commercial interest.
In the last 100 years, with the improvements in performance recording and making
use of genetic evaluation methods based on pedigree information, breeding
programs have achieved a remarkable genetic progress in reducing backfat for
carcass quality and improving growth rate for production efficiency. Since the
1990s, using the same traditional breeding strategies (pedigree-based), genetic
progress has also been observed in reproduction traits, especially litter size at birth
(Merks 2000, 2012). Part of the success of these breeding programs can also be
attributed to the introduction of genes from Chinese breeds in commercial
European breeds. During the time that global trade increased, farmers in Europe
realized that Chinese pigs possessed particular characteristics that would be
beneficial to introduce to their breeding stock. Therefore, pigs from Chinese breeds
were imported to Europe and multiple crosses between European and Asian breeds
were made with the purpose of combining beneficial traits, such as backfat
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thickness (BF) and litter size (LS) from Asian pigs, and body length from European
pigs (White 2011, Jones 1998).
With the advent of genomic selection (Meuwissen 2001) the genetic progress is
expected to speed up even more. The fast development of genomic techniques and
available resources is a key element in the current genetics-based breeding
technology. The design of a 60K SNPchip for pigs in 2009 (Ramos 2009) and the
publication of the pig reference genome in 2012 (Groenen 2012) greatly
contributed to the applicability of these techniques in pig breeding. In genomewide association studies (GWAS), high-density genotypic information of
populations is used to estimate the effect of genotypes on a particular phenotype,
and identify the associated region in the genome. This genomic information can be
used also to pinpoint regions in the genome that have been under selection
pressure. The resulting changes at the DNA level have been detected as selective
sweeps in a multitude of breeds (Wilkinson 2013, Rubin 2012). Interestingly, some
of these loci have been identified as not only being under selection, but also
introgressed. Asian alleles at the EDNRB (Wilkinson 2013), IGF2 (Ojeda 2008) and
KITLG (Okumura 2008) locus have proven effects on phenotypes (e.g. meat content
and coat color) of European commercial breeds.
With the current genomics techniques it has become possible to trace back the
haplotypes that were introduced during the Industrial Revolution. In Bosse 2014a,
we examined the occurrence of Asian haplotypes in a population of European pigs
that belong to the commercial Large White breed. Our results showed that Asian
haplotypes are widely present in the genomes of these commercial pigs and
highlighted the effect of the introgressed Asian variant of the AHR gene on litter
size. Since the Asian haplotypes were introduced for a specific purpose, the effect
on the phenotype should co-occur with presence of Asian variants in regions of the
genome that are associated with the traits known to have been under selection.
However, how much influence the Asian introgression had on the selective history
of commercial traits remains unknown.
We hypothesize that the introgression landscape in commercial breeds is shaped
mostly by artificial selection and therefore most introgressed regions should have
an effect on commercial traits (BF and LS). Also, an absence of Asian haplotypes in
some parts of the Large White genomes could be the result of purifying selection.
In this study, we examine the introgression signatures that we identified previously
in Bosse 2014a in more detail, showing that the majority of these regions have a
significant effect on BF in a commercial Large White population. These findings
have important implications for the knowledge on natural and human-driven
evolutionary forces shaping genomes after hybridization.
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6.2 Methods
The analyses in this paper build upon the dataset and results that were obtained in
Bosse 2014a and 2014b. Introgression mapping was performed on a group of 9
Large White pigs and the background of their haplotypes was assigned to be
European or Asian (Bosse 2014a). In bins of 10kb over the genome, the relative
Asian introgression signal (rIBD) in the Large White population was obtained (figure
6.1A). We used these genome-wide rIBD signals to understand the details of the
Asian introgression.
6.2.1 Genome characteristics

To assess the correlation between gene density, recombination frequency and
introgression signal, we averaged the rIBD in 1MB bins and counted the number of
genes within each bin. The recombination map from Tortereau 2012 was used to
obtain the recombination frequency per Mb. To test whether the probability of
introgression decreases with an increase in number of genes in a region, we used
the Pearson's product-moment correlation in R.
6.2.2 Selection of regions

We used the ~400 regions of introgression previously identified by Bosse (2014a)
with a Z-transformed rIBD (ZrIBD) >2. The regions were extended with one 10kb bin
at the time to the left and right flank of each identified region of introgression, until
the threshold of >2 ZrIBD was no longer met and/or the rIBD value for one
particular 10kb bin was <0. We found 33 regions of introgression that were longer
than 150kb, and checked whether they physically overlapped with markers on the
Illumina Porcine 60K iSelect Beadchip (60k chip). Three regions were discarded
because they contained less than 3 segregating markers on the chip. Table S6.1
contains the list of 30 regions that were included in the further analyses.
6.2.3 Genotyping and phasing

We genotyped a total of 9970 pigs and wild boar for 488 markers on the 60K chip
that fell within the 30 identified regions of introgression. Phasing of haplotypes was
done independently for each region with Beagle V. 3.3.2 (Browning 2007), using
the genotype information for all individuals. After the phasing step, we used
haplotype data from three groups: Asian (N= 448), European wild (N= 920) and
European commercial (N= 18,572). Because the introgression analysis was done on
Large White pigs, we extracted only those individuals from the European
commercial group that were known to be purebred Large Whites, leaving us with a
total of 4,764 Large White haplotypes.
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Figure 6.1 The principle of introgression mapping. The purpose of introgression mapping is
to determine what the background is of haplotypes in a particular part of the genome. A.
Haplotypes that were shared with either Asian or European pigs were mapped to the
genome for all 9 Large White pigs. The total numbers of overlapping haplotypes were
counted and the relative introgression signal (rIBD) was obtained by taking the difference of
haplotype frequencies as described in Bosse (2014a). B. The y-axis displays the rIBD signal
averaged in bins of 1Mb, and the x-axis contains the physical position for all 18 autosomes.
Regions that were selected for the commercial trait analysis are indicated, with green
triangles indicating included regions, black triangles indicating selected regions with strong
HW disequilibrium and red triangles indicating regions discarded because of allele
frequencies.
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6.2.4 Determination of haplotype origin

The total number of observed reference haplotypes in the group of European wild
boar was 920, and the total number of observed Asian reference haplotypes was
448. For each of the 4,764 haplotypes observed in Large White animals, we
determined the Asian (AS) or European (EU) origin based on the frequencies of this
haplotype in the European and/or Asian group of animals. For each region, we
counted the number of unique haplotypes among the 448 haplotypes in the Asian
group. Because we have unequal sampling, the number of unique haplotypes in a
random sample of 448 haplotypes from the European group was also counted.
Then, for each unique haplotype that was observed within the group of Large
White haplotypes, we counted the number of times the haplotype was observed in
the European and in the Asian group. To avoid a bias due to the (generally) higher
diversity in Asia, we adjusted the counts for the amount of diversity in the Asian
and European groups. This adjustment was done by calculating the ratio of unique
haplotypes in both AS and EU groups. The number of times that particular
haplotype was observed in the European group was multiplied by the proportion of
unique EU compared to AS haplotypes, and the number of times the haplotype was
observed in the Asian reference group was multiplied by the proportion of total
observed Asian haplotypes. We then checked whether the corrected number of
observed haplotypes in the European and Asian reference groups differed at least
by a factor 4. If so, the haplotype was assigned to the group in which it was
observed most. If not, it was assigned to the group for which both backgrounds
were considered (“Both”).
6.2.5 Cleaning of the data

Introgression regions in which the genotypes showed strong deviation from HardyWeinberg Equilibrium (P<0.00001) and the frequency of Asian haplotypes was
<0.60 or >0.99 were excluded from further analysis. In order to test the
independence of the evaluated regions, we also estimated the pairwise Pearson’s
correlations (r) for all regions using the recoded diplotypes. When two regions
showed r >0.80, the shortest regions was excluded. After cleaning procedures, a
total 1,384 animals with haplotype information on 11 regions were available for
further steps (see supplementary information for more details).
6.2.6 Breeding values and association analyses

In this study we evaluated the traits backfat (BF) and litter size (LS). Deregressed
estimated breeding values (DEBV) were used as response variable for each trait
under study. The EBV was deregressed for each trait separately using the
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methodology described by Garrick (2009). The EBV of each animal was obtained
from the routine genetic evaluation by Topigs Norsvin using an animal model
(pedigree-based). The model for BF included genetic line, sex, herd-year-month and
weight as fixed effects and an additive genetic effect (animal) and a common litter
effect as random effects. For LS, the model included genetic line, parity number,
interval weaning-pregnancy (days), whether more than one insemination
procedures were performed (yes or no) and herd-year-season, while the random
effects consisted of service sire, a permanent effect to account for the repeated
observations of a single sow and an additive genetic effect (animal). The reliabilities
per animal for the purpose of deregression were extracted from the genetic
evaluation based on the methodology of Tier and Meyer 2004. The heritabilities
used for the deregression were also extracted from the routine genetic evaluation.
The association analyses were performed using the software ASReml (Gilmour
2009) applying the following model:
DEBVij w = µ + Ri + aj + eij
where DEBVij is the observed DEBV for the animal j, µ is the overall DEBV mean of
the population, Ri is the count of Asian haplotypes (AS) of the region i, aj is the
additive genetic effect estimated using a pedigree-based relationship matrix and eij
the residual error. The weighting factor w was used in the association analyses to
account for the differences in the amount of offspring information available for the
estimation of the DEBV (Garrick 2009). To ensure the quality of the DEBV, only
animals with a w higher than zero and a reliability of the DEBV >0.20 were used.
The association analyses were performed per region. In addition, a combined
analysis was done where R represented the count of AS summed over all regions.

6.3 Results and Discussion
The purpose of this study was to determine whether Asian introgressed haplotypes
in commercial Large White pigs mainly persist because they have an effect on
selected traits. This was accomplished by performing an in-depth analysis of the
introgression signals in the Large White population that were originally described
by Bosse (2014a). Introgression mapping was performed by Bosse (2014a) to obtain
the relative IBD signal (rIBD) in the Large White population for Asian and European
background in 10kb-bins in a particular region in the genome. The principle of
introgression mapping is described in figure 6.1A. The genome-wide rIBD values
were used for the further analysis in this paper.
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6.3.1 Effect of introgression on commercial traits
6.3.1.1 Selection of regions

We hypothesized that the pattern of introgression in the Large White population is
mainly determined by artificial selection acting upon the Asian haplotypes.
Following this rationale, the Asian introgression should persist mainly in those
regions of the genome where the Asian variant has a favorable effect on a
phenotype of interest. To test this, we extracted haplotypes in the introgressed
regions and estimated the effect of their origin (European or Asian) on two
commercially important traits: backfat thickness (BF) and litter size (LS). A total of
2,382 individuals from the commercial Large White line were genotyped for
markers on the 60K SNPchip (Ramos 2009) that cover those regions. More
specifically, we extracted 11 regions that had an introgression signal that persisted
over more than 150 Kbp from the data presented by Bosse (2014a), and that
passed our thresholds for data cleaning (see Methods and supplementary
information for more details). The further analyses for these regions were based on
this selection of 60K markers.
6.3.1.2 Effects per region

We evaluated whether these 11 regions were significantly associated with the
traits BF and LS. None of these regions were found to have a significant effect on LS
(table 6.1). However, six of these 11 regions showed a significant association with
BF (table 6.1). For all these significant regions, we observed an increase in BF when
an European haplotype was replaced with an Asian haplotype.
Most introgressed regions were identified on chromosome 2 (figure 6.1B, 6.2A)
with the strongest effect in the gene-dense region 2_2 (0.22 mm). This region
contains multiple genes coding for intercellular adhesion molecules (ICAMs) that
have been shown to have an effect on obesity (Dong 1997). Whether the effect of
BF is caused by these genes is however unclear, since the regions contains a total of
39 annotated genes in the current Ensembl release 76.
Region 2_7 is the region with the strongest introgression signal on chromosome 2
and therefore it was used as an example of the applied method in figure 6.2. The
substitution of an European haplotype for an Asian haplotypes in this region on
average increased backfat by 0.17 mm. As can be seen in the Ensembl annotation
for this regions (figure 6.2B), one candidate gene, COMMD10, lies within the peak
of region 2_7. COMMD proteins contain a conserved and unique 'COMM' domain
involved in cellular homeostasis including copper and the NFkβ pathway, and at
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least 10 COMM family members exist that are conserved in all vertebrates (Maine
2007). Murgiano (2010) found another COMMD gene differentially expressed in
longissimus lumborum muscle samples between Large White and Casertana pigs,
and suggest that COMMD negatively regulates NFkβ signaling which in turn can
result in triggering the adipogenetic cascades.

Figure 6.2 Determination of haplotype origin in introgression regions . Chromsome 2
contains most of the introgression regions, which are indicated in red in A. The x-axis
represents the full length of chromosome 2 and the y-axis contains the rIBD. The blue line
displays the smoothed rIBD signal based on 1Mb bins, and the grey bars indicate the raw
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rIBD values for each 10kb bin. The selected regions of introgression are highlighted in red,
and the location of markers on the Illumina porcine 60K beadchip are indicated as vertical
bars in black above the chromosome. B. Determination of the origin of haplotypes in
introgressed regions consists of 3 steps: 1) Genotyping of all 9970 individuals for the markers
that cover the introgression region; 2) Phasing of haplotypes in the introgression region with
the full dataset; 3) Comparison of the haplotypes in the commercial line to the haplotypes in
the European population and the haplotypes in the Asian population, and assignment of the
haplotypes to one of these two groups. In this example we focus on region 19 (Ssc2: 125.12125.59 Mb) that covers the full coding sequence of the candidate gene COMMD10, as can be
seen in the Sscrofa10.2 Ensembl annotation (V.76.102).

The other significant region (2_6) on this chromosome contains 7 candidate genes
for increased BF (CAST, ERAP1, ERAP2, LNPEP, LIX1 RIOK2 and RGMB). LNPEP is an
insulin-regulated amino peptidase which acts as membrane protein associated with
glucose transporter vesicles in cultured mouse adipocytes according to Larance
(2005). CAST, calpastatin, has no direct known function in fat synthesis, but
interestingly it is a well-known locus involved in meat tenderness in multiple
species and studies, see: Ropka-Molik (2014) and meat quality traits of pigs in
general (Ciobanu 2004).
Regions 9_3 and 9_5 are both located on chromosome 9, in the vicinity of the AHR
gene that was identified in Bosse (2014a), with an effect of ~0.15 mm of BF per
Asian haplotype (table 6.1). Region 9_3 overlaps with the AHR gene, suggesting
that this gene is involved in multiple biological processes, as discussed by Denison
(2011) and Hernandez-Ochoa (2009). Region 9_5, in addition to its proximity to
AHR, contains two TWIST neighbor genes (TWISTNB) that are involved in
transcription and the TMEM196 gene coding for transmembrane protein 196. The
last significant region 18_1 on chromosome 18 contains only one gene, protection
of telomeres1 (POT1), that has previously been shown to have a higher expression
level in multiple tissues from the fat-type Wujin pigs, compared to Large White
pigs, including longissimus dorsi muscle (Yong 2012).
In summary, for the 11 regions with a strong introgression signal, the Asian
haplotypes displayed a significant positive effect on BF in the majority of regions.
Zooming into the genes in the BF-associated regions, a multitude of candidate
genes could be identified that possibly caused the effect on BF. We suggest further
experiment that focus on these specific genes to confirm their role in the
accumulation of BF in pigs.
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Table 6.1 Effect of Asian haplotypes on backfat (BF) and litter size (LS) in introgression
regions. An animal model was used to estimate the effect of Asian haplotypes on the
deregressed estimated breeding values for the two traits. P-values of significant regions
(P<0.10) are given in bold. Effect for BF is in mm BF per Asian haplotype, and effect for LS is
in number of piglets per Asian haplotype. ‘All combined’ indicates the regression analysis
over all 11 regions.
Region
15_1
18_1
2_2
2_4
2_6
2_7
3_1
6_1
9_1
9_3
9_5
All combined

BF

LS

P-value

Effect

P-value

Effect

0.560
0.024
0.002
0.420
0.027
0.011
0.527
0.299
0.823
0.081
0.054
<0.001

-0.07
0.15
0.22
0.07
0.15
0.17
-0.05
-0.42
-0.05
0.14
0.13
0.09

0.110
0.617
1.000
0.471
0.203
0.234
0.729
0.348
1.000
0.590
1.000
0.610

0.21
-0.03
0.00
0.07
0.09
-0.09
0.03
-0.41
0.00
0.05
0.00
0.01

6.3.1.3 Additive effect over regions

The effect of the Asian haplotypes is an increase in BF in all significant regions,
suggesting that the Asian haplotypes could have an additive effect on BF over all
regions. We examined the association of Asian haplotypes with BF and LS
combining all regions (summing the count of Asian haplotypes of all regions). We
performed the regression of the counts of Asian haplotypes (ranging from 9 to 22,
figure S6.1) on both BF and LS. For LS, the association test was not significant, but
for BF the association was even stronger than when individual regions were
analyzed (table 6.1). For BF, an additive effect of 0.09 mm of BF was observed per
Asian haplotype that replaced an European haplotype (table 6.1). The overall
phenotypic standard deviation of BF in the Large White population was 1.61 mm.
The contrast between Asian and European homozygotes was around 0.20 mm of BF
when averaged over haplotypes, equivalent to about 0.12 phenotypic standard
deviations of BF. Based on individual regions, an animal with only Asian haplotypes
(n=2) will have 0.40 mm of BF more than an animal that carries only European
haplotypes. Analyzing all 11 regions together, an individual that presents only Asian
haplotypes (n=22) will show 1.98 mm of BF more than an animal that presents only
European haplotypes, which means 1.23 phenotypic standard deviations of BF.
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Chinese breeds were thought to be superior for the traits fatness and litter size
according to the early European pig farmers, and these traits were artificially
selected after introgression (White 2011). Our initial hypothesis was, therefore,
that the regions with a strong introgression signal would have a significant effect
on both BF and LS. However, our results showed that regions of introgression only
have a significant effect on BF. Selection signatures for complex traits do not
necessarily leave a sweeplike signature in the genome (Kemper 2014, Heidaritabar
2014b). This could explain why none of the introgressed regions display a
significant association with LS. Indeed, if we look at the previous finding for the
AHR gene (Bosse 2014a) it is one particular Asian allele rather than all Asian
haplotypes at that locus that have the effect on LS. Another explanation why the
introgressed Asian haplotypes have no effect on LS could be that the specific loci
that are involved in a complex trait like litter size contain genes that are also
involved in other (life history) traits. The pleiotropic nature of these genes may
restrict the selection on Asian haplotypes, resulting in less obvious signatures in the
genome than for BF related genes, although this is speculative.
Our results demonstrate that by screening a population for signals of introgression,
regions can be pinpointed where introduced haplotypes have an effect on selected
traits. Popular methods that are developed to detect selective sweeps in a
population, like Fst (Weir 1984) or homozygosity tests, use increase or reduction of
genetic variation as a signal. Ongoing selection for introduced haplotypes that are
genetically more diverse or distant than haplotypes from the source population,
will not be picked up by these methods. We therefore suggest consideration of
alternative methods when the studied population has a known history of
admixture, or when the goal is to screen specifically for adaptive introgression.
6.3.2 Introgression and genome characteristics
6.3.2.1 General patterns

Our hypothesis was that artificial selection is the main factor in shaping the
introgression pattern in Large White pigs. The results of the association analysis
support the hypothesis that introgression signals are enriched for associations with
a commercially interesting trait. In line with this hypothesis, general genome
characteristics like gene density and recombination frequency should contribute
little to the introgression pattern. To assess whether the introgression signal was
correlation with gene density or recombination frequency, the rIBD was averaged
over 1MB bins over the genome. We found a very modest significant negative
correlation of -0.05, as well as a significant correlation between rIBD and (log
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transformed) recombination frequency of 0.10 (figure 6.3). In a recent study on
Neanderthal introgression in modern humans, gene deserts were enriched for
Neanderthal ancestry (Sankararaman 2014). This finding suggests that purifying
selection removed the majority of Neanderthal haplotypes from the population,
and that introgressed haplotypes mainly occur in regions with relaxed selection
pressure. In pigs, these general patterns in the genome explain only a fraction of
the variation in introgression signatures. The circumstances of introgression in
these two species are however very different, since the admixture in commercial
pigs has been deliberate, and selection for some of the introgressed haplotypes is
expected to be positive because of the known differences between Asian and
European pigs. Because we have shown that the majority of identified introgression
regions have a significant effect on BF, our expectation is that it is the characteristic
of a single gene or gene cluster in a particular region, rather than the gene density
or recombination frequency that causes the level of introgression in commercial
pigs. According to Hedrick (2013), the probability of an introgressed haplotype to
be maintained in a population is strongly increased when it has some selective
advantage.
Although the purpose of the introgression of Asian haplotypes was to maintain
beneficial variants in the population, probably not all introduced Asian haplotypes
had the desired effect on the European stock. Selection pressure on Asian
haplotypes could have been either positive or purifying, and should have resulted
in either an excess or an absence of the Asian variants, depending on the location
in the genome and the associated genes in those regions. Commercial pig breeds
are known to be under strong artificial selection, and our results have shown that
indeed a majority of the strongly introgressed regions had a significant effect on BF.
Therefore, we expect that regions with an excess or absence of Asian haplotypes
contain genes of commercial interest. The 1% extreme tails of the introgression
distribution (table S6.2) were scanned for genes that are known to be related to
commercially important traits. Introgressed regions should contain genes that have
an effect on traits that are present in the Asian breeds and that had an selective
advantage in the European breeds. By contrast, within those regions that do not
contain Asian haplotypes, we expect to identify genes that have an effect on traits
that are typical for European breeds.
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Figure 6.3 rIBD and genome characteristics. For each 1Mb bin in the genome, the rIBD
signal was plotted against the number of genes and the recombination frequency in the bin.
Coloration is based on the rIBD signal so that bright red indicates bins with the strongest
Asian introgression signal, and blue bins indicate the strongest underrepresentation of Asian
haplotypes. Number of genes per bin ranged from 0 to 128 and recombination frequency
ranged from -16.6 to 3.3 (log2-transformed) cM/Mb. Bins containing interesting genes that
are discussed in the main text are indicated.

6.3.2.2 Fat related genes

The two 1Mb bins containing the highest rIBD scores are both on chromosome 1.
When we look for candidate genes in the first bin, the malic enzyme 1 (ME1) gene
has previously been described as an important QTL region for backfat thickness and
meat quality (Vidal 2006, Bartz 2013, Ramirez 2014). This bin overlaps with region
1_6 from the association analysis, but that region was discarded because of an
excess of heterozygotes. The second bin contains AMD1 (cell proliferation,
polyamine synthesis pathway) and zeta catalytic subunit DNA polymerase (rev3L in
human) as candidate genes. This bin overlaps with region 1_5 from the association
analysis, but it was also discarded due to an excess of heterozygotes.
On the beginning of chromosome 12 we identified another bin with a high rIBD
signal, hinting at a locus that contains Asian introgressed haplotypes. This region
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overlaps the FASN gene that was previously described as fatty acid synthase and an
important gene involved in fat deposition (Braglia 2014). In addition to the genes
described in this paragraph, our 11 regions that are used in the association analysis
can be found in the 25 bins that span the top 1% of introgressed regions in the
genome. These findings hint at a prominent role for selection on fatness in shaping
the introgression landscape in Large White pigs.
The reason for the observation that more heterozygous individuals are observed
than one would expect based on Hardy-Weinberg equilibrium remains unclear.
Apart from the technical issues, these regions are potentially very interesting if the
signal is genuine. Balancing selection or a heterozygote advantage can result in
more heterozygous individuals than expected. Also, if selection for a previously
low-frequency haplotype is ongoing, an excess of heterozygous individuals could be
observed. As shown by Merks (2000 and 2012), BF was included in the selection
index of breeding companies over 100 years ago, and nowadays leanness is
preferred in commercial pigs. This switch in preference and direction of selection
could result in more heterozygosity in some regions. Merks (2000 and 2012) also
describe that selection for LS and other commercially interesting traits has only
heavily started in the 1990’s. If some regions have an effect on both BF and
another ore multiple other traits, this selection in different directions could result
in more heterozygous animals at these loci as well. Further experiments for the
regions with an excess of heterozygotes should indicate what causes this peculiar
pattern.
6.3.2.3 Pigmentation genes

Skin pigmentation is an important trait for modern pig breeders, and therefore we
expect a distinct introgression signal at pigmentation loci (figure S6.2). In the top
1% of bins with low Asian introgression are two regions that have previously been
identified as important candidate regions for coat coloration in pigs, containing the
KIT gene and the MC1R gene. The KIT gene is a very well-known gene that is
involved in coat color (Okumura 2008). The European pigs contain a copy number
variable dominant white allele, mostly in homozygous form (Rubin 2012, Paudel
2013). We clearly see European haplotypes surrounding this gene rather than
Asian, suggesting selection against introgression at this locus. Also present in this
peak region is MAP9, a gene involved in mitotic spindle formation (figure S6.2).
MC1R is known to be involved in pigmentation in multiple species including pigs.
No introgression is expected in Large Whites for this region based on previous
results (Fang 2009), and indeed we see a clear lack of introgression at this locus
(figure S6.2). Interestingly, among those bins that contain the highest introgression
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signal in the Large Whites, were two other genes found to be involved in
pigmentation (TYR and RAB38). RAB38 and TYR are both involved in pigmentation
patterns of skin, eyes and hair, according to a multitude of different studies (Loftus
2002, del Marmol 1996). Tyrosinase seems to have some temperature-dependent
coloration patterns, but different forms exist. RAB38 lies within region 9_1, and has
been identified in Wilkinson et al. 2013 as well as a region in Large White pigs that
is introgressed and selected.
6.3.2.4 Morphology

The 1Mb bin covering MBNL1 (muscleblind-like splicing regulator 1 gene) has the
lowest introgression signal. In human and mouse, this gene has been shown to be
associated with muscle dystrophy (Kanadia 2003). Since European commercial pigs
and Asian pigs are known to be very different in terms of muscle content, selection
for muscle related traits in European pigs might select against Asian variants in this
region. In the introgression peak at the very end of chromosome 8 we identified
another interesting gene, BMP3 (bone morphogenesis protein 3), that has
previously been identified as being involved in growth restriction in human (Bonnet
2010) and a mutation in this gene has an effect on skull shape in zebrafish and dogs
(Schoenebeck 2012). This region was also found to be introgressed and selected in
LW pigs in Wilkinson (2013).
6.3.3 Concluding remarks

With this work we demonstrate that the introgression landscape in Large White
pigs is strongly determined by the selective pressure acting upon the introgressed
Asian haplotypes. The majority of the regions with a high frequency in Asian
haplotypes turn out to have an effect on backfat thickness, and many of these
regions overlap with previously identified fat-related genes. The fact that the
proportion of Asian material is relatively similar for most European commercial
breeds (Groenen 2012, Bosse 2014b) suggest that the introgression occurred
before the establishment of modern breeds. After many generations since the
introgression, Asian haplotypes could have been purged if they had a selective
disadvantage. On a genome-wide scale, however, we observed a general pattern of
low frequency of Asian haplotypes, suggesting a more neutral scenario for the
introgressed genetic material in this Large White pig population. Regions with an
excess or absence of Asian haplotypes indeed contain genes where the Asian
variants are thought to have an effect on phenotypes of interest, and therefore we
illustrate that human-driven introgression and selection broadly shaped the
genomic architecture of commercial pigs. Our findings provide a unique insight
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about how the selection history of pig breeding influenced the genomic haplotype
patterns of the commercial breeds that we know today. How general this
introgression pattern is, should be pointed out by future studies on other
organisms that likely experienced introgression and consecutive selection.
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Abstract
Conservation and breeding programmes aim at maintaining most diversity,
therefore avoiding deleterious effects of inbreeding while maintaining enough
variation from which traits of interest can be selected. Theoretically, most diversity
is maintained using optimal contributions based on many markers to calculate
coancestries, but this can decrease fitness by maintaining linked deleterious
variants. The heterogeneous patterns of coancestry displayed in pigs make them an
excellent model to test these predictions. We propose a method to measure
coancestry and fitness from resequence data, and implement this into population
management. We analysed resequencing data of Sus cebifrons, a highly
endangered species from the Philippines, and genotype data from the Pietrain
domestic breed. We demonstrate that the maintenance of both diversity and
fitness depends on the genomic distribution of deleterious variants, which is
shaped by demographic and selection histories. By analysing the demographic
history of Sus cebifrons we inferred two past bottlenecks that resulted in some
inbreeding load. In Pietrain, we analysed signatures of selection possibly associated
with commercial traits. We in silico managed each population to assess the
performance of different optimal contribution methods to maintain diversity,
fitness and selection signatures. Maximum genetic diversity was maintained using
marker-by-marker coancestry, and least using genealogical coancestry. Using a
measure of coancestry based on shared segments of the genome achieved best
results in terms of diversity and fitness. However, this segment-based management
eliminated signatures of selection. Our findings show the importance of genomic
and next-generation sequencing information in the optimal design of breeding or
conservation programmes.
Key words: coancestry, genomic data, management, pigs, conservation, selection

7 Population management and coancestry in pigs

7.1 Introduction
The main goal in population management is to maintain genetic diversity, which in
turn can maximize survival potential of the population, and provides the
opportunity to select variants that have fitness consequences (Frankham 2002).
Conservation programmes usually use small numbers of breeding individuals,
which means genetic variation within the population is likely to decrease rapidly. In
commercial breeding programmes, it is known that artificial selection can lead to a
reduction in overall diversity and an increase in inbreeding. This can have highly
detrimental consequences if breeds lose their ability to adapt to different
environmental conditions, or if disease alleles are linked, pleiotropically or through
genetic linkage, to selected trait alleles. Conservation and commercial breeding
programmes, therefore, are not so different in their approach of managing their
populations, even though their ultimate goals differ. Inbreeding depression
(Charlesworth and Charlesworth 1987) is a common phenomenon in captive
populations for many wild species like wolves (Laikre and Ryman 1991) and can be
severe as well in domesticated species (e.g. dogs, Leroy 2011, O'Neill 2014). Thus,
breeders are aware of the need to maintain diversity, while also preserving genetic
variants that confer desired, distinct, phenotypes.
For this purpose, controlling the inbreeding rate and, therefore, optimising the
effective population size, is required. Currently the best known method to achieve
these goals is optimal contributions (OC). This method relies on determining the
number of offspring that each individual of the current population should
contribute to the next generation, so as to minimize global coancestry (Ballou and
Lacy 1995, Meuwissen 1997, Grundy 1998). Relatedness, i.e. coancestries between
individuals, is needed to apply OC in any management programme. Traditionally,
genealogical coancestries were used when OC were first proposed, as marker data
were scarce (Ballou and Lacy 1995). Currently, OC based on molecular coancestry
(identity by state, IBS) is the best way to maintain the most diversity in terms of
heterozygosity, provided that genotypes with a high enough marker density are
available (de Cara 2011, Gomez-Romano 2013). However, management of
populations using OC with molecular coancestry may lead to a fitness decrease,
since deleterious alleles linked to the markers used to measure coancestry will be
maintained (de Cara 2013a). Recently, a measure of coancestry based on shared
genomic regions has been proposed, as a compromise to maintain both fitness and
genetic diversity when the population in the programme has a medium to high
inbreeding load (de Cara 2013b). One of the aims of this approach is to avoid the
137

7 Population management and coancestry in pigs

occurrence of long runs of homozygosity (ROH) in the offspring. Long ROHs are
characteristic of reduced diversity, due either to selection or bottlenecks, and,
therefore, may confer inbreeding depression (Keller 2011, Szpiech 2013).
Determining the occurrence of segments of identity by descent (IBD) in potential
parents, thereby measuring their relatedness and coancestry, can be used to
minimize the occurrence of ROHs in the offspring.
Predictions for management based on genealogical, molecular or IBD segments
have been made with simulated data (de Cara 2013b), but have so far not been
tested with actual genotype data. Pigs are an excellent model to test the use of
genetic data in population management. Various molecular data sources are
available, like a high-quality genome reference (Groenen 2012) and genotyping
arrays (Ramos 2009). In addition, pedigree information is available for a variety of
breeds and other captive populations. Pigs display a high degree of heterogeneity
in the occurrence of ROHs (Bosse 2012), which to a large extent reflects differences
in demographic histories of populations. The domesticated pig Sus scrofa consists
of many commercial breeds that are under strong artificial selection for commercial
traits, but that should simultaneously maintain high levels of fitness and diversity.
While this particular species is widespread in captivity as well as in the wild, other
pig species within the genus Sus only occur on a few islands in South-east Asia and
are critically endangered, like the Visayan warty pig Sus cebifrons. Breeding
programmes for S. cebifrons in zoos are now part of the conservation programme
in order to maintain the species at least in captivity.
In this study, we combined pedigree information, genotype data and nextgeneration sequencing data to perform in silico management of two pig
populations with distinctly different management histories: a commercially
maintained population of the Pietrain breed of S. scrofa, and a captive zoo
population of the critically endangered S. cebifrons species. By comparing the
decay of heterozygosity over 10 generations, we assessed which of three
management strategies maintained the most diversity. These three management
strategies were based either (i) on genealogical coancestry, or (ii) on molecular
marker-by-marker coancestry, or (iii) on shared regions of the genome. As S.
cebifrons is known to have undergone recent bottlenecks which have led to
establishing the conservation programmes for this species in captivity, we analysed
the demography of Sus cebifrons to determine the effect of population-specific
demography on the management outcome. On the other hand, to understand the
effect of the management strategy on ongoing selection in the population, we
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identified signatures of selection in the Pietrain breed before and after
management. In this way, we investigated whether the best strategy is sensitive to
demographic history or initial patterns of variation in the population and how this
information could be relevant to conservation practitioners, while by analysing
signatures of selection we addressed whether any of the management strategies
may erase these signatures, which could interfere with selection goals. Finally, by
predicting fitness based on deleterious variants in the genome in both populations,
we analysed the performance of each of these management strategies not only on
diversity but also on fitness, as ignoring the latter could lead to the accumulation of
deleterious variants, loss of viability and potentially extinction of the conservation
population.
With the fast development of genomic tools and the reduction in sequencing costs,
it is not unrealistic that, within the near future, full genomes of many individuals
and species can be sequenced cost efficiently. The identification of deleterious
variants and assessment of shared variation in populations is becoming a valuable
tool for conservation and management purposes. This study is thus a significant
contribution towards the implementation of genomic data into breeding
programmes.

7.2 Results

Data from two pig populations were used for the in silico management: resequencing data from five S. cebifrons individuals from San Diego zoo (5) and
genotypes from 46 and sequence data from 11 individuals of the Pietrain breed of
S. scrofa. Pedigree data were available for both populations, covering several
generations for the Pietrain breed, while for S. cebifrons the pedigree available only
covers the individuals since the foundation of the conservation programme. At the
starting point for the management, the S. cebifrons population consisted of 5
individuals (1 male and four females) that we expanded to 10 individuals (2 males
and eight females) before the first generation of management, with genotypes for
104.035 sites, and the Pietrain population contained 47 individuals genotyped for
51165 sites.
7.2.1 Status before management
7.2.1.1 Genetic diversity

We assessed the genetic characteristics of both populations. The average
nucleotide diversity over the full genome was higher within Pietrain pigs (mean
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π=0.00175), although the distribution of variation was much more homogeneous in
the genome of S. cebifrons pigs (mean π=0.00105 figure 7.1). Both populations
contained signatures of recent coancestry between haplotypes in their genome,
either as ROH within single genomes or as shared IBD segments between
individuals. Observed heterozygosity, based on the selected markers that were
used for the in silico management, was 0.308 for Pietrain pigs and 0.302 for S.
cebifrons, and genetic diversity was 0.296 in the Pietrain population and 0.258 in
the S. cebifrons population. These numbers were used solely for comparison
purposes between the different management strategies after 10 generations. The
relatedness within the S. cebifrons population, based on their genealogy, ranged
from unrelated to half-sibs, as can be seen in their pedigree and phylogenetic tree
(figure S7.1). Relatedness within the Pietrain population was more evenly
distributed as can be seen in the phylogenetic tree in figure S7.2.

Figure 7.1 Genome-wide variation in individual pigs. The nucleotide variation within the
genome of two individuals for each population is displayed. The large box shows on the xaxis the full length of chromosome 1 in bp, and on the y-axis the nucleotide diversity within
an individual genome in number of heterozygous sites (SNPs) per bp. Values are averaged
over bins of 1Mbp. The small histogram within each box represents the distribution of
nucleotide diversity per bin of 1Mbp for all autosomes. A. The zoo population of Sus
cebifrons. B. The commercial Pietrain population.
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7.2.1.2 Demography of Sus cebifrons

The zoo population of S. cebifrons consisted of a few individuals that have only
recently been transferred from the wild. To understand their low diversity
compared to other closely related species (see also Bosse 2012), we analyzed their
demographic history, for which we used two independent methods to reconstruct
the past effective population size over time: pairwise sequential Markov chain
(PSMC) developed by Li and Durbin (2011) and a method based on the distribution
of lengths of ROHs in the current population developed by MacLeod (2013). Both

Figure 7.2 Demographic history of Sus cebifrons. Two methods were used to infer the
demographic history of the wild Sus cebifrons population, based on the genome sequence of
one male: A. The method by MacLeod (2013). The original estimated Ne is visualized in red,
and the upper and lower limits of the confidence interval are indicated in yellow and green,
respectively. B. The method by Li and Durbin (PSMC). The original estimated Ne values for
the same individual are indicated in red and the green lines represent 10 bootstrap
estimates for this particular individual and the other 4 individuals from the same population.
-8
For both methods, the generation time was set at 5 years, and the mutation rate at 1.0x10
and scaled for the false negative rate. The x-axis displays the time before present in years,
and the y-axis displays the estimated effective population size.
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methods indicated two population expansions, followed by a bottleneck (figure
7.2). All five individuals displayed similar demographic patterns (figure 7.2B). The
effective population size has been relatively low since the last bottleneck ~10.000
years ago.
7.2.1.3 Deleterious variants

Because demographic history largely determines the inbreeding load in a
population, we looked at putative damaging mutations in the five re-sequenced S.
cebifrons individuals and 11 Pietrain pigs. The total number of predicted
deleterious variants within the S. cebifrons population was 3129, and a gene
ontology (GO) enrichment analysis showed generally an under-representation of
genes coding for nucleotide binding proteins and an over-representation of genes
coding for cell adhesion molecules (table S7.1). The number of deleterious sites
within the 11 re-sequenced Pietrain pigs was 3468. Interestingly, an obvious
overlap in GO-terms was found in the enrichment analysis in the Pietrain and S.
cebifrons populations (table S7.1). Genes involved in transcription, RNA metabolic
processes and nucleic acid binding had significantly less deleterious mutations than
expected in both groups. Most predicted deleterious sites were found in
heterozygous state in only one individual. These deleterious sites were not used for
the calculation of coancestries during the in silico management, but their presence
in individuals during management was used for the fitness calculations (see
Methods for details).
7.2.1.4 Signatures of selection in Pietrain

The Pietrain population consists of commercially bred pigs that have been under
strong artificial selection pressure for at least 30 generations. This selection is
thought to result in long haplotypes in some regions in the genome with reduced
variation. Therefore, we screened the genomes of Pietrain pigs for presence of
ROHs and identified numerous regions containing ROHs (figure S7.1). Length
distribution of ROHs ranged from 3.0 Mb to 132.1 Mb and the average ROH length
was 12.8 Mb. Chromosome 10 contained the least ROH coverage and chromosome
8 the most. Some ROHs are clustered within a particular region of the genome,
while others appear more randomly distributed. Chromosomes 8 and 15 contain
many ROHs at the same locus, indicating selection for a specific haplotype that is
close to fixation. We then used the extended haplotype homozygosity (EHH) test to
detect regions under ongoing selection resulting in partial sweeps. The strongest
signatures of ongoing selection were found on chromosome 13 and 15 (figure 7.3).
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Figure 7.3 Signatures of selection in the Pietrain population. Extended haplotype
homozygosity per chromosome for the Pietrain population. Values are based on the raw iHS
signal before management over all chromosomes in the Pietrain population. The x-axis
displays the location on all 18 autosomes and the y-axis shows the p-value of the iHS signal
before management for each marker. Values >2 are considered to be significant according to
Voight (2006).

7.2.2 In silico management
7.2.2.1 Genetic diversity
We recorded the observed heterozygosity and genetic diversity in both populations
during the ten generations of simulated management of the two species.
Management based on measures of molecular coancestry maintained the highest
level of genetic diversity in both populations (figure 7.4). Management based on
IBD segments performed better in terms of diversity than management based on
genealogical coancestry, with management based on longer segments maintaining
less variation than when shorter segments were used to measure coancestry. The
loss of genetic variation over time was stronger in the S. cebifrons population than
in the Pietrain population, and the difference in decay of variation between
management strategies was larger in the S. cebifrons population as well (figure
7.4A, B). After ten generations of optimal contributions based on genealogical
coancestry, the observed heterozygosity in the S. cebifrons population dropped
from ~0.3 to below 0.18, while the molecular-based management strategies
maintained the level of observed heterozygosity above 0.21 (figure 7.4A). After the
first generation of molecular-based management, the Pietrain population
contained slightly more genetic variation than the base population in terms of
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heterozygosity, but the variation dropped from the second generation onwards
(figure 7.4B).

Figure 7.4 Variation in both pig populations during management. Evolution of genetic
diversity (GD) and observed heterozygosity (OH) during 10 generations under five different
management strategies. A. Variation in the S. cebifrons population. The population size is
kept constant at 10 individuals with a male to female ratio of 1:4. B. Variation in the Pietrain
population. The population size is kept constant at 50 individuals with a male to female ratio
of 1:1.

7.2.2.2 Effect of management on fitness

Fitness of individuals in the S. cebifrons population was measured based on the
deleterious sites in their genome. We recorded the total number of deleterious
sites in the population, and also the proportion of homozygous and heterozygous
deleterious variants. Then, based on different selection and dominance coefficients
we calculated the average fitness for each management strategy through time. The
proportion of deleterious variants in individuals remained relatively stable over
time, regardless the management strategy (figure 7.5A). However, the proportion
of homozygous carriers of the deleterious variants gradually increased, while the
proportion of heterozygous carriers conversely decreased. The slopes were steeper
under the genealogy-based management strategy than under marker-assisted
management, and steepest with random management. In figure 7.5B and 7.5C it
can be seen that the effect on fitness of the population depended on the mean
selection (s) and dominance (h) coefficients of the deleterious variants. The overall
fitness decline after ten generations was stronger with h=0.35 than with h=0.5.
Based on predictions made on simulated data (de Cara 2013b), we expected that
the strategy that maintained the most diversity would be the one that performed
the worst in terms of fitness. However, and maybe partly due to the small
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population size here managed, the genealogical strategy resulted both in
maintaining less fitness and diversity than any marker-based strategy (figure 7.5B,
C, D). Management based on shared segments and marker-by-marker performed
relatively similarly in terms of fitness for the S. cebifrons population, but the exact
size of shared segments for which the most fitness was maintained depended on a
balance between segment size to measure coancestry and the distribution of
mutational effects (i.e., both on the mean values of s and h and their distribution),

Figure 7.5 Fitness and diversity during management of the S. cebifrons population. The
change in fitness and observed heterozygosity (OH) during 10 generations of management is
displayed for 5 different management strategies. A. The proportion of deleterious sites is
displayed on the y-axis and the generations are shown on the x-axis, for the scenario in 5B
(s=0.005 and h=0.5). Deleterious sites are split into homozygous sites (filled circles),
heterozygous sites (filled squares) and total number of deleterious sites (open circles). B.
Fitness change over 10 generations of management when a dominance coefficient of 0.5 is
applied. C. Fitness change over 10 generations of management when a dominance
coefficient of 0.35 is applied. D. Observed heterozygosity during 10 generations of
management.
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as the length of a particular segment is related both to the distribution of
mutational effects and to the demographic history. Concerning fitness, the loss of
heterozygous deleterious variants was slowest in the marker-by-marker coancestry
and the increase in homozygous deleterious variants was slowest in the segmentbased management for S. cebifrons (figure 7.5A). These factors result in a slightly
higher fitness in the segment-based managed population, especially for the small h
value (figure 7.5B, C).
After 10 generations of management, the fitness in the Pietrain population was
lowest in the population that was managed based on the pedigree under both
scenarios (figure S7.4). This strategy maintained the least fitness under both
scenario 1 (s=0.005 and h=0.5 figure S7.4A) and scenario 2 (h=0.35, figure S7.4B),
and it performed even worse than managing at random under scenario 1. Although
the marker-by-marker-based management outperformed the segment-based
management in terms of observed heterozygosity (figure S7.4C), more fitness was
maintained with the intermediate segment-based management under scenario 1
(figure S7.4A), and roughly the same with the intermediate and long segments in
scenario 2.
7.2.2.3 Effect of management on selective sweeps in Pietrain

We used the iHS statistic (Voight 2006) to screen for selective sweeps in the
Pietrain population before and after 10 generations of management. This statistic is
designed to identify partial sweeps, and depends heavily on the occurrence of a
long haplotype at high frequency in the population. The ongoing selective sweeps
signal can thus be reduced if the management strategy decreases the frequency of
the long haplotypes or selects for recombinant haplotypes. Some haplotypes were
fixed in the population, resulting in regions without a signal, similar to the
pericentral gaps observed on chromosome 8 (figure S7.2). As shown in figure 7.6,
regions that before management were identified as having the highest p-value for a
selective sweep have after management the larger difference in iHS signal before
and after management compared to regions without selective sweeps. For
example, the sweep on chromosome 13 was no longer present in the population
after 10 generations of management (figure 7.6A). This indicates that the signature
left by a selective sweep is counteracted when the management strategy aims at
optimizing variation in the genome. Indeed, we observed a positive correlation of
0.68 between the p-value for each marker before management and the difference
in iHS signal before and after management (figure 7.6B), meaning that incomplete
sweeps signals were reduced because of the management. The tails of the
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distribution of this difference in iHS signal before and after management were
fatter when using the segment-based management strategy with a threshold
segment of 5Mb compared to those that result when managing with the
genealogy-based strategy (figure S7.5). This means that the segment-based
strategy was more efficient in reducing the presence of long, similar haplotypes in
the next generation. Therefore, in previously identified regions under selection, the
reduction of the selection signature was stronger for the segment-based
management strategies than for the genealogy-based method.

Figure 7.6 Change in selective sweeps in the Pietrain population. Signatures of selection are
measured as extended haplotype homozygosity (iHS signal) in the Pietrain population before
and after management. A. Example of the effect of management on the selective sweep on
chromosome 13. The significance level of the iHS signal before management are indicated in
black (-logp, y-axis) and range between 0 and 4, so that markers with a signal >2 are
considered to be significant. Differences in iHS signal per marker before- and after
management are indicated in grey and range from 0 to -5, with a strong negative number
indicating a large difference. B. Genome-wide correlation between the significance level of
the iHS signal before management (x-axis) and the strength in iHS signal per marker beforeand after management (y-axis). Negative values on the y-axis indicate a stronger signal in the
population after management for the associated marker.

7.3 Discussion
Theoretical and simulation studies have shown that implementing genetic marker
information in the management of populations can lead to maintaining a higher
degree of variation than would be established without this information (de Cara
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2011). Here we have performed an empirical study to address the impact of wholegenome marker-assisted management strategies on 1) maintaining diversity, 2)
whether the demographic history has an effect on which strategy to choose, 3) the
impact on linked deleterious variants in the viability of the population, and 4) the
maintenance of signatures of selection.
7.3.1 Management strategies: maintaining diversity

Our first objective was to determine whether the use of marker-by-marker based
coancestry in management strategies outperforms genealogical coancestry and the
recently postulated IBD-based coancestry (de Cara 2013b) in terms of maintaining
variation in a population. By managing the two pig populations through in silico
management, but using their actual genotypes for the initial population at the start
of this in silico management, we have shown that the best management strategy in
terms of maintaining diversity was indeed to use molecular coancestry (marker-bymarker similarity). Using genealogical coancestry maintained the least diversity,
while using segment-based coancestry, measured as the average shared segments
between individuals, yielded intermediate results, the difference with molecular
coancestry being small in some cases. These two measures are similar in theory,
because genealogical coancestry is highly correlated with segment-based
coancestry for long segment sizes (Keller 2011). However, genealogical coancestry
is the expected relationship between individuals, while segment-based coancestry
will vary between individuals with the same genealogical relatedness depending on
the actual gene variants that they carry and where meiosis has occurred.
The high performance of the molecular coancestry method stems from the fact
that OC optimizes expected heterozygosity based on the differentiation between
individuals, and this differentiation can reach the largest values with the highest
number of markers, that is, managing a population with the marker-by-marker
coancestry. These results are thus consistent with a previous simulation study (de
Cara 2011). It must be noted that, in both cases, we had a high density of markers
available, as it is known that a low density of markers using molecular coancestry
will not maintain as much diversity as genealogical coancestry (Fernandez 2005,
Gomez-Romano 2013). Thus, management of population demography and effective
population size should integrate with pedigree management in efforts to ensure
population sustainability. Together with optimal contributions as described here
with the different management strategies, and controlled matings, the loss of
genetic variation in small populations can be mitigated by advances in reproductive
technologies, including gamete banking and cloning of appropriately identified
individuals.
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Nevertheless, when high density genotypes are available, optimizing genetic
diversity through management based on molecular coancestry does not always
yield the desired result, even though most variation is maintained. The goal in the
management of an endangered population like Sus cebifrons is to maintain as much
variability as possible without accumulating deleterious mutations in single
individuals that could lead to a loss of viability and thus extinction. Thus, it is
important to have a priori knowledge of the viability of the population or fitnessrelated traits, as populations which show some viability issues should be managed
possibly based on genomic information that can provide details on deleterious
mutations and segment-based coancestries. On the other hand, in commercial
breeds like Pietrain, maintaining diversity is a goal, but breeders also have specific
selection goals, which may be at odds with maintaining diversity and minimizing
inbreeding. Therefore, knowledge of the demographic history, population fitness
and selection signatures are important in the implementation of the management
programme. We discuss each of these issues below.
7.3.2 Demography and genetic diversity

Our second objective was to understand the effects of the demographic history of
the population on the effectiveness of each management strategy. Inbreeding is
not necessarily a problem in a population. Negative effects on fitness related traits
have not always been observed when inbreeding increases, and populations can
respond differently to the same amount of inbreeding (Hedrick and Kalinowski
2000, Lacy 2012). Whether this will have an effect on the population in the long
term depends on multiple factors, one important factor being the deleterious
variants that are present in the population. Demographic history plays an
important role in the number and distribution of fitness related variants in a
population. Deleterious variants can be most problematic if the population suffers
a sudden bottleneck and if the mutations are abundant and recessive, especially if
their selection coefficient is high (Lynch 1995).
The two pig populations here studied both have high levels of inbreeding, but for
very different reasons. As we have shown in our analyses of demographic history,
Sus cebifrons has experienced two large reductions in its effective population size.
In comparison to other Sus species, the effective population size dropped
drastically during the first bottleneck about ten thousand years ago (Frantz 2013b).
The second bottleneck we identified is recent, possibly due to reduction in its
habitat and over-hunting, resulting in its current status as critically endangered
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(Oliver 2008). These events probably caused that the base level of variation in S.
cebifrons is relatively low compared to other Sus species (Bosse 2012), and that
these low levels of variation are unlikely to increase in the (near) future. The
variation in Sus cebifrons is already very low and without proper management it
will quickly decay further. Keeping the diversity as such in the captive population is
absolutely essential since it is a crucial species characteristic. Thus, we need to
maintain as much diversity as we can while avoiding potential inbreeding
depression, that is, we need to maintain the adaptive potential, especially because
the possibility exists that the species will become extinct in nature within a few
decades.
The Pietrain breed of Sus scrofa is widely used commercially, and has been strongly
selected. Although this breed is widely distributed, the number of individuals that
contribute to a specific selection line is limited, which is a general pattern for
livestock populations. Brotherstone and Goddard (2005) estimated the current
effective population size of some cattle breeds to be around 50, which is thought to
be the minimum viable population size in the short term. They raised their concern
regarding the diminishing effective population size in cattle and the associated
consequences of inbreeding, and suggest active management to maintain genetic
diversity in breeding programmes. As we have shown, the different histories of the
two pig populations studied here, result in different patterns of genetic diversity,
Sus cebifrons having a lower overall genetic diversity, while Pietrain shows larger
runs of homozygosity but an overall larger diversity than Sus cebifrons. Many ROHs
in the Pietrain population could be due to selection rather than inbreeding, as has
been observed for other commercial pigs (Bosse 2012), while the ROHs in the S.
cebifrons population should mainly be due to consanguineous matings as can be
seen in their pedigree. However, both populations have a limited contemporary
effective population size, because they are kept in enclosures, and therefore
avoiding inbreeding to maintain as much as diversity as possible is desired since
they belong to the most vulnerable category in terms of inbreeding depression.
This will apply to most captive (zoo) populations and commercially kept farm
animals.
The demographic history showing recent bottlenecks can lead to the accumulation
of deleterious mutations by drift. Thus it is important to know both the current
viability and the history. A population that has undergone a bottleneck and that is
perfectly viable, is likely to either have undergone purging or just never had
viability issues. On the other hand, a population with viability issues may have
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accumulated recessive variants of small effect that are difficult to eliminate by
natural selection. Which variants are maintained can be essential for the success of
the breeding programme. Actively changing the genetic composition in a
population through management may, as a side effect, reduce the frequency of
advantageous variants or increase the number of deleterious alleles. The
management thus may not have the desired result, and the impact on fitness and
selection should therefore be considered.
7.3.3 Management strategies: Impact on fitness

Thirdly, by identifying putative deleterious variants in the population and plugging
them into the simulations, we have investigated whether the strategy that
maintains the most diversity leads to maintaining the highest frequency of
deleterious variants, which in turn could lead to inbreeding depression. Previous
simulation results had shown that when the population exhibited some inbreeding
load, managing the population with segment-based coancestry was the best
strategy in terms of maintaining a compromise between maintaining diversity
without accumulating too many deleterious mutations (de Cara 2013b). We have
explored the robustness of these results here with real data and verified that this
seems to be the case, i.e. that the segment-based approach can provide a
compromise between maintaining fitness and diversity.
In this work, we use predicted deleterious variants in the genome as a proxy for
fitness. The distribution and number of deleterious sites, and also their selective
effect and dominance, depend on the demographic history of a population. Fitness,
in turn, depends on the shape of the distribution of mutational effects and the
mean selection and dominance coefficients. Changes in the frequencies of
homozygous and heterozygous deleterious alleles can have big consequences on
the overall fitness of the population, as we have shown. Thus, the management
strategy, by acting on linked deleterious variation, can have a massive impact on
fitness and fitness-related traits like viability. Long runs of homozygosity are
thought to be enriched in deleterious mutations (Szpiech 2013). Our results show
that avoiding these ROHs in the offspring, which is the essential concept in the
segment-based management, seems an effective method to maintain a reasonable
fitness in the managed population.
The putative deleterious variants in both populations occur significantly less often
in particular gene families like nucleotide binding proteins, suggesting that these
gene families either are less prone to mutation or, more likely, are more effective
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in purging the deleterious variants from the population. On the other hand, this
may indicate that if a mutation occurs in any of these genes, the effect is more
severe. Multiple methods have already been developed in order to predict the
severity of particular mutations (e.g. Ng and Henikoff 2001, Wang 2010, Choi
2012). Therefore, the use of sequence data will have an increasingly important
value in conservation and selection programmes because these variants and their
effect can be identified and implemented into the breeding scheme, vastly
improving our predictions and in silico analyses.
In our management strategies, little difference was observed in the evolution of
fitness when applying molecular or segment-based OC to the S. cebifrons
population. This is probably due to the very limited sample size, which restricts the
number of possible choices that can be made under both scenarios. However,
segment-based coancestry results in somewhat higher fitness because the
proportion of deleterious homozygous sites increases at a slower pace than with
marker-by-marker coancestry. This can have an effect on fitness, particularly in the
case of low dominance (h). We do show that most fitness is lost when using
genealogical coancestry methods. This is in contradiction with our previous
theoretical simulations results, which have shown that this strategy maintains the
highest level of fitness in other scenarios with considerably larger population size
(de Cara 2013b). This difference between the predictions and our results in the
performance of the genealogical strategy were most likely due to the very small
population size here managed, and to a different balance between the number of
homozygous and heterozygous deleterious mutations, that will have a different
contribution to overall fitness dependent on their effect and dominance. The small
population size here managed and the sex ratio make natural selection less
efficient at eliminating these deleterious variants, so it is likely that when managing
such small population sizes with such load, the population enters an extinction
vortex. These results emphasize the use of resequence data not only to estimate
coancestries as we have done here, but also to better understand the distribution
of detrimental or beneficial variation, which will be crucial to decide which
management strategy to use.
Most breeding programmes in zoos are still based on pedigrees (Fienieg and
Galbusera 2013). Sequencing costs are decreasing rapidly and therefore NGS
provides an increasingly affordable means to measure genetic variation and
potentially fitness at the individual and population levels (Ouberg 2010). This is
especially the case if a (closely related) reference genome already exists, where it
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might be worthwhile to sequence all available founders in management strategies
of small zoo populations, in order to get insight into the genetic variation and the
inbreeding load. It is not unrealistic to assume that it will become possible in the
near future to predict the effect of particular (deleterious) mutations more
accurately than we can now. This could then be used to get detailed predictions of
the consequences for the population when these deleterious mutations occur in
homozygous state. When haplotypes containing these mutations are identified,
genotyping the offspring on a high-density SNP chip will suffice to follow these
mutations in the population, and the management strategy can be adjusted
accordingly. Naturally, other aspects of small population management like
population structure but also health examinations should be considered
simultaneously.
7.3.4 Impact of management on selection goals

The genome is always under selection, in both wild and domestic populations, and
active, marker-assisted management, may interfere. Domestic animals provide a
case where selection is explicit and strong, and therefore we used the commercial
Pietrain breed to study the effect of management on selection signals. It has been
recognized that genomic tools are increasingly important in livestock conservation
and selection (Lenstra 2012). For breeding companies, many individuals are
genotyped already and information from a high-density SNPchip is sufficient to
outperform the pedigree-based optimal contributions (Solberg 2008, de Cara 2011,
Gomez-Romano 2013). The Pietrain population is under strong management
regarding performance of the pigs, and therefore clear selection signals are present
in the population, as has been shown by e.g. Stratz (2014). Management based on
molecular markers aims at reducing long homozygous segments in the genome of
an individual, but this will have as side-effect that any selection signal on particular
haplotypes will be reduced if the selected haplotype is not yet fixed. Indeed we
show here that selection signatures are weakened when the focus is solely on
optimizing diversity. The measures of coancestry used in this study have
consequences not only in management of populations to calculate which
individuals should contribute the most offspring to the next generation to maintain
the most variation, but also in genomic prediction (GP). In GP, the proportion of
variance explained by the markers, and how well the distribution of mutational
effects is known, has been shown crucial for GP to work well (Goddard 2009). The
need for implementation of genomic-based inbreeding control in genomic selection
has been recognized (Sonesson 2012, Toro 2014). Genomic selection can lead to
acceleration erosion of variation at specific loci in the genome (Heidaritabar
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2014b), and there might be substantial effect on the efficiency of genomic selection
when taking the maintenance of diversity into account (Clark 2013). Recent
simulation results (MacLeod 2014) indicate that resequence data could recover the
missing genetic variance, and a better accuracy in the prediction is achieved with
resequence data for populations with large Ne. We believe that incorporating
sequence-based measures of diversity for OC together with the prediction of
deleterious variants as proxy for fitness in genomic selection programmes provides
a way forward to combine the goals of maximising gain without leading the
population to extinction.
7.3.5 Concluding remarks

Is has been shown previously that each selection strategy comes with different
consequences for a population in terms of maintained diversity and fitness.
Different initial scenarios will lead to different results after management because
this is dependent on the inbreeding load, population demographic history,
contemporary effective population size and other factors shaping population
genetic composition. This work incorporates the important additional information
that can be gained from NGS data into management strategies. Our simulation
study on two realistic cases shows that variation in managed populations can be
selectively maintained by whole-genome, high-density, marker-assisted methods.
Specifically, methods that apply molecular coancestry seem to be the most efficient
for this purpose. However, the effectiveness of marker-assisted methods depends
on the demography and effective population size of the target population.
Our analysis shows that if the population has an inbreeding load, as is probably the
case for Sus cebifrons due to the bottlenecks the population has suffered, then
managing the population using molecular coancestry maintains the most diversity.
Theoretical predictions had shown that such management could lead to the
accumulation of deleterious variants and massive loss of fitness (de Cara 2013a).
The results here obtained are more positive towards the use of molecular or
marker-based coancestries in the management of populations, as we show that the
loss in fitness is marginal compared to other methods when the population is
managed to maximise genetic diversity. Therefore it is clear that to decide which
measure of coancestry to apply in a management programme, one ideally has
dense genotypes for each individual as well as information on the distribution of
genomic variants and their mutational effects. Should the distribution of
mutational effects and deleterious variants be available, as might be feasible in the
future, a targeted approach to remove these variants from the population can be
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implemented in the management programme. The initial presence and redistribution of detrimental variants, particularly the accumulation of homozygous
deleterious genotypes, seems also to be most favorably addressed by the
application of marker-assisted coancestry methods, especially segment-based
coancestry. Therefore, if details on the distribution of deleterious variants are not
known, segment-based management strategies may in fact be most efficient in
avoiding fitness reduction due to homozygous deleterious variants. This
information should be combined with the estimation of the demographic and
selective history of the population. When all this information is not available, then
our initial preferred choice is using molecular coancestry, as it maintains the most
diversity, while paying special attention to possible losses in viability or fitnessrelated traits.
Lastly, genomic marker-based methods may offset (past) selection events by
effectively removing signatures of selection, and thereby possibly diminishing the
phenotypic value of the population. This is certainly of concern for domesticated
populations, but may in fact also be of concern for wild populations, if, for instance,
local adaptation or local phenotypic variation is affected. We want to emphasize on
the importance of these advances in technology for a wide range of disciplines. We
strongly encourage the development of management programmes that include
both fitness and diversity in their calculations of OC. Also, genomic selection
strategies may benefit from integrating fitness and diversity in the choice of the
contributing individuals, especially in the long term.

7.4 Material and Methods
7.4.1 Sample background

Two pig populations were used for the in silico management: re-sequencing data
from five S. cebifrons individuals from San Diego zoo (5) and genotypes from 46
and sequence data from 11 individuals of the Pietrain breed of S. scrofa. Pedigree
data were available for both populations, covering several generations for the
Pietrain breed, while for S. cebifrons the pedigree available only covers the
individuals since the foundation of the conservation programme. At the starting
point for the management, the S. cebifrons population consisted of 5 individuals (1
male and four females) that we expanded to 10 individuals (2 males and eight
females) before the first generation of management, with genotypes for 104.035
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sites, and the Pietrain population contained 47 individuals genotyped for 51165
sites.
7.4.1.1 Sus cebifrons

Sus cebifrons is a critically endangered pig species that is endemic to the Philippine
islands and currently occurs still on two islands. Its estimated population size in the
wild is low: 200-500 (Negros island) and 500-1000 (Panay island). It is unknown
how genetically distinct the two island populations are. We used pedigree data
from two studbook-keeping zoos: Rotterdam zoo, which was founded with 6
individuals from Negros, and San Diego zoo, which was founded with 7 individuals
from Panay. We used data from7 re-sequenced individuals, all sequenced to ~10x
depth of coverage with the Illumina paired-end sequencing technology (Illumina
Inc.): 2 from Rotterdam zoo, and 5 from San Diego zoo. The information on the 5
individuals from the San Diego Zoo was used for the in silico population
management.
7.4.1.2 Sus scrofa

Pietrain is a commercial European breed that is extensively used for pork meat
production worldwide. They are kept in sties with an average effective population
size of around 50 individuals. The breeding company contains a dam line that was
established in the early seventies, and consists of ~100 live animals. We had access
to the pedigrees for the Sus scrofa Pietrain line, where we had data from 11 resequenced individuals, all sequenced to ~10x depth of coverage with the Illumina
paired-end sequencing technology (Illumina Inc.), and 47 individuals genotyped on
the Illumina porcine 60K iSelect Beadchip (the 11 re-sequenced individuals are a
subset of this 47).
7.4.2 Methodology
7.4.2.1 Pedigree reconstruction

The pedigree for the S. cebifrons San Diego zoo population was obtained from the
studbook keepers, and we used the drawing software Pedigraph (Garble and Da
2008) to infer and draw the pedigree. Although the pedigree for the Pietrain line
was also available from the breeding company since its establishment in 1970, we
did not create a graphical overview because of its complexity. Relatedness between
individuals was extracted from the studbooks.
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7.4.2.2 Sample collection and DNA extraction

Blood samples were collected from a total of 7 Sus cebifrons from the Rotterdam
and San Diego zoo, and 11 Sus scrofa belonging to the Pietrain breed. The QIAamp
DNA blood spin kit (Qiagen Sciences) was used to extract DNA from the blood
samples the Qubit 2.0 fluorometer (Invitrogen) was used to check the isolated DNA
for quality and quantity. Library construction for the re-sequencing was performed
with 1-3 ug of genomic DNA according to the Illumina library prepping protocols
(Illumina Inc.) and the Illumina 100 paired-end sequencing kit was used for
sequencing.
7.4.2.3 Genotyping on 60K

DNA for a total of 156 animals was diluted to 100 ng/ul and samples were
genotyped on the Illumina porcine 60K iSelect Beadchip (Ramos 2009) according to
the IlluminaHD iSelect protocol. Data was analyzed using Genome Studio software
(Illumina Inc.).
7.4.2.4 Alignment and SNP calling

All Illumina 100bp paired-end read libraries were quality trimmed with sickle -l 50.
Trimmed reads were aligned to the S. scrofa reference genome build 10.2 with bwa
0.7.5a with -t 4 and bamfiles from multiple libraries were merged and deduplicated
with samtools 0.1.19. Local realignment was executed with GATK v2.6 and finally
the bamfiles were filtered with samtools using the samtools view options -F 12 and
-q 30. Variants were called with samtools mpileup for each individual separately
with a minimum read-depth of 5, a maximum of twice the average coverage and
genotype quality PHRED score of at least 20.
7.4.2.5 Genomic variation

The variation between two haplotypes within individual genomes was assessed in
bins of 1Mb according to the method described in Bosse (2012). Briefly, the
number of filtered variants per bin was corrected for the proportion of sites with
accurate coverage for each bin, and the number of heterozygous sites per bp was
calculated. Bins with less than 20% of accurate coverage were removed from the
analysis.
7.4.2.6 Matrix construction

For the S. cebifrons data, all individuals were genotyped for all sites where at least
one individual contained a non-reference allele with the same settings as for the
SNP calling, and only the sites where all individuals contained a reliable genotype
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call with at least a PHRED score of 20 were retained. All singletons and sites with a
clear Hardy-Weinberg deviation were removed with PLINK v1.07. Finally, we
extracted the list of putative copy number variable regions from Paudel (2013) and
removed variants within these regions, leaving us with a genotype matrix
containing approximately ~100.000 high quality sites.
The genotypes for all 47 Pietrain individuals that were generated on the Illumina
porcine 60K iSelect Beadchip (Ramos 2009) and were obtained from Topigs
Research Center IPG BV, The Netherlands. Genotypes were filtered for MAF>0.01
and genotype calls of >0.9 with PLINK v1.07 to a total of 51165 sites.
7.4.2.7 Phylogeny

A pairwise distance matrix (1-IBS) was constructed using the –cluster option in
PLINK v1.07 (Purcell 2007) for both matrices and a neighbor-joining tree with
random input order was created in PHYLIP (Felsenstein 2005). The tree was
represented using FIGTREE http://tree.bio.ed.ac.uk/software/figtree/.
7.4.2.8 Phasing

Genotype data for each chromosome was extracted from the matrices using PLINK
v.1.07, and chromosomes were phased independently by Shapeit v2.r727
(Delaneau 2012, 2013) with 7 burn-in iterations, 8 iterations of the pruning stage,
20 main iterations, 100 states and a window size of 5Mb. For Sus cebifrons, phasing
was performed on the filtered matrix. Although only the five individuals from the
San Diego zoo were used in the in silico management, we used all 14 available
haplotypes for the phasing step to increase accuracy. For the Pietrain breed, we
used the 60K genotype data for the haplotype reconstruction.
7.4.2.9 Deleterious variants

The number of homozygous deleterious variants in the population before and after
management was used as a proxy for fitness. We used the Ensembl Variant Effect
Predictor tool v.74 on the filtered VCF files for each individual to assess the nature
of the variants. For the S. cebifrons data, sites with a deleterious SIFT prediction
score were extracted and included in the matrix; note that this step introduced a
small amount of singletons to the matrix.
For the Pietrain population, the list of deleterious sites was based on the
deleterious sites that were actually called within 11 individuals; on average each
individual contained 656 deleterious sites. Then the average number of shared
deleterious sites between 2, 3, 4, … individuals was obtained, to be able to infer
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how many unique deleterious sites each individual would contribute to the total.
The actual number of observed deleterious sites among the 11 individuals (=3468)
was extrapolated by fitting a power curve to the number of unique contributions
per extra individual, so that we expected with 47 individuals a total of ~10.000
deleterious sites. Then, 6532 more sites were randomly extracted from the genome
and we assigned a deleterious effect to these sites. Then, for each individual 656
sites were randomly picked from this list, so that to some degree it fitted the
observed distribution in the 11 re-sequenced individuals. These 10.000 markers
and genotypes for 47 Pietrain pigs were added to the matrix containing the 60K
markers for the management.
7.4.2.10 Ne estimation

We estimated past and recent effective population size in the S. cebifrons data
using two methods independently. First, we used the method described by
MacLeod (2014) to filter the heterozygous sites in our VCFfiles for false positives.
Briefly, this method does not remove actual false positives but based on the false
positive rate it randomly removes a number of heterozygous sites in a particular
window along the genome. False positive rate was estimated based on 60K
genotype data and the rate of heterozygotes on the non-pseudo-autosomal regions
on the X chromosome for males. Then we recoded the distribution of heterozygous
sites to psmc-fasta files and conducted the demographic analysis with a hidden
Markov model approach as implemented in PSMC, using Tmax=20 and n=64
-8
(4+50*1+4+6). The generation time was set at 5, mutation rate 1.0*10 which is
identical to that used for human and cattle re-sequence data (MacLeod 2014), and
false negative rate was estimated from the distribution of depth of coverage per
site, ranging from 15% to 45%. Confidence intervals for each sample were
estimated based on bootstrapping, as suggested in Li and Durbin (2011).
To be able to compare the inferred demography from the PSMC method, we used
the iterative approach described by MacLeod (2014) to infer past effective
population size for the male S. cebifrons from Panay. False positive rate was
estimated based on the non-pseudo-autosomal regions on the X-chromosome and
false negative rate was based on the proportion of sites in the genome where the
average coverage was between 0.5 and 2 times the average coverage. Based on
these inferences, scaled mutation rate was 4.0×10-9. The number of phases was
based on the segment sizes that were used to infer demography in the original
paper, so that segment size n was 1–1,000 bp, and then 1, 2,…, 1,000 kb etc. The
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threshold delta for goodness of fit was set to 0.001. Upper and lower limits were
estimated by changing local Ne until the delta threshold criteria were violated.
7.4.2.11 Regions of Homozygosity

The presence of regions of homozygosity (ROH) on the individuals’ level was tested
for the 47 Pietrain individuals that were genotyped on the Illumina porcine 60K
iSelect Beadchip. SNPs were filtered for MAF 0.05 and a maximum proportion of
missing genotypes of 0.1. ROHs were extracted with the –homozyg option in PLINK
v.1.07, allowing for one heterozygote within a ROH.
7.4.2.12 Signatures of selection

To assess whether signatures of selection were present in the Pietrain population
before management, we performed an extended haplotype homozygosity (EHH)
test as implemented in the R package rehh (Gautier and Vitalis 2012). All 46
Pietrain pigs that were genotyped on the Illumina porcine 60K iSelect Beadchip
were included in the EHH analysis. After filtering for missing data and MAF a total
number of 51165 markers were included. Ancestral states of alleles were
determined based on the genotypes from four outgroup Suids from Island SouthEast Asia (ISEA) obtained from Groenen 2012 and Frantz 2013b. Significance of iHS
was calculated by the ihh2ihs option, where high significance levels indicate that
the persistence of haplotype phase for either the ancestral or the derived allele is
longer than expected.
7.4.3 In silico management

We simulated the management of both populations using optimal contributions
(OC) during ten generations. OC minimises global coancestry by minimising the

∑c c

f T2

f

i j ij
, where ij is the coancestry between individuals i
expression
and j, ci is the number of offspring that individual i leaves to the next generation

∑c

i which is set at 2 N to maintain population
and T is the sum of contributions
size constant. Every generation, we calculate the c's that minimise that expression,
by using a simulated annealing algorithm. We used three measures of coancestry:

1 - Molecular coancestry, also called throughout the text marker-by-marker
coancestry, which is the probability that two alleles at a locus drawn at random are
identical by state, averaged over all markers.
2 - Genealogical coancestry: as derived from the pedigree.
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3 - Segment-based coancestry: as in eq. (2) de Cara (2013b), which is a measure of
shared segments of identity by descent across individuals:

fR=
il

∑ ∑ ∑ lSEG (ai ,bl )
k

4L
l

( a ,b )

Where SEGk i l here is the length of the k-th shared IBD segment measured
over homologue a of individual i and homologue b of individual j, and L is the
length of the genome. We used three thresholds for what we considered a shared
segment: 100kb, 1Mb and 5Mb.
For the in silico management of the S. cebifrons population, we used the five
individuals of the San Diego zoo, which consisted of one male and five females.
Prior to management we performed random mating to expand the population to
10 individuals as otherwise the management is heavily constrained by having one
male only, keeping the sex ratio of 1 male for every 4 females. We have also
performed in silico management with even sex ratios, but the consequences
remain the same for such small population size (data not shown). For the
management of the Pietrain breed, we assumed half of the individuals were female
and half male, as it is approximately the case in the real population. As the
population consisted of 46 individuals, we did not expand its size.
We performed management in which all individuals were considered perfectly
viable and we also analysed the cases in which deleterious mutations had been
included. For these deleterious mutations we assumed that their effects followed a
Gamma distribution with shape parameter 1 and mean effect 0.005. Dominance
coefficients were drawn from a uniform distribution with mean exp(-k s), where s is
the effect at each locus, and k is a constant that gives the desired mean dominance
coefficient. We show results here for mean dominance (h) of 0.35 and 0.5. These
values are taken from experiments on Drosophila (Mukai 1972), but with mean
selection coefficient one order of magnitude smaller as otherwise the population
would not be viable. This distribution is in line with deleterious mutations being
common and of small effects. The fitness of each individual is multiplicative across
loci. Every generation, we calculated the c's that minimized global coancestry and
then performed matings at random between contributing individuals. Their
offspring was kept if its fitness was smaller than a random number drawn from
(0,1) and discarded otherwise. The sex ratio was kept constant throughout the
simulations. We performed 1000 replicates for each management strategy, and
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every generation we recorded the genetic diversity (as observed heterozygosity
and gene diversity), the mean fitness of the population and the mean numbers of
heterozygous and homozygous deleterious variants. We stored the resulting
genotypes of one of the Pietrain replicates to analyse the effect on signatures of
selection. The replicate was evaluated based on its summary statistics and fell right
within the confidence intervals of the 1000 replicates.

7.5 Acknowledgements
This work was financially supported by the European Research Council under the
European Community’s Seventh Framework Programme (FP7/2007–2013)/ERC
Grant agreement number 249894. M.A.R. de Cara and F. Austerlitz were funded by
LabEx grant ANR-10-LABX-0003-BCDiv from Agence Nationale de la Recherche
Investissements programme ANR-11-IDEX-0004-02, and additional funding for M.
Bosse to realize this collaboration was provided by the ESF exchange grant
Advances in Farm Animal Genomic Resources (GENOMIC-RESOURCES) no. 4579 to
visit M.A.R. de Cara and F. Austerlitz group. We thank Simon Boitard, Flora Jay and
Iona MacLeod for valuable discussion on the methodology. DNA samples were
provided by Topigs Research Center IPG BV, The Netherlands and Rotterdam Zoo,
The Netherlands.

162

8
General discussion

8 General discussion

8.1 Introduction
The genome consists of a mosaic of haplotypes, representing a variety of
demographic histories. Disentangling the different haplotypes in the DNA can
provide a valuable source of information about the evolutionary history of a
population. With this thesis I aim to provide better insight into the mechanisms
that shape the variation landscape in diploid organisms, using the pig Sus scrofa as
a model species. I focus on which genomic features influence the pattern of
variation within individual genomes, and how the genomic distribution of
haplotypes is influenced by factors like demography and selection at the population
level. I emphasize the influence that humans have had on the genomic patterns in
pigs through habitat reduction and fragmentation, deliberate and unintentional
hybridization and selection. In the final part, I discuss how the information on
haplotype distribution can be used in selection and conservation efforts. In this
chapter, I explore my findings from chapter 2-7 by discussing the main conclusions,
and by elaborating on how this thesis contributes to existing literature. Finally, I
identify next steps to further extend and implement the obtained knowledge.
The work described in this thesis contributes to our understanding with regard to
factors influencing genomic variation in pigs and wild boars. Genomic variation
refers to the average number of variable sites per base pair between two
haplotypes. Therefore, genomic variation and the patterns in which different
haplotypes occur in a population are interconnected. The factors that shape the
genomic variation in individuals can be grouped into two classes: 1) intra-genomic
processes that contribute to the local distribution of haplotypes and generate or
eliminate variation at the molecular level; 2) external factors that influence the
persistence of haplotypes in a population, and that act upon the population as a
whole. There will usually be interplay between the two classes. In the following
paragraphs I mainly discuss the second class, in particular the effect of
demography, selection and hybridization on the haplotype patterns in a genome.
Furthermore, I highlight the benefits and drawbacks of methods used to identify
these processes. The role of humans in shaping patterns of diversity in the genome
is discussed, specifically with regard to future perspectives on the use of wholegenome sequence information for conservation of genetic diversity.
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8.2 Demography and selection inferred from genomes
8.2.1 Levels of genetic variation

A central theme in population genetics is which factors shape the genetic diversity
levels in species and populations (Leffler 2012). What the relative influence is of
intrinsic features of a species, like genome characteristics, species biology and
ecology, as opposed to external forces such as population history and selection on
genetic diversity levels, is still under debate. Simple models predict that under a
neutral scenario, the rate of genetic drift is inversely proportional to the population
size. Therefore, population genetic variation can be seen as a balance between
novel mutations and loss of variation due to finite population size (for a
comprehensive review, see Charlesworth 2009). Genome size positively correlates
with per-base and per-generation mutation rate (Lynch 2010). Recently, Romiguier
(2014) argued that ecological strategy is the main predictor of genetic variation in a
population or species, under the assumption that the population itself is at
mutation/drift equilibrium. According to this predictor, short-lived and highly
fecund species generally display higher genetic diversity. The fact that no
consensus exists in literature about the relative contribution of these predictors
can be attributed to the abundance of external confounding factors. This leads to
the question of how these confounding factors, mostly ecological disturbance and
selection, influence genetic diversity (Banks 2013).
Both the species characteristics and external factors influence the effective
population size, which is in turn reflected in the diversity levels in the genome. How
much each factor influences the actual levels of variation is difficult to estimate.
Genomics facilitates studies on every aspect of genetic variation, including species
specific features, since characterization of variation in the genome can effectively
be accomplished with minor bias. My thesis contributes to the understanding how
variation in the genome is influenced by internal and external factors, focusing on
the distribution of haplotypes as a basic principle. In chapter 2 I relate withingenome nucleotide diversity to past and recent effective population size and
bottlenecks. I find a difference in average nucleotide diversity of an order of
magnitude between different pig species of Island Southeast Asia (ISEA). This order
of magnitude difference is apparent even if recent inbreeding, estimated from the
occurrence of ROHs, is excluded. If parental investment (propagule size, longevity,
fecundity) is indeed a good predictor, how do these observed diversity patterns
then relate to their key traits related to parental investments: are the different
species on ISEA variable in terms of these key traits? Or are the high differences in
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genetic variation between Sus species better explained by environmental factors,
influencing their Ne? Sexual dimorphism is somewhat stronger in S. verrucosus, the
species with the lowest nucleotide diversity, compared to most other pigs. Litter
size has been reported between 3-9 young for S. verrucosus, which is not very
different from other pig species. Other signs of parental investment show different
patterns between pig species, providing little evidence that this is indeed a good
predictor of the observed patterns of genetic variation. The observed diversity
levels in chapter 2 correspond well to the estimated demographic trends in Frantz
(2013b). The levels of nucleotide diversity are congruent with past Ne in other
species al well, such as in great apes (Prado-Martinez 2013). The buildup of genetic
variation is a slow process. However, variation levels can drop very rapidly when
the effective population size is reduced. Colonization and dispersal, habitat loss and
fragmentation, but also domestication, can leave strong signatures in the genome.
A population bottleneck will initially result in a highly heterogeneous distribution of
variation in individual genomes. The basic concept here is that the probability of
homozygosity resulting from two haplotypes that are Identical By Descent (IBD)
increases. Specifically, some parts of the genome will represent basically no
variation, because the same haplotype is present on both copies. Other parts,
however, where the homologous chromosomes contain two different haplotypes,
will display similar variation levels just as before the bottleneck, suggesting a much
larger effective population size (figure 8.1). External factors can change rapidly, and
I have shown in chapter 2 that rapid changes in population size have a tremendous
effect on genetic diversity reduction. I therefore argue that genome size and life
history strategies are probably good predictors of genetic diversity levels under a
stable and simplified scenario, but in reality, external factors are more realistic
predictors of population genetic variation. With current techniques detailed
screening of the variation landscape has now become possible. Relating the
genomic variation landscape to both intrinsic and external determinants of Ne will
undoubtedly aid in our understanding of the evolutionary forces shaping variation
in the genome.
Similarity in measures of genetic variation within genomes between populations is
not a good predictor for the relatedness between those populations. In chapter 2, I
demonstrate that the Japanese wild boar is similar to the European wild boars,
based on their distribution of the level of variation in terms of ROH occurrence and
variation outside ROHs (figure 2.5). However, phylogenetically, the Japanese wild
boar falls, as expected, within the group of Asian wild boar. Likewise, I find
similarity in the variation landscapes in the African warthog and the bearded pig (S.
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barbatus). Because the shape of levels of variation throughout the genome is
similar, it is likely that the demographies of these two species are similar even
though the actual variants found in each of the species are different. Levels of
variation and sequence identity, therefore, indicate two different things:
demography after divergence and time since divergence. Even though genetic
diversity levels are similar, they probably do not predict well how the species will
behave in another environment because that depends on which variants are
actually present.

Figure 8.1 Distribution of genetic variation across a chromosome over time. When effective
population time changes over time, the distribution of nucleotide diversity changes
accordingly. A large panmictic population results in high base levels of variation.
Consanguineous matings during a bottleneck forms ROHs in the genome, that are gradually
broken down and genetic variation is equaled out through time.

8.2.2 Multiple evolutionary histories in a single genome

The mosaic structure of the genome is created through the interplay of genetic
recombination, drift and selection (Paabo 2003). A haplotype can be defined as a
continuous stretch of DNA containing inherited alleles that have shared
evolutionary background, and the end of the haplotype is where the sequence
reaches another demographic history. Discrete stretches of DNA (haplotypes) on a
chromosome can differ in their relatedness to another copy of the homologous
chromosome. It is important to realize that the scale at which we compare
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relatedness between individuals is basically comparing two collections of
haplotypes. Even within a single diploid genome, the two copies of the same
chromosome pair inherited from two parents can be seen as collections (N=2) of
haplotypes that, in case of random mating, are two randomly drawn samples from
the population. Interestingly, in siblings, two copies of the same chromosome are
probably more similar between individuals than within individuals, since siblings
carry haplotypes that are Identical By Descent (IBD). In chapter 3 I separate
European wild and Asian haplotypes within the genome of commercial European
pigs, based on their IBD status. This assignment of IBD haplotypes requires model
populations that represent the different origins of the haplotypes, to allow
inference of geographic origin of haplotypes in the putative hybrid animals. But
shared ancestry in this sense does not require that all of the haplotypes that share
the same geographic origin (Asia or Europe) have similar coalescence times. Even
those continuous stretches of DNA that represent European ancestry only, are still
a collection of different ancestries that have been combined through
recombination into one haplotype. For example, a region under strong selection for
one particular variant that lies on a European haplotype will coalesce much faster
than a neutral region with high mutation and recombination rate. These genomic
regions can be in close proximity on the same chromosome, but still represent very
different coalescent times. This chapter demonstrates that studies about shared
ancestry in the genome should carefully consider the scale at which the shared
ancestry is defined, since genomes are a collection of different ancestries.
8.2.3 Selection and demography

The effective population size in a genome segment that is subject of selection is
altered compared to genome segments that do not experience selection
(Charlesworth 2009). The difference between drift and selection is, that selection
acts locally, while drift acts globally on the genome. Estimates on past and recent
demography, therefore, can be best inferred from (near-) neutral positions in the
genome. Conversely, inferring selection on haplotypes can be done because
selection changes the frequency of haplotypes in a population. Various methods
exist that, explicitly or implicitly, make use of locally reduced coalescence times to
screen for positive selection in a population (e.g. Weir 1984, Gautier 2012, Rubin
2010). Apart from reducing local genetic variation and associated coalescence time,
selection can also increase diversity levels. Climate change is thought to select for
heterozygosity in fur seals (Forcada 2014). Genetic diversity is promoted by
increased fertility in this case. Another well-known example of locally increased
genetic variation in the genome is the major histocompatibility complex (MHC) in
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vertebrates. The role of the MHC in the immune response promotes heterozygote
advantage (Aguilar 2004). Heterozygote advantage results in balancing selection,
and associated higher levels of genetic variation. This heterozygosity advantage
probably results in longer coalescence times than expected under a neutral
scenario. Therefore, inferences of effective population size based on loci under
balancing selection such as the MHC will result in much higher estimates than from
the other parts of the genome.
The number of studies on ROHs is increasing, and indeed I identify ROHs as a
powerful measure for estimating inbreeding and selection. The occurrence of
homozygosity, in the form of ROHs in individual genomes, can have multiple
causes. In chapter 2 I conclude that ROH distribution in pig populations is mainly
determined by local recombination frequency and demography. This does not
imply that the effect of selection is negligible. Selection for particular haplotypes, in
particular if pertaining a selective sweep, can result in ROHs as well (see glossary in
chapter 1). In commercial pig populations the occurrence of ROHs in the same part
of the genome in multiple individuals, indicative of haplotypes under selection, was
more apparent than in wild boar, but still minor. In cattle, however, we see a
contrasting pattern: many ROHs co-occur in similar genomic regions in different
individuals (Ferencakovic 2013a). Populations under strong selection, therefore,
may display ROHs, but this does not imply small Ne outside ROHs. Conversely,
overlapping ROHs in a population with high inbreeding do not necessarily suggest
selection: this can result from inbreeding and therefore the haplotypes that occur
in homozygous state may not be the same. Genomic homozygosity seems to be
population-specific because it results from the interplay between of demography,
selection and genome features. Future research will likely reveal that this applies to
other diploid species as well.
8.2.4 Demography and domestication

Domestication results in a deliberate separation of the domesticated population
and its parent population. Domestication is, therefore, initially indistinguishable
from any other event that results in cessation of gene flow between populations.
This simple definition of domestication defines a domestic population as a subset
of the wild population with cessation of gene flow. Therefore one can expect that
domestication results in a reduction of the genetic variation in the domesticated
population. The use of higherDNA marker densities has enabled researchers to
reveal the complexity of livestock domestication, which was shown to be far more
complex than a single sampling from the wild (Bruford and Bradley 2003). In pigs,
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domestication does not seem to have left a clear population bottleneck (Frantz
2015). This suggests that the majority of the genetic variation that is present in
European wild boar is also present in domestic breeds, even though modern pigs
are phenotypically clearly different from the wild boars. This is probably because
domestication, and subsequent interbreeding with wild boar, happened at
different times and locations. Within this thesis I investigated what the impact of
the domestication process and breed formation was on the levels and patterns of
genetic variation within pigs. I demonstrate in chapter 4 that recent inbreeding
(ROHs) and low genetic variation exists in some breeds, but nucleotide diversity
between breeds in European breeds is comparable to, and even exceeds, variation
in European wild boar.
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8.3 The effects of hybridization
8.3.1 The hybrid nature of genomes

In chapter 3 I show that the genomes of modern commercial pigs are a mosaic of
different haplotypes, each with a distinct demography linked to its sequence.
Goedbloed (2013) and Frantz (2012b, 2013a) have shown that not only commercial
pigs, but also wild boar populations in Europe can be a mixture of different
domesticated and wild populations. Frantz (2013b, 2015) showed that this
hybridization pattern even exceeds species boundaries, resulting in hybrids with
admixed genomes containing haplotypes that diverged roughly 4 Mya. Speciation
with gene-flow is not restricted to pigs; compelling evidence exist for example for
Drosophila (Garrigan 2012), mice (Teeter 2010), and even human (Patterson 2006).
Incongruence in hybridization frequency estimates between different parts of the
genome is frequently observed. Specifically, phylogenetically incongruent results
are often seen between mtDNA, the Y chromosome and autosomal DNA,
suggesting some sex-bias in hybridization. In pigs, estimates of introgression based
on mtDNA (i.e. Fang and Andersson 2008) are indeed higher, compared to my
estimates in chapter 3 and 4, and estimates based on autosomes from other
studies (Groenen 2012). That incongruence suggests that mitochondrial
introgression of mtDNA is facilitated due to lower effective population size and
associated larger drift effects (Currat 2008). Haldane (1922) proposed a biased sex
ratio with an excess of the homozygous sex after hybridization, which has been
observed in bison-cattle for example (Hedrick 2009). These findings highlight the
importance of having multiple independent markers to infer the magnitude of
hybridization and introgression, and to elucidate the mechanisms of introgression.
In chapter 4 I use the information of within-population genetic diversity compared
to between-population variation in order to estimate the presence and number of
introgressed haplotypes. Even without a direct source of introgression, it might
become possible to detect putative introgressed haplotypes on an outlier-basis.
Ideally, one would divide a putative hybrid genome into segments, as displayed in
figure 8.2. Under a simple scenario with a single admixture event between
divergent species, four distributions of genetic variation can be recognized: 1)
Recent inbreeding or selection results in homozygous stretches, so no genetic
variation; 2) Different haplotypes from the same population will result in a
particular distribution of nucleotide diversity such as the blue distribution in figure
8.2; 3) Variation between two introgressed, but not identical, haplotypes result in
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another distribution of either higher or lower average diversity levels such as the
orange distribution; 4) The level of variation between hybrid parts of the genome
that contain haplotypes representing both genetic backgrounds. The elevated
nucleotide diversity in regions that represent mixed origins can aid to determine
the origin of the haplotypes. Other classes can be added, for instance when
hybridization occurred with different species. Wu (2014) demonstrates that such
different distributions of heterozygosity are present within the genome of citrus
species. There is an optimal divergence between populations that will lead to the
best estimates: as soon as distributions start to overlap, inference of ancestry
becomes much more difficult. In Chapter 3 I disentangle the Asian and European
origin of European pigs. I emphasize the possible bias that can occur when
analyzing the demographic history of a population based on hybrid genomes. I
show that population size estimates are inflated when Asian haplotypes are preA

B
A

Figure 8.2 Schematic overview of hybridization in the genome. 8.2A. The hypothetical
distribution of nucleotide diversity between two haplotypes from the same species (blue);
another, more variable species (orange); and between two haplotypes from both species
(hybrid, blue-orange). 8.2B. Local nucleotide diversity within the genome when two
haplotypes are from species 1 (blue), both local haplotypes are from species 2 (orange) or
when the haplotypes come from two different species (hybrid blue-orange).
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sent in European pigs. The solution is to sort the haplotypes in the genome by
origin, and subsequently perform demographic analysis separately for, in the case
of the domestic pigs, the European and the Asian haplotypes.
The existence of a shared polymorphism between members of different
populations can have multiple causes. Convergent or parallel evolution may have
promoted selection for this particular variant in both lineages, so the variant
originated independently in both groups. Alternatively, the shared polymorphism in
both populations is introgression through hybridization. A third possibility is that
this polymorphism already existed in the ancestral lineage, also called incomplete
lineage sorting (ILS). Incomplete lineage sorting can be recognized when a
phylogeny, based on the haplotypes at a particular locus, is incongruent with the
known phylogeny. The incongruence stemming from ILS is a well-known problem in
phylogenetic studies. With the advent of genome-wide analyses, however, the
incongruences have become a source of information on the complex nature of
species formation and population differentiation. It is becoming increasingly
recognized that ILS is widespread, contributing to the mosaic haplotype structure
of genomes. The segments of shared ancestry between commercial pigs in Europe
and Asia that I identify in Chapter 3 are probably a combination of ILS and
introgression. Distinguishing hybridization, which signifies the introgression of
haplotypes after separation of the two lineages, and ILS, which indicates sharing of
haplotypes that stems from before the lineage separation, is a difficult task.
Although incomplete lineage sorting is not easily distinguished from gene flow after
separation of the two lineages, some methods have been developed (Joly 2009,
Choleva 2014). The key of these methods is that the length of shared haplotype
fragments reflects the number of recombination events since introgression, and
therefore represents time. In combination with local recombination frequency and
overall coalescent time estimated from the rest of the genome, this length can aid
in the distinction between introgression and ILS. More context with regard to the
background of the putative admixed populations can also help in resolving this
issue. In chapter 3, for example, I find that the length of Asian haplotypes in
commercial European pigs exceeds the length distribution between Asian wild
boars and European commercial pigs, suggesting hybridization instead of ILS.
8.3.2 The consequences of hybridization

Hybridization combines (genetic) characteristics of divergent populations into one.
Hybrids may contain phenotypes that display intermediate characteristics of two
hybridizing populations. Under natural circumstances, hybrids may respond
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differently to environmental pressure than parent populations. If reproductive
isolation between two species is diminished, hybridization eventually may lead to
the merging of two species into one. Classic examples of this reverse speciation
include finches on the Galapagos Islands that show signs of convergence
(Kleindorfer 2014), and the lineage fusion of two separate Galapagos tortoise
populations (Garrick 2014). A rare phenomenon in reticulate evolution is enhanced
speciation, in which a third, hybrid, lineage actually develops as a separate lineage.
This is occasionally observed, such as a hybrid lineage that developed into a
morphologically distinct third species in bats (Larsen 2010). Sometimes the
increased heterozygosity in hybrids has positive effects on the phenotype, a
phenomenon called heterosis. In livestock production, the advantages of
hybridization are optimally used by combining characteristics of different parent
populations into so-called finishers. The effect of heterosis is attributed to the fact
that co-adapted gene complexes are still intact in the F1, but recessive
homozygotes are minimized (Chen 2013). Because of that, the heterosis effect is
strongest in the first generation. The molecular mechanisms of heterosis however
remain elusive, and will likely receive more attention in the near future now better
genomics techniques are available. There is probably an optimal degree of
relatedness between parents resulting in highest fitness of the offspring (Price and
Waser 1979, Escobar 2008). Outbreeding depression can be seen as the
introduction of maladapted genes into a population that decrease the overall
fitness, or disrupting pleiotropic gene complexes so that local adaptation is
distorted. Overall, introgressed haplotypes are, just as any other haplotype, subject
to the same mechanisms of selection and drift that will determine whether they
will remain in the population.
8.3.3 Adaptive introgression and selection

There are multiple examples of adaptive introgression, which suggest that the
introgression of a novel haplotype can create increased adaptive potential. Hedrick
2013) states that the chance of an introgressed haplotype to persist in a population
is highly increased when the haplotype has some adaptive potential. In chapter 5 I
show that the introgression landscape is highly heterogeneous in the commercial
Large White population and some regions in the genome are generally more Asian
than European, suggesting selection for the Asian haplotypes. We show a
significant effect of the Asian haplotypes on litter size for the introgressed region at
the AHR locus, supporting this hypothesis. In chapter 6 I explore how much the
introgression landscape has been influenced by selection for commercial traits, and
demonstrate that the majority of regions containing an excess of Asian haplotypes
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has an effect on backfat thickness in the Large White population. Together with
lack of clear correlation between introgression signal and recombination frequency
and gene content, this finding suggests that the frequencies of introgressed
haplotypes are mainly determined by selection. In commercial pigs, therefore,
introgression signatures seem to be clustered in regions of the genome where the
introgressed haplotypes have a phenotypic effect that is selected favorably, but the
genome-wide introgression signature is low. Other ‘Success stories’ of adaptive
introgression include the yellow skin allele in chicken (Ericsson 2008) but also highaltitude adaptation in Tibetans that is thought to be adaptively introgressed from
Denisovan-like humans (Huerta-Sanchez 2014). Resistance against the pesticide
warfarin in house mice (Mus musculus domesticus) has been acquired from the
Algerian mouse (M. spretus) through introgressive hybridization. However, no
other evidence of hybridization between these two species exists (Song 2011). In
guppies, locally adapted phenotypes can be maintained despite extensive gene
flow from divergent populations (Fitzpatrick 2015).These examples of introgression
generally pertain ‘qualitative’ traits, so traits with probably few genetic loci
involved. The work described in chapter 6 demonstrates that introgression can also
involve quantitative traits. The records of adaptive introgression follow the same
trend as I describe in chapter 5 and 6: adaptive regions contain high introgression
signatures, but the rest of the genome has a low frequency of introgressed
haplotypes, and therefore selection is one of the major determining forces.
Interestingly, admixture between divergent species offers the possibility to screen
for introgression as an alternative selective sweep analysis. If introgressed
haplotypes indeed persist mainly because of selection, identifying loci with
introgressed haplotypes can reveal selected sites. As ongoing selection for
introgressed haplotypes will likely result in increased diversity levels instead of
reduced diversity, classic sweep analyses are unlikely to pick up selection signals at
these loci. This signal is somewhat comparable to selection on standing variation,
because reduction in variation under that scenario is limited as well. In chapter 5
and 6 we use local frequencies of Asian haplotypes in a commercial population to
search for selective sweeps for Asian variants. I conclude that the introgressed
haplotypes indeed had a selective advantage because of their effect on litter size
and fatness. Whether this selection acted upon a single haplotype or multiple
introgressed haplotypes does not matter for the detection, but these regions would
have remained unidentified without this introgression mapping. Our study
therefore highlights the potential of introgression mapping for the identification of
regions under selection.
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8.4 Genomics in Management
It has become obvious that many species and populations face extinction due to
human activities, to the extent that we are thought to approach the sixth mass
extinction in the history of our planet (Barnosky 2011). Recent estimates of
extinction of currently living species in 2050 are as high as 15 to 40% (Thomas
2013). Not only is much habitat destroyed by the ongoing expansion of the human
population, local infrastructure has fragmented ecosystems resulting in small
isolated populations. In addition, unintentional transportation of individuals led to
invasive species that outcompete, or hybridize with, local species. Disregarding the
moral question whether we are obliged to counteract what we have initiated, time
is running out for many endangered species and populations. Proper management
is crucial if we are to keep them from going extinct.
8.4.1 Populations under genetic management

It is important to obtain a good characterization of the population before applying
management. Levels of inbreeding, but also associated inbreeding effects and
future perspectives with regard to habitat availability are important factors that
should determine conservation priorities. Prediction programs like Vortex have
proven particularly useful in such prioritizations (Lacy 1993). However, the
implementation of genomics as a tool to characterize populations is still limited.
Which measurements and actions can be taken highly depends on the population. I
distinguish three different types of populations under management:
1. Wild: Managing wild populations mostly encompasses the monitoring of the
current status. Fragmentation, even by small disturbances such as motorways, can
significantly reduce gene flow between populations. However, the effects on
genetic diversity may be species-specific (Frantz 2012a). Species-specific knowledge
may therefore be relevant for directing conservation efforts. Estimating numbers
can be done through surveys, but genomics can aid in assessing inbreeding levels,
genetic diversity, genetic load and admixture. Based on these outcomes, further
decisions can be made for promoting gene-flow by increasing mobility of
individuals through corridors, translocation or reintroduction.
2. Captive: In captive populations, generally, individuals can be distinguished and
a well-founded estimate of the population size can be generated. Captive
populations usually are not subjected to selection, apart from (unintentional)
selection because of differential captive survival potential of individuals. In this
aspect lies the distinction with domestic populations. If reproduction can be
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managed in captive populations, optimal contributions (OC) can be applied. If not,
the population should be tightly monitored, possibly with pedigrees, to keep insight
in the population composition (i.e. determine paternity). If inbreeding and/or
diseases are problematic, detection and removal of the causative haplotypes can
be an option. Hybridization or allocations should only be done if another captive or
wild population of the same species is available AND has been genetically
characterized for suitability.
3. Domesticated: Domesticated species are usually under strong artificial
selection directed to a specific breeding goal. The question to answer by genetic
screening is whether the utility of the domestic population can be maintained or
optimized. Maintaining variation is not a goal per se, but is considered important
because it may be needed to keep inbreeding at an acceptable level and provides
the raw material to select on. Very extensive genetic screening and genomic
selection can be applied to some of these populations. Reference genome or highdensity SNPchips are often available. Actually, genomic selection is a particular type
of genetic management and a technique that is indispensable in the current
breeding industry.
8.4.2 Advances of genomics in management

Next-generation sequencing (NGS) has provided unprecedented opportunities in a
wide range of different fields in biology, like conservation biology, selective
breeding and medicine. Sequencing costs will likely decrease rapidly, and accuracy
of genotyping species will be much improved (Ekblom 2011). Genomics provides
several advances to improve population management and conservation.
Taxonomic status and phylogenetic relationships can be better assessed, and
putative hybridization can be revealed and pinpointed in the genome. Genotype
and sequence information can be used to maximize variation with breeding
schemes. Also, particular variants under selection or deleterious mutations can be
identified.
All forms of population management aim to maintain genetic diversity levels as
high as possible. Maximizing variation, however, may lead to an increase of
deleterious variants in the population, and according to the rule of Hardy-Weinberg
(Hardy 1908), these will also occur in homozygous state if their selective
disadvantage is ignored. Therefore, aiming for the highest possible variation is not
always the best strategy to manage variation in population (deCara 2013b). In
chapter 7 I use the distribution of haplotypes in a commercial population and a zoo
population to optimally manage the population in silico. I demonstrate that
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coancestry measures based on molecular markers outperform pedigree-based
measurements. In addition, ROH-based method maintained a higher fitness level in
the population than OC based on all markers, because more homozygous
recessives are removed. In our simulations we used predicted deleterious sites as a
proxy for fitness, and randomly assigned their effect based on a realistic
distribution (Mukai 1972). Identifying deleterious variants in a genome will become
easier and more reliable in the near future. Implementing estimates of effects of
deleterious variants into breeding programs is therefore not unrealistic. In the
future, it might become possible to estimate the selection coefficient s and
dominance h from sequence data, but for now we still need to make assumptions
about the putative effects of the variants. I show in chapter 7 that management
strategies may influence ongoing selection by reducing the frequency of selected
haplotypes. Therefore, haplotypes under selection should be considered in the
breeding scheme as well, so that their high frequency is maintained despite the
effort to optimize diversity. These types of marker-assisted management are
feasible for populations in which the genomic information can be implemented in a
breeding scheme. For wild populations, other management strategies should be
applied.
A common reason why native populations facing rapid environmental changes
become endangered is phenotype-environment mismatch (Carroll 2014).
Reduction of this mismatch is desirable, also for failing (re-) introduced populations
or captive populations. Genomics can aid in this matter by, for example, identifying
variants that result in maladaptation. Particular genomic segments containing
disadvantageous alleles can be selectively removed from the population by
minimizing their contribution to future generations. However, controlling
contributions to future generations is not always possible. In addition, standing
genetic variation may very well not contain the desired variants that will lead to
better adaptation. Therefore, other populations can be screened for suitable
variants that could reduce the maladaptation. Improvement of diversity levels
and/or fitness through the introgression of genetic material from another source is
referred to as ‘genetic rescue’ (Whitley 2015). Some well-known success stories of
genetic rescue are the Florida panther (Johnson 2010, Hostetler 2013) and South
Island robin populations (Heber 2013). Such genetic rescue efforts do come with
potential risks (Thomas 2013). Some species are thought to be resilient against
inbreeding depression (Fountain 2015). Especially if small population size is a
characteristic of the species, ‘genetic rescue’ might not be desirable because of the
potentially more harmful effects of outbreeding depression (Lynch 1991). General
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predictions about the outcome of hybridization are difficult, since specific
circumstances seem to have a high impact on the persistence and effects of
introgressed haplotypes in a population (Abbott 2013). Patel (2015) uses the
characteristics of two hybridizing, cryptic, snail species to predict the direction of
allele frequency change in the hybrid zone because of climate change. These types
of predictions on the suitability of genetic material belonging to closely related
species could also be used to determine the most suitable source for genetic rescue
of endangered populations in a changing environment. This strategy will probably
be most useful when visible phenotypic differences are small, so that genomics
techniques add to the determination of suitability.
A general concern regarding genetic rescue is whether admixture threatens the
integrity of a species. With regard to genetic diversity, admixture with another
population or even species might eventually maintain more of the original genetic
variation from the source population than when no genetic rescue is applied. An
interesting example is the North American bison population that nowadays consists
of roughly half a million individuals, but descended from only 100 individuals in the
th
late 19 century. Admixture with domestic cattle to genetically rescue the bison
population has occurred more than once, and nearly all bison populations contain
some cattle ancestry. But without this introgression, probably more bison-specific
haplotypes would have been lost (Hedrick 2009). The pattern of the introgression
landscape in pigs (chapter 5 and 6) shows that undesired haplotypes, or haplotypes
without effect on the phenotype, may disappear from the population, leaving
mostly those that confer a selective advantage. This is in agreement with the
predictions by Hedrick (2013), and demonstrates that indeed introgressed
haplotypes can be maintained only at those loci where they are desired. However,
a reintroduction event of beavers in France unintentionally caused hybridization
with North American beavers. The non-native and hybrid beavers are thought to
outcompete the native lineage, threatening their survival (Dewas 2012). The level
of asymmetry between mixing populations may influence how much introgressed
haplotypes will persist, but also the selective advantage of the introgressed
haplotypes. A potential solution here is to reduce the proportion of introduced
haplotypes as much as possible. Could fine-scale haplotype identification also lead
to the second step of removal of most of the introgressed haplotypes so that the
population remains as ‘pure as possible’? I do believe that by identifying
introgressed haplotypes as described in this thesis and optimizing contributions of
individuals containing less introgression, the proportion of introgressed haplotypes
can potentially be reduced. Such controlled breeding is often impossible in the
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wild, and therefore the suitability of a donor population should be carefully
considered.
8.4.3 Future perspectives in genomic management

Characterizing the complete genomic sequence of individuals will become feasible
for all species. Promising new tools are under development and it is a matter of
time before genome scans can be cost effectively executed. This may create the
possibility to obtain full genome information for all individuals in a population.
Unfortunately, identification of variation is not sufficient to maintain all variants in
a small population. The genomic management techniques that I described in
chapter 7 will be able to slow down the degradation of genetic variation in an
isolated small population, but eventually this is just a way to buy time. Even if the
best conservation method cannot guarantee viability of the population in the long
run, buying as much time as possible can nevertheless be of vital importance. E.g.,
circumstances may change in time so that the population can recover in the wild by
itself. Alternatively, genome-editing technology may, in the not too distant future,
rectify accumulation of deleterious variants. This obviously would require that the
population or species at risk survives long enough to make these techniques
economically feasible. My expectation is that habitat recovery, required for
population growth, will probably come too late, if ever, for most endangered
species. Therefore, tweaking genetic variation for the benefit of species or
population survival is a more realistic scenario, and becomes necessary for the
future conservation of species.
The fate of a population can be determined by a single mutation only. In Californian
condors, for example, one variant is thought to cause lethal dwarfism, but this
variant is present in high frequency due to founder effects (Ralls 2000). Excluding
individuals with this variant from breeding will reduce the effective population size
even further. If the effect of a certain mutation, like in this example, is very well
predicted and severe, the modification of a gene might be the best solution
(Thomas 2013). Modification could either be direct by changing one or a few
nucleotides in the sequence, or transplanting any genetic material from another
source into the genome. Crop breeding has a relatively long history in genetic
modification, and a successful example is the insertion of genes that induce
drought tolerance in plants (Ashraf 2010). Also in the medical world, the benefits
from genetic modification and gene therapy are already explored in medical trials
(Tachibana 2013). These practices can be adapted to fit current needs in
conservation biology. How to genetically modify organisms so that they are better
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adapted to their current/changing environment? The most conventional manner is
to transport a known “good gene” from a closely related population or species into
the genome of individuals contributing to the endangered population. Such
facilitated adaptation can have great benefits over crossbreeding, because the
possible complications of outbreeding depression are reduced. Therefore, repairing
genetic accidents by artificially inserting some genetic material from another
source at one particular locus in the genome might be a better option than
crossbreeding, because more authentic material can be maintained. Genome
editing does not even require external material and simply using information of
which variants used to be (or should be) present may be enough to (re)create the
desired genotype. Overall, threatened populations should first be well
characterized, since the best management strategy seems highly specific. More
research on the genomic consequences of inbreeding and hybridization, such as
the work in this thesis, will help in predicting the effects of different management
strategies and making the best decisions to conserve threatened populations.

8.5 Concluding remarks
In this thesis, I disentangled the mosaic haplotype structure of multiple pig and wild
boar populations. This thesis provides a detailed example of how genomes are
affected by demography, hybridization and selection. These results are valuable for
characterization and management of endangered species as well as livestock
populations. However, detailed genomic information in combination with potential
phenotypic consequences will not be enough to be able to conserve relevant
evolutionary units under threat of extinction. We have entered an era in which
fine-scale predictions about genomic effects of mixing populations and the putative
effect of even single nucleotide polymorphisms are crucial in conservation biology.
The insights gained in this thesis stress the need for genetic diversity measures at
multiple levels, in order to best manage populations and potential genetic
resources.
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The genome is a mosaic, consisting of a collection of DNA segments that represent
different ancestries. The work described in this thesis contributes to our
understanding of the factors influencing genomic variation, using the pigs as a
model. I analyzed re-sequence and genotype data from hundreds of pigs and wild
boars to answer questions about the underlying mechanisms that shape genomic
variation. With this thesis I provide a comprehensive overview of the effects of
demography, hybridization and selection on diversity patterns in the genome.
In chapter 2 I demonstrate that regions of homozygosity in individual genomes are
shaped mainly by (local) recombination frequency and demographic history of the
population. Also selection for particular haplotypes can result in Regions Of
Homozygosity (ROH), often also visible in the population as a selective sweep.
ROHs are more frequent in European pigs compared to Asian pigs, especially in
European wild populations. We demonstrate that overall heterozygosity in a
genome is not a direct predictor of ROH occurrence, since they refer to different
time points in demographic history. The fundamental insight gained is, that effects
of inbreeding are contingent on location in the genome. These findings underline
the importance of not only the population dynamics, but also the genome
architecture, of managed and wild populations, to understand inbreeding patterns.
Chapter 3 discusses the consequences of introgression of Asian haplotypes into
European domesticated pig lines. I provide a detailed analysis of the influence of
human induced hybridization in commercial pigs. The Asian haplotypes generally
increase local nucleotide diversity in the genome, resulting in domesticated pigs
with a higher level of variation than the source population that they were
domesticated from (European wild boars). Length and abundance of these
introgressed haplotypes correlate negatively with recombination rate, similar to
the findings for ROHs in chapter 2. I also elaborate on the possible bias that can
occur when analyzing the demographic history of a population based on hybrid
genomes.
Chapter 4 provides an in-depth analysis of the patterns of variation on
chromosome 1, with special emphasis on the contribution of Asian introgressed
haplotypes to the level of variation in European commercial pigs. In this paper we
use haplotype homozygosity on pig chromosome 1 as a model for genetic diversity
in pigs. In this chapter I conclude that most variation within the species is captured
by the Asian pigs and wild boars. I also show that it is highly unlikely that
concurrent hybridization between European populations leads to the high level of
variation that is observed in commercial breeds, and conclude that the Asian
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introgression rather than mixing European wild populations causes the higher
genetic diversity in European commercial pigs.
Adaptation, by means of hybridization, may play a major role in evolution. In
chapter 5 I demonstrate that adaptive introgression is not restricted to natural
settings. I provide an example of human induced “adaptive” hybridization to
improve a domestic species. I show that the introgression landscape is highly
heterogeneous in the commercial Large White population and some regions in the
genome are generally more Asian than European, suggesting selection for the Asian
haplotypes. I further find a significant effect of the Asian haplotypes on litter size
for the introgressed region at the AHR locus, supporting this hypothesis.
In chapter 6 I explore how much the introgression landscape has been influenced
by selection for commercial traits. The majority of regions that contain an excess of
Asian haplotypes has an effect on backfat thickness in the Large White population.
Moreover, I demonstrate an additive effect of Asian haplotypes on backfat over
these introgressed regions. Together with almost no correlation between
introgression signal and recombination frequency and gene content, this finding
suggests that the persistence of introgressed haplotypes is mainly determined by
selection.
In chapter 7 I utilize the distribution of haplotypes in a commercial Pietrain
population and a zoo population of the endangered Sus cebifrons to optimally
manage each population. In this study I introduce a new concept in population
management by implementing information derived from next-generation
sequencing into breeding programs. I use the prediction of putative deleterious
variants as a proxy for fitness and measure coancestry based on identity-bydescent (IBD) segments in the genome. I demonstrate that coancestry measures
based on molecular markers outperform pedigree-based measurements, but also
that optimizing variation does not necessarily result in the highest fitness. On top
of that, these management strategies may influence ongoing selection by reducing
the frequency of selected haplotypes.
Finally, in chapter 8 I place my findings in a broader perspective. I discuss how finescale haplotype patterns in genomes are a treasure-trove of information about the
demographic and selective history of the population. I discuss different populations
under management, which types of genetic characterization we can apply and what
the feasibility is of implementing genomics into the management plan. I conclude
with some future perspectives on genomics in conservation. My findings
demonstrate that a single genome contains information on the demographic
history of a population, from ancient bottlenecks till recent inbreeding,
hybridization and selection.
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Het genoom is een mozaïek, bestaande uit een collectie van DNA-segmenten die
verschillende herkomsten representeren. Het werk dat in deze thesis beschreven
is, draagt bij aan ons begrip van de factoren die genomische variatie beïnvloeden,
met het varken als modelorganisme. Ik heb re-sequence en genotype data
geanalyseerd van honderden varkens en wilde zwijnen om vragen te
beantwoorden over de onderliggende mechanismen die genomische variatie
vormgeven.
In hoofdstuk 2 toon ik aan dat regio's van homozygositeit (ROH) in individuele
genomen voornamelijk bepaald worden door (lokale) recombinatie frequentie en
demografische geschiedenis van de populatie. Ook selectie voor bepaalde
haplotypen kan resulteren in ROHs, vaak ook zichtbaar in de populatie als een
'selective sweep'. Vergeleken met Aziatische varkens zijn ROHs frequenter
aanwezig in Europese varkens, voornamelijk in Europese wilde populaties. We
laten zien dat globale heterozygositeit in een genoom geen directe voorspeller is
van het voorkomen van ROHs, aangezien ze refereren naar verschillende
tijdspunten in de demografische geschiedenis. Het fundamentele inzicht dat hier is
verkregen is dat de effecten van inteelt afhangen van de locatie in het genoom.
Deze vindingen onderstrepen niet alleen het belang van de populatiedynamiek,
maar ook de genetische architectuur van gemanagede en wilde populaties, om
patronen van inteelt te begrijpen.
Hoofdstuk 3 bediscussieert de consequenties van introgressie van Aziatische
haplotypen in Europese gedomesticeerde varkenslijnen. Ik verstrek een
gedetailleerde analyse van de invloed van humaan-geïnduceerde hybridisatie in
commerciële varkens. In het algemeen verhogen de Aziatische haplotypen de
lokale nucleotidevariatie in het genoom, wat resulteert in gedomesticeerde
varkens met een hoger niveau van variatie dan de oorspronkelijke populatie
waaruit ze gedomesticeerd zijn (Europese wilde zwijnen). De lengte en hoeveelheid
van
deze
ingekruiste
haplotypen
correleren
negatief
met
de
recombinatiefrequentie, vergelijkbaar met de bevindingen voor ROHs in hoofdstuk
2. Ook wijd ik uit over de mogelijke bias die kan ontstaan wanneer de
demografische geschiedenis van een populatie bepaald wordt op basis van hybride
genomen.
Hoofdstuk 4 verschaft een diepteanalyse van de patronen van variatie op
chromosoom 1, met speciale nadruk op de bijdrage van Aziatische ingekruiste
haplotypen aan de niveaus van variatie in Europese commerciële varkens. In dit
artikel gebruiken we haplotype homozygisiteit op het chromosoom 1 van varken als
205

Samenvatting

een model voor algemene genetische variabiliteit in varkens. Ik concludeer in dit
hoofdstuk dat de meeste variatie binnen de soort gevat wordt door de Aziatische
varkens en wilde zwijnen. Ik toon eveneens aan dat het hoogst onwaarschijnlijk is
dat herhaaldelijke hybridisatie tussen Europese populaties geleid kan hebben tot
het hoge niveau van variatie dat geobserveerd is in commerciële varkensrassen.
Hierbij concludeer ik dat voornamelijk de Aziatische introgressie ten opzichte van
het mixen van Europese wilde populaties de hogere genetische diversiteit in
Europese commerciële varkens heeft veroorzaakt.
Adaptatie, aan de hand van hybridisatie, zou een grote rol kunnen spelen in
evolutie. In hoofdstuk 5 toon ik aan dat adaptieve introgressie niet beperkt is tot
natuurlijke omstandigheden.
Ik geef een voorbeeld van door mensen
teweeggebrachte 'adaptieve' hybridisatie om een gedomesticeerde soort te
verbeteren. Ik laat zien dat het introgressielandschap uiterst heterogeen is in de
commerciële Large White populatie, en dat sommige regio's in het genoom meer
Aziatisch dan Europees zijn, wat selectie voor de Aziatische haplotypen suggereert.
Verder vind ik een significant effect van de Aziatische haplotypen op de
worpgrootte voor de introgressieregio op het AHR locus, wat deze hypothese
ondersteunt.
In hoofdstuk 6 onderzoek ik hoeveel het introgressie landschap in Europese
varkens beïnvloed wordt door selectie voor commerciële kenmerken. Het
merendeel van regio's die een overvloed aan Aziatische haplotypes hebben, heeft
een effect op de dikte van rugspek in de Large White populatie. Bovendien
demonstreer ik een additief effect van de Aziatische haplotypen op rugspek over al
deze geïntegreerde regio's heen. Tezamen met haast geen correlatie tussen het
introgressiesignaal en de recombinatiefrequentie en gendichtheid, suggereren deze
resultaten dat de persistentie van geïntroduceerde haplotypen voornamelijk door
selectie bepaald wordt.
In hoofdstuk 7 gebruik ik de distributie van haplotypen in een commerciële
Pietrainpopulatie en in een dierentuinpopulatie van het zwaar bedreigde Sus
cebifrons zwijn om elke populatie optimaal te beheren. In dit onderzoek
introduceer ik een nieuw concept in populatiemanagement door middel van de
implementatie van informatie afkomstig van next-genetarion sequencing in
fokprogramma’s. Ik gebruik de voorspelling van vermeende schadelijke mutaties als
een proxy voor fitness en ik meet gemeenschappelijke afstamming op basis van
identity-by-descent (IBD) segmenten in het genoom. Ik toon aan dat metingen van
gemeenschappelijke afstamming gebaseerd op moleculaire merkers nauwkeuriger
zijn dan metingen op basis van stamboek gegevens, maar ook dat het
optimaliseren van variatie niet noodzakelijkerwijs leidt tot de hoogste fitness. Deze
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managementstrategieën kunnen bovendien mogelijk voortdurende selectie
beïnvloeden doordat ze de frequentie van geselecteerde haplotypen reduceren.
Tenslotte plaats ik mijn resultaten in hoofdstuk 8 in een breder perspectief. Ik
bediscussieer hoe haplotype patronen op fijne schaal in het genoom een schat aan
informatie bevatten over de demografische en selectie geschiedenis van een
populatie. Ik behandel verschillende populaties onder management, welk type
genetische karakterisering we hierop kunnen toepassen en wat de haalbaarheid is
van het implementeren van genomics in het managementplan. Ik sluit af met een
aantal toekomstperspectieven op het gebruik van genomics in natuurbehoud. Mijn
bevindingen demonstreren dat een enkel genoom informatie bevat over de
demografische geschiedenis van een populatie, van oeroude bottlenecks tot
recente inteelt, hybridisatie en selectie.
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Chapter 2

Figure S2.1 Phylogenetic tree for all 52 sequenced individuals. Distances are based on the genotypes
on the Illumina Porcine 60K iSelect Beadchip. Three main clusters can be observed: The other Sus
species originated from the South-East Asian Islands, The wild and domesticated Asian Sus scrofa and
the European wild and domesticated Sus scrofa. Branch lengths may be affected because of the
ascertainment bias introduced by the focus on variable sites in European pigs during SNP chip
construction.
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Figure S2.2 Distribution of nucleotide diversity over chromosome 1. The x-axis displays the physical
position on the chromosome in bp and the y-axis shows the corrected number of SNPs that was called in
bins of 10kbp. Data is shown for a Dutch wild boar from the Veluwe, for a pig from the European
Pietrain breed, for a wild boar from North China and for a wild boar from a Japanese island.

Figure S2.3 Estimation of demographic history and population size with the Pairwise Sequentially
Markovian Coalescent (PSMC). The x-axis displays the years back in time, and the y-axis shows the
estimated effective population size N. Data is shown for Two Asian wild boars from North (red) and
South China (green) , and two European wild boars from the Netherlands (purple) and France (blue).

227

Data availability and supplementary material

Figure S2.4 Correlation between genomic gene content and ROH frequency. A. Distribution of gene
content over relative chromosomal position, plotted for all chromosomes separately. Metacentric
chromosomes are displayed in blue and acrocentric chromosomes in red. Relative gene content plotted
against ROH frequency for small (B), medium (C) and large size ROHs (D). ROH distribution is given for
four groups: European breeds (red), European wild boars (green), Asian breeds (purple) and Asian wild
boars (including the Japanese, orange).
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Figure S2.5 Comparison between the genomic data and 60K data on ROH number and cumulative size.
The x-axis displays the number of ROHs that was counted for each individuals, and the y-axis shows the
cumulative size of ROHs per individual. Data is shown for Genomic data (blue) and 60K data (red). All 52
sequenced animals are included in the analysis. Only for the 60K data the names of the individuals are
included, showing that for the non Sus scrofa species (Warthog, Sus verrucosus, Sus cebifrons, Sus
celebensis and Sus barbatus) and for the Japanese wild boar (WB20U02) the number and size of ROHs
based on the 60K data are overestimated compared to the number and size of ROH based on the
Genomic data. This is probably due to the ascertainment bias that is introduced to the 60K data because
the chip is constructed based on polymorphisms that are found in European pig breeds
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Figure S2.6 Example of ROH detection test where SNP distribution was randomized. The x-axis shows
the number of SNPs, averaged over all bins within a ROH, relative to the genome-wide average number
of SNPs in a bin. The length of the ROH in terms of consecutive bins is displayed on the y-axis. ROH
calculation was executed as explained in the methods section, except for the cutoff of 0.25 times the
genomic average. The red dots display the true distribution of ROH length and SNP count within an
individual. The blue dots show the distribution after permutation. As can be seen in the plot, the true
distribution and the distribution based on a randomized SNP distribution over the genome differ
significantly below a relative SNP count of 0.25 times the genomic average per ROH. Values below the
cutoff are shown in orange for the true distribution, and lightblue for the randomized distribution.

Figure S2.7 Example of ROH calculation. The x-axis represents the location on the chromosome and the
y-axis shown the corrected number of SNPs that were counter per bin of 10Kbp. The blue dotted line
represents the chromosomal average and the purple line 2* the average. The mutation rate μ = 2.5*10ˉ8
(=0.0025 SNP per bin of 10kbp) and the false discovery rate is 0.0002 (2 SNPs per bin). The maximum
SNP count in a ROHbin is in this case 0.25*10= 2.5, because (2+0.0025)< 2.5. The star indicates one bin
within a ROH with SNP count 20. Because the local maximum does not exceed 2* the average (=20) and
the maximum average of 10 surrounding bins (=(9*2.5 +20)/10) = 4.3) does not exceed 2/3 times the
average (=6.67) the bin is included in ROH1. Because the bins between ROH1 and ROH2 locally do
exceed this maximum, they are not considered as being part of a ROH.
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Table S2.1 Summary statistics of all sequenced individuals. The first two columns “Background” and
“Groups” define the background of the individuals. The individuals that are included in the European
breeds belong to the Duroc, Hampshire, Landrace, Large White and Pietrain breeds. The Chinese breeds
are Jhianquai, Meishan and Xiang. European wild boars are The Dutch, French and Italian individuals and
the Asian wild boars come from Japan and China. The Sus barbatus, Sus cebifrons, Sus celebensis, Sus
verrucosus and Warthog (Phacochoerus africanus) are clustered in the group other species. The column
“Individual” displays the codes for each individual pig. The average ROH size in bp within an individual is
shown in column 4. The total number of ROHs detected within an individual is displayed in column 5.
Column 6 shows the average nucleotide diversity in the genome of an individual, outside ROHs. The
seventh column displays the average coverage in read depth for each sequenced individual. The last
column shows the relative coverage of the genome of each individual, for which each base has at least a
read depth of 7 and a maximum read depth of 2 times the average coverage.
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Table S2.2 Summary statistics of all individuals genotyped on the Illumina Porcine 60K iSelect
Beadchip. The first two columns “Background” and “Groups” define the background of the individuals.
The total number of ROHs detected by PLINK is shown in the fourth column. The last column displays
the total sum of ROHs in the genome.
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Table S2.3 List of GO-IDs that were overrepresented in the Large White ROHs. Genes from all genomic
regions that were homozygous in all Large Whites were extracted. The GO-IDs in column 1 were
overrepresented in these ROH regions (p-values in column B, Benjamini and Hochberg corrected pvalues in column C). The description of the corresponding biological process is shown in column D and
all genes that contributed to the GO group are listed in column E.
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Table S2.4 List of GO-IDs that were overrepresented in the European wild boar ROHs. Genes from all
genomic regions that were homozygous in all European wild boars were extracted. The GO-IDs in
column 1 were overrepresented in these ROH regions (p-values in column B, Benjamini and Hochberg
corrected p-values in column C). The description of the corresponding biological process is shown in
column D and all genes that contributed to the GO group are listed in column E.
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Chapter 3

Figure S3.1 Schematic overview of all pairwise comparisons used in the IBD detection. All individuals
from the LW breed and MS breed are shown in the top two columns. All individuals used for pairwise
IBD detection are shown in the bottom 4 columns. Those individuals highlighted in yellow (LW) and blue
(MS) are included in both the breed-group and the Domestic-group. When these two groups are
compared, i.e. LW with EUDom, all pairwise comparisons are made except for those where individuals
are compared to themselves (because this will result in a full IBD genome).

Figure S3.2 Admixture for all 70 pigs with K ranging from 1 to 5. The percentages of each assigned
population contributing to the genetic variation in each individual is plotted for K=3 and K=4. Crossvalidation errors are shown for K=1-5.
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Figure S3.3 Example of the distribution of IBD haplotypes in the genome of a LW pig. Regions in the
genome from one LW pig in bins of 10Kbp where one of the two haplotypes is IBD with EUDom (orange)
and EUWB (red), ASDom (black) or ASWB (green). Bins are plotted on top of each other, so the same bin
might contain a haplotype that is IBD with individuals from different pig groups simultaneously.

Figure S3.4 Distribution of haplotypes shared with ASDom over the genome of 9 LW pigs. The full
length of all 18 autosomes is represented on the x-axis and each individual LW pig is listed on the y-axes
(1 to 9). Regions of the genome in which a LW pig shares a haplotype with an ASDom pig are visualized
in blue.
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Figure S3.5 Distribution of nucleotide diversity between the two haplotypes in an individual. The xaxis displays the log-transformed nucleotide diversity (π) within a bin of 10Kbp in an individual, and the
y-axis shows the relative frequency of that particular class of π in the full dataset. A. Relative distribution
of π for regions in the genome where at least one of the two haplotypes in a LW individual is IBD with
ASWB (red), ASDom (orange), EUDom (blue) and EUWB (green). The top left figure shows the full
histogram, and the large graph zooms in on the bins>0. B. Size and nucleotide diversity of IBD fragments
(both log-transformed) in LW pigs that are shared with EUDom (blue), EUWB (green), ASDom (orange),
ASWB (red). Lines represent the average of each size-class.
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Table 3.1 Overview of re-sequenced individuals that are used in the experiment. The origin of each
sample is shown in the column "Origin" and the breed name or geographical region of the population is
found in the column "Groups". The usage of each individual in the experiment is explained in the column
"Usage" where "phasing" represents individuals that are used only for phasing the data, “analysis”
indicates that these individuals are used in the LW or MS group to do the analyses on and "IBD" means
that these individuals were also used for pairwise IBD comparisons.

239

Data availability and supplementary material

Chapter 4

Figure S4.1 Haplotype homozygosity and consistency over chromosomes. A. Distribution of haplotype
homozygosity between all possible pairs of haplotypes on chromosome 1. The first peak around 0.725
contains all haplotypes paired with a haplotype from Sumatra. The second peak at 0.825 represents all
haplotypes paired with a Chinese wild or Chinese domesticated haplotype. The third peak round 0.92
shows all paired European haplotypes. B. Consistency over chromosomes. The x-axis displays
homozygosity between haplotypes from chromosome 1, and the y-axis shows the homozygosity
between the same pairs of haplotypes for chromosome 18.

Figure S4.2 Runs of homozygosity between paired haplotypes. ROHs on chromosome 1 are recorded
between pairs of haplotypes that belong to the European wild group (green) or the European
commercial group (blue). A. Number of ROH and average ROH length when a haplotype is paired with a
European domestic haplotype B. Number of ROH and total ROH length when a haplotype is paired with
a European domestic haplotype C. Number of ROH and average ROH length when a haplotype is paired
with a European wild haplotype D. Number of ROH and total ROH length when a haplotype is paired
with a European wild haplotype.
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Chapter 5

Figure S5.1 Bayesian trees for haplotypes covering the two largest regions of introgression. Coloration
is based on the three different pig groups: Asian domesticated pigs (orange), European wild boars
(green) and European domesticated pigs (blue). All individuals that are included in the pairwise
comparisons as described in the methods section are included. A. Phylogenetic tree based on all
markers in the dataset. B. Tree based on the introgression region on chromosome 8 (rIBD>0). Each
individual has two haplotypes in the tree. C. Tree based on the introgression region on chromosome 9
(rIBD>0). Each individual has two haplotypes in the tree.

Figure S5.2 Signatures of selection based on EHH in Large White. Regions of extended haplotype
homozygosity within 56 LW individuals are identified for each chromosome. A. Correlation between iHS
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significance signals (y-axis) and rIBD signals (x-axis) in LW, averaged over 500kb. B. The iHS signals in LW
are polarized with iHS signals in a reference panel of 4 other European breeds, resulting in rSB
(standardized ratio of iES). C. Significance of the rSB signals in LW for each chromosome.

Figure S5.3 Allele frequencies for markers surrounding the introgression region on chromosome 8.
Allele frequencies are displayed for each 60K marker (44 total) that lies within the longest introgression
region on chromosome 8. Frequencies are calculate for two reproduction-associated lines (line A,
N=1053 and Line B, N=568) and one growth-associated line (Line C, N=965).

Figure S5.4 Extended haplotype homozygosity in Large White at the AHR locus. Regions of extended
haplotype homozygosity within 56 Large White individuals are identified for chromosome 9. A. The

242

Data availability and supplementary material

distribution of rIBD in LW over the full length of chromosome 9. The AHR locus is indicated with an
arrow, resulting in the highest peak of rIBD. B. Significance of the iHS signals in LW for chromosome 9,
averaged over 500kb. C. Significance of the nSL signals in LW for chromosome 9, averaged over 500kb.
D. Extended haplotype homozygosity of the ancestral allele in LW at the AHR locus. E-F. Bifurcation
diagrams of the breakdown of LD at increasing distance from the AHR locus.

Table S5.1 Overview of re-sequenced individuals that are used in the experiment. The origin of each
sample is shown in the column "Origin" and the breed name or geographical region of the population is
found in the column "Groups". The usage of each individual in the experiment is explained in the column
"Usage" where "phasing" represents individuals that are used only for phasing the data, and "analysis"
means that they were also used for pairwise IBD comparisons.
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Table S5.2 Overview of introgressed regions in the Large white genome. Regions in the genome where
Asian introgression is most pronounced (ZrIBD >2) and the genes within these regions are listed. "Start"
represents the startbin of 10.000bp and length indicates how long the stretch within the region of
inferred introgression is.
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Chapter 6

Figure S6.1 Frequency of Asian haplotypes in introgressed regions per individual. The x-axis displays
the sum of “C” alleles (=number of Asian haplotypes) that are observed for an individual, summed over
all 11 regions of introgression. The y-axis contains the frequency of individuals in the Large White
population that are observed to have the associated number of Asian haplotypes.

Figure S6.2 Detailed introgression signals of chromosome 6, 8 and 9.
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Table S6.1 Regions with average introgression signal ZrIBD >2. Regions with average introgression
signal ZrIBD >2. "E" allele stands for a European haplotype and "C" allele stands for an Asian (Chinese)
haplotype. Regions indicated in red are discarded based on their allele frequencies. Italicized regions are
merged with the neighboring region and regions in bold pased the hardy-weinberg threshold.

Table S6.2 Extreme 1% tails of the introgression distribution, based on 1Mb bins over all autosomes.

* Groenen et al. 2012 indicate that this region has also been found to be selected in European wild boar
** Rubin et al. 2012 report this region as being under selection in European domestic pigs
*** This region was found to be introgressed and selected in Wilkinson et al. 2013
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Chapter 7

Figure S7.1 Relationship between the S. cebifrons individuals. A. Pedigree of the captive zoo
population that the 5 re-sequenced individuals are sampled from. Inbreeding coefficients for breeding
individuals are displayed below the number of the individual, and the number of non-breeding offspring
from a particular breeding couple is shown within squared boxes. Sampled individuals are indicated with
a red dot. B. Neighbor-joining phylogenetic tree of the 7 re-sequenced S. cebifrons individuals.
Individuals highlighted in blue are from the San Diego Zoo and are used for the in silico management.
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Figure S7.2 Relationship between all Pietrain individuals. Neighbor-joining phylogenetic tree of all
Pietrain individuals that were used for the in silico management. We used Large White and Landrace
pigs as outgroup.

Figure S7.3. Runs of homozygosity in the Pietrain population. ROHs within individual genomes in the
Pietrain population before the management are displayed per chromosome. The x-axis displays the full
length of each chromosome in bp and individuals are listed on the y-axis so that each line represents the
genome of one individual. ROHs are indicated in blue.
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Figure S7.4 Fitness and diversity during management of the Pietrain population. The change in fitness
and observed heterozygosity (OH) during 10 generations of management is displayed for 5 different
management strategies. A. Fitness change over 10 generations of management when a dominance
coefficient of 0.5 and selection coefficient of 0.005 is applied. B. Fitness change over 10 generations of
management when a dominance coefficient of 0.35 and selection coefficient of 0.005 is applied. C.
Observed heterozygosity during 10 generations of management.
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Figure S7.5 Effect of management on selective sweeps in the Pietrain population. Signatures of
selection are measured as extended haplotype homozygosity (iHS signal) in the Pietrain population
before and after management. A displays a histogram of the difference in iHS signal for each marker
before and after 5Mb segment-based, molecular-based and genealogical-based management. B
Genome-wide view of the correlation between the p-value of the iHS signal before management, and
the magnitude of difference between iHS signal before and after management. The physical location on
the chromosome in bp for each marker is indicated on the x-axis. The significance levels of the iHS signal
before management are indicated in black, and displayed on the y-axis (-logp) and range between 0 and
4, so that markers with a signal >2 are considered to be significant. Differences in iHS signal per marker
are indicated in grey and range from 0 to -5, with a strong negative number indicating a large difference.
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Table S7.1 GO-enrichment analysis of genes containing deleterious variants. List of gene-ontology
enrichment terms for Biological Process, Molecular Function and Protein Class. Those GO-terms are
listed that were over- or under-represented in the list of genes that contained deleterious variants in the
5 re-sequenced S. cebifrons pigs and in the 11 re-sequenced Pietrain pigs.
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