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Abstract
Rafati, N. 2017. Exploring genetic diversity in natural and domestic populations through
next generation sequencing. Digital Comprehensive Summaries of Uppsala Dissertations
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ISBN 978-91-554-9821-4.
Studying genetic diversity in natural and domestic populations is of major importance in
evolutionary biology. The recent advent of next generation sequencing (NGS) technologies
has dramatically changed the scope of these studies, enabling researchers to study genetic
diversity in a whole-genome context. This thesis details examples of studies using NGS data
to: (i) characterize evolutionary forces shaping the genome of the Atlantic herring, (ii) detect
the genetic basis of speciation and domestication in the rabbit, and, (iii) identify mutations
associated with skeletal atavism in Shetland ponies.
The Atlantic herring (Clupea harengus) is the most abundant teleost species inhabiting the
North Atlantic. Herring has seasonal reproduction and is adapted to a wide range of salinity
(3-35‰) throughout the Baltic Sea and Atlantic Ocean. By using NGS data and whole-genome
screening of 20 populations, we revealed the underlying genetic architecture for both adaptive
features. Our results demonstrated that differentiated genomic regions have evolved by natural
selection and genetic drift has played a subordinate role.
The European rabbit (Oryctolagus cuniculus) is native to the Iberian Peninsula, where two
rabbit subspecies with partial reproductive isolation have evolved. We performed whole genome
sequencing to characterize regions of reduced introgression. Our results suggest key role of gene
regulation in triggering genetic incompatibilities in the early stages of reproductive isolation.
Moreover, we studied gene expression in testis and found misregulation of many genes in
backcross progenies that often show impaired male fertility. We also scanned whole genome of
wild and domestic populations and identified differentiated regions that were enriched for noncoding conserved elements. Our results indicated that selection has acted on standing genetic
variation, particularly targeting genes expressed in the central nervous system. This finding is
consistent with the tame behavior present in domestic rabbits, which allows them to survive and
reproduce under the stressful non-natural rearing conditions provided by humans.
In Shetland ponies, abnormally developed ulnae and fibulae characterize a skeletal deformity
known as skeletal atavism. To explore the genetic basis of this disease, we scanned the genome
using whole genome resequencing data. We identified two partially overlapping large deletions
in the pseudoautosomal region (PAR) of the sex chromosomes that remove the entire coding
sequence of the SHOX gene and part of CRLF2 gene. Based on this finding, we developed a
diagnostic test that can be used as a tool to eradicate this inherited disease in horses.
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“The knowledge of anything is not acquired or complete unless it is known
by its causes.”
Avicenna
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Introduction

Fluctuating biotic and abiotic interactions result in the continual necessity
for species to adapt to environmental change. Darwin described these variation as an essential component for evolution [1]. Natural selection acting on
genetic variation yields adaptive changes that are transmitted to the next
generation [2, 3]. Inherited adaptive features may be in the form of physiological, behavioral, or morphological traits. An example of an adaptive physiological characteristic is tolerance of salinity in a marine species. An example of an adaptive morphological characteristic is color patterning, such as
melanism in the peppered moth. Meanwhile, an example of an adaptive behavioral trait is the collective shoaling behavior exhibited by many fish.
Evolution may also occur via the artificial selection of desired traits. Examples of this are height in horses, and tameness in domestic animals such as
the dog and domestic rabbit.
When Darwin published his influential work on evolution, he was unaware of the mechanism behind the inheritance of characteristics. Rediscovery of Mendel’s law of inheritance, in the early 20th century, revealed the
mode of inheritance for phenotypes such as hair color controlled by a single
gene (known as monogenic inheritance). This breakthrough introduced “genetics” as a tool to study the link between hereditary information and phenotypes (e.g. [4]). However, most biological traits show a polygenic inheritance that is controlled by multiple genes, often in combination with environmental factors. The study of such traits had to await the development of
biometric methods developed by the founders of population genetics namely
Wright, Haldane, and Fisher [5].
Advances in molecular techniques and the discovery of new markers fundamentally transformed biological research. Molecular markers enabled
researchers to screen for genetic variation and differentiation within and
between populations and species. In the last decade, the emergence of next
generation sequencing (NGS) technologies has provided a new avenue to
study genetic variation at an unprecedented resolution. These technologies
produce large amounts of data that allow the exploration of genomes, epigenomes, transcriptomes, and proteomes. Such studies are no longer limited to
model organisms, and whole genome sequencing of diverse living systems
has become feasible at a reasonable cost. Indeed, the application of “pan-
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omicsa” data has yielded valuable insights into population histories, the genetic basis of speciation, adaptation, and diseases across a very large range
of taxa [6].

Studying genetic diversity
Understanding the evolutionary forces shaping genetic diversity has implications in agriculture and animal breeding strategies [7], human and animal
health [8], and the conservation of endangered species [9]. Natural selection
drives adaptive evolution, in which individuals well-adapted to their environmental conditions are more likely to survive and reproduce than less
well-adapted individuals. Early studies on adaptive evolution were based on
protein markers (allozymes). These studies uncovered protein polymorphisms in natural populations and humans (reviewed in [10]). Later, DNAmarkers were used to explore genetic variation, including restriction fragment length polymorphisms (RFLPs) and amplified fragment length polymorphisms (AFLPs). Microsatellites are another class of polymorphic marker that took full advantage of PCR-methods. Microsatellites have been widely used for studying population structure, paternity testing, and constructing
genetic maps in many species [11, 12]. Finally, single nucleotide polymorphisms (SNPs) are today, by far the most commonly utilized and convenient
markers in genetic studies (e.g. [13-15]).
Until recently, most studies on genetic diversity were restricted to a limited number of loci due to the cost of genotyping. Yet, decreases in the costs
and development of genotyping techniques made it possible to screen thousands of markers using SNP chips, which is the most widely used method for
genome wide association studies (GWAS). The development of NGS technologies allowed to sequence whole genomes and expand genetic analysis
beyond a small subset of genes or genomic regions.
Whole genome screening has been focused mostly on humans and model
organisms, for which reference genome assemblies were available. Whole
genome assembly for non-model organisms was not trivial due to the costs
and limitations associated with sequencing and computation. As an alternative to generate a reference assembly, researchers have often used available
reference genomes from closely related species. However, this approach may
be error prone because of mapping biases and chromosomal rearrangements.
In the absence of a reference genome, a reduced portion of the genome can
be used as a reference. There are three major methods for constructing a
partial genome assembly (Table 1).

a

Using collection of NGS data from genome, epigenome, transcriptome, and proteome to
study biological mechanisms in multidimensional space.
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Table 1. Major methods for constructing a partial genome assembly.
Method

Limitations

Sequencing transcriptome or expressed sequence tags (EST)
Exon capture

-Assembly is fragmented

Reduced representation genome sequencing
(RRGS)

-Prior knowledge about gene models is needed, but a closely related species gene model
can be used
-It may preclude many potentially informative
markers and may fail to reveal genetic differentiation at high resolution

The key characteristic of most NGS technology is the generation of large
amounts of sequence, typically in fragments each in the range of 100-200
base pairs long. Processing and assembling such data demand considerable
computational resources and present many challenges. One of the main challenges is controlling sequencing errors. This can be overcome by increasing
sequencing depth. In complex regions, such as large repeats and tandem
duplications, there is still limited application of these technologies. Recently,
Single Molecule Real Time (SMRT) sequencing technology has opened a
new realm in characterizing complex genetic structures by producing longer
reads (average length greater than 10 kb and up to 60 kb). One of the latest
sequencing technologies is optical mapping, which is a technique for mapping the order of restriction enzyme sites over several millions of bases in
length. This method has wide applications to: (i) validate genome assemblies, (ii) complete draft genome assemblies, and, (iii) to detect large structural changes.

NGS application for studying genetic diversity
By reducing costs of large assays and improving quantity and quality of sequencing output, the application of NGS has become the gold standard in
evolutionary biology studies. Genetic variation can be explored by whole
genome sequencing (WGS) in individuals and populations. A cost-effective
approach to studying genetic diversity within and between populations is
“pooled sequencing” (papers I-V); DNA from several individuals is pooled
in equimolar quantities and sequenced at fairly high depth to infer allele
frequencies and identify genetic differentiation between groups. With this
approach, one can screen and quantify different forms of variation (see next
section), characterize their effect on coding sequences, evaluate their association with adaptive traits [16], disease status [17], and identify footprints of
selective forces [13, 18].
In addition to the genome (DNA-seq), NGS have been utilized to study
the transcriptome. RNA sequencing (RNA-seq) provides a large amount of
13

information that offers to enrich our understanding of gene expression and
regulation. This technique has overcome limitations associated with microarrays, such as low sensitivity and specificity, probe cross-hybridization, and
the ability to detect novel genes. RNA-seq is used to catalog long noncoding RNAs (lncRNA), micro-RNA (miRNA), and small RNA (for instance snRNA and piRNA) that are involved in protein translation and
chromatin modulation [19]. Moreover, RNA-seq provides information about
transcriptional start sites (TSS) as well as enhancer RNAs (eRNAs), which
play an important role in transcriptional regulation [20].
RNA-seq data can be used to build a transcriptome map by two methodologies, de novo transcriptome assembly in the absence of a reference genome (paper I), and genome-guided transcriptome assembly when a reference genome assembly is available (paper II-V). Other applications of RNAseq are novel transcript/isoform discovery as well as detection of gene fusions in cancer [21]. Quantifying gene expression has been a distinct application of RNA-seq in molecular biology (paper III). Using these data we can
explore differences in expression associated with disease [22], adaptation
[23, 24], and domestication [25]. Recently, RNA-seq has been used to identify polymorphisms, perform allelic imbalance analyses [26], and detect expression quantitative trait loci (eQTL) with a broader dynamic range, for
instance in speciation studies [27, 28].

Classes of genetic variation
Two common classes of DNA polymorphisms detected by WGS are SNPs
and small insertions and deletions (INDELs). SNPs have been extensively
used in linkage and association studies of diseases [29] as well as genomic
selection for economic traits in animals and plants [30, 31]. SNP data have
also been widely used to study population structure and adaptive traits in
natural and domestic populations [14, 32, 33].
Structural variants (SVs) constitute unbalanced formsa of variation such as
copy number variation (CNV), insertion, duplication, deletion, and balanced
formsb including translocation and inversion (Figure 1) [34]. CNVs constitute a substantial fraction of SVs and some have functional significance. For
instance, a CNV at the KIT gene is associated with white spotting in pigs
[18]. In addition to CNVs, inversions may contribute to the evolution of
adaptive traits in natural populations [35]. As an example, inversions associated with local adaptation have been reported in stickleback [36]. In humans,
SVs are also common and account for ~1% of genome variation [37].
a

In unbalanced structural variation, DNA segments are lost or gained.
In balanced structural variation, the location or orientation of a DNA segment is changed
without losing or gaining new DNA sequence.

b
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Figure 1. Different classes of SVs and methods commonly used for their detection.
Read Depth: detecting structural variation using read depth. Read Pair: detecting
structural variation using read-pair information including read orientation and insert
sizea.

Identification of loci under selection
Mutations introduce variation into the genome and, depending on their influence on an individual’s fitness and the potential effects of genetic drift, their
frequency in the population will rise or fall. Furthermore, the fate of any new
mutation is also influenced by selection at linked loci. Allele frequencies at
a

Insert size is referred to distance between read pairs.
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neutral sites tend to change if there is a nearby beneficial mutation, under a
phenomenon known as genetic hitchhiking [38]. Depending on the strength
of selection, genetic diversity is reduced as the selected variant increases in
frequency and finally becomes fixed in the entire population forming a “hard
sweep” (Figure 2A and B). In a “soft sweep” as opposed to hard sweep, selection may act on standing genetic variation or on multiple new mutations.
Consequently, selection will only cause moderate reduction in genetic diversity at linked neutral loci (Figure 2C-F).

Figure 2. Selective sweep signals in genome constitute of hard sweep (A and B) and
soft sweep (C-F).

Advanced sequencing technologies put at our disposal the ability to screen
the entire genome of many species and individuals and explore the evolutionary forces producing and maintaining genetic diversity among populations. Depending on the sequencing data and the availability of reference
genome or transcriptome, different approaches are employed to make use of
this information. Prior information such as morphometric data (e.g. pigmentation pattern) or ecological parameters (e.g. salinity gradient or habitat)
complements this analysis. Two methods commonly exploited to study association between genetic factors and phenotypes are quantitative trait loci
(QTL) mapping and GWAS.

16

QTL mapping attempts to detect and locate signals associated with traits
of interest using genotyping data of individuals in pedigrees or in experimental crosses. The success of QTL studies lies in having a sufficient number of individuals for the trait under study and accurate phenotyping data.
GWAS attempts to use linkage disequilibrium between genetic markers and
causal mutations contributing to phenotypic variation by contrasting one
group as control and another group with the phenotype of interest (e.g. with
disease status). Both methods have been successfully used in many studies to
identify loci underpinning adaptive traits without requiring whole genome
data (e.g. [33, 39]). However, both approaches share some limitations. In
QTL mapping, the genome is scanned at low resolution and unanchored
sequences are usually ignored [40]. In addition, dissecting the genetic basis
of complex traits where many loci with small effect are involved remains
challenging [40, 41].
WGS can complement these methods by generating unprecedented
amounts of data to assess genetic diversity at high resolution. To detect differentiated regions, we can simply quantify intra- and inter-population genetic diversity by generating different statistics (Table 2).
Table 2. Commonly used statistics to estimate levels and patterns of inter- and intrapopulation genetic diversity.
Intra-population statistics
Tajima’s D

The difference between the average number of
pairwise differences and total number of segregating sites
Linkage disequilibrium (LD) Nonrandom occurrence of alleles at different
loci
Nucleotide diversity (π)
The average frequency of nucleotide differences between two random sequences from
one population
Haplotype statistics (EHH and Series of statistics that detect the decay of LD.
iHH)
Inter-population statistics
Wright fixation index (Fst)
Most commonly used statistic displaying allele
frequency differences between populations.
dxy
Scales divergence between two populations by
capturing the mean number of variable sites in
a randomly selected sequence

In an ecological context, where measuring the phenotype of individuals is
limited or difficult, other approaches based on ecological parameters are
employed to study evolutionary forces underlying genetic divergence between populations. To demonstrate adaptation across gradients of abiotic and
biotic environmental factors, we can study clinal patterns of variation (paper
II). Bayesian generalized linear mixed modeling (Bayenv) [42, 43] is a
17

method to detect clinal variation in allele frequencies while accounting for
population structure by using a variance-covariance matrix of allele frequency. In addition, clinal variation analysis can be used to identify differentiated
regions along a latitude or geographic range (paper III).
The interplay between stochastic (random genetic drift) and deterministic
(natural selection) evolutionary forces shapes genetic differentiation and a
major goal in evolutionary biology is to reveal the relative importance of
these factors. Studying living systems, in which genetic drift has a subordinate role, provides an opportunity to reveal the action of natural selection.
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Methods

Sequencing and collection of phenotypes/ecological data
The success of genetic studies lies in the collection of samples with accurate
phenotypic/ecological information combined with high quality genetic data.
In most of the studies in this thesis, the availability of such data facilitated
the analysis and interpretation of results.
Herring population structure has been the focus of several studies over the
last few decades. During the 1980s [44, 45], a number of Baltic and Atlantic
populations were explored to characterize population structure and the genetic relationship between Atlantic and Baltic herring. In paper I and II, using
NGS data, we studied genetic differentiation on a genome-wide scale among
the population samples collected in the 1980s together with additional samples collected during 2012 and 2013. In addition to sample collection, accurate information about ecological parameters allowed us to study the genetic
basis of ecological adaptation in this species.
In paper IV, samples were collected from domestic and wild rabbits in the
Iberian Peninsula and Southern France. The same material was used for the
speciation study (paper III) where we also generated transcriptome data from
the two subspecies and their hybrids.
Genetic studies in domestic animals are facilitated because of phenotypic
diversity and availability of pedigree data. In paper V, we performed a whole
genome scan comparing horses with a skeletal disorder against a pool of
unaffected controls. Furthermore, we genotyped individuals with pedigree
information and evaluated the relative importance of identified loci.
Quality control
NGS is amenable to studies of a wide range of biological problems and
standardized methods have been established to analyze these data. Since
such data are prone to sequencing errors, identifying quality issues that may
impact downstream analyses and interpretation is crucial. In quality control
(QC) steps, reads with low Phred-scaleda quality scores were removed and
reads were trimmed for sequencing adapters.
a

Phred score shows the quality of each sequenced base and sequencing error rate.
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DNA-seq
In all papers presented in this thesis, we generated WGS data from both individuals and pools. For pooled sequencing data, we pooled DNA from a
number of individuals in equimolar concentration and sequenced them at
high depth (~10-30X). The individual sequencing data were generated at ~712X/sample.
From pooled data, we could identify variants (SNPs and SVs) and infer
allele frequencies in populations. Individual sequencing data, in addition to
variant discovery, provided haplotype information that was used for demographic inferences. WGS data for herring (paper I and II) and horse (paper
V) were generated with Illumina instruments at SciLifeLab, (Uppsala, Sweden). Rabbit WGS data (paper III and IV) were primarily generated with
Genome Analyzer II (Illumina) machines at the Broad Institute (Boston,
U.S.A). For paper V, we conducted long-read sequencing of horse BACclones by SMRT sequencing technology at SciLifeLab (Uppsala) and at the
Eichler lab (Seattle, U.S.A). After QC, genomic aligners (e.g. BWA [46])
were used to align filtered data to a reference genome (paper II-V) and exome assembly (paper I).
RNA-seq data
In papers I-IV, we generated RNA-seq data for annotation, transcriptome
assembly, and differential expression analysis. All RNA-seq data were generated with Illumina instruments at SciLifeLab (Uppsala, Sweden). For paper I, due to the absence of a genome assembly, we generated a de novo
muscle transcriptome assembly that was later extended to an exome assembly (see paper I for more details).
For the herring genome annotation, we used RNA-seq data for liver, skeletal muscle, and kidney (paper II). In the rabbit genome project (paper IV),
we annotated the genome using two independent pipelines, Ensembl, and a
custom pipeline using RNA-seq data from ten tissues and human orthologs.
Since some of the RNA-seq reads span exon-intron boundaries, we need
to introduce gaps in reads to have accurate alignment over intronic regions.
Genomic-aligners penalize large gaps and do not perform well in aligning
the RNA-seq reads. Hence, we applied specific tools capable of performing
gapped alignment. Depending on the availability of annotation data, we used
different pipelines to improve or to annotate the genome/transcriptome. After aligning reads, we quantified expression of annotated genes by generating
fragment countsa to perform downstream statistical analysis where we performed pairwise comparisons between different groups (paper III).

a

Fragment count is a commonly used measure to infer expression levels. This value is a count
of a properly aligned pairs.
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Variant calling
Aligned read data were used to discover SNPs and INDELs by comparison
to a reference genome assembly. Several tools are available to call variants
that are based on different statistical methods (FreeBayes [47], VarScan
[48], and Genome analysis toolkit [49]). The genome analysis toolkit
(GATK) is one of the most commonly used tools and was the approach employed in the majority of our studies.
Unlike small variants, characterizing and genotyping SVs remains challenging because these events are enriched near repetitive elements and usually have complex structures. Earlier surveys based on array comparative genomic hybridization (aCGH) and cloned-based approaches were limited to a
small number of samples [50]. These methods are dependent upon a reference genome and can precisely detect deletions over insertions. They have
been successfully used to detect balanced SVs (inversions and translocations) [51]. NGS data helped to overcome these shortcomings and enabled us
to screen and genotype more complex SVs with finer resolution at breakpoints by implementing novel algorithms. There are different methodologies
for SV detection that are mainly based on “Read Depth” information for
detecting unbalanced changes (CNVs, duplications, and deletions), or “Read
Pair” information, including read orientation and insert size, for detecting
balanced and unbalanced SVs (Figure 1). The read pair approach has limitations in quantifying CNVs. We used a Read Depth method in paper II, III,
and IV, and tools based on Read Pair methods (delly [52], breakdancer [53],
DevRO [54]) in paper II and III.

Downstream analysis of candidate loci
We further characterized identified genes (from differential gene expression
analysis or associated genes in genome-wide scans) for their function by
statistical assessment of gene ontology (GO) annotation. GO is a collection
of gene product properties classified within cellular components, molecular
functions, and biological processes [55]. In these analyses, we assess gene
lists for enrichment (over or under-representation) of GO terms (papers IIIV). In addition to GO terms, we also evaluated the association of candidate
genes with phenotypic data from human and mouse (papers III and IV).
Moreover, we assessed the relative importance of coding and regulatory
changes in relation to genetic differentiation between populations (papers IIV).
WGS data can be prone to different biases due to sequencing and mapping errors or technical errors during library preparation that can affect conclusions and interpretation of results [56]. To validate our findings from
pooled sequencing data, we used different genotyping/sequencing methods.
In paper I and II we developed custom-made SNP arrays (5k and 70k SNPs,
21

respectively) and genotyped the same individuals sequenced in pools. These
data could also provide useful information about haplotypes within differentiated regions. In paper IV, we generated target sequence capture from a
number of individuals and validated identified sweep regions with high correspondence. For identified CNVs in papers II and V, we developed CNV
assays and confirmed the association between genotype and phenotype/ecological parameter.
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Background to papers

Earlier studies, by using protein and DNA markers, provided insights concerning genetic variation and population structure, but typically only considered very small proportions of the genome [2, 10]. Unlike former methods,
NGS technologies allowed us to query whole genomes rather than a small
subset of regions or genes. Most early genome studies focused on humans
and model organisms, due to the huge investment required to develop genome resources. Studying non-model systems became more feasible as sequencing costs decreased. In this PhD thesis, we utilized cost-effective approaches for sequencing individuals and pools of individuals to explore the
genetic architecture and evolutionary forces that shape the genomes of individuals in natural populations, as well as to detect the footprints of speciation
and domestication on a genome-wide scale.

Ecological adaptation in Atlantic herring
The Atlantic herring (Clupea harengus) is a pelagic fish and the fifth largest
global fishery as judged by the amount of catch [57]. Herring is an obligate
schooler and voyages oceanwide in large schools (Figure 3A). From at least
the medieval period, the herring fishery has been one of the most important
and valuable natural resources in Northern Europe also called as “silver of
the sea” [58, 59]. Herring appears to display natal homing behavior; it travels long distances for feeding and returns to its natal site for spawning (58).
Herring spawns in huge schools releasing thousands of eggs and sperms in
water; each female can release more than 70,000 eggs during a spawning
season [60].
Given the economic importance of herring, its population structure has
been studied for years. Populations were historically classified using morphological differences, life history parameters, spawning localities, and
spawning time (Figure 3B) [61]. Their adaptation to heterogeneous environments (e.g. range of salinity) and their variation in seasonal reproduction
are unique features that have amazed researchers for decades. These characteristics have been the subject of previous research, yet, so far they have
provided little evidence about genetic differentiation between herring populations. In this project, we employed NGS technology to generate a high
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quality reference genome and to identify genome regions under selection for
local adaptation as well as regions associated with the timing of spawning.

Figure 3. Herring population distribution around the globe. A) Distribution of herring stocks in the Northern hemisphere. B) Herring stocks classified based on locality and/or spawning season © C Zimmermann, www.clupea.net.
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Rabbit speciation and domestication
The European rabbit (O. cuniculus) is one of the species within the order
Lagomorpha. Rabbits are the main prey of various predators (e.g. foxes,
European lynx, and a large number of birds) [62]. The rabbit was historically
restricted to the Iberian Peninsula, where two subspecies evolved in the midPleistocene [63, 64]. However, they were distributed around the globe during
human voyages, and later by a specific interest in keeping them either for
food or as pets. Breeding of rabbits resulted in domestication and now many
distinct breeds are raised for meat, wool, fur production, and as pets [65].
The rabbit has also been widely used as a laboratory animal for biomedical
purposes (e.g. for antibody production) [66]. Compared to other mammals,
the rabbit has a high reproduction rate. Rabbits have been extremely successful in adapting to different ecological settings. To obtain insights into the
genetic basis of reproductive isolation between the two rabbit subspecies of
the Iberian Peninsula and to detect footprints of domestication, we performed genome-wide screens using WGS data.
Speciation is a gradual evolutionary process often resulting in substantial
genetic differentiation between diverging entities. Identifying the most important factors during the initial stages of speciation is an important topic in
evolutionary biology. There are a number of studies based on highly diverged species that do not hybridize under natural conditions. In these systems, many genetic differences may have accumulated after speciation [6769]. Thus, studying distinct taxa that naturally hybridize because speciation
has not yet been completed provides insights into the genetic architecture of
reproductive isolation during the initial stages of speciation. There are two
subspecies of rabbit in the Iberian Peninsula (O. cuniculus algirus and O.
cuniculus cuniculus) and male hybrids display subfertility (paper IV, Figure
1b). To study the genetic bases of reproductive isolation between these two
subspecies, we conducted WGS of different populations across the hybrid
zone and explored the pattern of gene expression among purebreds and hybrids with subfertility.
Agriculture and animal domestication have been critical for the development of human societies and civilization. Domestication is a process by
which plants or animals are adapted to the conditions that humans provide
via selective breeding [70, 71]. This selection, termed “methodological selection” by Darwin, has left pronounced differences between domestic animals and their wild progenitors [70, 72-74]. Standing genetic variation together with artificial selection in the large populations of domestic animals
across the globe have led to a rich reservoir of phenotypic variationa in domesticated species.

a

These phenotypic changes are behavioral, morphological, or physiological.
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The genetic factors underpinning the initial stages of animal domestication are poorly understood. Domestication is expected to have targeted animal behavior, allowing domestic animals to survive and reproduce in the
stressful conditions that human provide. In the rabbit, differences between
domestic and wild populations represent an excellent opportunity to decipher
the genetic bases underlying domestication (Figure 4).

Figure 4. Phenotypic variation in domestic and wild rabbits, adapted from [75] (Reprinted with permission from AAAS).

Unlike other domesticated species, rabbits were domesticated relatively recently and the geographic origin of domestication is well known. As recently
as ~1400 years ago, monasteries in southern France started to keep rabbits in
captivity which eventually resulted in the domestication of rabbits (paper IV,
Figure 1B) [76].
Today’s wild populations are believed to resemble the wild ancestors of
the domestic rabbit [77]. This well-defined origin is an advantage to provide
insights into primary genetic changes during domestication. In this study, we
performed WGS of pooled samples from domestic breeds and wild populations distributed across the Iberian Peninsula and Southern France.

Skeletal Atavism in Shetland ponies
Horses, like other domesticated animals, have drastically contributed to
shape human societies and civilizations. Humans have bred and trained different horse breeds to utilize their capabilities in war, transportation, pleasure, and work. For instance, because of small size and relatively large
strength, Shetland ponies were primarily bred to be used in mines and agriculture. Different horse traits have been the target of selection for a long
time leading to the present marked genetic and phenotypic differences between breeds.
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In the 1950s a skeletal deformity was described in Shetland ponies (reviewed in [5]). Fused radius and ulna and fused tibia and fibula were observed in affected foals (Figure 5). This skeletal formation resembled one
present approximately 15 million years ago (mya), in the ancestors of modern equids (reviewed in [78]). The reappearance of phenotypic characteristics previously seen at an earlier evolutionary time is referred to as an atavism. Therefore, this defect in Shetland ponies is known as skeletal atavism
(SA). Other examples of atavisms are supplementary nipples in humans [79]
or hind limbs in whales [80].
Since the 1960s, there have been multiple reports of the occurrence of
SA in the Netherlands, UK, and Sweden. Previously published data were
consistent with an autosomal recessive mode of inheritance but the causative
mutations of the disease were unknown [81, 82]. Understanding the genetic
basis of skeletal atavism can be used in breeding programs to avoid foals
being born with the disorder.

Figure 5. 16-week-old Shetland pony with SA. A) Caudal view when standing, B)
Computed tomography scans of the left front limb of the SA with complete radius
and ulna, C) Computed tomography scan of a healthy foal with normal development
of radius and ulna. Adapted from [17] (Reprinted with permission from Genetics
Society of America).
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Results and Discussion

Ecological adaptation in the Atlantic herring
After the last glaciation approximately 10,000 years ago [83], Atlantic herring populations expanded and adapted to the brackish water of the Baltic
Sea. Due to considerable fluctuation in annual catches [57], much interest
has focused on studying the status of herring population stocks. Early molecular studies based on allozymes, microsatellites, SNPs, and mitochondrial
DNA (mtDNA) found conspicuously low genetic differentiation between
herring stocks in the Atlantic Ocean and in the Baltic Sea [44, 45, 84-87].
We expanded this analysis to a genome-wide scale by using NGS technologies, as are described in following two papers.

Paper I
Genome-wide studies require a high-quality draft genome assembly, which
is a limitation for non-model species. The main challenges involved are constructing large insert size libraries to span repetitive elements and ordering
the assembled sequences along the chromosomes. In the absence of a genome assembly for the Atlantic herring and to reduce the complexity of assembly, we developed a new pipeline to construct a partial genome assembly
by combining RNA-seq and WGS data (“exome assembly”) (Figure 6).
In this method, we first assembled a transcriptome from the RNA-seq data generated from skeletal muscle of a Baltic herring. Then we aligned genomic reads from one of the pools (Gulf of Bothnia; paper I, Figure 1A) to
the muscle transcriptome. From this alignment, we extracted aligned pairs
and orphan readsa to perform mini assemblies per contig. The final output of
this pipeline was transcripts with extended exons consisting of coding and
non-coding (intronic/promoter) regions. Using this approach, we could capture a larger proportion of the genome (~6%) and thus achieve a better
alignment at exon/intron boundaries with accompanying improvements in
variant calling.

a

The term “orphan reads” refers to reads where only one of the pairs is aligned. Using this
pipeline, we extracted orphan reads with their unmapped reads, together with properly
mapped pairs to perform a mini assembly.
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Figure 6. A) Exome assembly pipeline. B) An example of exome assembly; in the
OAT gene we could extend coding region (blue boxes) into introns and promoter
regions (black lines). The promoter was predicted by promoter software (v2.0) [88];
DNA depth (red) and RNA depth (black). Adapted from [16].

We sequenced eight pools each consisting of 50 fish from different localities
in the Baltic Sea and the Atlantic Ocean (paper I, Figure 1A). These samples
were collected between 1970s and 1980s (paper I, Table 1). We mapped
these genomic reads to the exome assembly and called SNPs, resulting in
~400,000 polymorphic sites. Estimated heterozygosity was very similar
among populations, consistent with low genetic differentiation between
sampled regions (paper I, Table 1). Most SNPs showed no significant difference between populations while a small subset of SNPs (n=3,847) showed
marked allele frequency differences (Figure 7 shows an example of significant SNP). A phylogenetic tree based on significant markers clearly shows
separation between populations (paper I, Figure 2B).
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We validated allele frequency estimation by individual genotyping of the
same fish included in pooled sequencing using a subset of differentiated
(outlier) and non-differentiated (neutral) SNPs (paper I, Figures 2G, S2, and
S3).

Figure 7. An example of a SNP with significant allele frequency difference among
populations.

To explore possible colocalization of the identified signals in the absence of
a genome assembly, we mapped the exome sequences containing significant
markers on the stickleback (Gasterosteus aculeatus) genome. Herring sequences were spread across the stickleback genome but we identified few
regions where significant signals were clustered. For instance, 98 SNPs in 14
genes formed a cluster on a chromosome corresponding to stickleback
chrXIV (paper I, Figure 3A)
Genetic differentiation may be caused by genetic drift or selection. To
distinguish the relative importance of these two forces, we performed a simulation study to compare expected and observed Fst distributions for selectively neutral SNPs. This resulted in a highly significant excess of observed
loci with extreme Fst compared to the expected distribution under a drift
model for selectively neutral alleles. This analysis confirmed that natural
selection has been the main force causing genetic divergence between herring populations while genetic drift has played a subordinate role (paper I,
Figure 2D-F).
In this paper, we presented an approach to studying population structure
in a non-model organism. This methodology can be applied to other species
lacking a reference genome assembly. However, recently developed sequencing methods can generate long read sequence data by which a draft
genome assembly can be generated at lower costs. Furthermore, in this study
we highlighted a number of markers associated with adaptation to environ30

mental niche and spawning time. To further characterize the identified signals and better understand the associated genes and loci, a more comprehensive transcriptome study from several tissues and a high-quality reference
genome assembly was required.

Paper II
In paper I, we constructed a muscle exome assembly for the Atlantic herring
and identified sites with marked allele frequency differences between populations distributed across the Baltic Sea and Atlantic Ocean. The organization of identified regions on the chromosomal level was unclear due to the
highly fragmented nature of the exome assembly. To clarify the genetic architecture of differentiated regions and annotation of associated regions, we
generated a high-quality draft genome assembly and annotated this genome
using transcriptome data from three tissues (muscle, liver, and kidney). In
addition to previously described populations in paper I, we sequenced 11
additional populations across the Baltic Sea, Atlantic Ocean, and a Pacific
population as an outgroup (paper II, Figure 1A and Table 2). Furthermore,
we sequenced 16 individuals (eight Baltic and eight Atlantic) at ~10X coverage (paper II, Table 2). This collection of populations from different geographical locations provided a great opportunity to study local adaptation to
diverse ecological conditions (such as salinity) as well as seasonal spawning.
We assembled the genome by using short read sequencing of paired-end
and mate-pair libraries (paper II, Supplementary File1A). The current assembly size is ~808 Mb which is close to the estimated genome size [89, 90]
with scaffold N50a equal to 1.84 Mb and 23,336 protein-coding genes. For
quality evaluation of the genome assembly, we performed core gene analysis
and comparative analysis against other fish species gene sets. These analyses
suggested that the current assembly has a high degree of completeness and
quality compared to other fish genome assemblies (paper II, Table 1).
We next aligned the population data on the genome assembly and called
SNPs. After stringent filtering we found 8.8 million high quality SNPs
among all samples and 6.04 million high quality SNPs excluding Pacific
herring. Phylogenetic analysis revealed an ancient split between Pacific and
Atlantic herring. We estimated the approximate time of the split to be ~2.2
mya, based on mitochondrial cytochrome B data (paper II, Figure 1C). In
contrast, Atlantic and Baltic samples form a star-like phylogenetic tree consistent with minute genetic differentiation between populations [16, 45].
Despite the low divergence, populations were clustered largely according to
their geographic locations (paper II, Figure 1C). Three populations fell between the Baltic and Atlantic/south Baltic samples, two of these were aua

N50 is a statistic for assembly qulity. It is referred to the shortest sequence at 50% of the
assembly size.
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tumn spawners (BÄH and BF; paper II, Table 2) indicative of genetic differentiation between populations separated by seasonal reproduction. The third
population (KT; paper II, Table 2) is located between the Kattegat and the
Baltic Sea where populations migrate for feeding and it may represent a
mixed population because it was sampled outside of spawning time.
To explore loci associated with the recent niche expansion into brackish
waters after the last glaciation, we compared allele frequency differences
between the Baltic (all pools from Baltic) and Atlantic (Atlantic Ocean,
Skagerrak, and Kattegat) populations using a χ2 test. For this screen, we excluded autumn-spawners, as a confounding factor. We identified 46,045
SNPs with significant allele frequency differences (P < 1×10-10; paper II,
Figure 3A). These sites were clustered in 472 independent loci distributed
across the genome. One of the largest associated regions is located on scaffold218 (~119 kb), and included only a small number of genes. These sites
partially overlapped with previously identified significant markers in our
exome study that had much lower resolution due to the fragmented nature of
the assembly (Figure 8).

Figure 8. P-values of associated markers within scaffold218. A) Annotation B) Pvalues of SNPs from corresponding region on exome assembly. C) P-values of
SNPs from whole genome screen.
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Herring populations persist under the influence of a variety of environmental
factors such as temperature, food resources (zooplankton), and predators, but
the most substantial variation is probably in salinity. We studied the correlation between salinity gradient and allele frequency differences among populations using Bayenv 2.0 [42]. In general, there was a good agreement between Bayenv output and χ2 tests. In the identified regions, there were 21
genes previously associated with hypertension in human and 36 genes with
significant expression differences in sticklebacks kept in freshwater and
seawater (paper II, supplementary File 3A). One of the strongest loci was a
region downstream of solute carrier family 12 (sodium/chloride transporter)
member 3 (SLC12A3) (paper II, Figure 3E). This gene has a key role in osmoregulation and is associated with hypertension in humans. Moreover, this
gene showed differential expression in kidney tissue between sticklebacks
kept in fresh and marine water [24].
In our structural variation screen, we identified a CNV that partially overlaps the high choriolytic enzyme (HCE) gene. This massive CNV is negatively correlated with salinity gradient (paper II, Figure 3D). HCE (also denoted as fish hatching enzyme) is a protease involved in egg hatching and is
known to be under adaptive selection in response to salinity [91, 92]. Adaptation of a marine fish to spawning in brackish water may have been particularly challenging and therefore adaptation to this new environment might
entail novel changes during egg hatching.
Herring spawning time has long been debated to be under the influence of
environmental factors and the possible contribution of genetic factors has
been unknown [61, 93]. To address this question, we compared allele frequencies between three autumn and ten spring spawning populations (paper
II, Table 2). This screen resulted in more than 10,000 significant sites with
marked differences in allele frequency between spring and autumn spawners
(P < 1×10-10; paper II, Figure 4A). Phylogenetic analysis based on significant markers showed an independent cluster of spring spawners compared to
autumn spawners (paper II, Figure 4B). Our strongest signal was close to
Thyroid Stimulating Hormone Receptor (TSHR), which has a key role in
photoperiodic regulation of reproduction in birds and mammals [94-96].
Moreover, other significant signals fell close to CALM, SOX11, and ESR2a,
which are all known to be involved in the regulation of reproduction [97,
98]. These strong associations demonstrate that genetic factors underlie seasonal reproduction in herring populations.
To validate our findings based on pooled sequencing data, we developed
a custom 70k SNP chip and genotyped the same individuals used for pooled
sequencing. There was an excellent correlation in allele frequencies between
resequencing and genotyping data (paper II, Figure 3-S1).
In the screens for genetic differentiation between Atlantic and Baltic herring, and between spring and autumn spawners, we identified large blocks
spanning multiple genes. Large blocks may result from suppression of re33

combination e.g. due to inversions, as previously described in sticklebacks
[36]. To explore the contribution of inversions to this pattern of evolution in
the differentiated regions, we sequenced four ~3.3 kb mate-pair libraries
(two Atlantic and two Baltic individuals). None of the identified inversions
coincided with highly differentiated regions associated with the timing of
reproduction or adaptation to the Baltic Sea (paper II, Figure 3C, 4C). Thus,
we concluded that inversions do not appear to have a major role in the development of large haplotype blocks in herring.
We hypothesized two models for the presence of large haplotype blocks
associated with genetic differentiation:
i
ii

Hitchhiking: large blocks can evolve by genetic hitchhiking of neutral sites linked with causal variants.
Haplotype evolution: multiple causal variants may be maintained by
natural selection. In this model, selection acts on a given combination of causal variants leading to evolution of large haplotype
blocks.

A hitchhiking model predicts a low level of genetic diversity in the differentiated regions. Under a haplotype evolution model, however, the nucleotide
diversity in differentiated regions, within and between populations, can be as
high or even higher than neutral regions. We compared nucleotide diversity
of the 30 most differentiated regions against random regions within and between one Baltic (Kalix) and one Atlantic (Bergen) population. Interestingly,
in these differentiated regions, we found significantly higher diversity compared to neutral regions (paper II, Figure 5A, B). Therefore, these results
imply that large haplotype blocks harbouring multiple causal mutations are
evolved as a result of natural selection on a combination of causal variants.
The relative contribution of coding and non-coding mutations in altering
phenotypes has been under debate for decades [99]. To evaluate the contribution of highly differentiated SNPs to ecological adaptation, we analyzed
the distribution of SNPs in coding and non-coding elements across the genome. Based on this analysis, we found a significant enrichment for nonsynonymous changes as well as UTRs and (5kb) upstream and downstream
of coding sequences. This suggests that both regulatory and coding changes
have contributed to local adaptation. However, the effect size of these
changes must be addressed by more rigorous phenotyping and genotypephenotype evaluation in individuals.
We expanded our screen from transcriptome to genome to improve our
understanding of population structure and genetic diversity for two adaptive
traits in a natural population. Identifying differentiated markers associated
with seasonal reproduction can help the fishery industry and complement
existing methods (e.g. otolith structure) for stock assessment. In addition, the
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genetic information generated in this study (paper I and II) will be useful for
future studies in this species.

Rabbit speciation and domestication
Paper III
The two rabbit subspecies split from a common ancestor ~1.8 mya, but this
was followed by episodes of contact between them due to climatic fluctuations (paper III, Figure 1b) [64]. Recent studies based on both nuclear markers [100-102] and mitochondrial DNA [64] identified a limited number of
regions with high differentiation between the two subspecies. To determine
islands of differentiation on a genome-wide scale, we carried out allele frequency analysis using WGS data of populations distributed across the Iberian Peninsula (obtained from paper IV [75]). Our data consists of 11 sampled
populations across the hybrid zone between O. c. cuniculus and O. c. algirus
(Figure 9 and paper III, S3 Table). As male hybrids show subfertility, we
further investigated expression patterns in testis in hybrids together with
pure subspecies individuals (Table 3).

Figure 9. Sampled localities across the hybrid zone (in grey) between O. c. cuniculus and O. c. algirus. Numbers correspond to locations of populations (paper III, S3
Table).

The genome scan was restricted to ~4 million high quality SNPs. The phylogenetic tree generated from these SNPs was in general consistent with the
geographical distribution of populations (paper III, Figure 1d). Allele frequency changes were variable from sharp to more steady shifts across the
genome (paper III, Figure 1e, f) demonstrating the semipermeable nature of
the two genomes at this early stage of speciation.
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Table 3. Information of sequenced samples for expression analysis.
Genotype

Mother

Father

#individuals

ca
ac
cc-ca*
cc
aa

c
a
c
c
a

a
c
ca
c
a
Total

2
3
5
3
3
16

a= O. c. algirus
c= O. c. cuniculus
*= Backcross

We used clinal variation analysis to measure the relative level of introgression across the hybrid zone. We identified regions with abrupt changes in
allele frequencies that are likely to be involved in genetic barriers. The slope
and center estimates coincided with the narrow region of contact between
subspecies (~372 km from the most southerly located sample) (paper III,
Figure 1g). Regions showing reduced introgression represented ~4% of the
genome, and ranged in size between ~17 kb to ~5 Mb from, where the largest regions were located on chrX and three autosomal centromeres (chr3,
chr4, and chr7). Both mtDNA and chrY displayed the steepest clines compared to other regions throughout the genome. We detected 253 loci with a
sharp transition presenting regions of reduced introgression (RRI) across the
genome (paper III, Figure 2a). We found 84 additional RRI on unassigned
scaffolds (chrUn) but most of them may be disrupted because of gaps in the
sequence.
Enrichment analysis of genes in RRI resulted in significant association
with chromatin and gene regulation activities, as well as hybrid fertility phenotypes in knocked-out mice (paper III, Table 1). Moreover, we found three
out of the five enriched transcription factor DNA sequence motifs to be
binding sites for the nuclear receptor subfamily 6, group A, member 1
(NR6A1) and the androgen receptor (AR). NR6A1 has an important function
in male and female fertility by regulating transcription of postmeiotic genes
in testis [103] and the paracrine interaction between oocyte and somatic cells
[104]. AR inactivation disrupts spermatogenesis and development of mature
sperm leading to male sterility [105].
We next explored interactions between proteins located in RRI by using
DAPPLE [106]. We focused on 436 genes with one-to-one orthologs with
humans. The interactions between these genes were significantly higher than
by chance (P < 0.001) (paper III, S1 Table). Most of these interactions were
between proteins from different chromosomes implying that the identified
pattern is not due to clusters of genes belonging to the same gene family
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(paper III, Figure 2a). This suggests that hybrid incompatibility is formed by
intergenic interactions and is in line with the proposed Bateson-DobzhanskyMüller model for speciation [107-109].
We further searched for coding changes in genes within RRI that can potentially alter the function and structure of proteins. We only included sites
with marked allele frequency differences between subspecies (allele frequency differences > 0.70). A considerable proportion of regions did not
contain any protein-coding genes, suggesting that these regions harbor regulatory elements that may control expression of proximal genes. More than
half of the genes in RRI (57.9%) did not possess any coding changes, but in
the remaining set of genes, we detected 404 changes (401 nonsynonymous
and 3 splice mutations) (paper III, S3 File).
Chromosomal rearrangements have frequently been reported to promote
reproductive isolation that lead ultimately to speciation [110, 111]. To investigate the potential role of chromosomal rearrangement in reproductive isolation of rabbit subspecies, we generated long insert mate-pair libraries (~4.5
kb) from two individuals per species. Close to 5% of detected variants (62
loci) overlapped RRI and the number of variants was not significantly more
than expected by chance. This result suggests that SVs may not be a key
mechanism involved in hybrid incompatibilities in rabbits. However, we
identified two interesting loci overlapping RRI on chr16 and chrX (paper III,
Figure 3a and b). A 150 kb duplication in O. c. algirus on chr16 located upstream of formin 2 (FMN2) and downstream of cholinergic receptor muscarinic 3 (CHRM3) (paper III, Figure 3a). FMN2 is an important protein required for polar body extrusion during female germ cell meiosis [112].
CHRM3 is a member of the G protein-coupled receptor family with a key
role in bladder detrusor contractions and pupillary constriction [113]. The
second locus contained an inversion of ~116 kb on chromosome X overlapping poly(A) binding protein cytoplasmic 1 like 2A and B (PABPC1L2A and
PABPC1L2B). The encoded proteins together with other regulators (such as
EIF4G1) is involved in regulation of translation during spermatogenesis
[114].
F1 hybrid and backcrossed males have smaller testis and a higher incidence of sperm morphoanomalies [115]. To investigate gene expression
differences in testis between hybrids and both subspecies, we used RNA-seq
data from 16 individuals (Table 3). We found a large number of differentially expressed genes for which backcrosses showed the highest number compared to other F1 hybrids (paper III, Figure 4a). The large extent of expression variation among contrasts may be due to the differential cell content of
heterogeneous tissue such as testis. However, testis histology analysis did
not reveal any striking difference between groups (F1, backcross, and pure
subspecies individuals) [115].
We next inferred mode of inheritance by comparing the level of expression between hybrids and parental individuals. Inheritance of expression can
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be dominant, additive, and transgressive (overdominant and underdominant)
(paper III, Figure 4b). Both groups of F1s showed higher numbers of genes
with an additive (~35-36%) and a dominant (~46-51%) mode while in backcrosses most of the genes (88%) were classified as transgressive. Genes with
an underdominant mode were six times more frequent than genes with an
overdominant mode (binomial test, P < 2.0×10-16; Table 4).
Table 4. Number and proportion of differentially expressed genes following an additive, dominant, or transgressive mode of inheritance.
Pattern

ac

ca

cc-ac

Additive
Dominant
Misregulation (overdominance)
Misregulation (udnerdominance)

246 (36.22%)
322 (46.42%)
66 (9.72%)
45 (6.63%)

229 (35.01%)
334 (51.07%)
62 (9.00%)
29 (4.00%)

116 (3.89%)
227 (7.61%)
401 (13.00%)
2238 (75.00%)

The “large X-effect” has been repeatedly reported as a key factor in the evolution of reproductive barriers [116-118]. This theory suggests that misexpression of genes residing on chrX can contribute to hybrid sterility and
speciation. In contrast to previous studies, we did not find overrepresentation
of differentially expressed genes on chrX in any comparison (Fisher’s exact
test P > 0.23, for all contrasts) (paper III, Figure 4c). Furthermore, despite an
enrichment of identified RRI on chrX, we did not observe overrepresentation
of differentially expressed genes overlapping these regions. This pattern is at
odds with other studies showing that chrX plays a disproportionately role in
hybrid male fertility (for instance [28, 119]). Our results suggest that reduced
fertility among mammals have evolved via different mechanisms.
To explore the potential role of regulatory divergence at RRI, we looked
for co-localization of differentially expressed and/or mis-expressed genes
within these regions (+100 kb). This revealed no significant overrepresentation of genes coinciding near RRI compared to random expectation (Fisher’s
exact test, P > 0.19, for all contrasts). Hence, our results suggest that the
observed pattern of differentially expressed genes largely located outside
RRI may often be secondary effects due to disrupted regulatory pathways.
An important aspect of this paper was the application of clinal analysis to
identify regions of the genome underlying partial reproductive isolation in
the two rabbit subspecies. Our results provided a genome-wide screen across
the rabbit hybrid zone and demonstrated that ~4% of the genome show a
very strong shift in allele frequencies at the known hybrid zone. Diverged
regions are distributed across the genome demonstrating the polygenic nature of speciation in rabbit. This pattern was previously reported in mice,
where many loci seem to impede gene flow among mouse species [120].
Another important finding in this paper was the high level of gene mis38

expression in backcrosses where the majority of differentially expressed
genes showed an underdominance mode of inheritance.

Paper IV
A previous genetic study provided us with a preliminary picture regarding
footprints of domestication in the rabbit genome [77]. To expand this previous analysis and further characterize genetic changes during domestication,
the Broad Institute generated a high-quality draft genome assembly using
Sanger sequencing data. The draft genome assembly size is 2.6 Gb with a
scaffold N50 size of 35.9 Mb and it was annotated using the Ensembl pipeline, as well as a custom pipeline for annotation of UTRs and non-coding
RNAs.
To identify regions under selection during domestication, we conducted
whole genome sequencing (at ~10x coverage) of 11 Iberian and three French
wild populations as well as six domestic breeds (paper IV, Figure 1B). To
deduce the ancestral state of alleles, we sequenced the snowshoe hare (Lepus
americanus). We found more than 50 million SNPs and 5 million INDELs
after stringent filtering. Our screen based on identity scoresa, using SNP data,
revealed that domestic populations are closely related to wild populations
from southern France where domestication is believed to have taken place
(paper IV, Figure S1A). There is also a strong correlation in allele frequency
at most loci between domestic and wild French populations (paper IV, Figure S1B).
Nucleotide diversity was remarkably high in wild populations ranging
from 0.6 to 0.9%. Our nucleotide diversity analysis showed a reduction in
heterozygosity after Iberian wild rabbits colonized southern France and suggested that a second drop in genetic diversity occurred during domestication
(paper IV, Figure 1C). We screened for regions under selection using two
approaches, Fst and pooled heterozygosity (H) in 50 kb windows (hereafter
referred to as Fst-H), and SweepFinder [121]. Both methods detected more
than 70 sweep regions (78 by Fst-H and 74 by SweepFinder) (paper IV, Figure 2A). We validated these results by targeted sequence capture (6 Mb) on
an independent set of individuals from wild French and domestic populations. There was a high level of agreement between detected signals both in
captured and pooled resequencing data (more than 70% of sweep regions
were replicated).
One of the identified selective sweeps overlaps the 3'-end of the glutamate receptor, ionotropic, kainate 2 (GRIK2) (paper IV, Figure 2B). The
signal overlaps a sequence that is conserved in 29 mammals suggesting funca

Identity score shows relatedness between populations. It is calculated by comparing the
reference allele frequency of individual SNPs in each sequenced pool to the reference pool in
a window.
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tional importance of this segment. GRIK2 is highly expressed in the brain
and has been shown to be associated with recessive mental retardation in
humans [122]. We identified two selective sweeps close to SOX2 encoding a
transcription factor that is involved in maintenance of stem cells [123] (paper
IV, Figure 2C).
We next quantified the differentiation between domestic and wild rabbits
(ΔAF) and explored their distribution in coding and non-coding conserved
regions. We found a significant enrichment for highly differentiated SNPs
(ΔAF >0.45) in UTRs, coding, and conserved elements (paper IV, Figure
2D) but the difference at very high ΔAF SNPs (ΔAF > 0.8) suggested that
changes at regulatory sites have had a more prominent role during domestication compared to changes in coding sequences.
We did not find any highly significant SNP that was expected to cause
complete gene inactivation (e.g., nonsense or frame-shift mutation), consistent with studies in chicken [13] and pigs [18]. Thus, we propose that
there is no single (domestication) gene responsible for rabbit domestication.
Among the missense mutations, we did not find any fixed difference
(ΔAF=1) between wild and domestic populations. There were only 14 SNPs
showing very high differentiation (ΔAF> 0.9) in coding regions. Considering low sequence conservation and similar physiochemical properties of
altered amino acids, we assume that most of these mutations resulted from
hitchhiking rather than as a direct response to selection. However, we identified two missense mutations with high conservation among more than 40
vertebrate species. The first mutation is Gln813 ! Arg813 in tetratricopeptide
repeat domain 21B protein (TTC21B), which is involved in hedgehog signaling. The second mutation is Arg1627 ! Trp1627 in lysine-specific demethylase
6B (KDM6B), which is involved in HOX gene regulation. Both genes play an
important role during development.
We performed gene ontology enrichment analysis examining genes located within 1 Mb of highly differentiated SNPs (ΔAF> 0.8). The most statistically significant categories were involved in brain and nervous system cell
development (paper IV, Table 1). In the biological process, “cell fate commitment” showed the highest enrichment (enrichment factor = 4.9) (paper
IV, Database S3). To examine genes associated with this term, we performed
electrophoretic mobility shift assay (EMSA) using nuclear extracts from
mouse embryonic stem cell–derived neural stem and DNA probes for highly
differentiated SNPs near genes SOX2, KLF4, and PAX2 (paper IV, Figure 3).
EMSA resulted in clear gel shift differences between domestic and wild-type
alleles. This demonstrated altered DNA-protein interactions, for 7 out of 17
polymorphic sites near SOX2 and PAX2, that show striking differences in
allele frequency between wild and domestic rabbits.
Our power to detect deletions unique to domestic rabbits was limited because the reference assembly was generated from a domestic rabbit. Similar
to SNPs, we did not find a consistent pattern of differentiation between do40

mestic and wild rabbits in copy number, but a few number of loci showing
copy number variation were identified (paper IV, Database S5).
In this study, we did not find many fixed difference between wild and
domestic rabbits, but rather shifts in allele frequencies at many loci. The
result is consistent with a polygenic background of domestication and soft
sweep modes of selection that acted on standing genetic variation primarily
in regulatory elements. One of the initial steps in domestication is to change
behavior, to allow animals to tolerate human presence and survive in the new
environment provided by humans (in other words tameness). Tameness has a
complex genetic background and it is unlikely that alteration in just a few
genes can lead to this dramatic change in the behavior of domestic animals.
Therefore, we propose that domestication has primarily targeted behavior by
means of genetic changes at many loci.

Paper V
Skeletal atavism affects both front and hind limbs as well as severe deformation in the hind hock and knee (Figure 6 and paper V, Figure 1). Movement progressively becomes worse with age and in most cases the horse is
euthanized at an early stage of life. Previously published data were consistent with an autosomal recessive mode of inheritance [81]. To better understand the genetic basis of this disease, we first performed a GWAS using
the EquineSNP50 BeadChip, but this analysis did not reveal any significant
association between genetic markers and disease status. We therefore conducted whole genome sequencing from six affected individuals (at ~7X
depth) and a pool of male individuals without a history of siring atavistic
individuals (at ~56X depth).
After SNP calling, we scanned the genome for fixed differences between
cases and the pool of controls. We identified 25 SNPs of which two were
located on chr1 and the rest on unanchored scaffolds (chrUn). Three of the
cases (2, 3, and 4) were homozygous for variant alleles while the other three
cases did not show any coverage over these sites, suggesting the presence of
a deletion in chrUn. Most of the SNPs were located on the same unanchored
scaffold (chrUn00036:26,645,953-26,779,752) consisting of 19 contigs separated by large gaps. We screened these regions for depth and found that cases 2, 3, and 4 had just 50% of the expected read coverage and the other three
cases lacked any coverage. Despite this variation in depth of coverage, the
control pool showed normal depth along this region. This pattern demonstrated that cases 1, 5, and 6 are homozygous for a large deletion over this
region while the other three cases are hemizygous (hereafter referred as Del1). In addition, all cases shared another deletion partially overlapping Del-1
(hereafter referred as Del-2) (Figure 10). We observed this depth pattern
scattered on chrUn removing ~160 kb of sequence in certain cases.
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Figure 10. Identified deletions in chrUn: 26.62-26.9 Mb in UCSC genome browser.
Normalized copy numbers of SA cases and Z-score values of control pool depth.
Adapted from [17] (Reprinted with permission from Genetics Society of America).

This region is poorly annotated and the only coding sequence identified by
similarity was the short stature homeobox (SHOX) gene from different species. SHOX encodes a homeobox transcription factor involved in growth and
expressed during developmental stages. SHOX is located in the pseudoautosomal region (PAR) of the sex chromosomes in eutherian mammals [124]
but it is absent from rodent genomes [125] (paper V, Figure 3).
The horse genome (EquCab2.0) is highly fragmented in the identified region and our attempt to improve the assembly using short-read data failed
mostly due to the highly repetitive nature and high GC content of this region.
Additionally, our attempts to bridge the contigs of this region using PCR and
chromosome walking proved futile. To improve the assembly, we sequenced
nine bacterial artificial chromosome (BAC) clones overlapping this segment
using SMRT sequencing technology (paper V, Table 1). We tried to extend
assembled contigs from five BAC clones based on overlapping similarities
(paper V, Figure 4A) and this resulted in three BAC-derived consensus contigs (paper V, Figure 4B).
We generated a pseudogenome assembly by merging the new BACderived consensus contigs with EquCab2.0. We next aligned the short reads
from all cases and the pool of controls to this pseudogenome assembly and
screened for depth. We identified the Del-1 depth pattern on BAC-C1 for
~97 kb and a presumed breakpoint flanked by a stretch of TGGA repeats
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(paper V, Figure 4B). The Del-2 depth pattern was observed on the two other
contigs (BAC-C2 and BAC-C3) where all cases lacked depth compared to
the control pool with normal depth (paper V, Figure 4B). We annotated
BAC-derived consensus sequences by GENSCAN [126] as well as previously reported RNA-seq data from 24 samples [127]. Based on this annotation,
we found a new coding sequence within Del-2 on BAC-C3 coding for cytokine receptor-like factor 2 (CRLF2). This gene is located downstream of
SHOX in humans (paper V, Figure 3) [124]. Based on this information we
estimated the size of Del-2 to be 60-80 kb, and the uncertainty is due to evident mis-assembly in BAC-C2 (paper V, Figure 4B).
We validated our findings and estimated the allele frequencies after designing a TaqMan copy number assay and used this for genotyping by droplet digital PCR (ddPCR). We genotyped two groups of individuals, comprising of cases, obligate carriers, potential carriersa (18 American and 63 Swedish samples), versus a random set of Swedish Shetland ponies (94 samples).
Figure 11 shows the genotyping result of the first set where individuals have
been clustered according to their status. In the random set, we observed
~12% Del-1 or Del-2 carriers, but no Del-1 or Del-2 homozygotes nor compound Del-1/Del-2 heterozygotes (paper V, Figure 5B).

Figure 11. TaqMan genotyping results of individuals in the first set (known cases,
obligate carrier, and potential carriers from US and Sweden). Numbers in parenthesis present the number of genotyped individuals. Adapted from [17] (Reprinted with
permission from Genetics Society of America).

Based on the genotyping results from Swedish samples collected between
1986 and 2000, we estimated the allele frequencies of Del-1 and Del-2 to be
a

Individuals that are close relatives to known carriers or having unconfirmed SA foals.
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4.8% and 1.1%, respectively. In addition, we studied the association between
heterozygosity for Del-1 or Del-2 and height at the withers in 130 samples,
but we did not find any significant association (paper V, Figure 5C).
Our GWAS analysis based on the 50 kb SNP chip failed to reveal any association, because the markers on the chip were only selected from anchored
chromosomes and markers from chrUn were not included in this chip. We
could overcome SNP chip limitations by performing WGS of six affected
individuals and a pool of control resulting in detection of two overlapping
deletions (Del-1 and Del-2). Del-1 removes all SHOX coding region which
determines a transcriptional activator in osteogenic cells during development
[128]. Moreover, Del-2 removes the downstream region of SHOX and part of
the CRLF2 gene. SHOX regulation is very complex and deletion of its regulatory elements has resulted in mis-expression of this gene [129]. Furthermore, malfunction of the gene has resulted in skeletal deformities in humans
such as Léri-Weill dyschondrosteosis (LWD) and idiopathic short stature
(ISS) [129, 130]. CRLF2 is a cytokine receptor involved in the JAK-STAT
pathway and is active in bone development and metabolism [131, 132]. We
cannot exclude that CRLF2 contributes to an effect on the phenotype, but the
similarity of SA to human skeletal anomalies, caused by SHOX deficiency,
supports SHOX mis-expression as the most plausible cause of SA in Shetland ponies.
This study was an example on application of advanced sequencing technology to characterize a complex region of horse genome assembly. Based
on our results, we could accurately validate the genotype of known cases and
carriers and provide a diagnostic test for breeders to control their breeding
program and avoid the conception of affected foals.
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Concluding remarks and future prospects

In the work involved in this thesis, we used NGS data to make leaps in the
characterization of ecological adaptation and genetic divergence between
populations or species.
We characterized the genetic basis for ecological adaptation in Atlantic
herring at an unprecedented resolution providing a unique genetic resource
for evolutionary studies and the fisheries industry. The herring’s biological
features (e.g. large population size, subordinate role of drift, and widespread
distribution across environmentally variable habitat) together with our results (paper I and II) suggest this species could play a role as a model organism to study adaptation across space and time. The comprehensive list of
identified genetic markers can be used to monitor stocks, in particular out of
spawning season, and to avoid overfishing. In addition, we found strong
differentiation between spring and autumn spawners, indicating that seasonal
reproduction is not only influenced by environmental factors (e.g., water
temperature and nutritional status). We identified strong candidate genes
with an established role in reproductive biology for mammals and birds. The
genetic basis of photoperiodic regulation in marine organisms has not been
well characterized and our findings provide a starting point for follow-up
studies.
To further investigate photoperiodic regulation, we can compare gene expression levels between autumn and spring spawners in different regions of
the brain, particularly in the saccus vasculosus, which is a sensory organ that
may respond to fluctuations in day length [133]. Such research may have
implications for the aquaculture industry to manipulate the timing of reproduction in commercial species.
The Baltic Sea has a unique ecology and hosts species with diverse environmental tolerance, including herring. In our studies, we identified loci
where allele frequencies showed a close correlation with salinity gradients
across the Baltic Sea. Further studies on differential gene expression across a
salinity gradient can enhance our understanding of the mechanisms that regulate adaptation to salinity. In addition to salinity, there are many other elements that may have an impact on local adaptation in herring. Pathogens,
predators, habitat loss, environmental contaminants, invasion of new species,
and climate change are all examples of stressors that may influence the marine environment and biodiversity in the Baltic Sea. International coordination of research using genetic resources generated during our studies (paper I
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and II), together with aquatic surveys, offer to clarify the underlying genetic
bases of adaptation to the factors described above.
The discovery that both coding and non-coding changes contribute greatly
to ecological adaptation in the Atlantic herring open up a new avenue for
further investigations. Specifically, we can examine the relative importance
of regulatory networks using expression and genotyping data, and we can
also locate eQTL underlying gene expression in tissues with a potential role
in physiological adaptation to different aquatic environments under varying
conditions (e.g. salinity).
In addition to the populations included in our studies, herring stocks exist
in other geographical regions. In the West Atlantic there are wellcharacterized spring and autumn spawner populations. We can now explore
association of the identified loci in our studies with spawning time in these
populations. This will provide new insights into the parallel evolution of
seasonal reproduction in geographically decoupled populations. There are
examples of such patterns in other taxonomic groups (e.g. Drosophila [134]),
but they are rare in marine species. In addition to the distribution of Atlantic
herring in the Baltic Sea and Atlantic Ocean, remote populations of Pacific
herring have been reported in the White Sea [135]. Interestingly, based on
mtDNA and allozyme analysis, introgression of Atlantic herring to Pacific
herring was reported in northern Europe [136]. Whole genome comparisons
of these populations will allow us to study the level of genetic exchange, and
identify loci underpinning local adaptation to environmental conditions in
the White Sea.
We expanded previous studies on rabbit speciation and domestication to a
genome-wide scale by generating a high quality genome assembly and WGS
data from different populations (paper III and IV). We uncovered regions
likely to be associated with the early stages of speciation between the two
rabbit subspecies. Regulatory elements appeared to be the primary driver of
incompatibilities compared to coding changes. Misregulation of gene expression due to interactions among regulatory regions can lead to reduced
fitness and eventually contribute to reproductive isolation [120]. In a followup study, using genotyping and expression data, we can elucidate the regulatory function of differentiated region.
Our expression analysis revealed an extensive misregulation of genes in
the testis of hybrid males, but without overrepresentation in regions of reduced introgression. Moreover, we failed to identify causal genes contributing to hybrid subfertility. Mis-expression of such genes may influence
hybrid fertility in specific developmental stages. In addition, testis is a heterogeneous tissue, and therefore follow-up studies may need to focus on characterizing expression patterns in different cell-types. Our results have also
provided evidence of genetic differentiation in genes associated with chromatin activity. Information regarding chromatin dynamics in the rabbit is
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highly limited, and whole-genome chromatin profiling, in particular of the
testis, will allow us to study chromatin diversity between the two subspecies.
Changes in behavior are predicted to be an initial target of selection during domestication because animals must become accustomed to human presence and survive in unnatural conditions that would be overly stressful for
wild progenitors. Domestic and wild rabbits differ dramatically in their behavior, in particular in their fear response. Behavioral phenotypes are controlled by the brain, usually via complex mechanisms. A comprehensive
study on gene expression levels in the brain may allow us to unravel the key
region(s) regulating such complex phenotypes. The genomic data from our
studies, together with gene expression analyses and detailed phenotyping
offer the potential to make the rabbit a major model system for dissecting
behavioral phenotypes.
We identified the mutations associated with skeletal atavism in one of the
most complex regions of the horse genome. By conducting WGS of cases
and a pool of controls, we identified two partially overlapping deletions that
removed ~180 kb of sequence, including the SHOX gene in the PAR. By
sequencing BAC-clones spanning this region we could identify the partial
deletion of another gene (CRLF2) that was missing from the EquCab2.0
genome assembly. Although we now have a better picture of this region, we
are still missing a considerable section of the BAC-clone sequences. The
high repeat, high GC content, high recombination rate, and the observed
structural changes explain difficulties in sequencing and assembling this
region. In humans, ~600 kb of PAR has still not been assembled due to these
features [137]. In future analyses, we should perform in-depth sequencing of
BAC-clones across this region by utilizing long-read sequencing and probably optical mapping data to stitch together scattered contigs on chrUn.
All six affected individuals carried the Del-2 deletion that is 60-80 kb in
size and removes sequence downstream of SHOX. In humans, deletion of
regulatory elements downstream of SHOX has been shown in LWD and ISS
patients. Our efforts to characterize these elements failed because this region
is evolutionarily poorly conserved. Therefore, important follow-up studies
are to improve the annotation of this region by means of comparative analysis with species that share a closer evolutionary relationship to horses than
humans, and to conduct further sequencing that is prohibitively expensive at
the present time.
Although use of NGS data allowed us to gain a more comprehensive understanding of biological pathways and living organisms, there are still many
challenges to overcome in the future. In all papers we used pooled sequencing data to directly estimate allele frequency from read counts. However, the
main drawback of this sequencing strategy is the lack of power to infer haplotypes for admixture analyses. Therefore, we can improve our analyses by
generating more individual sequencing data that includes haplotype information.
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The ongoing decrease in sequencing costs has enabled us to generate data
from many individuals of different biological systems. However, there are
often limitations associated with studying natural populations. For instance,
in the rabbit speciation study we generated expression data from parental and
hybrid individuals for which we did not have kinship information to precisely assign cis/trans-regulatory divergence. In a follow-up study, sequencing
related individuals of known pedigree may facilitate analysis and interpretation of the data.
The genomes presented in this thesis were annotated by ab initio prediction programs and UTRs were annotated by RNA-seq data from just a few
tissues. To improve annotations we can generate RNA-seq data from further
tissues, and across developmental stages. To accurately identify different
isoforms of genes and capture the full transcriptome we can apply long-read
sequencing technology.
Today, generating pan-omics data is not as challenging as before, but
phenotyping is often the main operational bottleneck in genetic studies. To
some extent, phenotyping has lagged behind our capability to generate and
study whole genomes. Therefore, we must develop methods for “next generation phenotyping” (NGP) to empower high-resolution mapping and association studies in medical, agricultural, and evolutionary biology. In papers I-IV
we identified several loci with significant differentiation between populations that are associated with ecological adaptation. However, we were unable to assess how much of the observed phenotypic variation is explained by
these loci. In future, this question can be addressed by conducting experimental studies and additional phenotyping at the individual level.
Our top differentiated sites were located upsrtream or downstream of
genes, that may indicate their regulatory role in controlling expression of
nearby genes. We can use EMSA to evaluate protein-DNA interaction and
identify potential transcription factor binding sites. For example, we used
this technique in paper IV for differentiated sites with potential regulatory
roles. We can also perform similar experiment to characterize differentiated
non-coding regions in herring.
In paper V, although we characterized associated mutations, we did not
find any obvious phenotypic differences between Del-1/Del-1 and Del1/Del-2 individuals. In addition, the effect of CRLF2 deletion on the SA
phenotype is unclear, but it may influence unexplored phenotypes in affected
individuals. More detailed phenotyping will allow us to evaluate differences
between genotypes in atavistic individuals.
Our current results primarily rest upon genome assemblies generated from
single individuals that lack some of the unique features related to other
populations or breeds. For example, a 1.6 kb region downstream of the TBX3
gene is missing from the current horse assembly because the reference individual is homozygous for this deletion, which causes the non-dun coat color
[138]. Similarly, we may be blind to sequences specific to the Atlantic her48

ring or wild rabbits due to our choice of reference individual. Thus, to further explore the genomes of focal species we should generate new genome
assemblies from a range of different ecotypes.
In our studies, we presented draft genome assemblies for a variety of species that were mostly generated from short-read sequencing data. These data
have a limited potential to assemble complex features such as repeats and
structural changes. Such regions are usually mis-assembled or filled by gaps.
These artifacts can influence downstream analysis and subsequent interpretations of results. In future studies, long-read sequencing data will help to
overcome these limitations and improve genome assemblies. This also improves detection of structural changes and enables us to study unexplored
features (e.g. sex-determination in the Atlantic herring).
Targeted genome editing technologies (such as CRISPR/Cas9 techniques)
are powerful tools that enable researchers to study the biological function of
candidate genes and their association with certain phenotypes. For example,
we can use this technique to edit the identified missense mutations (TTC21B
and KDM6B) with marked allele frequency differences between domestic
and wild rabbits, and thereby study their effect on rabbit phenotypes. In our
speciation study, regions with reduced introgression were enriched for transcription factor binding sites for two transcription factor (TF) genes (AR and
NR6A1). We can knockout these TFs and if the knock-outs are viable we can
study consequent phenotypic change and the magnitude of their effect on
gene expression in the two rabbit subspecies. The same experiments can be
applied to the strongest signals we identified in the herring. Characterizing
gene function and the interactions among gene products will allow us to
develop a better understanding of genotype-phenotype relationships.
The ultimate goal of biological studies is to fully understand phenotypic
features such as health, agricultural production traits, and evolutionary fitness. NGS data provided great scope to characterize genetic diversity, at a
genome-wide scale. Fully translating such information into applicable
knowledge requires further progress in technology, computational capabilities to handle and analyze big data, and functional validation of the findings.
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