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Abstract
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Heritable genetic variation is the raw material of evolution and can occur in many different
forms, from altering single nucleotides to rearranging stretches of millions at once. DNA
mutations that result in phenotypic differences are the basis upon which natural selection can
act, leading to a shift of the frequency of those mutations.

In this thesis I aim to comprehensively characterize and quantify genetic variation in a natural
system, the songbird genus Corvus.

First, we expand on previous work from a hybrid zone of different populations of Eurasian
crows. All black carrion crows and black-and-grey hooded crows meet in a narrow hybrid
zone in central Europe, and also in central and Southeast Asia. Comparing population genetic
data acquired from these three hybrid zones yielded no single genetic region as a candidate
responsible for phenotypic divergence, yet a parallelism in sets of genes and gene networks was
evident.

Second, we capitalize on varying evolutionary timescales to investigate the driver of the
heterogeneous genetic differentiation landscape observed in multiple avian species. Genetic
diversity, and thus differentiation, seems to be correlated both between populations within single
species and between species which diverged 50 million years ago. This pattern is best explained
by conserved broad-scale recombination rate variation, which is in turn likely associated with
chromosomal features such as centromeres and telomeres.

Third, we introduce a de-novo assembly of the hooded crow based on long-read sequencing
and optical mapping. The use of this technology allowed a glimpse into previously hidden
regions of the genome, and uncovered large-scale tandem repeat arrays consisting of a 14-kbp
satellite repeat or its 1.2-kpb subunit. Furthermore, these tandem repeat arrays are associated
with regions of reduced recombination rate.

Lastly, we extend the population genetic analysis to structural genomic variation, such as
insertions and deletions. A large-scale population re-sequencing data set based on short-read and
long-read technologies, spread across the entire genus is the foundation of a fine-scale genome-
wide map of structural variation. A differentiation outlier approach between all-black carrion
and black-and-grey hooded crows identified a 2.25-kilobase LTR retrotransposon inserted 20-
kb upstream of the NDP gene. The element, which is fixed in the hooded crow population, is
associated with decreased expression of NDP and may be responsible for differences in plumage
color.
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1. Introduction

Genetic variation is the raw material for evolution. Individual differences in
heritable units — collectively referred to as ‘genomes’ — can lead to the mani-
festation of different phenotypic traits, affecting the outer appearance, behav-
ior or physiology of an organism. These differences are in turn the substrate
upon which selection can act, leading to differentially adapted individuals, and
a change in frequency of the underlying genotypes in populations. Selection
however is not the only force capable of changing the composition of genetic
variation. Genetic drift, essentially the process of random sampling, also
drives changes in genetic variation. Migration on the other hand changes gen-
otype frequencies by introducing individuals from other populations and ad-
mixing them with the population in focus. Lastly, there is one obvious mech-
anism influencing genetic variation: mutation, the creation of entirely new
genotypes (Hartl and Clark 1997).

Depending on a variety of parameters, these four forces influence the ob-
served genetic variation very differently. Among the most important parame-
ters is the type of the observed variation. Genomes can vary on many different
levels; from point mutations which only exchange one nucleotide for another,
to genome duplications which double sometimes billions of base pairs. Know-
ing this, it seems obvious that our image of genetic variation is biased, a fact
that is strongly driven by available technologies. In the beginning, our obser-
vations were enabled by the invention of light microscopes, limited to karyo-
typic variation, i.e. differences in chromosome number and size (Schwann
1847). About the same time, genetic variation was observed indirectly through
the investigation of phenotypes (Bateson and Mendel 1913), an approach
which also led to the discovery of heritability (Morgan 1919). Through im-
provements in microscope technology, predictions of genetic variation got
more and more refined, leading to the discovery of chromosomal rearrange-
ments — that is, the insertion, deletion, translocation or inversion of a large part
of the chromosome. Later on, phenotypic traits could eventually be mapped
to narrow regions on chromosomes, without knowing the actual sequence or
structure of the DNA (Sturtevant 1913).

The field radically changed with the invention Sanger sequencing in the
nineteen seventies (Sanger, Nicklen, and Coulson 1977), which then allowed
the determination of the actual nucleotide sequence of the DNA. Conse-
quently, single nucleotide polymorphisms (SNPs) of individual genes became
the most commonly studied form of genetic variation for more than thirty
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years, with the noticeable exception of microsatellites, small tandemly re-
peated DNA sequences which expand and contract rapidly leading to in-
creased allelic diversity (Litt and Luty 1989; H. Ellegren 2004).

With the advent of high-throughput sequencing technologies in the early
2000s, SNPs became even more popular (and feasible) to study because of the
sudden availability of whole genome sequences for multiple individuals per
species, yielding thousands or even millions of informative SNP loci
(Goodwin, McPherson, and McCombie 2016). Roughly fifteen years later, we
are now again at the verge of a major shift in the field of genomic research.
Technological advance has made it possible to study structural genomic vari-
ation, which was first discovered long before, at a new, base pair-level reso-
lution (Sedlazeck et al. 2018). Catalyzed by the availability of new methods,
this type of variation is becoming more and more recognized as an important
contributor to phenotypic variation.

In this thesis, I follow this transition by employing a variety of technologies
to answer a central question of biology: What is genetic variation, which evo-
lutionary processes shape its distribution across the genome, and how is ge-
netic variation linked to observed phenotypes?
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2. Types of Genetic Variation

2.1 Single nucleotide variation

Replication machinery in living cells is imperfect, and errors occur when DNA
is replicated. One such form of errors are point mutations which change a sin-
gle letter (or nucleotide) in the DNA sequence. These mutations have some
interesting properties. Besides the rate being variable between species and
even between different genomic regions within species (Baer, Miyamoto, and
Denver 2007) , certain nucleotide alterations happen more frequently than oth-
ers. If an exchange happens between purine bases (adenine (A) to guanine (G)
or vice versa) or pyrimidine bases (cytosine (C) and with a thymine (T) or vice
versa), this is called a transition, whereas the replacement of a purine base (A
or G) with a pyrimidine base (C or T) (or vice versa) is a transversion. Due to
biochemical features of the DNA molecule, transitions occur more frequently
than transversions (Lynch 2007).

There are further features by which single-nucleotide polymorphisms
(SNPs) are differentiated. An important one is the position in the codon triplet,
which leads to the distinction of synonymous and non-synonymous changes.
These terms apply to SNPs occurring in genic regions and refer to the effect
on the resulting protein: While synonymous changes do not affect the se-
quence of amino acids (and are thus silent mutations), non-synonymous
changes alter the amino acid sequence and thus likely change the resulting
protein structure (Graur and Li 2000). It is somewhat obvious that these fea-
tures lead to different population genetic trajectories. Since non-synonymous
SNPs likely change the phenotype of an organism, they are subject to selec-
tion, thus they cannot be considered as evolving neutrally. Synonymous
changes on the other hand are usually under much lower selective constraints,
and can thus be used for inferences of population history.

In contemporary genomic studies, SNPs are usually the first choice when
it comes to investigations of genetic diversity in any given organism. Besides
the availability of well-developed tools, also the underlying theoretical expec-
tations are well established (Brookes 1999).
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2.2 Structural variation

Genetic variation that affects a whole segment of DNA at once is referred to
as structural variation. The precise definitions have been changing over time
and are mainly concerning the size range of a variant, which is also somewhat
arbitrary. Feuk et al. (2006) classify structural variation into microscopic (> 3
Mb) and sub-microscopic (1 kb to 3 Mb), while Alkan et al. (2011) consider
every alteration larger than 50 bp as a structural variant. Although technically
everything which is not a SNP could be considered as structural variation, it
is advisable to adhere to certain standards for the purpose of comparability.
Thus, throughout this thesis, I will follow the definition established by Alkan
et al. (2011) and treat alterations larger than 50 bp as structural variants.

Depending on the way the DNA sequence is altered, different types of
structural variation can be distinguished. If, compared to a reference, a se-
quence of nucleotides is inserted at a certain locus, this is classified as an in-
sertion. Conditional on the identity of the inserted sequence, there are two sub-
types of insertions, namely novel sequence insertions and transpositions. The
latter usually refer to interspersed repeat insertions and will be discussed in
more detail below. Essentially, duplications (either in tandem or interspersed)
and genes with variable copy number could also be considered as insertions,
but due to overlapping definitions they are usually treated separately (Redon
et al. 2006; Sharp et al. 2005). When a stretch of DNA is excised, this is con-
sidered a deletion. As evident from the description of insertions above, it is
rather a matter of perspective, whether a variant is treated as an insertion or a
deletion. This is particularly true if no further investigation of the features of
the concerned sequence is carried out, because knowledge on the underlying
mutational mechanism (e.g. interspersed repeat insertion or tandem repeat
contraction or expansion) can be used to elucidate the evolutionary history of
a variant. Given the wealth of structural variation commonly occurring in ge-
nomes, such a detailed analysis is often not feasible however, and in these
cases, insertions and deletions are analyzed together. A third class of structural
variation are inversions. Here, a segment of DNA is inverted compared to the
reference. Because there is no gain or loss of sequence, inversions are, to-
gether with reciprocal deletions and insertions, recognized as balanced poly-
morphisms (Feuk, Carson, and Scherer 2006).

There are different types of selection that can act upon SVs. First, structural
mutations can change the protein encoded by a given gene by altering the
amino acid sequence via a frameshift mutation or a change in the nucleotide
sequence. Because this usually entails a negative phenotypic effect for the car-
rier, these kinds of mutations are best studied in (human) genetic diseases
(Feuk, Carson, and Scherer 2006). Another, arguably more common way of
SVs influencing phenotypes is by altering the expression of a gene or set of
genes nearby. The underlying mechanisms involve positional effects (e.g. in-
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versions changing the order of genes on a chromosome and thus their chroma-
tin environment affecting expression) (Weiler and Wakimoto 1995), change
of the number of copies of a gene expressed (a famous example is the human
amylase gene which duplicated presumably in response to a different diet
(Perry et al. 2007)) or modifying the promoters and enhancers of genes
(Chuong, Elde, and Feschotte 2017). Since structural variations affect a much
larger amount of genomic sequence, it is not surprising that they are in general
considered to be more deleterious than SNPs. That is not to say that SVs are
necessarily always deleterious, but while synonymous SNPs at four-fold de-
generate sites and many SNPs in non-coding DNA can evolve effectively neu-
tral, the possibilities for structural mutations to occur where they neither
change the phenotype nor impact genome stability of an organism are likely
much rarer. It can thus be expected that the allele frequency distribution of
SVs segregating in populations will differ from that of SNPs, although this is
likely dependent on the class and size of variants.
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3. Repetitive DNA

Repetitive DNA has often been ignored or neglected in genomic studies, either
because it is difficult to assess or because it is considered (neutrally evolving)
junk. It is important to note though that repeats account for a substantial pro-
portion of structural genetic variation and should thus be recognized in evolu-
tionary genetic studies.

3.1 Interspersed Repeats

Repetitive DNA occurs in two flavors: interspersed and tandemly repeated.
Interspersed repeats denote any kind of DNA sequence (of a certain length)
which is not unique in the genome, with individual copies scattered across the
genome (Lee and Langley 2010; Smit 1996). Depending on the type of the
repetitive element, they can exist from very few to thousands of copies within
a single genome. An important feature of some types of interspersed repeats
is that they are capable of moving around in the genome, thus the often-used
alternative term ‘mobile genetic element’. Two major groups have been char-
acterized so far: Transposable elements (TEs) (Kazazian Jr. 2004) and endog-
enous viral elements (EVEs) (Katzourakis and Gifford 2010). TEs are sepa-
rated into two distinct classes, which are based on their means of mobilization.
Class I TEs, which include retrotransposons and retroviruses, proliferate via a
copy-and-paste mechanism that involves reverse transcription and comple-
mentary DNA integration at a novel location (Levin and Moran 2011). Within
class I TEs (retrotransposons) there are three main subgroups, namely long
interspersed elements (LINEs) (Luan et al. 1993; Martin 2006), short inter-
spersed elements (SINEs) (Wicker et al. 2007; Kapitonov and Jurka 2006) and
long terminal repeat (LTR) retrotransposons (including retroviruses)
(Kazazian Jr. 2004). While LINEs and LTR retrotransposons both carry the
sequence encoding their retrotransposition machinery (reverse transcriptase
for target-primed reverse transcription in case of LINEs and several different
proteins for replicative retrotransposition in LTR retrotransposons), SINEs
lack a transposition machinery of their own and essentially hijack the reverse
transcriptase protein of LINEs. Class II TEs (also known as DNA transposons)
can move via a cut-and-paste mechanism, essentially translocating their own
DNA sequence to another location (Kidwell 2005). A key feature of DNA
transposons are terminal inverted repeats (TIRs) and target site duplications
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(TSDs) (Wicker et al. 2007). Finally, endogenous viral elements (EVEs) con-
stitute relics of viral infections of the host and subsequent integration in the
germline genome (Feschotte and Gilbert 2012). Most commonly, EVEs are
retroviruses which are reverse-transcribed and integrated into the host genome
via retrotransposition. Thus they can essentially be classified as LTR re-
trotransposons, although there exist various EVEs of non-retroviral origin
(Feschotte and Gilbert 2012).

3.2 Tandem repeats

Tandem repeats occur when the same stretch of DNA (with varying degrees
of sequence identity) is repeated in a head-to-tail fashion, forming an array.
The different classes of tandem repeats are mainly differentiated by the length
of the single repeat unit which ranges from a one base pair to several thousands
of base pairs. Among the smallest tandem repeats are homopolymers (a single
nucleotide repeated many times) and microsatellites. The latter, which are also
called simple sequence repeats, usually exhibit unit sizes of 5 to 25 bp and
arrays consisting of up to hundred copies (Litt and Luty 1989). They belong
to the most rapidly evolving sequences in the genome, rapidly expanding and
contracting via replication slippage, the formation of a hairpin loop during
replication that leads to the deletion or insertion of several copies in the array
(H. Ellegren 2004; Schlétterer and Tautz 1992). The high mutation rate of
these repeats has been utilized by a number of research areas, with DNA fin-
gerprinting among the most important ones. Because microsatellite loci ac-
quire new mutations so rapidly, they can be used to uniquely identify individ-
uals for parental testing. Likewise, microsatellites have been the marker of
choice in population genetic studies prior to the rise of high-throughput se-
quencing technologies and catalyzed the emergence of the field of molecular
ecology (Schldtterer 2004). Larger types of tandem repeats comprise
minisatellites and satellites. Minisatellites have also been popular in individ-
ual genotyping, in fact DNA fingerprinting was first described using
minisatellites (Jeffreys, Wilson, and Thein 1985). They exhibit similar fea-
tures as microsatellites, except a slightly larger unit and array size (Lopez-
Flores and Garrido-Ramos 2012). Satellites are the least studied fraction of
tandem repeats. Partly this is due to their size: single repeat units of several
kilobases and megabase-scale arrays have been prohibitive to their exploration
(Plohl 2010). Only recently it has become possible to generate sequence data
spanning the length of a single repeat unit, yet the entirety of the array is still
often beyond the capabilities of present-day technologies (Miga 2015).
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4. Meiotic Recombination and Linkage
Disequilibrium

Meiotic recombination is a genetic mechanism ubiquitous in sexually repro-
ducing organisms (Graur and Li 2000). It describes the process of shuffling
alleles during germ cell proliferation and is an important mediator of natural
selection (Cutter and Payseur 2013) and source of genetic variation (Hans
Ellegren and Galtier 2016). During meiosis, homologous chromosomes align
with each other, and breaks in the double-stranded DNA occur. These double-
strand breaks occur non-randomly and are, depending on the organism, clus-
tered in certain genomic regions (Massy 2013). Double-strand breaks can re-
sult in crossing-overs, the exchange of DNA strands of homologous chromo-
somes, or be resolved as non-crossing-overs. The former is the actual process
that leads to different allelic combinations or haplotypes, increasing the effi-
cacy of selection for individual loci (Cutter and Payseur 2013).

Meiotic recombination can be studied and quantified in different ways. The
first is the direct observation of crossing-overs on chromosomes. However,
one of the most common ways to infer the recombination rate is by generating
a linkage map. Genotypes of genetic markers are determined for parents and
offspring over several generations to trace the inherited allelic combinations.
Given sufficiently many meiosis (i.e. offspring from the same parents or gen-
erations) and a dense marker regime, the entire genome can be mapped and
assigned to linkage groups (Graw 2015). Lastly, there is another, indirect,
measure of recombination: the population-scaled recombination rate p. This
approach relies on information from phased genotypes of a number of indi-
viduals of a population and capitalizes on deviations of allelic combinations
(Wall 2000). If a certain allelic combination is more common than expected
from random assortment according to their respective allele frequencies, it is
said to be in linkage disequilibrium (LD) (Lewontin and Kojima 1960). The
term essentially describes the statistical association between two loci and
should not be confused with physical linkage, which is the mere presence of
two loci on the same chromosome. The fact that recombination erodes the
statistical association between two loci can be used to infer its rate based on
observed patterns in LD, with the limitation that other forces such as selection
or demographic processes also influence LD (Baird 2015).

An important factor influencing recombination rate is structural variation.
If large stretches of DNA are altered between homologous chromosomes, this
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can cause difficulties in pairing and subsequent chromosome mis-segregation
leading to infertility or inviability of the organism (Lupski and Stankiewicz
2005). Thus, strong selection can be expected to either remove deleterious
variants, or to alter the recombination rate regime to avoid such consequences.
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5. Corvids in the songird genus Corvus

Corvids are an enigmatic group of songbirds. They have been accompanying
humans since prehistoric times, and their extraordinary intelligence and so-
phisticated social behavior have fascinated scientists and laymen alike. The
40 to 44 species in the genus Corvus, which comprise crows, ravens and jack-
daws, are distributed on all continents except Antarctica and South America
and range from medium to large size (Del Hoyo et al. 2015; Jonsson et al.
2016). Phenotypically they are rather uniform with most species similar in
shape and an all-black plumage color. However, a few species exhibit a pecu-
liar black-and-white or black-and-grey pattern, which is scattered across the
Corvus phylogeny, usually together with an all-black sister species. The most
prominent example for such a black versus black-and-grey species pair is the
case of the hooded C. (corone) cornix and carrion crow C. (corone) corone.
They meet in a narrow hybrid zone in central Europe which has served as a
textbook example for post-glacial processes (Meise 1928; Mayr 1942). Sur-
prisingly, the genetic differentiation between the two phenotypically very dif-
ferent taxa is extremely low, with only a few genomic regions harboring diag-
nostic SNP differences (Poelstra et al. 2014). A recent study on the genetic
composition of hybrids across the hybrid zone has identified an interaction of
two genomic regions on different chromosomes as the main factors responsi-
ble for phenotypic divergence (Knief et al., in revision). There seem to be a
gradient in the degree of genetic differentiation between all-black and black-
and-grey species pairs. While in the house crow C. splendens different pheno-
types merely represent morphs within an admixed population, the all black
Eurasian jackdaw C. monedula and black-and-white Daurian jackdaw C. dau-
uricus are genetically divergent and potentially do not even hybridize (Madge
and Burn 1994). This heterogeneity in genetic differentiation between inde-
pendent phenotypically different species pairs provides an ideal system to in-
vestigate the link between phenotype and genotype and unveil the genetic ba-
sis of population separation.
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6. Methods

6.1 Single-molecule sequencing

With the completion of the first human genome draft assembly in the early
2000s, there was a burst in development of sequencing technologies (Lander
et al. 2001; Venter et al. 2001). Owing its name to the massive amount of data
which could be suddenly produced, the first generation of high-throughput
sequencing had one major limitation: the length of single reads. With only
about 30 bp when first introduced, even nowadays the reads of this kind of
technology do not exceed a few hundred base pairs (Goodwin, McPherson,
and McCombie 2016).

The advent of single-molecule sequencing changed the situation dramati-
cally (Eid et al. 2009; Mikheyev and Tin 2014). Two competing companies
with fundamentally different approaches are currently dominating this seg-
ment: Pacific Biosystems (now owned by Illumina) and Oxford Nanopore
Technologies. Sequencing data from Pacific Biosystems — termed single-mol-
ecule real-time sequencing (SMRT) - is the main data type used in this thesis
and will thus be described in more detail. At the beginning of essentially all
long-read or long-range technologies stands the extraction of high-molecular
weight (HMW) DNA. This is a crucial step, since fragmented DNA limits the
resulting read length. In an enzymatic ligation, template DNA is circularized
with an adaptor and loaded onto the sequencing chip. The actual sequencing
begins when the single-stranded template DNA is guided through a DNA pol-
ymerase and the nucleotides used in synthesizing the complementary strand
are emitting fluorescent signals corresponding to each of the four bases. All
of this is happening in a less than a hundred nanometers wide well, called
zero-mode wave guide, which detects the nucleotide sequence of the synthe-
sized strand. Sequence reads of over 100 kb can be achieved and average read
lengths lie now routinely above 15 kb. Besides read length, the major ad-
vantage of the SMRT-sequencing technology is that the circular template mol-
ecule can be sequenced up to over 50 times, enabling the creation of a consen-
sus over them. To some extent this alleviates the fact that the sequencing error
rate of individual reads is quite high with around 15%. Furthermore, SMRT
sequencing does not include any amplification step, which is known to be bi-
ased against certain sequence compositions (Dohm et al. 2008). The other
main competitor among long-read sequencing technologies is Oxford Na-
nopore Technologies (ONT). Here, individual DNA molecules pass through
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pores a few nanometers wide which sit on a membrane and are able to detect
minute fluctuations in the electric current. DNA molecules passing through
the pore cause characteristic disruptions in the electric current, which is used
by the pore to record the nucleotide sequence. As opposed to SMRT-sequenc-
ing, a given template molecule is usually sequenced only once, without the
possibility to draw a consensus and a resulting higher error rate of the raw
data. In turn, ONT holds the current record in sequencing read length, which
has in some cases approached one million bases (Jain et al. 2018). With long-
read sequencing, far more contiguous assemblies than with previously availa-
ble technologies can be generated, and facilitated by decreasing sequencing
costs, it is now possible to produce high quality reference genomes for almost
any organism (Sedlazeck et al. 2018).

6.2 Optical mapping

Another technology which capitalizes on large single DNA molecules is opti-
cal mapping. Having its origin in the early 1990s (Schwartz et al. 1993), the
underlying concept has been commercialized by two different companies (Op-
Gen and BioNano Genomics) (Lam et al. 2012; Latreille et al. 2007). Long
DNA molecules (> 150 kb) are stretched out uniformly in nano-channels and
treated with a restriction enzyme which cuts at a specific recognition motif
(e.g. BspQI: 5’-GCTCTTC-3") and either inserts a fluorescently labelled nick
strand or disrupts the molecule entirely. The order of these two steps depends
on the technology. While in the original description and the OpGen technol-
ogy the molecule is first elongated and then digested, in preparation for the
BioNano technology input DNA is first digested and then stretched in na-
nochannels. Subsequently an image is taken and the resulting pattern repre-
sents a physical map of a single DNA molecule. Performed in a massively
parallel fashion, this yields a multitude of single-molecule maps, which can
be assembled into a genome-wide consensus map.

Importantly, optical mapping is not a sequencing technology, however the
physical information gained from single molecule and consensus maps can be
used for comparison with in-silico restriction maps from an existing genome
assembly. Individual scaffolds and contigs of the assembly can be merged into
super-scaffolds and mismatches in the comparison can be used to detect mis-
assemblies. Optical mapping constitutes a complementary approach to se-
quencing and can therefore be used as an independent tool for quality control
of genome assemblies (Shelton et al. 2015). The facilitation of long-range in-
formation (single molecules are over 150 kb in size) and independence of se-
quence context also renders optical maps ideal candidates to detect large-scale
structure variation, i.e. variants which are either too large or repetitive to be
detected via short- or long-read sequencing. This has been demonstrated in a
variety of organisms (e.g. Chakraborty et al. 2018; Kronenberg et al. 2018),
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but the reliance on the targeted restriction motif to be present in regions of
interest is certainly a limitation.

6.3 Detecting genetic variation

6.3.1 Genome assembly

At the beginning of almost every study looking at genetic variation is the de-
termination of a genomic reference. For organisms for which there is no ref-
erence assembly available yet, it can be assembled de novo, resulting in an
entirely novel representation of the genome. The process of genome assembly
can probably be best described with a metaphor: it is nothing more than a
jigsaw puzzle, with the input sequencing reads corresponding to the puzzle
pieces and an end-to-end genome assembly to the finished jigsaw puzzle. The
basic principle is rather simple: the overlap between any two sequence reads
can be used to merge them into longer sequences, also called contigs (contig-
uous sequence) (Yandell and Ence 2012). This process is repeated until chro-
mosomes in chromosome length are generated. Obviously, reality is far from
being that straightforward. One main factor constraining genome assembly is
the sheer vastness of genomes. To put things in perspective: If one would print
out the 1.3 billion base pairs of the crow genome (Venturini, D’ Ambrogi, and
Capanna 1986) — which is rather small for vertebrates — in 1 millimeter letters,
it would cover more than the distance from Rome to Paris. To find an overlap
between any two sequence reads (which would correspond to lengths between
15 centimeters and 20 meters) seems very hard to imagine. However, the de-
velopment of efficient algorithms and an ever-increasing computational
power have made this possible. In the early days of assembling large complex
genomes (such as mouse and human), mid-sized stretches of the DNA stem-
ming from Sanger-sequenced bacterial artificial clones were assembled with
an approach called overlap-layout consensus. With the onset of high-through-
put sequencing, the number of available reads to start with increased dramat-
ically, but the length decreased substantially. The result of this new situation
was the development of assembly methods based on de Bruijn graphs, which
essentially break each read into smaller, overlapping pieces of fixed length,
which are then merged to yield assembled contigs. Technological develop-
ment once again spurred algorithmic development when long-read data be-
came available (Chaisson, Wilson, and Eichler 2015). Contemporary long-
read assembly tools, which are commonly based on string graphs, can deal
with the constraints inherent in long, error-prone reads and deliver the most
contiguous assemblies to date. Most recently, the FALCON-UNZIP assembly
tool has been able to capitalize on another advantage of long reads: the infor-
mation on haplotype structure (Chin et al. 2016). This assembler is able to
separate the two chromosomes of a diploid genome and assembles them into
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a set of primary and associated contigs (or haplotigs). Previous assembly
methods (of all kinds) were — at best — only able to pick on or the other haplo-
type of a diploid input, but often the resulting haploid assembly included chi-
meric sequences which represented neither of the chromosomes. A diploid-
aware assembly tool circumvents this problem, resulting in a more accurate
reference.

Whenever multiple assemblies are available, for example two haplotypes
of a single individual as stated above, it is possible to detect genetic variation
through comparison between them. After whole-genome alignment, discord-
ant regions ranging from single to millions of base pairs indicate the presence
of genetic variants (Chaisson, Wilson, and Eichler 2015; Kronenberg et al.
2018; Chakraborty et al. 2018). In case of large rearrangements, discordant
regions are often identifiable via manual inspections of dotplots (a visual sum-
mary of a pairwise alignment). For large genomes, however, automated vari-
ant calling algorithms are the method of choice. Note that discordant regions
in the alignment do not necessarily represent a true genetic variant, but can
also mean an error in either of the assemblies. A combination of different ap-
proaches (e.g. read mapping, see below), is thus advisable to differentiate false
positives from true genetic variation.

6.3.2 Re-sequencing and read alignment

There are situations when de-novo assembly of genomes to identify genetic
variation is not an option, for example where genetic material is insufficient
to yield sufficient sequencing coverage, or when genome size or number of
individuals are prohibitive in terms of cost. Then, single or multiple individu-
als can be re-sequenced and genetic variants are identified via read alignments
to a reference assembly. For single-nucleotide variation, this is relatively
straightforward. Pileups of unambiguously aligned reads are screened for nu-
cleotides with differences consistent across all reads (or half of them in case
of heterozygotes) which are then, usually according to a model which incor-
porates the likelihood of the mutation and population information, scored as
SNPs (Ekblom and Wolf 2014). The discovery of single-nucleotide variation
in non-repetitive regions is largely independent of read length, since even very
short reads can usually be mapped unambiguously to unique stretches of se-
quence in a reference genome.

This is not true however for the detection of structural variation, especially
since this type of variation is commonly either constituting repetitive DNA
directly or associated with it. Most structural variants can be identified via so-
called split-read mapping (in case of long reads) or discordant read pairs (in
case of paired-end short reads) (Sedlazeck et al. 2018). This approach uses the
contradicting information coming from an alignment of a single read or read
pair. If at least two discordant alignments are reported for a single read, this
indicates that the re-sequenced individual does not conform to the reference.
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While deletions are relatively simple to identify via gaps in the alignment,
insertions often contain novel sequence and are thus reliant on the read entirely
spanning the insertion event to confidently locate it in the reference assembly.
The same is true for inversions. In principle it is possible to identify and an-
chor breakpoints for inversions larger than the aligned read length, however it
may become extremely complicated if one (or both) breakpoints contain DNA
repeats which lead to ambiguous alignments (Chaisson, Wilson, and Eichler
2015; Sedlazeck et al. 2018). Furthermore, palindromes in the reference can
lead to a read alignment erroneously suggesting an inversion. Altogether, the
identification and proper characterization of structural variation via read map-
ping is still far from trivial, but the constant development of long read tech-
nologies is promising for the field.
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Research aims

General aims

The central aim of my thesis is to characterize the full extent of genetic varia-
tion in the songbird genus Corvus and understand its relationship with pheno-
typic divergence between closely related species. My focus lies on structural
variation - genetic mutations beyond the single-nucleotide level that alter large
stretches of the DNA sequence at once. This form of variation in genomes has
been largely neglected in previous studies of natural populations, but has po-
tentially dramatic effects on the phenotype.

Specific aims

Paper I - To investigate patterns of nucleotide diversity and divergence across
multiple populations of Corvus crows across Europe and Asia. To establish if
the same genomic regions show elevated genetic differentiation for parallel
phenotypic contrasts in plumage pigmentation and may thus be involved in
facilitating speciation.

Paper II -To compare landscapes of genome-wide nucleotide diversity across
a wide range of evolutionary timespans and determine whether parallel pat-
terns are associated with chromosomal features.

Paper I1I - To establish a new high-quality genomic reference for the hooded
crow by assembling the individual previously used for the reference assembly
with single-molecule real-time sequencing and optical mapping data. To in-
vestigate the link between large, potentially centromeric tandem repeat arrays
and population genetic parameters.

Paper 1V - To improve the hooded crow reference assembly to chromosome-
level. To combine population-level short-read, long-read and optical mapping
data to investigate structural genomic variation in the genus Corvus and its
population genetic parameters. To identify candidate mutations responsible
for the phenotypic contrast across the European hybrid zone.
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Summary of the papers

Paper I - Evolution of heterogenous genome
differentiation across multiple contact zones in a crow
species complex

As populations diverge, genetic differences accumulate in their genomes. Due
to the complex interaction of mutation, selection, recombination, and random
genetic drift, genetic differentiation is not randomly distributed along the ge-
nome and — depending on how closely related two populations in a compari-
son are — distinct differentiation peaks can be distinguished (Wolf and
Ellegren 2017; Cutter and Payseur 2013). However, the driving forces behind
such a heterogeneous differentiation landscape are difficult to tease apart,
since processes such as divergent selection against gene flow or linked selec-
tion on deleterious mutations result in very similar genomic signatures. A
powerful approach to address this problem is to investigate multiple popula-
tions with independent contact zones of phenotypically different individuals.
While in these contact zones a scenario of selection against gene flow can be
assumed, and differentiation peaks likely contain genes responsible for phe-
notypic differences, allopatric population comparisons within the same phe-
notype should show a differentiation landscape concordant with linked selec-
tion and unrelated to the phenotypic contrast or genetic drift.

The Eurasian Corvus (corone) ssp. crow species complex is uniquely suited
to investigate this question. Spread from Spain to Eastern China and Japan,
populations exhibit two distinct phenotypes with either all-black and black-
and-grey plumage color and meet in hybrid zones in Central Europe (C. (c.)
corone & C. (c.) cornix) and Russia (C. (c.) orientalis & C. (c.) cornix, as well
in another contact zone with all-black C. (c.) orientalis and black-and-white
C. (c.) pectoralis in East Asia.

We generated whole-genome short read re-sequencing data for 128 indi-
viduals from 16 populations across the entire geographic distribution includ-
ing three contact zones with phenotypic contrasts. Coalescent-based inference
indicated a common ancestor of all populations roughly 300 000 years ago, a
result consistent with population divergence during the ‘Riss’ Pleistocene gla-
cial. We inferred population structure based on principal component analysis
and showed that, somewhat surprisingly, populations do not cluster according
to phenotype. Instead, deeply divergent lineages are contained in the all-black
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populations on both the Western (Spain) and Eastern (Russia) end of the geo-
graphic distribution.

We calculated z-transformed Fst (Fsr’) in non-overlapping 50-kb windows
to investigate genome-wide differentiation and used an 99 percentile outlier
approach to identify genomic regions which are potentially under selection.
Interestingly, differentiation peaks were not shared between population com-
parisons with the same phenotypic contrasts. The European hybrid zone
yielded the same previously identified differentiation peak, spanning 2.8 Mb
on chromosome 18 and containing genes involved in melanogenesis (PRKCA,
SLC16A6, AXIN2, CACNG1, CACNG4 and CACNGS) and visual percep-
tion (RGS9) (Poelstra et al. 2014). Differentiation peaks in the Russian C. (c.)
cornix and C. (c.) orientalis hybrid zones were less pronounced and located
on different chromosomes (chromosome 21 and Z chromosome), but also con-
tained genes from the melanogenesis pathway (CLCN6, MFN2 and MTOR).

Only one fixed difference, located in the LRP5 gene that interacts with the
WNT pathway, was shared between both of the hybrid zones. The third across-
phenotype comparison (C. (c.) orientalis and C. (c.) pectoralis) yielded one
prominent differentiation peak on chromosome 23. While the genomic loca-
tion of outlier regions were not shared between contact zone comparisons with
idiosyncratic processes driving patterns of differentiation, a parallelism in ge-
netic pathways resulting in similar phenotypic contrasts is suggesting a poly-
genetic architecture of the trait.

Paper 11 — Genome-wide patterns of variation in genetic
diversity are shared among populations, species and
higher-order taxa

Genetic diversity and hence differentiation between populations and species
is distributed non-randomly along the genome (Wolf and Ellegren 2017). To
identify the mechanisms underlying this heterogeneity is nontrivial, especially
since they are not mutually exclusive. A scenario often invoked to explain
heterogeneous differentiation landscapes with pronounced peaks of elevated
differentiation are so-called ‘islands of speciation’ (Feder, Egan, and Nosil
2012; Nosil and Feder 2013). Hereby selection acting on loci responsible for
reproductive isolation is counteracting homogenizing gene flow which re-
duces background levels of genetic differentiation. Another explanation for
the observed heterogeneity in patterns of diversity is background selection. In
regions of low recombination, recurrent deleterious mutations lead to a reduc-
tion of neutral diversity and thus an increase of genetic differentiation
(Cruickshank and Hahn 2014; Charlesworth, Morgan, and Charlesworth
1993; Cutter and Payseur 2013).

28



In this study, we employ a comparative approach to investigate the pro-
cesses leading to a heterogenous differentiation landscape and disentangle the
contribution of shared linked selection and divergent selection against gene
flow. We used population genomic data from three songbird clades (Ficedula
flycatchers, Geospizinae Darwin’s finches and Corvus crows) with in total
444 re-sequenced avian genomes (Burri et al. 2015; Lamichhaney et al. 2016;
Vijay et al. 2016) to determine patterns of genome-wide nucleotide diversity
7, genetic differentiation (Fst, PBS), divergence (dxy) and population-scaled
recombination rate (p). Surprisingly, we found that broad-scale patterns of nu-
cleotide diversity, differentiation, and divergence as well recombination rate
are conserved both within and across the three clades, which are 50 million
years divergent. Correlation coefficients for all population genetic parameters
were consistently positive and lower between clades (0.082 — 0.32) compared
to within clades (0.19 — 0.98). We then investigated the amount of overlap of
differentiation outlier windows with putative locations of centromeres and te-
lomeres inferred in zebra finch (Knief and Forstmeier 2016). For all three
clades, we found overlap significantly greater than expected by chance (fly-
catchers: 58.53 % and 60.98 %, crows: 21.95 % and 31.7 %, Darwin’s finches:
14.63 % and 29.27 %).

In conclusion, we found that genomic landscapes of genetic diversity, dif-
ferentiation and recombination are conserved across broad evolutionary time-
scales in songbirds. This speaks for a role of linked selection rather than di-
vergent selection against gene flow as a key driver for the observed pattern
heterogeneity. Overall, it becomes clear that comparative approaches using
multiple independent study systems are a valuable tool to study the processes
generating heterogeneous landscapes of genetic diversity.

Paper I1I — Combination of short-read, long-read and
optical mapping assemblies reveals large-scale tandem
repeat arrays with population genetic implications.

The generation of accurate and contiguous genome assemblies is central to
molecular and population genetic studies. While this necessity is omnipresent,
its achievement is often hampered by limitations caused by repetitive DNA.
The reason for that is that DNA repeats introduce ambiguity in the task of
finding overlaps between single sequencing reads and sequence contigs, lead-
ing to either fragmented or incorrect assemblies. Furthermore, the occurrence
of large tandem repeat arrays — high copy number repeats arranged in a head-
to-tail orientation — is often associated with chromosomal features such as
centromeres and telomeres, which in turn influence sequence composition and
recombination rate. The ability to locate and anchor such tandem repeat arrays
is thus a vital prerequisite in population genetic studies.
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In this study we used a combination of different technologies and method-
ological approaches to characterize and locate large tandem repeat arrays in
an avian model for speciation, the hooded crow Corvus (corone) cornix. We
sequenced the genome of a male individual to a 52-fold coverage depth using
Pacific Biosystems single-molecule real-time sequencing and generated a
highly contiguous assembly (8.58 Mb contig N50). We then compared this
assembly with a previously published short-read assembly and an inde-
pendently assembled optical map and identified 36 large-scale tandem repeat
arrays at the ends of scaffolds. In the vicinity of these repetitive anchored maps
(RAMs) we identified a novel satellite repeat which we termed “crowSatl”.
In the majority of scaffold ends which contained a RAM, we also found this
14-kb DNA satellite repeat or its 1.2-kb subunit, supporting the notion that the
observed RAMs consist of large tandem repeat arrays of this repeat.

Large tandem repeat arrays are commonly associated with chromosomal
features such as centromeres and telomeres, which influence meiotic recom-
bination and the distribution of nucleotide diversity. Thus, we then looked at
the relationship of RAMs and crowSatl with population genetic parameters
of adjacent genomic regions. Using a large-scale population re-sequencing
data set (Vijay et al. 2016), we estimated the population-scaled recombination
rate p and calculated the weighted mean in 50-kb windows for two crow pop-
ulations. Windows adjacent to RAMs or containing crowSat1 show a signifi-
cantly reduced recombination rate both compared to the genome-wide average
and other windows at scaffold ends. Our findings thus concur with an effect
of large tandem repeat arrays on recombination and point towards a centro-
meric or telomeric association. Knowledge on these large tandem repeat ar-
rays can be incorporated in downstream population genetic analysis and pre-
vent potential biases in the inference of selection or demographic history. In
conclusion, this study demonstrates how the combination of different, com-
plementary technologies can lead to the discovery of previously hidden, yet
important genomic features.

Paper IV — Fine-scale analysis of Structural Genomic
Variation in Natural Populations

In most organisms, structural genomic variation accounts for a large propor-
tion of the variation between two genomes (Chaisson, Wilson, and Eichler
2015; Huddleston and Eichler 2016). Despite the potential to cause diseases
and drastically alter phenotypes and thus be of evolutionary importance (Kiip-
per et al. 2016; Feuk, Carson, and Scherer 2006; Feulner and De-Kayne 2017),
structural variation has received much less attention than for example single
nucleotide variation (Huddleston and Eichler 2016). In part this is due to the
fact that technological limitations have thus far constrained the discovery of
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this type of variation. More specifically, the presence of repetitive DNA is
hampering the reliable discovery and genotyping of structural variants. Both
sequence assembly and read mapping require sequence reads containing un-
ambiguous information to yield confident results. However, if a single read is
not able to span an interspersed repeat or a tandem repeat array entirely this is
not possible. Thus, the ability to reliably detect structural variants greatly de-
pends on the length of single reads (Sedlazeck et al. 2018).

In this study we aimed to characterize and quantify the full size spectrum
of structural genomic variation in a natural population setting. Using a model
system for speciation, the Eurasian crow Corvus (c.) ssp. species complex and
further members of the same songbird genus, we portray genetic variation be-
yond the single-nucleotide level and investigate its role in the divergence of
phenotypically different populations. To generate a phased, diploid genome
reference, we re-assembled SMRT-sequencing long-read data with the FAL-
CON-UNZIP assembly tool (Chin et al. 2016). We then further improved as-
sembly contigs with a previously published optical map (Weissensteiner et al.
2017) and Hi-C chromatin interaction mapping data resulting in chromosome-
level scaffolds. We also generated long-read and optical mapping data from a
jackdaw Corvus monedula individual, to produce another reference assembly
from the same genus and included a previously published assembly of the Ha-
waiian crow Corvus hawaiiensis (Sutton et al. 2018). Contigs for all three as-
semblies have been generated with FALCON-UNZIP and similar input data.

We then investigated genetic variation on the single individual level by
aligning the two haplotypes of each assembly and identifying single-nucleo-
tide and structural variation. Median densities of SVs and SNPs per 1-Mb
windows were similar for the hooded crow and jackdaw with 7 SVs (2,228
SNPs) and 5 SVs (1,558 SNPs), respectively. In contrast, median SV and SNP
densities were only 0 and 75 per Mb window for the Hawaiian crow, a result
expected given the heavily inbred population of this species (Sutton et al.
2018). Next, we looked at SV segregating within and between natural popu-
lations. We generated long-read (LR) data for 31 individuals across the Cor-
vus phylogeny, comprising the European jackdaw (C. monedula), the Daurian
jackdaw (C. dauuricus), the American crow (C. brachyrhynchos) and three
populations of the Eurasian crow complex (C. (corone) ssp.). Using a read-
mapping based approach, we identified in total 51,405 variants across all in-
dividuals, of which 1,767 were private to single individuals. To account for
errors in genotyping, we exploited the phylogenetic information contained in
the sampling setup and retained a set of 35,065 variants. Given the large di-
vergence time between clades (13 million years), we assumed that polymor-
phisms shared between clades should be rare and thus likely constitute geno-
typing errors. Among retained variants, we identified 1,165 inversions, 13,134
insertions and 16,794 deletions. Of all insertions and deletions, 6,998 could
be associated with tandem repeats and 8,558 with interspersed repeats.
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We then quantified the amount of segregating polymorphism in the crow
and jackdaw clade and found 24,036 and 12,147 variants to be polymorphic,
respectively. Folded site frequency spectra across all populations in each clade
exhibited a strongly right skewed pattern indicating an excess of rare alleles.
This was not the case however for insertions and deletions associated with
simple and low complexity repeats, which showed elevated intermediate fre-
quencies. Apart from a potential technical bias, it is possible that a high
amount of forward and backward mutation typical for these types of tandem
repeat is responsible for the observed pattern. To increase the number of sam-
pled individuals, populations and species, we employed a short-read (SR)
based SV detection approach using a previously published data set (Vijay et
al. 2016; Poelstra et al. 2014). We identified 132,025 SVs, of which only 3,206
overlapped with the LR variant set. This difference cannot solely be explained
by the difference in sample size, indicating a high amount of false-positives
and an in general lower suitability of short read data to detect SV. Next, we
compared the two phenotypically divergent European crow populations to de-
tect variants which are potentially under selection. We estimated genetic dif-
ferentiation (Fst) for each variant in the LR variant set and performed an out-
lier scan, yielding 163 SVs. Among these we identified a 2.25-kb LTR re-
trotransposon insertion 20 kb upstream of the NDP gene on chromosome 1.
This gene has been shown to play a role in plumage patterning in pigeons
(Vickrey et al. 2018) and is involved in maintaining the hybrid zone of black-
and-grey and all-black crows in Europe (Poelstra et al. 2014; Knief et al., n.d.).
Interestingly, the insertion is polymorphic or absent in European all-black car-
rion crows, but fixed in black-and-grey hooded crows. Furthermore, we used
normalized gene expression data of NDP in skin (Poelstra et al. 2015) and find
a significant association with the insertion genotype, suggesting a causal role
of the insertion in the phenotypic divergence.

In summary, we show that long-read sequencing has the potential to greatly
expand our view on genetic variation and facilitates the detailed characteriza-
tion and population genetic analysis of previously unknown variants. We
demonstrate this approach in an evolutionary model system and pinpoint a
candidate structural variant potentially responsible for population divergence.
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Sammanfattning pd Svenska

Arftlig genetisk variation ir en av grundstenarna i evolutionen. Det beror pa
att slumpmadssiga forandringar (sa kallade mutationer) i arvsmassan kan gene-
rera skillnader i observerbara egenskaper (fenotyper) hos en organism. Evo-
lutionen verkar pa fenotypen, men genom dess koppling till arvsmassan kan
evolutiondra processer fordndra frekvensen av de underliggande mutationerna
i en population. Genetisk variation &r ett brett begrepp som inkluderar bade
enstaka basutbyten (s.k. enbaspolymorfier) och storskaliga rearrangemang av
miljontals sammanhidngande nukleotider samtidigt (strukturella variation).
Det innebér att effekten pa den resulterande fenotypen kan variera beroende
pa vilken typ av mutation som sker och pa vilken position i arvsmassan den
intrdffar. Malet med denna avhandling &r att ge en Gverblick Over genetisk
variation och deras forekomst och frekvens i naturen genom att studera arter
inom sléktet Corvus. For att nd malet anvinder vi oss av flera olika sekvense-
ringstekniker och populationsgenetiska metoder for dataanalys. Dessa verktyg
hjdlper att belysa genetiska variationer i olika tidsperspektiv, fran individuell
variation inom en population till jimforelser mellan avldgsen besléktade arter.
Vi borjar med att studera ett geografiskt omrade som sedan tidigare ar kint for
forekomsten av hybrider av olika arter av krakfaglar. Utbredningsomréadena
hos svartkréka (C. (corone) corone) och grakréka (C. (corone) cornix) dver-
lappar i smala hybridzoner i bade Centraleuropa, Centralasien och Sydosta-
sien. I den forsta studien jaimfor vi den genetiska variationen fran de tre olika
hybridzonerna. Den visar att det inte finns nagra tydliga regioner i genomet
som eventuellt bestimmer fenotypiska skillnader. Samtidigt fanns det tydliga
Overensstimmelser i grupper av gener och gennitverk bland de olika hybrid-
zoner. I den andra studien undersoker vi olika evolutionéra tidsramar for att
forstd vilka faktorer som driver heterogeniteten i genetisk differentiering som
tidigare har observerats i jamforelser mellan manga olika figelarter. Genetisk
diversitet, och ddrmed differentiering, verkar korrelera s&vél mellan populat-
ioner av samma art, som mellan olika arter som separerade for upp till 50 mil-
joner ar sedan. Detta monster skapas genom en konserverad variation i rekom-
binationsfrekvens, som 1 sin tur sannolikt beror av kromosomstrukturer som
centromerer och telomerer. Vi karaktariserar ocksd hela grakrakans arvs-
massa, genererad med hjélp av sekvensering av langa DNA-molekyler samt
optical mapping. Anviandning av dessa teknologier gav oss inblick i tidigare
icke-tillgingliga delar av arvsmassan och vi upptéckte grupper av storskaliga
repetitiva delar som forekom i tandem (14 kilobaser langa “satelliter” med en
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underenhet som utgjorde 1.2 kilobaser). Eftersom dessa grupper av tandemre-
petitioner dr associerade med genetiska regioner som kdnnetecknas av en
minskad rekombinationshastighet inom hela populationen, drar vi slutsatsen
att ursprunget skulle kunna vara centromerer eller telomerer. Vi avslutar av-
handlingen med att utdka analysen av arvsmassan fran enbaspolymorfier till
undersokning av storre strukturella rearrangemang, sdsom insertioner, delet-
ioner och inversioner inom sldktet Corvus. Anvandning av Hi-C-teknik (kart-
laggning av arvsmassan med hjélp av kromatininteraktion) gor det mojligt att
sammanfoga bitar av DNA-sekvens till fullstindiga kromosomer. Sekvense-
ring av langa DNA molekyler gor det ocksa mdjligt att fa information om
diploida individers enskilda haplotyper. Vi gjorde en detaljerad kartliggning
av strukturella varianter i atta olika fagelarter med hjdlp av olika sekvense-
ringsteknologier. Vara analyser visade att det fanns en variabel, cirka 2.25-
kilobaser lang, repeterad sekvens 20 kb uppstroms genen NDP. Sekvensen
tillhor ERVK-familjen och &r fixerad (icke-variabel) i grakrdka. Sekvensen
har tidigare kopplats till sinkt genuttryck av NDP och ar dirmed en kandidat-
region som skulle kunna ligga bakom skillnader i fjdderdrédkt mellan olika
Corvusarter.
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