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Abstract
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Understanding what evolutionary processes have shaped patterns of genomic differentiation
between species is a major aim of speciation genomics. However, disentangling the role of
different processes that generate similar patterns remains a substantial challenge. Within this
thesis, I aimed to infer the action of different evolutionary processes through population-
level genome re-sequencing of closely related species. I explored how processes such as
recombination, natural selection, and genetic drift interact to shape the genomic differentiation
landscape among multiple species of Ficedula flycatcher. Collared flycatcher and pied
flycatcher are a pair of closely related species, which hybridize in regions of secondary contact.
Reproductive isolation is strong and hybrids appear to be sterile. I compared the differentiation
landscape between collared and pied flycatchers with a more distantly related species pair,
the red-breasted and taiga flycatchers. This comparison revealed elevated regions of genomic
differentiation shared between the two pairs, i.e. shared differentiation peaks, and those unique
to a single pair, i.e. lineage-specific differentiation peaks. Since the two species pairs share a
negligible portion of genetic variation, shared patterns in the differentiation landscape should
be driven and maintained by conserved processes, while lineage-specific patterns should be
driven by lineage-specific changes in relevant evolutionary processes. Selective sweep scans
suggested that both shared and lineage-specific peaks can result from adaptive evolution
and that lineage-specific adaptation is not a sufficient determinant of lineage-specific peaks.
Instead, lineage-specific differentiation peaks appeared to be driven by evolutionary changes
in the recombination landscape, the dynamics of which had strong impacts on the detection
of signatures of linked selection. I also found that adaptation did not play a prominent role
on Z-chromosome differentiation. Both the fast-Z and large-Z effects were apparent within
the flycatchers but appeared to be primarily driven by the increased role of genetic drift on
the Z-chromosome due to its reduced effective population size compared to the autosomes. [
hypothesized that the increased impact of genetic drift could speed up the buildup of genetic
incompatibilities of Z-linked and autosomal loci and contribute to reproductive isolation.
Finally, using long-read and HiC sequencing data, I generated high-quality reference genomes
for the collared flycatcher and pied flycatcher, and provided a first glimpse of the role
of structural variation in speciation. I observed an increased prevalence of inversions and
translocations on the sex chromosomes and in differentiation peaks. Structural rearrangements
may therefore represent an important source of genomic variation contributing to species
divergence.
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Introduction

The variety of life present today arose from a common ancestor through a
diversification process we call speciation, which is the event of species for-
mation. Despite the universality of this statement, evolutionary biologists still
struggle to agree upon a single definition of what a species is, which in part
stems from the difficulty of articulating a unifying definition that encompasses
all of life. Among sexually reproducing organisms one of the most commonly
applied species concepts by speciation researchers is the biological species
concept (BSC). The BSC defines species as groups of populations that are
reproductively isolated from other populations, while freely exchanging genes
among themselves (Mayr, 1963). As well as defining a species, this definition
provides an explanation for the process of species formation, positing that spe-
ciation is the process by which reproductive isolation evolves.

Reproductive isolation evolves as the result of a myriad of individual ‘repro-
ductive barriers.” These barriers are broadly characterized as pre-zygotic and
post-zygotic, based on what stage of reproduction they influence, and reduce
the frequency of hybridization between budding species (Coyne & Orr 2004).
Pre-zygotic barriers include ecogeographic isolation, divergence of mating
display or mating timing, differences in reproductive tracts and gamete recog-
nition, among others. Post-zygotic barriers are frequently divided into extrin-
sic and intrinsic barriers. Extrinsic barriers refer to the fitness of hybrids
within their environment, and that they are maladapted compared to the pa-
rental species. Intrinsic barriers, on the other hand, restrict gene flow regard-
less of the external environment. The most frequent source of intrinsic post-
zygotic isolation is thought to be the result of Bateson-Dobzhansky-Muller
incompatibilities (BDMIs; Seehausen et al., 2014). BDMIs arise through neg-
ative epistatic interactions between loci, for example when different alleles
have fixed in two species (Fig. 1). When hybrids are formed, the combination
of alleles at different loci has never been tested by selection and may be in-
compatible.
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Figure 1: Example of how BDMIs can arise between two species. Shown in panel
A are representations of two copies of a chromosome for an ancestral species, two
descendent species, and their F1 hybrid. Species 1 fixes a derived mutation at one
locus (blue circle), and species 2 fixes a derived mutation at a different locus (red
circle). When the two species hybridize, the two derived mutations are brought into
the same genome in the F1 hybrid. As the combination of these mutations has never
been tested before by selection, they may result in genetic incompatibilities. In panel
B is a hypothetical depiction of the fitness of species 1 (blue), species 2 (red), and the
F1 hybrid (purple). Neither species 1 nor species 2 have a difference in relative fitness,
but the hybrid experiences reduced fitness because of the genetic incompatibility.

There is substantial interest among speciation researchers in quantifying the
cumulative effects of individual reproductive barriers on total reproductive
isolation between closely related species. In addition, there are open questions
surrounding the order in which pre-zygotic versus post-zygotic barriers arise
in the process of speciation, as well as their relative importance to divergence.
Intrinsic post-zygotic barriers are thought to be important for the long-term
maintenance of species boundaries, due to their perceived permanence com-
pared to ecologically based barriers that may break down if the environment
changes (Coyne & Orr 2004). Theoretical work on hybrid zones suggests that
pre-zygotic barriers will be insufficient to prevent the merging of two species
without any post-zygotic barriers in place (Irwin, 2020). Incompatibilities also
often segregate within populations, which suggests that intrinsic post-zygotic
barriers could also help to initiate speciation (Coughlan & Matute, 2020).
However, because pre-zygotic barriers will act before post-zygotic barriers in
an organism’s lifecycle, it has been emphasized that the relative importance
of pre-zygotic barriers may be much greater than post-zygotic (Sobel & Chen,
2014). Some evidence also suggests that pre-zygotic barriers may evolve be-
fore post-zygotic barriers (Seehausen et al., 2014), and could therefore be crit-
ical in the earliest stages of speciation. However, caution must be taken when
attempting to infer the historical order in which reproductive barriers arose
when studying present day species.

In general, studying a historical process such as a past speciation event is a

challenge because we are unable to observe the process occurring in real time.
One common approach to address this limitation is to compare patterns of
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divergence observed from multiple species pairs that are at varying stages of
speciation (Wolf & Ellegren, 2017). This can be referred to as reconstructing
the ‘speciation continuum,’ emphasizing the gradual nature of the speciation
process. Of course, there are inherent limitations of this approach, as there is
no guarantee that two independent pairs have followed the same trajectory
during the divergence process, or that any two pairs represent stable species
that will not collapse in the future. Nevertheless, this approach has helped ex-
pand our knowledge of species divergence and becomes increasingly useful
when applied to a diverse array of organisms. Studying closely related species
that may continue to exchange genes has also been powerful for understanding
the earliest stages of speciation. One outcome from studies of the early stages
of speciation was an emphasis of the importance of what is called ‘ecological
speciation’ (Rundle & Nosil, 2005). In this scenario, ecologically based diver-
gent selection is the driving force behind the evolution of reproductive isola-
tion (Schluter, 2001). Often intertwined with ecological speciation is the idea
of ‘speciation-with-gene-flow,” with evidence suggesting that reproductive
isolation could evolve in the face of ongoing gene flow (Nosil, 2008). It ap-
pears, however, that many examples of speciation where gene flow is cur-
rently observed likely experienced historical periods of allopatry, stressing
that geographic isolation may frequently be an important aspect of species
divergence.

Finally, although a view of speciation as the gradual evolution of reproductive
isolation is common, the definition is not without disagreement. Recent at-
tempts to define the speciation continuum revealed that while many authors
use or recognize the term, few agree on what it actually tells us (Stankowski
& Ravinet, 2021). Additionally, while some authors have emphasized the im-
portance of quantifying a cumulative value of reproductive isolation between
divergent species (Sobel & Chen, 2014; Westram et al., 2022), others have
stressed that doing so is unlikely to be either possible or meaningful (Mallet
& Mullen, 2022). Speciation can also involve much more than just the evolu-
tion of reproductive isolation, and divergence can occur across many axes.
Furthermore, a definition fixated on reproductive isolation becomes difficult
to apply to asexual organisms. Thus, some authors have advocated for a more
multivariate view of speciation that encompasses the multiple axes along
which divergence proceeds (Bolnick et al., 2023).

In this thesis, I focus on understanding species divergence at the genomic level
by studying several closely related species of the Ficedula flycatcher genus.
Through this work, I aim to improve our knowledge of how different evolu-
tionary processes interact to shape patterns of genetic diversity and differenti-
ation throughout the speciation process. In the following pages, I outline some
of the relevant background information on speciation genomics and describe
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how a variety of evolutionary processes and features of the genome are ex-
pected to play a role in speciation.

Speciation genomics

Initial studies within speciation genetics sought to identify the loci that were
responsible for driving and maintaining species differences, so-called ‘speci-
ation genes.” The rise in high-throughput sequencing saw an explosion within
this field, and the move from speciation genetics to speciation genomics. The
extension of genome sequencing to non-model organisms opened up a new
realm of opportunities, and the ability to compare patterns of sequence diver-
gence along the genome of closely related species. Along with the technolog-
ical advancement came the hope that we could more easily than ever identify
the genes that were responsible for speciation.

Early approaches to study genome-wide patterns of differentiation between
closely related species or locally adapted populations revealed striking heter-
ogeneity in the extent of divergence when looking spatially along the genome
(Ellegren et al., 2012; Martin et al., 2013; Renaut et al., 2013; Turner et al.,
2005). These patterns became referred to as the genomic landscape. Because
many of the systems within these studies were thought to be currently ex-
changing genes, the landscapes were interpreted as displaying the interaction
between gene flow and divergent selection (Ellegren et al., 2012; Nadeau et
al., 2012; Turner et al., 2005). According to this model, the genomic back-
ground shows low overall levels of differentiation due to homogenization by
gene flow. Peaks of high differentiation, however, were thought to represent
loci resistant to gene flow and therefore result from strong divergent selection
or genetic incompatibilities. These loci were initially referred to as islands of
speciation (Turner et al 2005), and subsequently the more agnostic term, is-
lands of differentiation.

The interpretation of genomic landscapes in light of speciation-with-gene-
flow was questioned in a reanalysis of several of the early datasets that put
forth this hypothesis (Cruickshank & Hahn, 2014). A major critique of the
work was that most studies focused on relative measures of divergence, pri-
marily in the form of Fsr, which are sensitive to within species levels of di-
versity. If differentiation islands represented the few regions of the genome
resistant to ongoing gene flow, they would also be expected to show higher
absolute levels of divergence, estimated by dxy (Fig. 2A; Nachman & Payseur,
2012). Reanalysis, however, revealed that elevated dyyin Fsr peaks was rarely
observed. On the contrary, peaks of relative divergence often showed lower
levels of absolute divergence, as well as within species diversity. Such a pat-
tern is expected if the diversity reducing processes were conserved from a
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common ancestor (Fig 2B; Nachman & Payseur, 2012), as dxyis sensitive to
variation in ancestral levels of diversity. Moreover, demographic modeling
revealed in many cases that ongoing levels of gene flow were negligible. As a
result, it appeared the genomic landscape was less informative about the re-
productive barrier loci underlying the speciation process than initially thought.

Alternative explanations for the evolution of differentiation islands include
lineage-specific selective sweeps after divergence and background selection
occurring on a conserved genomic architecture (Ravinet et al., 2017; Wolf &
Ellegren, 2017). In the first paper to use the term speciation islands, the au-
thors observed that islands were in fact found close to centromeric regions that
typically experience low recombination (Turner et al., 2005). Subsequent
studies reported a strong relationship with differentiation and recombination
rate, where reduced diversity and increased differentiation coincide with low
recombination rate (Burri et al., 2015; Corbett-Detig et al., 2015; Delmore et
al., 2018). Natural selection is expected to have a wider impact on levels of
linked neutral diversity when recombination rate is low, as neutral variants are
unable to escape association with selected sites (Kaplan et al., 1989). The term
linked selection has come to refer to the reduction in diversity at neutral sites
linked to the focal site under selection, which may result from both purifying
and positive selection (balancing selection, that increases genetic diversity,
can also have linked effects but is often ignored by this term). This process
leads to a lower effective population size (N,) in regions of low recombination,
which can in turn accelerate lineage sorting and cause differentiation islands
to arise that have no role in speciation per se (Wolf & Ellegren, 2017).
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Figure 2: Predicted patterns in the genomic landscape under different scenarios.
Shown are predicted patterns of relative genetic differentiation (Fsr), genetic diversity
(m), absolute genetic divergence (dxr), and recombination rate along a chromosome
under two scenarios. In panel A are predictions for speciation-with-gene-flow and in
panel B are predictions for recurrent linked selection (both BGS and positive selec-
tion). In panel A, the Fsr peak contains loci that contribute to reproductive isolation
(RI), which drives patterns of elevated differentiation (red arrow). The rest of the
chromosome is homogenized through gene flow (blue arrows) and differentiation re-
mains low. The Fsr peak observed is also predicted to show lower within species di-
versity (), and higher absolute divergence (dxr) between species. We also predict that
in the face of gene flow, loci contributing to RI are more likely to establish where
recombination rate is low. In panel B, the Fsr peak is driven by linked selection (LS;
red arrow). In this case, reduced N. leads to faster lineage sorting in the region of the
Fsr peak, while the rest of the chromosome shows lower levels of differentiation due
to increased levels of shared ancestral polymorphism (blue arrows). We also expect
to see lower within species diversity () and lower absolute divergence (dxy) coincid-
ing with the Fsr peak, as well as lower recombination rate.
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While linked selection unrelated to ongoing gene flow can play a substantial
role in shaping the genomic landscape for many species, the importance of
background selection versus positive selection remains somewhat unclear.
Observations that variation in patterns of diversity and differentiation were
remarkably correlated among both closely and distantly related species, par-
ticularly within avian systems with a well conserved karyotype, (Burri et al.,
2015; Delmore et al., 2018; Dutoit et al., 2017) suggested that background
selection was potentially more important. That the very same regions would
show elevated differentiation among species pairs with different ecological
niches was unexpected due to parallel adaptation. Therefore, repeated differ-
entiation peaks were hypothesized to more likely result from background se-
lection, while lineage specific differentiation islands may be more likely to
result from adaptive evolution (Berner & Salzburger, 2015; Burri, 2017).
However, the drastic reductions in diversity observed within many differenti-
ation islands may be difficult to explain by background selection alone. In-
deed, studies based on simulation and mathematical modeling demonstrated
that selective sweeps were necessary to explain all of the variation in diversity
along the genome (Rettelbach et al., 2019; Schrider, 2020; Stankowski et al.,
2019). Therefore, more work is necessary to understand what processes drive
shared patterns of genomic differentiation between independent species. Com-
parative studies between multiple species pairs at varying stages of divergence
can help us to understand how different evolutionary processes and sources of
variation contribute to the speciation process.

Recombination rate and speciation

Meiotic recombination is a fundamental evolutionary process that plays a ma-
jor role in shaping genome-wide variation. Through the reshuffling of genetic
variation, recombination creates new combinations of alleles and is thought to
provide one of the major advantages of sexual reproduction. By breaking apart
linkage between sites, recombination can increase the efficacy of selection on
them. On the other hand, this same function can break apart co-adapted sites,
reducing fitness. Breaking apart variation also means that recombination can
oppose the speciation process, by contributing to the homogenization of vari-
ation between diverging populations. Therefore, the evolution of the sup-
pressed recombination has received a great deal of attention within speciation
genomics because this can contribute to species divergence in the face of gene
flow. Below, I outline some of the mechanisms behind meiotic recombination,
how wvariation occurs across the genome, and what some of the evolutionary
consequences of this variation can be.
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Molecular mechanisms of recombination

Meiotic recombination is induced by DNA double-strand breaks (DSBs; Gray
& Cohen 2016). There are several methods of DSB repair, which can result in
a crossover (CO), the reciprocal exchange of genetic material between homol-
ogous chromosomes, or a non-crossover (NCO). In most species the majority
of DSBs are not repaired through COs, but by NCO events (Zelkowski et al.,
2019). Nevertheless, at least one CO per chromosome appears to be nearly
ubiquitously necessary for the proper segregation of chromosomes during
meiosis (Zickler & Kleckner, 2015). In addition to the reciprocal exchange of
genetic material between chromosomes, DSBs can also be repaired by gene
conversion. When gene conversion occurs, the genetic material from one of
the homologous chromosome pairs is copied into the other chromosome. A
specific instance of gene conversion occurs when the locus contains a GC/AT
polymorphism, which is known as GC-biased gene conversion (gBGC). In
many species a bias is observed towards preferentially replacing the AT copy
of the chromosome with the GC copy. This fixation bias has led to the obser-
vation of a positive correlation between recombination rate and GC content
across (Duret & Galtier, 2009), and can interfere with fitness (Glémin, 2010;
Xue et al., 2016). DSB repair can also generate novel mutations, including
several types of structural rearrangements, through mechanisms such as non-
allelic homologous recombination (NAHR). NAHR is particularly associated
with repetitive regions, such as transposable elements (TEs), where recombi-
nation occurs between sequences with high similarity but that are not alternate
copies of the same allele (Klein & O’Neill, 2018).

Variation in recombination rate

Recombination rate can vary along different scales, including between sepa-
rate species, between different populations of the same species, between the
sexes, and within a single individual spatially along the genome (Stapley et
al., 2017). This genome-wide variation can also occur at both the fine-scale
and the broadscale. While fine-scale variation in recombination rate is primar-
ily the result of hotspots, broadscale variation depends more on the local ge-
nomic architecture, such as the proximity to centromeres. Within many spe-
cies, there appears to be a greater proportion of COs around the telomeres,
with broad regions around the centromeres (pericentromeric regions) experi-
encing little recombination (Zelkowski et al., 2019). Even in species where
centromeres are not centrally positioned on the chromosome, the chromosome
centers appear to experience reduced recombination (Haenel et al., 2018). Ad-
ditionally, CO interference appears to place an upper limit on the number of
COs that can occur on a single chromosome (Gray & Cohen, 2016). Because
at least one CO per chromosome appears to be necessary for proper segrega-
tion during meiosis, we often observe a negative relationship between average
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recombination rate and chromosome size, with smaller chromosomes experi-
encing a higher average rate of recombination (Kawakami et al., 2014). Con-
sequently, these smaller chromosomes also often exhibit higher GC content
due to a greater occurrence of gBGC (Weber et al., 2014).

Although it may seem counterintuitive, the fine-scale and broadscale patterns
of recombination can evolve at different rates between species (Smukowski &
Noor, 2011). In many mammals, the location of recombination hotspots is
governed by the zinc-finger protein, PRDM9 (Baudat et al., 2010; Myers et
al., 2010; Parvanov et al., 2010). Within species with PRDM9 mediated
hotspots, fine-scale recombination patterns can turnover rapidly (Ponting,
2011), with few shared recombination hotspots even between closely related
species and sometimes between different populations of the same species
(Stevison et al., 2016; Wooldridge & Dumont, 2023). On the other hand,
broadscale patterns appear evolutionarily more conserved (Smukowski &
Noor, 2011). The degree of evolutionary conservation of recombination rate
also varies drastically among different lineages. For instance, recombination
landscapes appear to be remarkably more conserved among birds compared
to mammals, particularly at the fine-scale (Kawakami et al., 2017; Singhal et
al., 2015). The increased conservation of fine-scale recombination among
birds is attributed to the lack of PRDM9 in hotspot determination. Hotspots
instead appear to localize to functional regions such as transcription start sites,
transcription stop sites, and CpG islands (Singhal et al., 2015). At the broad-
scale, the high degree of synteny among even highly divergent species of birds
does appear to contribute to a relatively stable recombination landscape
(Ellegren, 2010). However, comparisons of zebra-finch and collared fly-
catcher recombination rates did show differences in broadscale patterns
(Singhal et al., 2015). Changes in recombination rate between closely related
species could also be selected for during the speciation process as a potential
mechanism for reinforcement of reproductive barriers (Ortiz-Barrientos et al.,
2016).

Consequences of recombination rate variation

Variation in recombination rate has a range of evolutionary consequences. Re-
duced recombination is thought to aid in the evolution of reproductive isola-
tion between closely related species in the face of ongoing gene flow (Ortiz-
Barrientos et al., 2016), and genomic signatures of gene flow have been ob-
served to negatively correlate with recombination rate in several systems
(Christmas et al., 2021; Martin et al., 2019; Ortiz-Barrientos et al., 2016;
Schumer et al., 2018). At the same time, in the absence of gene flow, regions
of lower recombination may be expected to evolve elevated differentiation
between species at a faster rate (Wolf & Ellegren, 2017), leading to the occur-
rence of differentiation islands. We also expect that genomic signatures of
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selection such as selective sweeps will show a negative relationship with re-
combination rate. Selective sweep signatures are based on the reduction in
neutral diversity at sites linked to the focal site under selection, and are there-
fore greatly dependent on the recombination rate (Smith & Haigh, 1974). The
strength of a selective sweep dramatically reduces as recombination rate in-
creases (Kaplan et al., 1989). Thus, our ability to detect genomic signatures of
selection can be greatly influenced by the local recombination rate.

Recombination rate is not only key in our ability to detect signatures of linked
selection, but can also directly impact the efficacy of natural selection. Link-
age between multiple polymorphic sites that have fitness effects can lead to
selective interference, also known as Hill-Robertson interference (HRI; Hill
& Robertson, 1966). When beneficial mutations at different sites are found on
different haplotypes, this can reduce the efficacy of selection for both sites. In
this case, regions of low recombination are expected to have a lower efficacy
of selection due to the tighter linkage between selected sites; because recom-
bination releases the association, the efficacy of selection is predicted to in-
crease with increasing recombination rate.

The role of structural variants in speciation

An important source of genetic variation comes in the form of structural vari-
ants (SVs), which are defined as variants impacting S0bp or more. In contrast
to single nucleotide variants (SNVs), mutations that affect a single basepair,
there have been fewer speciation genomic studies focusing on the role of SVs.
When studies do investigate the role of SVs, there is a tendency to focus on a
specific sub-category, rather than comprehensively investigating the variety
of SVs. Although we use the umbrella term ‘structural variant’, this refers to
several distinct mutation types. SVs can be broadly divided into two catego-
ries: unbalanced variants, which change the genome size, and balanced vari-
ants, which leave the genome size unchanged (Mérot et al., 2020). Under the
class of unbalanced variants fall insertions and deletions, as well as tandem
duplications and whole genome duplications. Balanced variants include trans-
locations and inversions, where a portion of the genome is moved to a new
region or the orientation of the region is inverted, respectively. Additionally,
chromosomal fissions or fusions are considered balanced SVs.

SVs can impact a much larger portion of the genome compared to SNVs and
it has been suggested that they encompass more of the genetic diversity among
individuals (Catanach et al., 2019; Pang et al., 2010). It also appears that at
least some types of SVs experience a higher mutation rate than SNVs (Conrad
& Hurles, 2007; Katju & Bergthorsson, 2013). Other work, however, has
found a lower mutation rate for SVs compared to SNVs (Lopez-Cortegano et
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al., 2023), thus this is an area that merits further investigation. SVs are thought
to have large phenotypic and fitness effects, which are likely often deleterious
(Feulner & De-Kayne, 2017). Beyond detrimental effects, however, several
studies have also implicated SVs as playing a large role in adaptation and spe-
ciation (Dorant et al., 2020; Hamaél4 et al., 2021; Weissensteiner et al., 2020).
In particular, inversions have received much attention, because the lack of re-
combination within heterozygotes prevents the shuffling of alleles between
the alternate orientations (Jay et al., 2018; Lowry & Willis, 2010; Matschiner
et al., 2022). This has led in some cases to the evolution of co-adapted sets of
alleles that are captured within an inversion, given the term ‘super-gene’. Ad-
ditionally, it appears that inversions can help to maintain intrinsic genetic in-
compatibilities in the face of gene flow upon secondary contact of two diver-
gent species (Hooper et al., 2019; Noor et al., 2001).

Although inversions appear to play an important role in species divergence, it
is unclear to what extent this represents a detection bias. Studies investigating
the complete diversity of SVs segregating within a species and divergent be-
tween species are lacking in comparison to studies focused on differentiation
based on SNVs. The reason for this is, in part, due to the greater difficulty in
detecting SVs compared to SNVs. Previously, population level sequencing
efforts have mainly been feasible only with short-reads, which are generally
much smaller than the size of SVs. SV detection from short reads can be per-
formed based on indirect methods such as local PCA to detect “haploblocks’
with increased linkage disequilibrium (LD), or directly through analysis of
read-mapping patterns (Mérot et al., 2020). However with short-read data
these methods are typically unable to identify large SVs (Mérot et al., 2020).
Compared to SNVs, SVs also suffer more greatly from reference bias. While
the problem of reduced detection due to the large size of SVs is somewhat
mitigated through sequencing with long-reads, reference bias problems can
remain in read mapping-based detection approaches. An approach that mini-
mizes the problems of reference bias is to detect SVs based on whole genome
alignments (WGA) of multiple genome assemblies (Mahmoud et al., 2019).
This approach is, however, also limited due to the availability of reference
quality genome assemblies, which has previously been prohibitive for popu-
lation level investigations. The increased availability of long-read sequencing
at the population scale is beginning to reduce this limitation. More and more,
there is a move towards generation of pan-genome graphs, where assemblies
of multiple individuals within a species (or between closely related species)
are aligned and structural variation can be detected through pairwise compar-
isons of assemblies (Eizenga et al., 2020; Hickey et al., 2022; Ruggieri et al.,
2022). This approach will likely increase the ability to reliably detect SVs
among species, enabling a better understanding of their diversity and contri-
bution to speciation.
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The role of sex chromosomes in speciation

Sex chromosomes have a number of features that lead to distinct evolutionary
consequences compared to the autosomes and they can disproportionately
contribute to speciation. Within this section, I will refer only to the Z/W sex
determination system, where males are ZZ and females are ZW. The proper-
ties discussed are also relevant to an X/Y system with the sexes reversed. In
the Z/W sex determination system (as is the case in birds), for each four copies
of autosomes there are only three copies of the Z-chromosome in the popula-
tion due to being present in only one copy in females. Under the assumption
of equal reproductive variance between the two sexes, the ratio of Z:A diver-
sity is therefore expected to be 0.75 (Vicoso & Charlesworth, 2009). In the
absence of selection, this ratio can vary between 9/16 to 9/8 based on variation
in reproductive success between males and females (Irwin, 2018; Vicoso &
Charlesworth, 2009). Male-biased mutation rates can also impact the Z:A di-
versity ratio by increasing diversity on the Z-chromosome. Evidence from a
number of species suggests that male-biased mutation rates are common
among birds and should be corrected for when estimating the Z:A diversity
ratio (Irwin, 2018), because the Z-chromosome is more often exposed to the
male biased mutation rate compared to the autosomes. Outside of the pseudo-
autosomal region (PAR), the Z-chromosome only recombines within males.
Thus, linked selection is also expected to have a greater impact on diversity
on the Z-chromosome and may reduce the Z:A diversity ratio even more than
expected (Hammer et al., 2010).

The hemizygosity of the Z-chromosome leads to two key phenomena related
to species divergence. These are the fast-Z effect and the large-Z effect. Be-
cause Z-linked recessive mutations are immediately exposed to selection in
the heterogametic sex, the efficacy of selection on adaptive mutations can be
increased on the Z-chromosome. The Z-chromosome may therefore experi-
ence a faster rate of evolution compared to the autosomes. Although the fast-
Z effect may be driven by an increased efficacy of selection, there is also evi-
dence to suggest that in birds this is primarily driven by an increased role of
genetic drift due to the lower N. (Hayes et al., 2020; Mank et al., 2010; Wang
et al., 2014). In this case, lineage sorting occurs more rapidly and the Z-chro-
mosome will accumulate genetic divergence faster than the autosomes, while
also experiencing a reduced efficacy of selection. Whereas the fast-Z effect
describes the increased evolutionary rate experienced by the Z-chromosome,
the large-Z effect refers to the increased propensity of the Z-chromosome to
evolve genetic incompatibilities. The /large-Z effect is also driven by the hem-
izygosity of the Z-chromosome and is related to Haldane’s rule, which states
that the heterogametic sex tends to evolve sterility and inviability at a faster
rate compared to the other sex. As with the fast-Z effect, the extent to which
the large-Z effect is driven by adaptive evolution compared to genetic drift is
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equivocal. Moreover, it can be challenging to distinguish between the two
phenomena, as they can lead to similar patterns and are not necessarily mutu-
ally exclusive.
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Methods

In this section, I outline the key methods applied in my thesis. Detailed de-
scriptions of methods can be found within each paper.

Study system: Ficedula flycatchers

Throughout this thesis, I investigate the history of genomic divergence among
multiple species of Ficedula flycatchers, a group of passerine birds within the
family Muscicapidae. In papers I, II, and III, I focus on patterns of genomic
differentiation between two species pairs, the collared (F. albicollis) and pied
(F. hypoleuca) flycatchers, and the red-breasted (F. parva) and taiga (F. albi-
cilla) flycatchers. Within paper IV, I focus only on collared flycatcher and
pied flycatcher.

Collared flycatcher and pied flycatcher are two closely related species (Fig.
3), with a divergence time of less than 1 MY A (Nadachowska-Brzyska et al.,
2013). The two species belong to a group of four black-and-white flycatchers,
including the atlas flycatcher (F. speculigara) and semicollared flycatcher (F.
semitorquata), which all rapidly diverged from one another (Nater et al.,
2015). The collared flycatcher and pied flycatcher have been a model system
for speciation research, with an emphasis on studying hybridization and the
evolution of reproductive isolation between the two species where their ranges
overlap in regions of secondary contact. Both male and female F1 hybrids
appear to be sterile, and there is no evidence for ongoing backcrossing (Alund
etal., 2013; Svedin et al., 2008); there is also evidence for pre-mating barriers
by assortative mating (Sether et al., 2007). With their estimated divergence
time of less than one MY A, hybrid sterility has evolved rapidly between col-
lared and pied flycatchers, with complete sterility in birds occurring between
species with an average divergence of 7 MYA (Price & Bouvier, 2002). De-
mographic modelling does, however, predict historical gene flow between the
two species during the divergence process (Nadachowska-Brzyska et al.,
2013).

Red-breasted flycatcher and taiga flycatcher are sister species, which are more
deeply diverged from one another than collared and pied flycatcher (Fig.3;
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Hung & Zink, 2014) and form a sister group to the black-and-white flycatch-
ers. Despite their deeper divergence, red-breasted flycatcher and taiga fly-
catcher were taxonomically considered to be the same species until 2004, alt-
hough suggestions that they be given species status were made much earlier.
It is unknown to what extent there is an opportunity for hybridization to occur
between the two species, if their ranges overlap during the breeding season.
Songs of the two species are different (Svensson et al., 2005), leading to the
possibility for premating isolation if there is an opportunity for hybridization.
Previous genetic analyses of the two species have been limited to a few mito-
chondrial and nuclear genes, with no genome-wide analyses (Hung & Zink,
2014; Zink et al., 2008).

Previous genomic investigations of speciation in Ficedula flycatchers have
focused on the group of four black-and-white flycatchers (Burri et al., 2015;
Nadachowska-Brzyska et al., 2013, 2016; Nater et al., 2015), which share a
recent common ancestor and large amounts of shared ancestral polymor-
phisms. These studies revealed that among different comparisons of the four
species patterns of genome-wide variation were strikingly similar, with the
same genomic regions repeatedly showing elevated differentiation. These
studies did have the limitation that the similarities in the genomic landscape
observed could result primarily from shared ancestry rather than through the
action of conserved evolutionary processes. By incorporating data from a
more distantly related species comparison with red-breasted flycatcher and
taiga flycatcher, I can address this limitation here.

—— Collared ﬁ
— Pied ﬁ
Red-breasted ﬁ
— d,,~ 0.001 Taiga ﬂ

Figure 3: Topology of relationships among four flycatcher species. Shown are de-
pictions of the four flycatcher species (collared flycatcher, pied flycatcher, red-
breasted flycatcher and taiga flycatcher) that are the focus of this thesis. Branch
lengths are based on estimates of dxy between species pairs estimated in paper 1.
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Life history traits and demographic history of the four species

The four flycatcher species studied here differ in several important life history
traits. Both collared flycatcher and pied flycatcher exhibit polygynous mating,
while red-breasted flycatcher is found to exhibit monogamous mating (data
not available for taiga flycatcher; Storchova & Hoiak, 2018). Collared fly-
catcher on average has a slightly smaller clutch size (6 eggs) compared to pied
flycatcher (6.5 eggs), while the red-breasted flycatcher has a smaller average
clutch size (5.5 eggs) than both collared flycatcher and pied flycatcher (Stor-
chova & Horak, 2018). At the same time, the red-breasted flycatcher chicks
mature somewhat faster (21 days) than both collared flycatcher (27 days) and
pied flycatcher (25 days) chicks (Storchova & Hoiak, 2018). Additionally,
both the red-breasted flycatcher and taiga flycatcher are on average smaller in
mass (10.8 g) than collared flycatcher (12.7 g) and pied flycatcher (13.8 g;
Tobias et al., 2022).

Of the four species, taiga flycatcher has the largest range size (~10000000
km?), followed by pied flycatcher (~7000000 km?), red-breasted flycatcher
(~6000000 km?), and finally collared flycatcher (~2000000 km?; Tobias et al.,
2022). However, the present-day range size does not reflect what is known
about the historical fluctuation in population size and variation in genetic di-
versity among the species. Pied flycatcher has been observed to have the low-
est genetic diversity of the four species and shows historically lower estimates
of population size. The remaining three species display similar levels of ge-
netic diversity, but have different fluctuations in population size. Both the col-
lared flycatcher and red-breasted flycatcher are inferred to have recent de-
clines in population size, while the taiga flycatcher is inferred to have a recent
population expansion. The island populations of collared flycatcher in the Bal-
tic Sea are known to have undergone very recent population bottlenecks, with
colonization of Gotland occurring approximately 150 years ago (Lundberg &
Alatalo, 1992).

The avian genome

Bird genomes have many characteristics that make them an interesting system
in which to investigate the genomics of species divergence. The avian karyo-
type shows remarkable evolutionary stability, with most species having ap-
proximately n = 40 chromosomes (Ellegren, 2010). Interchromosomal rear-
rangements appear to have been rare in most avian lineages in comparison to
other organisms (Griffin et al., 2007), which may be related to the compara-
tively low repeat content of bird genomes with an average of 10% (Kapusta
& Suh, 2017). Bird genomes are also relatively small and have low variation
in genome size compared to other lineages, with a range between 0.96 Mb —
2.2 Mb (Kapusta et al., 2017).
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Most of the genome in birds is composed of what are referred to as macro-
chromosomes. Although these chromosomes typically comprise most of the
sequence of the genome, there are generally many more microchromosomes
than macrochromosomes. The distinction between chromosome sizes is some-
what arbitrary, and a convention developed within chicken defines microchro-
mosomes as less than 20Mb, intermediate chromosomes as 20Mb to 50Mb
and macrochromosomes as ~50Mb to 200Mb (Hillier et al., 2004). Chromo-
some size appears to have important evolutionary consequences, as micro-
chromosomes generally exhibit higher average recombination rates owing to
the obligatory one cross over per chromosome, higher GC content presumed
to result from increased gBGC, and a higher mutation rate (Bolivar et al.,
2016). At the same time, microchromosomes display a lower dy/ds ratio com-
pared to macrochromosomes, suggestive of increased evolutionary constraint
(Axelsson et al., 2005). Partly owing to the high GC content of microchromo-
somes, the smallest chromosomes have historically been challenging to se-
quence and assemble, therefore are missing from many avian reference ge-
nomes including the collared flycatcher.

Another important feature of avian genomes is that they display female heter-
ogamety, having evolved a ZW sex determination system. The W chromo-
some is highly degenerated compared to the Z-chromosome and has been
challenging to assemble in many species; the few W-chromosome assemblies
that exist show a much greater repeat content compared to autosomes (Peona
etal., 2021; Smeds et al., 2015).

Population genomic dataset

In papers I, II and III, I work with a population genomic dataset collated
from previously published data, as well as newly sequenced individuals. The
dataset includes 95 collared flycatchers from the Swedish island of Gotland
(Nadachowska-Brzyska et al., 2021), 11 pied flycatchers from the Swedish
mainland (Burri et al., 2015), 15 red-breasted flycatchers from western Russia,
65 taiga flycatchers from eastern Russia and Mongolia, and one snowy-
browed flycatcher (Burri et al., 2015), included as an outgroup. All samples
were sequenced with Illumina, and raw reads were aligned to the collared fly-
catcher reference genome, FicAlbl.5 (Kawakami et al., 2014). I then per-
formed variant calling for all individuals with GATK (McKenna et al., 2010).

To obtain high confidence SNVs, I applied a range of filtering criteria. Firstly,
best practice filtering thresholds were applied following recommendations set
by GATK. Genotypes with less than 5x coverage or greater than 200x cover-
age were set to missing, as well as genotypes with a genotype quality (GQ)
lower than 30. Sites overlapping with annotated repeats from the collared

27



flycatcher reference genome were removed (Suh et al., 2018). Additionally, I
developed an approach to identify regions representing collapsed duplications
within the reference genome based on excessively high heterozygosity. Sites
within collapsed regions were then removed.

Because having a reliable estimate of the total number of genotyped sites is
critical for obtaining per site measures of genetic diversity and divergence, in
paper I the invariant sites were estimated from the alignment files by obtain-
ing the genomic regions from each individual with sufficient coverage to iden-
tify a variable site. Repeats and collapsed duplications were also masked in
the invariant sites to replicate the SNV filtering process. In papers II and I1I,
I applied a more sophisticated approach and obtained ‘all-sites’ VCF files
from GATK. In this way, invariant sites can be processed in as similar a
method as variant sites as possible; however, some statistics used to filter
SNVs are still only estimated for variable positions.

Estimating recombination rate

Recombination is a key evolutionary process that plays a major role in shaping
genomic signatures of selection and patterns of genetic diversity. Estimates of
local variation in recombination rate are therefore critical for understanding
patterns in the genomic landscape. In paper I, I make use of a previously
established recombination map for collared flycatcher, estimated from a four
generation pedigree (Kawakami et al., 2014). Having pedigree information for
one of the species studied here is an asset, as recombination events within the
pedigree can be directly inferred. However, because a pedigree is only avail-
able for one species, I am unable to address with this information whether
evolutionary changes in recombination rate have occurred that can explain any
differences in selection signatures. Because of the intensive tracking of mul-
tiple generations required to generate a linkage map, it is intractable to obtain
these data from all the species studied here. To this end, in paper II I use a
separate approach that estimates recombination rate indirectly from popula-
tion resequencing data based on patterns of linkage disequilibrium (LD) for
both collared flycatcher and taiga flycatcher.

Statistical phasing

To improve the accuracy of LD based recombination rate estimates, I per-
formed statistical phasing on population re-sequencing data for collared fly-
catcher and taiga flycatcher separately. Statistical phasing is improved by in-
creased sample sizes (Nadachowska-Brzyska et al., 2019), therefore I used
collared flycatcher and taiga flycatcher as the representative species for the
branch separating the two groups, since they had 95 and 65 samples sequenced
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respectively. I performed phasing for both species separately using all availa-
ble samples with shapeit2 (Delaneau et al., 2012), providing genome-wide
values of rho from previous estimates for collared flycatcher and values of
theta from estimates of diversity for both species. The statistical phasing was
performed independently twice, and the haplotypes inferred from both runs
were then used to estimate recombination rate to account for stochasticity as-
sociated with the phasing step.

LD based recombination rate

The software LDhelmet was used to estimate recombination rate by taking the
25 unrelated samples with the least amount of missing data for both collared
flycatcher and taiga flycatcher, because the software is limited to 50 haplo-
types. LDhelmet builds upon the software LDhat for estimating recombination
rate from phased haplotypes, introducing several improvements (Chan et al.,
2012). Both software use a Bayesian approach, computing a pairwise compo-
site likelihood for each pair of SNPs under the coalescent with recombination.
LDhelmet improves this likelihood computation by incorporating a quadra-
allelic mutation matrix and ancestral allele priors for each site. Additionally,
the inclusion of missing data, which is common in sequencing data, causes
little computational cost. Positive selection has been shown to produce spuri-
ous recombination hotspots (Chan et al., 2012; Reed & Tishkoft, 2006), how-
ever this was improved within LDhelmet. Based on simulations, LDhelmet is
able to produce more robust estimates of recombination rate in the presence
of positive selection, but does suffer from underestimating the recombination
rate in the case of recent, strong selective sweeps (Chan et al., 2012).

The identification of recombination hotspots from LD has been shown to suf-
fer from greatly reduced statistical power in response to recent population bot-
tlenecks (Dapper & Payseur, 2018), and LDhelmet is shown to somewhat un-
derestimate recombination rates in the event of a bottleneck (Chan et al.,
2012). Nevertheless, simulations have demonstrated that while fine-scale es-
timates of recombination are sensitive to demography, at the broadscale the
estimates are more robust (Raynaud et al., 2022). Thus, I focus primarily on
variation in recombination rate between species at the broader scale, averaging
recombination rate into 200-kb windows along the genome.

LDhelmet generates the population scaled recombination rate, p, which is
equal to 4N.r. It is possible to convert this measure to cM/Mb with the help of
a genetic map. Assuming that the map length for collared flycatcher and taiga
flycatcher is equal (a reasonable assumption based on the close relationship
between the species), [ used the collared flycatcher pedigree-based recombi-
nation map to convert the population scaled recombination rate to cM/Mb for
both species (Kawakami et al., 2014).
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Estimates of diversity and differentiation

Genome-wide variation in patterns of genetic diversity and differentiation can
reveal information regarding the history of natural selection. To estimate var-
iation across the genome, I divide the genome into non-overlapping windows
of a certain physical length and estimate our summary statistics for the nucle-
otides contained within each window. I then move along the genome by a
given step size and calculate the same statistics in each window. This approach
is referred to as a sliding window analysis. When the window size is the same
as the step size, the windows are nonoverlapping. In this way, I can observe
genome-wide variation in measures of diversity and divergence, in addition to
obtaining a single point estimate averaged across the whole genome.

Nucleotide diversity:

One estimate of genetic diversity is 7, which is a measure of pairwise sequence
differences within a sample of individuals. To obtain a per site measure, this
is normalized by the total length of the sequence. 7 is an estimate of the pop-
ulation scaled mutation rate, 4Neu, where N, is the effective population size
and p is the mutation rate. Directional selection is expected to decrease .
However, population bottlenecks will also lead to a reduction in 7. I estimate
7 using the allele frequencies, p and g, and the formula:

Zf:l zpiqi
L

where L is the total length of callable sites in the region and s is the number
of polymorphic sites. I estimate 7 in this way in papers I, III, and IV.

Allele frequency differentiation: Fisr

The summary statistic Fsr provides a relative measure of differentiation be-
tween two populations or species. The measure is referred to as relative be-
cause it is affected by the level of within species diversity, and increases as
diversity within species decreases. There are several methods to estimate Fsr,
and here I use the approach by (Weir & Cockerham, 1984). Regions of the
genome with locally elevated Fsr values have regularly been referred to as
‘peaks’ or ‘islands’ of differentiation. Identifying statistically significant Fisr
peaks is a challenge, and I applied two different methods to identify peaks in
my thesis. In paper I, I performed a permutation test, where I randomized the
position of each genomic window and applied a smoothing algorithm to the
permuted Fsr values. I then converted the smoothed Fsr values to Z-scores
based on the mean and standard deviation for each chromosome, and finally
obtained a p-value for the estimate of Fsr for each window based on how many
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permutations the permuted z-transformed Fsr was as high or higher than the
observed value.

For papers II, II1, and IV I instead identified Fsr peaks as windows with a z-
transformed Fsr value greater than 2, i.e. windows with Fisr greater than two
standard deviations from the chromosome mean. Performing these tests by
chromosome was important, as the average Fsr value is higher for microchro-
mosomes compared to macrochromosomes. Additionally, Fsr is on average
higher on the Z-chromosome compared to the autosomes.

Absolute sequence divergence: dxy

Whereas Fsr is a relative measure of differentiation, dyyis referred to as an
absolute measure of divergence. This is because dxy is not affected by varia-
tion in levels of within species diversity. dxy is a measure of pairwise sequence
divergence between two species, and is analogous to 7. In paper I and IV, |
calculate dxyusing a similar approach to m, using the allele frequencies, p and
g, in species 1 and species 2 with the following formula:

Yi=1D1i42i + D2i1i
L

dXY -

where L is again the total length of callable sites and s is the number of poly-
morphic and divergent sites.

While 7 is a measure of the population scaled mutation rate, dxy = 4Nep + 2t
where t is the time since divergence, and 4N.u refers to the diversity within
the ancestral population. Therefore, although dxyis unaffected by variation in
diversity within species, it is affected by variation in ancestral levels of diver-
sity, and this will make a comparatively larger contribution when the diver-
gence time is short. Lower dxycan occur in a genomic region where diversity
has been persistently reduced since the common ancestor of the two species.
Examining the variation in dxy has been proposed as an approach to determine
whether Fsr peaks truly represent reductions in effective migration or result
from the long-term action of linked selection. If an Fsr peak is resistant to gene
flow, then we would expect to also observe elevated dyy in the same region.
However, if an Fsr peak reflects the long-term reduction in diversity within a
region due to ongoing linked selection, then we would expect to observe lower
dxywithin the region.
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Identifying selective sweeps

A selective sweep occurs when a new mutation, or a mutation segregating at
low frequency in a population, experiences positive selection and sweeps to
fixation. In the process, neutral diversity at linked sites is reduced, which
leaves the distinctive sweep signature of a drastic reduction in genetic diver-
sity. The size of the region with low diversity depends on the relationship be-
tween the strength of selection and the local recombination rate. As the re-
combination rate increases, the sweep signature is weakened. Because the sig-
nature of a selective sweep depends on the distortion of patterns of diversity
at neutral sites, in paper II I refer to this as a signature of indirect selection.

Within this thesis I apply several methods to detect selective sweeps that uti-
lize the site frequency spectrum (SFS), however other methods also exist that
are based on signatures of increased LD or extended haplotype homozygosity
(EHH). Selective sweeps are expected to cause a shift in the SFS with an in-
crease in both rare variants and high frequency derived variants.

Ancestral allele identification

Knowledge of the ancestral state for variable sites can increase the power to
detect selective sweeps (Huber et al., 2016). I applied a parsimony approach
to polarize sites, including snowy-browed flycatcher as one outgroup, and I
polarized sites variable within collared and pied flycatcher by using the red-
breasted and taiga group as a second outgroup and vice versa. The ancestral
allele was identified when two of the three groups (snowy browed flycatcher,
collared and pied flycatcher, red-breasted and taiga flycatcher) were fixed for
the same allele. With this approach, I am therefore unable to polarize divergent
sites between the two species pairs.

CLR statistic

For each species, selective sweeps were detected using SweepFinder2
(DeGiorgio et al., 2016), which computes the composite likelihood ratio
(CLR) statistic as a measure of selective sweeps (Nielsen et al., 2005). The
test takes the site frequency spectrum and determines whether the SFS at a
particular site is best explained by a neutral model, or a model including pos-
itive selection. The genome-wide background SFS from the data is supplied
to build the neutral model. Basing the neutral model from the data, rather than
using a standard neutral model reduces the false positive rate due to demogra-
phy, although strong recent bottlenecks are still problematic for this approach
(Stephan, 2019). As recommended, for each species I removed sites that were
fixed for the inferred ancestral allele, as this can increase the false positive rate
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and may reflect regions with low diversity due to low mutation rates (Huber
et al., 2016).

To determine a critical threshold of the CLR statistic to identify statistically
significant sweep signatures, I ran simulations using SLiM3 (Haller & Messer,
2019). Because background selection (BGS) can also reduce genetic diversity,
I ran simulations incorporating BGS into a chromosome with varying recom-
bination rate and gene density, based on one chromosome from the collared
flycatcher reference genome. I used estimates of the distribution of fitness ef-
fects (DFE) and N, from previous estimates for collared flycatcher (Bolivar et
al., 2018; Nater et al., 2015). After generating simulated data, I ran Sweep-
Finder2 to determine the critical CLR value for positive selection. Selective
sweeps were identified for the autosomes in paper I and II, and for the Z-
chromosome in paper III.

Tajima’s D and Fay and Wu’s H

Other methods for selective sweep detection based on the SFS include Ta-
jima’s D and Fay and Wu’s H, which I use in paper 1. Tajima’s D is calculated
based on the difference between two estimates of the population mutation rate
8, 6, (based on pairwise sequence differences) and 6y, (based on the number
of segregating sites). Under neutrality, both estimates of 8 should be the same,
therefore the difference should be zero. Following a selective sweep, we
would instead expect a negative value of Tajima’s D, because 8, will be more
strongly reduced than 6y, due to an excess of rare variants. However, Tajima’s
D is also strongly affected by demography, with a negative value also reflect-
ing a population expansion. Thus, it is important to compare to a genome-wide
background.

Fay and Wu’s H provides another estimate for selective sweeps, which takes
a similar approach to Tajima’s D, but relies upon the expectation that sweeps
should show an excess of high frequency derived alleles. The test therefore
requires polarized data.

Signatures of direct selection

Estimating nin/mts

The ratio of nonsynonymous to synonymous polymorphisms (nn/mts) segregat-
ing within a species can inform us about the strength of purifying selection.
Generally, we assume that beneficial mutations rapidly reach fixation and are
therefore rarely observed as polymorphisms. Thus, we expect that most non-
synonymous mutations segregating within populations are weakly deleterious.
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In paper 11, I estimate nn/mts for collared flycatcher and taiga flycatcher, for
sets of genes with varying levels of recombination rate to assess the relation-
ship between recombination rate and the strength of purifying selection. In
paper I11, I estimate nn/znis for the four flycatcher species (collared flycatcher,
pied flycatcher, red-breasted flycatcher, and taiga flycatcher) for genes on the
autosomes and the Z-chromosome, which provides an estimate of the efficacy
of selection on the two chromosome types.

In both papers, I estimate nin/mts by identifying zero-fold and four-fold degen-
erate sites in the collared flycatcher coding sequences. Zero-fold degenerate
sites are defined as positions where a mutation to any other nucleotide would
lead to a change in the amino acid sequence, and four-fold degenerate sites are
defined as positions where a mutation to any other nucleotide does not alter
the amino acid sequence. All zero-fold and four-fold degenerate sites were
extracted from the collared flycatcher coding sequence (CDS), using the re-
constructed ancestral genome sequence, which were then used to estimate 7
and s respectively. To account for the impact of gBGC, the strength of which
is positively correlated with recombination rate, I subsampled the variable
sites for those with GC conservative polymorphisms (i.e. G/C or A/T poly-
morphisms).

Estimating dn/ds

The ratio of nonsynonymous to synonymous divergence (da/ds) provides in-
formation both on the rate of positive and negative selection within a lineage.
dy/ds 1s a macroevolutionary measure of natural selection, and applying the
measure to closely related species may lead to inaccurate inferences of selec-
tion. This is due to the contribution of segregating polymorphisms to the esti-
mates of divergence (Mugal et al., 2020), which make a larger contribution
when divergence is short. In particular, nonsynonymous substitutions may be
inflated, as a larger proportion of nonsynonymous polymorphisms are un-
likely to reach fixation. As an approach to mitigate this problem in closely
related species, Mugal et al., (2020) suggest to incorporate population poly-
morphism data, and estimate dy/ds for varying sample sizes with masking pol-
ymorphic sites from the sequence alignment. One can then examine the degree
of sample size dependence of the da/ds estimates.

In paper II of this thesis, I estimate dy/ds for collared flycatcher and taiga
flycatcher, using genes that are one-to-one orthologues with zebra finch,
which is used as an outgroup. Due to the recent divergence time of collared
flycatcher and taiga flycatcher (< 4 coalescent units), I estimated dy/ds for
varying sample sizes of both species to investigate sample size dependence in
the values when masking polymorphic sites in the sequence.
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For paper III, I was primarily interested in the difference between dy/ds on
the autosomes compared to the Z-chromosome, as an indicator of the strength
of selection. For this purpose, I estimated dy/ds for the branch separating col-
lared flycatcher and zebra finch, using chicken as an outgroup. Due to the
longer branch length, investigating the sample size dependence was not nec-
essary.

In both paper II and paper III, I estimated dy/ds with the software bio++
(Dutheil & Boussau, 2008), which allows to estimate nonhomogeneous mod-
els with different substitution rates for different substitution types. In this way,
I can account for the impact of gBGC by limiting the estimates of dy/ds to GC
conservative mutations. For both papers, estimates of da/ds were obtained for
all substitutions and GC conservative only.

Estimating the DFE and adaptive substitution rate

Incorporating both polymorphism and divergence data can inform us about
the proportion of adaptive substitutions occurring within a lineage. We assume
that when advantageous mutations arise, they rapidly reach fixation and there-
fore do not contribute to polymorphism data. Within the McDonald-Kreitman
(MK) framework (McDonald & Kreitman, 1991), we can then estimate the
proportion of substitution data that is the result of adaptive evolution by using
polymorphism data as a neutral reference.

In papers II and 111, I apply an MK approach to infer the adaptive substitution
rate, m,, using the software DFE-alpha (Eyre-Walker & Keightley, 2009;
Keightley & Eyre-Walker, 2007). DFE-alpha infers the distribution of fitness
effects (DFE) from the SFS data for a population. The approach requires input
from two site classes, a neutral site class and a site class that experiences se-
lection, which are assumed to have identical mutation rates. Differences in the
shape of the SFS between the two site classes can therefore inform us about
the DFE. After estimating the DFE from the data, the incorporation of diver-
gence data for synonymous and nonsynonymous sites can then be used to sep-
arate the substitution data into substitutions that were fixed due to adaptive
and non-adaptive evolution. The rate of adaptive substitutions is referred to as
a, from which I can also obtain the proportion of adaptive substitutions, a.

There is uncertainty associated with the estimation of the DFE, and the esti-
mation is known to suffer from biases when population size fluctuates. This
problem is inherent in the combination of two measures which are dependent
on the effective population size but are impacted at different timescales
(polymorphism and divergence data). The DFE-alpha method incorporates
population size change using a step function, with an instantaneous change
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from one population size to another. However, previous work has shown that
this still suffers from bias, as polymorphism and divergence data do not reach
the new equilibrium at the same rate (Miiller et al., 2022). In particular, recent
population bottlenecks lead to an underestimation of w, and a, while recent
expansions lead to an overestimation. Therefore, it is important to interpret
the results of the DFE in light of the known demographic history.

Correlation with recombination rate

To investigate the role of recombination rate in shaping signatures of direct
selection, in paper II, I estimate the above statistics in bins of genes with
varying recombination rates for both collared flycatcher and taiga flycatcher.
Gene averaged recombination rates were divided into three bins of approxi-
mately equal numbers of genes, referred to as low, intermediate, and high re-
combination rate. Average values of nn/zts, di/ds, and DFE estimates were then
calculated for each cluster of genes. Although clustering multiple genes re-
duces the sensitivity of recombination rate variation, this approach is neces-
sary for estimating the DFE, as a single gene does not provide enough data to
apply this method. Additionally, in many cases there are few polymorphisms
or substitutions available within just one gene that estimates of mn/nis and dy/ds
for single genes are also too noisy.

Detecting genomic signatures of gene flow

Gene flow between species will lead to discordant patterns of evolutionary
history in the genome. Previous work has shown that collared flycatcher and
pied flycatcher are not sister species, but that pied flycatcher is in fact sister
to the atlas flycatcher (Nater et al., 2015), however some gene trees place col-
lared flycatcher and pied flycatcher as sister. This signature is indicative of
gene flow between the two species. Discordant gene trees can also result from
incomplete lineage sorting (ILS), in which case equal proportions of different
discordant trees is expected (Hudson, 1983). An approach to test for asym-
metry in gene tree discordance is referred to as the ABBA-BABA test, other-
wise known as Patterson’s D statistic (Green et al., 2010). This approach takes
a four-taxon tree, with two ingroup sister species (P1 and P2), a third species
with which gene flow is predicted to have occurred (P3), and an outgroup
species (O). The sites with the same allele shared by P2 and P3 are referred to
as ABBA sites and the sites with the same allele shared by P1 and P3 are
referred to as BABA sites. Under ILS, the number of ABBA and BABA sites
is predicted to be the same, however in the case of gene flow there would be
an excess of either ABBA or BABA. The D statistic is calculated with the
following equation:
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D 2(1—p)*pyxps — Lpr* (1 —py) *ps
21 —=p1) *py*ps + Xpy* (1 —py) *p3

where p. gives the allele frequency of the derived allele in species 1, 2, and 3.

Therefore, when the statistic is significantly different from zero, there is evi-
dence for gene flow. In paper 111, I estimate this value for multiple population
comparisons of collared flycatcher and pied flycatcher, to compare levels of
gene flow on the autosomes and the Z-chromosome. By using multiple popu-
lations, I am able to estimate when gene flow occurred in relation to popula-
tion splits.

Patterson’s D is robust to detect gene flow at the genome-wide scale, however
it suffers from high variance when estimated in smaller regions and is not ap-
propriate to measure variation across the genome (Martin et al., 2015). For
this purpose, other similar statistics have been developed that are better suited.
In this case, I apply the f; statistic developed by (Martin et al., 2015).

Genome assembly

Genome assembly presents a significant challenge for biologists, because to
sequence the DNA we must fragment the genome into shorter pieces and re-
assemble the genome computationally. Repetitive regions are often challeng-
ing, or simply impossible, to assemble as their genomic location may be am-
biguous. Additionally, the use of Illumina sequencing leads to an underrepre-
sentation of GC rich regions in assemblies, as these are poorly sequenced. In
birds the impact of this sequencing bias is evident in the lack of many genes
in early assemblies, some of which have since been identified as having high
GC content.

Assembly with long-read data

Long-read data has led to a substantial improvement of the genome assemblies
for many organisms (Kim et al., 2022; Peona et al., 2021). Initially, the error
rates for long reads were so high that additional polishing with Illumina data
was required, however with PacBio HiFi sequencing we can now generate
long reads that have 99.9% accuracy. The availability of HiFi sequencing
therefore makes high-quality genome assemblies widely accessible. In paper
IV, I generate a new assembly for the collared flycatcher and the first assem-
bly for the pied flycatcher, using a combination of HiFi and HiC sequencing.
By using a female individual from both species, I am also able to assemble a
near complete W-chromosome for collared flycatcher and pied flycatcher.
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Scaffolding with chromosomes with HiC technology

The past decade has seen an explosion in our ability to sequence not only the
linear representation of a genome, but also to probe the 3D structure and or-
ganization of chromatin within the nucleus. The introduction of HiC by
Lieberman-Aiden et al., (2009) substantially increased the accessibility of se-
quencing chromatin interactions by providing a method to identify unbiased
interactions genome-wide.

The basis behind using chromatin interactions to scaffold genomes, is that the
extent of interaction between loci scales with their linear distance. Thus, using
the contact matrix, scaffolding tools can join contigs into scaffolds based on
the amount of interactions between loci. However, this is not without limita-
tions, and manual curation of HiC scaffolded assemblies is generally required
to correct errors such as misjoins, missed joins, and incorrectly oriented con-
tigs (Howe et al., 2021). Additionally, as HiC sequencing is currently per-
formed with Illumina sequencing, it also suffers from a bias in regions of ex-
treme base composition. Therefore, scaffolding high GC content regions can
still be a significant challenge.

In paper IV I use HiC sequencing data from the same individual of collared
flycatcher and pied flycatcher for which I generated a high-quality contig level
assembly with PacBio HiFi. With these combined technologies, I am able to
create a chromosome scale assembly for both species, including both the Z-
and W-chromosomes.

Structural variant detection

Genome-wide detection of SVs has been challenging to perform with the use
of short-read data. SVs will typically span multiple short reads, and often re-
side in proximity to repetitive elements, which complicates their detection.
Reference bias is also a greater challenge for SV detection compared to SNV
detection, which can lead to problems when identifying SVs even from map-
ping long read sequences to a single reference genome. As an alternative,
whole genome alignments (WGA) of multiple genomes can be used to detect
SVs. The challenge in this case, is that high quality genome assemblies are
not often available for multiple individuals of closely related species or popu-
lations.

In paper IV, I take advantage of the increased accessibility of long-read se-
quencing, and generate high-quality genome assemblies for both collared fly-
catcher and pied flycatcher. I then perform WGA of both species with MUM-
MER (Margais et al., 2018), and use the software MUM&co (O’Donnell &
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Fischer, 2020) to identify SVs between these two individuals. MUM&co is
able to identify a diverse set of SVs, including insertions and deletions (in-
dels), tandem duplications, inversions, and translocations. Compared to other
software for identifying SVs from WGA data, MUM&co has a lower false
positive rate for inversions.

With a genome-wide callset of a wide range of SVs, I am then able to address
how SVs are distributed across the genome, whether any SVs are overrepre-
sented on any chromosomes, and how SV are associated to the differentiation
landscape between collared flycatcher and pied flycatcher. To do so, I com-
pared the estimates of diversity within species and divergence between species
for genomic windows overlapping with each category of SV and for windows
with no SV overlap. In addition, I identified Fsr peaks between species, and
tested whether any of the SV categories were enriched within Fsr peaks com-
pared to the genomic background with no SV overlap.
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Research aims

The overall aim of this thesis is to contribute to our understanding of the evo-
lutionary processes that drive speciation. Using genomic data, I explore how
processes such as recombination, natural selection, and gene flow interact to
shape genome-wide patterns of genetic diversity and differentiation between
species. I aim to improve our understanding of how different forms of natural
selection shape the genomic differentiation landscape, and how variation in
recombination rate impacts our detection of signatures of selection. Through
this work, I contribute to our understanding of the genomics of divergence
between closely related species.

The specific aims for each paper are described below:

Paper I — To address whether different evolutionary processes are responsible
for driving patterns of differentiation that are shared between multiple inde-
pendent species comparisons versus patterns of differentiation that are line-
age-specific.

Paper II — To understand how recombination rate shapes genomic signatures
of indirect and direct selection and to investigate whether evolutionary
changes in recombination rate between species are reflected in signatures of
selection.

Paper III — To investigate the role of the Z-chromosome compared to auto-
somes in speciation, and the contributions of adaptation versus genetic drift.

Paper IV — To generate high-quality long-read genome assemblies for two
closely related species, and to use population scale long-read sequencing to
investigate the role of structural variants between species in the divergence
process.
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Summary of the papers

Paper 1

Positive selection plays a major role in shaping signatures of differentia-
tion across the genomic landscape of two independent Ficedula flycatcher
species pairs

The extent to which genome-wide patterns of between species differentiation
inform us about the loci underlying speciation has been a debated topic. A
nearly ubiquitous observation within speciation genomics is that patterns of
genomic differentiation between closely related species (referred to as the ge-
nomic differentiation landscape) are highly heterogeneous with distinct peaks
of high differentiation and valleys of low differentiation. Early investigations
of the genomic differentiation landscape interpreted these patterns in light of
the interacting forces of divergent natural selection and gene flow. Under this
interpretation, peaks of elevated differentiation (so-called ‘differentiation
islands’) represent the loci that contribute to reproductive isolation, whereas
the genomic background levels of differentiation are homogenized by gene
flow. However, this interpretation was called into question by subsequent ob-
servations. Firstly, reanalysis demonstrated that for many species pairs that
were thought to be currently exchanging genes, there was no evidence for on-
going gene flow. Secondly, measures of absolute sequence divergence did not
show the expected pattern for a region resistant to gene flow standing out of a
background homogenized by gene flow. Finally, examination of the differen-
tiation landscape across multiple closely related species began to reveal that
the same genomic regions would exhibit elevated differentiation repeatedly.
These regions often coincided with regions of low recombination rate, and it
was hypothesized that the differentiation landscape thus reflected a history of
linked selection largely resulting from background selection.

One limitation of previous studies of multiple species differentiation land-
scapes, including studies of Ficedula flycatchers, is that species were so
closely related that it is challenging to discriminate between patterns which
are shared due to shared ancestry versus conserved evolutionary processes. In
this paper, I address this limitation and ask whether different evolutionary pro-
cesses are responsible for driving patterns of differentiation that are similar
among multiple species pairs compared to lineage-specific patterns of
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differentiation. To do so, I use population re-sequencing data from four
Ficedula flycatcher species representing two independent species pairs: col-
lared and pied flycatchers and red-breasted and taiga flycatchers. Because the
red-breasted flycatcher and taiga flycatcher share a common ancestor deeper
in history than do collared flycatcher and pied flycatcher, I am able to recon-
struct three distinct evolutionary timepoints with these species comparisons.
The comparison of the two species pairs represents a timescale at which gene
flow and shared ancestral polymorphisms are negligible. Thus, any shared sig-
nature within the genomic landscape between these comparisons should be the
result of conserved evolutionary processes.

Estimating Fsr across the genome for the two species, I was able to identify
peaks of differentiation in the same genomic regions (shared peaks) in both
comparisons, as well as lineage-specific peaks that were unique to one or the
other species comparison. I then identified signatures of selective sweeps in
each of the four species and compared the overlap between selective sweeps
and different categories of Fsr peaks. There was an apparent trend to find se-
lective sweep signatures more often within Fsr peaks than the genomic back-
ground, particularly within shared Fsr peaks. Additionally, I used a gene an-
notation and estimates of recombination rate for collared flycatcher to under-
stand how the underlying genomic architecture shapes patterns of differentia-
tion. This revealed that although shared Fsr peaks and collared and pied
flycatcher specific Fsr peaks were found in regions of remarkably reduced
recombination rate, red-breasted and taiga specific Fsr peaks were not. This
provides indirect evidence that changes in recombination rate could help to
generate lineage specific signatures of natural selection, while there did not
appear to be a substantial difference in the form of natural selection driving
shared versus lineage-specific peaks.

Paper 11

The role of recombination dynamics in shaping signatures of direct and
indirect selection across the Ficedula flycatcher genome

Recombination is known to play an important role in shaping genome-wide
patterns of genetic diversity and differentiation. Signatures of natural selec-
tion, such as selective sweeps, are dependent on linkage between sites leading
to stronger signatures where recombination is low. Additionally, linkage be-
tween sites can generate Hill-Robertson interference (HRI), where multiple
selected sites interfere with one another leading to a reduction in the efficacy
of selection when recombination is low. Although recombination rate has been
demonstrated to play an important role in shaping the genomic landscape in
many species, we still have a limited understanding of how the dynamics of
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recombination rate evolution between species impacts these patterns. This gap
in our understanding stems from the fact that recombination rate estimates are
often not available for multiple closely related species. Many studies which
have investigated the role of recombination rate in patterns of between species
differentiation have been limited to estimates of recombination rate from a
single species, which in some cases even stems from other species than the
ones studied.

In this paper, I use population re-sequencing data from 95 collared flycatcher
samples and 65 taiga flycatcher samples to estimate LD based recombination
rates for both species. I incorporate population re-sequencing from pied fly-
catcher and red-breasted flycatcher to estimate indirect signatures of selection
in the form of Fsr peaks. Additionally for collared flycatcher and taiga fly-
catcher I identify selective sweep signatures with SweepFinder2. Comparing
estimates of recombination rate in both species with signatures of indirect se-
lection revealed that lineage-specific signatures of selection often showed a
reduction in recombination rate only in the corresponding species. On the
other hand, evolutionarily conserved signatures of selection showed lower re-
combination rate in both species. This demonstrates that even in a pair of spe-
cies thought to have highly conserved recombination rate, changes in recom-
bination can underlie lineage-specific selection signatures.

In addition to examining the role of recombination rate dynamics on signa-
tures of indirect selection, which rely on linkage between selected and neutral
sites to detect a signal, I also examined evidence for a relationship between
recombination rate and the efficacy of direct selection on protein-coding se-
quences. Evidence for HRI occurring across the genome is highly variable
among different organisms. Here, by estimating nn/mts, dv/ds and m, for genes
clustered by three different recombination rate bins, I found no impact of re-
combination rate on signatures of direct selection in either collared flycatcher
or taiga flycatcher. The absence of any signature of HRI persisted even when
I restricted the analysis to genes which showed similar levels of recombination
between both species, and would thus be expected to show a stronger signal
for cumulative measures such as dy/ds. Therefore, 1 conclude that the evolu-
tionary processes that shape signatures of indirect versus direct selection dif-
fer. In the case of indirect selection, I found that the genomic background and
recombination rate is of great importance to observe a signal; for direct selec-
tion, however, likely factors such as gene expression patterns play a much
greater role in this system.
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Paper 111

Evidence that genetic drift not adaptation drives fast-Z and large-Z ef-
fects in Ficedula flycatchers

The sex chromosomes have been hypothesized to play a disproportionate role
in driving speciation across many taxa. The reason for this disproportionate
role is thought to be the hemizygosity of sex chromosomes in the heteroga-
metic sex, which exposes recessive mutations. Two phenomena have been de-
scribed as a result of the hemizygosity, referred to as the fast-X (or fast-Z)
effect and the large-X (or large-Z) effect. 1 will refer here to the Z-chromo-
some only, as birds have a Z/W sex determination system. In the case of the
fast-Z effect, the hemizygous state increases the efficacy of selection of reces-
sive advantageous mutations, which leads to a faster rate of evolution. The
large-Z effect is also expected to result from hemizygosity of the Z chromo-
some and posits that the Z chromosome will contribute disproportionately to
reproductive isolation due to genetic incompatibilities. Distinguishing be-
tween a fast-Z effect and a large-Z effect is a challenge, because they are both
expected to cause increased genetic divergence on the Z-chromosome relative
to autosomes and they are not mutually exclusive processes. Additionally, it
remains equivocal to what extent either the fast-Z or the large-Z is the result
of adaptive evolution compared to an increased rate of genetic drift on the Z-
chromosome.

Using population genomic data from several Ficedula flycatcher species, |
tested for both the fast-Z and large-Z effect and investigated the evidence for
whether these phenomena are driven by adaptation versus genetic drift. Mul-
tiple estimates of the effective population size revealed that all species had
lower N, on the Z-chromosome. Estimates of natural selection revealed that
the strength of purifying selection was weaker on the Z-chromosome, with all
species showing higher levels of nn/ws compared to the autosomes. Estimates
of dy/ds were slightly elevated on the Z-chromosome relative to the auto-
somes, however variation in demography between species appeared to impact
the estimation of w, (the adaptive substitution rate). Additionally, although
genetic differentiation between the two species pairs was on average higher
on the Z-chromosome, signatures of indirect selection in the form of Fsrpeaks
or selective sweeps were underrepresented on the Z-chromosome compared
to the autosomes. Thus, an increased prevalence of linked selection due to the
lower recombination rate of the Z-chromosome did not appear to explain the
fast-Z effect. I next investigated genomic signatures of the large-Z effect,
where I focused on the collared flycatcher and the pied flycatcher, which show
evidence for historical signatures of gene flow. The ABBA-BABA test re-
vealed significant signatures of gene flow between the two species on both the
autosomes and the Z-chromosome, with a lower effect size on the Z-
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chromosome. The reduction in gene flow appeared to be a chromosome-wide
effect, and pre-dates the splits of the different populations within the species
studied here.

Overall, I observed clear evidence of a fast-Z effect in all species, with ele-
vated levels of divergence between species on the Z-chromosome compared
to the autosomes, and evidence of the large-Z effect between the collared fly-
catcher and pied flycatcher. There was no evidence for an increased rate of
adaptation on the Z-chromosome, but I did observe evidence to suggest a
weaker efficacy of purifying selection. I therefore hypothesize that the fast-Z
and large-Z effects within these species are driven by genetic drift rather than
adaptation, which enabled the evolution of genetic incompatibilities between
closely related species on the Z-chromosome.

Paper IV

The combination of HiFi and HiC sequencing technology enables investi-
gation of the impact of structural variation on speciation in Ficedula fly-
catchers

Structural variants (SVs) can encompass a large portion of the genome. SVs
have been shown to have important phenotypic effects, with a number of dis-
ease phenotypes in humans connected to SVs and the large size of SVs is gen-
erally assumed to translate into a large effect on fitness. Several examples also
exist of SVs playing an important role in local adaptation and speciation, with
inversions in particular implicated due to their effect of reducing recombina-
tion in heterozygotes. Inversions have been shown to capture multiple
coadapted loci in several organisms, creating what is referred to as a super
gene. The suppression of recombination between different inversion orienta-
tions means that the associations between variation at different loci are not
broken apart in the face of gene flow. Despite the potentially important role
of SVs in speciation, they are often overlooked in comparison to SNVs, and
comprehensively studying the diversity of SVs between closely related spe-
cies remains a major challenge. SV detection continues to be a technical chal-
lenge, even though advances in long-read sequencing and its increasing avail-
ability for non-model organisms is changing this. Methods for SV detection
from short-read data have relied either on indirect inferences or through anal-
ysis of read mapping patterns, however these are generally limited to detection
of shorter variants due to size of the reads. Mapping long-reads can improve
our ability to detect longer SVs compared to using short-read mapping. How-
ever, this approach will still suffer from reference bias, which is a greater
problem for SV detection compared to SNVs. As an alternative to mapping
reads to a single reference genome, it is possible to instead identify SVs from
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whole genome alignments of multiple genomes. Whole genome alignment ap-
proaches can provide a less biased estimate of the variety of SVs. The chal-
lenge then, is to generate high quality genomes from multiple individuals or
closely related species.

In this paper, I investigate the role of SVs in divergence between the closely
related species collared flycatcher and pied flycatcher. To do so, [ use a com-
bination of PacBio HiFi sequencing and HiC chromatin conformation capture
technologies, which together allow for the generation of high-quality, chro-
mosome scale genome assemblies. These assemblies represent the first long-
read genome assembly for the collared flycatcher, adding a substantial fraction
of sequence length for all previously identified chromosomes, and the first
genome assembly for the pied flycatcher. By sequencing a female for both
species, I am also able to assemble W-chromosome, for which only a partial
collared flycatcher assembly was previously available. I then identified SVs
between the two species by whole genome alignment, using the script pro-
vided by MUM&co to detect SVs. This analysis identified 14,451 SVs be-
tween the two assemblies, the majority of which were indels. SV density was
higher on microchromosomes compared to macrochromosomes, and the Z-
and W-chromosomes showed a disproportionate frequency of inversions and
translocations. The inclusion of population level HiFi sequencing for both col-
lared flycatcher and pied flycatcher enabled the combination of SV detection
with SNV based patterns of genetic differentiation. This revealed that alt-
hough average Fsrdid not vary greatly among different SV categories com-
pared to the genomic background, inversions and translocations were
overrepresented in Fsrpeaks compared to the background. On the contrary,
indels were less common in Fsrpeaks. When I compared the overlap between
all SV categories combined there was no significant difference between Fsr
peaks and the genomic background. With this work, I provide the first look
into the role of SVs in divergence between the collared flycatcher and pied
flycatcher, two closely related avian species.
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Conclusions and future perspectives

In this thesis I investigated the genomic signatures of divergence in multiple
Ficedula flycatcher species, with the goal to further our understanding of how
different evolutionary forces interact to drive speciation. By comparing mul-
tiple species pairs at varying stages of divergence, I was able to investigate the
processes that generate shared vs lineage-specific patterns in the genomic
landscape. More than distinct histories of natural selection, the lineage-spe-
cific signatures appeared to be driven by changes in the recombination land-
scape between lineages. However, although recombination rate did appear to
have a strong impact on signatures of indirect selection, such as Fsr peaks and
selective sweeps, I did not observe a strong relationship between recombina-
tion rate and the efficacy of selection. On the other hand, I did observe that
the efficacy of selection was weaker on the Z-chromosome, likely due to its
lower effective population size compared to the autosomes. The entire Z-chro-
mosome also showed reduced signatures of gene flow compared to autosomes,
providing additional support for previous suggestions that the Z-chromosome
is a hotspot for genetic incompatibilities between the collared flycatcher and
the pied flycatcher. Finally, I also observed a disproportionately large set of
inversions and translocations on both the sex chromosomes, aided by new
long-read assemblies for both the collared flycatcher and pied flycatcher.
These observations provide a potential mechanism behind the buildup of in-
compatibilities on these chromosomes.

With each question addressed in this thesis, several additional questions to
pursue arise. For example, I observed that evolution of the recombination
landscape impacted the detection of signatures of selection. However, I can
only speculate about what mutations have caused these changes. Structural
rearrangements such as inversions and translocations could alter the rate of
recombination and explain the patterns I observed. Additionally, shifts in the
location of centromeres have been observed between even closely related
avian species and may impact the recombination landscape. Investigations of
the role of broadscale rearrangements between the collared flycatcher and
taiga flycatcher species could help to address the mechanisms behind evolu-
tionary changes in recombination rate. These investigations would be aided in
the future by the publication of a reference genome of the taiga flycatcher,
which is currently lacking. Another interesting avenue for future research
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would be to conduct a thorough investigation of recombination rate variation
at both the fine-scale and broadscale among all the four flycatcher species
studied in this thesis. This analysis could be accompanied by an investigation
of the molecular mechanisms that shape recombination rate variation.

The demographic history and potential history of gene flow between the red-
breasted flycatcher and taiga flycatcher is poorly understood compared to
what is known about the collared flycatcher and pied flycatcher. There is no
evidence of current gene flow between the red-breasted flycatcher and taiga
flycatcher, but we do not know whether gene flow occurred at some point
during their divergence. Future demographic analyses can address the history
of divergence between these two species, including historical population size
changes and evidence for a history of gene flow. An interesting question is
whether any of the same regions that appear to be important for generating
genetic incompatibilities between collared flycatcher and pied flycatcher also
contribute to isolation between the red-breasted flycatcher and taiga fly-
catcher.

Despite substantially improving the genome assembly for collared flycatcher,
and providing a novel assembly for pied flycatcher, the smallest microchro-
mosomes were still not identified. Utilizing the IsoSeq data that is available
from the same individuals may generally improve the scaffolding of the as-
sembly and allow us to assemble the missing chromosomes that were not com-
pleted using the HiC data alone. Additionally, these data can be used to gen-
erate a high-quality gene annotation of both species, and potentially identify
missing genes from the original collared flycatcher annotation.

Structural variant identification performed here was done by comparing the
two reference quality genomes of collared flycatcher and pied flycatcher.
However, with the availability of population level long-read sequencing for
both species, it may be possible to use a pangenomic approach to SV detec-
tion. With this approach, I could assess the diversity of SVs both within and
between species, rather than between only two individuals. I can then address
whether the same regions that show more frequent rearrangements between
species also show higher diversity in rearrangements within species. Coupled
with RNAseq data from each individual, we can also address whether any SVs
identified between species are associated with differential gene expression be-
tween species. The data available from this project opens a wealth of oppor-
tunities for further investigation into the divergence of these two species, and
the ability to investigate an understudied form of variation through the analy-
sis of SVs.
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Svensk sammanfattning

Mangfalden av liv pa var planet uppstod fran en gemensam forfader genom
en process som vi kallar artbildning. Denna grundlaggande process leder till
bildandet av distinkta utvecklingslinjer, diar en gang sammankopplade popu-
lationer kan utvecklas oberoende av varandra. Hur detta gar till dr fortfarande
foremal for pagaende forskning. Inom sexuellt reproducerande organismer
tanker vi ofta pa denna process som en gradvis minskning av genflodet mellan
grupper av individer, eller utvecklingen av reproduktiv isolering. Vi forvéntar
oss att genetiska skillnader som ligger bakom denna minskning av genflodet
ackumuleras och bidrar till s& kallade reproduktionsbarridrer. Reproduktions-
barridrer delas ofta in i1 prezygotiska och postzygotiska, beroende pa om de
begréansar genflodet fore eller efter befruktning av dgget. Ett exempel pa en
prezygotisk barridr dr ndr tva fagelarter utvecklar olika sanger, och saledes
inte langre attraheras av en partner av den andra arten. Ett exempel pa en post-
zygotisk barridr dr nér tva individer av ndrbesldktade arter parar sig och skapar
en hybridavkomma, men hybriden ar steril. Manga andra exempel finns pa
bade pre- och postzygotiska barridrer, och 1 bada fallen kan de utvecklas till
att helt eller endast delvis begriansa genflodet mellan arter. Denna funktion
belyser en viktig aspekt av artbildningsprocessen: att den representerar ett
kontinuum mellan en helt sammankopplad population och helt isolerade arter.
Eftersom detta dr en process som kan ta miljontals ar, kan vi inte studera den
irealtid. Istdllet maste vi anvinda ett historiskt tillvigagangssatt for att forsoka
sluta oss till hur artbildning har skett mellan olika organismer, vilket vi ofta
gbr genom att studera nérbeslaktade arter. Att fokusera pé flera olika par av
arter med olika divergenstider kan ocksé anvéndas for att forsoka rekonstruera
processen. Ett tillvigagangssitt dr att sekvensera och jamfora genomen fran
flera individer fran olika arter, eftersom variationsmonster 6ver genomet ater-
speglar den historiska inverkan av olika evolutiondra processer.

Ett huvudsyfte inom artbildningsforskning &r att forsta hur dessa olika evolut-
iondra processer har format variation inom och mellan arter, med maélet att i
slutdndan oka var forstielse for hur artbildningen i sig fortskrider. Till exem-
pel kan vi undersdka monster av genetisk differentiering mellan nérbesldktade
arter, och observera hur detta varierar langs genomet. Vissa regioner kan upp-
visa anmdrkningsvart 6kade nivder av differentiering, vilket kan vara ett
tecken pa att dir finns en reproduktiv barridr eller att regionen bidrar till
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anpassning inom en (eller potentiellt bada) arterna. Andra processer kan dock
skapa liknande monster. Till exempel dr variation i rekombinationshastighet,
det vill sédga hur ofta genetiskt material utbyts mellan de tva kopiorna av varje
kromosom, kénd for att vara positivt korrelerad med nivan av genetisk mang-
fald. Nar rekombinationshastigheten ar 1ag ar den genetiska mangfalden ocksa
ofta lagre, vilket i sin tur kan leda till en 6kning av den genetiska differentie-
ringen mellan tva arter i denna region av arvsmassan. Denna férhojda diffe-
rentiering kan dé vara helt orelaterad till artbildningsprocessen. Saledes ar det
fortfarande en utmaning att sarskilja monster fran olika evolutiondra processer
over genomet.

I den hédr avhandlingen studerar jag artbildningsgenomik hos flera par av flug-
snappararter fran slaktet Ficedula 1 ordningen téttingar. Halsbandsflugsnap-
pare och svartvit flugsnappare dr narbesléktade arter som hybridiserar i reg-
ioner dir deras utbredningsomraden 6verlappar. Hybriderna verkar dock vara
helt sterila. Det har ocksa utvecklats ekologiska skillnader mellan arterna,
sasom skillnader i sdng och fjaderdrdkt. Mindre flugsnappare och tajgaflug-
snappare dr ett annat par av arter som ar mer avldgset besldktade med varandra
och mellan vilka det inte forekommit nagot ként fall av hybridisering. Med
hjilp av genomiska data fran ndra 200 individer undersokte jag differentie-
ringsmonster i arvsmassan mellan de olika artparen. Inom faglar &r antalet och
strukturen av kromosomer i arvsmassan mycket bevarade dver miljontals ar.
Tack vare detta, och med de jaimforelsevis néra sldktskapen som undersoks
hir, kan vi direkt jamfora samma regioner av arvsmassan mellan olika arter.
P4 sa sitt observerade jag att nivderna av genetisk differentiering mellan hals-
bandsflugsnappare och svartvit flugsnappare varierade langs genomet i ett lik-
nande monster som mellan mindre flugsnappare och tajgaflugsnappare. Pa
manga kromosomer hade samma region lokalt forhojd differentiering mellan
arter i bdda paren. Men jag observerade ocksa kromosomer dér differentie-
ringsmonstren var unika. En huvudfraga dr om det finns bevis for att det ar
andra evolutiondra processer som driver dessa unika monster jamfort med de
gemensamma monstren. Jag fann att bdde de gemensamma och de unika
monstren visade tecken pa att bidra till anpassning inom minst en art. A andra
sidan verkade de unika monstren drivas av evolutionen av rekombinationshas-
tighet mellan halsband/svartvit flugsnapparlinjen och mindre/tajgaflugsnap-
parlinjen, snarare @n att drivas av olika bakgrunder av naturligt urval. Saledes
verkar det vara avgdérande niar man tolkar olika mdnster for selektion mellan
arter att ocksa beakta evolutionéra fordndringar i rekombinationshastigheten.

Jag undersokte dven Z-kromosomen, som &r en av de tva konskromosomerna,
och dess roll i skillnaderna mellan dessa tva artpar. Faglar har ett konsbestdm-
ningssystem som vi kallar Z/W, vilket innebér att hanar ZZ och honor dr ZW,
jamfort med X/Y-systemet dir honor &r XX och hanar dr XY. I faglar kallar
vi honor for det heterogametiska konet, vilket hanvisar till det faktum att de
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har tvé olika kdnskromosomer. Konskromosomer kan spela en oproportioner-
ligt stor roll vid artbildning, eftersom de ackumulerar genetiska skillnader i
snabbare takt och kan samla pa sig genetiska inkompatibiliteter mellan arter
som leder till postzygotisk isolering. Aven om hdgre nivéer av differentiering
ofta observeras pa Z-kromosomen, sager det inte nédvandigtvis vilken process
som ligger bakom. Till exempel kan positiv selektion vara mer effektiv i det
heterogametiska konet eftersom alla mutationer dr omedelbart synliga for se-
lektion, medan i hanar kan recessiva mutationer maskeras av den andra kopian
av kromosomen (eftersom faglarna dr diploida och har tva kopior av varje
kromosom). A andra sidan forvintas den genetisk driften, som #r den slump-
mdssiga fluktuationen i frekvensen av olika varianter (alleler), vara starkare
pa Z-kromosomen. Jag observerade att genetisk differentiering mellan arter
hos flugsnapparna var hogre pa Z-kromosomen, och den genetiska méangfal-
den minskade. Jag fann ocksa att spar av historiskt genflode 1 arvsmassan mel-
lan halsbandsflugsnappare och svartvit flugsnappare var svagare pa Z-kromo-
somen jamfort med autosomer. Generellt tyder dessa bevis pa att Z-kromoso-
men spelar en viktig roll i artbildning och att dessa monster &r resultatet av en
6kad roll av genetisk drift pd Z-kromosomen snarare &n en hogre effektivitet
av positivt urval.

Slutligen undersokte jag en form av genetisk variation som hittills varit out-
forskad inom detta system och som kallas for strukturell variation (SV). De
allra flesta genomstudier av artbildning har anvént sig av enbaspolymorfier,
som dr mutationer i ett enda baspar. SV ar dock mutationer som per definition
paverkar minst 50 bp och kan ha extremt stora fenotypiska effekter och kon-
ditionseffekter. I vissa fall har de ocksa kopplats direkt till artbildning. Aven
om vi refererar till SV som en kategori, omfattar dessa i sjdlva verket flera
olika typer av mutationer som kan ha olika roller i artbildning. Dessa variat-
ioner dr underutforskade pa grund av svérigheten att identifiera dem med tidi-
gare sekvenseringstekniker, dir mdngden DNA som gick att sekvensera pd en
ging ofta var mycket kortare dn sjidlva mutationen. Med avancerad teknologi
kan vi sekvensera langre segment, och mdjligheten att underséka mangfalden
av SV:er inom och mellan nirbesléktade arter 6kar. Har karakteriserade jag
SV:er mellan en individ var av halsbandsflugsnappare och svartvit flugsnap-
pare och kombinerade dessa data med undersdkningar av genomomfattande
differentiering pa populationsniva. Jag fann att specifika kategorier av SV:er
okade i konskromosomerna och hittades i regioner av arvsmassan med forh6jd
differentiering — hogre &n vad som &r forvintat av slumpen. Dessa spannande
resultat tyder pa att vissa former av SV kan bidra till genetiska inkompatibili-
teter mellan dessa nérbesléktade arter.

Kindly translated by Linnéa Smeds
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Summary

The diversity of life on our planet arose from a common ancestor through a
process we refer to as speciation. This fundamental process leads to the for-
mation of distinct evolutionary lineages, where once interconnected popula-
tions can evolve independently of one another. How this occurs is still the
subject of ongoing research. Within sexually reproducing organisms, we often
think of this process as involving the gradual reduction in gene flow between
groups of individuals, or the evolution of reproductive isolation. We expect
that genetic differences accumulate that underlie this reduction in gene flow,
and contribute to what are known as reproductive barriers. Reproductive bar-
riers are often divided into ‘pre-zygotic’ and ‘post-zygotic’, which refers to
whether they restrict gene flow before or after fertilization of the egg occurs.
An example of a pre-zygotic barrier would be two bird species evolving dif-
ferent songs, and are thus no longer being attracted to mates of the other spe-
cies; an example of a post-zygotic barrier would be two individual of closely
related species mating and creating a hybrid offspring, but the hybrid being
sterile. Many other examples exist of both pre- and post-zygotic barriers, and
in both cases they can evolve to fully or only partially restrict gene flow be-
tween species. This feature highlights an important aspect of the speciation
process, which is that it represents a continuum between a completely inter-
connected population and completely isolated species. Because this is a pro-
cess that can take millions of years to complete, we cannot study this in real
time. Rather, we have to take a historical approach to try to infer how specia-
tion has occurred across different organisms, which we often do by studying
closely related species. Focusing on multiple species pairs, which have vary-
ing divergence times, can also allow us to try to reconstruct the process. One
approach is to sequence and compare the genomes of multiple individuals
from different species, because patterns of variation across the genome reflect
the historical action of different evolutionary processes.

One major aim in speciation research is to understand how these different evo-
lutionary processes have shaped variation within and between species, with
the goal to ultimately increase our understanding of how speciation itself pro-
ceeds. For example, we can estimate patterns of genetic differentiation be-
tween closely related species, and observe how this varies along the genome.
Some regions may show remarkably increased levels of differentiation, which
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could be a sign that this region harbors a reproductive barrier or contributes to
adaptation within one (or potentially both) species. Other processes however
could leave a similar signature. For example, variation in recombination rate,
or how often genetic material is exchanged between the two copies of each
chromosome, is known to be positively correlated with levels of genetic di-
versity. When recombination rate is low, genetic diversity is also often lower,
which can in turn lead to an in increase in the genetic differentiation between
two species at this genomic region. This elevated differentiation may then be
entirely unrelated to the speciation process. Thus, disentangling signatures of
different evolutionary processes across the genome remains a challenge.

Within this thesis, I study speciation genomics of multiple species pairs of
Ficedula flycatcher, a passerine bird. The collared flycatcher and pied fly-
catcher are closely related species, which hybridize in overlapping regions of
their ranges. The hybrids, however, appear to be completely sterile. Other eco-
logical differences have evolved too, such as divergence in song and plumage.
The red-breasted flycatcher and taiga flycatcher are another species pair,
which are more distantly related to one another, and are not known to hybrid-
ize. Using genomic data from close to 200 individuals, I investigated genomic
patterns of differentiation between the different species pairs. Within birds in
particular, the number and structure of chromosomes in the genome is highly
conserved across millions of years. Therefore, with the comparatively close
relationships investigate here, we can directly compare the same genomic re-
gions within different species. With this, I observed that levels of genetic dif-
ferentiation between collared and pied flycatcher varied along the genome in
a similar pattern to red-breasted and taiga flycatcher. On many chromosomes,
the same region would show locally elevated differentiation between species
in both pairs. However, I also observed chromosomes where the patterns of
differentiation were unique. A major question here is whether there is evi-
dence that different evolutionary processes are important in driving these
unique patterns compared to the shared patterns. I found that both the shared
and the unique patterns showed signs of contributing to adaptation within at
least one species. On the other hand, rather than being driven by very distinct
histories of natural selection, the unique patterns appeared to be driven by
evolution in the recombination rate between the collared and pied flycatcher
lineage and the red-breasted and taiga flycatcher lineage. Thus, when inter-
preting differing signatures of selection between species it seems to be critical
to also consider evolutionary changes in the recombination rate.

Additionally, I examined the role of the Z-chromosome, which is one of the
two sex chromosomes, in divergence between these two species pairs. Birds
have a sex determination system we refer to as Z/W, which means that, com-
pared to an X/Y system where females are XX and males are XY, within birds
males are ZZ and females are ZW. In this case, we call females the
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‘heterogametic’ sex, to refer to the fact that they have two different sex chro-
mosomes. Sex chromosomes can play a disproportionately large role in spe-
ciation, as they accumulate genetic differentiation at a faster rate and can ac-
crue genetic incompatibilities between species leading to intrinsic post-zy-
gotic isolation. Although higher levels of differentiation are frequently ob-
served on the Z-chromosome, this does not tell us necessarily the process
responsible. For example, positive selection can be more efficient in the het-
erogametic sex because all mutations are immediately visible to selection,
whereas, because the birds are diploid and have two copies of each chromo-
some, recessive mutations might be masked by the other copy of the chromo-
some in males. On the other hand, genetic drift, which is the random fluctua-
tion in the frequency of different variants (alleles), is expected to be stronger
on the Z-chromosome. I observed in the flycatchers that genetic differentiation
between species was higher on the Z-chromosome, and genetic diversity was
reduced. I also found that genomic signatures of historical gene flow between
collared flycatcher and pied flycatcher were weaker on the Z-chromosome
compared to autosomes. Generally, this evidence suggests that the Z-chromo-
some does play an important role in speciation and that these patterns are the
result of an increased role of genetic drift on the Z-chromosome rather than a
higher efficacy of positive selection.

Finally, I investigated a form of genetic variation that has been previously
unexplored within this system, that is referred to as ‘structural variation’. The
vast majority of speciation genomic studies have made use of single nucleo-
tide variants (SNVs), which are mutations at a single basepair. SVs, however,
are mutations that impact by definition at least 50bp and can have extremely
large phenotypic and fitness effects. In some cases, they have also been linked
directly to speciation. Although we refer to SVs as one category, this in fact
encompasses several different kinds of mutations which may have differing
roles in speciation. This variation has been underexplored due to the difficulty
of identifying them with earlier sequencing techniques, where the amount of
DNA we could sequence at once would be much shorter than the mutation
itself. With advancing technologies, we can sequence longer segments, and
our ability to probe the diversity of SVs within and between closely related
species is increasing. Here, I characterized SVs between an individual each of
collared flycatcher and pied flycatcher and combined this data with population
level investigations of genome-wide differentiation. I found specific catego-
ries of SVs were increased on the sex chromosomes, and were found in ge-
nomic regions of elevated differentiation higher than expected by chance.
These exciting results suggest that some forms of SVs could contribute to ge-
netic incompatibilities between these closely related species.
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One constant over the past few years that has been a guiding light through
difficult times has been the regular pub quiz nights at William’s (and before
at Pitcher’s). I have a huge thank you to say to all the members of our trivia
team, Quizz my ass. Aaron, Adrian, Dan, Felix, Merce, Philipp, Ramsha,
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Sara, Theo, thank you all for the many glorious wins and also many bitter
defeats! And of course, a big thank you to the quiz master himself, Chris, for
always being an amazing host, so that we would have a great time win or lose
(but mostly when we win).

To people from back in Oregon:

Matt, I am really glad to have started working in your lab years ago during
my undergrad (nearly ten?!), starting out with labeling plant pots. When I be-
gan university, I wasn’t really sure what I wanted to study, but by the time I
joined your lab I was at least reasonably sure I was interested in biology. It
was through the research experience in your lab though that I really became
convinced that I wanted to study evolution, and that eventually led me here to
write this book. So, thank you for that opportunity and for supporting me along
the way.

Annika, absolutely wild that we go all the way back to Mr. Schaff’s math
class in the sixth grade. Thank you for sticking through with me these years
and being an amazing friend. [ owe a lot to our last names being next to each
other in the alphabet so that we would get sat next to each other in class.
Maybe someday we should start to co-write another epic fantasy story. Ben,
you’ve really been a lifeline to me in the past, I’'m lucky to have you as a friend
(I think I owe that to the alphabet as well, for you and Annika). For both of
you, thank you for so much, all the years of Playmobil pirate ship battles and
competitive chopped watching. I miss living in the same city! And thank you
to Nina for all her Zoom appearances and for jumping onto my face at 2am
<3.

Bridget and Tyler, thank you guys as well for our long friendship and miss
you both! It was so fun to see you both in Chicago when you moved there, but
even better when you moved back to Eugene. I loved our trivia nights at 16
tonnes!

Kaylee, first of all thank you for painting a beautiful cover for my thesis! I'm
so grateful that we happened to move into the same house 12 years ago, you
were literally one of the reasons I didn’t want to switch universities. You’ve
been such an amazing friend, even when I’'m terrible at answering your
FaceTimes. I miss you so much! Eric, we’ve known each other almost as long,
and I’m so happy to have you as a friend. I loved how you would vibe with
the Beef, and so miss going out with you or watching hours of Game of
Thrones followed by some Smash Bros! Complete with intense trash talking
from Kaylee of course. Love you both!
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Jack and Donna for a long time your house was like a second home to me,
thank you for giving me so much support through the years. And I’m glad that
I could see you here in Sweden when you visited!

Debbie and Michael, thank you for all your support, all the brunches at Morn-
ing Glory, and for always welcoming me in your home!

A big thank you to my family. Mum, thank you for always supporting me in
every way that you can. Your place was always open for a cup of tea or some
cheese on toast. Lucian and Rachael, I’'m so glad you guys got to come visit
Uppsala while I was here! And in keeping with the theme of acknowledging
everybody’s cats, to Archie and Hunter, who I enjoyed getting to see on
skype causing chaos. Grandma, Simon, Lee, Sarah, Ralph, thank you all for
everything!

And lastly to my own little family here. Tiki and Nemo, thank you for being
the best cats ever (sorry to everyone else). I'm not sure if I would really use
the word ‘béstis’ to describe you guys, but you have your moments where you
tolerate each other. I can’t believe we ever lived together without cats around.
Philipp, thank you so much for all your incredible support, how would I have
ever managed without it all. I feel so happy to have you in my life, and to have
you on my team. Thank you for all the dinners you made when I was too
stressed to, all the figures you helped me make when I couldn’t figure out how
to make ggplot do what I wanted, and for helping keep me (mostly) sane along
this journey. I’'m glad that we will face whatever the future holds at each
other’s side.
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