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Abstract
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Species differentiation can be a consequence of evolutionary forces including natural selection
and random genetic drift. Patterns of genomic differentiation vary across the tree of life. This
variation seems to be dependent on, for example, differences in genomic architecture and
molecular mechanisms. However, the knowledge we currently possess, both regarding the
processes driving speciation and the resulting genomic signatures, is from a very small subset of
the overall biodiversity that resides on the planet. Therefore, characterization of the architecture
of genomic divergence from more organism groups will be important to understand the effects
of molecular mechanisms and evolutionary forces driving divergence between lineages. Hence
it has not been possible to come to a consensus on the relative importance of genetic drift and
natural selection on divergence processes in general. In this thesis, I use genomic approaches to
investigate the forces underlying species and population differentiation in the European cryptic
wood white butterflies (Leptidea sinapis, L. reali and L. juvernica) and two closely related
bird species, the chiffchaff (Phylloscopus collybita abietinus) and the Siberian chiffchaff (P.
tristis). Both these groups contain recently diverged species, a prerequisite for investigating
initial differentiation processes. However, the study systems also differ in several respects,
allowing for applying distinct approaches to understand the divergence process in each system.

In summary, by applying a suite of genomic approaches, my thesis work gives novel insights
into the speciation history of wood whites and chiffchaff. I identify candidate genes for local
adaptation in both systems and concludes that genome differentiation in wood white butterflies
have been driven by a combination of random genetic drift and week directional selection in
allopatry. In the chiffchaff, the general differentiation landscape seems to have been shaped by
recurrent background selection (and potentially selective sweeps), likely as a consequence of
regional variation in the recombination rate which has also been observed in other genome-
scans in birds. Potentially, some of the highly differentiated regions contain barriers to gene-
flow as these regions are still present in sympatry, where species exchange genetic material at
a high rate.
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1. Introduction 

The vast diversity of species that resides on earth has probably always been 
fascinating to mankind. Naming and clustering of organisms into groups has 
been done by civilisations since the beginning of written language (Stevens, 
2001). Although several civilisations classified organisms in their own lan-
guages, the most known early classifications were conducted by early Greek 
philosophers Aristotle and his student Theophrastus (Stevens, 2001). It wasn’t 
until 1758 that a Swedish scientist named Carl Linnaeus classified organisms 
using binomial nomenclature and by clustering similar organisms into groups 
called taxa (Linnaeus, 1758). The concept of natural selection in the formation 
of species was introduced by Charles Darwin almost a century later in his book 
“On the Origin of Species by Means of Natural Selection” (Darwin, 1859). 
Darwin described how adaptive change resulted in phenotypically distinct 
populations. However, Darwin did not explain in detail how species accumu-
late reproductive incompatibilities – just the process of evolutionary change 
via natural selection (Darwin, 1859; Mallet, 2007b). Although there were 
mixed reactions to Darwin’s theory, he raised important arguments in support 
of the evolutionary theory, despite that he lacked knowledge about genetics or 
hereditary principles. Almost 40 years later, in 1864, Gregor Mendel formu-
lated the laws of inheritance, which brought about the principles of how genes 
(he called them particles) segregate from parents to the next generation 
(Mendel, 1866). The inspiration to studying speciation and identifying species 
grew drastically after these major discoveries. Naturalists continuously clas-
sified species based on morphological similarities (Mallet, 2007b) and as mu-
seum collections around the world became more accessible, the word ‘subspe-
cies’ came into place to classify geographical variants (Wallace, 1865). 

“What are species?” “How are species formed?” These questions have been 
spurring a major debate among naturalists ever since Darwin’s spearheading 
work, and have been key components in the field of evolutionary biology. 
Although, when the question of what a species really is was first raised, Poul-
ton and Wallace proposed the term “syngamy” to refer to interbreeding indi-
viduals as species (Wallace, 1865). In 1930, Dobzhansky studied morpholog-
ically different Drosophila species and found that individuals preferred to 
mate with their conspecific mates rather than the individuals from the other 
species. This led Dobzhansky to propose the concept of species as an inter-
breeding group of individuals (Dobzhansky, 1936; Mallet, 2007b). This was 
later popularised by Ernst Mayr as the “Biological species concept” (Mayr, 
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1963). Mayr described species as a group of interbreeding individuals occur-
ring in natural populations that are reproductively isolated from other such 
groups (Mayr, 1970, 1982). Although this concept of species to some extent 
cleared the questions regarding previously applied morphological methods, 
new questions of already classified subspecies and geographical variants were 
to be treated as separate species appeared (Mallet, 2007b). Since the assess-
ment of reproductive isolation is tedious and time consuming and sometimes 
not even possible, this also raised novel questions about if populations that 
were considered as one species could actually consist of undetected groups of 
reproductively isolated lineages. The discovery of cryptic species (see in sec-
tion 1.6) has increased after the publication of the Ernst Mayr’s biological 
species concept and actualized the problem of species classification (Bickford 
et al., 2007). The biological species concept is now generally reduced to an 
explanatory model for how new species can be formed, but the concept itself 
does not provide a detailed solution to classify reproductively isolated species. 
A consensus is rather that the detailed methods, specific for different taxo-
nomic groups, are required to ideally classify species (Bickford et al., 2007) 
if we should continue discussing ‘species’ as independent or reticulated enti-
ties (Mallet, Besansky and Hahn, 2016). 

Using a combination of Darwin’s theory of evolution by natural selection 
and Mendel’s laws of inheritance, Ronald Fisher in his book ‘The Genetical 
Theory of Natural Selection’ described how populations could accumulate re-
productive barriers by gene frequency changes that can cause phenotypic 
changes resulting in speciation (Fisher, 1930). Fisher’s expertise in mathemat-
ics and theoretical predictions, made his early work combined with Wright’s 
and Haldane’s work laid the foundation for the field of population genetics 
(Fisher, 1930; Wright, 1931; Haldane, 1934). The population genetics during 
the Modern Synthesis had described population differentiation as combined 
effect of multiple genes using mathematical models (Fisher, 1930). Wright 
and Fisher introduced the concept of allelic drift as new mutations arising in 
a population increases in frequency due to stochastic processes (Wright, 1931, 
1942). However, it was not until the discovery of DNA as genetic material by 
(Hershey and Chase, 1952) and the development of methods to generate mo-
lecular information (Hubby and Lewontin, 1966; Lewontin and Hubby, 1966) 
that biologists could start using molecular variation data in natural populations 
to understand evolutionary processes (McDonald and Kreitman, 1991). 

Wide range of study systems spanning across the tree of life have been 
investigated to understand the genetic basis of speciation and reproductive 
isolation (Seehausen et al., 2014). In this thesis I tried to understand the ge-
netic basis of speciation in natural populations of the closely related wood 
white butterflies (Leptidea sinapis, L. reali and L. juvernica) and two recently 
diverged bird species, the common European chiffchaff (Phylloscopus colly-
bita abietinus) and the Siberian chiffchaff (P. tristis). I have investigated the 
genome wide patterns of genetic differentiation in these two species groups to 
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identify factors responsible for reproductive isolation and speciation. Using 
the previously available resources and knowledge about these species, we 
tried to expand the genetic knowledge and genomic resources to these two 
study systems. Since diapause (see in section 1.7) has been a key trait for local 
adaptation in insect species, we also studied gene expression differences to 
understand the genetic basis of diapause regulation in the wood white butter-
flies (L. sinapis).  

1.1 Speciation 
The process of speciation has been of major interest for evolutionary biolo-
gists for as long as this field of research has existed (De Queiroz, 2007). Spe-
ciation can be defined as the process of diversification of populations into dis-
tinct entities by accumulation of genetic and phenotypic differences that cause 
reproductive isolation between them (Mayr, 1942). This gradual transfor-
mation from populations to species was emphasised already by Darwin and 
Wallace, although they had no knowledge of potential genetic barriers be-
tween populations (Mayr, 1942; Mallet, 2008). Reproductive isolation refers 
to any form of reduction or restriction to gene-flow between individuals and 
are generally classified as pre-mating or post-mating barriers. Within the class 
of post-mating barriers there is generally a distinction between pre-zygotic or 
post-zygotic barriers to discriminate between gametic incompatibilities and 
barriers due to reduced hybrid fitness (Via, 2009). Pre-mating barriers include 
ecological isolation, where populations are ecologically isolated and hindered 
from mating due to ecological barriers, for example due to differences in sea-
sonal occurrence (Harrison, 1979; Futuyma, 2014). An example of that is pro-
vided by the species Gryllus pennsylvanicus and G. veletis, two closely related 
cricket species that occur in north-eastern United States that are reproductively 
isolated as they reach reproductive age in different seasons (Harrison, 1979). 
A similar phenomenon, illustrating that ecological differences may keep spe-
cies apart also in sympatry, it is observed in the green lacewings (Chrysoperla) 
(Martínez Wells and Henry, 1992) . In this system, three closely related spe-
cies (C. plorabunda, C. adamsi and C. johnsoni) occur in sympatry but do not 
recognise each other’s songs (Martínez Wells and Henry, 1992). Post-mating, 
pre-zygotic barriers prevent gene flow by restricting the formation of success-
ful hybrids even if the mating takes place, for example via gametic incompat-
ibilities (Alipaz, Wu and Karr, 2001) or mismatching genitalia that prevent 
successful fertilization. In many insect species, genital morphology differ be-
tween closely related species restricting the formation of hybrids (Sota and 
Kubota, 1998). This phenomenon is observed in closely related species of 
Drosophila where males of the three species (D. simulans, D. sechellia and D. 
mauritiana) exhibit different genital structures which restricts the transfer of 
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sperm to females when interspecific crosses occur (Eberhard, 1996). Post-zy-
gotic barriers include hybrid inviability where hybrids mortality is higher than 
non-hybrids, and/or hybrid sterility/infertility where hybrids are completely or 
partly incapable of producing viable offspring. Hybrid inviability is seen be-
tween D. melanogaster and D. simulans (Presgraves, 2010) and can be a rea-
son for the maintenance of species integrity in closely related sympatric spe-
cies pairs (Baker, 1959; Futuyma, 2014). One theoretical obstacle to the un-
derstanding of formation of genetic incompatibilities is that novel mutations 
that provide some kind of isolation would result in reduced fitness of the pop-
ulation in which they occur (Barton and Bengtsson, 1986). Bateson, Dobzhan-
sky and Muller showed that, when populations are separated, mutations that 
contribute to reproductive isolation could happen independently at different 
loci (at least two) in each population, and these could come into effect when 
range shifts result in secondary contact (famously known as the Bateson-Dob-
zhansky-Muller model) (Bateson, 1909; Dobzhansky, 1937; Muller, 1942; 
Orr, 1996). This model has attracted much attention since it does not include 
a period of reduced population fitness in any of the involved lineages, but on 
the other hand requires a period of allopatry. Indirect evidence for that 
Bateson-Dobzhansky-Muller model is prevalent comes from Haldane’s rule 
(Haldane, 1922). Haldane’s rule states that if there are genetic incompatibili-
ties between species, these should be expressed more often in hybrids of the 
heterogametic sex (the sex with two different sex chromosomes) (Haldane, 
1922). The reason for this is that recessive mutations on the sex-chromosomes 
(X in XY-systems, Z in ZW-systems) are expressed in the heterogametic sex.  

Study systems across the tree of life have been screened by evolutionary 
biologists to understand the barriers to gene flow and genetic incompatibilities 
between closely related species using modern molecular technologies 
(Seehausen et al., 2014). Studying genome-wide segregating polymorphisms 
in natural populations of closely related species with different divergence 
times can be useful to underpin genes responsible for reproductive isolation 
and these processes can be ‘caught in the act’ as they play their role in repro-
ductive isolation (Vijay et al., 2016; Wolf and Ellegren, 2017). 

Diversification of species is achieved by accumulation of genetic differ-
ences between the previously interbreeding populations. These differences are 
generally thought to accumulate gradually over time. The most common mode 
is likely the development of reproductive barriers during periods of geo-
graphic isolation, either via random fixation of incompatibility alleles or via 
divergent selection as a consequence of local adaptation to different habitats 
(Mayr, 1942, 1963; Levene, 1953). However, there has been a recent interest 
in understanding the efficiency of diversifying selection as a force to induce 
reproductive isolation between sympatric or parapatric populations – gener-
ally referred to as ecological speciation (Jiggins et al., 2001; Schluter, 2001; 
Nosil, Crespi and Sandoval, 2002; Rundle and Nosil, 2005). In order to un-
derstand the relative importance of random genetic drift and natural selection 
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in driving speciation, research has to be extended to more study systems – 
preferably closely related taxa where initial isolation processes are at play. In 
addition, to understanding the forces promoting speciation in natural settings, 
natural populations occurring in the wild have to be in focus. 

1.2 Speciation genes  
Any gene contributing to the process of speciation is defined as a “speciation 
gene” (Nosil and Schluter, 2011). To classify a gene as speciation gene, it 
should hence be involved in reproductive isolation at some level (Nosil and 
Schluter, 2011). Genes responsible for reproductive isolation can be identified 
using different methods. Identification of  genes under divergent selection in 
comparison to neutral genes can explain the role of natural selection and ran-
dom genetic drift in driving speciation (Coyne and Orr, 2004; Schluter, 2009). 
One can also use candidate gene approaches to identify speciation genes that 
are involved in reproductive isolation between species. Such candidate genes 
are usually identified in model organisms and have specific functions that are 
relevant for the focal study system (Jeukens et al., 2009). Genome-wide se-
lection scans can be used for detection of candidate genes present in the dif-
ferentiation outlier regions of the genome (Haasl and Payseur, 2016). Alt-
hough various genes have been identified that cause reproductive isolation in 
well studied model organisms like D. melanogaster (OdsH; (Ting et al., 1998; 
Ting, Tsaur and Wu, 2000; Sun, Ting and Wu, 2004), Hmr; (Barbash et al., 
2003; Barbash, Awadalla and Tarone, 2004), Lhr; (Brideau et al., 2006), 
Nup96; (Presgraves et al., 2003)), there is currently no example of a verified 
gene that is involved in reproductive isolation in a natural study system out-
side of Drosophila. The identification of ‘speciation genes’ has also been bi-
ased towards studies comparatively deeply divergent lineages and the genes 
have mainly been involved in post-zygotic barriers (Orr, Masly and 
Presgraves, 2004). This means that it is difficult to judge whether the identi-
fied genes actually were involved during the formation of reproductively iso-
lated lineages or if they have evolved functions providing post-zygotic barri-
ers after speciation was completed. Hence, it is important to extend speciation 
genetic research to study organisms that occur in the wild and to lineages that 
are at the early stage of divergence. With the advancement of next generation 
sequencing approaches, identification of loci involved in reproductive isola-
tion between species can be done across the genome (Noor and Feder, 2006). 
However, the verification of a role in reproductive isolation can be hard to 
establish in most study systems and one has to be cautious to link phenotypic 
traits with specific genes (Tabor, Risch and Myers, 2002).  
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1.3 Local adaptation 
Environmental factors change with geography around the globe, forcing phe-
notypic divergence in species living in different geographic regions (Endler, 
1986). Phenotypes of species tend to change across large environmental gra-
dients such as latitude, longitude, elevation and water availability(Atkinson 
and Sibly, 1997). Understanding the genetic factors responsible for these 
changes in phenotypes explains the role of natural selection in the diversifica-
tion of these species (Endler, 1986; Conover, Duffy and Hice, 2009) as natural 
selection effects primarily on phenotype rather than genotypes (Mayr, 1963). 
Local adaptation can be observed in natural populations as phenotypic differ-
entiation across an environmental gradient (Conover, Duffy and Hice, 2009). 
Rapidly changing climate will undoubtedly have a considerable effect on dis-
tribution range shifts and many species will likely encounter radically differ-
ent selection pressures. To understand the consequences of environmental 
change and to predict species distributions and potential formation of novel 
hybrid zones, it is important to understand the genetic basis of adaptive traits 
(Franks and Hoffmann, 2012). We are just at the beginning of understanding 
the genetic architecture underlying adaptive phenotypes. Some well-known 
examples include the colour polymorphism in the peppered moth (Biston bet-
ularia) allowing for rapid expansion of melanic individuals during the indus-
trial revolution in UK (Van’t Hof et al., 2011, 2016; Cook and Saccheri, 
2013),  relaxed selection leading to reduced number of armour plates in fresh-
water colonizing three-spine sticklebacks (Gasterosteus aculeatus) (Cresko et 
al., 2004; Colosimo et al., 2005) and  the evolutionary dynamics of cryptic 
colour in populations of stick insects (Timema cristinae) (Soria-Carrasco et 
al., 2014; Comeault et al., 2015; Lindtke et al., 2017; Nosil et al., 2018). With 
limited genomic resources it has been challenging to identify the genetic basis 
of traits related to local adaptation (Rockman, 2012). With the advent of ge-
nomic resources (Ekblom and Galindo, 2011), efforts to investigate the ge-
netic basis of adaptive traits can be initiated at a larger scale and for organisms 
with different properties. We can also dissect in more detail if adaptive traits 
are determined by few genes with large effect (Fisher, 1930)  or many loci 
with smaller effects or a mix (Orr, 2001). The relationship between efficiency 
of selection and effective population size can also be studied in more detail 
when the genes underlying adaptive traits have been identified (Slotte et al., 
2010; Corbett-Detig, Hartl and Sackton, 2015). 

Determining the genetic factors responsible for adaptive traits gives the 
power to predict evolutionary change. Although initial efforts using available 
knowledge in local adaptation and natural selection in some natural popula-
tions have led evolutionary biologists to predict short term processes, long 
term patterns of evolution involving multiple random- and selective forces and 
environmental factors are extremely hard to predict (Grant and Grant, 2002; 
Lässig, Mustonen and Walczak, 2017; Nosil et al., 2018).   
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1.3.1 Identifying genes responsible for divergent traits 
Linking phenotypic data with genotype data has traditionally been done using 
the method called QTL (Quantitative Trait Locus) mapping (Falconer and 
Mackay, 1996). With the availability of modern genomic tools, identification 
of adaptive difference can also be done using genome scan approaches of 
whole genomes of populations that are from distinct environments (Beaumont 
and Balding, 2004). Scanning genomes for allele frequency variations be-
tween geographically separated populations to identify loci under selection is 
currently carried out in several species (Nielsen et al., 2007; Pool et al., 2010). 
Comparative genomics can also be a powerful tool to characterize loci under 
selection (Schlötterer, 2003). The level of genetic differentiation between pop-
ulations is traditionally measured by the F-statistic (Wright, 1921). If a locus 
in population A is selected for and the same locus in population B (which is 
geographically isolated from population A so that gene-flow does not occur) 
is evolving neutrally, this would reflect in a higher F-statistic at the selected 
locus than at neutral loci between the populations (Lewontin and Krakauer, 
1973). However detection of selection only through a single estimator like the 
F-statistic can be dubious and subject to detection of considerable frequencies 
of false positives (Robertson, 1975). For example, a locus with high genetic 
differentiation (as estimated by F-statistics) can also be a consequence of se-
lection in the ancestral population, reducing the nucleotide diversity in the re-
gion before the lineages started diverging. This is because the F-statistic is 
calculated as a ratio of diversity estimates. Hence, a recommended procedure 
is to get a detailed understanding of the demographic history of populations 
and combine the F-statistic (Vitalis, Dawson and Boursot, 2001) with sum-
mary statistics that are not dependent on intraspecific levels of genetic diver-
sity. The estimator absolute divergence (DXY), is another statistic that describes 
genetic divergence between populations (it was referred before as πXY in Nei 
and Li, 1979 and as DXY in Nei, 1987). DXY gives the pairwise difference be-
tween sequences of two populations, and it is independent of nucleotide di-
versity levels in both populations (Nei and Li, 1979; Cruickshank and Hahn, 
2014) as DXY captures the number of pairwise differences accumulated since 
the split from the most recent common ancestor of the two populations (Nei, 
1987; Cruickshank and Hahn, 2014). Nucleotide diversity (Ɵπ) measures the 
within population pairwise differences in nucleotide sequences.  FST is af-
fected by the levels of nucleotide diversity in a region. FST can be inflated in 
the regions where nucleotide diversity within populations is low (Nei, 1973; 
Charlesworth, Nordborg and Charlesworth, 1997). DXY will not be affected by 
the levels of present nucleotide diversity in the populations, it can be affected 
by the levels of diversity in the ancestral state and the substitution rate. Loci 
harbouring larger number of fixed polymorphisms due to positive selection 
will show a higher DXY compared to the neutral loci (Cruickshank and Hahn, 
2014).  
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Genome-wide differentiation has been studied in a wide range of species 
with the aim of identifying loci that could inform on traits under adaptive di-
vergence or other reproductive barriers (Ellegren et al., 2012; Martin et al., 
2013; Liu et al., 2014; Nadeau et al., 2014; Poelstra et al., 2014). Differentia-
tion islands (regions with significantly higher genetic differentiation - in gen-
eral FST - than other regions of the genome) have been observed in many of 
these comparisons and the initial interpretation was that such differentiation 
islands could be barriers to gene flow and therefore harbour genes of im-
portance for reproductive isolation (Turner, Hahn and Nuzhdin, 2005). How-
ever, more detailed analysis of empirical data using combinations of summary 
statistics and theoretical modelling and simulations showed that differentia-
tion islands not necessarily point towards that the regions have been under 
diversifying selection or that they contain barriers to gene flow (Cruickshank 
and Hahn, 2014). In theory, it can just be a consequence of a regional reduc-
tion in the recombination rate which results in reduced diversity due to selec-
tive sweeps or recurrent background selection in the ancestor (Cruickshank 
and Hahn, 2014; Burri, 2017; Wolf and Ellegren, 2017). Hence, to understand 
genome divergence patterns it is essential to combine genome-wide genetic 
diversity data with detailed recombination data and use combinations of sum-
mary statistics that pin-point different evolutionary forces (Seehausen et al., 
2014; Wolf and Ellegren, 2017). It should be noted however, even if genome-
scan approaches using summary statistics likely have too little power to iden-
tify genes involved in reproductive isolation, such efforts can generate useful 
information about the general effects of natural selection and random genetic 
drift in shaping genome-wide patterns of diversity within species and diver-
gence across species (Turner and Hahn, 2010; Cruickshank and Hahn, 2014). 
Importantly, even if genome-scans with summary statistics or comparative ge-
nomics approaches can generate correlations between adaptive traits and spe-
cific genotypes, verification experiments will be needed to establish a causal 
link between genotype and phenotype by integrating QTL maps to the genome 
scans (Rogers and Bernatchez, 2005). Various signatures of divergent selec-
tion can be seen in the genome of divergent populations. Divergent selection 
reduces the nucleotide diversity in the species where selection is occurring and 
increases relative genetic differentiation between geographically / reproduc-
tively isolated populations at these selected loci. Genomic regions under di-
vergent selection are therefore most likely to reside in the highly differentiated 
regions of the genome (Beaumont and Nichols, 1996; Beaumont and Balding, 
2004; Gompert et al., 2012). 

1.3.2 Effect of hybridization 
Hybridization is a process where partly reproductively isolated populations 
mate and produce viable offspring (Harrison, 1990). The process of hybridi-
zation is of interest for evolutionary biologists as it often represents the early 
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stages of speciation and sometimes can be the source of new adaptations 
(Mallet, 2007a; Taylor, Larson and Harrison, 2015). Hybrid zones are geo-
graphical regions where genetically different populations interbreed and pro-
duce offspring of mixed ancestry (Barton and Hewitt, 1985; Harrison, 1990). 
As a consequence of hybridization, quantitative phenotypic characters and al-
lele frequencies of individuals change across the hybrid zone which generally 
results in a distinct cline (Barton and Hewitt, 1985). The processes forming 
hybrid zones can be separated into two categories. First, which is generally 
referred to as a primary hybrid zone, can originate due to geographical differ-
ences in environmental conditions within the range of an initially homogene-
ous population (Futuyma, 2014). As a previously homogeneous population 
inhabits ecologically different habitats, the population may diverge due to ad-
aptation to the different niches. If gene-flow occurs between the populations 
inhabiting the different ecological niches, a primary hybrid zone may form. 
The question of how much gene-flow that is allowed to occur for this type of 
hybrid zone to be correctly interpreted is still under much debate as it relates 
very much to the classical dispute between sympatric and allopatric speciation 
scenarios. Secondary hybrid zones are more easily understood and likely the 
most common type of hybrid zones observed. A secondary hybrid zone is 
formed when one or both of two allopatric populations that are genetically 
differentiated expand the distribution range. When the populations come into 
contact, hybridization may occur if reproductive barriers are permeable which 
results in a hybrid zone. As an example, the carrion crow (Corvus corone cor-
one) and the hooded crow (C. cornix) have been through a range expansion as 
a result of recolonization after separation in glacial refugia. The two (sub)spe-
cies formed a narrow hybrid zone at secondary contact where gene-flow now 
occurs (Hewitt, 2000; Poelstra et al., 2014). In both primary and secondary 
hybrid zones, allele frequency clines are expected in certain locithat are not 
introgressed and these may contain genes involved in reproductive isolation 
(Barton and Hewitt, 1985; Jiggins et al., 1996). (Futuyma, 2014). Understand-
ing the dynamics of hybrid zones is one way to investigate reproductive bar-
riers between divergent lineages. Describing gene-flow in different parts of 
the genome may reveal loci that are not introgressed and these may contain 
genes involved in reproductive isolation (Barton and Hewitt, 1985; Jiggins et 
al., 1996). 

Regions of the genomes can be transferred from one species to the other 
during hybridisation, these loci are referred to as introgressed loci and the pro-
cess is called introgression. Introgression happens with transfer of alleles from 
one species to the other with multiple back-crossings (Barton and Hewitt, 
1985; Szymura and Barton, 1986; Rieseberg, Whitton and Gardner, 1999; 
Lexer et al., 2007; Gompert and Buerkle, 2009). Transfer of this genetic ma-
terial between species can supress the genetic differences accumulated be-
tween them (Levin et al., 1996; Taylor et al., 2006; Vonlanthen et al., 2012). 
Regions that show reduced gene-flow as compared to the genomic average 
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between hybridising populations show us that the loci may have been under 
divergent selection and that they potentially affect the fitness of the hybrids, 
and in particular later generation back-crosses (Gompert et al., 2012). This 
effect of the locus on the hybrid fitness can be dependent on the environment 
(Nolte et al., 2009; Teeter et al., 2010). Genetic differences between popula-
tions that are reproductively isolated can be due to non-adaptive forces like 
linked selection and genetic drift (Gavrilets, Li and Vose, 1998; Fierst and 
Hansen, 2010). Hybrid inviabilities can also be generated due to differential 
activity of transposable elements in non-hybridizing, geographically isolated 
populations (Hurst and Werren, 2001; Lynch, 2007).  

1.3.3 Effect of genetic drift 
Genetic drift is the random change in allele frequencies in a population. It was 
first described by Wright and Fisher as random change in gene frequency in 
populations (Wright, 1931, 1942). It was tested in lab stains of Drosophila by 
Buri in 1956 as he raised 100 populations for 19 generations from 8 males and 
8 females (in same conditions) to see random change in gene frequencies 
(Buri, 1956). The average time to fixation of a new neutral mutation in a dip-
loid populations is derived to be in 4Ne generations (Ne is the effective popu-
lation size of the population; Kimura and Ohta, 1969). Ne is not the census 
size of a population but the number of individuals contributing to the next 
generation (Wright, 1931). Different regions of the genome might have dif-
ferent effective population size. The time to fixation of an allele in a popula-
tion is dependent on the effective population size of the allele. A new mutation 
goes to fixation faster in populations with smaller effective population size 
compared to the populations with larger effective population size (Kimura and 
Ohta, 1969). The variability of nucleotides in a region of the genome was pre-
dicted to be 4Neµ, where µ is the mutation rate (Watterson, 1975). Hence the 
effect of genetic drift is dependent on the effective population size and the 
mutation rate of the population (Watterson, 1975).  

During the process of population differentiation due to selection or re-
striction to gene flow in some regions of the genome, the other regions of the 
genome have a similar effect due to genetic drift (Wu, 2001; Gavrilets and 
Vose, 2005). Genetic hitchhiking of alleles linked to the selected loci can also 
lead to amplification of differentiation due to linkage (Robertson, 1961; Hill 
and Robertson, 1966). Regions of the genome that show high genetic differ-
entiation are caused by selection or restriction to gene flow, regions with in-
termediate levels of differentiation are caused by linkage to the selected loci 
and drift (Nosil, Funk and Ortiz-Barrientos, 2009). Demographic events also 
have a large effect on drift. If populations have different historic sizes and 
fluctuations due to environmental factors, Ne in the genome changes due to 
this fluctuations (Allendorf, Luikart and Aitken, 2009) and as a consequence,  
facilitates genetic differentiation. 
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1.4 Genome evolution 
Studying and comparing genomes of different species is a very recent ad-
vancement in the field of evolutionary biology. This is obviously a conse-
quence of the fact whole-genome sequencing has been affordable and techni-
cally achievable for non-model species for not more than a decade (Gilad, 
Pritchard and Thornton, 2009). The advancement in molecular and sequencing 
techniques has helped evolutionary biologists describe genome architecture 
and get initial understanding of the processes driving genome size and com-
position (Futuyma, 2014). It has been known since initial annotation processes 
that 1.5 % of the human genome consists of protein coding sequences (Kellis 
et al., 2014). The rest of the genome is a mix of different sequence elements 
with or without direct functional roles. The genome size varies drastically 
across the tree of life and it only correlates weakly with the inferred functional 
protein coding DNA – this is usually referred to as the “C-value paradox” after 
assessment of DNA (Thomas, 1971). C-value is the weight of a DNA meas-
ured in pictograms (pg). The main DNA elements that seem to contribute to 
variation in genome sizes are transposable elements, TEs (Pritham, 2009; 
Tenaillon, Hollister and Gaut, 2010; Lee and Kim, 2014). There have been 
two arguments regarding the causes of the genome size expansion. One argu-
ment is that the genome size expansion can be an adaptive process (Gregory 
and Hebert, 1999; Cavalier-Smith, 2005) and the other argument is random 
accumulation or loss of DNA (Petrov, 2001, 2002; Lynch, 2007). 

1.4.1 Evolution of transposable elements 
Transposable elements (TEs) are selfish genetic elements that are ubiquitous 
across the genomes of eukaryotes, often encode their own enzymes to mediate 
spreading (e.g., reverse transcriptase, transposase), and may affect host gene 
regulation through their transcription factor binding sites or non-coding RNA 
(Chuong, Elde and Feschotte, 2017). The involvement of transposable ele-
ments in the evolution of eukaryotic genomes was first described by Barbara 
McClintock in 1956 when she was researching unstable inheritance of colour 
patterns in maize (Zea mays) seeds. She discovered two genetic loci in maize 
(Dissociation and Activator) that can change position on the chromosome and 
they control the colouration of maize seeds (McClintock, 1956). She was 
awarded the Nobel Prize in physiology and medicine for this discovery of 
transposition of genetic material. Later, it has been widely appreciated that 
TEs play key roles in the repetitive nature of eukaryotic genomes by their 
movement across the genome by copying-and-pasting (retrotransposons) or 
cutting-and-pasting (DNA transposons) (Britten and Davidson, 1971; 
Chuong, Elde and Feschotte, 2017). The actual movement of TEs in genomes 
can be explained by replication activities and genetic drift alone (Lynch, 
2007). Transposable elements use the host cell mechanisms to utilize internal 
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genes that promote their own replication and spreading. Long terminal repeat 
elements (LTRs) are TEs that contain their own regulatory elements to pro-
mote transcription (Mager and Stoye, 2015). Long interspersed nuclear ele-
ments (LINEs) are long DNA elements that contains a promoter in the 5`UTR 
(Garcia-Perez et al., 2015). Short TEs that contain small RNA promoters (i.e., 
get transcribed by RNA polymerase III) and depend on enzymes generated by 
LINEs are classified as short interspersed nuclear elements (SINEs), which 
are short sequences that are transcribed using a promoter that is located within 
the SINE sequence, but they are dependent on the reverse transcription ma-
chinery of the host genome or LINEs for their spreading in the genome 
(Garcia-Perez et al., 2015). LINEs, SINEs, LTRs can contribute to a signifi-
cant proportion of the genome size increase (Sanmiguel and Bennetzen, 1998). 
DNA transposons proliferate in the eukaryote genome using a “cut-paste” 
mechanism to insert themselves in the DNA or using replication to proliferate 
and can also contribute to a significant proportion of the genome size increase 
(Feschotte and Pritham, 2007). TE proliferation in the genomes can have evo-
lutionary consequences like changes in gene regulation (Rebollo, Romanish 
and Mager, 2012; Elbarbary, Lucas and Maquat, 2016; Chuong, Elde and 
Feschotte, 2017). The classic example for evolutionary implications due to 
TEs can be seen in Biston betularia (the peppered moth) as the TE insertion 
in an intron resulted in a phenotypic change in the colouration of the moth 
(Van’t Hof et al., 2016).  

1.4.2 Evolution of protein coding genes 
The neutral theory of evolution by Kimura states that the majority of the fixed 
mutations in the genome do not have any fitness effects and are driven to fix-
ation by genetic drift (Kimura, 1979). The rate at which amino acid or nucle-
otide mutations happen is roughly constant across the genome per generation 
(Kimura, 1979). Functional portions of the genome evolve slower than the 
functionally non-vital portions of the genome (Kimura, 1979, 1991) as a result 
of a lower rate of fixation of non-synonymous mutations which are generally 
deleterious. Positive selection can escalate the rate of evolution in protein cod-
ing genes. Purifying selection can decrease the rate of evolution by removal 
of non-advantageous mutations (Charlesworth, Charlesworth and Morgan, 
1995; Larracuente et al., 2008).  

The proportion of amino acid substitutions (adaptive substitutions) that are 
fixed in a population due to positive selection is predicted to be higher in pop-
ulations or species with larger effective population size (Gillespie, 2001; Eyre-
Walker and Keightley, 2007; Leffler et al., 2012). This was shown to be cor-
rect in flies ( large effective population size), bacteria (large population size) 
and humans (small effective population size) (Charlesworth and Eyre-Walker, 
2006; Eyre-Walker, 2006; Eyre-Walker and Keightley, 2007). While some 
species such as yeast, maize showed limited adaptive substitutions even 
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though they have a higher effective population sizes (Liti et al., 2009).  The 
reasons for the variation in the rate of adaptive substitutions among taxa is not 
clearly understood (Strasburg et al., 2011).  

With the incorporation of genomic data we are now able to use a combina-
tion of data from DNA and RNA sequencing to understand selection in genes. 
We can measure the synonymous and non-synonymous substitutions and pol-
ymorphisms using computational tools and understand the effects of different 
selection regimes in more detail (Li, Wu and Luo, 1985; Yang, 2007). We can 
test if ratios of non-synonymous to synonymous substitutions (dN/dS) differ 
significantly from ratios of non-synonymous to synonymous polymorphisms 
(pN/pS) using the McDonald–Kreitman test (McDonald and Kreitman, 1991). 
Direction of selection can be obtained by the degree of difference between 
pN/pS and dN/dS (Stoletzki and Eyre-Walker, 2011). Proportion of adaptive 
changes going to fixation across the genome can be calculated using the fixed 
substitutions and the segregating polymorphisms at synonymous and non-syn-
onymous sites. The metric is referred to as α (Fay, Wyckoff and Wu, 2001; 
Obbard et al., 2009; Gossmann, Keightley and Eyre-Walker, 2012). 

1.5 Gene expression differences 
The central dogma of biology explains how transcription of DNA results in 
RNA and that translation of RNA results in proteins that are central to life of 
the organism (Crick, 1970). The amount of specific protein produced in a tis-
sue depends on the levels of expression of the gene encoding the protein and 
the post-transcriptional regulation processes leading to specific amounts of 
mature functional protein (Brockmann et al., 2007; Schwanhäusser et al., 
2011; Marguerat et al., 2012; Liu, Beyer and Aebersold, 2016). The process 
of an organism changing its phenotype to cope with environment without 
changing its genotype is referred to as phenotypic plasticity (Schlichting, 
1986; West-Eberhard, 1989; Scheiner, 1993). Environmental activity do not 
change the structure or the sequence of the protein coding gene directly but it 
changes the amount of protein produced and that in turn affects the phenotype 
(Carroll, 2008). Various studies have found gene expression changes in the 
organism to be responsible for phenotypic plasticity (Meier et al., 2014; 
Morris et al., 2014). The best known example of phenotypic plasticity is the 
eye size variation of the seasonal morphs of the species Bicyclus anynana, 
which was associated to the differential expression of a few developmental 
genes (Macias-Munoz et al., 2016). Hence, different phenotypes can be driven 
by the gene expression differences triggered by the environmental factors 
(Brand and Perrimon, 1993).  

Several studies have already established a major effect of gene expression 
on the process of speciation (Wittkopp, Haerum and Clark, 2008; Tirosh et 
al., 2009) and there are multiple examples of where gene expression variation 
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underlies relevant adaptive traits in natural populations (López-Maury, 
Marguerat and Bähler, 2008). Adaptive traits such as response to environmen-
tal stress in yeast (Chen et al., 2003; Enjalbert et al., 2006), Arabidopsis tha-
liana (Ma and Bohnert, 2007), Drosophila melanogaster (Girardot, Monnier 
and Tricoire, 2004) and human  cells (Murray et al., 2004) and pigmentation 
in mice (Steiner, Weber and Hoekstra, 2007) and Drosophila biarmipes 
(Gompel et al., 2005) are some of the examples. Populations that are geo-
graphically separated undergo adaptive changes driven by environmental 
pressure. Extreme phenotypes generated by these gene expression changes can 
cause hybrid breakdown and sterility (Burke and Arnold, 2001; Rogers and 
Bernatchez, 2006). These kind of extreme phenotypes can form slowly with 
time triggered by the action of genes (Rieseberg, Archer and Wayne, 1999). 
The rate of evolution has been shown to be slower in highly than in lowly 
expressed genes (Pal, Papp and Hurst, 2001; Drummond, Raval and Wilke, 
2005; Larracuente et al., 2008) as a consequence of more efficient purifying 
selection in genes that are widely (in many/multiple tissues) expressed. Many 
candidate genes responsible for the phenotypic differences have been identi-
fied by analysing the gene expression in model organisms. Phenotypes like 
castes in ants (Wurm, Wang and Keller, 2010; Ometto et al., 2011), condition 
dependent sexual dimorphism in Drosophila (Wyman, Agrawal and Rowe, 
2010), sex-specific phenotypes in Drosophila (Ranz et al., 2003) are a few 
that have been identified using gene expression differences. With the increas-
ing efficiency of technologies for expression analysis, these phenotypes can 
be linked to the genes in non-model organisms. 

1.6 Cryptic species 
Cryptic species are visually similar but reproductively isolated from one an-
other due to genetic differences. Several cryptic species have been identified 
and described due to the advancement of molecular techniques (Bickford et 
al., 2007). As morphological classification system has its own significant lim-
itations, biologists started using DNA sequences to identify monophyletic 
groups. The discovery of mitochondrial gene cytochrome c oxidase I (COI) 
has given biologists the power to easily identify new species hidden as cryptic 
units within the morphological classification system (Brown, Emberson and 
Paterson, 1999; Trewick, 2000; Vincent, Vian and Carlotti, 2000; Hebert et 
al., 2003; Dincă et al., 2011). Although the DNA barcoding has provided 
power to identify species beyond morphological data, it alone is not sufficient 
to identify hidden cryptic species (Schlick-Steiner et al., 2007). A combina-
tion of DNA barcoding, morphological and ecological data is generally re-
quired to appropriately classify species (Beheregaray and Caccone, 2007). 
Several insect species have been identified to have been reproductively iso-
lated as they have differences in their genital morphology (Dufour, 1844; 
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Masly, 2012). The traditional lock and key hypothesis describes how differ-
ences in genital structure can restrict species from hybridizing (Eberhard, 
1992). Reproductive isolation by genital morphology differences are hypoth-
esised to function in two ways, one is the reproductive isolation due to the 
structural differences that cause mechanical incompatibilities between popu-
lations with distinct genital morphologies (Sota and Kubota, 1998). The other 
is the sensory lock-and-key model where populations first evolved to have 
different genital morphology and then evolved to have sensory and behav-
ioural changes that resulted in premating reproductive isolation (Eberhard, 
1992; Masly, 2012).  

1.7 Diapause 
To cope with variation in environmental conditions like temperature and light 
conditions, insects in the temperate regions go through a phase of restricted 
development called diapause (Soediono, 1989). Over the cold winters these 
stages of delayed development increases their tolerance to stress. This adap-
tive process occurs during a time in the life cycle such that it prevents the 
species from extinction while in extreme environments (Brady, 1976). The 
identification of genes and pathways responsible for the traits that cause this 
kind of adaptive plasticity can provide better understanding of speciation in 
organisms with extreme phenotypes. The wood white (Leptidea sinapis) is a 
butterfly species that is split in to multiple geographically separated ecotypes 
with different habitat preferences to the environment (Friberg et al., 2008; 
Friberg and Wiklund, 2010). L. sinapis in the cold north Europe enter diapause 
at the pupa stage after just one generation (univoltine) while L. sinapis in 
warm southern Europe enter diapause after several generations (multivoltine) 
every season (Friberg et al., 2008).   
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2. Methods 

2.1 Study systems 
Speciation and genetics of adaptation has traditionally been studied in labora-
tory model organisms like mouse, drosophila and zebra fish due to various 
appealing factors of such organisms, for example short generation times, ac-
cessible genomic resources, easy maintenance in lab environments and tradi-
tion (Hedges, 2002). However, although this definitely helps us understand 
evolutionary processes in general, the model organisms naturally contribute 
to just a tiny fraction of the overall biodiversity occupying the planet. In recent 
years, researches have started focusing more on organisms with interesting 
genomic features and non-model organisms with interesting phenotypic traits 
(Hedges, 2002). With the increasing technologies in next generation sequenc-
ing, we can now start looking at natural populations to understand different 
evolutionary processes. Gene expression profiling, for example, has led evo-
lutionary biologists to understand gene expression differences in populations 
and pin-point genes responsible for adaptation to environmental factors 
(Ekblom and Galindo, 2011). Processes responsible for diversification of pop-
ulations into new species can be investigated by studying recently diverged 
species at the genomic level (Seehausen et al., 2014; Wolf and Ellegren, 
2017). In addition, genomic comparisons of species across the tree of life are 
useful for identification of conserved genes and non-coding elements that can 
inform on relative selection pressures and functional roles and for tracking 
down genes under natural selection in different lineages (Hedges and Kumar, 
2002). In this thesis, I have utilized two different study systems to answer 
different questions related to speciation processes. These are described in de-
tail below. 

2.1.1 The wood white butterflies 
The order Lepidoptera includes butterflies and moths and spans about 160,000 
species spread across the globe (Van Nieukerken et al., 2011). The immense 
diversity and easy accessibility of natural populations in the wild makes but-
terflies and moths an ideal model group to study speciation and evolution 
(Šíchová et al., 2015). The most famous model organisms in Lepidoptera in-
clude Heliconius butterflies that had several evolutionary studies focus on its 
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wing pattern mimicry driven speciation, speciation with gene flow and intro-
gression (Jiggins et al., 1996, 2001; Consortium., 2012; Martin et al., 2013; 
Nadeau et al., 2014), The Monarch butterfly (Danaus plexippus) known for 
its long distance migration across North America (Zhan et al., 2014) and The 
Swallowtail butterflies of the genus Papilio which are known for their mim-
icry patterns (Scriber, Hagen and Lederhouse, 1996; Iijima et al., 2018). Due 
to the holocentric (absence of a distinct centromere) nature of the lepidopteran 
chromosomes, karyotype evolution is expected to happen via fissions and fu-
sions (Suomalainen, 1969). But a surprising amount of chromosomal synteny 
has been observed between chromosome level assemblies of other lepidop-
teran genomes to the reference genome assembly of Bombyx mori (Pringle et 
al., 2007; Beldade et al., 2009; Yasukochi et al., 2009). In the order Lepidop-
tera recombination has been observed to be absent in females in general due 
to achiasmatic meiosis (Suomalainen, Cook and Turner, 1973; Turner and 
Sheppard, 1975). Although the genomic resources are growing in Lepidop-
tera, majority of the known knowledge is from well-known model organisms 
like the Post man butterfly (Heliconius melpomene), the Silk moth (Bombyx 
mori) and the Monarch butterfly (Danaus plexippus). 

Wood white butterflies are commonly distributed across Eurasia. These 
butterflies were in the spotlight when a new species, Leptidea reali (Reissin-
ger, 1989), was discovered to be hidden within the initially described species, 
Leptidea sinapis (Linnaeus, 1758). The two species were distinguished by the 
differences in their genital morphology (Réal, 1988; Lorkovic, 1993). Initially 
it was reported that L. sinapis and L. reali happened to be occurring in sym-
patry across Europe and that they could be distinguished by genital morphol-
ogy (Lorkovic, 1993; Martin, Gilles and Descimon, 2003; Fumi, 2008), DNA 
information (Martin, Gilles and Descimon, 2003) and slight variation in pupal 
colouration (Friberg and Wiklund, 2007). This cryptic complex was again in 
focus when a third wood white species, L. juvernica (Dincă, 2011), was found 
recently, showing a distinct mitochondrial DNA haplotype and different kar-
yotype set-up as compared to L. reali (Dincă et al., 2011). All species show 
some variation in chromosome numbers across populations. Within one spe-
cies, L. sinapis, this variation is extreme. The karyotype variation in L. sinapis 
occurs in a cline ranging from the largest number of chromosomes in SW Eu-
rope (2n = 106) to only about half as many (2n = 56) in NW Europe and central 
Asia (Dincă et al., 2011; Lukhtanov et al., 2011). Across the cline the chro-
mosome number decreases gradually from SW to N and E so that populations 
inhabiting geographic regions between these extremes have gradually de-
creasing chromosome counts. The chromosome changes have resulted from 
fissions and fusions as verified from chromosome staining experiments show-
ing that populations with a large number of chromosomes have smaller chro-
mosomes. Ecological and behavioural experiments have indicated that L. sin-
apis, L. reali and L. juvernica are reproductively isolated. This is predomi-
nantly a result of female mate choice with no successful mating observed in 
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trials of heterospecific courtship. Geographically isolated populations of L. 
sinapis and L. juvernica are not reproductively isolated (Dincǎ et al., 2013) 
but the most extreme karyotype ecotypes in L. sinapis show evidence of con-
siderable hybrid break-down. Hence, this system consists of three recently di-
verged species with divergence in ecological and behavioural traits and vari-
ation in karyotype set-up. In addition, partial reproductive isolation exist be-
tween ecotypes within L. sinapis. This provides a range of divergences from 
partial to complete isolation and can therefore be used to study the causes and 
consequences of species divergence. 

2.1.2 The common chiffchaff 
The Old World leaf warblers (Phylloscopus) is a group of bird species that 
show morphological similarities in plumage colour (del Hoyo et al., 2006) but 
considerable differences in behaviour, migration patterns, vocalizations and 
habitat preference (Bensch et al., 2009). Within Phylloscopus, the chiffchaff 
super-species system consists of a set of species and subspecies that are widely 
distributed across the Palearctic region. Chiffchaff occur with four rather dis-
tinct species and multiple subspecies. P. canariensis is restricted to the Canary 
islands. P. ibericus is breeding in the Iberian Peninsula and P. sindianus in the 
Caucasus Mountains (subspecies P. s. lorenzii) to central Asia (subspecies P. 
s. sindianus). The common chiffchaff (P. collybita), my focal study system, 
has traditionally been divided into five subspecies but a revision of species 
status was recently made, separating the Siberian chiffchaff (P. tristis) from 
all other common chiffchaff (P. collybita) (del Hoyo et al., 2006). P. tristis 
(from here on tristis) is distributed from the Ural mountains to eastern Siberia 
and migrates to winter in south central and south eastern Asia (Stepanyan, 
1990; Svensson, 1992; del Hoyo et al., 2006). P. c. abietinus (from here on 
abietinus) has a breeding distribution range that spans north-eastern Europe to 
the Ural mountains and migrates to wintering quarters in eastern and central 
Africa (Stepanyan, 1990; Hoyo et al., 2006). The two species abietinus and 
tristis have different habitat preferences and slight differences in size and 
plumage coloration - abietinus with more greenish yellow plumage and larger 
body size and tristis with essentially no yellow in the plumage and smaller 
body size (Marova and Alekseev, 2008; Marova et al., 2009, 2013). These two 
sister species also have different vocalisations, while abietinus sings a slower 
song with a clear rhythm, tristis sings a more diverse, erratic and faster song 
(Ticehurst, 1938; Marova et al., 2009). Previously, it was thought that a dis-
tinct chiffchaff taxon (P. fulvescens) with intermediate plumage characters 
and song occurred in a range between tristis and abietinus, essentially in the 
area of the Ural Mountains (Helbig et al., 1996). However, based on mtDNA 
and nuclear data, it was later proven that this was a hybrid zone between abi-
etinus and tristis (Marova et al., 2013; Shipilina et al., 2017). The hybrid zone 
is most likely a secondary contact zone formed due to the re-colonization from 
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refugia inhabited during the last glacial maximum (Hewitt, 1999, 2001). The 
morphological and acoustic differences are more pronounced in allopatric 
zones than they are in the sympatric zone (Marova et al., 2009; Shipilina et 
al., 2017). Although birds with distinct abietinus and tristis characters appear 
in the sympatric zone, the majority of individuals appear to have intermediate 
characteristics and sing a mixed song (Lindholm, 2008; Marova and Alekseev, 
2008; Shipilina et al., 2017). In the sympatric zone, individuals are also iden-
tified to contain a genetic composition of both abietinus and tristis alleles 
(Ticehurst, 1938; Marova et al., 2009; Shipilina et al., 2017). In addition, birds 
that appear to be pure abietinus or tristis based on morphology, may contain 
a significant proportion of foreign alleles, indicating that species identification 
based on morphology can be dubious (Shipilina et al., 2017). The hybrid zone 
between abietinus and tristis provides an opportunity to investigate introgres-
sion patterns between partly reproductively isolated lineages. By investigating 
genomic differentiation in allopatry and sympatry there is a chance to identify 
barriers to gene-flow between these intensively hybridizing lineages and in-
vestigate the functional basis of genes located in regions where no introgres-
sion occurs. 

2.2 Genome sequencing and assembly 
A DNA molecule can be sequenced to obtain the order of the nucleotides ar-
ranged in it (Shendure and Ji, 2008). DNA sequencing until the late 2000’s 
was mostly based on Sanger’s method of sequencing (Sanger et al., 1977). 
This method was for example used for the first successful human genome as-
sembly, but the cost for generating this assembly was very high (Eaton, 2003; 
Margulies et al., 2005). In the past decade, much more efficient technologies 
have made the genome sequencing costs drop (Shendure and Ji, 2008) and 
generating genomic data is now achievable for almost any organism of interest 
(Ellegren, 2014). In my thesis, I applied short-read sequencing using Illumina 
technology (Bentley et al., 2008). The fragments of DNA that are sequenced 
are generally in the range of 100-150 bp and generally referred to as sequenc-
ing reads (Bentley et al., 2008; Ekblom and Wolf, 2014). Libraries of DNA 
fragments are prepared from the DNA sample obtained from the organism 
with adapters ligated to the ends of the fragment (van Dijk, Jaszczyszyn and 
Thermes, 2014). The number of reads that are sequenced for each base in the 
target DNA is referred to as coverage or depth. Millions of reads are se-
quenced and based on sequence similarity between reads and estimated dis-
tance between read-pairs in paired-end and mate-pair libraries, the reads can 
be put together to obtain the genome assembly of the target species. This pro-
cess is called de novo whole genome assembly (Sohn and Nam, 2018). The 
final quality of the de novo genome assembly is generally dependent on the 
average coverage across the genome and the length of each individual read 
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(Alkan, Sajjadian and Eichler, 2010). The longer the read length, the more 
efficient the identification of similarities between reads, and the assembly con-
tiguity can be improved with longer reads. Various algorithms and computa-
tional programs are available for the de novo genome assembly process and 
these are dependent on the combination of library types and the read length 
(Sohn and Nam, 2018). The final output of the de novo genome assembly pro-
cess is a set of longer sequences that contain the order of the nucleotides pre-
sent in the genome, these long sequences are called contigs (Zhang et al., 
1994). The contigs can be merged by using distance information from long-
insert libraries or very long reads (Zerbino and Birney, 2008). This process is 
referred to as scaffolding and results in longer fragments containing multiple 
contigs (where sequence information is available for each base) and unknown 
nucleotides (usually designated with N:s) that represent inferred gaps in the 
scaffolds where no read information is available (Luo et al., 2012). The length 
of single DNA sequencing read that can be sequenced has been a challenging 
factor for scientists (Ekblom and Wolf, 2014). Transposable elements and 
other repeats proliferating in the genome are also challenging to assemble 
since the high sequence similarity of reads from different repeats can generate 
erroneous inference of sequence homology – this often results in collapsing of 
reads from different repeats into a single contig with extremely high coverage 
and a high level of nucleotide inconsistencies (Quail et al., 2012). For exam-
ple, over 50% of the human genome comprises of the repeat elements like 
LINEs, SINEs and LTRs (de Koning et al., 2011). Whole genomes of organ-
isms with large repeat content are therefore harder to assemble (Sohn and 
Nam, 2018). Although the de novo genome assembly can give us more infor-
mation about structural variation in the genome, it is possible to assemble the 
genome of a species using the information from a close relative (Kim et al., 
2013). Such reference assisted genome assemblies use a genome assembly 
from a related species and uses sequence similarity search algorithms to iden-
tify homologous regions between the assembly and the sequence reads from 
the target species (Kolmogorov et al., 2014). Reliable reference assisted ge-
nome assemblies can only be efficient in clades with highly conserved genome 
architecture, like birds (Griffin et al., 2007).  

To assess assembly quality, different assembly statistics are generally ap-
plied. N50 is a common metric used to assess the quality of a genome assem-
bly. The N50 statistic is defined as the length of the shortest contig or scaffold 
included in the genome assembly that covers 50 percent of the total assembly 
length (the contigs or scaffolds in the genome assembly should be sorted de-
scending by length) (Earl et al., 2011). The quality of the assembled genome 
can also be examined by other factors like average coverage across the ge-
nome, comparing observed and expected GC content, tallying the number of 
conserved genes present in the genome and the total number of scaffolds. Pro-
grammes like BUSCO (Benchmarking Universal Single Copy Othologs) and 
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CEGMA (Core Eukaryotic genes Mapping Approaches) can check for the to-
tal number of conserved eukaryotic genes in the sequences which can be used 
to assess the quality (completeness) of assembled genome (Parra, Bradnam 
and Korf, 2007; Simão et al., 2015). We used ALLPATHS-LG (Butler et al., 
2008) to de novo assemble the genome of L. sinapis where we sequenced reads 
for an average coverage of over 200X for a single inbred (five generations of 
full-sib mating) male individual. A high quality genome was assembled with 
a total length of 643 mega bases (Mb), in 7090 scaffolds. It had a N50 length 
of 857 kilo bases (Kb) and the longest scaffold was 6.9 Mb. The genome as-
sembly was one of the best butterfly genomes assemblies with respective to 
the longest scaffold, total number of scaffolds and N50 value at the time of 
the assembly (June 2015). A reference assisted genome assembly of chiffchaff 
(Phylloscopus collybita abietinus) was assembled using the genome assembly 
of collared flycatcher (Ficedula albicollis) (Ellegren et al., 2012). The chiff-
chaff genome assembly was assembled by reads covering about 89% of the 
reference genome of F. albicollis. 

2.3 Population re-sequencing 
With the emerging cost effective technologies for genome sequencing, biolo-
gists studying population wide genetic variation are moving towards so called 
next generation sequencing (NGS) methods (Schuster, 2008). In the early 
2000s biologists started looking at the genome-wide patterns of nucleotide 
variation to understand trait variation in natural populations (Black IV et al., 
2001; Luikart et al., 2003; Ellegren, 2014). Sequencing population samples of 
multiple individuals to obtain information about polymorphisms and other 
structural variation within the population is referred to as population re-se-
quencing. Sequencing reads from the re-sequenced individuals can be aligned 
to the reference genome of the species to identify variants that are segregating 
in the population and estimate allele frequencies. Computer programs like 
BWA (Li and Durbin, 2009), Bowtie (Langmead et al., 2009) and Stampy 
(Lunter and Goodson, 2011) are traditionally used to align the reads to the 
reference genome. Tools like VCFtools (Danecek et al., 2011), GATK 
(McKenna et al., 2010) and BayeScan (Foll and Gaggiotti, 2008) provide re-
sources to identify SNPs and indels (insertions and deletions) from the se-
quencing data. Programs like ANGSD (Analysis of Next Generation Sequenc-
ing Data)(Korneliussen, Albrechtsen and Nielsen, 2014) provide resources to 
make evolutionary inferences from the data. Sequencing errors in different 
sequencing technologies are a major limitation to the variant discovery proce-
dure. This can be bypassed by sequencing a sample to a higher average cov-
erage (Chen et al., 2017). 

We sampled 10 individuals from each of six populations (L. sinapis: Swe-
den, Kazakhstan and Spain, L. reali: Spain, L. juvernica: Ireland, Kazakhstan) 
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spanning all three species of the Leptidea cryptic complex. These populations 
were aligned to the reference genome assembly of L. sinapis using the soft-
ware BWA (Li and Durbin, 2009). Common variants were discovered using 
VCFtools (Danecek et al., 2011), GATK (McKenna et al., 2010) and 
BayeScan (Foll and Gaggiotti, 2008) were used in VQSR filtering (Variant 
Quality Score Recalibration) in GATK (McKenna et al., 2010) to obtain a 
high confidence set of variants. To avoid sequencing errors that were not de-
tected, we only considered SNPs that were covered in all the individuals for 
downstream analysis. 

We sampled 10 individuals from both sympatric and allopatric populations 
of both abietinus and tristis. These were also mapped to the reference assisted 
genome assembly of abietinus using BWA (Li and Durbin, 2009). Variant 
discovery was done using the best practices specified in the software manual 
of GATK  (McKenna et al., 2010). To avoid sequencing errors that were not 
detected, we only considered SNPs that were covered in at least seven indi-
viduals in each population for downstream analysis.  

2.4 Population genetics 
Various molecular mechanisms and evolutionary factors like mutation, re-
combination, genetic drift, natural selection, migration and hybridisation play 
a role in shaping the genome-wide allele frequencies of populations. The ge-
nome-wide patterns of polymorphisms in populations can also inform on the 
demographic history (Locke et al., 2011), and the effects of positive and neg-
ative selection (McDonald and Kreitman, 1991) in the population. Various 
different inferences can be made about the population and speciation in gen-
eral when we look at variation segregating in a population. We used the poly-
morphism data to estimate the following population genetic summary statis-
tics (described below in detail). 

2.4.1 Inference of demographic history 
Genome-wide patterns of genetic diversity and differentiation of a population 
or species are effected by the evolutionary history and fluctuation of popula-
tion size in the past (Charlesworth, 2009). During the periods of glaciation 
many species in the northern hemisphere has taken refugia in the south 
(Arenas et al., 2011). After the ice caps melted during the interglacial period, 
large areas were recolonized by some of the species taking refugia and ex-
panded their geographical distribution (Hewitt, 1999, 2000, 2001). Fluctua-
tions in the effective population size through time in the past can be estimated 
using methods like the Pairwise Sequentially Markovian Coalescent model 
(PSMC) (Li and Durbin, 2011). This method uses the information from the 
genome-wide polymorphisms from a single diploid individual to obtain 
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changes in the historical population size given a certain mutation and recom-
bination rate (Li and Durbin, 2011). The programme estimates TMRCA (time 
to most recent common ancestor) using the density of heterozygous positions 
and homozygous positions. It should be noted that PSMC and similar methods 
are sensitive to input parameter settings and multiple runs with different sets 
of parameters is generally recommended to achieve robust results regarding 
changes in population size over time. Although exact estimates are almost cer-
tainly out of reach, trends in relative population size can be obtained and com-
parisons across species and populations with similar rates of molecular pro-
cesses are probably relatively robust (Nadachowska-Brzyska et al., 2016). 

In the population genetics study with the wood white butterflies we used 
the settings recommended in Li and Durbin, 2011 for recombination / muta-
tion ratios ranging from 0.1 – 5.0 and average generation time was set to one 
to calculate change in the population size.  

2.4.2 Detecting population structure 
Genome-wide single nucleotide polymorphism data can be used to investigate 
the presence of population structure between populations or species 
(Pritchard, Stephens and Donnelly, 2000). Tools like EIGENSOFT (Price et 
al., 2006; Galinsky et al., 2016) and SNPRelate (Zheng et al., 2012) use the 
genome-wide single nucleotide polymorphisms to generate a matrix of vari-
ants to cluster genetically similar individuals together. This can inform on the 
number of distinct genetic groups present in a dataset, the level of genetic 
structure between clusters and identify hybrids and backcrosses with shared 
genetic components from two groups. Tools like STRUCTURE (Pritchard, 
Stephens and Donnelly, 2000) and ADMIXTURE (Alexander, Novembre and 
Lange, 2009)  uses genome-wide genotype data to cluster samples together to 
show proportions of admixture between groups in a dataset.  

In population genetic studies of the wood white butterflies and the chiff-
chaff study system we applied PCA using SNPRelate (Zheng et al., 2012) and 
checked for population structure using ADMIXTURE (Alexander, Novembre 
and Lange, 2009) in population genetic study of the wood white butterflies 
and LEA (Landscape and Ecological Association Studies) in population ge-
netic study of the chiffchaff study system (Frichot et al., 2014). 

2.4.3 Introgression analysis 
Detecting hybridization and introgression can direct us towards the regions of 
the genome that are harbouring loci under restricted gene flow or loci under 
gene flow. This can for example be done using the four taxon test using shared 
polymorphisms called the ABBA-BABA test (Kulathinal, Stevison and Noor, 
2009; Green et al., 2010; Durand et al., 2011). In the ABBA-BABA test the 
‘A’ represents the ancestral state and ‘B’ represents the derived state of the 
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alleles. The test is based on the expectation that equal number of ABBA sites 
and BABA sites are present at a locus in the four taxon system (Martin, Davey 
and Jiggins, 2015). Imagine a hypothetical test with four recently diverged 
taxa G1, G2, G3 and O. ‘O’ is the outgroup to rest of the three taxa and G3 is 
an outgroup to G1 and G2. A position is said to be as ABBA when nucleotide 
at that position in G2 will be the same as the nucleotide in G3 and nucleotide 
in G1 will be the same as in O. An ABBA position specifies that G2 and G3 
shares the same nucleotide at that locus. A position is said to be in BABA 
when nucleotide at that position in G2 will be the same as O and nucleotide at 
G1 will be the same as G3. A BABA site specifies that G1 and G3 shares the 
same nucleotide. Under this test G2 and G3 will be identified to be exchanging 
genetic material if there are an access of ABBA sites and G1 and G3 will be 
identified to be exchanging genetic material if these are an access BABA sites. 
The D statistics is calculated as the ratio of the sum and difference of the total 
number of ABBA positions and BABA positions (D= (nABBA-
nBABA)/(nABBA+nBABA); Green et al., 2010). 

2.4.4 Genome wide patterns of diversity and differentiation  
Patterns that occur across the genome are shaped due to forces acting on the 
segregating genetic variation in populations sampled (Charlesworth, 1998, 
2009). The patterns of segregating genetic variation within populations and 
differences between populations can be used to infer the evolutionary forces 
that are driving divergence between the populations and to guide to assessing 
the traits that are important for divergence (Wolf and Ellegren, 2017). Looking 
at genome-wide patterns of differentiation can point us to loci that are open to 
gene flow from other species and to loci with restricted gene flow (Turner, 
Hahn and Nuzhdin, 2005; Nosil, Funk and Ortiz-Barrientos, 2009). The ad-
vantage of having genome-wide data is access to all loci across the genome 
where we can compare the relative effects of random genetic drift and differ-
ent types of natural selection (Wolf and Ellegren, 2017). Fixed nucleotide dif-
ferences (sometimes within the protein coding genes) can be identified be-
tween reproductively isolated species and geographically isolated popula-
tions. Genes that are identified as potentially affected by selection can be stud-
ied in depth to infer functions related to local adaptation and species 
divergence (Turner, Hahn and Nuzhdin, 2005; Nosil, Funk and Ortiz-
Barrientos, 2009). 

Summary statistics like ϴπ (nucleotide diversity, the average number of pair-
wise nucleotide differences between two randomly sampled chromosomes in 
a population; Nei, 1973), FST  (the genetic differentiation between populations; 
Wright, 1931, 1950), DXY  (absolute divergence between populations, the av-
erage number of nucleotide differences between a pair of chromosomes sam-
pled, one in each respective population or species; (Nei and Li, 1979; Nei, 



 35

1987)) are some of the widely used statistics in genome-wide studies. FST is 
the measure of allele frequency differences between two populations and has 
been extensively used in genome-wide differentiation studies (Wright, 1931, 
1950). Factors like selection, restricted gene flow and migration have an effect 
on FST at the locus. The loci with extremely high FST is metaphorically referred 
to as “islands of genetic differentiation” (Turner, Hahn and Nuzhdin, 2005; 
Cruickshank and Hahn, 2014). Initially these regions were believed to harbour 
genes responsible for reproductive isolation (Turner, Hahn and Nuzhdin, 
2005). Upon reanalysing, these regions were identified to occur through pro-
cesses like ancestral linked selection and reduced recombination in recently 
diverged species (Cruickshank and Hahn, 2014; Burri, 2017). DXY is the abso-
lute divergence between populations and identifies the number of nucleotide 
differences between populations (Nei, 1987). ϴπ and DXY are effected differ-
ently by linage sorting relative to FST. DXY is a measured independent to the 
diversity levels in the populations in focus (Nei, 1987). Interpreting genomic 
differentiation with respective to DXY, FST and ϴπ are key in understanding 
genome-wide patterns of differentiation. 

2.4.5 Selection tests 
The ratio of non-synonymous to synonymous polymorphisms (pN/pS) and the 
ratio of non-synonymous to synonymous substitutions (dN/dS ) can be used to 
understand the processes affecting evolution of genes. Under neutral condi-
tions, pN/pS and dN/dS  are expected to be equal (This means the amount of 
amino acid changes are the same as the polymorphism; McDonald and 
Kreitman, 1991) while the ratios are not expected to be equal in the presence 
of positive or negative selection. This was observed in natural populations for 
the first time by McDonald and Kreitman in 1991 (McDonald and Kreitman, 
1991). The McDonald-Kreitman test has since then been a classical test to 
assess presence of selection. As deleterious mutations are rarely fixed in a 
populations they do not contribute to dN/dS , but can stills segregate (at low 
frequency) and therefore contribute to a higher pN/pS ratio (Smith and Eyre-
Walker, 2002; Bierne and Eyre-Walker, 2004). Genomic regions with lower 
pN/pS indicates that negative selection removes the deleterious mutations from 
the population (Murray et al., 2017). A derivative of the classical McDonald-
Kreitman test is the test for Direction of Selection (DOS) which is a statistical 
measure that gives an estimate of selective constraints or adaptive processes 
acting on the genes (Stoletzki and Eyre-Walker, 2011). Positively selected 
genes are expected to have a significantly higher dN/dS - than pN/pS-ratio and a 
positive DOS value (Stoletzki and Eyre-Walker, 2011). Positively selected 
genes are extracted using the McDonald-Kreitman test and the DOS value  
(Stoletzki and Eyre-Walker, 2011) in each of three species of the wood white 
butterflies. 
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2.5 Gene annotation 
Annotation is a computational procedure of fetching out information from the 
genome such as genes, CDS (coding sequence), mRNA (messenger RNA), 
5’UTR (upstream untranslated region), 3’UTR (downstream untranslated re-
gion) and other sequence classes like TEs (transposable elements). There are 
several ways of building a gene annotation for a genome sequence. When gene 
annotation information is available from a (close) relative to the focal species, 
the CDS can be identified using alignments between the two species. This 
strategy is one of the most cost effective protocols, given that the annotation 
information resources are already available. An alternative method is ab initio 
prediction of genes across the scaffolds using computational algorithms. Pro-
grammes like AUGUSTUS (Stanke and Waack, 2003) and GENSCAN 
(Burge and Karlin, 1997) use gene models of already available coding se-
quences to identify genes in a reference genome sequence. As ab initio pre-
diction accuracies vary between programs it is always used in combination 
with RNA sequencing data to train the ab initio prediction (Wang, Chen and 
Li, 2004). The most accurate way of building a gene annotation is usually a 
combination on RNA-seq data and ab initio predictions from previously avail-
able gene models and using alignments to databases (e.g. Swiss-Prot; Bairoch 
and Apweiler, 2000) to identify potential functionalities of the genes (Mudge 
and Harrow, 2016).  

2.6 RNA sequencing and gene expression 
RNA-seq data generated using high throughput sequencing can be used for 
detecting differentially expressed genes (Mortazavi et al., 2008). Identifica-
tion of differentially expressed genes from transcriptome assemblies involve 
three steps. One, RNA obtained from extraction protocols are fragmented and 
converted into cDNA sequences (Complementary DNA) and sequenced using 
high throughput sequencing technologies (Mortazavi et al., 2008). Two, se-
quencing reads obtained from sequencing are mapped to a transcriptome as-
sembly using mapping algorithms such as STAR (Dobin et al., 2013), TopHat 
(Trapnell, Pachter and Salzberg, 2009). The transcriptome assembly can either 
be assembled de novo from the produced RNA sequencing reads of the focal 
organism using an assembly tool (e.g. TRINITY; Grabherr et al., 2011) or a 
previously available assembly from a related species can be used to map the 
reads against (STAR; Dobin et al., 2013, TopHat; Trapnell et al., 2009). It is 
usually recommended to de novo assemble the transcriptomes even if the ref-
erence transcriptome is available for mapping as de novo assemblies can iden-
tify transcripts that are not present in the reference transcriptome (Martin and 
Wang, 2011). Three, eradication of confounding effects has to be done to get 
the unbiased final read counts (expression levels) for each gene to identify 
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differentially expressed genes between groups of interest (Costa-Silva, 
Domingues and Lopes, 2017). A Gene Ontology analysis (GO) analysis can 
be done to understand the functions and regulatory pathways the genes are 
involved in (Ashburner et al., 2000).  

Phenotypes can be controlled far before the organism reaches adulthood 
(Mank et al., 2010). Depending on the phenotypes of interest, controlled ex-
periments can be conducted to understand the genes underlying the phenotypic 
changes. We used L. sinapis larvae raised in different light treatments (LD: 22 
hours day light and 2 hours darkness, SD: 12 hours day light and 12 hours 
darkness) to understand genetic basis of diapause regulation. We sequence the 
RNA of larvae harvested at instar-III, instar-V, one day after pupation in SD 
and LD treatments. Butterflies that developed directly into adults were also 
sequenced. The sequencing was performed using Illumina HiSeq 2500 plat-
form to obtain an average read length of 126 bp. The transcriptomes of all 
samples were assembled using TRINITY (Grabherr et al., 2011). Differential 
gene expression analysis was conducted using DESEQ2 (Love, Huber and 
Anders, 2014) on R/BIOCONDUCTOR. Batch effects were later removed for 
technical errors, family and sex using SVA (Leek et al., 2012).  
 

 



 38

3. Research aims 

3.1 General aims 
The general theme of my thesis is to understand the genetic basis of population 
differentiation and speciation. I have examined the Leptidea cryptic complex 
and the chiffchaff study system at the genomic level to understand the pro-
cesses underlying species divergence. The two study systems provide oppor-
tunities to explore different aspects of the divergence process. In the wood 
whites, the system consists of lineages at different stages of divergence, from 
completely reproductively isolated taxa (L. juvernica on the one hand versus 
L. sinapis and L.reali on the other) to partly isolated population pairs (L. sin-
apis ecotypes that also differ in chromosome numbers). At the intermediate 
level, there are hybridizing species with incomplete pre-zygotic barriers where 
hybrid fertility seems to be extremely low since no back-crossing has been 
observed (L. sinapis versus L. reali). I was particularly interested in under-
standing the speciation history of these largely sympatric species and investi-
gate the origin of the formation of the unique chromosome number cline in L. 
sinapis. A main aim was to characterize the factors shaping genome wide pat-
terns of genetic variation (ϴπ), differentiation (FST) and absolute divergence 
(DXY) in the recently diverged species and to identify targets of divergent se-
lection that could inform on potential ecological effects on the divergence pro-
cess. In addition, since chromosome changes can induce reproductive isola-
tion, I wanted to quantify the effects of karyotypic change on the divergence 
in general. Finally, since adaptation to climatic conditions may be a potent 
force underlying divergence processes, I aimed at investigating the genetic 
basis of a key trait for adaptation in butterflies, the propensity to enter diapause 
during unfavourable climatic conditions. 

The chiffchaff study system provides opportunity to investigate the ge-
nomic consequences of recurrent hybridization and back-crossing. I first 
wanted to describe if the phenotypic differences between species are the cor-
rect predictors to differentiate between abietinus and tristis in relation to their 
genetic components. I also wanted to identify the genetic basis of partial iso-
lation in this study system. By taking advantage of the occurrence of both al-
lopatric and sympatric populations, I wanted to assess how gene-flow affects 
patterns of genomic divergence and potentially identify barriers to introgres-



 39

sion. The amount of gene flow between the three species in the Leptidea cryp-
tic complex was previously unknown, I used genome wide polymorphisms to 
estimate the admixture proportions and gene flow between them. 

3.2 Scientific aims 
Paper I – My primary goal here was to explain the coincidental discovery that 
the genome size in Leptidea was considerably larger than any other described 
butterfly genome. I also wanted to examine if the processes driving genome 
size expansion in Leptidea in general had continued in any (or all) lineage(s), 
resulting in genome size differences across species/populations within the 
cryptic complex – i.e. to investigate if all of the populations in the cryptic 
complex have the same genome size or not. In addition, I wanted to use diver-
gence information to determine the rate at which the genome size expansion 
happened in Leptidea. By estimating expansion rates and combining rate in-
ference with analysis of temporal variation in TE activity and global diversity 
estimates, one aim was to investigate if the genome-expansion has happened 
as a consequence of stochastic accumulation of fragments (neutral scenario) 
or if genome-expansion could be advantageous. 
 
Paper II – In this chapter, I wanted to use genome-wide re-sequencing data 
to characterize the genomic landscape of differentiation between Leptidea 
species and ecotypes with distinct chromosome numbers. A major aim was to 
infer the speciation history by applying a combination of demographic infer-
ence, tests for post-divergence gene-flow and assessment of genomic regions 
with high differentiation. I wanted to use a combination of population genetic 
summary statistics to discriminate between processes driving genomic diver-
gence (underlying molecular mechanisms or diversifying selection). The pres-
ence of multiple lineages at different stages of divergence also allowed me to 
assess if genomic divergence had involved the same regions in independent 
divergence processes – i.e. if there have been specific regions of the genome 
that have been important for the divergence process over and over again – a 
process generally referred to as parallelism. Finally, I wanted to get infor-
mation about the functions of the genes located in potential differentiation 
peaks to understand the relevance of ecological and behavioural differences 
across species and ecotypes in the divergence process. 
 
Paper III – The aims were to use whole genome re-sequencing data to i) 
quantify the genome-wide level of genetic differentiation between European 
(Phylloscopus collybita abietinus) and Siberian chiffchaff (P. tristis) in both 
sympatric and allopatric regions, and ii) use differentiation outliers and infor-
mation about fixed, shared and private non-synonymous differences to try to 
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characterize the genetic basis for key phenotypic differences (plumage colour, 
song, habitat preference and migration direction) between the two species that 
might contribute to reproductive barriers. A secondary aim was to estimate the 
association between nuclear genome composition and phenotypic expression 
in hybrids and backcrosses from the hybrid zone to achieve information about 
species characterization based on external appearance. 
 
Paper IV – In this study, my main aim was to combine the previously devel-
oped genome assembly and transcriptomic data (Paper I, Paper II, Paper V) to 
generate annotation information. This data was used in combination with a 
traditional selection test using polymorphism and substitution frequencies 
(McDonald-Kreitmen test; McDonald and Kreitman, 1991) to detect genes 
under divergent selection between the three Leptidea species and between eco-
types within L. sinapis and L. juvernica. I also used the annotation information 
to estimate differences in density of targets of natural selection and the popu-
lation re-sequencing data was used to quantify regional recombination rates. 
This was performed in order to investigate the effects of different selection 
regimes (positive and negative selection) and the mutation rate on regional 
variation in genetic diversity. The results from the study were used to infer the 
functional categories of genes underlying genomic divergence between spe-
cies and ecotypes and to quantify the relative importance of selective sweeps 
and back-ground selection in shaping the rate of reduction in genetic diversity 
in different genomic regions.  
 
Paper V – This study was designed with the major aim to investigate the ge-
netic basis of diapause induction – a key trait for local adaptation in many 
insect species where the response is known to be triggered by exposure to 
particular light regimes (day lengths) (Soediono, 1989). By controlled rearing 
of Swedish L. sinapis larvae in both long-day (LD; 22 hours light, 2 hours 
dark) and short-day (SD; 12 hours light, 12 hours dark) light treatments we 
forced the larvae reared in different treatments to develop directly (LD) or 
enter diapause (SD). We used an RNA-seq approach to assemble the transcrip-
tomes of L. sinapis in different developmental stages and get expression data 
to quantify gene expression changes associated with diapause induction. Sec-
ondary aims were to characterize the response in gene expression across on-
togenetic stages to assess if diapause seems to be induced by a sudden switch 
mechanism or if the trait is rather determined by gradual change in specific 
molecules. I also wanted to investigate if there were any sex-specific effects 
of the light treatment. The major aim was thus to detect the genes and path-
ways that could be responsible for the regulation of diapause in L. sinapis.  
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4. Paper summaries 

Paper I – Rapid increase in genome size as a consequence of transposable 
element hyperactivity in wood white (Leptidea) butterflies: Published in Ge-
nome Biology and Evolution (Talla et al., 2017).  
 
The Eurasian wood white butterflies Leptidea sinapis, L. reali and L. juver-
nica are classified as cryptic species as they are similar in external appearance 
and can be separated only by examining their genital morphology, behaviour, 
host plant preference and karyotype variation. Recent observations using flow 
cytometry have indicated that cell nucleus size differs considerably between 
species, with a larger nucleus size in L. juvernica compared to L. sinapis and 
L. reali. As no previous attempt to sequence the genome of any butterfly in 
the Leptidea cryptic complex was made, we sequenced and de novo assembled 
the nuclear and mitochondrial genomes of L. sinapis (Swedish population). 
The individual selected for sequencing was an inbred male individual from 
five generations of full sib mating. Two independent genome assembly pro-
cedures revealed that the genome size of L. sinapis is approximately twice as 
big as previously published butterfly genomes. We also generated population 
re-sequencing data of 10 male individuals from six different populations; L. 
sinapis from Sweden, Kazakhstan and Spain, L. reali from Spain and L. ju-
vernica from Kazakhstan and Ireland. We used a k-mer based method and 
estimated the average genome size of each populations and found that the ge-
nome size of the Kazakhstan L. juvernica individuals was significantly larger 
than the genome size in all other individuals.  

Using the L. sinapis genome assembly together with the 12 publicly avail-
able butterfly genomes at the time, we used repeat identification algorithms to 
classify transposable elements across the genomes of all available species. 
This was also done for each of the six Leptidea populations. We found that 
genome size correlated with the TE content across butterfly lineages and that 
TEs explained the genome size difference between L. juvernica from Kazakh-
stan and other Leptidea populations. Both the expansion of genome size in 
Leptidea in general and in L. juvernica from Kazakhstan could be attributed 
to recent expansions of predominantly LINEs, DNA elements and unclassified 
TEs. 

To understand the rates at which these genome expansions happened in 
wood white butterflies, we reconstructed a phylogeny and estimated diver-
gence times of the 15 butterfly species using 224 conserved core arthropod 
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nuclear genes. Previously available divergence time estimates for key nodes 
were used as priors. The divergence time between the Leptidea species com-
plex and other Pieridae butterflies was estimated to be 80.6 Million years (My) 
(95% CI 67.6-93.2 My), translating to a genome expansion rate of approxi-
mately 4 Mb / My. We estimated the time to the most recent common ancestor 
(TMRCA) for the Leptidea complex to be approximately 3 My (95% CI 2.5-
3.6 My), considerably deeper than previous estimates based on mtDNA, trans-
lating to an overall expansion rate of 72 Mb / My in L. juvernica from Ka-
zakhstan after the split from Irish L. juvernica. Preliminary diversity estimates 
suggest that genome-wide genetic diversity has been low in Leptidea in gen-
eral and in L. juvernica in particular. Hence, we interpret the rapid increase in 
genome-size as a consequence of low effective population sizes and lower 
efficiency of selection to remove novel insertions of (potentially slightly del-
eterious) TEs than in other Lepidoptera lineages.  
 
Paper II – Lack of parallelism: lineage-specific directional selection drives 
genome differentiation across a triplet of cryptic butterfly species: Manuscript 
in review. 
 
Genome wide patterns of genetic diversity and differentiation can be used to 
understand the relative role of selection and genetic drift underlying diver-
gence processes between recently diverged species. Scanning the genome of 
incipient species can also inform on functions of potential candidate genes 
underlying adaptive divergence. The Leptidea cryptic complex is well-known 
for harbouring extreme karyotype variation, with L. sinapis showing a chro-
mosomal cline from Sweden (2n = 57, 58) and Kazakhstan (2n = 56 - 64) on 
one end of the spectrum to Spain (2n = 106, 108) on the other (Lukhtanov et 
al., unpublished). By using whole-genome re-sequencing information from six 
populations representing different levels of divergence and different levels of 
reproductive isolation, we estimated population genetic summary statistics 
across the genome to investigate the speciation history in general and to iden-
tify potential differentiation outliers that could be relevant for the divergence 
processes. The combination of populations allowed us to investigate potential 
patterns of parallelism – if the same genomic regions seem to be differentiated 
in different population comparisons – indicating that the same set of genes has 
important in independent divergence processes. We also wanted to assess po-
tential post-divergence gene-flow to have a chance to identify potential barri-
ers to gene-flow. In short, I used population genetics summary statistics esti-
mated from SNPs collected from the same populations that were used in paper 
I to understand 1) speciation and demographic history of these three species, 
2) estimate the regional variation in genetic differentiation, absolute diver-
gence and nucleotide diversity, 3) identify potential differentiation outliers to 
find genes that could be responsible for lineage-specific adaptations, 4) test 
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for presence or absence of parallel evolution in genomic differentiation in dif-
ferent species- and population pairs, and, 5) understand the effects of karyo-
type differences on the genetic differentiation between populations of L. sin-
apis.  

We found that L. juvernica had the lowest overall nucleotide diversity, fol-
lowed by L. reali and L. sinapis. Admixture proportions showed that the three 
species are clearly distinct and that there is considerable genetic structure 
within L. sinapis and L. juvernica. In L. sinapis, the population from Spain 
(2n = 106 - 108) was significantly differentiated from the populations from 
Kazakhstan (2n = 56 - 64) and Sweden (2n = 57, 58) (FST = 0.13 ± 0.06 vs. L. 
sinapis (Sweden), FST = 0.14 ± 0.06 vs. L. sinapis (Kazakhstan)), while the 
latter two were hardly differentiated at all (FST = 0.019 ± 0.030). I did not 
detect any evidence for post-divergence gene-flow between any of the species. 
The genetic diversity, differentiation and absolute divergence estimated in 
pair-wise comparisons were highly heterogeneous across the genome and the 
levels of nucleotide diversity were highly correlated between populations. Ge-
netic differentiation was identified to be higher between L. reali and L. juver-
nica (FST = 0.28 ± 0.081) compared to L. sinapis and the other two species 
(FST = 0.15 ± 0.055 vs. L. reali; FST = 0.16 ± 0.044 vs. L. juvernica), probably 
as a consequence of low effective population sizes, and faster sorting of seg-
regating alleles in both L. reali and L. juvernica. 

In contrast to many previous genome-scan studies of closely to moderately 
divergent species pairs, the highly differentiated regions also had higher than 
average absolute divergence. Highly differentiated regions were also narrow 
and dispersed rather than clustered in specific regions. This suggests that dif-
ferentiation has not been driven by reduced recombination (lower regional Ne) 
resulting in reduced diversity already in the ancestral population (before di-
vergence occurred). It rather suggests that genetic drift in combination with 
weak lineage specific selection, potentially on many genes with small effect, 
has been the main forces underlying genomic divergence between the species 
and ecotypes. Differentiation outliers also appeared to be independent in dif-
ferent population and species comparisons suggesting that different gene sets 
have been involved in genomic divergence in each case. However, the func-
tional categories of genes in differentiation outliers were overlapping between 
comparisons suggesting a parallel pattern in terms of function rather than po-
sition. Gene functions were related to metabolism, cellular processes and re-
sponse to stimuli which is in line with ecological differences between species 
and ecotypes. 
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Paper III – Heterogeneous patterns of genetic diversity and differentiation in 
European and Siberian Chiffchaff (Phylloscopus collybita abietinus / P. 
tristis): Published in G3 (Talla et al., 2017). 
 
Hybrid zones of recently diverged species provide a way to study speciation 
processes between lineages that are still exchanging genetic material. Hybrids 
collected from the sympatric regions also provide resources to obtain the ge-
netic basis of potential phenotypic differences between the hybridizing taxa. 
Studying the species in the early stages of diversification is key to understand-
ing the genetic basis of speciation. The European (Phylloscopus collybita ab-
ietinus) and the Siberian chiffchaff (P. tristis) that were once considered sub-
species are now recognised as independent species due to the differences in 
morphology, plumage colour, song, migration routes and habitat preference 
(Marova and Alekseev, 2008; Marova et al., 2009, 2013). They are recently 
diverged species that formed a secondary hybrid zone near the Ural Moun-
tains, possibly as a consequence of population expansions out of refugia after 
glacial periods. The phenotypic differences are less pronounced in the indi-
viduals from the hybrid zone and sympatric birds often sing mixed songs and 
show intermediate morphological and phenotypic characteristics. 

In this paper we used a population genetics approach using population re-
sequencing of both sympatric and allopatric abietinus and tristis. We sampled 
10 male individuals of abietinus from both the sympatric and the allopatric 
region and 10 male individuals of tristis from both sympatric and allopatric 
regions. A reference assisted genome assembly of one abietinus individual 
was obtained by applying high-coverage sequencing (>100X) and using the 
high-quality genome assembly of Ficedula albicollis as reference for map-
ping. The chiffchaff assembly covered approximately 90% of the F. albicollis 
genome and completeness estimates were similar between the two species. 
The 10 individuals from each of the four populations were sequenced to ap-
proximately 4X coverage using standard Illumina paired-end technology and 
sequence reads were mapped to the reference assisted assembly for identifica-
tion of polymorphisms (SNPs). The SNPs were used to estimate global (ge-
nome-wide) and regional (10 kb non-overlapping windows across the ge-
nome) variation in diversity.  

We applied both admixture and PCA analysis which both suggested that 
phenotype is a poor predictor of the genomic composition of birds in the sym-
patric zone, as some individuals identified to be abietinus based on external 
appearance had the majority of the genome introgressed with tristis alleles. 
The overall level of genomic differentiation was identified to be reduced in 
the sympatric regions compared to the allopatric regions, likely due to consid-
erable historical hybridisation and backcrossing. Consistent with previous ge-
nome-wide analyses in birds, regional variation in differentiation correlated 
negatively with both absolute divergence and nucleotide diversity and differ-
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entiation islands were located in the same regions as observed in the independ-
ent comparison of pied- and collared flycatcher (Ellegren et al., 2012). This 
suggests that the recombination landscape is conserved also in chiffchaff and 
that historical linked selection has resulted in reduced diversity in low recom-
bination regions prior to species divergence. 

The genome scan was combined with identification of fixed non-synony-
mous and splice altering substitutions between the allopatric populations to 
identify candidate genes for species specific traits. We could identify a hand-
ful of candidate genes that might have been important for trait divergence be-
tween the two species. 
 
Paper IV – Dissecting the effects of natural selection and mutation on genetic 
diversity in three recently diverged cryptic butterfly species: Manuscript. 
 
The association between effective population size (Ne) and genetic diversity 
and the rate of adaptive evolution has been much debated. According to pop-
ulation genetic theory, species with large Ne should harbour more genetic var-
iation and potentially accumulate fixed beneficial mutations at a higher rate 
than species with low Ne. The rate of adaptive change and the level of genetic 
variation in populations can vary across regions of the genome as a conse-
quence of regional variation in Ne (in essence regional variation in recombi-
nation rate). Identification of adaptive variants can provide information about 
the factors leading to phenotypic evolution in populations and in some cases 
also inform on potential divergence processes between diverging lineages. In 
this paper, we used the previously available de novo genome and transcrip-
tome assemblies of L. sinapis and population re-sequencing data from multi-
ple populations representing all Leptidea species. The data were used for gene 
annotation of the L. sinapis genome and for estimating the population recom-
bination rate in non-overlapping windows across the genome of all six popu-
lations. The annotation information was used to estimate the nucleotide diver-
sity at different site categories across the genome, and to estimate the ratio of 
non-synonymous to synonymous polymorphisms (pN/pS) and non-synony-
mous to synonymous substitutions (dN/dS) for all genes independently and 
across the genome in all populations. Generating this data set allowed us to 
investigate the overall effects of natural selection, quantify the effects of link-
age on regional levels of genetic diversity and identify potential genes affected 
by positive selection in each Leptidea species, and in populations with distinct 
karyotypes and distribution ranges. Our analyses showed that the level of ge-
nome-wide genetic variation was low in all species, again suggesting small 
effective population sizes. Despite that we found that back-ground selection 
probably has been the main force reducing nucleotide diversity, especially in 
regions with high gene density and/or low recombination rate. We also found 
a low (<1) transition to transversion ratio which was verified with polymor-
phism data in the genome assembly. In line with some other studies (Keller, 



 46

Bensasson and Nichols, 2007), this could indicate that the assumption of a 
general transition bias across organisms is incorrect and that different muta-
tion mechanisms may be at play in different taxa. We found that the overall 
proportion of adaptive substitutions was similar to previously studied organ-
isms. The analysis aimed at identification of positively selected resulted in a 
set of genes related to metabolism and response to stimulus – functions that 
may be relevant for the development of ecological differences between the 
species and between the different populations within species. 
 
Paper V – Gene expression profiling across ontogenetic stages in the wood 
white (Leptidea sinapis) reveals pathways linked to butterfly diapause regula-
tion. Published in Molecular Ecology (Leal et al., 2018).  
 
Insects in temperate environments often go through a phase of arrested devel-
opment called diapause to cope with the extreme weather conditions during 
winter. The propensity to enter diapause may differ across latitudes and light 
cues are often used in the ‘decision’ making whether direct development or 
diapause stage should be entered. Understanding the genetic basis of diapause 
is important to understand the evolutionary processes shaping local adaptation 
and potentially also how these could contribute to diversification of species. 
Our primary goal in this paper was to characterize the pathways responsible 
for regulation of diapause initiation in L. sinapis. Populations of L. sinapis in 
northern Europe generally enter diapause as pupae after one generation of 
mating (univoltine), while the populations from southern Europe enter dia-
pause after several generations (multivoltine). A second generation (bivoltine) 
can sometime appear in northern Europe if conditions are beneficial. Diapause 
induction is triggered by day length (Friberg et al., 2008). Hence, these obvi-
ously adaptive characteristics have evolved as a response to differences in the 
day length and temperatures between north and south to maximize reproduc-
tive output in each respective region. Populations of Swedish L. sinapis can 
be forced to develop directly by treating the larvae with long day length, or to 
diapause by treating the larvae with short day length. In this study, several L. 
sinapis females were collected in central Sweden and reared in 50*50*50 cm 
cages to lay eggs in a common garden setting. The eggs from each female 
were separated in a split-brood design where one cohort was forced into direct 
development by treating them with 22 hours daylight and 2 hours darkness 
(LD) while the other cohort was treated with 12 hours day light and 12 hours 
darkness (SD) to trigger diapause. When larvae appeared, they were harvested 
at instar-III, instar V, and one day after pupation in SD treatment and at instar-
III, instar V, one day after pupation and adults from LD treatment. For instar 
V, pupae and adults, both males and females were collected. At least 10 indi-
viduals (pupae) from each treatment were kept in the light regimes to verify 
that the treatment resulted in the expected response. All LD pupae emerged in 
approximately one week while no SD larvae had emerged after > 3 months. 
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Hence, the treatment resulted in the expected response in both cases. Total 
RNA was extracted from the whole body, enriched for mRNA and sequenced 
using standard Illumina pared-end sequencing. The RNA-seq data were used 
to quantify gene expression differences between treatment groups across on-
togenetic stages to identify potential pathways responsible for the regulation 
of diapause. 

After correcting for potential confounding effects (family, sex, sequencing 
batch), a set of differentially expressed genes was identified in each develop-
mental stage. The genes were as expected related to metabolic rate, but a sig-
nificantly overrepresented group of genes were related to neurotransmission. 
We found that several genes related to neuroamine synthesis and sequestration 
were differentially expressed between treatment groups, consistently across 
ontogenetic stages. Short day conditions triggered an increase in the dopamine 
levels which, in turn potentially activates the switch to diapause. Long day 
treatment decreased dopamine levels and potentially forced the butterflies to 
development directly. This suggests that diapause induction may be triggered 
by accumulation of specific molecules over a longer time period (hour-glass 
model) rather than by an instant signal at a specific time point. The hour glass 
hypothesis predicts that diapause is induced when a certain metabolite is pro-
duced up to a minimum threshold. The role of dopamine in diapause regula-
tion has also been suggested in other butterfly and moth species (Isabel, 
Gourdoux and Moreau, 2001; Noguchi and Hayakawa, 2001; Wang et al., 
2015). 
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5. Conclusions and future projects 

Different factors such as genetic drift, natural selection, chromosome rear-
rangements may be the drivers of reproductive isolation. The detailed descrip-
tion of these mechanisms is key to understand speciation processes. At the 
same time, identification of the genetic underpinnings of adaptive traits can 
inform on the importance of ecological divergence driving species apart. The 
natural and adaptive process governing the gradual increase of genetic differ-
ences and change of allele frequencies can be thoroughly studied in recently 
diverged species with populations sampled in a broad geographical range 
(Wolf and Ellegren, 2017). The Leptidea cryptic complex (TMRCA ~ 3 My) 
and the Chiffchaff study system (TMRCA < 1.5 My (Alstrom et al., 2018)) 
are both very recently diverged and suited for extensive genomic analysis. 
Prior to the genomics era, the knowledge about the genetic basis of species 
barriers and adaptive traits was restricted to model organisms kept in the lab. 
With the possibility to utilize comparatively cheap methods to generate large 
scale genetic data from non-model organisms comes the chance to investigate 
these processes also in natural populations. My primary aims in this thesis 
were to extend the knowledge of the genetic processes of speciation and ad-
aptation using the Leptidea cryptic complex and the chiffchaff study system. 
The two systems provided opportunities to study genomic divergence at dif-
ferent settings. In the Leptidea system reproductive isolation was already com-
plete and that no post-divergence gene-flow had occurred between species. In 
the chiffchaff on the other hand, hybridization and backcrossing have resulted 
in that a major part of the genome had lower differentiation in sympatry than 
in allopatry allowing for identification of potential barriers to gene-flow. I also 
generated RNA-seq data to use expression profiling to find candidate genes / 
pathways involved in regulation of diapause in L. sinapis. Taken together, my 
efforts have resulted in increased understanding of the speciation history of 
both systems and the joint analyses of genomic re-sequencing data and ex-
pression data identified candidate regions for local adaptation and potentially 
reproductive isolation. Further verification is needed to understand the effects 
of these genes on the phenotype in both Leptidea and in the chiffchaffs. With 
the increase efficiency of applying verification experiments, for example via 
RNA interference and / or gene editing with Crispr-Cas9 (Ran et al., 2013) 
this is potentially an achievable goal within a near future. Especially in the 
Leptidea system, this should be a potential way forward, since butterflies are 
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relatively easy to breed in captivity and it is straightforward to monitor phe-
notypic variation in many individuals. This may not be achievable in a wild 
bird study system like the chiffchaff. However, additional analyses, for exam-
ple cline sampling across the chiffchaff hybrid zone, may lead to independent 
verification of candidate barrier loci. 

My studies also discovered novel things in Lepidoptera. I found that the 
genome size variation was large and that this was driven by different activity 
of transposable elements in different butterfly and moth lineages. An addi-
tional discovery was that the transition transversion rate was considerably 
lower than what is observed in other taxa. However, preliminary data from 
other insect species indicate this as well and also in Heliconius butterflies, this 
ratio is lower than what is generally observed. Maybe this is a result of poor 
taxon sampling for these kind of studies, which calls for more analyses of 
mutation classes in many different organisms. This will increase our under-
standing of potential variation in mutation mechanisms across the tree of life. 
My results also suggest that the Leptidea clade in general has a comparatively 
low effective population size but that linked selection (predominantly back-
ground selection reducing diversity) still has had a considerable effect on di-
versity. The regional variation in genetic diversity across the genome in the 
Leptidea cryptic complex was explained by linked selection (gene density and 
recombination rate). In depth analysis will be required to elucidate the effects 
of GC-biased gene conversion (gBGC) on the variation in genetic diversity in 
various site categories and potential confounding effects on signals of selec-
tion across different site categories. With an improved chromosome level ge-
nome assembly, effects of chromosome size and position on the chromosome 
on genetic diversity can be understood in forthcoming projects. 

In agreement with many previous analyses, a major conclusion is that ge-
nomic divergence is dependent on combined effects of many different molec-
ular and evolutionary forces. In Leptidea, my studies indicate that reproduc-
tive barriers appeared before secondary contact and these probably involve 
both pre-zygotic barriers (observed before) and karyotype changes. My inves-
tigations also pin-point the importance of having information about both di-
versity-based estimates and the recombination rate to be able to interpret pat-
terns of genomic differentiation. Although more detailed recombination data 
estimating the cross-over rate (r) directly will be needed to verify this, one 
conclusion is that the holocentric nature of butterfly chromosomes may lead 
to an even recombination landscape across chromosomes. I could not detect a 
significant effect of karyotype on the global recombination rate between kar-
yotypic extremes in Leptidea, potentially indicating that karyotypic changes 
do not result in altered global recombination rates. This could be a result of 
that crossing-over is not necessary for correct segregation of chromosomes in 
meiosis in Lepidoptera, but again, more detailed and direct estimates of the 
recombination rate in different karyotypes will be necessary to verify this. De-
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tailed recombination maps and linkage maps will hence be needed for the ex-
treme karyotype variants of L. sinapis to understand the relationship between 
recombination, chromosome size, genetic diversity and genetic differentia-
tion. A high-density recombination map can also reveal effects of linked se-
lection on genetic differentiation in more detail. Understanding the genomic 
level fitness effects of the hybrids and backcrosses between the extreme kar-
yotypes in L. sinapis can also reveal chromosomal incompatibilities. For this, 
hybrids and back-crosses between the karyotypic extremes have to be made 
and association between chromosome changes and fitness effects have to be 
established.  

We also found that the dopamine production pathway may be key to dia-
pause regulation in L. sinapis, in depth quantifications of dopamine in dia-
pausing and directly developing individuals will add strong validation to the 
relevance of this pathway in diapause initiation. Gene expression changes gen-
erated in different stages of the butterfly can be used to understand local ad-
aptation to various other ecological changes such as host plant differences, 
temperature and effects of drought. Ideally, an experimental set-up with 
denser time sampling at earlier developmental stages could be used to detect 
potential upstream regulators of the neurotransmitter cascade. 

Finally, a population genetic study with extensive sampling across Eurasia 
where all species and populations from the genus Leptidea included, would 
reveal the evolutionary history of this genus in more detail. With the modern 
sequencing and computational techniques, obtaining a genome assembly of 
all species in the genus and genetic variation data would be feasible. This 
would reveal structural variation, gene flow and the complete speciation his-
tory of the genus. Interestingly, the Leptidea genus is relatively species poor 
– unless many cryptic species are hidden within the currently twelve described 
species – and the closest relatives are other lineages (mimic sulphurs) of the 
subfamily Dismorphiinae which occur in South and Central America. Addi-
tional sampling from this outgroup subfamily could reveal the origin of the 
Leptidea colonization of Eurasia and the loss of colourful wing-patterns.  
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Svensk sammanfattning 

Genetisk differentiering och artbildning styrs av en mängd olika faktorer som 
naturligt urval, lokal anpassning och genetisk drift. Det finns också en stor 
variation i mönstret för genetisk differentiering mellan olika organismer. 
Denna variation kan till stor del bero på skillnader i hur genomet, arvsmassan, 
är uppbyggt hos olika arter, men också på olika miljöfaktorer. Det medför att 
betydelsen av naturligt urval och genetisk drift kan variera mellan olika taxo-
nomiska grupper. Den kunskap som vi har om den process som ligger bakom 
artbildning kommer från en väldigt liten del av världens biodiversitet och det 
är svårt att nå en konsensus om vilken faktor som har störst betydelse, genetisk 
drift eller naturligt urval. I denna avhandling försöker jag förstå processen 
bakom art- och populations diversifiering hos de europeiska vitvingarna, 
skogsvitvinge (Leptidea sinapis), Reals vitvinge (L. reali) och ängsvitvinge 
(L. juvernica), samt hos europeisk och sibirisk gransångare (Phylloscopus col-
lybita abietinus och P. tristis). 

Vi har funnit att vitvingarna har dubbelt så stor arvsmassa jämfört med ge-
nomsnittet hos andra dagfjärilar, och detta tycks orsakas av en hyperaktivitet 
hos mobila genelement, så kallade transposoner. En analys av vitvingarnas 
demografiska historia visade att dessa arter verkar har utvecklats separat utan 
senare genetiskt utbyte. Det var också en tydlig skillnad i hur populationsstor-
leken varierat över tid hos de olika arterna. L. sinapis visade tecken på en sen 
expansion av populationsstorleken, medan de övriga arterna visade på en 
längre tid med konstant låg populationsstorlek. Den låga populationsstorleken 
har dock haft begränsad inverkan på vitvingarnas adaptiva potential, även om 
den genetiska variationen var generellt låg hos samtliga tre arter. Jag hittade 
inte något samband mellan vilka regioner i genomet som differentierats hos 
de olika arterna, dvs parallellism saknades, och de genetiska skillnaderna mel-
lan arterna tycks ha utvecklats under tiden som populationerna var åtskilda. 
Genetisk differentiering hos vitvinge verkar drivas av en kombination av 
slumpmässig genetisk drift och svagt riktad selektion. Detekterade kandidat-
regioner för differentiering och positivt naturligt urval visade sig innehålla ge-
ner med liknande funktion hos de olika arterna, bland annat relaterat till äm-
nesomsättning och reaktion på stimuli. 

Europeisk gransångare (Phylloscopus collybita abietinus) och sibirisk 
gransångare (Phylloscopus collybita tristis) är relativt nybildade fågelarter 
men kan särskiljas genom tydliga skillnader i utseende, fjäderdräkt och sång. 
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Vi fann att genomet visar ett oregelbundet variations- och differentierings-
mönster, samt att den genetiska differentieringen är mer uttalad i sympatriska 
populationer jämfört med allopatriska. Hos gransångaren tycks genomets dif-
ferentiering skapas av upprepad bakgrundsselektion och de har ett konserverat 
genomisk landskap i likhet med övriga undersökta fågelarter. Vi fann vidare 
att uppvisade fenotypiska karaktäristika hos individer i gränszonerna mellan 
de båda arterna inte förutsäger andelen genetiskt bidrag från de båda arterna. 
Ett fåtal kandidatgener kunde också identifieras som kan vara inblandade i 
fenotypiska skillnader mellan dessa fågelarter. 

Lokal anpassning är en av nyckelfaktorerna i den evolutionära processen. 
En viktig anpassning till den lokala miljön är förmågan att gå in i diapaus 
(vilostadium). Vi valde därför att studera hur diapaus regleras hos skogsvit-
vinge. Fjärilslarver från samma familj utsattes för olika ljusförhållanden, en 
grupp behandlades med kort dagslängd och den andra gruppen lång dags-
längd. Fjärilarna samlades in vid fyra olika åldrar, genuttrycket analyserades 
för varje stadium och jämfördes mellan de olika behandlingarna. En tydlig 
skillnad kunde ses i genuttryck hos gener involverade i omsättningen av sig-
nalsubstansen dopamin, vilket indikerar att dopamin sannolikt är involverat i 
regleringen av diapaus hos skogsvitvinge. 

Sammanfattningsvis, genom att använda en mångsidig uppsättning verktyg 
för genomisk analys ger min avhandling nya insikter om artbildningsproces-
sen hos vitvinge och gransångare.  
 
 
Translated by: Karin Näsvall 
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