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Abstract
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A fundamental question in the field of evolutionary biology is how new species originate.
Investigating speciation benefits from an integrated approach, which requires a solid
understanding of ecology, reproductive biology, geographical distribution, underlying genetic
architecture of reproductive isolation (RI), demographic history and genomic divergence. In
this thesis, I studied the evolution of reproductive isolation in the sister species Silene dioica
(L.) Clairv. and S. latifolia Poiret. The aims of the thesis are to investigate (1) the individual
and cumulative contributions of extrinsic and intrinsic reproductive barriers between S. dioica
and S. latifolia, (2) the genetic architecture of traits associated with reproductive barriers (3)
the demographic history of lineage-split between the two species, (4) genomic patterns of
divergence between the species.

I found that multiple extrinsic pre- and postzygotic barriers resulting from ecological
differentiation contributed most to total RI, while intrinsic barriers had substantial individual
strength but contributed weakly to total RI. QTL mapping revealed evidence for genetic
coupling of QTLs controlling traits associated with RI, although QTLs were overall widely
distributed. QTLs related to sexually dimorphic traits were located on or near the pseudo-
autosomal region of the sex chromosomes. The best-supported demographic model suggests
heterogeneous population size and migration rates among genome-wide loci and points to the
presence of barrier loci. Genomic divergence (measured using FST and dXY) was commonly
accentuated around the middle of linkage groups and near QTLs for traits associated with
reproductive barriers.

In summary, the results in my thesis indicate that the speciation process is driven by multiple
interacting and complex reproductive barriers. The genomic divergence landscape is shaped
by interplay of the magnitude of gene flow, the strength and timing of selection, and other
  confounding factors such as genomic features.
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“The analysis of variance is not a mathematical theorem, but rather a conven-
ient method of arranging the arithmetic.” 
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Introduction 

Speciation is one of the fundamental evolutionary processes, promoting bio-
diversity on our planet. The key challenge in understanding speciation is to 
elucidate the causes and consequences of reductions in gene flow between 
lineages that may evolve into species.  

Reproductive isolation: components and effects 
Reproductive barriers, defined as barriers to gene flow between populations, 
can arise due to multiple evolutionary processes. Foremost, natural selection 
(ecological or sexual selection) can lead to extrinsic reproductive barriers, 
which are mediated by genotype-environment interactions. Further, the evo-
lution of genetic incompatibilities can constitute intrinsic reproductive isola-
tion that is independent of the environment through genetic drift or through 
genomic conflict (Coyne & Orr, 2004; Seehausen et al., 2014).  

Reproductive barriers act sequentially through the life history of speciat-
ing lineages (Coyne & Orr, 2004; Sobel & Chen, 2014). Barriers, which act 
before or after mating but prior to fertilization, are referred to as prezygotic 
barriers. Early-acting prezygotic reproductive barriers such as ecological 
differentiation can reduce range overlap of the two lineages, leading to un-
derperformance of each lineage in the other lineage's habitat ("immigrant 
inviability", Coyne and Orr 2004; Nosil et al. 2005; Lowry et al. 2008; Sobel 
et al. 2010). If the two lineages co-occur, other prezygotic barriers including 
divergence in reproductive phenology and assortative mating can hinder 
mating between them (Coyne & Orr, 2004). Additionally, conspecific pollen 
or sperm precedence and gamete interactions can reduce or prevent the for-
mation of hybrid offspring after mating (Coyne & Orr, 2004; Lowry, 
Modliszewski, Wright, Wu, & Willis, 2008).  

Postzygotic reproductive barriers will take effect in cases where hybrids 
between the two lineages are produced, causing these hybrids to be inviable, 
sterile or to have low fitness (Coyne & Orr, 2004; P. Nosil & Mooers, 2005; 
Sobel, Chen, Watt, & Schemske, 2010). Postzygotic isolation can act in both 
extrinsic and intrinsic forms, while combinations of both extrinsic and intrin-
sic mechanisms are often expected in natural populations. Extrinsic 
postzygotic barriers, which are mediated by interactions with the environ-
ment, can result from divergent ecological selection or sexual selection and 
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lead to underperformance of hybrids in habitats of both parental lineages 
(Baack, Melo, Rieseberg, & Ortiz-Barrientos, 2015; Seehausen et al., 2014). 
Intrinsic postzygotic barriers are commonly facilitated by genetic incompati-
bilities independently of environment: alleles at two or more loci diverging 
between the two parental lineages due to natural selection or genetic drift 
can have negative epistatic interactions in hybrids, which are referred to as 
Bateson-Dobzhansky-Muller incompatibilities (Coyne & Orr, 2004; 
Seehausen et al., 2014). 

Genetic architecture of reproductive barriers 
The genetic architecture of traits associated with reproductive isolation has 
major implications for the speciation process. Currently, empirical studies 
suggest that the genetic basis underlying reproductive barriers can be highly 
variable (Wolf & Ellegren, 2017). On one extreme, speciation, and in partic-
ular ecological speciation, could be facilitated by numerous small or moder-
ate-effect loci that are widely dispersed along the genome and accumulate 
over an extended period of time. This scenario is supported by long-standing 
and recent theoretical work on adaptation (Fisher, 1930; Tenaillon, 2014; 
Yeaman, 2015). A review on the properties of Fisher’s geometric model 
found that numerous alleles of small effect are expected to predominate 
when adaptation is driven by selection on many traits (multifarious selection, 
Tenaillon, 2014), a situation that may be common (Patrik Nosil, 2012). Such 
complex polygenic genetic architectures of reproductive barrier traits involv-
ing many regions in the genome were supported by detailed studies on eco-
logical speciation in stick insects and in sticklebacks (Arnegard et al., 2014; 
Soria-Carrasco et al., 2014) as well as in QTL mapping experiments of re-
productive barrier traits in several plant systems, such as Iris (Ballerini et al., 
2012) and Mimulus lewiisii/parishii (Fishman, Beardsley, Stathos, Williams, 
& Hill, 2015).  

On the other extreme, reproductive isolation could be mediated by fast 
divergence in one or a few traits controlled by a small number of loci with 
large effects or by genetic coupling of multiple loci through tight linkage or 
pleiotropy (Wolf & Ellegren, 2017). Empirical evidence for a genetic archi-
tecture of reproductive isolation involving few, key genomic regions comes 
from studies of crows (Poelstra et al., 2014) different species pairs of mon-
keyflowers (Bradshaw & Schemske, 2003; Ferris, Barnett, Blackman, & 
Willis, 2017), recently diverged Senecio species (Chapman, Hiscock, & 
Filatov, 2016) and ecotypes of the grass Panicum hallii (Lowry et al., 2015). 
In particular, genetic coupling by co-localization of multiple reproductive 
barrier loci is expected to evolve more readily in regions of reduced recom-
bination, including centromeric regions, inversions and also sex chromo-
somes—these genomic regions have been proposed as divergence and speci-
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ation hotspots (Ortiz-Barrientos, Engelstädter, & Rieseberg, 2016; Qvarn-
ström & Bailey, 2009; S. Renaut et al., 2013).  

Genomic landscape of divergence 
From the genic view of speciation, genetic divergence patterns are expected 
to vary among loci across the genome (Wu, 2001). Previously, genomic re-
gions of elevated differentiation, typically revealed by genome scans using 
FST, were considered as reproductive barrier loci, which arose due to imped-
ed gene flow, while the remainder of the genome is homogenized by gene 
flow (Via, 2012). Genomic regions of accentuated differentiation were fur-
ther commonly attributed to divergent selection, referred to as the now- con-
troversial ‘genomic islands of speciation’ (Pennisi, 2014). Currently, there is 
an increasing awareness that it is not straightforward to interpret regions of 
high differentiation (Wolf & Ellegren, 2017). For instance, this genomic 
signature could also be mimicked by other evolutionary processes unrelated 
to lineage divergence (Cruickshank & Hahn, 2014). Indeed, the genomic 
landscape of divergence is determined by the complex interplay of the mag-
nitude of gene flow, the strength and timing of selection, demographic histo-
ry and genomic features including variation in recombination rate and gene 
density (Ravinet et al., 2017; Wolf & Ellegren, 2017). 

Firstly, barrier loci, which have reduced gene flow and therefore exhibit 
high differentiation, can be clearly promoted by divergent selection under 
the scenarios of either ‘ecological speciation’ (Nosil, 2012) or speciation by 
reinforcement (Servedio & Noor, 2003). These loci may take effect inde-
pendently or interact with one another (Ravinet et al., 2017). Notably, repro-
ductive barrier loci can also be pleiotropic (influencing several traits related 
to reproductive barriers simultaneously, Servedio, Doorn, Kopp, Frame, & 
Nosil, 2011). The distribution of effect sizes of barrier loci is likely depend-
ent on both effective population size (Ne) and migration (m). In populations 
of small Ne, barrier loci of large-effect are expected to predominate, as the 
efficacy of selection is more easily undermined by genetic drift and stronger 
selection is necessary to overcome the opposing effect of migration and 
reach a given level of differentiation (Yeaman & Otto, 2011; Yeaman & 
Whitlock, 2011). However, for populations with large Ne and small m, the 
effect sizes of barrier loci can vary in a wide range (Yeaman & Whitlock, 
2011). For these reasons, identifying actual barrier loci and estimating their 
effect sizes are at the heart of speciation genomics. 

Secondly, linked selection, in the form of either selective sweeps or back-
ground selection, is another important evolutionary process that leads to 
heterogeneity in genomic divergence (Burri, 2017). Under selective sweeps, 
alleles at neutral sites linked to beneficial mutations hitchhike along, while 
others are lost, resulting in reduced genetic diversity at these sites (Smith & 
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Haigh, 1974). Likewise, a reduction of genetic diversity at surrounding sites 
also occurs due to selection against deleterious mutations; such a process is 
called background selection (Charlesworth, Morgan, & Charlesworth, 1993).  
As deleterious mutations arise much more frequently than beneficial ones, 
background selection is expected to be more common than selective sweeps. 
Consequently, genetic differentiation measured using FST can be inflated by 
reduced polymorphisms in extant linages due to linked selection, which is 
independent of reproductive isolation (Nachman & Payseur, 2012). The role 
of linked selection in shaping genomic divergence patterns has been high-
lighted in recent empirical studies including sunflowers, butterflies and birds 
such as flycatchers and crows (Burri et al., 2015; Martin et al., 2013; 
Sebastien Renaut, Owens, & Rieseberg, 2014; Vijay et al., 2017). Thus, it is 
important to take into account linked selection when searching genomic sig-
nature of speciation process. 

Thirdly, reconstructing demographic history of species pairs plays a vital 
role for the proper interpretation of patterns of genetic differentiation 
(Ravinet et al., 2017). Variation in demographic parameters such as effective 
population size (Ne) and migration rate (m) is important in modeling hetero-
geneous evolutionary dynamics of loci along the genome (Roux et al., 2016). 
Several studies proposed it is necessary to take into account heterogeneity in 
migration rate when modeling gene flow, in order to reflect the fact that in-
trogression rate varies along the genome (Tine et al., 2014). Linked selection 
can possibly inflate the proportion of false positives for loci without gene 
flow (Cruickshank & Hahn, 2014). The effect of linked selection can be 
modeled by introducing heterogeneity in effective population size, as linked 
selection is expected to locally increase stochasticity in allele frequency 
change (Roux et al., 2016). Thus, in order to perform rigorous inference on 
the demographic history of lineage-splits, heterogeneous selection and intro-
gression among genome-wide loci should be included systematically 
(Rougemont & Bernatchez, 2018). 

Last but not least, the interpretation of genomic landscapes of divergence 
is complicated by the confounding effects of genomic features including 
variation in recombination rate, gene density and mutation rate (Ravinet et 
al., 2017). The influence of barrier loci will be extended to larger genomic 
blocks in regions of low recombination than in the rest of the genome (Cutter 
& Payseur, 2013; Nachman & Payseur, 2012). In a similar way, effects of 
linked selection also tend to be stronger in genomic regions of low crossover 
rate. According to a meta-analysis, elevated genetic differentiation around 
the center of chromosomes, where recombination is often suppressed, is a 
common pattern in a wide range of taxa (Berner & Roesti, 2017). Functional 
genomic regions are more likely under positive selection or background se-
lection compared with non-functional regions, which are less affected by 
mutations. There is also evidence suggesting a positive relationship between 
recombination rate and gene density (Duret & Arndt, 2008). In addition, 
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mutation rate variation can also modulate genomic divergence patterns; for 
instance, mutation rate can be the main determinant of neutral divergence 
between lineages in the absence of gene flow and selection. Although ge-
nomic resources might be limited in non-model organisms, it is important to 
consider modifying effects of genomic features when interpreting patterns of 
genomic divergence. 
 

Sex chromosomes and speciation  
Empirical rules of evolutionary biology, namely, Haldane’s rule and the 
large X-effect (also referred to as Coyne’s rule), imply the ubiquitous im-
portance of sex chromosomes in speciation (Coyne & Orr, 2004; Haldane, 
1922). Haldane’s rule states that sterile or inviable interspecific hybrids are 
more likely to be observed in the heterogametic sex (XY or ZW) than the 
homogametic sex (XX or ZZ). Such a pattern is commonly observed in ani-
mals (Schilthuizen, Giesbers, & Beukeboom, 2011; Turelli, 1998) and also 
in one  plant species: Silene latifolia (Brothers & Delph, 2010). The large X-
effect proposes the disproportionately high impact of X chromosome-linked 
loci in reducing gene flow and driving hybrid dysfunction. Most prominent 
evidence comes from QTL mapping in Drosophila (Coyne & Orr, 2004; 
Qvarnström & Bailey, 2009) and RNA-seq analyses in Silene (Hu & Filatov, 
2016). Additionally, conflictual speciation has also been suggested to imply 
an important role for the sex chromosomes in speciation (Crespi & Nosil, 
2013). Sexually antagonistic (SA) selection can arise due to different fitness 
optima regarding the same trait between males and females and may result in 
intragenomic conflict between the two sexes (Cox & Calsbeek, 2009). Such 
sexual conflict can be resolved by the evolution of sexual dimorphisms, usu-
ally controlled by loci on the sex chromosomes, or by genetic interactions 
with sex chromosome loci (Crespi & Nosil, 2013; Gavrilets, 2014). Sexually 
dimorphic traits can also be related to reproductive isolation, for example to 
assortative mating, and thereby possibly speed up the pace of speciation. 

Separate sexes with heteromorphic sex chromosomes predominate in an-
imals, but are rare in plants (Charlesworth, 2016). Heteromorphic sex chro-
mosomes in plants studies so far are usually evolutionarily young (< 20 mil-
lion years, Charlesworth, 2016). In comparison, for mammals and birds, sex 
chromosomes diverged much earlier (25-40 myrs in the youngest mammali-
an stratum, Charlesworth, 2016). Unlike animals, many X-linked genes in 
plants still have Y-linked homologs. Intriguingly, sex chromosome in plants 
can have a genetically large recombining region (PAR) (Bergero, Qiu, 
Forrest, Borthwick, & Charlesworth, 2013), while, in animals, the PAR is 
often genetically small compared with the sex-determining region (SDR). 
These unique and striking features make plant sex chromosomes an excellent 
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system for investigating the evolution sex chromosomes at an early stage and 
the contribution of sex chromosomes to speciation. 

Silene 
I investigated a pair of closely related sister species of Silene (campions, 
Caryophyllaceaa), a developing model system for evolution and ecology 
(Bernasconi et al., 2009). My study species, Silene dioica (L.) Clairv. and S. 
latifolia Poiret are diploid, short-lived dioecious perennials (see Figure 1) 
with a haploid chromosome number of 12 (Friedrich, 1979). Both species 
have X/Y chromosomal sex determination: females are the homogametic sex 
(XX) and males are heterogametic (X/Y), a rare situation in plants (Vyskot 
& Hobza, 2004). Both species also exhibit extensive sexual dimorphism 
(Geber, Dawson, & Delph, 1998). Silene dioica and S. latifolia have a rela-
tively short divergence time (<0.5 million years, Hu & Filatov, 2016; Muir, 
Dixon, Harper, & Filatov, 2012) and ongoing gene flow since divergence 
(Minder, Rothenbuehler, & Widmer, 2007). They have largely overlapping 
European ranges with that of S. dioica extending into Northern Scandinavia 
and that of S. latifolia into Asia. The two species are cross-fertile and can 
hybridize at contact sites, although observations of early-generation hybrids 
in natural populations are unusual (Karrenberg & Favre, 2008; Minder et al., 
2007). 

Various reproductive barriers between S. dioica and S. latifolia have been 
reported. Multi-site transplant experiments provide evidence for differential 
adaptation (Favre, Widmer, & Karrenberg, 2017). Populations of S. dioica 
are commonly found in moister and colder habitats, also at higher elevations, 
including pastures, meadows and forests, whereas S. latifolia grows in dis-
turbed, relatively dry and sunny habitats including hedgebanks and roadsides 
(Friedrich, 1979; Karrenberg & Favre, 2008). Such adaptive divergence 
might have evolved together with differences in life history between the two 
species: S. latifolia reproduces already in the first year, while S. dioica flow-
ers from the second year onwards (Favre & Karrenberg, 2011; Friedrich, 
1979). In addition to habitat preferences, the two species also differ in mor-
phology. Silene latifolia has lower specific leaf area (SLA) but higher succu-
lence (SUC) compared with S. dioica, which could be associated with shade 
tolerance in S. dioica and drought tolerance in S. latifolia (Favre & 
Karrenberg, 2011; Friedrich, 1979; Willmot & Moore, 1973). At sites of co-
occurrence, S. latifolia begins to flower earlier but for a shorter period of 
time compared with S. dioica, although there is substantial flowering overlap 
(Goulson & Jerrim, 1997; Page, Favre, Schiestl, & Karrenberg, 2014). Sile-
ne dioica bears pink and diurnally opening flowers that are primarily visited 
by day-active insects such as bumbles and butterflies, whereas S.  latifolia 
has larger white flowers that open at dusk and emit strong scent, attracting 



 15 

mainly nocturnal visitors such as Hadena bicruris (Friedrich, 1979; Goulson 
& Jerrim, 1997; Page et al., 2014; Waelti, Muhlemann, Widmer, & Schiestl, 
2008). Pollination studies using pollen analogue transfer analysis in mixed 
arrays suggest assortative mating(Goulson & Jerrim, 1997). Experiments 
with white-flowered mutants of S. dioica (Rahmé, Suter, Widmer, & 
Karrenberg, 2014) and with scent addition (Waelti et al., 2008) imply that 
floral color and scent play a role in assortative mating in Silene. Further, the 
higher flower number in S.  latifolia, especially in males, could potentially 
contribute to assortative mating due to the fact that Hadena bicruris, the 
main pollinator of S. latifolia, has a strong preference for larger floral dis-
plays (Shykoff & Bucheli, 1995). Evidence for reduced performance of hy-
brids between the two species includes a 25% reduction in the number of 
viable pollen in hybrid between female S. dioica and male S. latifolia, but 
not the reciprocal, and underperformance of both first- and second- genera-
tion hybrids in the field (Brothers & Delph, 2010). Thus, extensive studies 
suggest that multiple reproductive barriers take effect to impede gene flow 
between S. dioica and S. latifolia. However, additional barriers may be im-
portant, for example, differences in the germination timing. Moreover, the 
role of ecological divergence for current range distributions and the relative 
strengths of different reproductive barriers have not been assessed thus far.  

 
Figure 1. Flowers of Silene dioica (male, left) and S. latifolia (female, right).  

Aims of the thesis 
In this thesis, I used the campions Silene dioica and S. latifolia as model 
systems to investigate the nature of reproductive isolation and genomic di-
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vergence between the two species. Specifically, I aimed to address the fol-
lowing questions: 

 
1. Are current range distributions of S. dioica and S. latifolia consistent 

with climatic niche differentiation (I)?  
 

2. How strong are pre- and postzygotic barriers between the two spe-
cies, both individually and cumulatively (I)?  

 
3. What is the genetic basis for traits associated with reproductive bar-

riers (II)? 
 

4. What is the demographic history of the lineage split between the 
species (III)? 

 
5. What are the patterns of genomic heterogeneity of differentiation on 

the interspecific and intraspecific levels (III)? 
 

6. Do QTL regions related to reproductive barriers exhibit different 
levels of differentiation compared with the remainder of the genome 
(III)?   

 
7. Are previously identified QTLs underlying reproductive barrier 

traits of sexual dimorphism located in the PAR or SDR of the sex 
chromosome (IV)? 
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Material and Methods 

Study populations (II, III) 
In a QTL mapping experiment (II), I used two reciprocal F2 crosses between 
Silene dioica and S. latifolia previously generated at ETH, Zürich: parental 
individuals were collected from natural populations in Switzerland. Around 
700 individuals of each F2 cross were cultivated in the Botanical Garden, 
Uppsala, Sweden for traits measurements and tissue collection. 

In population genetic study for range-wide samples (III), maternal seed 
families of eleven populations of S. dioica and nine populations of 
S. latifolia were collected from their distribution ranges (Figure 2) and were 
grown in the greenhouse at Evolutionary Biology Centre, Uppsala Universi-
ty, Sweden, for tissue collection. 
 

 
Figure 2. Distributions of Silene dioica (pink) and S. latifolia (white), with the range 
overlap displayed hashed. Pink circles mark the sampled S. dioica populations and 
black diamonds mark the sampled S. latifolia populations.   
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Species distribution modeling (I) 
Species distribution modeling, also known as ecological niche modeling and 
climate envelope modeling, is the application of statistical algorithms in 
predicting species distribution on the basis of climate data as predictors 
(Elith & Leathwick, 2009). In general, there are three categories of algo-
rithms in SDM. The first one is profile methods, which only leverages the 
climatic information at known occurrence sites of study species. On the con-
trary, the other two categories: regression based techniques and machine 
learning techniques usually use climatic data at both presence and back-
ground/absence sites. 

I employed MAXENT (maximum entropy), a machine learning algorithm 
developed for SDM to examine whether current range distributions of Silene 
dioica and S. latifolia are in line with climatic niche differentiation both at 
the range-wide scale and within Switzerland (Phillips, Anderson, & 
Schapire, 2006).  For the range-wide data, I extracted the presence records 
for the two species from the literature (Hathaway, Malm, & Prentice, 2009; 
Muir et al., 2012; Prentice, Malm, & Hathaway, 2008; Rautenberg, 
Hathaway, Oxelman, & Prentice, 2010) and from the Global Biodiversity 
Information Facility, GBIF (https://www.gbif.org/, accessed February 2017). 
Records for Switzerland were retrieved from the National Data and Infor-
mation Center of the Swiss Flora (https://www.infoflora.ch/de/). 10 points 
randomly picked within circular areas centered on each presence site were 
used as pseudo-absence (background) data. I extracted climatic data contain-
ing 19 variables at presence and background sites from the WorldClim data-
base, version 1.4 (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). I then 
built species distribution models using the MAXENT algorithm (Phillips et 
al. 2006) with the R package dismo (Hijmans et al. 2016). Model perfor-
mances were assessed by 10 fold cross-validation using the area under the 
receiver operating characteristic (ROC) curve (AUC) (Fielding and Bell 
1997). 

Estimation of strength of reproductive barriers (I) 
Identifying what reproductive barriers contribute most to the speciation pro-
cess requires an appropriate comparison of strength of various forms of bar-
riers. The strength of seven prezygotic and six postzygotic reproductive bar-
riers between Silene dioica and S. latifolia was estimated following the 
method proposed by Sobel and Chen (2014). Individual strengths of each 
barrier were quantified using the reproductive isolation index (RI index), 
which is proportional to the reduction in gene flow between the two species 
by a single barrier alone (Sobel & Chen, 2014). Two sets of RI indices, each 
related to gene flow into one species, were calculated separately for S. dioica 
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and S. latifolia. In addition, cumulative strengths of reproductive barriers 
were estimated taking into account that one barrier can only reduce the re-
maining gene flow after earlier-acting barriers (Lowry et al., 2008; Sobel & 
Chen, 2014). 

Double digest RAD sequencing (II, III, IV) 
Advances in sequencing technologies have provided unprecedented opportu-
nities for genomic studies on broader scales and at higher resolutions in the 
past decade. The Development of restriction-site associated sequencing 
(RADseq) has fuelled ecological, evolutionary and conservation genetics 
study in more organisms, especially non-model organisms (Andrews, Good, 
Miller, Luikart, & Hohenlohe, 2016). As a reduced representation sequenc-
ing approach, RADseq targets a subset of the genome, which is cut by spe-
cific restriction enzymes. RADseq can yield higher coverage per locus and 
include large number of individuals in the sequencing experiment for a given 
budget as compared to whole genome sequencing. Moreover, RADseq does 
not require prior genomic knowledge of the species of interest.  

RADseq techniques have some basic steps in common. Genomic DNA is 
first digested with one or two restriction enzymes. Depending on the en-
zymes, the RADseq protocol might size-select the digested DNA fragments. 
DNA fragments of optimal sizes are ligated with adapters, which might con-
tain barcodes to identify individual samples pooled together in one library. 
However, RADseq methods can vary in the order and details of these steps. 
One of them, double digest RAD sequencing (ddRAD-seq) targets the DNA 
sequence flanked by two restriction enzymes cut sites by employing a se-
cond enzyme and therefore enables paired-end sequencing of identical loci 
across multiple samples (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). 
ddRAD-seq provides a  more efficient and cost-effective sequencing ap-
proach, especially for organisms with complex genomes, as compared with 
original RAD-seq. In my thesis, I used the ddRAD protocol optimized for 
Silene at Alex Widmer’s group at ETH, Zurich and the genomic fragments 
are pair-end sequenced by Illuminat Hiseq 2500 systems at Scilife lab, Upp-
sala.  

There are several bioinformatic analyses pipelines designed for RADseq 
and RADseq- modified methods, which include Stacks, PyRAD and 
dDocent (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013; Eaton, 
2014; Puritz, Hollenbeck, & Gold, 2014). These pipelines also share several 
basic steps. The first step includes de-multiplexing of raw reads and removal 
of barcodes. If a reference genome is available, de-multiplexed reads can be 
directly aligned to it. Otherwise, loci can be assembled de novo based on 
sequence similarity. The resulting contigs by de novo loci assembly can be 
used as references for alignment. Variant calling can then be performed after 
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mapping. Caution against genotyping error due to allelic dropout should be 
exercised in post-sequencing analyses for ddRAD-seq. Such errors can be 
largely pruned by standard filtering practice with care, for example, retaining 
only loci genotyped across a high percentage of sequenced samples (An-
drews et al., 2016; Arnold, Corbett‐Detig, Hartl, & Bomblies, 2013). 

QTL mapping (II, IV) 
To investigate the genetic basis of variation in complex traits related to re-
productive isolation, I performed Quantitative Trait Locus (QTL) mapping 
using two reciprocal F2 crosses, recombinant second-generation hybrids. 
QTL mapping is a classical statistical method to link two types of data- phe-
notypic information (trait measurements) and genotypic information (mark-
ers) in a genetically variable population with the goal to identify genetic 
regions underlying variation in the traits of interest (Broman & Sen, 2009; 
Lynch & Walsh, 1998). QTL studies inform on whether phenotypic differ-
ences can be explained by few loci of relatively large magnitude, or by many 
loci of smaller magnitude (Mackay, Stone, & Ayroles, 2009). 

Prior to QTL analysis, I constructed genetic maps separately for each F2 
cross using ‘outbreeder full-sib family’ (CP) in the software JOINMAP 4.0 
(Van Ooijen, 2011). In order to identify the genetic architecture of reproduc-
tive isolation between S.  dioica and S. latifolia, I carried out QTL mapping 
for ten traits related to different reproductive barriers, which included first-
year flowering, SLA, SUC and survival for ecological divergence; flower 
color, flower size, flower number and stem height for assortative mating; 
flowering time for phenological divergence and pollen number for male fer-
tility reduction. The analysis was done separately for each F2 cross that in-
cluded around 350 individuals. I performed QTL mapping with multiple 
QTL models (MQM) in the program R/qtl, which considered epistatic inter-
actions between QTLs and also QTL- covariant interactions (Broman & Sen, 
2009; Broman, Wu, Sen, & Churchill, 2003). I further examined congruence 
of QTLs between the two crosses on the consensus map, constructed by 
merging the two separate genetic maps using the R package LPMERGE 
(Endelman & Plomion, 2014). 

 

Genome scans (III) 
Genome scans have been widely used as a powerful tool to study genomic 
heterogeneity in the extent of differentiation between speciating taxa and to 
dissect the possible evolutionary processes/mechanisms leading to these 
patterns (Seehausen et al., 2014; Wolf & Ellegren, 2017). The genomic ‘is-
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lands’ of elevated differentiation, previously interpreted as ‘speciation is-
lands’, are indeed hotspots of speciation genomic studies (Nosil, Funk, & 
Ortiz-Barrientos, 2009). Additionally, for genomes of highly diverged taxa 
that are at a late stage of lineage- split, genome scans can potentially reveal 
genomic regions of low differentiation, which may result from shared selec-
tion, gene flow or genomic features (Christe et al., 2017; Roux, 
Tsagkogeorga, Bierne, & Galtier, 2013). Non-model organisms with rela-
tively large genomes usually have no complete physical reference assemblies 
available. In these cases, genome scans based on recombination maps can 
still offer valuable opportunities to study genome-wide patterns of diversity 
and differentiation (Wolf & Ellegren, 2017).  

I examined genome wide patterns in polymorphism and divergence statis-
tics by mapping the contigs onto two linkage maps of F2 crosses between S. 
dioica and S. latifolia constructed in chapter II. To measure genomic diver-
gence between the two species, I used both relative measures (FST) and abso-
lute measures (dXY) of divergence. I calculated hierarchical F-statistics with 
the R package hierfstat (Goudet, 2004) at both site-based and contig-based 
levels. Complementary to FST analysis, I also calculated dXY for contigs 
mapped onto the linkage maps. To examine diversity levels and test for neu-
trality, I estimated the standard genetic diversity statistic (π) and Tajma’s D 
based on contigs for each species.  

Demographic modeling (III) 
Statistical inference of demographic history is one of the primary goals in 

population genetic studies. Modeling joint site frequency spectra (SFS) with 
polymorphism data from two or more divergent taxa is a useful tool to per-
form demographic inference in non-model species with no or scarce pre-
existing genomic resources. The program ∂a∂i uses a numeric solution of 
diffusion equations to generate the expected SFS for a specified demograph-
ic model and carries out optimization to search for the values of parameters 
that maximize the composite likelihood of the data given the model 
(Gutenkunst, Hernandez, Williamson, & Bustamante, 2009). This approach 
provides high flexibility and robustness, and also avoids the computationally 
expensive coalescent simulations as implemented by other approaches in-
cluding approximate Bayesian computation (ABC, Beaumont, Zhang, & 
Balding, 2002) and Markov chain Monte Carlo- based methods (Drummond, 
Suchard, Xie, & Rambaut, 2012). There has indeed been increasing aware-
ness of the importance of combining genome scans and demographic model-
ing for the rigorous interpretation of the divergence landscapes (Ravinet et 
al., 2017). 

To investigate the demographic history of the lineage split between the 
two Silene species, I applied the program ∂a∂i to SNP dataset pruned for 
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linkage. I assessed four basic scenarios: strict isolation without gene flow 
(SI), isolation with gene flow (IM), secondary contact (SC) and ancient mi-
gration (AM) (Figure 3). To account for variation in specific aspects of di-
vergence and genomic features of confounding effects among loci on the 
genome scale, heterogeneity in introgression rate (m) and population size 
(Ne) was added to these models. I further estimated demographic parameters 
such as divergence time, population size, migration rate and so forth using 
500 bootstrap datasets based on the best-supported model. 

 

 
Figure 3. Schemes for four basic demographic scenarios: Strict isolation (SI), diver-
gence without gene flow; isolation with migration (IM), divergence with continuous 
gene flow; ancient migration (AM), divergence initially with gene flow, later with-
out gene flow; secondary contact (SC), divergence initially without gene flow, later 
with gene flow.  

Identifying sequences with sex-linked and autosomal 
inheritance (IV) 
Due to highly repetitive regions in the non-recombining regions, fully as-
sembled sequences for sex chromosomes still remains a big challenge(Brian 
Charlesworth, Sniegowski, & Stephan, 1994). Investigating the segregation 
patterns of alleles after sequencing a cross including parents and progenies 
provides an efficient approach for studying sex-linked genes. I used SEX-
DETector, a probabilistic framework to infer sequences with sex-linked and 
autosomal inheritance in Silene based on one F2 cross between S. dioica and 
S. latifolia (Muyle et al., 2016). Sequences inherited in autosomal patterns 
and located on autosomal linkage groups were classified as autosomal se-
quences, while those inherited in autosomal patterns and located on the X/Y 
linkage group were considered as linked to the pseudo-autosomal region 
(PAR). Sequences inherited in sex-linked patterns, were further classified by 
SEX-DETector into X/Y-linked sequences, where X and Y chromosomes 
maintain their homologs, and X-hemizygous sequences, without Y-
homologs. 
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Results and Discussion 

Ecological divergence contributes most to reproductive 
isolation (I) 
Current distributions of Silene dioica and S. latifolia largely coincided with 
species distribution models (SDM) based on climate data at both range-wide 
and regional (Switzerland) scales. According to a principal component anal-
ysis of bioclimatic variables, S. dioica is associated with colder and wetter 
climates and S. latifolia with warmer and drier climates, which is in agree-
ment with previous descriptions (Friedrich, 1979; Karrenberg & Favre, 
2008). These findings demonstrate that similar climatic niche differentiation 
between the two species occurs at both range-wide and regional scales, sug-
gesting that ecological differentiation led to current distributions and thus 
drove geographical separation.  

Based on new results and those of from previous studies (see Introduc-
tion), the estimation of the strength of seven prezygotic barriers and six 
postzygotic barriers suggests that multiple partial reproductive barriers lead 
to near-complete reproductive isolation between S. dioica and S. latifolia. 
Contributions of extrinsic barriers to total reproductive isolation were much 
stronger compared with intrinsic barriers (Figure 4), as also observed in sev-
eral other plant systems, such as Mimulus, Helianthus and Senecio (Lowry et 
al., 2008; Melo et al., 2014; Baack et al., 2015; Sobel & Streisfeld, 2015; 
Ostevik et al., 2016). This pattern is consistent with a scenario of ecological 
divergence as a driver of speciation with later evolution of postzygotic barri-
ers (Seehausen et al., 2014). 
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Figure 4. Cumulative strength of reproductive barriers between Silene dioica (SD) 
and S.  latifolia (SL) after Sobel and Chen (2014). Comparisons to SD are shown to 
the left and to SL to the right; blue, primarily extrinsic prezygotic barriers; yellow; 
primarily intrinsic prezygotic barriers; green, total intrinsic and extrinsic postzygotic 
barriers. Reproductive barriers with individual reproductive isolation indices not 
significantly different from zero were excluded and crossing directions were aver-
aged where applicable. 

 

Coupled but variable genetic architectures underline 
traits associated with reproductive isolation (II) 
QTL mapping revealed widely distributed but coupled QTLs controlling 
morphological, phenological and life history traits related to reproductive 
barriers between Silene dioica and S. latifolia. Overall, QTLs were scattered 
on 11 of the 12 linkage groups (Figure 5, average PVE 13%, range: 3%–
34%). Among them, 77% QTLs exhibited allelic effects in the direction of 
species difference. In addition, I also identified frequent co-localizations of 
QTLs controlling different traits, implying the prevalence of genetic cou-
pling. This result provides new empirical support for the theoretical predic-
tions for the genetic architecture of reproductive barriers, which states that 
the process of speciation, especially in the face of gene flow, evolves more 
readily with few underlying loci of large effect or genetic coupling of multi-
ple loci (Yeaman, 2015; Yeaman & Whitlock, 2011).   

The sex chromosomes harbored significantly more QTLs per centimorgan 
as compared with autosomes. This suggests the importance of sex chromo-
some in speciation process (Qvarnström & Bailey, 2009).  
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Figure 5. QTLs with 1.5 LOD drop intervals for traits associated with reproductive 
barriers (green: ecological traits, red: floral traits, blue: flowering time, orange: pol-
len number) between the campions Silene dioica and S. latifolia in two reciprocal F2 
crosses, F2DL and F2LD, displayed on a consensus linkage map (except for one QTL 
for FN on LG8 given as u, unmapped). Regions with the strongest association to 
plant sex (LOD-scores > 60, full bar: F2DL; empty bar: F2LD) are shown to the left of 
the X/Y linkage group. +, QTL effect in the direction of the species difference;  - 
QTL effect against the direction of the species difference. Trait names are given on 
top of linkage groups: FT for flowering time, FC for flower color, FS for flower 
size, FN for flower number, SH for stem height, FF for whether flower in the first 
year, PN for pollen number, SLA for specific leaf area, SUC for succulence and SV 
for survival. 

 
Despite being generated from full-sib individuals, QTLs controlling traits 

associated with primarily prezygotic barriers differed relatively largely be-
tween the two reciprocal F2 crosses. Around half of the QTLs were shared 
between them (Figure 5), while QTL-QTL interactions or QTL-covariant 
interactions were almost only detected in one cross. Considering large num-
ber of individuals included in each cross for QTL mapping experiment, lack 
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of statistical power is unlikely the main explanation. As most traits were 
similar in the two crosses, cyto-nuclear interactions alone cannot account for 
differences in genetic architecture of reproductive barriers. The incongru-
ence between the two crosses could thus be due to multiple QTLs of similar 
effect segregating within the population of each species, which could be 
promoted either by redundant genetic architectures (Yeaman, 2015; Zhang, 
2012) or by additional genetic variation in barrier traits accumulated after 
initial lineage-split (Cutter, 2012; Lexer & Widmer, 2008) .  

Demographic modeling and the divergence landscape 
(III) 
Comparisons of demographic models pinpointed isolation with migration 
with heterogeneous effective population size (Ne) and migration rate (m) as 
the best-supported model. This model indeed reflects the heterogeneity in 
genomic features and semi-permeable species boundary in Silene (Minder & 
Widmer, 2008; Roux et al., 2016). Importantly, this model also points to the 
presence of barrier loci (10%), in which gene flow is impeded when taking 
into account the confounding effects of variation in population size. Demo-
graphic parameter estimation from 500 bootstrap samples based on the best-
fit model yielded sensible results with respect to important parameters, for 
instance, a divergence time of 0.68 myrs (Hu & Filatov, 2016; Muir et al., 
2012). 

Genome scans based on linkage maps revealed high differentiation (FST) 
and high sequence divergence (dXY) between S. dioica and S. latifolia around 
the middle of almost all linkage groups (Figure 6), consistent with the pat-
tern of “Chromosome Centred Biased Differentiation” (CCBD, Berner & 
Roesti, 2017). Meta-analysis and theoretical simulations suggest that the 
pattern of CCBD is common among taxa under ecological differentiation 
(Berner & Roesti, 2017). Simultaneous accentuation of FST and dXY, without 
widespread reductions in intraspecific polymorphism at surrounding sites, 
argues against linked selection as the main process shaping the divergence 
landscape in this system (Cruickshank & Hahn, 2014). Instead, the CCBD-
like pattern could be related to reduced crossover in the middle of all linkage 
groups in Silene (Papadopulos, Chester, Ridout, & Filatov, 2015) and possi-
bly to loci controlling reproductive barriers (Figure 6). In regions of sup-
pressed recombination rate such as chromosomal centers, mal-adaptive mi-
grating alleles persist in tight linkage and promote stronger selection (Berner 
& Roesti, 2017; Nachman & Payseur, 2012; Roesti, Hendry, Salzburger, & 
Berner, 2012). Thus reduced gene flow is expected at these regions, which 
might give rise to elevated genetic differentiation and evolution of barrier 
loci. 
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Figure 6. Genomic landscape of divergence compared with QTLs for traits associat-
ed with reproductive barrier between S. dioica and S. latifolia based on one F2 cross. 
(a) QTL locations (dots) with 1.5 LOD drop intervals (lines); colors indicate barrier 
categories: red, assortative mating; green, ecological divergence; blue, phenology; 
yellow, male fertility reduction,  (b) Site-based FST between the two species with the 
95% quantile of overall FST distribution (dotted line), (c), (d) Site-based average FST 
within S. dioica (c, S.d.) and within S. latifolia (d, S.l.), (e), (f) contig-based nucleo-
tide diversity (π) within S. dioica (e, S.d.) and within S. latifolia (f, S.l.), (g) contig-
based sequence divergence dXY between the two species.  Curves in panels (b) - (g) 
are drawn using LOESS functions. Vertical dashed lines indicate the middle each 
linkage group. 
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Sex chromosome evolution and speciation (IV) 
Based on locations of mapped SNP markers and contigs with autosomal 
inheritance on one end of the X/Y linkage group, I identified the pseudoau-
tosomal region (PAR) in the sex chromosome of Silene. The mixture of fully 
sex-linked and autosomal markers around the middle of the X/Y linkage 
group indicates a fuzzy boundary between the PAR and the sex-determining 
region (SDR) of sex chromosome as suggested by Qiu et al. (2015). QTLs 
controlling sexually dimorphic traits related to reproductive isolation, includ-
ing flower number, flower size and stem height reside on the PAR or are 
proximal to the PAR (on the PAR boundary). These findings accord with the 
hypothesis of sexually antagonistic (SA) polymorphism, which predicts that 
loci carrying SA polymorphism could evolve more readily on the PAR of 
sex chromosome (Otto et al., 2011). 

Genetic differentiation on the between-species level differs between the 
autosomal sequences and sex-linked sequences. X-hemizygous sequences 
exhibited both significantly higher FST and dXY compared with autosomal 
sequences. The X/Y-linked sequences presented higher dXY, but not FST than 
autosomal sequences. These results added empirical evidence for elevated 
level of genetic divergence between species in X-linked (both hemizygous 
and heterozygous) sequences as compared to autosomal sequences, suggest-
ing faster evolution of sex-linked sequences.  
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Conclusions 

This thesis used an integrated approach to shed light on the nature of the 
reproductive barriers between two plant species (Silene), focusing on the 
strength of reproductive barriers, the genetic architectures of reproductive 
barrier traits, the heterogeneous genomic landscape of divergence and sex 
chromosome evolution. Analyses of the strength of multiple reproductive 
barriers suggested that speciation was promoted by ecological divergence, 
which was followed by later evolution of postzygotic barriers between S. 
dioica and S. latifolia (Nosil, 2012). The genetic architectures of traits asso-
ciated with reproductive barriers were generally complex but coupled, sup-
porting a prominent role of genetic coupling for divergence and speciation. 
QTLs controlling sexually dimorphic traits were detected on or near the 
pseudo-autosomal regions of the sex chromosomes, which agrees with the 
hypothesis of sexually antagonistic (SA) polymorphism. Recombination map 
based genome scans showed elevated levels of divergence around the middle 
of most linkage groups and near QTLs for traits associated with reproductive 
barriers. The best-supported demographic model further pointed to the pres-
ence of barrier loci in Silene, while taking into account heterogeneity in pop-
ulation size and introgression rates among genome-wide loci. In summary, 
my work highlights the importance of studying speciation from multiple 
perspectives and interpreting the results with consideration of possible con-
founding factors. 

In spite of deluge in sequencing data, genomic studies in non-model spe-
cies, especially the one with large genome while a complete physical assem-
bly is not available, is still hampered by limited resources. As the sequencing 
technology advances, genomic divergence patterns at base-pair resolution for 
more non-model organisms such as Silene will be feasible in the near fea-
ture. Functionally annotated genome also holds great promise for identifying 
candidate genes involved in adaptation and speciation.  

This thesis represents a small step forward towards a comprehensive un-
derstanding of evolution of reproductive isolation. But with an accumulation 
of many small steps, the complete picture of speciation will be revealed one 
day.  
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Svensk sammanfattning 

En av de viktigaste frågeställningarna inom evolutionsbiologin är hur nya 
arter uppkommer. Geografisk isolering har länge ansetts vara en nödvändig-
het för bildandet av nya arter. Nu är det dock allt mer tydligt att artbildning 
kan ske även utan geografisk isolering och trots pågående genflöde där gener 
överförs från en population till en annan population. För att studera artbild-
ning krävs kunskaper inom ekologi och reproduktionsbiologi samt om den 
genetiska kontrollen av dessa egenskaper och om hur arvsmassan skiljer sig 
mellan olika populationer.   

I min avhandling har jag använt de närbesläktade arterna rödblära (Silene 
dioica L.) och vitblära (Silene latifolia Poiret) som modellsystem. Båda arter 
finns i större delen av kontinentala Europa, där deras utbredningsområden 
överlappar. De är tvåbyggare, med separata hon- och hanplantor, vilket är 
ovanligt hos växter. Likt (de flesta) däggdjur har de ett XY-
könsbestämningssystem. Rödblära och vitblära trivs bäst i olika habitat samt 
har flera morfologiska egenskaper som skiljer dem åt. Trots att det är möjligt 
att korsa dessa två arter så är hybrider ovanliga i naturen. Syftet med min 
avhandling är att undersöka evolutionen av de barriärer som hindrar genflö-
det mellan dessa två arter (så kallade reproduktiva barriärer) och hur dessa är 
relaterade till den genomiska divergensen mellan dem. 

I kapitel I har jag undersökt betydelsen av olika barriärer som förhindrar 
reproduktion mellan rödblära och vitblära. Resultaten visar att yttre barriärer, 
orsakade av miljön, bidrar mest till den totala reproduktiva isoleringen me-
dan inre barriärer, oberoende av miljön, bidrar mindre.  

I kapitel II och IV har jag studerat den genetiska arkitekturen bakom 
egenskaper som associerats med reproduktiv isolering genom att använda en 
metod som kallas ”Quantitative trait locus (QTL) mapping” (på svenska 
”kartläggning av lokus för kvantitativa egenskaper”), vars mål är att identifi-
era regioner (QTLs) i genomet som bidrar till variationen inom den aktuella 
egenskapen. Resultaten visar att dessa egenskaper kontrolleras av ett stort 
antal QTLs som är spridda över hela genomet. Resultaten visar också att det 
är vanligt att QTLs som kontrollerar orelaterade egenskaper är co-
lokaliserade, vilket underlättar artbildning. QTLs som påverkar egenskaper 
som skiljer sig åt mellan honplantor och hanplantor är lokaliserade på eller 
nära den rekombinerande pseudo-autosomala regionen på könskromosomer-
na. 
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I kapitel III har jag beräknat modeller för demografiska historier samt un-

dersökt hur den genomiska divergensen ser ut. Den modell som fick bäst 
stöd indikerar att det finns barriärlokus, det vill säga områden i arvsmassan 
där genflödet hindras. Den genomiska divergensen ökar vanligtvis runt mit-
ten av kopplingsgrupperna (en kopplingsgrupp motsvaras oftast av en kro-
mosom) samt nära de QTLs som påverkar egenskaper associerade med re-
produktiva barriärer. 

Jag vill med min avhandling bidra till förståelsen av hur reproduktiv 
isolering och genomisk divergens utvecklas under artbildningsprocessen. 
 
  



 32 

Acknowledgements 

This Ph.D. project is undoubtedly an important journey in my life. It paved 
my road to a scientific researcher by training and more importantly, maturity 
from many other prospective in life. Through this journey I learned to be 
patient and positive, to stick with the initial goal and to take my mind off 
unnecessary worries. Of course, there are many people that I want to thank 
for their guidance and help in the journey. 

 
Foremost, I am very grateful to my supervisor Sophie Karrenberg, who tried 
her best to guide and support me throughout my Ph.D. study. Thank you for 
your immense knowledge and enthusiasm for plant evolution, your optimism 
and persistence when encountering difficulties and giving me guidance on 
how to design the study carefully, to interpret the results critically and write 
the scientific article properly. 
 
My sincere thanks also goes to my second supervisor Ulf Lagercrantz for his 
support and guide for my project. I want to thank Martin Lascoux for advic-
es and instructions on population genetic analyses. I still clearly remembered 
that I met him for the first time in population genetics course during my 
master study and my interest in this field arose then. I also want to thank 
Sylvain Glemin for his excellent guide on demographic modeling and expla-
nations for my questions regarding population genetics and molecular evolu-
tion. I am grateful to Claus Rueffler for providing such interesting courses 
on general mathematical modeling in biology and adaptive invasion. And 
also, many thanks to other PIs and researchers at EBC, especially in the de-
partment of plant ecology and evolution for building such a creative and 
relaxed academic atmosphere. 
 
It would not be possible to finish this project without contributions and assis-
tances from many other people. I want to thank Kerstin Jeppsson for her 
kind instructions on molecular lab work. I would like to thank Alex Widmer, 
Niklaus Zemp and other people in Alex’s group at ETH, Zurich for sharing 
the protocol of ddRAD-seq library and insightful discussions on ddRAD-seq 
data analysis. I am also grateful to many research assistants involved in the 
study: I want to thank Vytautas R., Emilie H., and Tora N. for help with 
phenotypic measurements, thank Karen S., Rasmus J., and Giulia T. for help 
with molecular experiment. I am also grateful to the gardeners at Uppsala 



 33 

botanical garden, who watered the plants for my project. Thanks all people 
who contributed to collection of range-wide natural populations.  
 
I would like to thank all people in the department of plant ecology and evo-
lution for the nice academic and social activities. Thanks all the former and 
current fellow Ph.D. students Anja B., Anna-Malin L., Andres C., Camille 
M., Charlie C., Dmytro K., Elodie C., Fia B., Giulia Z., Kevin N., Judith T., 
Lili L., Lina L., Linus S., Luis L., Maria U., Matt T., Rosie B., and Tianlin, 
D., for all the fun we had together. And thanks Anna-Malin for her kind help 
with translation of popular science summary in the thesis. 
 
Last but not least, I want to thank my parents for their support throughout 
my Ph.D. study and my life in general. 
 
  



 34 

References 

Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G., & Hohenlohe, P. A. 
(2016). Harnessing the power of RADseq for ecological and evolu-
tionary genomics. Nature Reviews. Genetics, 17(2), 81–92. 
https://doi.org/10.1038/nrg.2015.28 

Arnegard, M. E., McGee, M. D., Matthews, B., Marchinko, K. B., Conte, G. 
L., Kabir, S., … Schluter, D. (2014). Genetics of ecological diver-
gence during speciation. Nature, 511(7509), 307–311. 
https://doi.org/10.1038/nature13301 

Arnold, B., Corbett‐Detig, R. B., Hartl, D., & Bomblies, K. (2013). RADseq 
underestimates diversity and introduces genealogical biases due to 
nonrandom haplotype sampling. Molecular Ecology, 22(11), 3179–
3190. https://doi.org/10.1111/mec.12276 

Baack, E., Melo, M. C., Rieseberg, L. H., & Ortiz-Barrientos, D. (2015). The 
origins of reproductive isolation in plants. The New Phytologist, 
207(4), 968–984. https://doi.org/10.1111/nph.13424 

Ballerini, E. S., Brothers, A. N., Tang, S., Knapp, S. J., Bouck, A., Taylor, S. 
J., … Martin, N. H. (2012). QTL mapping reveals the genetic archi-
tecture of loci affecting pre- and post-zygotic isolating barriers in 
Louisiana Iris. BMC Plant Biology, 12, 91. 
https://doi.org/10.1186/1471-2229-12-91 

Beaumont, M. A., Zhang, W., & Balding, D. J. (2002). Approximate bayesi-
an computation in population genetics. Genetics, 162(4), 2025–
2035. 

Bergero, R., Qiu, S., Forrest, A., Borthwick, H., & Charlesworth, D. (2013). 
Expansion of the pseudo-autosomal region and ongoing recombina-
tion suppression in the Silene latifolia sex chromosomes. Genetics, 
194(3), 673–686. https://doi.org/10.1534/genetics.113.150755 

Bernasconi, G., Antonovics, J., Biere, A., Charlesworth, D., Delph, L. F., 
Filatov, D., … Widmer, A. (2009). Silene as a model system in 
ecology and evolution. Heredity, 103(1), 5–14. 
https://doi.org/10.1038/hdy.2009.34 

Berner, D., & Roesti, M. (2017). Genomics of adaptive divergence with 
chromosome-scale heterogeneity in crossover rate. Molecular Ecol-
ogy, 26(22), 6351–6369. https://doi.org/10.1111/mec.14373 



 35 

Bradshaw, H. D., & Schemske, D. W. (2003). Allele substitution at a flower 
colour locus produces a pollinator shift in monkeyflowers. Nature, 
426(6963), 176–178. https://doi.org/10.1038/nature02106 

Broman, K. W., & Sen, Ś. (2009). Fit and exploration of multiple-QTL mod-
els. In A Guide to QTL Mapping with R/qtl (pp. 241–282). Springer 
New York. https://doi.org/10.1007/978-0-387-92125-9_9 

Broman, K. W., Wu, H., Sen, S., & Churchill, G. A. (2003). R/qtl: QTL 
mapping in experimental crosses. Bioinformatics (Oxford, England), 
19(7), 889–890. 

Brothers, A. N., & Delph, L. F. (2010). Haldane’s rule is extended to plants 
with sex chromosomes. Evolution, 64(12), 3643–3648. 
https://doi.org/10.1111/j.1558-5646.2010.01095.x 

Burri, R. (2017). Interpreting differentiation landscapes in the light of long-
term linked selection. Evolution Letters, 1(3), 118–131. 
https://doi.org/10.1002/evl3.14 

Burri, R., Nater, A., Kawakami, T., Mugal, C. F., Olason, P. I., Smeds, L., 
… Ellegren, H. (2015). Linked selection and recombination rate var-
iation drive the evolution of the genomic landscape of differentiation 
across the speciation continuum of Ficedula flycatchers. Genome 
Research, gr.196485.115. https://doi.org/10.1101/gr.196485.115 

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. 
(2013). Stacks: an analysis tool set for population genomics. Molec-
ular Ecology, 22(11), 3124–3140. 
https://doi.org/10.1111/mec.12354 

Chapman, M. A., Hiscock, S. J., & Filatov, D. A. (2016). The genomic bases 
of morphological divergence and reproductive isolation driven by 
ecological speciation in Senecio (Asteraceae). J Evol Biol, 29(1), 
98–113. https://doi.org/10.1111/jeb.12765 

Charlesworth, B., Morgan, M. T., & Charlesworth, D. (1993). The effect of 
deleterious mutations on neutral molecular variation. Genetics, 
134(4), 1289–1303. 

Charlesworth, B., Sniegowski, P., & Stephan, W. (1994). The evolutionary 
dynamics of repetitive DNA in eukaryotes. Nature, 371(6494), 215–
220. https://doi.org/10.1038/371215a0 

Charlesworth, D. (2016). Plant sex chromosomes. Annual Review of Plant 
Biology, 67(1), 397–420. https://doi.org/10.1146/annurev-arplant-
043015-111911 

Christe, C., Stölting, K. N., Paris, M., Fraїsse, C., Bierne, N., & Lexer, C. 
(2017). Adaptive evolution and segregating load contribute to the 
genomic landscape of divergence in two tree species connected by 
episodic gene flow. Molecular Ecology, 26(1), 59–76. 
https://doi.org/10.1111/mec.13765 

Cox, R. M., & Calsbeek, R. (2009). Sexually antagonistic selection, sexual 
dimorphism, and the resolution of intralocus sexual conflict. The 



 36 

American Naturalist, 173(2), 176–187. 
https://doi.org/10.1086/595841 

Coyne, J. A., & Orr, H. A. (2004). Speciation. Sunderland, Mass: Sinauer 
Associates. 

Crespi, B., & Nosil, P. (2013). Conflictual speciation: species formation via 
genomic conflict. Trends in Ecology & Evolution, 28(1), 48–57. 
https://doi.org/10.1016/j.tree.2012.08.015 

Cruickshank, T. E., & Hahn, M. W. (2014). Reanalysis suggests that ge-
nomic islands of speciation are due to reduced diversity, not reduced 
gene flow. Molecular Ecology, 23(13), 3133–3157. 
https://doi.org/10.1111/mec.12796 

Cutter, A. D. (2012). The polymorphic prelude to Bateson–Dobzhansky–
Muller incompatibilities. Trends in Ecology & Evolution, 27(4), 
209–218. https://doi.org/10.1016/j.tree.2011.11.004 

Cutter, A. D., & Payseur, B. A. (2013). Genomic signatures of selection at 
linked sites: unifying the disparity among species. Nature Reviews 
Genetics, 14(4), 262–274. https://doi.org/10.1038/nrg3425 

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian 
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology 
and Evolution, 29(8), 1969–1973. 
https://doi.org/10.1093/molbev/mss075 

Duret, L., & Arndt, P. F. (2008). The impact of recombination on nucleotide 
substitutions in the human genome. PLOS Genetics, 4(5), e1000071. 
https://doi.org/10.1371/journal.pgen.1000071 

Eaton, D. A. R. (2014). PyRAD: assembly of de novo RADseq loci for phy-
logenetic analyses. Bioinformatics (Oxford, England), 30(13), 1844–
1849. https://doi.org/10.1093/bioinformatics/btu121 

Elith, J., & Leathwick, J. R. (2009). Species distribution models: ecological 
explanation and prediction across space and time. Annual Review of 
Ecology, Evolution, and Systematics, 40(1), 677–697. 
https://doi.org/10.1146/annurev.ecolsys.110308.120159 

Endelman, J. B., & Plomion, C. (2014). LPmerge: an R package for merging 
genetic maps by linear programming. Bioinformatics, 30(11), 1623–
1624. https://doi.org/10.1093/bioinformatics/btu091 

Favre, A., & Karrenberg, S. (2011). Stress tolerance in closely related spe-
cies and their first-generation hybrids: a case study of Silene. Jour-
nal of Ecology, 99(6), 1415–1423. https://doi.org/10.1111/j.1365-
2745.2011.01865.x 

Favre, A., Widmer, A., & Karrenberg, S. (2017). Differential adaptation 
drives ecological speciation in campions (Silene): evidence from a 
multi-site transplant experiment. New Phytologist, 213(3), 1487–
1499. https://doi.org/10.1111/nph.14202 

Ferris, K. G., Barnett, L. L., Blackman, B. K., & Willis, J. H. (2017). The 
genetic architecture of local adaptation and reproductive isolation in 



 37 

sympatry within the Mimulus guttatus species complex. Molecular 
Ecology, 26(1), 208–224. https://doi.org/10.1111/mec.13763 

Fisher, R. A. (1930). The genetical theory of natural selection. The Claren-
don Press.  

Fishman, L., Beardsley, P. M., Stathos, A., Williams, C. F., & Hill, J. P. 
(2015). The genetic architecture of traits associated with the evolu-
tion of self-pollination in Mimulus. New Phytol, 205(2), 907–917. 
https://doi.org/10.1111/nph.13091 

Friedrich, H. C. (1979). Caryophyllaceae. Illustrierte Flora von Mitteleuro-
pa. Hamburg: Parey, 763–1182. 

Gavrilets, S. (2014). Is Sexual conflict an “engine of speciation”? Cold 
Spring Harbor Perspectives in Biology, 6(12). 
https://doi.org/10.1101/cshperspect.a017723 

Geber, M. A., Dawson, T. E., & Delph, L. F. (Eds.). (1998). Gender and 
sexual dimorphism in flowering plants (1999 edition). Berlin ; New 
York: Springer. 

Goulson, D., & Jerrim, K. (1997). Maintenance of the species boundary be-
tween Silene dioica and S. latifolia (Red and White Campion). 
Oikos, 79(1), 115–126. https://doi.org/10.2307/3546096 

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C. 
D. (2009). Inferring the joint demographic history of multiple popu-
lations from multidimensional SNP frequency data. PLOS Genetics, 
5(10), e1000695. https://doi.org/10.1371/journal.pgen.1000695 

Haldane, J. B. S. (1922). Sex ratio and unisexual sterility in hybrid animals. 
Journal of Genetics, 12(2), 101–109. 
https://doi.org/10.1007/BF02983075 

Hathaway, L., Malm, U., & Prentice, H. C. (2009). Geographically congru-
ent large-scale patterns of plastid haplotype variation in the Europe-
an herbs Silene dioica and S. latifolia (Caryophyllaceae). Botanical 
Journal of the Linnean Society, 161(2), 153–170. 

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). 
Very high resolution interpolated climate surfaces for global land ar-
eas. International Journal of Climatology, 25(15), 1965–1978. 
https://doi.org/10.1002/joc.1276 

Hu, X.-S., & Filatov, D. A. (2016). The large-X effect in plants: increased 
species divergence and reduced gene flow on the Silene X-
chromosome. Molecular Ecology, 25(11), 2609–2619. 
https://doi.org/10.1111/mec.13427 

Jérôme, G. (2004). hierfstat, a package for r to compute and test hierarchical 
F‐statistics. Molecular Ecology Notes, 5(1), 184–186. 
https://doi.org/10.1111/j.1471-8286.2004.00828.x 

Karrenberg, S., & Favre, A. (2008). Genetic and ecological differentiation in 
the hybridizing Campions Silene dioica and S. latifolia. Evolution, 
62(4), 763–773. https://doi.org/10.1111/j.1558-5646.2008.00330.x 



 38 

Lexer, C., & Widmer, A. (2008). The genic view of plant speciation: recent 
progress and emerging questions. Philosophical Transactions of the 
Royal Society of London B: Biological Sciences, 363(1506), 3023–
3036. 

Lowry, D. B., Hernandez, K., Taylor, S. H., Meyer, E., Logan, T. L., Barry, 
K. W., … Juenger, T. E. (2015). The genetics of divergence and re-
productive isolation between ecotypes of Panicum hallii. New Phy-
tologist, 205(1), 402–414. https://doi.org/10.1111/nph.13027 

Lowry, D. B., Modliszewski, J. L., Wright, K. M., Wu, C. A., & Willis, J. H. 
(2008). The strength and genetic basis of reproductive isolating bar-
riers in flowering plants. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 363(1506), 3009–3021. 
https://doi.org/10.1098/rstb.2008.0064 

Lynch, M., & Walsh, B. (1998). Genetics and analysis of quantitative traits 
(1 edition). Sunderland, Mass: Sinauer Associates. 

Mackay, T. F. C., Stone, E. A., & Ayroles, J. F. (2009). The genetics of 
quantitative traits: challenges and prospects. Nature Reviews Genet-
ics, 10(8), 565–577. https://doi.org/10.1038/nrg2612 

Martin, S. H., Dasmahapatra, K. K., Nadeau, N. J., Salazar, C., Walters, J. 
R., Simpson, F., … Jiggins, C. D. (2013). Genome-wide evidence 
for speciation with gene flow in Heliconius butterflies. Genome Re-
search, gr.159426.113. https://doi.org/10.1101/gr.159426.113 

Minder, A. M., Rothenbuehler, C., & Widmer, A. (2007). Genetic structure 
of hybrid zones between Silene latifolia and Silene dioica (Caryo-
phyllaceae): evidence for introgressive hybridization. Molecular 
Ecology, 16(12), 2504–2516. https://doi.org/10.1111/j.1365-
294X.2007.03292.x 

Minder, A. M., & Widmer, A. (2008). A population genomic analysis of 
species boundaries: neutral processes, adaptive divergence and in-
trogression between two hybridizing plant species. Molecular Ecol-
ogy, 17(6), 1552–1563. https://doi.org/10.1111/j.1365-
294X.2008.03709.x 

Muir, G., Dixon, C. J., Harper, A. L., & Filatov, D. A. (2012). Dynamics of 
drift, gene flow, and selection during speciation in Silene. Evolution, 
66(5), 1447–1458. https://doi.org/10.1111/j.1558-
5646.2011.01529.x 

Muyle, A., Käfer, J., Zemp, N., Mousset, S., Picard, F., & Marais, G. A. 
(2016). SEX-DETector: A probabilistic approach to study sex chro-
mosomes in non-model organisms. Genome Biology and Evolution, 
8(8), 2530–2543. https://doi.org/10.1093/gbe/evw172 

Nachman, M. W., & Payseur, B. A. (2012). Recombination rate variation 
and speciation: theoretical predictions and empirical results from 
rabbits and mice. Philosophical Transactions of the Royal Society of 
London. Series B, Biological Sciences, 367(1587), 409–421. 
https://doi.org/10.1098/rstb.2011.0249 



 39 

Nosil, P. (2012). Ecological Speciation. Oxford, New York: Oxford Univer-
sity Press. 

Nosil, P., Funk, D. J., & Ortiz‐Barrientos, D. (2009). Divergent selection and 
heterogeneous genomic divergence. Molecular Ecology, 18(3), 375–
402. https://doi.org/10.1111/j.1365-294X.2008.03946.x 

Nosil, P., & Mooers, A. Ø. (2005). Testing hypotheses about ecological spe-
cialization using phylogenetic trees. Evolution, 59(10), 2256–2263. 
https://doi.org/10.1111/j.0014-3820.2005.tb00933.x 

Ortiz-Barrientos, D., Engelstädter, J., & Rieseberg, L. H. (2016). Recombi-
nation rate evolution and the origin of species. Trends in Ecology & 
Evolution, 31(3), 226–236. 
https://doi.org/10.1016/j.tree.2015.12.016 

Otto, S. P., Pannell, J. R., Peichel, C. L., Ashman, T.-L., Charlesworth, D., 
Chippindale, A. K., … McAllister, B. F. (2011). About PAR: The 
distinct evolutionary dynamics of the pseudoautosomal region. 
Trends in Genetics, 27(9), 358–367. 
https://doi.org/10.1016/j.tig.2011.05.001 

Page, P., Favre, A., Schiestl, F. P., & Karrenberg, S. (2014). Do flower color 
and floral scent of Silene species affect host preference of Hadena 
bicruris, a seed-eating pollinator, under field conditions? PLoS 
ONE, 9(6), e98755. https://doi.org/10.1371/journal.pone.0098755 

Papadopulos, A. S. T., Chester, M., Ridout, K., & Filatov, D. A. (2015). 
Rapid Y degeneration and dosage compensation in plant sex chro-
mosomes. Proceedings of the National Academy of Sciences, 
112(42), 13021–13026. https://doi.org/10.1073/pnas.1508454112 

Pennisi, E. (2014). Disputed islands. Science, 345(6197), 611. 
https://doi.org/10.1126/science.345.6197.611 

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. 
(2012). Double digest RADseq: an inexpensive method for de novo 
SNP discovery and genotyping in model and non-model species. 
PLOS ONE, 7(5), e37135. 
https://doi.org/10.1371/journal.pone.0037135 

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy 
modeling of species geographic distributions. Ecological Modelling, 
190(3), 231–259. https://doi.org/10.1016/j.ecolmodel.2005.03.026 

Poelstra, J. W., Vijay, N., Bossu, C. M., Lantz, H., Ryll, B., Müller, I., … 
Wolf, J. B. W. (2014). The genomic landscape underlying phenotyp-
ic integrity in the face of gene flow in crows. Science, 344(6190), 
1410–1414. https://doi.org/10.1126/science.1253226 

Prentice, H. C., Malm, J. U., & Hathaway, L. (2008). Chloroplast DNA vari-
ation in the European herb Silene dioica (red campion): postglacial 
migration and interspecific introgression. Plant Systematics and 
Evolution, 272(1/4), 23–37. 



 40 

Puritz, J. B., Hollenbeck, C. M., & Gold, J. R. (2014). dDocent : a RADseq, 
variant-calling pipeline designed for population genomics of non-
model organisms. PeerJ, 2, e431. https://doi.org/10.7717/peerj.431 

Qvarnström, A., & Bailey, R. I. (2009). Speciation through evolution of sex-
linked genes. Heredity, 102(1), 4–15. 

Rahmé, J., Suter, L., Widmer, A., & Karrenberg, S. (2014). Inheritance and 
reproductive consequences of floral anthocyanin deficiency in Silene 
dioica (Caryophyllaceae). American Journal of Botany, 101(8), 
1388–1392. https://doi.org/10.3732/ajb.1400136 

Rautenberg, A., Hathaway, L., Oxelman, B., & Prentice, H. C. (2010). Geo-
graphic and phylogenetic patterns in Silene section Melandrium 
(Caryophyllaceae) as inferred from chloroplast and nuclear DNA 
sequences. Molecular Phylogenetics and Evolution, 57(3), 978–991. 
https://doi.org/10.1016/j.ympev.2010.08.003 

Ravinet, M., Faria, R., Butlin, R. K., Galindo, J., Bierne, N., Rafajlović, M., 
… Westram, A. M. (2017). Interpreting the genomic landscape of 
speciation: a road map for finding barriers to gene flow. Journal of 
Evolutionary Biology, 30(8), 1450–1477. 
https://doi.org/10.1111/jeb.13047 

Renaut, S., Grassa, C. J., Yeaman, S., Moyers, B. T., Lai, Z., Kane, N. C., … 
Rieseberg, L. H. (2013). Genomic islands of divergence are not af-
fected by geography of speciation in sunflowers. Nature Communi-
cations, 4, ncomms2833. https://doi.org/10.1038/ncomms2833 

Renaut, S., Owens, G. L., & Rieseberg, L. H. (2014). Shared selective pres-
sure and local genomic landscape lead to repeatable patterns of ge-
nomic divergence in sunflowers. Molecular Ecology, 23(2), 311–
324. https://doi.org/10.1111/mec.12600 

Roesti, M., Hendry, A. P., Salzburger, W., & Berner, D. (2012). Genome 
divergence during evolutionary diversification as revealed in repli-
cate lake–stream stickleback population pairs. Molecular Ecology, 
21(12), 2852–2862. https://doi.org/10.1111/j.1365-
294X.2012.05509.x 

Rougemont, Q., & Bernatchez, L. (2018). The demographic history of Atlan-
tic salmon (Salmo salar) across its distribution range reconstructed 
from approximate Bayesian computations. Evolution, 72(6), 1261–
1277. https://doi.org/10.1111/evo.13486 

Roux, C., Fraïsse, C., Romiguier, J., Anciaux, Y., Galtier, N., & Bierne, N. 
(2016). Shedding light on the grey zone of speciation along a con-
tinuum of genomic divergence. Plos Biology, 14(12), e2000234. 
https://doi.org/10.1371/journal.pbio.2000234 

Roux, C., Tsagkogeorga, G., Bierne, N., & Galtier, N. (2013). Crossing the 
species barrier: genomic hotspots of introgression between two high-
ly divergent Ciona intestinalis species. Molecular Biology and Evo-
lution, 30(7), 1574–1587. https://doi.org/10.1093/molbev/mst066 



 41 

Schilthuizen, M., Giesbers, M. C. W. G., & Beukeboom, L. W. (2011). Hal-
dane’s rule in the 21st century. Heredity, 107(2), 95–102. 
https://doi.org/10.1038/hdy.2010.170 

Seehausen, O., Butlin, R. K., Keller, I., Wagner, C. E., Boughman, J. W., 
Hohenlohe, P. A., … Widmer, A. (2014). Genomics and the origin 
of species. Nature Reviews Genetics, 15(3), 176–192. 
https://doi.org/10.1038/nrg3644 

Servedio, M. R., Doorn, G. S. V., Kopp, M., Frame, A. M., & Nosil, P. 
(2011). Magic traits in speciation: “magic” but not rare? Trends in 
Ecology & Evolution, 26(8), 389–397. 
https://doi.org/10.1016/j.tree.2011.04.005 

Servedio, M. R., & Noor, M. A. F. (2003). The Role of Reinforcement in 
Speciation: Theory and Data. Annual Review of Ecology, Evolution, 
and Systematics, 34(1), 339–364. 
https://doi.org/10.1146/annurev.ecolsys.34.011802.132412 

Shykoff, J. A., & Bucheli, E. (1995). Pollinator visitation patterns, floral 
rewards and the probability of transmission of Microbotryum vio-
laceum, a veneral disease of plants. Journal of Ecology, 83(2), 189–
198. https://doi.org/10.2307/2261557 

Smith, J. M., & Haigh, J. (1974). The hitch-hiking effect of a favourable 
gene. Genetical Research, 23(1), 23–35. 

Sobel, J. M., & Chen, G. F. (2014). Unification of methods for estimating 
the strength of reproductive isolation. Evolution, 68(5), 1511–1522. 
https://doi.org/10.1111/evo.12362 

Sobel, J. M., Chen, G. F., Watt, L. R., & Schemske, D. W. (2010). The biol-
ogy of speciation. Evolution, 64(2), 295–315. 
https://doi.org/10.1111/j.1558-5646.2009.00877.x 

Soria-Carrasco, V., Gompert, Z., Comeault, A. A., Farkas, T. E., Parchman, 
T. L., Johnston, J. S., … Nosil, P. (2014). Stick insect genomes re-
veal natural selection’s role in parallel speciation. Science, 
344(6185), 738–742. https://doi.org/10.1126/science.1252136 

Tenaillon, O. (2014). The utility of Fisher’s geometric model in evolutionary 
genetics. Annual Review of Ecology, Evolution, and Systematics, 
45(1), 179–201. https://doi.org/10.1146/annurev-ecolsys-120213-
091846 

Tine, M., Kuhl, H., Gagnaire, P.-A., Louro, B., Desmarais, E., Martins, R. S. 
T., … Reinhardt, R. (2014). European sea bass genome and its varia-
tion provide insights into adaptation to euryhalinity and speciation. 
Nature Communications, 5, 5770. 
https://doi.org/10.1038/ncomms6770 

Turelli, M. (1998). The causes of Haldane’s rule. Science, 282(5390), 889–
891. https://doi.org/10.1126/science.282.5390.889 

Van Ooijen, J. W. (2011). Multipoint maximum likelihood mapping in a 
full-sib family of an outbreeding species. Genetics Research, 93(5), 
343–349. https://doi.org/10.1017/S0016672311000279 



 42 

Via, S. (2012). Divergence hitchhiking and the spread of genomic isolation 
during ecological speciation-with-gene-flow. Philosophical Trans-
actions of the Royal Society B: Biological Sciences, 367(1587), 451–
460. https://doi.org/10.1098/rstb.2011.0260 

Vijay, N., Weissensteiner, M., Burri, R., Kawakami, T., Ellegren, H., & 
Wolf, J. B. W. (2017). Genomewide patterns of variation in genetic 
diversity are shared among populations, species and higher-order 
taxa. Molecular Ecology, 26(16), 4284–4295. 
https://doi.org/10.1111/mec.14195 

Vyskot, B., & Hobza, R. (2004). Gender in plants: sex chromosomes are 
emerging from the fog. Trends in Genetics, 20(9), 432–438. 
https://doi.org/10.1016/j.tig.2004.06.006 

Waelti, M. O., Muhlemann, J. K., Widmer, A., & Schiestl, F. P. (2008). Flo-
ral odour and reproductive isolation in two species of Silene. Journal 
of Evolutionary Biology, 21(1), 111–121. 
https://doi.org/10.1111/j.1420-9101.2007.01461.x 

Willmot, A., & Moore, P. D. (1973). Adaptation to light intensity in Silene 
alba and S. dioica. Oikos, 24(3), 458–464. 
https://doi.org/10.2307/3543822 

Wolf, J. B. W., & Ellegren, H. (2017). Making sense of genomic islands of 
differentiation in light of speciation. Nature Reviews. Genetics, 
18(2), 87–100. https://doi.org/10.1038/nrg.2016.133 

Wu, C.-I. (2001). The genic view of the process of speciation. Journal of 
Evolutionary Biology, 14(6), 851–865. 
https://doi.org/10.1046/j.1420-9101.2001.00335.x 

Yeaman, S. (2015). Local adaptation by alleles of small effect. The Ameri-
can Naturalist, 186(S1), S74–S89. https://doi.org/10.1086/682405 

Yeaman, S., & Otto, S. P. (2011). Establishment and maintenance of adap-
tive genetic divergence under migration, selection, and drift. Evolu-
tion; International Journal of Organic Evolution, 65(7), 2123–2129. 
https://doi.org/10.1111/j.1558-5646.2011.01277.x 

Yeaman, S., & Whitlock, M. C. (2011). The genetic architecture of adapta-
tion under migration-selection balance. Evolution; International 
Journal of Organic Evolution, 65(7), 1897–1911. 
https://doi.org/10.1111/j.1558-5646.2011.01269.x 

Zhang, J. (2012). Genetic redundancies and their evolutionary maintenance. 
Advances in Experimental Medicine and Biology, 751, 279–300. 
https://doi.org/10.1007/978-1-4614-3567-9_13 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1699

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-356989

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Reproductive isolation: components and effects
	Genetic architecture of reproductive barriers
	Genomic landscape of divergence
	Sex chromosomes and speciation
	Silene
	Aims of the thesis

	Material and Methods
	Study populations (II, III)
	Species distribution modeling (I)
	Estimation of strength of reproductive barriers (I)
	Double digest RAD sequencing (II, III, IV)
	QTL mapping (II, IV)
	Genome scans (III)
	Demographic modeling (III)
	Identifying sequences with sex-linked and autosomal inheritance (IV)

	Results and Discussion
	Ecological divergence contributes most to reproductive isolation (I)
	Coupled but variable genetic architectures underline traits associated with reproductive isolation (II)
	Demographic modeling and the divergence landscape (III)
	Sex chromosome evolution and speciation (IV)

	Conclusions
	Svensk sammanfattning
	Acknowledgements
	References



