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Abstract 
 
Hybrid zones provide a valuable opportunity to study the process of speciation in real time. 
Untested combinations of genes from diverging populations come to the contact here causing 
a breakdown of genetic interactions and giving rise to reproductive isolation. Two house 
mouse subspecies (Mus musculus musculus/Mus musculus domesticus) form a narrow zone of 
secondary contact across Central Europe which is thought to be maintained by a balance 
between selection against unfit hybrids and dispersion of individuals. During my PhD study 
my collaborators and I used an array of ~ 1400 SNP markers to study patterns of 
introgression on a genome-wide scale across two/three house mouse hybrid zone transects. 
Our aim was to identify the genomic regions putatively harboring genes which are involved 
in the reproductive isolation between the two subspecies, characterize their distribution in 
mouse genome and assess genomic features associated with them. We were able to confirm 
on a genome-wide scale the importance of the X chromosome in the evolution of 
reproductive isolation. This chromosome exhibited introgression corresponding to strong 
negative epistasis and the patterns were consistent between transects pointing out to a 
common basis of reproductive isolation playing a role in two transects. Contrary to the X 
chromosome, autosomes exhibited a much lower extent of markers under the epistasis, with a 
small overlap between transects. Focusing on the specific autosomal region in the proximal 
part of chromosome 11, which exhibited negative epistasis in both transects, we were able to 
identify a particular gene, 1700093K21Rik, as a good candidate for the speciation gene. We 
further re-analyzed data of three transects to identify genomic regions of high and low 
introgression and characterized genomic features associated with these regions in order to 
elucidate the role different processes play in the evolution of reproductive isolation in the 
house mouse. We found that genomic regions of low introgression exhibited a higher 
genomic differentiation and a low rate of recombination. These regions are also more likely 
to accommodate genes acting in the interior of a cell. On the contrary, genomic regions of 
high introgression exhibited lower genomic differentiation, a higher rate of recombination 
and a higher prevalence of genes acting at cell periphery. We hypothesize that the functional 
organization of genome is an important driver of species divergence and in the evolution of 
reproductive isolation. 
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Abstrakt 
 
Hybridní zóny poskytují cennou příležitost ke studiu procesu speciace v reálném čase. 
Dochází zde k porušení genových interakcí a následnému vzniku reprodukční izolace 
v důsledku kontaktu předem netestovaných kombinací genů pocházejících z divergujících 
populací. Dva druhy myší (Mus musculus musculus/Mus musculus domesticus) tvoří napříč 
střední Evropou úzkou zónu sekundárního kontaktu, která, jak se předpokládá, je udržována 
prostřednictvím rovnováhy mezi selekcí hybridů se sníženým fitness a disperzí jedinců. 
V průběhu mého PhD studia jsem spolu s mými kolegy používal set asi 1400 SNP markerů 
ke studiu celogenomové introgrese napříč dvěma/třema transekty v hybridní zóně myši 
domácí. Naším cílem bylo identifikovat genomové oblasti obsahujících geny potenciálně 
způsobující reprodukční izolaci mezi dvěma poddruhy myši domácí, charakterizovat jejich 
rozložení v myším genomu a charakterizovat vlastnosti genomu typické pro tyto regiony. Náš 
výzkum potvrdil na celogenomové škále významnost chromozomu X při evoluci reprodukční 
izolace. Tento chromozom vykazoval introgresi odpovídající silné negativní epistázy a tato 
introgrese byla konzistentní mezi oběma studovanými transekty, což poukazuje na společný 
genetický základ reprodukční izolace mezi rozdílnými oběma transekty. Na rozdíl od 
chromozomu X vykazovaly autozomy mnohem menší podíl markerů s negativní epistází a 
pouze malý překryv mezi transekty. V proximální části chromozomu 11 jsme se zameřili na 
oblast vykazující negativní epistázy v obou studovaných transektech, kde jsme identifikovali 
gen 1700093K21Rik jako kandidátní speciační gen. Dále jsme znovu analyzovali data ve 
třech transektech ve snaze identifikovat genomické oblasti s vysokou a nízkou introgresí a 
charakterizovat genomické vlastnosti asociované s těmito oblastmi. Cílem bylo objasnit 
význam různých evolučních procesů v evoluci reprodukční izolace u myši domácí. Oblasti 
s nízkou introgresí vykazovaly vyšší genomovou diferenciaci a nízkou míru rekombinace. 
Tyto oblasti také obsahovaly s větší pravděpodobností geny hrající roli uvnitř buňky. Oblasti 
s vysokou mírou introgrese vykazovaly naopak nižší míru genomové diferenciace a vyšší 
míru rekombinace a také vyšší prevalenci genů plnící úlohu na buněčné periferii. Na základě 
našich výsledků se domníváme, že funkční organizace genomu by mohla být důležitým 
činitelem při druhové divergenci a při evoluci reprodukční izolace.  
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General Introduction 
 
Speciation is a process by which new species arise. This process was conceived in a way we 
perceive it today during the second phase of the modern synthesis; most notably by authors 
such as Ernst Mayr, Theodosius Dobzhasky and Herman Muller (Berlocher 1998). Ernst 
Mayr formulated the first relevant species concept – biological species concept (Mayr 1942). 
In this concept the existence of reproductive isolation is an important component which 
prevents two species to interbreed. Theodosius Dobzhansky and Herman Muller 
(Dobzhansky 1937, Muller 1940, 1942) independently developed a model of evolution for 
reproductive isolation which has become to be known as the model of Dobzhansky-Muller’s 
Incompatibilities (DMIs).  
 
The biological species concept assumed that the geographical isolation (i.e. allopatry) is a 
crucial step for reproductive isolation to evolve. Later, however, the resurgence of sympatric 
speciation models began with the influential paper by John Maynard Smith (Smith, 1966). 
With the advance in molecular biology the next few decades saw an enormous increase in the 
molecular data, which revealed extensive genetic permeability between sister species 
(Berlocher 1998). Some of these findings were clarified by studies on hybrid zones (Barton & 
Hewitt 1985). Also, the emerging field of biogeography provided evidence for complex 
geographical scenarios where newly arising species underwent periods of varying degrees of 
gene flow, which included periods of no gene flow (Hewitt 2001). The growing evidence on 
gene flow between many sister taxa led to the revision of the biological species concept. Wu 
(2001) proposed the genic species concept which assumes a system of interacting speciation 
genes that keep species isolated while the rest of a genome freely exchanges between the 
diverging taxa until the isolation is completed. The current view distinguishes two types of 
speciation according to the type of reproductive isolation which drives the divergence – 
intrinsic reproductive isolation and extrinsic/prezygotic reproductive isolation (Seehausen et 
al. 2014). The former requires the initial period of allopatry, whereas the latter can evolve in 
sympatry, which has an important role for natural/sexual selection. In this second case the 
differences in ecology are the important drivers. 
 
The most imminent, yet unanswered, question in speciation research today is to understand 
the molecular basis of reproductive isolation (Presgraves 2010). The house mouse represents 
a good model to shed light on the evolution of reproductive isolation and ultimately on the 
mechanisms by which new species arise. It is assumed that geographical isolation was 
important in the evolution of partial reproductive isolation (Duvaux et al. 2011). The long 
periods of time spent in allopatry punctuated with occasional gene exchange were shown to 
occur between two house mouse subspecies – Mus musculus musculus and M. m. domesticus. 
The two subspecies along with the third one occurring in South-East Asia – Mus musculus 
castaneus – began their divergence approximately 500,000 years ago (Geraldes et al. 2008). 
An area of present-day Iran served for a long time as an incubator for today’s house mouse 
genetic diversity, with population contractions and expansions during the periods of 
glaciations and interglaciations, (Duvaux et al. 2011, Hardouin et al. 2015). It was only in the 
last few thousands years that the house mouse became a commensal species, spreading into 
new geographic regions along with human migration (Rajabi-Maham et al. 2008). It is only 
in recent times that the two house mouse subspecies met in Central Europe and formed a 
narrow zone of secondary contact (Boursot et al. 1993). 
 
During the period in isolation the two house mouse subspecies evolved partial reproductive 
isolation. Substantial evidence for intrinsic postzygotic reproductive isolation has been shown 



	  

	   9 

in laboratory crosses (Forejt & Iványi 1974, Storchová et al. 2004, Britton-Davidian et al. 
2005, Good et al. 2008a, 2008b, White et al. 2011) as well as in wild-sampled hybrid 
individuals (Turner et al. 2011, Albrechtová et al. 2012). Recently, Mihola et al. (2009) found 
the first mammalian speciation gene, Prdm9, on the proximal side of chromosome 17. 
Moreover, behavioral prezygotic reproductive isolation is likely to be in play between the 
two subspecies (Laukaitis et al. 1997; Talley et al. 2001; Smadja & Ganem 2002, 2005, 2008; 
Smadja et al. 2004; Cheetham et al. 2007; Stopková et al. 2007; Ganem et al. 2008; Thom et 
al. 2008; Vošlajerová Bímová et al. 2011). Duvaux et al. (2011) suggested that the periods of 
gene flow during the interglaciation could promote the evolution of mate preference. Others 
(Vošlajerová Bímová et al. 2011) also showed the evidence for reinforcement in the current 
Central European hybrid zone. 
 
The house mouse hybrid zone is a highly studied system with several transects all around 
Europe (see Baird & Macholán 2012 for review). It represents a case of so-called ‘tension 
zone’ which is maintained by a balance between dispersal of individuals and selection against 
unfit hybrids (Barton & Hewitt 1985). As these authors remark the study of hybrid zones 
provide us with invaluable insights into the process of speciation. According to theoretical 
models (Barton 1979, Barton 1983, Barton & Gale 1993) clinal change in allele frequency 
across hybrid zones describes the gene flow between two subspecies. The steepness of a cline 
is proportional to the strength of the reproductive barrier between the two subspecies and 
reflects the amount of gene flow. However, the patterns of introgression are supposed to vary 
across the genome according to the actual gene content. Loci involved in reproductive 
isolation are under selection in hybrid zones and as such are expected to have low or no gene 
flow. Gene flow on neutral loci is generally higher, though still impeded, depending on the 
strength of the barrier and also on their linkage to barrier loci. On the contrary, loci bearing 
selective advantage to the host, even on an alien genetic background, may easily escape the 
influence of the barrier (Piálek & Barton 1997). Given the predicted differences in the way 
various genes introgress across hybrid zones these interfaces between (sub)species provide a 
very efficient tool to identify genes putatively involved in reproductive isolation and also 
those which readily cross species boundaries (Rieseberg & Buerkle 2002). 
 
The well-developed theory of multilocus clines (Barton 1983, Barton & Gale 1993) is used to 
estimate the overall strength of the barrier and in turn to estimate the approximate number of 
loci involved in reproductive isolation. It has been shown that the reproductive barrier 
between the two house mouse subspecies is formed by many loci (~100) in the entire mouse 
genome (Raufaste et al. 2005). Macholán et al. (2007) analyzed autosomal and X-linked loci. 
They found the similar amount only for autosomes, while the X chromosome itself exhibited 
a much larger amount which comprised several hundreds of loci. Even though this number 
was later questioned (Baird & Macholán 2012), it is clear that X-linked markers exhibit much 
steeper clines than autosomal markers (Tucker et al. 1992, Dod et al. 1993, Macholán et al. 
2007, 2008, Teeter et al. 2008). Payseur et al. (2004) found the central portion of the X 
chromosome to have the steepest clines. Laboratory crosses (Oka et al. 2004, Storchová et al. 
2004) were consistent with the house mouse hybrid zone findings. This notion is in accord 
with the general view of the X chromosome playing a disproportionately larger role in the 
evolution of reproductive isolation known as ‘the large X-effect’ (Charlesworth et al. 1987, 
Coyne & Orr 1989). 
 
In my PhD study my collaborators and I employed a large number of SNP markers spanning 
the entire mouse genome to explore patterns of introgression across the house mouse hybrid 
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zone in an effort to better understand the molecular basis of reproductive isolation and its 
evolution. 
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Aims of the Thesis 
 

• To characterize genome-wide differences in introgression between the X chromosome 
and autosomes and to elucidate their role in the evolution of reproductive isolation in 
the house mouse 
 

• To identify specific genomic regions exhibiting the selection against hybrids in the 
house mouse hybrid zone and search for candidate genes putatively involved in the 
reproductive isolation in the house mouse 
 

• Compare the introgression along the house mouse genome with genomic correlates 
such as the rate of recombination, the genomic differentiation and the functional 
composition of genes in an effort to reveal relationships between these genomic 
features and the reproductive isolation in the house mouse 
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General Material and Methods 

House mouse hybrid zone dataset 
 
The house mouse hybrid zone dataset was produced over the course of many years as part of 
a collaborative effort between several laboratories from the USA (University of Michigan, 
University of Arizona) and the Czech Republic (Institute of Vertebrate Biology, AS CR, 
Institute of Animal Physiology and Genetics, AS CR, and Charles University in Prague). The 
samples from three house mouse hybrid zone transects – the Czech-Bavarian (CZ), Bavarian-
Austrian (BV) and Saxony (SX) transect – included 895, 437 and 322 mice samples. Samples 
were collected throughout many years by different research groups. The details of sampling 
can be found in Teeter et al. (2008, 2010) and Wang et al. (2011). The approximate course of 
all three transects are oriented in a perpendicular manner with respect to the house mouse 
hybrid zone (i.e. east-west manner). 
 
The diagnostic single nucleotide polymorphisms (SNPs) used in our analysis are fully 
described by Wang et al. (2011). They were identified using the beta version of the Mouse 
Diversity Array (Yang et al. 2009) and genotypes for wild occurring European mouse 
samples provided by Yang et al. (2011). The SNP markers were considered to be diagnostic 
when differentially fixed between seven M. m. musculus and nine M. m. domesticus mice 
samples (Yang et al. 2011). The final set of ~ 1400 SNPs along with the genotype data from 
the house mouse hybrid zone was published by Wang et al. (2011). 

Analysis of introgression 
 
Cline analysis is a widely used approach to assess introgression at a focal marker across a 
genetic or environmental gradient (Payseur 2010). The zone of secondary contact of the two 
house mouse subspecies represents such a gradient. In general, the cline analysis measures a 
change in allele/genotype frequency/probability with respect to a given reference framework. 
Based on the reference framework one can determine geographical and genomic clines. The 
geographical clines measure change of allele/genotype frequency with respect to a 
geographical scale (Slatkin 1973, Barton 1979). On the contrary, genomic clines measure the 
change of allele/genotype frequency with respect to the genomic background (Szymura & 
Barton 1986, Gompert & Buerkle 2009). Geographic clines thus describe actual behavior of 
an allele or a genotype on a spatial scale and as such it can be related to relevant 
environmental variables. This approach also enables one to infer interesting population 
genetic and demographic parameters (see Baird & Macholán 2012 for review). However, for 
genome-wide studies using hundreds or thousands of markers this approach is less useful and 
genomic clines are thus better suited. Genomic clines approach provides a null model 
representing average introgression over all markers which can be used to test the significance 
of introgression of individual markers (Gompert & Buerkle 2009). Outliers for specific types 
of introgression can be identified using this approach.  
 
In our studies we used two methods for inferring genomic clines. In Paper I we applied a 
method using the likelihood approach (Gompert & Buerkle 2009), which was implemented 
later by Gompert and Buerkle (2010). This approach fits the multinomial regression model to 
obtain genotype probabilities for a given hybrid index. Its significance is determined by 
comparison of its log-likelihood to the log-likelihood of the null model. The null model 
represents introgression averaged over genome introgression and degree of uncertainty is 
estimated using a permutation procedure. One of the disadvantages of this approach stems 
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from the fact that it only determines the statistical significance of the difference between the 
model at a focal marker and the null model. It does not distinguish quantitatively between 
different introgression scenarios (i.e. adaptive introgression, underdominance, 
overdominance and negative epistasis). To be able to compare introgression between 
transects we adjusted the method to calculate the log-likelihood ratios between pairs of 
markers. The aim of this adjustment was: 1) to be able to identify the blocks comprising 
adjacent markers that exhibit negative epistasis on the X-chromosomes, 2) use markers from 
within these blocks to identify markers with a similar selection mode on autosomes. In 
general, we focused in this study on the identification of markers under negative epistasis 
potentially harboring genes involved in reproductive isolation. 
 
In our last study (Paper III) we aimed at a more complex analysis including genomic regions 
which cross the house mouse hybrid zone. We used an approach using the Bayesian statistical 
framework to fit the complex model for which two main parameters were of our interest – α 
and β (Gompert & Buerkle 2011). This approach was implemented by Gompert and Buerkle 
(2012) and it is called Bayesian genomic clines. It also treats for underlying population 
structure and thus reduces variation caused by stochasticity (i.e. genetic drift). Using the 
combination of the two parameter values one can distinguish between different selection 
modes. 

Use of publicly available mouse genomic resources 
 
In two of our papers (Paper II, Paper III) we used publicly available mouse genomic 
resources and compared this data to the data from the house mouse hybrid zone. The main 
public source was the Mouse Diversity Array which represented 500,000 SNPs genotyped on 
wild sampled mice from the whole range of distribution of the three house mouse subspecies 
(Yang et al. 2009, Yang et al. 2011). In both of our papers we used this data to identify 
genomic regions of high and low differentiation using various differentiation statistics over a 
set of sliding windows (see Paper II, III for details) and compared them to the data on the 
introgression in the house mouse hybrid zone. 
 
We also used other mouse genomic resources such as the publicly available mouse genetic 
map (Shifman et al. 2006, Cox et al. 2009) and the Gene Ontology database (Ashburner et al. 
2000). 
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Summary of Papers 

Paper I: 
 
Architecture of Reproductive Isolation in a Naturally Occurring Hybrid Zone between 
Mus musculus musculus and M. m. domesticus. 
Janoušek V, Wang L, Luzynski K, Dufková P, Vyskočilová MM, Nachman MW, 
Munclinger P, Macholán M, Piálek J, Tucker PK (2012). 
Published in Molecular Ecology 
 
We utilized a set of SNP markers to identify genomic regions under negative epistasis for two 
house mouse hybrid zone transects (CZ, BV) and the distribution of these regions throughout 
the mouse genome. Also, we compared distribution of these regions between two transects. 
Our strategy was to characterize in detail an introgression for X-linked markers using a 
combination of two approaches. We compared introgression between pairs of SNPs to 
identify blocks of similar introgression. Furthermore, we compared introgression for 
individual markers within the blocks to the null model in an effort to identify those under 
negative epistasis. We found several large blocks covering a considerable portion of the 
chromosome X exhibiting introgression patterns consistent with negative epistasis. 
Interestingly, we found these blocks overlap considerably between the two transects, which 
points to the common reproductive barrier in the house mouse. We used SNP markers on the 
X chromosome as a reference to identify autosomal regions under negative epistasis. We 
found that only a minor portion of autosomes was under the epistasis (~ 20-25 %) in both 
transects. As opposed to the X chromosome, the overlap on the autosomes between the two 
transects was only slight (~ 5 %), though still significant. Our analysis confirmed a large role 
for the X chromosome in the evolution of reproductive isolation and its importance in 
forming the common reproductive isolation between the two house mouse subspecies. The 
role of autosomes was smaller in comparison to the X and the distribution of autosomal loci 
involved in the reproductive isolation varied between the two transects. 
 

Paper II: 
 
The Uncharacterized Gene 1700093K21Rik and Flanking Regions are Correlated with 
Reproductive Isolation in the House Mouse, Mus musculus. 
Kass DH, Janoušek V, Wang L, Tucker PK (2014). 
Published in Mammalian Genome 
 
In this paper we focused on a specific genomic region in the proximal part of chromosome 
11. This region was identified to be under negative epistasis in both of the studied transects in 
Paper I. In previous studies the region was also associated with a high sperm head anomaly 
index and with hybrid male sterility in genome-wide QTL studies. We used available mouse 
polymorphism data to assess a degree of genomic differentiation between the two house 
mouse subspecies in the candidate region. We identified a peak of high differentiation around 
the marker exhibiting negative epistasis in both of the transects. The peak overlaps four 
genes. Using a combination of publicly available mouse genomic resources we were able to 
pinpoint the most likely candidate for reproductive isolation gene – the uncharacterized gene 
1700093K21Rik. This gene exhibited the extensive rate of molecular evolution and tissue 
expression consistent with hybrid male sterility – the presumed cause of reproductive 
isolation between M. m. musculus and M. m. domesticus. 
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Paper III: 
 
Functional Organization of the Genome May Shape the Species Boundary in the House 
Mouse. 
Janoušek V, Munclinger P, Wang L, Teeter KC, Tucker PK (2015). 
Published in Molecular Biology and Evolution 
 
The last paper represents a comprehensive study of introgression patterns and their genomic 
correlates in three house mouse hybrid zone transects (CZ, BV, SX). The aim was to contrast 
genomic features such as the rate of recombination, the genomic differentiation and the 
functional composition of genes between the genomic regions of a high and low degree of 
gene flow. The purpose of this was to elucidate the role these features play in the evolution of 
reproductive isolation in the house mouse. We found the rate of recombination and genomic 
differentiation correlated with the degree of introgression in an expected way. Genomic 
regions of low introgression exhibit high genomic differentiation and a low rate of 
recombination, whereas a low genomic differentiation and a higher rate of recombination was 
found for genomic regions of high degree of introgression. We also found striking differences 
in the functional composition of genes between the genomic regions that were of varying 
degrees of gene flow. Genes acting at cell periphery were found mainly for genomic regions 
of high degree of introgression. On the contrary, genomic regions of low degree of 
introgression were enriched for intercellular genes. Based on our findings we hypothesize 
that the overall functional organization of the genome may play an important role in driving 
species divergence and subsequently in the evolution of reproductive isolation. 
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General Discussion 
 
In my PhD study my collaborators and I used ~1400 SNP markers across the entire mouse 
genome to analyze introgression in three transects of the Central European house mouse 
hybrid zone. The house mouse hybrid zone represents an unique study system and the 
availability of rich mouse genomic resources provide great opportunity to explore many 
aspects of this system. 
 
We used data from two transects (CZ, BV) which were sampled sufficiently in central 
populations (Wang et al. 2011) to characterize the genome-wide architecture of reproductive 
isolation and to make a between-transect comparison to elucidate patterns forming common 
reproductive isolation in the house mouse. Comparison of introgression for individual 
markers between multiple transects enables to pinpoint candidate genomic regions involved 
in reproductive isolation common for the entire system and thus to remove putative false 
positives resulting from random processes. However, differences in the overall introgression 
between the two studied transects (Wang et al. 2011) make a direct comparison of genomic 
cline models for individual markers between the transects problematic (Teeter et al. 2010). 
The reason is the introgression at individual markers is related to the null model which 
reflects the overall introgression (Gompert and Buerkle 2009) which may, however, differ 
between transects, as shown by Wang et al. (2011).  
 
In our study (Paper I) instead of making a direct comparison at individual markers between 
transects we used the X chromosome as a reference due to its known role in the reproductive 
isolation in the house mouse (Oka et al. 2004, Storchová et al. 2004). Characterization of the 
fine scale introgression structure revealed several large blocks comprising large portion of the 
chromosome X. SNP markers from within these blocks exhibited patterns consistent with the 
strong negative epistasis. We found these blocks overlapped between the two transects, 
pointing out to the role of the common reproductive isolation between the two house mouse 
subspecies. Moreover, the average introgression model over all X-linked markers was 
consistent with the negative epistasis. Our finding was thus in accord with previous studies 
which used a less dense marker coverage (Tucker et al. 1992, Dod et al. 1993, Macholán et 
al. 2007). 
 
The largest of the blocks exhibiting negative epistasis, located in the central part of the 
chromosome X, corresponds to the region identified by Payseur et al. (2004) and Dufková et 
al. (2011) who used geographic cline approach. The X-linked SNP markers from within the 
identified blocks were used to search for autosomal regions exhibiting the same pattern of 
introgression (i.e. negative epistasis). In strong contrast to the X chromosome, we found ~ 
20-25 % of autosomal SNP markers to be under negative epistasis with only ~ 5 % overlap. 
Our finding confirms the extensive role of the X chromosome in the evolution of 
reproductive isolation between the two house mouse subspecies with autosomes playing only 
minor role. This is in accord with the general speciation theory which attributes to the X 
chromosome a larger role: ‘large X-effect’ (Charlesworth et al. 1987, Coyne & Orr 1989). 
Small overlap between transects on autosomes may also reflect geographical variability in 
reproductive isolation as previously found by Vyskočilová et al. (2009).  
 
Common autosomal regions that were identified in both transects fell within several QTL 
regions associated with hybrid male sterility found by Oka et al. (2007) and White et al. 
(2011). In our further study (Paper II) one of the candidate genomic regions exhibiting 
negative epistasis in both transects was subjected to more detailed analysis. We selected 
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genomic region from the proximal side of chromosome 11. This genomic region was 
previously associated with male sterility based on genome-wide QTL analysis (Oka et al. 
2007). We focused on patterns of molecular evolution and the patterns of gene expression in 
this genomic region. The result of our study was the identification of a gene – 
1700093K21Rik – which highly correlates with reproductive isolation. The aim of this study 
was to show how efficient the combination of hybrid zone data along with publicly available 
mouse genomic resources can be in the identification of candidate genes involved in 
reproductive isolation. 
 
Renaut et al. (2013) suggested that the functional architecture of the genome might have 
played a role in divergence between several species of sunflowers. In our final study (Paper 
III) the Bayesian genomic cline approach inferring specific cline shape parameters (Gompert 
& Buerkle 2011) was used to distinguish genomic regions of high, intermediate and low 
degrees of gene flow and characterize genomic correlates associated with these regions. We 
aimed to test whether there was a relationship between the degree of gene flow and features 
such as the rate of recombination, genomic differentiation and the functional composition of 
genes. We found significant differences in all three genomic features between the genomic 
regions of high and low gene flow. The genomic region that had a low degree of gene flow 
exhibited higher differentiation, a lower rate of recombination and a higher prevalence of 
genes acting in the interior of a cell. Sequence-specific DNA binding transcription activity 
was found as an important functional category. On the contrary, genomic regions with a high 
degree of gene flow exhibited lower genomic differentiation, a higher rate of recombination 
and a higher prevalence of genes acting at the cell periphery. Genes in these regions were 
more likely to function as signal transducers. Olfactory receptor genes were substantially 
overrepresented in this group of genes. To rule out their possible impact on the analysis of the 
functional composition of genes we removed these genes and reran the analysis obtaining the 
similar functional distinction between genes of genomic regions from a high and low 
introgression. This suggested the importance of the link between the functional location of 
genes in a cell and the degree of introgression.  
 
Interestingly, Kim et al. (2007) found an interesting association between the functional 
localization of a gene in a cell, the connectivity in protein networks and the tempo of 
molecular evolution in humans. According to these authors genes functioning at the cell 
periphery have lower connectivity and a higher rate of molecular evolution, whereas genes 
acting in the interior of a cell tend to have higher connectivity in protein networks and a 
lower rate of molecular evolution, perhaps due to higher functional constraints. From the 
perspective of the evolution of reproductive isolation, genes with higher connectivity are 
more likely to develop Dobzhansky-Muller incompatibilities due to various pleiotropic 
effects. On the contrary, genes from the periphery of a cell are less constrained, have a higher 
rate of molecular evolution and thus can easily evolve to new functions as a result of a 
changing environment. These genes also are less constrained to introgress adaptively to an 
alien genetic background. 
 
High genomic differentiation is considered to be an important clue in a search for genes 
involved in reproductive isolation as these genomic regions are assumed to undergo a lower 
degree of gene flow than the rest of the genome (Turner et al. 2005, Harr 2006, Nosil et al. 
2009). In allopatry, however, the genomic regions of high differentiation may result from 
faster sorting of alleles due to selection at linked sites (Noor and Bennett 2009, Nachman & 
Payseur 2012, Cruickshank & Hahn 2014). Genomic regions with a low rate of 
recombination thus accumulate higher differentiation simply due to more extended linkage.  
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Renaut et al. (2013) found the same genomic regions of high differentiation for pairs of 
allopatric and sympatric populations in sunflowers. These authors found a lower rate of 
recombination associated with genomic regions of higher differentiation. They also suggested 
that the rate of recombination may reflect the functional architecture of the genome which in 
turn might have been the cause of elevated differentiation irrespective of the actual degree of 
gene flow. It is also to be noted that, Frazer et al. (2007) found the rate of recombination 
differs among functional groups of genes in humans. Genes acting at the cell periphery tend 
to have a higher rate of recombination, whereas genes acting in the interior of a cell exhibit a 
rather lower rate of recombination. Taken together our results suggest the functional 
organization of the genome may be an important driver in species divergence and the 
evolution of reproductive isolation between the two house mouse subspecies. The finding of 
genes acting in the interior of a cell, along with the importance of genes involved in the 
transcription regulation, corresponds to the expected nature of postzygotic reproductive 
isolation in the house mouse. Genes from the cell periphery, such as olfactory receptors, may 
be more likely to be genetic-background independent and thus easily cross the species 
boundaries as they confer fitness to both species. 
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General Conclusions 
 
During my PhD study my collaborators and I employed a large number of SNP markers (~ 
1400) to assess the genome-wide patterns of introgression and to elucidate mechanisms 
involved in the evolution of reproductive isolation in the house mouse. Our papers provide a 
comprehensive analysis of such a phenomenon on a fine scale in a well-described model 
species. The main contribution of my PhD work is the confirmation of ‘the large X-effect’ 
phenomenon in the house mouse on a genome-wide scale and the demonstration that 
functional genome organization is an important driver in species divergence and ultimately in 
the evolution of reproductive isolation in the house mouse. We showed that the X 
chromosome contributes disproportionately more to the reproductive isolation between the 
two house mouse subspecies than autosomes and its effect seems to be the same between 
independent house mouse hybrid zone transects. Autosomes contribute in a lesser extent and 
their exhibit variance between transects. We also reported varying degrees of introgression on 
autosomes correlate with genomic differentiation, the rate of recombination and functional 
composition of genes. We found that genes acting at the cell periphery cross readily the 
species boundaries, whereas those functioning in the interior of the cell tend to be under 
selection in the house mouse hybrid zone. We suggest the functional properties of these genes 
make it easier for them to cross species boundaries or to be more likely involved in the 
formation of reproductive isolation. Our finding is an important contribution which shows a 
strong association between the function and evolutionary processes occurring during the 
species divergence. 
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