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Abstrakt

Dva druhy mys$i (Mus musculus musculus/Mus musculus domesticus) tvori napfic
sttedni Evropou tizkou zonu sekundarniho kontaktu, ktera, jak se predpoklada, je
udrzovana prostfednictvim rovnovahy mezi selekci hybridl se snizenym fitness a
disperzi jedincti. V prubéhu mého PhD studia jsem spolu s mymi kolegy pouzival
set asi 1400 SNP markert ke studiu celogenomové introgrese napii¢ dvéma/tfema
transekty v hybridni zoné mysi domaci. Nasim cilem bylo identifikovat genomové
oblasti obsahujicich geny potencialné zptsobujici reprodukéni izolaci mezi dvéma
poddruhy mysi domaci, charakterizovat jejich rozlozeni v myS$im genomu a
charakterizovat vlastnosti genomu typické pro tyto regiony. Na§ vyzkum potvrdil
na celogenomové Skale vyznamnost chromozomu X pifi evoluci reprodukéni
izolace a jeji spoleény geneticky zaklad mezi dvéma studovanymi transekty.
V proximalni ¢asti chromozomu 11 vykazujici negativni epistazy v obou
transektech jsme identifikovali gen [700093K2IRik jako vhodny kandidatni
speciacni gen. V dalsi studii jsme znovu analyzovali data ze tfi transekti ve snaze
charakterizovat vlastnosti genomu spojené s oblastmi s rozdilnou introgresi.
Oblasti s nizkou mirou introgrese mély tendenci mit vyS$§i miru genomové
diferenciace a naopak niz§i miru rekombinace. Tyto oblasti také obsahovaly s vyssi
pravdépodobnosti geny plnici Glohy uvnitf buniky. Genomové oblasti s vysokou
mirou introgrese mély naopak tendenci mit niz$i miru diferenciace, vy$si miru
rekombinace a vétsi zastoupeni gent plnici funkce na bunééné periferii. Na zakladé
nasich vysledkti se domnivame, ze funkéni organizace genomu by mohla byt
dilezitym Cinitelem pii druhové divergenci a pfi evoluci reprodukéni izolace.



Abstract

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 genomic
regions putatively harboring genes that are involved in reproductive isolation
between the two subspecies, to characterize their distribution in mouse genome and
to 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 and its common genetic basis between the two transects. In
the proximal part of chromosome 11 which were exhibiting negative epistasis in
both transects we were able to identify a particular gene, /700093K21Rik, as a good
candidate for the speciation gene. We further re-analyzed the data of three transects
to identify genomic regions of high and low introgression and characterized
genomic features associated with these regions. 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 a 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 the genome is an important driver of species divergence
and in the evolution of reproductive isolation.



Uvod

Speciace — proces, kterym dochazi ke vzniku novych druhd — patii v soucasnosti k
jednomu znejvice zkoumanych evoluénich fenoménd. Jednim zcild studia
speciace je pochopeni molekularni podstaty vzniku reprodukéni izolace mezi nové
vznikajicimi druhy (Presgraves 2010). Mys§ domaci ptedstavuje z tohoto pohledu
velmi vhodny modelovy organismus. Dva poddruhy mysi domaci (M. m.
musculus/M. m. domesticus), které od sebe zacali divergovat zhruba pted 500 tisici
lety (Geraldes et al. 2008) na uzemi dne$niho Iranu (Duvaux et al. 2011, Hardouin
et al. 2015), se setkali ve stfedni Evropé, kde vznikla zona sekundarniho kontaktu
(Boursot et al. 1993). Tyto dva poddruhy byly po vétSinu casu divergence
geograficky izolovany (Duvaux et al. 2011), coz vedlo k evoluci velmi dobfie
zdokumentované castecné postzygotické reprodukéni izolace zplsobené snizenou
fertilitou u samcu (Forejt & Ivanyi 1974, Storchova et al. 2004, Britton-Davidian et
al. 2005, Good et al. 2008a, 2008b, White et al. 2011, Albrechtova et al. 2012,
Turner et al. 2012). Predpoklada se, ze tato reprodukéni izolace je zodpovédna za
udrzovani hybridni zény na zakladné rovnovahy mezi disperzi jedinct
s rodi¢ovskych populaci a selekci proti hybridim se snizenym fitness (Barton &
Hewitt 1985).

Hybridni zény predstavuji prostfedek ke studiu nové vznikajicich druhd a pro
pochopeni procesu speciace (Barton & Hewitt 1985). Teoretické modely (Barton
1979, Barton 1983, Barton & Gale 1993) popisuji genovy tok mezi dvéma
poddruhy jako klindlni zménu alelické frekvence napfti¢ hybridni zénou. Strmost
této kliny odpovida sile reprodukéni bariéry mezi témito poddruhy a tedy mnozstvi
genového toku, ke kterému mezi nimi dochazi. Mira genového toku se vSak lisi
mezi jednotlivymi ¢astmi genomu podle genového obsahu. Oblasti obsahujici geny
zodpovédné za reprodukéni izolaci jsou v hybridni zoné pod selekci a maji tak
genovy tok niz$i. Neutralni oblasti maji vyrazné vyssi Sanci, Ze projdou pfes
hybridni zénu. Vyse genového toku v téchto oblastech vSak zavisi na sile celkové
reprodukéni bariéry a jejich fyzické vazbé ke genim pod selekci. Treti skupinou
jsou geny, které poskytuji nositelim selekéni vyhodu i na cizim genetickém
pozadi, a mohou tak snadno proniknout ptes reprodukéni bariéru (Pialek & Barton
1997). Diky témto vlastnostem predstavuji hybridni zény velmi efektivni
prostfedek k identifikaci gend zodpovédnych za reprodukéni izolaci mezi nové
vznikajicimi druhy (Rieseberg & Buerkle 2002).

V soucasnosti vyvoj novych sekvenacnich technologii zna¢né zjednodusil analyzu
velkého mnozstvi genomovych dat. Béhem mého PhD studia jsem spolu s mymi
kolegy vyuzil data vyprodukovana pomoci sekvenacnich technologii nové generace



a vySe uvedenych vlastnosti hybridnich zon k pochopeni vzniku reprodukéni
izolace u mys$i domadci.



Cile prace

*  Charakterizovat rozdily mezi introgresi chromozomu X a autosomi na
celogenomové Grovni ve snaze objasnit jejich roli v evoluci reprodukéni
izolace u my$i domaci

¢ Identifikovat konkrétni genomové oblasti vykazujici introgresi
odpovidajici selekci proti hybridim v hybridni zéoné mysi domaci a najit
kandidatni geny zodpovédné za reprodukéni izolaci u mySi domaci

* Porovnat introgresi napfi¢ myS$im genomem s genomickymi vlastnostmi
jako je mira rekombinace, mira genomické diferenciace a funkéni slozeni
geni ve snaze odhalit vztahy téchto vlastnosti a reprodukéni izolace u
mysi domaci



Material a metody

K celogenomové analyze hybridni zony mySi domaci jsem béhem svého PhD
studia vyuzil dataset vyprodukovany v prubéhu nékolika let na zakladé spoluprace
laboratofi z USA (University of Mlchlgan Un1vers1ty of Arizona) a z Ceské
Republiky (Ustav biologie obratloveil, AV CR, v.v.i., Ustav Zivociiné fyziologie a
genetiky, AV CR, v.v.i., Karlova Univerzita v Praze) Dataset obsahoval vzorky ze
ti transektd hybridni zc')ny my$i domaci. Cesko-Bavorsky transekt (CZ) obsahoval
895 vzorku, Bavorsko-Rakousky transekt (BV) obsahoval 437 vzorkt a Sasky
transect (SX) obsahoval 322 vzorkt. Vzorky byly sbirany v pribéhu mnoha let
riznymi vyzkumnymi tymy. Detaily tykajici se jednotlivych vzorkid a lokalit pro
jednotlivé transekty lze nalézt v Teeter et al. (2008, 2010) a Wang et al. (2011).

K analyze hybridni zony byly vyuzity diagnostické ‘Single Nucleotide
Polymorphisms’ (SNPs) detailné popsané Wangem et al. (2011), k jejichz vyvoji
byla vyuzita beta verze ‘Mouse Diversity Array’ (Yang et al. 2009) a genotypy pro
vzorky divokych mysi z izemi Evropy (Yang et al. 2011). Jako diagnostické byly
povazovany SNP markery rozdilné fixované mezi sedmi vzorky M. m. musculus a
deviti vzorky M. m. domesticus (Yang et al. 2011). Finalni set diagnostickych
markerti sestdval z asi 1400 SNP marker rovnomérné distribuovanych napii¢
mySim genomem a hlavni ¢ast genotypt z hybridni zény mysSi domaci byla
publikovana ve Wang et al. (2011).

Introgrese napfi¢ hybridni zoénou byla analyzovana pomoci dvou metod
genomickych klin — likelihood pfistup (Gompert & Buerkle 2009, 2010) a
Bayesiansky pfistup (Gompert & Buerkle 2011, 2012). Genomické kliny popisuji
pravdépodobnost vyskytu genotypu/alely daného piivodu pro dany locus vzhledem
primérnému genotypu/alele pro dané¢ho jedince. Primérny genotyp/alela je
reprezentovana hybridnim indexem (Gompert & Buerkle 2009).

Pro dalsi analyzy byla vyuzita data volné dostupnd v bioinformatickych on-line
databazich: Mouse Diversity Array (Yang et al. 2009, 2011), mysi genetickd mapa
(Shifman et al. 2006, Cox et al. 2009), Gene Ontology (Ashburner et al. 2000).



Vysledky a diskuze

Béhem svého PhD studia jsem spolu s mymi kolegy analyzoval introgresi asi 1400
SNP markerd v hybridni zéoné¢ mysi domaci. V prvni fazi jsme vyuzivali data ze
dvou transekt (CZ, BV), u kterych Wang et al. (2011) prokazal dostateény pocet
vzorkil v centralnich populacich. Nasim cilem byla charakterizace celogenomové
architektury reprodukéni izolace mezi dvéma poddruhy mysi domaci (M. m.
musculus/M. m. domesticus). Nejprve jsme charakterizovali detailni introgresi na
tomto chromozomu porovnavanim introgrese mezi pary markerd. Cilem bylo
nalezeni vétSich tiseku (blokt), které vykazuji podobnou introgresi na chromozomu
X. Dale byla analyzovana introgrese markert uvniti blokd vzhledem
celogenomickému pozadi. Lokalizace nalezenych blokd pokryvajicich znac¢nou
¢ast chromozomu X se mezi transekty shodovala a markery tvofici tyto bloky
vykazovaly v obou transektech negativni epistazi. Vysledky nasi analyzy tak
potvrdily spole¢nou reprodukéni bariéru na chromozomu X mezi obéma transekty.
Nase vysledky korespondovaly s vysledky ptedchozich studii, které prisuzovaly
chromozomu X vyss§i miru selekce v hybridni z6n€ nez autozomim (Tucker et al.
1992, Dod et al. 1993, Macholan et al. 2007). Nejvétsi z nami nalezenych bloku
v centralni ¢asti chromozomu X odpovida vysledkim starSich praci vyuzivajici
nizsi pocet markert a analyzu geografickych klin (Payseur et al. 2004, Dufkova et
al. 2011). X vazané markery byly dale vyuzity k identifikaci SNP markera
vykazujici negativni epistazi na autozomech. Jejich rozsah ¢inil v obou transektech
20-25 %. Jejich maly piekryv mezi transekty (pouhych 5 %) byl také v kontrastu s
chromozomem X a poukazoval spiSe na geografickou variabilitu v reprodukéni
izolaci. N4&§ nalez odpovida soucasné speciacni teorii tzv. ‘the large X-effect’, ktera
pfisuzuje chromozomu X vyznamné vétsi roli pfi formovani reprodukéni izolace
nez autozomim (Coyne & Orr 1989, Charlesworth et al. 1987).

Na zékladé naSich predchozich vysledkti jsme vybrali oblast v proximalni Casti
chromozomu 11 vykazujici negativni epistdzy v obou transektech, a u které byla
také v minulosti prokézana asociace této oblasti se sam¢i hybridni sterilitou (Oka et
al. 2007). Vystupem detailni analyza této oblasti bylo nalezeni genu
1700093K21Rik, ktery vykazoval charakteristiky typické pro kandidatni speciacni
geny. Cilem této studie bylo ukazat efektivnost kombinace dat z hybridni zény a
vetejné dostupnych mysich genomickych zdroji.

Recentni studie Renaut et al. (2013) poukédzala na mozny vyznam funkéni
architektury genomu pii druhové divergenci nékolika druht sluneénic. Ve finalni
studii jsme se zaméfili na genomické vlastnosti souvisejici s funkéni architekturou
genomu v oblastech snizkou a vysokou introgresi. Vysledkem bylo nalezeni
statisticky signifikantniho rozdilu pro miru genomické diferenciace, miru



rekombinace a funk¢ni sloZzeni genli mezi oblastmi s rliznou mirou introgrese.
Genomové oblasti vykazujici nizkou miru introgrese byly charakteristické vyssi
mirou diferenciace, niz§i mirou rekombinace a vétsim zastoupenim genti plnicich
ulohy uvnitf bunky. Z hlediska molekularni funkce byly tyto geny Ccastéji
asociovany s funkcemi tykajicimi se regulace transkripce. Genomové oblasti s
vysokou mirou introgrese naopak vykazovaly nizkou genomovou diferenciaci,
vys$i miru rekombinace a vyssi zastoupeni genll majici funci na bunééné periferii.
Molekularni funkce téchto genti byla spojend s transdukci signalu v buiice
naznacujici receptorovou aktivitu. Olfaktorické a vomeronasalni receptory byly
Casto zastoupené mezi témito geny. Rozdil v aktivité genti uvniti nebo na povrchu
buniky poukazuje na vyznamnou roli funkéniho uspofadani genomu pii evoluci
reprodukéni izolace a pii druhové divergenci.



Zavéry

Celogenomova analyza hybridni zéony mezi dvéma poddruhy mysi domaci
(M. m. musculus/M. m. domesticus) ukéazala na vyznamny vliv pohlavniho
chromozomu X ve formovani reprodukéni izolace u mysi doméaci napfi¢
transekty.

Identifikovali jsme fadu autozomalnich oblasti, které vykazovali znamky
negativni epistdze. V kazdém transektu bylo takto identifikovano mezi 20
— 25 % markerd, jejich prekryv mezi transekty byl vSak vyrazné nizsi (~ 5
%), coz poukazovalo spiSe na geografickou variabilitu v reprodukéni
izolaci na autozomech.

Analyza oblasti v proximalni ¢asti chromozomu 11 vykazujici negativni
epistdzi pomoci vefejné¢ dostupnych genomickych zdroji umoznila
identifikaci genu 1700093K21Rik vyznamné korelujiciho s reprodukéni
izolaci mezi dvéma poddruhy mysi domaci

Analyza genomickych vlastnosti (mira genomické diferenciace, mira
rekombinace a funk¢ni slozeni genil) asociovanych s riiznou mirou
introgrese na autozomech naznacila mozny vliv funkéni organizace
genomu pii druhové divergenci a formovani reprodukéni izolace



Introduction

Speciation is a process by which new species arise and it is currently one of the
most researched fields of evolutionary biology. One of the aims of speciation
research is to understand the molecular basis of reproductive isolation (Presgraves
2010). From this perspective the house mouse is a good model species. Two house
mouse subspecies (M. m. musculus/M. m. domesticus) started to diverge
approximately 500,000 years ago (Geraldes et al. 2008) in the region of present-
day Iran (Duvaux et al. 2011, Hardouin et al. 2015). They subsequently met in
Central Europe where they formed a zone of secondary contact (Boursot et al.
1993). These two subspecies were geographically isolated for most of the time of
divergence (Duvaux et al. 2011) which led to the evolution of well characterized
partial postzygotic reproductive isolation, with males having lower fertility (Forejt
& Ivanyi 1974, Storchova et al. 2004, Britton-Davidian et al. 2005, Good et al.
2008a, 2008b, Turner et al. 2011, White et al. 2011, Albrechtova et al. 2012). It is
assumed that the reproductive isolation is responsible for maintaining the house
mouse hybrid zone based on an equilibrium between individual dispersion and
selection against hybrids with low fitness (Barton & Hewitt 1985).

Hybrid zones are a tool to study newly arising species and to understand the
speciation process (Barton & Hewitt 1985). According to theoretical models
(Barton 1979, Barton 1983, Barton & Gale 1993) clinal change in allele frequency
across hybrid zones describes 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 it’s linkage to the barrier loci. The third group — loci bearing selective
advantage to the host even on an alien genetic background — may easily escape the
influence of the barrier (Pidlek & Barton 1997). Given the predicted differences in
the way various genes introgress across hybrid zones these interfaces between the
(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).

Current developments in sequencing technologies made analysis of large amount
of genetic characters much easier. In my PhD study my collaborators and I employ
a large number of SNP markers spanning the entire mouse genome to explore



patterns of introgression across the house mouse hybrid zone in an effort to better
understand the molecular basis of reproductive isolation and its evolution.



Aims of the Thesis

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

* To identify specific genomic regions under 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 features and the reproductive isolation in the house mouse



Materials & Methods

The house mouse hybrid zone dataset was produced over the course of several
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 were from three house mouse
hybrid zone transects — the Czech-Bavarian (CZ), Bavarian-Austrian (BV) and
Saxony (SX) transect — and 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 diagnostic single nucleotide polymorphisms (SNPs) used in our analysis are
fully described in Wang et al. (2011). They were identified by using the beta
version of the Mouse Diversity Array (Yang et al. 2009) and from 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).

To analyze the introgression across hybrid zones we used two methods of analysis
for genomic clines: the likelihood (Gompert & Buerkle, 2009, 2010) and the
Bayesian (Gompert & Buerkle 2011) approach. Genomic clines describe the
probability of genotype/allele occurrence of a given ancestry for a locus with
respect to the average genotype/allele for a given individual. The average
genotype/allele is represented by the hybrid index (Gompert & Buerkle 2009).

Furthermore, we used mouse genomic data from publicly available resources:
Mouse Diversity Array (Yang et al. 2009, 2011), Mouse Genetic Map (Shifman et
al. 2006, Cox et al. 2009) and Gene Ontology (Ashburner et al. 2000).



Results and Discussion

During my PhD study my colleagues and I used ~ 1400 SNP markers to analyze
introgression in the house mouse hybrid zone. In the first phase of our research we
used data from two transects (CZ, BV) which were shown to have a sufficient
number of samples in central populations (Wang et al. 2011). Our aim was to
characterize the whole genome architecture of reproductive isolation between the
two house mouse subspecies (M. m. musculus/M. m. domesticus). Firstly, we
characterized detailed introgression on the X chromosome, making a pairwise
comparison between markers. The aim of this approach was to find X-linked
blocks which had the same introgression and assess introgression for individual
markers within these blocks. We found considerable overlap between transects for
X-linked blocks. These blocks comprise a large portion of the chromosome X and
markers from within the blocks exhibited negative epistasis in both transects. Our
results were in accordance with previous findings which suggested a stronger
selection on the X chromosome with respect to autosomes (Tucker et al. 1992, Dod
et al. 1993, Macholan et al. 2007). The largest of the blocks we found in the central
portion of the chromosome X corresponded to the previous results findings using
geographic clines (Payseur et al. 2004, Dufkova et al. 2011). The X-linked markers
were used to identify SNP markers under negative epistasis on autosomes. Only 20
— 25 % of autosomal markers exhibited negative epistasis in the two transects,
however, the overlap comprised only ~ 5 %, suggesting that geographic variability
might be in play. Our finding corresponds to the current speciation theory — the
large X-effect — which assumes a large influence of the X chromosome in the
evolution of reproductive isolation (Coyne & Orr 1986, Charlesworth et al. 1987).

Based on our previous results we selected a genomic region in the proximal part of
chromosome 11, which exhibited negative epistasis in both transects, and which
was previously associated with male hybrid sterility (Oka et al. 2007). Detailed
analysis of this genomic region revealed gene /700093K21Rik, which exhibited
typical features for speciation genes. The aim of this study was to show the value
of combining hybrid zone data and publicly available genomic resources in
searching for speciation genes.

Recently, Renaut et al. (2013) pointed out the possible importance of the functional
architecture of the genome in species divergence among several species of
sunflowers. In the final phase of our research we focused on genomic features
putatively associated with the functional architecture of the genome in the genomic
regions of low and high introgression. We found a statistically significant
difference for genomic differentiation, rate of recombination and functional
composition of genes between genomic regions of varying degree of introgression.



Genomic regions of low introgression tend to have higher genomic differentiation,
a lower rate of recombination and a higher prevalence of genes functioning in the
interior of a cell. Regulation of transcription was an important molecular function
associated with these genes. On the contrary, genomic regions of high introgression
tend to have a lower genomic differentiation, a higher rate of recombination and a
higher prevalence of genes functioning at the periphery of a cell. The most
common molecular function was signal transduction, which suggests receptor
activity. Olfactoric and vomeronasal receptor genes were the most prominent group
among these genes. The difference in the localization of gene activity points to the
importance of functional organization of genome in the evolution of reproductive
isolation and species divergence.



Conclusions

* Genome-wide analysis of the hybrid zone between two house mouse
subspecies (M. m. musculs/M. m. domesticus) pointed out to the
importance of the sex-chromosome X in the formation of reproductive
isolation among house mouse hybrid zone transects.

*  We identified 20 — 25 % autosomal SNP markers exhibiting negative
epistasis. The overlap between the two transects was around 5 % which
suggests geographic variability in reproductive isolation on autosomes.

¢ Detailed analysis of the genomic regions in the proximal part of
chromosome 11 (which exhibited negative epistasis in both transects) and
the use of publicly available mouse genomic resources revealed gene
1700093K21Rik correlating with reproductive isolation between the two
house mouse subspecies.

* Analysis of genomic features (genomic differentiation, rate of
recombination and functional composition of genes) associated with
varying degrees of introgression on autosomes suggested that the
functional organization of the genome might be an important driver of
species divergence and in the evolution of reproductive isolation.
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