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ABSTRAKT

Sterilita hybridl je postzygoticka reprodukéni bariéra, ktera zabranuje toku genetické
informace mezi divergujicimi populacemi. Studium gent podmitujicich sterilitu miize byt
klicem k porozuméni, jakym zplisobem probihaji pocatecni faze speciace. Lokus Hst/
(Hybrid sterility-1), ktery lezi na chromosomu 17, je zodpovédny za sterilitu hybridi mysi
domaci. Lokus Hstl byl poprvé popsan u samcu z kiizeni divokych mysi Mus musculus
musculus odchycenych v Praze s dvéma inbrednimi kmeny C57BL/10 (produkujici sterilni
hybridni samce) a C3H (fertilni hybridni samci), ptevazné odvozenymi od M. m. domesticus.
Hstl je tedy geneticky definovan pfitomnosti polymorfismu v genomu M. m. domesticus. V
kiizenich voln¢ Zijicich mysi M. m. musculus odchycenych ve Studenci s kmenem C57BL/10
jsme prokézali pfitomnost polymorfismu sterility asociované s lokusem Hst/ i v jiné
alopatrické populaci M. m. musculus a zaznamenali jsme existenci dalSich polymorfnich geni
sterility hybridi. Pro studium genetického pozadi sterility hybridi jsme vytvofili inbredni
linie STUS a STUF odvozené od M. m. musculus. Tyto linie pii kiizeni s laboratornim
kmenem C57BL/10 produkuji hybridni potomstvo s odliSnym fenotypovym projevem (sterilni
nebo fertilni hybridni samci). Z ktizeni samic (STUSxXSTUF)F; se samci C57BL/10 jsme
ziskali jak fertilni, tak sterilni hybridni samce. Neplodni hybridni samci méli vyznamné
snizenou hmotnost varlat a nadvarlete s absenci spermii nebo malym poctem spermii.
Histologickd analyza ftezGi varlaty ukéazala, Ze k =zastavé spermatogeneze dochazi
v pachytenni/zygotenni fazi nebo je naruSena spermiogeneze. QTL mapovani ukazalo
vyznamny vliv chromosomu 17 a X na sterilitu hybridi. Je pravdépodobné, Zze genové
inkompatibility asociované se sam¢i sterilitou se vyvijely na chromosomu 17 nezavisle a jsou
polymorfni nejen v genomu M. m. domesticus, ale 1 M. m. musculus. Nové odvozené linie
STUS a STUF piestavuji ucinny nastroj pro studium genetického zakladu sterility hybridd a

jejiho projevu ve volné Zijicich populaci mysi domaci.



ABSTRACT

Hybrid sterility is one of the postzygotic reproductive barriers that can prevent gene flow
between diverging populations. Identification of sterility genes and their function is
consequently demanded for understanding of processes that can ultimately lead to speciation.
The sterility locus Hstl (Hybrid sterility-1) on chromosome 17 was originally described in
hybrid progeny delivered in intersubspecific crosses between wild Mus musculus musculus,
sampled at localities in Prague, and two classical laboratory strains C57BL/10 (producing
sterile hybrid males) and C3H (producing fertile hybrid males), derived from M. m.
domesticus; Hstl was defined by the presence of polymorphism in the domesticus genome.
We confirmed that Hst/-related sterility is polymorphic in natural allopatric populations and
noted additional polymorphic genes affecting hybrid sterility in crosses between wild M. m.
musculus from Studenec and C57BL/10. To determine the genetic basis underlying male
fertility, we derived two wild-origin musculus strains, STUS and STUF, producing alternative
phenotypes in crosses with C57BL/10 mice (sterile and fertile males, respectively). From the
cross of musculus (STUS x STUF)F, females and C57BL/B10 we obtained both fertile and
sterile hybrid males. Infertile hybrid males suffered from significantly reduced testes and
epididymis size with no sperm or very low number of sperm in epididymis. Histology of
testes showed that sperm development was arrested at the pachytene/zygotene stages of
meiosis. Alternatively, spermiogenic defect was observed in the seminiferous tubules of some
hybrid males. QTL analysis of the male progeny revealed significant male sterility loci on
chromosomes 17 and X. The data suggest that genetic incompatibilities on chromosome 17
associated with male sterility have evolved independently and are polymorphic both within
the M. m. domesticus and M. m. musculus genomes. The new wild-derived inbred strains
STUS and STUF represent an effective tool for elucidating the genetic basis of hybrid sterility

and the geographical variation of hybrid sterility within natural populations of house mouse.
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CILE PRACE

1 CIiLE PRACE

Empirické studie naznacuji, ze ke speciaci dochazi naruSenim epistatickych interakci
mezi komplementarnimi geny zpusobujici neZivotaschopnost nebo sterilitu hybrid. Vhodny
savéi modelovy objekt pro studium téchto genovych interakcei ptedstavuji dva poddruhy mysi
domaci, Mus musculus musculus a M. m. domesticus. Lokus Hybrid sterility-1 (Hstl) byl
popsan v potomstvu z kiizeni volné Zijicich myS$i M. m. musculus odchycenych Praze
s laboratornimi kmeny C57BL/10SnPh (sterilni sam¢i potomstvo) a C3H/DiSnPh (fertilni
potomstvo), odvozenych z M. m. domesticus. Geneticky je tento typ sterility definovan
polymorfismem mezi kmeny M. m. domesticus; o evoluci genl v genomu M. m. musculus
zpusobujici inkompatibilitu mezi poddruhovymi kiizenci dosud chybi podrobnéjsi informace.
Vzhledem k tomu, Ze se oba poddruhy mysi domaci setkavaji a vytvaii hybridni zonu, ktera
prochazi celou Evropou, existuje predpoklad, Ze by se gen Hs?/ mohl podilet na speciaci mezi

obéma poddruhy mysi.

Prvnim cilem této disertacni prace bylo potvrdit existenci polymorfismu sterility a

otestovat geografickou proménlivost genu Hst/ v ptirodnich populacich M. m. musculus.

Druhym cilem byla pfiprava ,,Cistych® inbrednich linii odvozenych od volné Zzijicich
myS$i M. m. musculus, u kterych budou zafixovany alternativni alely genli odpovédnych za
sterilitu. Tyto linie bylo nutno charakterizovat mikrosatelitovymi markery k umoznéni

budoucich QTL studii gent zodpovédnych za genovou inkompatibilitu.

Poslednim cilem této prace bylo genetické mapovéani lokust podminujicich samci
sterilitu u hybridd, ktefi vznikli kiizenim dvou inbrednich linii odvozenych od M. m.

musculus a laboratorniho kmene C57BL/10.
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2 SPECIACE A POSTZYGOTICKE BARIERY

2.1 Speciace

Druhova rozmanitost zivota na Zemi je vysledkem dvou protikladnych evolu¢nich
procesi — speciace, v jejimz pribéhu vznikd zplivodniho druhu jeden nebo vice druhu
novych, a extinkce (vymirdni) druhti. Zkoumani mechanismii a objevovani genl a jejich
specifickych mutaci, které se podileji na vzdjemném oddélovani nové vznikajicich druhi, je
JiZ po mnoho let v poptedi zajmu evolu¢nich biologg.

Prvni uvahy o speciaci se objevily v poloviné 19. stoleti, kdy si Charles Darwin, Alfred
Wallace a dalsi biologové té doby uvédomili, ze druhy jsou proménlivé a mohou se v pribehu
Casu vyvijet. Zastavali na tu dobu odvdZnou myslenku, ze nové druhy v evoluci vznikaji
divergenci ze spolecného piedka, kdy za hybnou silu evoluce byl povazovéan hlavné ptirodni
vybér (selekce).

Obdobi 30. a 40. let 20. stoleti, kdy dochazelo k postupném propojeni Darwinovy
evoluéni teorie s poznatky paleontologie a klasické genetiky, kterd po znovuobjeveni
Mendelovych zakonl zazivala intenzivni rozvoj, se oznacuje jako neodarwinismus nebo také
obdobi Moderni syntézy. Hlavni predstavitelé neodarwinismu, genetik T. Dobzhansky,
zoolog E. Mayr a dal$i, vyznamné ovlivnili chapani toho, co vlastné druhy jsou a jak mohou
vznikat. V té dob¢ vznikla jedna z nejuznavanéjSich, a dodnes pouzivana, Mayrova definice
"biologického druhu" (,,biospecies). Za biologicky druh se povazuje skupina vzajemné se
piirozené kiizicich populaci reprodukcéné izolovanych od ostatnich takovych skupin (Mayr,
1942). Podstatou koncepce biologického druhu je existence reprodukcnich bariér, které
zabranuji kifizeni vzajemné odliSnych populaci (Dobzhansky, 1937). Mechanismy, které
umoziuji reprodukéni oddéleni ¢asti populace a zabranuji toku genetické informace, mizeme
rozd¢€lit na mechanismy snizujici pravdépodobnost vzniku hybridnich zygot (prezygotické
bariéry), jako napt. vnéjsi a vnitini gameticka neslucitelnost, sexudlni a etologicky nesoulad, a
na mechanismy snizujici pravdépodobnost vyvoje zygot v dospelého, reprodukce schopného
jedince (postzygotické bariéry), jako napft. sterilita, snizena plodnost nebo nezivotaschopnost
hybrida (Coyne & Orr, 2004; Flegr, 2005). V prvni poloviné minulého stoleti byl postulovan
Dobzhanského-Mulleriv. model speciace, ktery vysvétluje vznik reprodukcéné izolacnich
mechanismiit na zdkladé¢ genové inkompatibility a moznych epistatickych interakei

(Dobzhansky, 1937; Muller, 1942).
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Po témer Ctyticeti letech mirného pokroku v oblasti studia speciace umoznil rozmach
molekuldrné genetickych metod v 80. letech obratit pozornost evolu¢nich biologii na
zkoumani genetickych zdkladl reprodukéni izolace. Byly ucinény prvni odhady poctu gend,
které se uicastni vzniku reprodukénich bariér a zacala byt zjiStovana jejich poloha v genomu
(Coyne & Orr, 1989; Orr, 1995). V této dobé¢ se objevila fada populacné genetickych modelt
speciace, které umoznily vytvaret nové predikce tykajici se evoluce reproduk¢nich bariér
(Orr, 1995; Gavrilets, 1997; Turelli & Orr, 2000; Hey & Machado, 2003; Barton ef al., 2007).
Diky neustalému zdokonalovani a vyvoji novych molekuladrnich metod, kdy zname sekvence
genomu celé fady organismil a jsme schopni identifikovat jednotlivé geny, jejich transkripty a
vliv na fenotyp, se nam otviraji nové moznosti studia speciace a hledani odpovédi na otazky,

které genetické procesy provazeji vznik novych druht.

2.2 Postzygotické bariéry

Vytvoteni reprodukénich bariér byva u pohlavné se rozmnozujicich druht kritickym a
ziejme¢ 1 prvnim krokem speciace. Postzygotické reprodukcéné izolaéni mechanismy se
uplatiiuji v ptipadé, kdy sice po oplozeni vzniké zygota, ale vysledné hybridni potomstvo ma
snizenou reprodukéni zdatnost nebo fertilitu (Coyne & Orr, 2004). Historicky se rozliSuji tfi
mozné pificiny ovliviiujici reprodukéni zdatnost (fitness): chromosomové piestavby, rtizny
stupeni ploidie a inkompatibilita na arovni gent (Coyne & Orr, 1998). Jelikoz polyploidizacni
speciace probiha predev§im u rostlin, nebude v této praci dale diskutovdna (pro dalsi

informace napt. Ramsey & Schemske, 1998).

2.2.1 Inkompatibilita na urovni chromosomii

Vlivem chromosomové mutace se méni struktura nebo pocty chromosomu v karyotypu.
To ma za nasledek, ze pti pohlavnim rozmnozovani, zejména v pribéhu meiodzy, jsou novy a
stary karyotyp ¢astecné nebo zcela inkompatibilni. Vysledkem je sniZena plodnost nebo uplna
sterilita hybrida, kterd vytvaii G€innou postzygotickou reprodukéni bariéru (Flegr, 2005).

Za jednu z nejcastéjSich chromosomovych mutaci je povazovana Robertsonova
(robertsonskd) translokace (Robertson, 1916), kdy dochdzi k fazi dvou akrocentrickych
chromosomil za vzniku jednoho metacentrického chromosomu a celkové se tak méni pocet
chromosomit v karyotypu (obr. 1). U savci jsou Robertsonovy translokace nejlépe

prostudované u zapadoevropskych populaci poddruhu mySi domaci M. m. domesticus

10
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(Hauffe, 1993; Pialek et al., 2001, 2005), a u rejska obecného Sorex araneus (ptehled napf.
Wojcik et al., 2002). U heterozygotnich hybridl, kteti vznikli rliznou kombinaci
robertsonskych metacentrikid, dochazi v disledku meiotickych nondisjunkci k vyznamnému
snizeni fertility.

Prestoze mnoho biologii zastavd nazor, Ze chromosomové mutace maji pii speciaci
podstatny vyznam, na zaklad¢ genetickych analyz se ukazuje, Ze postzygotické bariéry jsou u
savcu zplusobeny spise inkompatibilitou gentl, nez rozsdhlymi chromosomovymi piestavbami

(Perez, 1993; Coyne & Orr, 1998, 2004).

Obr. 1: Teoreticky model evoluce robertsonské

translokace. V geograficky izolovanych
Fixace fiize chromosomt 1/2 Fixace fuze chromosomd 1/3 , ., L. L,
v geograficky izolované v geograficky izolované pOpula(nch dochdzi k fuzi akI'OCCIlTIleYCh
opulaci opulaci o o , . ;
L ) pog chromosomti 1, 2, 3 vriznych kombinacich.

Hybridi mezi pdvodni a odvozenou populaci

3
. reprodukcniizolace budou fertilni, protoze u Zivo¢ichti vznik
tvorba kvadrivalent(s . . o1y . . .

& ) @ @ trivalenti v pribéhu meidzy nepiedstavuje
1 3 1 2 zasadni problém a casto dochazi k normalni

segregaci chromosomd. Hybridi mezi
fertilni hybridl / fertiini hybridi  odvozenymi populacemi budou mit sniZenou
tve

Acitaimaent ot invent fertilitu nebo budou sterilni, protoZze chromosom

1 je obsazen vobou centrickych fuzich (tzv.
monobrachialni homologie). V pribéhu meidzy

o “ @@ @ (m bude dochizet ke tvorbé multivalent
1 2 3

znemoziujicich spravnou disjunkci homolognich
chromosomi. Vymizeni plvodniho karyotypu
zpusobi preruSeni toku genetické informace.

angesiaink popoiaee Upraveno dle Baker & Bickham (1986).

2.2.2 Inkompatibilita na uirovni genii

Model popisujici evoluci sterility a nezivotaschopnosti hybrida na urovni genii nezavisle
na sob¢ navrhli Dobzhansky (1937) a Muller (1942). Podle Dobzhanského-Mullerova modelu
(dale D-M model) vznik reprodukénich bariér zplsobuji epistatické interakce gend, jejichz
vzdjemné kombinace jsou v disledku kumulace odliSnych mutaci skodlivé nebo neslucitelné
(obr. 2). Produkty nékterych gent jednoho druhu nemohou spravné spolupracovat s produkty
genu druhu druhého, takZe u hybrid vznikaji nefunkéni molekuldrni komplexy a na Grovni
organismu nefunkéni orgény (Coyne & Orr, 2004; Flegr, 2005). V ptipad€ inkompatibility na
urovni genu byvaji v prvni fad¢ postizeny funkce spojené s rozmnozovanim, tedy plodnost a

reprodukéni zdatnost hybridu.

11
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Obr. 2: Dobzhanského-Mulleriv model speciace.
Ancestralni populace ma genotyp aabb. Po rozdéleni
na dvé izolované populace napf. geografickou
bariérou, dojde k mutaci genu a u jedné populace,
mutaci genu b u druhé populace a postupné fixaci
nové vzniklych alel 4 a B za vzniku genotypti A4bb a
aaBB. Nov¢ vzniklé mutace alel 4 a B jsou

Primérna fitness

kompatibilni s genetickym pozadim, na kterém
vznikly, aniz by ovlivnily fitness jedince. Tyto
mutace vSak nemusi byt kompatibilni mezi sebou (D-

M inkompatibility), protoze béhem divergence nikdy
nebyly pfitomny u stejného jedince a jejich vzajemna
kompatibilita tedy nebyla nikdy testovana pfirodnim vybérem. Po kontaktu obou izolath se mohli zktizit jedinci
populace A4bb a aaBB a objevi se sterilni nebo nezivotaschopné hybridni potomstvo 4aBb. Na obrazku je
znazornéna adaptivni krajina, kterd ukazuje zavislost fitness jedinci ndhodné se patici populace na frekvenci alel
dvou lokust. Pro zjednoduseni jsou genotypy uvedeny jako haplotypy. Pievzato z Barton et al. (2007).

Platnost tohoto modelu podporuji mnohé poznatky (Coyne & Orr, 2004), které zahrnuji
také studie specifickych geni majici podil na sterilit¢ hybridd (Ting et al, 1998) a na
nezivotaschopnosti hybridi (Wittbrodt et al., 1989; Presgraves et al., 2003; Brideau et al.,
2006; Harrison & Burton, 2006). Sila reproduk¢ni bariéry mize zaviset na mife, v jaké jsou
jednotlivé genové inkompatibility zafixovany mezi divergujicimi populacemi. Teoretické
studie D-M modelu piedpokladaji okamzitou fixaci inkompatibilni mutace v populaci (Orr,
1995; Turelli & Orr, 2000 a dalsi). Existuji vSak studie popisujici vnitrodruhové rozdily v
mife postzygotické izolace jak u rostlin (Stebbins, 1958; Christie & Macnair, 1987; Sweigart
et al., 2007 a dalsi), tak u zivocichti (Gordon, 1927; Patterson & Stone,1952; Forejt & Ivanyi,
1975; Wade & Johnson, 1994; Reed & Markow, 2004; Shuker et al., 2005; Vyskocilova et
al., 2005; Demuth & Wade, 2007; Vyskocilova et al., odeslano a dalsi). Pouze nékolik malo
studii se vSak zaméfuje na zkoumani polymorfismu moznych D-M inkompatibilit
v ptirodnich populacich (Forejt & Ivanyi, 1975; Christie & Macnair, 1987; Vyskocilova et al.,
2005; Sweigart et al., 2007; Vyskocilova et al., odeslano). Cilem této disertace bylo posunout

studia zkoumani postzygotickych bariér od laboratornich kment k voln¢ Zijicim mySim.
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3 STERILITA HYBRIDU

3.1 Sterilita hybrida

Sterilita hybridl je postzygoticka reprodukcni bariéra, ktera zabranuje toku genetické
informace mezi divergujicimi populacemi v raném stadiu speciace u rtiznych organismui
(Coyne & Orr, 1998; Howard et al., 2002; obr. 3). Sterilita hybrida je charakteristickd dvéma
projevy. Prvnim je Haldaneovo pravidlo, které tikd, Ze v hybridnim potomstvu jsou sterilitou,
snizenim  plodnosti nebo  Zzivotaschopnosti zpravidla vice postizeni zastupci
heterogametického pohlavi (Haldane, 1922). U octomilky a savct jsou heterogametickym
pohlavim samci (kombinace pohlavnich chromosomt je oznacovana XY), zatimco u ptaka a
motyll (Lepidoptera) pak samice (ZW). Za druhé je to velky efekt chromosomu X na vznik
samci sterility hybrid (,,large X-effect™) (Coyne & Orr, 1989).

Obr. 3. Mozny casovy sled vyvoje reprodukénich
bariér u savcl. Krysa a mys se nemohou spolu pafit,
jsou tedy reprodukéné zcela izolovany. Je vsSak
nepravdépodobné, ze tato forma reprodukéni bariéry
by byla zodpovédna za pocatek speciace. Pred
vytvofenim prezygotickych reprodukénich bariér
mohlo dojit k pafeni jejich predkii a vzniku hybridni
it zygczty. Pokud bvyl3vf populace predkl od sebev:
pérovani p oddéleny dqstatecnp ’dlouh’ou dobu, opost}lpne

& chromosomij s = sterlita hybridi nakumulované genetické r.ozdlly mohou zpusobit, ze
4 produkty genl pochazejicich zrlznych genomut

nezivotachopnost  nemohou spolu spravné spolupracovat a dochazi
hybridy k porucham pfi vyvoji zygoty, tedy neZivotaschop-
zabranéni — gﬁ?cgeﬂﬁm‘é nos.ti’ hybridi. VV.e’ Yétéi’né .pﬁpadﬁ vSak nepatfvi Vt}{to
oplozeni bariéry zabrafujici vyvoji zygot ke spoustécim
mechanismiim speciace. Pfi jejich absenci muze
vznikat Zzivotaschopné hybridni potomstvo. Tito
potomci vSak mohou byt v disledku prvotnich zmén
vrodiCovském genomu sterilni, kdy nasledkem
inkompatibilit na Urovni genti nebo chromosomi
dochdzi k porucham homolognitho péarovani
chromosomu v prub&hu meidzy. V piipade, Ze by tyto
i zmény v genomu byly evolu¢né fixovany, méli by
‘M vSichni hybridi zhruba stejné sniZzenou plodnost. Ve
skutecnosti mnohé nové zmény v genomu pietrvavaji

v populaci dlouho dobu soucasné se starymi. Proto
se hybridni jedinci mohou navzijem dost liSit i
v ramci stejné rodiny stupném snizeni své plodnosti a
vznikd potomstvo jak plné sterilni, tak fertilni. Vyskyt hybridd se snizenou fertilitou patii mezi prvni projevy
druhové divergence. Snizenim plodnosti (sterilitou) jsou pak zpravidla v hybridnim potomstvu vice postizeni
zastupci heterogametického pohlavi (Haldaneovo pravidlo), i kdyZ se pozdé&ji projevi u obou pohlavi. Existence

postzygotické bariéry tak muze vytvaret selekéni tlak na vznik prezygotickych reprodukénich bariér. Upraveno
dle Forsdyke (2000).

pocatek

L=

vyvoj zygoty

MYS
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STERILITA HYBRIDU

3.1.1 Haldaneovo pravidlo

Platnost Haldaneova pravidla byla opakované prokdzdna u mnoha druhli naleZicich
k riznym taxonim (Turelli, 1998; Forsdyke, 2000; Coyne & Orr, 2004). Proto byla objasnéni
mechanismi vzniku Haldaneova pravidla, a tedy moZznym pfi¢indm sterility hybridi,
vénovana velkd pozornost. Studie, provadéné v naprosté vétSin€ u octomilky, ukazaly, Ze
Haldaneovo pravidlo je zpisobeno kombinaci vétsiho poctu faktort (Coyne & Orr, 2004).

Prvni mozné vysvétleni Haldaneova pravidla piinesla teorie dominance (,,dominance
theory*). Tato teorie pifedpoklada, ze za vznik inkompatibilit mezi rodicovskymi genomy jsou
odpovédné interakce recesivni povahy mezi geny na autosomech a geny na chromosomu X
(Muller, 1942; Turelli & Orr, 2000; Coyne & Orr, 2004). V ramci riznych druhd se
inkompatibility recesivnich alel hromadi rychleji nez u dominantnich alel (True ef al., 1996,
Masly & Presgraves, 2007). Sterilita se potom projevi u heterogametického pohlavi, protoze
méa pohlavni chromosom X jen vjedné kopii. Platnost této teorie potvrzuje celd fada
experimentalnich studii (ptehled viz Masly & Presgraves, 2007).

Druhym faktorem je tzv. teorie rychlejSich samcl (,,faster-male theory®), kterad
piedpoklada, ze inkompatibility zplisobujici sterilitu samct se kumuluji rychleji nez ty, které
vedou ke sterilit¢ samic (Wu & Davis, 1993; True et al., 1996; Tao et al., 2003). Rychlejsi
evoluce samcll nez samic miize byt zplisobena intenzivnéjsi kompetici béhem pohlavniho
vybéru. To vede krychlejsi evoluci samcich genli ve srovndni se sami¢imi a vétsi
pravdépodobnosti vyskytu sterility u hybridnich samct (Wu & Davis, 1993). Genetické studie
z posledni doby tuto teorii potvrzuji a ukazuji, Ze u genl s preferencni expresi usamcl
probiha adaptivni evoluce rychleji na twrovni sekvence DNA a exprese nez u genl
exprimovanych pouze u samic nebo geni exprimovanych u obou pohlavi ve stejné mite
(Michalak & Noor, 2003; Ellegren & Parsch, 2007). Navic spermatogeneze jako takova je
ziejmé obecné citlivéjsi k poruchdm nez oogeneze (Hunt & Hassold, 2002). Piestoze se efekt
rychlejs$ich samcii pti vzniku Haldaneova pravidla s velkou pravdépodobnosti uplatiiuje, musi
mit slab$i u¢inek nez efekt dominance (True et al., 1996; Tao et al., 2003). Jinak by u
organismu s pohlavnimi chromosomy ZW byly sterilitou postizeny nejen hybridni samice, ale
1 samci, jak by se podle teorie rychlejSich samcii ocekévalo.

Haldaneovo pravidlo maze byt dasledek rychlej$i evoluce chromosomu X, ktery se

shrnuje pod nédzev velky efekt chromosomu X a bude popsan v néasledujici kapitole.
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3.1.2 Velky efekt chromosomu X

Pti studiu sterility hybridi pomoci zpétnych kiiZeni se ukdzalo, Ze pfenos chromosomu
X z jednoho druhu na genetické pozadi druhého druhu, ma nepomérné vétsi vliv na fitness
hybrida ve srovnani s autosomy (Coyne & Orr, 1989; obr. 4). Silny G¢inek chromosomu X na
sterilitu hybridi, novéji nazyvany jako ,,Coynovo pravidlo® (Turelli & Moyle, 2007),
podporuje i fakt, ze pohlavni chromosomy zpravidla v mnohem omezenéjsi mife prechazeji
pies hybridni zénu (viz kap. 3.3) nez autosomy (Hagen & Scriber, 1989; Tucker et al., 1992;
Dod et al., 1993; Raufaste et al., 2005; Macholdn et al., 2007a). Chromosom X ma vétsi
obsah gent odpovédnych za mezidruhovou inkompatibilitu (Charlesworth et al., 1987; Coyne
& Orr, 1989; Wu & Davis, 1993; Masly & Presgraves, 2007) a nese nendhodny obsah genti
s preferencni ¢1 vylucnou expresi v jednom pohlavi. Napiiklad mySi chromosom X pfi
porovnani s autosomy obsahuje méné genli exprimovanych ve spermatogennich burikach
béhem meidzy a je obohacen o geny, které jsou prednostné exprimované ve vajeCnicich,
placenté, somatickych burikdch varlete nebo ve spermatogennich butikdch pfed meidzou
(Wang et al., 2001; Khil et al., 2004; Divina et al., 2005).

V soucasné dob¢ existuji tfi hlavni evolucni hypotézy, které se snazi velky efekt
chromosomu X vysvétlit a které jsou pfevdzné podpofeny poznatky ziskanymi studiem

octomilky (pro piehled viz Presgraves, 2008).

Chromosom
XY 2 3 4

| — ) e | — |
F! | s—  s— —

Obr. 4: Velky efekt chromosomu X u hybridd

| s § s | s | . I3 . v 7
SEES octomilky. Chromosom X ma zjevné velky

[— | s— . . .y 10 ~r : :
= i vliv na vznik sterility u hybrida, kteti vznikli

ze zpétnych kiizeni mezi D. pseudoobscura
(bilé chromosomy) a D. persimilis (Cervené
chromosomy). Na ose X je uvedeno procento
fertilnich hybridnich samcid, na ose Y jejich
genotyp. Tento jev byl pozorovan u celé fady

dal§ich organismi, vcetn¢ savel, motylld a
A ptaki (Coyne & Orr 1989). Prevzato z Coyne
& Orr (2004).
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Prvni je teorie rychlejsiho X (,faster-X theory*), ktera ptredpoklada rychlejsi evoluci
genll na chromosomu X zplisobené Castéjsi fixaci recesivnich mutaci na tomto chromosomu
ve srovnani s autosomy (Charlesworth et al.,1987; av§ak Betancourt et al., 2002; Thornton et
al., 2006). Pfitomnost recesivni mutace se v heterozygotnim stavu na autosomech neprojevi,
protoze jeji efekt je maskovan standardni alelou na druhém chromosomu. Piitomnost
recesivni mutace se ale projevi na jediném chromosomu X samctli a mize okamzit¢ podléhat
selekci.

Teorie rychlejsiho X by také mohla vysvétlit vznik Haldaneova pravidla a to za
piedpokladu, ze hybridni inkompatibility budou na chromosomu X puisobit recesivné a zZe se
rychlejsi evoluce chromosomu X tykd vyhradné gent exprimovanych u heterogametického
pohlavi (Orr, 1997; Coyne & Orr, 2004)

Druhym moznym vysvétlenim velkého efektu chromosomu X by mohl byt meioticky tah
(,,meiotic drive; Coyne & Orr, 2004; Presgraves, 2008). Za odchylky od ndhodné segregace
chromosomil v pribéhu meidzy mohou byt zodpovédné sobecké genetické elementy, které
zni¢i nebo poSkodi gametu, kterd nese alternativni alelu. Vysledkem meiotického tahu pfi
spermatogenezi je u heterogametického samce celkové mensi pocet spermii, které
nesou prevazné alelu zpusobujici tento efekt. Protoze sobecké chovani alel odpovédnych za
meioticky tah zpravidla snizuje plodnost jejich nositele, byvaji jejich Gcinky potlaceny. Miize
vsak nastat ptipad, kdy v oddélenych populacich dochazi k fixaci jinych alel, které zptlisobuji
meioticky tah, nez alel, které jeho ucinky potlacuji. Pokud se tato nevyvazena sestava alel
setkd v hybridnim jedinci, mohlo by v extrémnim pfipad¢ dojit k vzajemnému zniceni
spermii. Vzhledem k tomu, ze meioticky tah je prevazn¢ zpisoben spolenym plisobenim vice
alel riiznych gent, budou se faktory odpovédné za meioticky tah snadnéji fixovat v oblastech
se snizenou rekombinaci, ke kterym patii inverze nebo pohlavni chromosomy, které u
heterogametického pohlavi rekombinuji ve zna¢n€¢ omezené mite (Hurst ez al., 1996).

U octomilky je zndm tzv. SD-systém (,,segregation distortion®), ktery se podili na
kompetici spermii a vétSina faktord zptisobujicich meioticky tah se nachézi na chromosomu X
(Jaenike, 2001). U mysi byl popsan tzv. f-haplotyp, ktery se nachdzi v proximalni casti
chromosomu 17 a je charakteristicky ¢tyimi inverzemi (Klein et al., 1984; Siver, 1995).
V této oblasti s potlacenou rekombinaci se napadné casto vyskytuji geny odpovédné za
sterilitu hybrida (Forejt ef al., 1991; Pilder ef al., 1991, 1993; Trachtulec et al., 1994; Pilder,
1997; Elliot et al., 2004). Genetické mapovani genii na chromosomu X podmiiiujici sterilitu
hybridnich samcii my$i domdci naznacilo pfitomnost inverze v lokusu, ktery vykazoval

nejvetsi vliv na sterilitu samct (Storchova et. al., 2004).

16



STERILITA HYBRIDU

Myslenka, ze za vznik sterility hybridi by mohl byt odpovédny meioticky tah, nachazi
v posledni dob¢ silnou podporu, protoze objasiiuje nejen velky efekt chromosomu X, ale je 1
moznym vysvétlenim Haldaneova pravidla, coz také potvrzuji nové empirické studie (Tao et
al., 2003; Masly & Presgraves, 2007; Orr et al., 2007).

Tieti hypotéza, ktera vysvétluje velky vliv chromosomu X na vznik sterility hybridd,
klade diiraz na epigenetické modifikace chromosomu X v zarodecnych burikédch. Béhem
pocatecnich fazi spermatogeneze prochazi chromosom X u heterogametickych samct
meiotickou inaktivaci (Lifschytz & Lindsley, 1972; pro ptehled viz Turner, 2007). V ptipadé,
ze cizorody chromosom X z jednoho druhu neni spravné rozpoznan inaktivanim aparatem
jiného druhu jako geneticky material chromosomu X, mtize dojit k naruseni meiotické
inaktivace a nasledné sterilit¢ hybridnich samct (Masly & Presgraves, 2007). Inaktivace
chromosomu X v zarode¢nych burikach byla prokazana u fady organismu vcetné octomilky
(Lifschytz & Lindsley, 1972; pro piehled viz Presgraves, 2008), va¢natcli (Namekawa et al.,
2007), hadatka (Kelly et al., 2002) a mysi (McCarrey ef al., 2002). U mysi byl také dobie
zdokumentovan vliv inaktivace na genovy obsah chromosomu X (Khil e al., 2004; Divina et

al., 2005).

3.2 Speciacni geny

V piirod¢ je mnohem castéjsi sterilita hybrida, pfipadné jejich potomstva, nez jejich
nezivotaschopnost (Johnson & Kliman, 2002) a evoluce sterility hybrid probiha rychleji nez
evoluce nezivotaschopnosti hybridii (Presgraves, 2002; Orr et al., 2004). Pravé studium
mechanismi vzniku sterility hybridi muze pomoci objasnit priibéh speciace podminéné
genovou inkompatibilitou.

Geny, které vlivem D-M inkompatibilit snizuji fitness hybridl, se Casto oznacuji jako
»speciacni®. Jak jiz bylo zminéno, mezi hlavni mechanismy, které mohou vést k divergenci
specia¢nich gend, patii pohlavni vybér a genetické konflikty (meioticky tah) (Orr &
Presgraves, 2000; Orr ef al., 2004). Otazkou ovSem zustava, které konkrétni geny u hybridi
sterilitu zplisobuji a jaka je jejich normalni funkce. Do soucasné doby bylo popsano nékolik
speciacnich gend u rliznych organismd, véetné octomilky (piehled viz Orr et al., 2004) a mysi
(viz kap. 3.4), o jejich piesné funkci v§ak vime velmi malo.

Prvni, nejznamé;jsi a nejlépe prostudovany speciacni gen byl popsan u octomilky a nese
mytologicky ndzev Odysseus (Ods) (Perez et al., 1993). Lokus Ods, ktery se nachazi se na

chromosomu X, obsahuje gen kodujici homeoboxovy transkripéni faktor nazvany OdysseusH
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(OdsH - Odysseus site homeobox) a je exprimovany ve varlatech, jeho pfesnd funkce vSak
neni znama (Perez et al., 1993; Perez & Wu, 1995). OdsH vznikl pravdépodobné duplikaci
genu unc-4, exprimovaného v nervovych bunikéch, a jeho sekvence, exprese a nova funkce
v rdmci reprodukéni izolace prochazi rychlym vyvojem (Ting et al., 1998; Sun et al., 2004).
Oproti OdsH je sekvence genu unc-4 konzervovana nejen u octomilky, ale dokonce 1 u savcl
a u hlistic (Ting et al., 1998). Je zajimavé, Ze za poslednich ptl milionu let vzniklo v samotné
homeodoméné OdsH tolik aminokyselinovych substituci, kolik by se ocekavalo v pribéhu
700 miliont let. Vychyleny pomér nesynonymnich ku synonymnim substitucim odhalil, ze
tento gen je vystaven velmi silné pozitivni selekci. Samci s vyfazenym (tzv. knock-out)
genem OdsH byli plodni, pouze v mladi méli snizeny pocet spermii (Sun et al., 2004). OdsH
je sice ,,postradatelny* gen, ktery neni potieba pro Zivotaschopnost a plodnost jedince daného
druhu, ale hraje vyznamnou roli v evoluci, protoze je nachylny k divergenci své funkce
béhem vzniku jednotlivych kladt rodu Drosophila.

Studium speciacnich geni tak muze byt kliCem k porozumeéni, jakym zpisobem

probihaji pocatecni faze divergence druhd.

3.3 Mys jako modelovy organismus pro studium sterility hybridu

Genetickd struktura a molekuldrni mechanismy sterility hybridit doposud nejsou,
navzdory neustale probihajicim molekuldrné genetickym analyzam, dostatecn¢ objasnény.
Mnoho poznatkl o sterilit¢ hybridii vychazi ze studia oblibeného modelového organismu,
octomilky (Coyne & Orr, 2004; Orr ef al., 2004; Sawamura et al., 2004; Orr, 2005; Masly &
Presgraves, 2007). Na zdklad¢ experimentdlnich mezidruhovych kiizeni bylo
dokumentovano, ze geny zpusobujici sterilitu nebo nezivotaschopnost hybridli jsou v ramci
druht fixovany (Coyne & Orr, 2004). Je vSak podstatné, ze ve vétSin€ piipadil byly pouzity
druhy geneticky vzdalené, které by se za normdlnich okolnosti v pfirod¢ nektizily (Orr &
Presgraves, 2000). Nelze také zanedbat tzv. efekt snéhové koule (,,snowball effect™), ktery
piepoklada, ze ocekavany pocet D-M inkompatibilit v hybridech narista rychleji nez linearné
s rostoucim poctem mutaci v genomu divergujicich druhti (Orr, 1995; Orr & Turelli, 2001).
Proto je jakékoliv zobectiovani problematické, protoze takto ziskané poznatky mohou odrazet
procesy probihajici v pozdnim stadiu speciace nebo dokonce po zavrSeni tohoto procesu, tedy
v disledku existujici reprodukéni izolace. V této situaci zpravila nelze odlisit pficiny od

dasledkt speciace.
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Obr. 5: Schematické znazornéni fylogeneze rodu Mus. Tento rod se oddélil zhruba pted 5 miliony let a je
tvoten podrody: Mus, Pyromys, Coelomys a Nanomys. V ramci podrodu Mus se nejprve odstépila linie vedouci
k dnesnimu druhu M. ferricolor zIndie, Nepalu, Pakistanu a Bangladése (na obrazku pod nespravnym
oznacenim M. dunni, které je mladSim synonymem terricolor). Zhruba ptfed 3 miliony let se oddélila skupina
druht M. cervicolor, M. cookii a M. caroli a druha linie obsahujici jak tzv. ,palearktickou skupinu vcetné
komplexu mysi domacich, tak dvojici asijskych druhti, M. famulus z Indie, teprve nedavno zafazenou do
podrodu Mus (Chevret et al., 2003), a pied casem objeveny druh M. fragilicauda z Thajska (Auffray et al.,
2003). ,,Palearkticka‘ skupina se objevila asi pted 1,5 milionem let; ptestoze ekologicky velmi podobna ostatnim
exoantropnim druhiim M. macedonicus, M. spicilegus a M. cypriacus (na obrazku neznazornén), vétSina
molekularnich analyz ukazuje na rané odstépeni druhu M. spretus, ktery je tak sesterskou skupinou vsech
ostatnich zastupct tohoto kladu vcetné domacich mysi. Na obrazku jsou ¢ervené vyznacCeny taxony, od kterych
jsou odvozeny laboratorni kmeny mysi (viz kap. 4.1). Pfevzato z Guénet & Bonhomme (2003).

Jednim z nejvhodnéjSich sav¢ich modelovych organismi pro studium postzygotickych
bariér, které se uplatiiuji v raném stadiu speciace, je bezesporu myS domaci (Mus musculus).
Jde o komplex forem, které jsou vzhledem k neuplné reprodukéni izolaci zpravidla
povazovany za poddruhy (Auffray et al., 1990; Musser & Carleton, 2005; obr. 5), néktefi
autofi je vSak povazuji za samostatné druhy (napt. Sage ef al., 1993; Prager et al., 1998). Tyto
formy, které se odd¢lily od spolecného piedka zhruba pied plil milionem let (Boursot et al.,
1993; Prager et al., 1998; Macholdn et al., odeslano), tvofi monofyletickou skupinu,
charakteristickou synantropnim zplisobem zivota. Patii sem M. m. musculus, M. m.
domesticus, M. m. castaneus, M. m. gentilulus a nové objeveny, dosud oficialn¢ nepopsany
poddruh M. m. socotranus (Macholan et al., odeslano). Komplex domacich mysi je blizce
ptibuzny dal§im druhiim, Zijicim exoantropné, tedy nezavisle na clovéku: M. spretus, M.

spicilegus, M. macedonicus a nové popsany druh M. cypriacus (Orth et al., 2002; Cucchi et
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al., 2006), ktery sdili spolecného ptedka s M. macedonicus (Orth et al., 2002; Macholan et al.,
2007b). Z nedostatku vhodnéjSiho terminu byva cely tento kldd nepfesné oznacovéan jako
,palearkticka skupina“ (Lundrigan ef al., 2002; Tucker et al., 2005).

Poddruhy M. musculus vznikly pravdépodobné na severu indického kontinentu (Boursot
et al., 1996; pro odlisnou hypotézu viz Prager ef al., 1998) a jejich rozsiteni po svéteé je spjato
s Clovekem (obr. 6). Se zavedenim zemédélstvi po skonceni posledni doby ledové osidlila M.
m. castaneus jihovychodni Asii a ptilehlé ostrovy. M. m. musculus kolonizovala skoro celou
Asii a vychodni Evropu. Nejdale se rozsitila M. m. domesticus, kterd se nejdiive pres Blizky
vychod dostala do severni Afriky, jizni a zapadni Evropy a odtud pozd¢€ji do Ameriky, jizni
Afriky a Austrélie (Boursot ef al.,1993; Guénet & Bonhomme, 2003).

Na hranicich arealt rozsiteni dochazi k sekunddrnimu kontaktu jednotlivych poddruht,
které se mezi sebou kiizi a produkuji hybridni potomstvo, které je alesponi ¢aste¢né fertilni. V
Evropé se setkavaji poddruhy M. m. musculus a M. m. domesticus, kde vytvareji dlouhou a
uzkou hybridni zénu (obr. 6), ktera vede napti¢ Jutskym poloostrovem a dale od pobiezi
Baltského mote pres stfedni Evropu a Balkén az k Cernému mofi (Boursot et al., 1993; Sage
et al., 1993; Macholan er al., 2003). Céast hybridni zény zasahuje i do nejzapadnéjiiho
vyb&zku Ceské republiky, kde byl potvrzen vyskyt jedinct obou poddruhd a jejich hybrida
(Macholén & Zima, 1994; Lazarova, 1999; Munclinger ef al., 2002). Hybridni zona mysi patii
k nejlépe prostudovanym (ptehled v Boursot ef al., 1993; Sage et al., 1993; pro nejnovejsi
poznatky viz Macholan et al., 2003; Payseur et al., 2004; Britton-Davidian et al., 2005; Dod
et al., 2005; Raufaste et al., 2005; Teeter et al., 2008), véetné Ceské casti (Macholan & Zima,
1994; Munclinger et al., 2002; Bimova et al., 2005; Macholan et al., 2007a). Vzajemny
kontakt mezi poddruhy se neomezuje jen na evropsky kontinent — hybridni zéna mezi M. m.
musculus a M. m. castaneus byla popsana v Ciné (Sage et al., 1993) a v Japonsku, kde
piirozenym ktizenim vznikla jedinecna populace nazyvana M. m. molossinus (Yonekawa et
al., 1988). Studium hybridnich zén ma zna¢ny vyznam pii feSeni otazky vzniku novych
druhti, protoze v téchto oblastech probihd hybridizace po mnoho generaci a navic veskeré
hybridni potomstvo podléha ptfisnému pfirodnimu vybéru, ktery je obtizné simulovat
v laboratornich podminkach. Proto byvaji hybridni zény casto oznaCovany za ,pfirodni
laboratote* (Hewitt, 1988) nebo ,,0kna do evoluce* (Harrison, 1990).

Pravé existence poddruhti, hybridnich zén, podrobnych genetickych map genomu a
laboratornich kmenii (viz kap. 4) ¢ini z mySi doméci vhodného a uzitecného kandidata pro

studium genetickych zakladu sterility hybridii u savct.
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Obr. 6: Geografické rozsifeni tfi druht rodu Mus, M. spretus, M. macedonicus a M. spicilegus (tvrty druh,
M. cypriacus, je znam pouze z Kypru) a znazornéni kolonizacnich cest domacich mysi. Do Ameriky a Australie
byla my$ domaci zavleCena lidmi b&hem osidlovani nové objevenych kontinentli. Pfevzato z Guénet &
Bonhomme (2003).

3.4 Sterilita hybridi u mysi domaci

3.4.1 Lokus Hstl

Sterilita hybridi byla u mysi doméci poprvé popsana u hybridnich samci mezi divokymi
mySmi M. m. musculus odchycenymi v Praze a laboratornim kmenem C57BL/10 (B10), jehoz
pfevazna ¢ast genomu ma ptvod v poddruhu M. m. domesticus. Jeden z lokusu, ktery se
podili na vzniku této sterility hybridd, byl zmapovan pomoci polymorfismu neseném kmeny
B10 a C3H (Ivanyi et al., 1969; Forejt & Ivanyi, 1975; Forejt, 1996). Zaroven se jednd 1 o
prvni lokus podminujici sterilitu hybridd znamy u savcii. Pozorovana sterilita hybrida se
fenotypové projevila zastavenim spermatogeneze u primarnich spermatocytli v pachytennim
stadiu (Forejt, 1981; Yoshiki ef al., 1993). Sterilni hybridni samci méli niz§i hmotnost varlat,
v ductus epididymis nebyly pfitomny spermie, presto meéli (relativné k velikosti varlat)
normalni hladiny testosteronu v krvi (Forejt & Ivanyi, 1975; Forejt, 1985). Lokus zodpovédny
za tento fenotyp byl nazvan Hybrid sterility 1 (Hstl) a byl postupné zmapovan do 255 kb
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dlouhé oblasti v proximalni ¢asti chromosomu 17 (obr. 7) (Forejt & Ivanyi, 1975; Forejt et
al., 1991; Trachtulec et al., 1994, 1997, 2005, 2008; Gregorova et al., 1996). Pomoci
pozi¢niho klonovani byl pro HstI nalezen idealni kandidat, kterym je gen Prdm9 (PR domain
containing 9), ktery je exprimovan ve varlatech (Mihola et al., v recenznim fizeni). Tento
gen, popsany také jako Meisetz, se exprimuje v prubéhu meidzy a kdduje specifickou histon
H3 methyltransferazu, kterd katalyzuje trimethylaci histonu H3 dimethylovaného na lysinu 4
(Hayashi et al., 2005; Hayashi & Matsui, 2006). Tato epigenetickd modifikace histonu H3 je
spojena s transkripcni aktivaci eukaryotickych geni (Bernstein et al., 2005). Gen Prdm9 je
tak schopny aktivovat specifické geny potfebné ke zdarnému pribéhu meidzy (Hayashi &
Matsui, 2006). Knock-out tohoto genu zpusobuje u mysi zastavu oogeneze a spermatogeneze

ve stadiu primarnich spermatocyti (Mihola ef al., v recenznim fizeni).

Chromosom 17

5 10 15 20 25 cM
o— —t + ¢ ¢
;nl in2 in3 ind "
Hst7 Hst4 Hst6 Hsts
e Hst1 " LDnancs
«(macxB6)
Chromosom X
10 20 30 40 50 60 70 80 cM
& 2 5 ¢ g 5 4 £ 5
® [htw1 = Hst3
— Hstx1
(macxB6)

Obr. 7: Schematickd mapa umisténi lokust podilejicich se na sterilit¢ hybridi na chromosomu 17 a
chromosomu X. Cervené jsou vyznaleny lokusy identifikované z kiizeni M. m. muschulus x B10, oranzové
M. m. molossinus x B6, modie mezi M. spretus x B6 a zelen¢ M. macedonicus x B6. V proximalni ¢asti
chromosomu 17 muze byt pfitomen f-haplotyp, na kterém se nachazi Ctyfi paracentrické inverze (vyznaceny
Sed¢). T-haplotyp je sobecky DNA element, ktery pisobi dysfunkci spermiim neobsahujici tento haplotyp.
Lokusy Shal, Sha2 a Sha3 jsou v databdzi Mouse Genome Database of The Jackson Laboratory
(www.informatics.jax.org) evidovany pod nazvy Sphal, Spha2 a Spha3.
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Z kiizeni divokych mysi M. m. musculus odchycenych ve Studenci v Ceské republice
(vzdalen 250 km vychodné od centra hybridni zény a 160 km od Prahy) s kmenem B10 jsme
prokdzali vliv proximdlni ¢asti chromosomu 17 na sterilitu hybridi a pfitomnost
polymorfismu pro tento znak i v jiné alopatrické populaci M. m. musculus (Vyskocilova et al.,
2005). Molekularn¢ genetickd analyza ale odhalila neuplnou segregaci sterility hybrida s Hst/
oblasti a poukédzala na pritomnost dalSich geni podminujici sterilitu hybridd, které jsou

pravdépodobné polymorfni v populaci divokych mysi M. m. musculus.

3.4.2 Sterilita asociovand s chromosomem X

Sterilita hybridd, ktera se projevuje snizenou hmotnosti varlat, snizenym poctem spermii
a pritomnosti morfologicky poskozenych hlavicek u spermii, byla pozorovéana i u hybridi s
introgresi chromosomu X zinbredniho kmene PWD (odvozen od M. m. musculus) na
genetickém pozadi laboratorniho kmene C57BL/6 (B6) (Storchova et al., 2004). Geneticka
analyza odhalila, Ze sterilita ma oligogenni zadklad zahrnujici témét cely chromosom.
Nejsilngjsi ucinek na sterilitu vykazoval gen v centrdlni ¢asti chromosomu X a byl nazvan
Hstxl (X-linked hybrid sterility 1) (obr. 7). Oblast nesouci Hstxl, ktera byla genetickym
mapovanim zizena na délku 4,5 Mbp, obsahuje 19 genli a u sedmi z nich byla prokézana
exprese ve varlatech. VySe popsany proces poruchy spermatogeneze byl nalezen i ve
varlatech konsomickych samct se substituci chromosomu X, pochazejiciho z divokych mysi
M. m. molossinus, na genetickém pozadi laboratorniho kmene B6 (Oka et al., 2004). Byly
identifikovany tfi lokusy ovliviiujici morfologii hlavi¢ek spermii: Shal (Sperm head anomaly
1), Sha2 a Sha3. Nasledn¢ byly prokazany interakce mezi tfemi lokusy na autosomech a
chromosomem X, které maji vliv na abnormalni tvary hlavic¢ek (Oka et al., 2007). Lokus Ilx1
(Interacting locus with the X chromosome 1) se nachézi na chromosomu 1. Lokus //x2 byl
lokalizovan do distalni, kdezto /Ix3 do proxidlni ¢asti chromosmu 11. In vitro fertilizace
ukdzala, Ze spermie s morfologicky posSkozenou hlavickou obtizné pronikaji pres zona
pellucida vajicka. Vliv introgerese chromosomu X na sterilitu hybrida potvrzuji i nejnoveé;si
studie hybridnich samct vzniklych kfizenim inbrednich linii odvozenych z M. m. musculus
(PWK) a M. m. domesticus (LEWES), které potvrdily pfitomnost minimaln¢ dvou lokusti na
chromosomu X, které se vyznamné podili na vzniku sterility hybrid (Good et al., 2008a).
Pfi recipro¢nim kiizeni volné Zijicich myS$i M. m. musculus a B10 jsme pozorovali
vyznamné rozdily ve fenotypovém projevu sterility a poukazali na mozny vliv sméru kiizeni

na vznik sterility hybridi (Vyskocilova et al., 2005). Vliv reciprocity kiizeni na projev
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sterility hybridii potvrzuji 1 dalsi studie, zabyvajici se kiizenim inbrednich linii odvozenych z
M. m. musculus (PWK, MDH, CZECHII) a M. m. domesticus (LEWES, DDO, WSB)
(Britton-Bavidian et al., 2005; Good et al., 2008a, b). Pouze ze zpétného kiizeni (PWK x
LEWES) x LEWES vznikali neplodni hybridni samci se sniZenou véhou varlat a nizkym
poctem spermii. Ve zpétném kiizeni opacného typu (LEWES x PWK) x PWK tento jev nebyl
pozorovan (Good et al., 2008a).

3.4.3 Dalsi lokusy podmiriujici sterilitu hybridu

Z kiizeni kongennich mys$i majici ¢ast svého genomu plivodem z M. sprefus s mySmi
kmene B6 bylo popséano 3est lokusti ovlivitujicich plodnost (obr. 7). Ctyfi lokusy, Hst4 (Pilder
et al., 1991), Hst5, Hst6 (Pilder et al., 1993) a Hst7 (Pilder, 1997), lezi na proximalnim konci
chromosomu 17. V posledni dobé se ukazuje, Ze sterilita zpisobovand lokusem Hst6 je velice
komplexni a Gcastni se ji pravdépodobné nejméné tii geny v Hst6 oblasti. Pro proximalni
Hst6 byl nalezen vhodny kandidatni gen, kterym je gen pro axonemalni dynein, Dnahc§
(Samant et al., 1999, 2005; Fosella et al., 2000). Dalsi dva lokusy se nachazejici na
chromosomu X, jeden v distalni ¢asti, Hst3 (Guénet et al., 1990) a druhy v proximalni ¢asti,
Ihtwl (Interspecific hybrid testis weight 1), ktery ovliviluje hmotnost varlat (Elliott et al.,
2001). Ackoliv u hybridnich samcli nebyly nalezeny zralé spermie, v semenotvornych
kanalcich byla pozorovana piitomnost spermatocyti, ncékteré ve stadiu metafaze 1.
meiotického dé€leni. Tento jev miize byt disledkem Spatného parovani chromosomit X a Y,
zpisobené heterozygotnosti v pseudoautosomové oblasti (Forejt & Ivanyi, 1975; Mastuda et
al., 1992) nebo poruchou tvorby XY téliska.

Ze zpétného ktizeni samic (M. macedonicus x B6)F; se samci B10 byly identifikovany
dva lokusy odpovédné za sterilitu hybridi, které se nachazi v proximalni ¢asti chromosomu
17 a X (Elliot et al., 2004; obr. 7). Cytologicka analyza varlat potvrdila pfitomnost poruch
parovani chromosomu X a Y v metafazi 1. meiotického déleni.

Druhy M. spretus, M. macedonicus a M. musculus jsou upln¢ reprodukéné izolované a
v ptirod¢ nedochézi k jejich mezidruhovému kiizeni. Je proto mozné, ze inkompatibility mezi
M. spretus a B6 (M. m. domesticus) a mezi M. macedonicus a B6 (M. m. domesticus) jsou

spiSe jen druhotnym nésledkem divergence nez samotnou pfic¢inou speciace.
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4 INBREDNI KMENY MYSI A JEJICH VYUZITI

4.1 ,Klasické“ inbredni kmeny

Laboratorni mys ptedstavuje vyznamny savéi modelovy organismus. Jednou z vyhod je
dostupnost standardnich laboratornich kment. V pfipad€, Ze pouZijeme stejné inbredni
kmeny, mlzeme eliminovat genetickou variabilitu jako pfipadny zdroj nesrovnalosti pfi
porovnavani vysledkil ziskanych z rliznych experimentt, laboratoii ¢i ¢asovych usekd.

Inbredni kmen vznikd zdmérnym piibuzenskym ktizenim. Procesem pareni bratr-sestra
v kazdé nasledujici generaci dochazi ke ztraté heterozygotnosti ¢ili k fixaci pouze jedné alely
na vsech lokusech (Silver, 1995). Po vice jak dvaceti generacich by vSichni potomci méli mit
genom z 98,7% homozygotni. Po Ctyficeti generacich pak vSechny lokusy budou z 99,98%
homozygotni. Tento proces, nazyvany piibuzenské kiizeni (inbreeding), produkuje inbredni
mysi, které jsou geneticky homogenni a homozygotni ve vSech lokusech. Snizeni obrovské
genetické variability, kterou nachazime v ptirod€, ndm umoziiuje 1épe postihnout vztahy mezi
fenotypem a genotypem. Inbredni kmeny jsou pak velmi uzitecnym nastrojem pro genetické
mapovani, kdy se zjist'uje, které casti genomu jsou odpoveédné za studovany fenotyp.

V soucasné dob¢ je znamo a pouzivano vice nez 450 laboratornich kment a jejich
variant (Festing, 1996; Beck et al., 2000). Pivodni laboratorni kmeny byly odvozeny z volné
zijicich populaci mysi domaci (Mus musculus) pochazejicich pievazné z Evropy a Asie, které
prosly spletitym vyvojem (obr. 8).

Studie nejstarsich, tzv. ,klasickych®, inbrednich kment provadéné v 80. letech 20. stoleti
ukdzaly, Ze tyto kmeny sice obsahuji mitochondrialni DNA typickou pro zapadoevropsky
poddruh M. m. domesticus, ale struktura jejich chromosomu Y u mnoha znich spise
odpovidala vychodnimu poddruhu M. m. musculus (Ferris et al., 1982; Bishop et al., 1985;
Blank et al., 1986; Bonhomme ef al., 1987; Nishioka, 1987). Pozdéji bylo zjisténo, ze
chromosom Y byl zfejmé do inbrednich kment introdukovan kiizenim M. m. domesticus
pfivezenych do Spojenych stati ze zapadni Evropy s jedinci pochdzejicimi z Déalného
vychodu, ptedev§im zJaponska a Ciny (Nagamine er al, 1992). Jak bylo zmindné
v pfedchozi kapitole, japonské populace byly popsany jako samostatny poddruh M. m.
molossinus, pozdéji se vSak ukazalo, Zze tento taxon je ve skuteCnosti hybridni formou
vzniklou pfirozenym kiizenim M. m. musculus a M. m. castaneus z jihovychodni Asie.

Japonské a c¢inské mySi byly po staleti chovany pro zdbavu a Slechtény do rozliénych
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barevnych variet a proto Casto dovazeny do Evropy i Ameriky jako doméci mazlicci (Berry
1981; Beck et al., 2000; Wade et al., 2002).

Struktura genomu ,klasickych® inbrednich kmenit byla déale podrobnégji studovana
pomoci oblasti obsahujici tzv. jednonukleotidovy polymorfismus (SNP, Single Nucleotide
Polymorphism) podminény zaménou (mutaci) jediné baze v fetézci DNA. Nasledujici detailni
analyzy odhalily, Ze 65-92% genomu téchto kment je odvozeno od M. m. domesticus (Wade
et al., 2002, Frazer et al., 2007; Yang et al., 2007). Mezi nejznaméjsi a nejpouzivangjsi

kmeny patii napi. C57BL/6J, A/J, C3H/He] a DBA/2J (Wade & Daly, 2005).

tas Obr. 8: Odvozeni plivodu laboratornich mysi. (a)
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4.2 ,,Cisté“ inbredni kmeny

Prestoze maji ,klasické* laboratorni kmeny kliCovou roli pfi zkoumani ftady
biologickych procesi (Davisson & Linder, 2004) a jsou nezastupitelnym modelem
v biomediciné (Festing, 1996; Fox et al., 2007), pro mapovani specianich genl nejsou prili§
vhodné. Introgresi vznikly hybridni genom ,.klasickych* laboratornich kment byl formovan
epistatickou selekci proti D-M inkompatibilitim a clovékem ovlivnénou selekci jedinct
v laboratornim chovu (Payseur & Hoekstra, 2005; Wade & Daly, 2005). Jejich mozaikovita
struktura genomu, s obtizn¢ zjistitelnym plivodem jednotlivych ¢éasti chromosomi, ktera se

nadto nenachdzi volné¢ v piirod¢, se tak stdvd nesnadnou piekdzku nejen pii studiu
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mechanisma speciace (Silver, 1995; Beck ef al.,, 2000; Wade et al., 2002; Payseur &
Hoekstra, 2005).

Jednim z predpokladii pro presnéjsi studium speciacnich mechanismi na genové Grovni
je tedy vytvoreni ,,Cistych inbrednich kmenii odvozenych ptimo z volné Zijicich mysi (tzv.
,wild-derived inbred strains®), tzn. kmend, které maji jasné¢ definovany a zdokumentovany
ptvod (pojem ,Cisty” je zde pouzivan jako terminus technicus poukazujici na rozdil od
,Kklasickych® kmenli s mozaikovym genomem). Vzhledem k tomu, ze ,klasické“ kmeny
vznikly z omezeného mnozstvi predkl, maji znané snizenou miru genetické variability
(Bonhomme et al., 1987). Proto se zacaly hledat zdroje nové variability a volné Zijici
populace jsou jejim pfirozenym potencidlnim zdrojem.

K nejcastéji pouzivanym ,,Cistym* inbrednim kmentm patii CAST/Ei (M. m. castaneus),
SPRET/Ei (M. spretus), CZECHII/Ei, PWK/Ph a PWD/Ph (M. m. musculus), WSB/Ei a
PERA/EiL (M. m. domesticus) (Wade & Daly, 2005). Tyto kmeny jsou Siroce vyuZzivany
k identifikaci a studiu genetickych inkompatibilit vedoucich k reprodukéni izolaci (Britton-
Davidian et al., 2004; Oka et al., 2004, 2006; Storchové et al., 2004; Payseur & Hoekstra,
2005; Payseur & Place, 2007; Good et al., 2008a, b; Trachtulec et al., 2008). AvSak kromé
kmentt PWK a PWD, odvozenych z voln¢ zijicich populaci M. m. musculus, které pii kiizeni
s linii B10 davaji sterilni samc¢i potomstvo (Forejt & Ivanyi, 1975; Gregorova & Forejt,
2000), nebyly doposud cilené vytvoreny inbredni linie odvozené od voln¢ Zijicich mysi M. m.
musculus nebo M. m. domesticus s vhodn¢ zvolenym a otestovanym fenotypovym projevem,
které by umoznily podrobnéjsi studium genetického pozadi nejen sterility hybridd, ale i
dalSich moznych reprodukéné izola¢nich mechanizmii.

Za ucelem studia mechanismu vzniku reprodukénich bariér jsme od roku 2001 zapocali s
ptipravou ,Cistych® inbrednich kmena s pfesné definovanym geografickym pivodem a
odliSnymi studovanymi fenotypy. Celkem jsme vytvofili osm novych linii mysi odvozenych
od divokych populaci obou podruhti, 3 linie odvozené od M. m. domesticus a 5 linii
odvozenych od M. m. musculus (Pidlek et al., 2008). VSechny tfi linie odvozené od M. m.
domesticus pochazeji z volné zijicich mysi odchycenych v lokalité, kterd se nachazi zapadné
od okraje hybridni zony (Straas, Némecko). Dv¢ linie odvozené od M. m. musculus maji
pavod v mysich odchycenych na vychod od okraje hybridni zény (Buskovice, Ceska
republika) a zakladatelské pary mysi tii ,,musculoidnich linii pochéazeji z lokality, kterd se
nachézi 250 km vychodné od centra hybridni zony (Studenec, Ceska republika) (obr. 9). Tyto
linie byly testovany na pfitomnost polymorfismu u 485 mikrosatelitovych markeri

(http://www .studenec.ivb.cz/projects/inbred strains/genetic_data.php), 296 z nich bylo
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Obr. 9: Mapa lokalit, kde byl provadén odchyt divokych
mysi domacich pouzitych pro vytvofeni osmi ,,Cistych®

Straas & : S " inbrednich linii (Pialek et al., 2008). Cervenou hvézdou
- Némecko ! Pl e

w

jsou vyznaceny populace M. m. musculus, zelené hvézda
oznafuje populace M. m. domesticus. Bila c&ara
naznacuje, kudy prochazi stfed hybridni zény (HZ).
Mapa prevzata z Google Earth.

HZ

O Minchen

druhové specifickych bud’ pro musculus nebo domesticus a predstavuji tak vhodné markery
pro piipadné genetické mapovani (Pialek ez al., 2008).

Pro studium genetického pozadi sterility hybridi byly vytvofeny kmeny mysi STUS
(Studenec Sterile) a STUF (Studenec Fertile) odvozené od M. m. musculus a ve kterych se jiz
zafixovaly alely s odliSnym fenotypovym projevem (sterilni nebo fertilni hybridni samci)
pii ktizeni s ,,klasickym* laboratornim kmenem B10 (Pidlek ez al., 2008, Vyskocilova et al.,
odeslano). Tyto kmeny byly odvozeny od rodi¢ovského paru divokych mysi, které byly jiz
diive fenotypové i genotypovée otestovany na vyskyt sterility hybridii z kiiZzeni s kmenem B10
a tento experiment ukazal, Ze sterilitu hybridi ovliviluje nejen lokus Hsz/, ale naznacil i
moznost existence dalSich genti odpovédnych za sterilitu hybridd (Vyskocilova et al., 2005).
U dalsich linii, které byly odvozeny od mysi z lokalit nachazejicich se co nejblize k hybridni
zong, ale dostateCné vzdalené, aby zUstal plivod genomu geneticky Cisty, byly popsany a
charakterizovany vyznamné rozdily v morfologii, reprodukéni zdatnosti, in vitro imunitni
odpoveédi, agresivité a preferenci partnera na zakladé mocovych signalt, které mohou hrat
dilezitou roli v rozpoznavani piislusnikd vlastniho poddruhu a podilet se na vytvareni

ucinnych prezygotickych reprodukénich bariér (Pialek ef al., 2008; Bimova et al., v tisku).
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5 MAPOVANI QTL ODPOVEDNYCH ZA STERILITU HYBRIDU

5.1 Mapovani QTL

Studium genetické struktury reprodukénich vlastnosti a objevovani gent podilejicich se
na jejich projevu, tedy moznych kandidatli na speciani geny, je neustale v centru zajmu
evoluénich biolog. U zkoumanych organismli se k identifikaci lokusi zpisobujicich
studovany fenotyp nejcastéji pouzivaji klasické vazebné analyzy, cilena mutacni analyza genti
a nebo analyza lokusti pro kvantitativni znaky (Glazier ef al., 2002; Threadgill et al., 2002).
Reprodukéni zdatnost je vysledkem ptsobeni mnoha genetickych faktort, které maji velmi
Casto polygenni zéklad a jsou ovlivnény mnohymi genetickymi interakcemi. Mapovani lokusi
pro kvantitativni znaky nam umoziuje jednotlivé polygenni efekty rozpoznat a lokalizovat.

Jako lokusy kvantitativnich znakl (QTL, ,,Quantitative Trait Loci®) se oznacuji geny
(Castéji jde o vetsi €1 menSi oblasti na chromosomu, které tyto geny obsahuji), které spolu
s ostatnimi geny vyznamné ovliviluji projev kvantitativnich fenotypovych znakii. Analyza
téchto lokusii (analyza QTL, mapovani QTL) je zalozena na nalezeni korelace mezi
genotypem, reprezentovanym vhodnym molekuldrnim markerem, a studovanym fenotypovym
znakem (Soller & Brody, 1976). Marker sam nemusi lezet ve funkénim genu, musi vSak byt
polymorfni a snadno rozpoznatelny molekuldrnimi laboratornimi technikami. Mezi nejcastéji
vyuzivané DNA markery patii vysoce variabilni mikrosatelity (viz kap. 5.2) a SNP (Dietrich
et al., 1996; lakoubova et al., 2000; Beck et al., 2000; Threadgill et al., 2002; Petkov et al.,
2004; Frazer et al., 2007). Nalezeni mozného vztahu mezi danym markerem a fenotypem je
provadéno pomoci riiznych statistickych metod a zahrnuje n¢kolik krokt (Silver, 1995;
Darvasi, 1998; Broman, 2001; Manly et al., 2001): detekce moznych QTL (t-test, ANOVA,
linearni regrese, intervalové mapovani), upfesnéni lokalizace moznych QTL (jednoduché
intervalové mapovani (,,Simple Interval Mapping*)), stanoveni hladin statistické vyznamnosti
pravdépodobnosti pro mozné QTL (permutacni test) a ovéfeni G€inku kombinaci moznych
QTL (slozené intervalové mapovani (,,Composite Interval Mapping*), mapovani vice znakl
(,,Multiple Trait Mapping®)). Korelaci mezi markerem a QTL je mozno stanovit za
piedpokladu, ze je naruSena rovnovaha vazeb mezi lokusy. NaruSeni této rovnovahy lze
dosahnout napt. kfizenim inbrednich linii a tvorbou F, generaci nebo generaci zpétného

kfizeni.
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Pti genetické analyze kvantitativnich znaki u savcl se vSak objevuji praktické 1
teoretické problémy. Za prvé, genom obsahuje asi 5 miliard nukleotidii a desetitisice gent,
¢imz se prodrazuji veskeré celogenomové srovnavaci analyzy (Tsuchihashi & Dracopoli,
2002). Za druhé, pocet jedinct, které miizeme do genetické analyzy zahrnout a stanovit jejich
fenotyp, je omezeny. U zvifat je to ddno limitujicimi moznostmi chovu a kiizeni. U lidi je
za treti, tradiCni statistické metody byly primarné¢ zaméfeny na identifikaci jednotlivych
efektd spiSe nez analyzu slozek komplexniho znaku (Mackay, 2001). V lidské populaci tak
pritomnost genetické a environmentalni heterogenity a nedostatek vhodnych modelid pro
studium jejich vzajemnych interakci predstavuji hlavni piekazku pii hledani genetickych
pricin komplexnich fenotypli (Cordell, 2002). Z tohoto pohledu ptedstavuje my$ domaéci,
resp. rizné laboratorni kmeny mysi domaci, idedlni savéi modelovy organismus pro analyzu
kvantitativnich znakd. Kromé¢ relativné ekonomické nenaro¢nosti chovu, kratkého Zivotniho
cyklu a vétstho poctu potomstva v jednom vrhu (Silver, 1995), je velkou vyhodou znalost
jejiho genomu a existence fady podrobnych genetickych map (Beck et al., 2000; Gregory et
al., 2002; Mouse Genome Sequencing Consortium, 2002; Guénet, 2005; Wade & Daly, 2005;
Yang et al., 2007) bezplatné pristupnych na internetu, napt. v databadzich Mouse Genome
Database of The Jackson Laboratory (www.informatics.jax.org), Whitehead Institute
(www.ensembl.org), UCSC Genome Bioinformatics (http://genome.ucsc.edu), NCBI - Mouse
Genome Resources (www.ncbi.nlm.nih.gov/genome/guide/mouse/) a mnohych dalSich.
V uvedenych databéazich lze nalézt mapy obsahujici miliony SNP (Wade & Daly, 2005;
Frazer et al., 2007) a tisice mikrosatelitovych markert, Casto sestavenych do vhodnych
testovacich sestav pokryvajicich cely genom (Dietrich et al., 1996; Iakoubova et al., 2000;
Gregorova & Forejt, 2000; Pialek ef al., 2008 a mnoho dalSich). V soucasné dobé také
existuje celd fada voln¢ dostupnych pocitacovych programt, které slouzi k mapovani QTL
(QTL Cartographer, Mapmaker/QTL, Map Manager QTX, MultiQTL, PLABQTL, QGene,
atd) a neustdle se rozvijeji nové pfistupy hodnoceni ziskanych dat, umoziujici presnéjsi

analyzu komplexnich znaka (Schliekelman, 2008).

5.2 Experimentalni kiiZeni inbrednich linii a analyza dat

Pro genetické mapovani jednotlivych fenotypovych znakli podilejici se na plodnosti
hybrida jsme pouzili ,,¢isté* linie STUS a STUF, které byly odvozeny od M. m. musculus a z

kiizeni téchto linii s inbrednim kmenem B10 vznika hybridni sterilni nebo fertilni samci
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potomstvo (Pidlek ef al., 2008; Vyskocilova et al., odeslano). Vzhledem k tomu, ze tyto
wmusculoidni* linie maji zafixované odlisné fenotypy, predstavuji vhodny a efektivni nastroj
pro mapovani geni (lokust) ovliviujici fertilitu hybrida.

Jako vhodné markery pro QTL mapovéni byly vybrany mikrosatelity. Mikrosatelity, nebo
také VNTR (,,Variable Number of Tandem Repetitions*) nebo SSR (,,Simple Sequence
Repeats®) ¢1 SSLP (,,Simple Sequence Length Polymorphisms®), jsou tandemové repetice
s kratkym nukleotidovym motivem, nejcastéji di- nebo trinukeotidovym (napf. (AT),
(ATG),) a vyskytuji se v genomu vétSiny eukaryot (Love ef al, 1990; Goldstein &
Schlotterer, 1999). Velikou ptednosti mikrosateliti jako DNA marker je jejich vysoka
pocetnost a, az na nékolik vyjimek, jejich rovnomérné rozlozeni v jaderném genomu mysi
(Love et al., 1990; Dietrich et al., 1996). Dalsi vyhodou je vysoka troven polymorfismu a
kodominantni dédi¢nost. Jednotlivé alely, které se li§i riznym poctem opakovéni a tedy i
rtiznou délkou repetice, vznikaji se znacné vysokou frekvenci. Mutacni rychlost mikrosatelita
u mysi byla odhadnuta na 10~ az 10™ na lokus a generaci (Dallas, 1992). Nezanedbatelnymi
klady mikrosatelitli jsou také snadna dostupnost jiz znamych sekvenci a ptipadné primert pro
PCR, nésledna technicky, finanéné i ¢asové nendrocna detekce a vysoka reprodukovatelnost
dosazenych vysledkt (Silver, 1995; Dietrich et al., 1996; Goldstein & Schlétterer, 1999).

Pted vlastni analyzou QTL sterility hybrida bylo nejprve nutno rozlisit velikostné rozdilné

alely, které jsou specifické pro pouzité inbredni linie (STUS, STUF a B10), a sestavit vhodny
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Obr. 10: Rozlozeni mikrosatelitovych markerti na jednotlivych chromosomech pouzitych k mapovani sterility
samcl z kiizeni mezi liniemi STUS, STUF a B10. Chromosom je naznacen ¢ernou ¢arou, centromera koleCkem.
Pozice markeru na chromosomu byla pievzata z internetové databaze Mouse Genome Informatics of The
Jackson Laboratory (http://www.informatics.jax.org/).
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panel polymorfnich mikrosatelitovych marker pokryvajici jednotlivé chromosomy (Pialek ef
al., 2008; Vyskocilova et al., odesldno; obr. 10). Pro zachyceni moznych QTL pii
celogenomovém mapovani by mély markery pokryvat chromosom v primérné vzdalenosti
ptiblizné 10-15 cM (Silver, 1995). Hybridni samci, u kterych se zjistovala hmotnost varlat,
hmotnost nadvarlete, primérny pocet spermii a byla provedena histologické analyza tezii
varlaty, byli pfipraveni kiizenim (STUS x STUF)F; s B10 (obr. 11). Pro rozeznani ptivodu
lokusu na chromosomu byla sledovana ptitomnost alely specifické pro linii STUS nebo STUF
a pomoci PCR a nasledné elektroforetické separace PCR produktu na agar6zovém gelu byly
stanoveny genotypy u vSech vySetfovanych hybridnich samcti (obr. 11). Ziskana data byla
vloZzena do softwaru MapManager QTX, verze b20 (Manly et al., 2001), ktery pak urcil
relativni vzdéalenosti mezi mapovanymi markery, stanovil potfadi pouzitych markerti na
kazdém chromosomu a pomoci intervalového mapovani a ANOVA vypocital hodnotu LRS
(,,Likelihood Ratio Statistic*), ktera je métitkem statistické prukaznosti potencialnich QTL.
Pro vypocet genetické vzdalenosti byla pouzita Kosambiho funkce, kterd pocita s urcitym
stupeinl interference a je obecné z mapovacich funkci povazovédna za ptesnéjsi pro vétSinu
vyssich organismu. Stejny software byl pouzit ke stanoveni podilu genetické variance daného
fenotypu, ktery mize byt vysvétlen detekovanymi QTL, a k analyze interakci mezi moznymi

QTL.

S? M. m. musculus & M. m. musculus

STUS STUF P F, F4 hybridi
| | x3ex3d 33333383
[
M. m. musculus & C57BL/10
(STUS x STUF) F,
9 n=9 (Fy)

M. m. musculus | C57BL/10
(STUS x STUF) x B10 F,
& n =74 (F, hybridi)

Obr. 11: Schéma experimentdlniho kiizeni linii a ukazka analyzy genotypti hybridnich samcii pomoci
polymorfnich mikrosatelitovych lokusi. Odlisny pivod alel daného markeru je v tomto pfipadé detekovan
metodou PCR a agardzovou elektroforézou na zékladé rozdilné velikosti PCR produkti. Linie STUS je
nositelem alely S (prvni draha), linie STUF alely F (druhéd dréha atd.), potomek vznikly zkiizenim téchto linii
(F;) musi mit obé alely (S/F). Inbredni kmen CS57BL/10 nese alelu B/0. U hybridnich samci M. m.
musculus/B10 (F; hybridi) je pak sledovana piitomnost alely S nebo F ukazujici na ptivod daného lokusu na
chromosomu, druha alela je vzdy ptivodem z inbredniho kmene B10.
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5.3 Mapovani QTL sterility hybridd u Mus musculus

Béhem prvotniho experimentu, kdy se kiizily divoké mySi M. m. musculus s kmenem
B10, jsme potvrdili vyskyt sterility hybridi. Cast z (M. m. musculus x B10) F, samcd byla
upln¢ sterilni, s vyznamné snizenou hmotnosti varlat a nadvarlete s absenci spermii
(Vyskoc¢ilova et al., 2005). Sterilita postihovala pouze samce, ve shodé¢ s Haldaneovym
pravidlem. Tento typ sterility jsme zaznamenali i zhruba u tfetiny (STUS/STUF x B10) F,;
hybridnich samct ze zpétného kiizeni (Vyskocilova et al., odeslano). Histologicka analyza
fezli varlaty sterilnich samcti ukazala, ze atrofované semenotvorné kandlky obsahuji pouze
Sertoliho buiiky, spermatogonie a primarni spermatocyty, u kterych dochazi k zastavé
spermatogeneze v prib&hu pachytenni faze. Tento jev byl jiz diive pozorovan u hybridnich
samcl z kiizeni ,,Cistych® musculoidnich kmeni s ,klasickym® laboratornim kmenem
C57BL/10 (Forejt & Ivanyi; 1975, Forejt, 1996) nebo BALB/c (Yoshiki ef al., 1993) a hlavni
faktor zpisobujici zastavu spermatogeneze byl zmapovan do proximalni ¢asti chromosomu
17. Poruchy meiotického déleni v pachytenni fazi byly pozorovany také u F; hybridi mezi
divokymi mySmi M. m. musculus a M. m. domesticus, bohuzel nebylo v tomto ptipadé¢
provedeno genetické mapovani pro identifikaci moznych QTL (Britton-Bavidian ez al., 2005).

Ptiblizn¢ 20% hybridnich samct byli jedinci, kteti trpéli niz§i hmotnosti varlat a
nadvarlete a zaroven nizkym poctem spermii (Vyskocilova et al., odeslano). Tato skupina
samcli vykazovala, krom¢ zminéné zastavy spermatogeneze v pachytenni fazi, znamky
spermiogenniho defektu (Bolor et al., 2005, 2006), kdy v semenotvornych kanalcich byly
vmalém mnozstvi pfitomny spermatidy svadnym vyvojem akrosomu. Elongované
spermatidy byly zaznamendny jen velmi ziidka a pouze s defektnim akrosomem. Tento
proces poruchy spermatogeneze byl popsan 1 ve varlatech konsomickych samct s introgresi
chromosomu X pochazejiciho z divokych mysi M. m. musculus (Storchova et al., 2004) nebo
z M. m. molossinus (Oka et al., 2004, 2007) na genetickém pozadi laboratorniho kmene B6 a
také u hybridnich samcti vzniklych kifizenim ,,Cistych® inbrednich linii M. m. musculus a M.
m. domesticus (Britton-Bavidian et al., 2005; Good et al., 2008a, b). VétSina spermii takto
postizenych samcii meéla morfologicky poskozené hlavicky. Hlavni geneticky faktor
odpovédny za abnormalni tvary hlavi¢ek spermii byl mapovan do centralni a distalni Casti
chromosomu X (Storchova et al., 2004; Oka et al., 2004, 2007; Good et al., 2008a, b).

Genetickd analyza sterility (STUS/STUF x B10) F; hybridnich samcti ukdzala, Ze nami
zéklad¢ analyzy fenotypu. Nejsilngj$i a vysoce signifikantni u¢inek (p < 0,001) pro vSechny

sledované znaky spojené s fertilitou (hmotnost varlat, hmotnost nadvarlat a pocet spermii)
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vykazoval DNA marker v proximalni ¢asti chromosomu 17 (Vyskocilova et al., odeslano),
ktery se nachazi v blizkosti lokusu Hst/ (Vyskocilova et al., 2005). Lokus Hstl byl zmapovan
pomoci zpétného kiizeni ((B10 x C3H) x B10), jehoZz potomci byli testovani na pifitomnost
odlisnych alel genu Hstl pomoci M. m. musculus (Forejt & Ivanyi, 1975; Forejt, 1996). Timto
zpusobem byl identifikovan polymorfismus v oblasti Hst/ mezi ,klasickymi® inbrednimi
kmeny, ptevazné odvozenymi od M. m. domesticus. Piestoze maji inbredni linie B10 a C3H
mozaikovitou strukturu genomu (Wade et al., 2002; Wade & Daly, 2005), bylo na zaklad¢
analyzy druhové specifickych SNP potvrzeno, Ze piivod 250 kb oblasti na chromosomu 17
obsahujici lokus Hst! je u vSech zkoumanych ,klasickych® laboratornich kmenii odvozen od
M. m. domesticus (Trachtulec et al., 2008). Nalezli jsme a zafixovali genetické rozdily v Hst¢/
oblasti mezi dvéma liniemi M. m. musculus a zdokumentovali polymorfismus sterility
asociované s lokusem Hst! v genomu M. m. musculus (Vyskocilova et al., odeslano). Je
mozné, ze se jedna o stejny gen jako pro lokus Hst¢l, ale pro uplné potvrzeni jsou nezbytné
dalsi experimenty (Vyskocilova et al., 2005, Vyskocilova et al., odeslano).

Krom¢ nejsilnéjstho QTL v proximalni ¢asti chromosomu 17, jsme detekovali
signifikantni G¢inek centralni ¢asti chromosomu X na hmotnost varlat a pocet spermii. Mozny
QTL pro hmotnost nadvarlete jsme zaznamenali v distalni ¢asti chromosomu 3. Kriticka
oblast v centralni ¢asti chromosomu X se prekryva s oblasti, v niz se nachazi lokus Hstx/,
ktery je zodpovédny za snizenou hmotnost varlat a abnormdlni tvary hlavi¢ek u spermii
(Storchova et al., 2004). Ptedpoklddany vyznam chromosomu X pro sterilitu hybridl
podporuji 1 poznatky ziskané studium populaci volné zijicich mys$i M. musculus v hybridni
zon¢. Podrobnéjsi analyzy, které se zabyvaji prechodem jednotlivych ¢asti chromosomu X
pfes hybridni zoénu, odhalily oblast v centrdlni ¢asti chromosomu X s vyrazné sniZzenou
introgresi (Payseur & Nachman, 2005; Dufkové et al., ptipravovano do tisku). Tato oblast se
piekryva s lokusy odpoveédnymi za sterilitu hybrida.

Nami provedena analyza epistatickych interakci mezi jednotlivymi QTL pro sledované
znaky spojené s fertilitou odhalila nejsilnéjsi interakce mezi proximalni ¢asti chromosomu 17
a centralni ¢asti chromosomu X. Jevi se, Ze linie STUS a STUF maji zafixovany D-M
inkompatibility pro sterilitu hybridi projevujici se v rtizném stadiu spermatogeneze. Data
naznacuji, ze spermiogenni defekt se pravdépodobné projevi pouze v piipadé, kdy doslo

k potlacenti sterility zplisobené zastavou meiozy.
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Sterilita hybrida patfi mezi postzygotické reprodukcni bariéry, které v raném stadiu
speciace zabranuji toku genetické informace mezi divergujicimi populacemi. Jeji vznik je
Casto podminén epistaticky vyvolanou inkompatibilitou mezi alespori dvéma geny (D-M
inkompatibility). Z ptirodnich populaci je v§ak zndmo pouze né€kolik studii, které se zamé&fuji
na zkoumani polymorfismu moznych D-M inkompatibilit odpovédnych za vznik sterility
hybrida.

Jednim z nejvhodnégjsich sav¢ich modelovych organismii pro studium postzygotickych
bariér je myS domaci (Mus musculus). Jedna se o komplex forem, které nejsou jesté zcela
reprodukéné izolovany a jednotlivé formy jsou klasifikovany jako poddruhy. Dva podruhy M.
m. musculus a M. m. domesticus se setkavaji a tvoifi dlouhou hybridni zonu, ktera prochazi
celou Evropou. Vysledky kiizeni inbrednich kmenl odvozenych zobou genomi mysi
potvrzuji naruseni spermatogeneze samcl a tim naznacuji, Ze by se sterilita hybridi mohla
podilet na speciaci mezi obéma poddruhy mysi.

Pro studium sterility hybridi byly pouzity volné zijici mySi M. m. musculus, nové
vytvotené linie STUS a STUF odvozené od M. m. musculus a laboratorni inbredni kmen
C57BL/10 (B10), jehoz pievdzna ¢ast genomu ma puvod v M. m. domesticus. V prvnim
experimentu, kdy se kiizily divoké mysi M. m. musculus s kmenem B10, byl potvrzen vyskyt
sterility v hybridnim potomstvu. Sterilita postihovala pouze samce, ve shod¢ s Haldaneovym
pravidlem.

Genetickd analyza sterility (STUS/STUF x B10) F; hybridnich samct ukézala, Ze nami
pro vSechny sledované znaky spojené s fertilitou (hmotnost varlat, hmotnost nadvarlat a pocet
spermii) vykazoval lokus v proximdalni c¢asti chromosomu 17, ktery se nachdzi v
blizkosti Hst1 (Hybrid sterility 1) lokusu. Lokus Hst/ byl popsdn pomoci polymorfismu mezi
laboratornimi inbrednimi kmeny B10 a C3H, pievazné odvozenymi od M. m. domesticus. Je
to poprvé, kdy byly nalezeny genetické rozdily v Hstl oblasti mezi dvéma liniemi M. m.
musculus a zdokumentovan polymorfismus sterility asociované s lokusem Hs?/ v genomu M.
m. musculus. Pro potvrzeni identity lokust polymorfnich v obou poddruzich jsou ale nezbytné
dal$i experimenty. Zda se vSak, Ze genové nekompatibility asociované se samci sterilitou se
vyvijely na chromosomu 17 nezavisle v genomu M. m. domesticus a M. m. musculus.

Dale byl pozorovan vliv chromosomu X na sterilitu hybrida. Centralni ¢ast chromosomu

X vykazovala signifikantni G¢inek na hmotnost varlat a pocet spermii. Tato kriticka oblast se
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piekryva s oblasti, vniz se nachazi lokus Hstxl (X-linked hybrid sterility 1), ktery je
zodpovédny za snizenou hmotnosti varlat a abnormalni tvary hlavic¢ek u spermii. Oba lokusy
se zaroven nachdzeji v ¢asti chromosomu X, u které byla nalezena vyrazn¢ sniZena introgrese
ptes hybridni zénu.

Histologicka analyza fezii varlaty ukazala, ze k zastavé spermatogeneze dochdzi
v pachytenni/zygotenni fazi a u casti hybridnich samcti byly pozorovany znamky
spermiogenniho defektu. Fertilni hybridni samci méli normalni pribéh spermatogeneze. Data
naznacuji, ze sterilita zpiisobena zastavenim spermatogeneze v pachytenni fazi je asociovana
s lokusem/lokusy na chromosomu 17, zatimco lokus/lokusy v centrdlni ¢asti chromosomu X
by mohly byt zodpovédné za spermiogenni defekt. Porucha spermiogeneze se pak projevi
pouze v ptipadech, kdy nedoslo k zastavé meiozy. Tento predpoklad podporuje i provedend
analyza epistatickych interakci mezi jednotlivymi QTL pro sledované znaky spojené
s fertilitou, ktera odhalila nejsiln€j$i interakce mezi proximdlni ¢asti chromosomu 17 a
centralni ¢asti chromosomu X. Zajimavou perspektivou studia by mohla byt detailnéjsi
analyza chromosomu 17 a X s vyuzitim napftiklad pozi¢niho klonovani pro identifikaci genu
Hst1" a mutaci podmitiujicich sterilitu hybridi v genomu inbrednich kment STUS a STUF,
které maji zafixovany alternativni fenotyp pro oba typy sterility.

Pres vSechny dosavadni poznatky neexistuje v soucasné dob¢ v literatufe zdznam o
ptitomnosti sterility hybrid ovlivnéné lokusem Hs?/ nebo lokusy na chromosomu X z kiizeni
volné zijicich mySi podruhu M. m. domesticus a M. m. musculus v hybridni zong. Ve shod¢
sudaji o samcich z hybridni zony v Dansku publikovanych Britton-Davidian (2005) jsme
v Cesko-bavorském transektu pozorovali snizenou hmotnost varlat u hybridnich samcu
pochdazejici z centra hybridni zény (J. Pidlek at al., nepublikovand data). Je mozné, ze D-M
inkompatibility se mohou vyvijet recentn¢ a nezavisle v alopatrickych populacich a postupné
se $ifit k hybridni zoné, a na jeji dynamiku zatim nemaji podstatny vliv. K otestovani tohoto
piedpokladu jsme zapocali s experimentalnimi kifiZenimi zahrnujici nové odvozené linie
STUS a STUF s voln¢ Zijicimi mySmi M. m. domesticus ke zdokumentovani geografické

proménlivosti gent v divokych populacich M. m. domesticus.
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Hybrid sterility can prevent gene flow between diverging subpopulations and hence might contribute to speciation.
The hybrid sterility 1 (Hst1) gene was originally described in male progeny obtained from a cross between laboratory
inbred mouse strains C57BL/10 and C3H, and wild Mus musculus musculus, sampled at localities in Prague, Czech
Republic. This study asked whether the presence of sterility associated with the HstI gene is limited to one local pop-
ulation or is extended over geographically distant regions. We studied the progeny derived from a wild population of
M. m. musculus sampled in Studenec, Czech Republic, 160 km south-east from Prague, crossed reciprocally to
C57BL/10 mice. Spermatogenesis was examined in 251 hybrid males; among them 109 males (43.4%) were sterile
and 142 (56.6%) were fertile. Sterile males had significantly lower testis mass and lower epididymis mass compared
with fertile males. The size of the reproductive organs was dependent on cross reciprocity within the classes of sterile
and fertile males. Although our phenotype data resemble those presented in the original description of Hst¢1, molec-
ular analysis revealed incomplete segregation of sterility and fertility in male progeny and markers from the HstI
region in some families. Therefore, there are probably additional genes affecting hybrid sterility that are polymor-
phic in wild M. m. musculus. © 2005 The Linnean Society of London, Biological Journal of the Linnean Society,
2005, 84, 663—674.

ADDITIONAL KEYWORDS: inbred strain — male sterility — Mus musculus — spermatogenesis — testis mass.

INTRODUCTION

Two house mouse subspecies, Mus musculus musculus
and M. m. domesticus, meet and form a narrow hybrid
zone, which runs across Europe (Boursot et al., 1993;
Sage, Atchley & Capanna, 1993; Macholan, Krystufek
& Vohralik, 2003; see also Bozikova et al., 2005, this
issue; Dod et al., 2005, this issue; Raufaste et al., 2005,
this issue). Despite long-standing interest in studying
this hybrid zone, there is no direct evidence from wild
mice of the mechanisms which keep the two mouse

*Corresponding author. E-mail: jpialek@brno.cas.cz

genomes separate (Boursot et al., 1993; Sage et al.,
1993). Hybrid sterility is one of the reproductive iso-
lating barriers that can prevent gene flow between
diverging populations (Coyne & Orr, 1998; Howard
et al., 2002) and is also well-documented in the labo-
ratory mouse (Forejt, 1996 and references therein). In
particular, the study of the hybrid sterility 1 (Hstl)
gene could be of great importance in understanding
the genetics of mouse speciation because it was
described from crosses between M. m. musculus and
M. m. domesticus.

Hst1 was the first genetically dissected gene to be
described in mammals (Forejt & Ivanyi, 1975). When

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 84, 663—674 663
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the laboratory inbred strain C57BL/10 (herein
referred to as B10) is crossed with some wild
M. m. musculus, the resulting male F; hybrids are
sterile. The phenotypic effect of sterility is character-
ized by complete arrest of spermatogenesis at the
pachytene stage of primary spermatocytes indicating a
cell autonomous, germ-cell specific defect (Ivanyi et al.,
1969; Yoshiki et al., 1993). Sterile males have reduced
mass of testes and no sperm in the ductus epididymis,
but normal levels of testosterone in the blood (Forejt &
Ivanyi, 1975; Forejt, 1985). The F, hybrid females from
the same cross are fertile (Forejt & Ivanyi, 1975); this
means the sterility obeys Haldane’s rule (Haldane,
1922). Another laboratory inbred strain, C3H/Di, pro-
duced fertile progeny when crossed with wild
M. m. musculus. The difference between the C3H/Di
and B10 mice with respect to the fertility phenotype
was attributed to a gene, mapped to mouse chromo-
some 17 within the region delimited by the 7" and H2
loci in the wild-type form of the ¢-complex region
(Forejt & Ivanyi, 1975; Forejt, 1981; Forejt et al., 1991).

The nomenclature of Hst1 alleles reflects the out-
come of crosses between wild and laboratory mice.
Chromosome 17 in the B10 strain was suggested to
carry the HstI® (sterility ensuring) allele, while chro-
mosome 17 in the C3H strain was suggested to carry
the Hst1 (fertility ensuring) allele. The gene located
on chromosome 17 of wild M. m. musculus mice was
named Hst*, with two alleles, Hst** and Hst“. The
Hst® gene, polymorphic in wild males, has been
located in the same linkage group as HstI; neverthe-
less, there has been no direct evidence as yet that this
gene occupies the same locus, i.e. that it is identical to
the Hst1 gene (Forejt & Ivanyi, 1975).

Allelic interactions at the Hst¢I locus define the phe-
notypic effect: only the combination HstI°/Hst"*
ensures sterility; all other homozygous or heterozy-
gous forms are fertile (Forejt & Ivanyi, 1975; Forejt,
1985; Forejt et al., 1991; Forejt, 1996). The single-gene
inheritance of hybrid sterility is true only for crosses
between laboratory and wild (W) mice: W x (B10 x
C3H). If, however, the fertile hybrid females from
crosses of wild and laboratory mice (B10 x W) are used
for further crosses ((B10 x W) x B10), then genetic
control of male sterility is much more complex. The
male progeny delivered from such backcrosses display
almost continuous variation, from full spermatoge-
netic arrest to complete fertility, suggesting the inter-
action of about three nonallelic genes (Forejt & Ivanyi,
1975).

The Hstl gene causes male sterility only between
M. m. musculus and laboratory strains considered to
be derived from M. m. domesticus. Other hybrid ste-
rility genes in mice have been described from crosses
between laboratory strains and M. spretus (Guénet
et al., 1990; Pilder, Hammer & Silver, 1991; Pilder

et al., 1993; Pilder, 1997), taxa which hybridize only
rarely in nature (Orth et al., 2002).

This report is part of a three-step project we
designed to study the potential effects of hybrid ste-
rility on the pattern and dynamics of the hybrid zone
between M. m. musculus and M. m. domesticus. In the
first step, individuals from a wild population of
M. m. musculus were crossed with B10. Using this
standard laboratory strain, we basically repeated the
experiment performed in Forejt’s laboratory in the
1960s and 1970s (Forejt & Ivanyi, 1975). Although the
B10 strain has traditionally been considered to repre-
sent predominantly the M. m.domesticus genome,
molecular analyses have shown genomes of most old
(‘classical’) inbred strains (including B10) to be mosa-
ics of a number of various segments derived from
domesticus, musculus and castaneus sources (Bishop
et al., 1985; Bonhomme et al., 1987; Nagamine et al.,
1992; Wade et al., 2002). Therefore, the results of this
first experiment may be of limited value for assessing
the evolutionary significance of male sterility upon
hybridization in natural populations of mice. In the
second step, we aimed to study hybrid sterility in com-
pletely natural populations of mice wusing the
M. m. musculus mice tested in the first step and
replacing the B10 mice with wild M. m. domesticus
sampled near the hybrid zone. Finally, we will deter-
mine the extent of hybrid sterility polymorphism by
testing geographically distant populations of
M. m. domesticus.

In this paper we report on data obtained during the
first step of the project. We specifically asked if sterile
males were produced irrespective of the direction of
the cross. Also, as little effort had been put into eval-
uating the geographical extent of hybrid sterility
within M. m. musculus populations, we tested
whether male sterility associated with the Hst1 gene
is a unique trait of local Prague populations. There-
fore, a sample of wild mice from a geographically dis-
tant population in Moravia, Czech Republic, was used
instead of wild or inbred mice originating in Prague
(Forejt & Ivéanyi, 1975; Gregorova & Forejt, 2000). The
analysis of spermatogenesis in male offspring derived
from crosses between these mice and the B10 strain
proved that hybrid sterility could be found widely in
populations of M. m. musculus and that spermatoge-
netic breakdown was independent of the direction of
the cross. Sterile males had significantly lower testis
mass and lower epididymis mass compared with fer-
tile males. These phenotypic data correspond closely
with those ascertained in the original description of
the Hst1 gene (Forejt & Ivanyi, 1975). Molecular anal-
ysis using six DNA markers which map within and
around the Hst1 region on chromosome 17 failed to
reveal complete association between these markers
and the presence/absence of sperm in hybrid males.
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Further studies will be necessary to show whether the
genes causing hybrid sterility in mice of the two
M. m. musculus populations are identical.

MATERIAL AND METHODS

MICE

Wild mice were sampled in the village of Studenec,
Czech Republic (49°11'N, 16°03'E) in November
2000. The population was located within the
M. m. musculus range for the Czech Republic, as
delineated by Munclinger et al. (2002). To confirm that
these mice were of M. m. musculus origin, we geno-
typed individuals for four diagnostic markers: the
presence/absence of (1) the BamHI restriction site in
mitochondrial DNA (Boursot et al., 1996; Bozikova
et al., 2005, this issue); (2) an 18-bp deletion located
within the Zinc finger protein 2 gene on the Y chromo-
some (Nagamine et al., 1992; Boissinot & Boursot,
1997); (3) the B1 insertion in the Bruton agammaglob-
ulinemia tyrosine kinase gene on the X chromosome
(Munclinger, Boursot & Dod, 2003); (4) the PCR prod-
uct using subspecies-specific primers within the
Androgen-binding protein alpha gene on chromosome
7 (Dod et al., 2005, this issue; B. Bimova, unpubl.
data). All markers were of the musculus type with no
sign of introgression (data not shown). The mice of the
B10 strain were purchased from a local provider
(Velaz, Praha). All mice were kept under standard con-
ditions in a breeding facility in Studenec (perspex
cages measuring 30 x15x 15 cm, food and water
available ad libitum, 14 : 10 photoperiod, with light on
between 06:30 h and 20:30 h).

EXPERIMENTAL MATING

Experimental crosses with the mice were started after
2 weeks of keeping them in isolation following the
design shown in Figure 1. Assuming a roughly bimo-
dal distribution for the presence or absence of sterility
in the offspring if the parental individuals were het-
erozygotes for the hybrid sterility gene, we planned to
use at least eight individuals per cross. Because of
unknown age of wild animals we first derived progeny
from ten pairs propagated within the sampled popu-
lation. The two generations are referred to here as Gy
and G; generations (Fig. 1). Eleven G; males and 30
G, females were mated with B10 individuals. To dis-
tinguish the direction of each cross we always present
the female first (for example, female G; x male B10 is
abbreviated to G;xB10). Usually, one male was
paired with several females in one large cage and the
females were examined for pregnancy every third day.
Pregnant females were removed, housed singly in a
standard cage and checked daily for the presence of a
litter. F'; hybrids were weaned at 20 days of age. After

Go 9 M. m. musculus 3 M. m. musculus

I |
[

M. m. musculus
© n=30
Gi 4 n=11

C57BL/10

l

M. m. musculus/ C57BL/10
F, C57BL/10/ M.m.musculus

Figure 1. Scheme of experimental crosses used to derive
males scored for sterility.

weaning all males were housed individually or with
two per cage. In the latter case, the males were sepa-
rated after 55 days and housed singly for five days to
remove the effect on sperm count of social structure
among cage mates.

PHENOTYPE SCORING

All males were phenotyped at 60 days of age. Animals
were sacrificed, three external measurements were
taken (body mass and length and tail length), and the
spleen was removed and preserved in 96% ethanol for
molecular analysis. In addition, the left testis and epi-
didymis were weighed immediately after dissection;
the length and width of the left testis were also mea-
sured. The whole left epididymis was transferred into
1 mL 1% sodium citrate solution in a watchglass, cut
with scissors into tiny pieces, and squashed with a
pair of tweezers. Another 1 mL 1% sodium citrate
solution was added and the suspension was mixed
thoroughly using a pipette and left for 15 min. After
maceration, the suspension was pipetted again and
applied to a Biirker haematocytometer. If sperm were
present, we counted sperm heads in five chambers
selected arbitrarily. The number of sperm character-
izing each hybrid male is presented as the average
sperm count (ASC) over five chambers.

MOLECULAR ANALYSIS

A small piece of ethanol-preserved tissue was digested
in extraction buffer (100 mM EDTA, 100 mM NacCl,
50 mM Tris pH 8, 1% SDS) and proteinase K (20 pg/
mL). DNA was extracted using a standard phenol—
chloroform procedure (Hoelzel, 1992).

Two markers located outside and four markers
located within the HstI region on chromosome 17
(Fig. 2) were scored to find the association between the
Hstl gene and sterility in hybrid progeny. The pres-
ence of male sterility can be masked by the detrimen-
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cM

wom  DB3  Ph4 CHO7 M334
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Figure 2. Diagram of the ¢-complex region of wild-type
(non-t) origin on the proximal part of chromosome 17.
Boxes In1-In4 indicate four inversions associated with the
t haplotype. Distances of D17Mit164, Hst1 and Hba-ps4 are
in centiMorgans (cM) relative to the centromere (ellipse at
the left). Map positions of four markers spanning the Hst1
region are shown above in the enlargement and their dis-
tances are in cM relative to the Hst1 gene.

tal effect of ¢ haplotypes on male fitness. Most ¢
haplotypes carry recessive lethal mutations (Bennett,
1975). Mice homozygous for the same lethal ¢ haplo-
type die at early stages of development, while individ-
uals carrying two different ¢ haplotypes with
complementing lethal or semilethal factors are viable,
but male-sterile (Silver, 1985). To distinguish between
these two alternative causes of male sterility, we gen-
otyped mice for the presence of ¢ haplotype-specific
microsatellite marker Hba-ps4, located in the distal
part of the ¢-complex, using the protocol by Schimenti
& Hammer (1990). From the proximal part of the ¢-
complex we used microsatellite marker D17Mit164
(Dietrich et al., 1996).

The markers from the Hst1 region were designed in
the Institute of Molecular Genetics, Academy of
Sciences of the Czech Republic. In a pilot study, 17
markers from the Hst1 region were tested for length
polymorphism in M. m. musculus DNA samples using
PCR. One marker, DB3, found within this region has
been presented elsewhere (Trachtulec et al., 2005,
this issue) and three other suitable markers, CHO7,
M334 and Ph4, are presented here. The forward and
reverse primers of the first two markers were CHO7F
(5-TTGCTATAAAAGGACTGTTTGAT) and CHO7L
(5-ACACAAAGACAGAAGAAGAGGA); M334F (5'-
TGGTTACTGGTTATCATCCTC) and M334L (5'-
GGCTTGGTATTTTCTCCTTAG). The last primer
flanked an inserted element RLTR10 in the intron of
the DI7Ph4e gene. Because the original primers
amplified long fragments, not suitable for routine scor-
ing, new primers flanking the RLTR10 element were
designed by Pavel Munclinger using the programme
Primer3 (Rozen & Skaletsky, 2000). The sequences of
these new primers were: Ph4INF (5-CTGGGTCCTC
CAATCTAGCA) and Ph4INR (5-GATTGAGGTGA
GCCCAAGAG).

An aliquot of 50 ng genomic DNA was amplified
using the gradient RoboCycler thermal cycler (Strat-
agene) in a 10-uL PCR reaction mix with 2 mm MgCl,,
200 uM dNTPs, 0.5 U Taq polymerase and 0.3 uM each
primer. The reactions were amplified for 38 cycles of
94 °C for 30 s, 58 °C for 40 s and 72 °C for 40 s. The
only exception was DB3, which was amplified for 38
cycles of 94 °C for 30 s, 58 °C for 1 min and 72 °C for
2 min. PCR products were separated on 5% agarose
gels, except for the Ph4 fragments, which were sepa-
rated on 2% agarose gels. Figure 2 shows a map of all
markers.

STATISTICAL ANALYSIS

To analyse the effects of measured variables, we
grouped the male offspring according to the original
wild-caught G, females. In the case of the G; x B10
cross, the descendants of as many as four G, females
were pooled together, while in the B10 x G; cross, the
descendants of one wild-derived male were usually
grouped. Descriptive statistics were calculated for
these groups.

Logistic regression was used to fit the probability of
the presence of sterile and fertile males to a linear
model which included the effects of phenotypic vari-
ables. The Newton iteration process was applied to fit
a model; this process stops when the log-likelihood
(LL) reaches its minimum. When finished, it counts
the difference in LL between the full model, which
includes regressing variables, and the reduced model,
which has only intercepts. Twice the value of the dif-
ference in negative log-likelihoods, 2LL, approximates
a chi-square distribution, and this value was used to
test the significance of the full model.

The effects of the direction of the cross (G; x B10 vs.
B10 x G;) in sterile and fertile males were estimated
by Student’s ¢-tests. Due to the design of crosses in
which we mated one male with several females, we
introduced additional genetic variability into the cross
between G, females and B10 males. This might result
in unequal variance of the measured variables
between the two types of crosses. Therefore, in all ¢-
tests we assumed unequal variances among reciprocal
tests and accounted for this factor in statistical anal-
yses. JMP statistical software (SAS Institute Inc.,
2002) was used for all analyses.

RESULTS

DEFINING MALE STERILITY

Forejt & Ivanyi (1975) described a close relationship
between the paired testes mass and fertility of hybrid
males. The fertility was estimated from the number of
offspring sired by single males (wild M. m. musculus)
paired with single females (B10) for 1 month. The
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authors showed that the number of offspring in such
matings is dependent on the testes mass and deter-
mined that hybrid males with a testes mass lower
than 75 mg are sterile, whereas normal fertility was
ensured by testes heavier than 120 mg. A testes mass
in the range of 75-120 mg reflects continuous varia-
tion from complete sterility to fertility.

We used the relationship described above to define
sterility of hybrid males in our crosses. Because we did
not measure fitness of males directly in terms of the
numbers of offspring produced by hybrid males, we
related testes mass to ASC. The rationale behind this
approach was that fertility has been shown repeatedly
to be a function of the number of sperm produced in
the testes and stored in the epididymides (e.g. Searle
& Beechey, 1974; Forejt & Ivanyi, 1975); therefore, we
expected that distinct groups of fertile and sterile
males would be clustered separately. These two clus-
ters can be visualized either in a morphospace defined
by testis mass and ASC or in histograms showing the
distribution for the scored traits.

The relationship between left testis mass and ASC
are plotted in Figure 3 for progeny of both crosses.
Both panels indicate the presence of two clusters: first,
there were numerous males with low testis mass and
ASC =0, and second, there were males with both
heavy testis and high ASC scores. However, a small
proportion of males displayed rather larger testes but
with low scores of ASC, contrary to expectation (we
discuss this pattern below).

To define hybrid male sterility in our crosses we
looked at the distributions of single traits. As reasoned
above we expected to find two peaks, one each associ-
ated with sterility and fertility. Defining a nonoverlap-
ping region, if the two distributions are separated, or
a point of intersection, if the distributions overlap,
would help define the limits between sterility and fer-
tility. We found the deepest trough in values for dis-
tributions of ASC at level ASC =5 (Fig.4, upper
panels). Based on these findings we defined sterile
males as those with ASC < 5, while we considered fer-
tile males to be those with ASC > 5.

Several lines of evidence have indicated that some
males having few sperm in their epididymides are
sterile. We observed a high proportion of abnormal
sperm heads in a category of males with low ASC
scores. Furthermore, histological studies have
revealed that few spermatogonia can escape the sper-
matogenic block and differentiate to sperm (Yoshiki
et al., 1993). Finally, Searle & Beechey (1974) reported
that reduced fertilization is likely in mice whenever
sperm counts fall to less than 10% of normal. All these
data suggest that the limiting value of the sperm
count estimated from the trough in histograms of ASC
represents a reliable estimator of sterility in hybrid
males.
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Figure 3. Relationship between average sperm count and
testis mass plotted for both reciprocal crosses: B10 x Mus
musculus musculus (A) and M. m. musculus x B10 (B).
White circles depict males which could be scored for phe-
notype traits only; black circles indicate males involved in
molecular analysis of segregation between sterility and the
Hst1 region.

PHENOTYPIC DATA

Of ten pairs of wild mice used to derive the G, gener-
ation, all pairs produced at least one male and nine
pairs produced at least one female, which could have
been used for mating with the B10 mice. When more
offspring were produced we selected individuals for
experimental breeding arbitrarily. In total, we
obtained 251 F; males in reciprocal crosses between G,
M. m. musculus and B10 mice. Of these, 138 males
were produced in crosses between B10 females and G,
males from Studenec and 113 males were produced in
the reciprocal cross. The proportion of sterile males
(50.4%) was equal to that of fertile males in the
G; x B10 progeny, but it was skewed towards fertile
males in the B10 x G, progeny (37.7% sterile males).
The proportion of sterile males in the whole dataset
was 43.4%.

We did not find any predictable relationship
between external morphological traits and the occur-
rence of sterility in the whole set of F'; hybrids. Nom-
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Figure 4. Distributions of average sperm counts, left testis mass and left epididymis mass plotted separately for both
reciprocal crosses B10 x Mus musculus musculus (left) and M. m. musculus x B10 (right). Arrows in the average sperm
count (ASC) distributions depict the borderline between sterility and fertility. Black bars in the remaining panels indicate
the distributions of the organs measured among sterile males (ASC < 5) and white bars show distributions among fertile

males (ASC > 5).

inal logistic regression (NLR) revealed that the
presence of fertile and sterile males was distributed
independent of body mass (2LL <0.016, P =0.901,
N=251) or body length (2LL=0.139, P=0.71,
N =250). The only external trait showing association
with sterility/fertility was tail length (2LL =6.216,
P=0.013, N=240), with a negative relationship
between fertility and tail length (slope =-0.084,
P =0.015). However, when this trait was regressed on
ASC, this relationship disappeared (linear regression,

F 935 =3.79, P =0.053). On the other hand, the pres-
ence of fertile and sterile males was significantly
dependent on testis mass (NLR, 2LL=255.382,
P <0.001, N=251) and epididymis mass (NLR,
2LL = 206.854, P < 0.001, N = 251).

Values of variables differing between sterile and fer-
tile F; hybrids are presented in Table 1. There was a
significant effect of reciprocity of mating on testis
mass of sterile males (¢ =4.29, N =109, P <0.001).
Males from crosses of female M. m. musculus x B10
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Table 1. Results of phenotype scores summarized over G, females and reciprocal crosses

Sterile males

Fertile males

Gy Gy Left testis Left Left testis Left
mice mice N mass epididymis ASC N mass epididymis ASC
(B10 x Gy) F, hybrid male progeny
2802 3010 5 33.3 (4.1) 14.0 (1.5) 0.4 (0.6) 5 88.4 (12.5) 26.7 (3.7) 35.5 (4.6)
2803 3370 8 31.2 (8.5) 14.3 (1.6) 0.1(0.1) 5 77.9 (5.3) 23.9 (1.5) 26.1 (8.0)
2809 2998 1 39.0 18.2 0.2 17 78.8 (7.9) 25.9 (2.9) 25.5 (5.0)
2810 3660 2 30.9 (4.1) 19.4 (1.6) 0 7 86.9 (13.9) 26.4 (2.2) 26.9 (9.4)
2813 3006 6 34.5 (6.1) 17.0 (1.8) 0.4 (0.5) 13 62.7 (12.0) 21.2 (2.8) 19.0 (5.7)
2814 4337 6 51.6 (7.1) 17.5 (1.1) 3.2 (1.0) 7 65.2 (8.1) 19.3 (3.2) 13.0 (7.7)
2818 3578 3 28.9 (4.8) 17.1(1.3) 0.6 (0.7) 16 71.6 (7.2) 23.2 (3.3) 30.1 (8.5)
2819 4269 1 31.3 15.1 0 9 75.0 (7.7) 23.0 (3.2) 25.0 (6.9)
2821 3112 10 29.1 (2.7) 15.9 (1.4) 0 -
3507 7 29.0 (1.7) 16.7 (1.1) 0 -
2826 3112 3 50.8 (11.0) 17.7 (1.1) 1.6 (1.7) 7 65.4 (7.1) 20.1 (2.2) 11.5 (4.7)
Mean 52 34.6 (9.9) 16.2 (2.0) 0.6 (1.2) 86 73.6 (12.3) 23.3 (3.7) 23.9 (9.5)
(G; xB10) F; hybrid male progeny
2802 3220 5 38.3 (4.0) 16.9 (1.9) 0 2 57.8 (6.1) 23.5 (3.5) 6.5 (0.5)
3221 - 7 116.6 (8.6) 28.4 (2.1) 27.6 (7.3)
3222 4 51.4 (8.2) 16.9 (1.9) 1.8 (2.0) 3 90.5 (7.1) 26.5 (2.3) 30.7 (8.9)
2809 3001 4 475 (9.4) 17.2 (0.5) 0.1 (0.2) 2 87.8 (2.0) 24.6 (0.4) 20.3 (7.3)
3148 1 424 15.7 0 1 88.8 22.0 33.0
3353 - 4 110.2 (10.2) 29.0 (2.2) 47.1 (8.2)
2810 3413 - 1 131.7 30.4 734
2813 3436 - 2 75.4 (22.6) 21.0 (3.3) 20.6 (15.4)
3437 - 2 108.1 (14.3) 26.0 (1.0) 43.2 (1.0)
3438 - 3 94.6 (5.1) 25.4 (2.7) 47.1 (3.8)
3668 1 55.9 17.9 0 1 114.1 28.3 39.6
2814 4700 - 1 125.6 28.5 41.2
4701 1 50.5 28.5 0 -
4702 3 56.3 (6.8) 17.6 (1.7) 0.7 (1.0) 7 99.1 (7.7) 25.2 (2.2) 31.6 (12.8)
2818 3971 5 43.8 (0.5) 17.8 (1.6) 0.3 (0.5) -
3972 - 2 86.3 (13.4) 26.3 (4.4) 36.9 (6.7)
2819 3100 - 2 76.2 (6.0) 24.4 (0.4) 13.1 (3.1)
3295 2 53.2 (8.7) 20.2 (0.7) 1.4 (1.4) 4 80.6 (12.0) 21.2 (3.3) 17.0 (6.5)
3740 - 2 98.6 (5.0) 23.7 (1.9) 14.8 (8.4)
3741 1 68.5 21.0 0 1 113.9 31.2 52.0
4014 - 1 97.7 27.6 30.2
4015 1 37.7 17.9 0 2 92.8 (5.4) 26.0 (1.1) 41.0 (4.4)
2821 2987 8 32.0 (0.9) 14.6 (1.0) 0 -
3988 6 33.5 (3.0) 15.7 (0.8) 0 -
3114 1 31.5 16.4 0 -
3510 3 36.0 (3.3) 14.8 (2.2) 0 -
2826 2995 3 41.7 (2.6) 16.6 (3.6) 0 -
3124 2 61.1 (15.4) 18.3 (2.6) 2.3 (2.3) 3 105.2 (7.6) 19.8 (4.2) 17.9 (4.4)
3125 5 49.1 (12.0) 19.7 (1.9) 0.8 (0.9) 1 88.0 25.3 17.8
3126 1 44.8 15.6 0 2 87.8 (18.2) 22.0 (1.2) 14.7 (9.5)
Mean 57 43.3 (11.3) 16.9 (2.3) 0.4 (1.1) 56 97.2 (18.3) 25.4 (3.7) 29.8 (15.3)

Average values for measured variables (plus standard deviations in parentheses) are averaged over males produced by
individual G, females; means show averaged values over G, females. ASC, average sperm count.
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males displayed larger testes (average left testis
mass = 43.3 mg) compared with males from reciprocal
crosses (average left testis mass = 34.6 mg). Sterile
males had, on the other hand, the same mass of the
left epididymis irrespective of cross reciprocity
(t=1.72, N =109, P < 0.088; average mass = 16.6 mg).

We restricted the analysis of the effect of reciprocity
in fertile males to families that produced more than
five males in both types of cross. This restricted
dataset included 111 males with 53 and 58 hybrid
males from crosses G; xB10 and B10 x G,, respec-
tively. We found significant differences in testis mass
(t=8.53, P <0.001; hybrid males from the G, x B10
cross had an average mass of 97.0 mg, while those
from B10 x G, had an average mass of 72.2 mg), epid-
idymis mass (¢ =3.11, P < 0.002; hybrid males from
G, x B10 cross had an average mass of 25.2 mg, while
those of B10 x G; had an average mass of 23.0 mg),
and ASC (¢=3.14, P<0.002; hybrid males from
G; xB10 cross had on average 28.68 sperm, while
those of B10 x G; had on average 21.61 sperm).

The distributions of sperm count, epididymis and
testis mass were bimodal in both types of cross
(Fig. 4), the only exception being the distribution of
ASC in the M. m. musculus x B10 cross, in which the
number of fertile males was rather uniform over the
classes of sperm counts. The overlaps of values for
sterile and fertile males were higher for left epididy-
mis mass than they were for left testis mass.

MOLECULAR DATA

To assess the role of the Hstl gene in the sterility
described in the previous section, a segregation anal-
ysis was performed using molecular markers on G,
and F; mouse DNA. The results of the molecular anal-
ysis are summarized in Table 2. Three new markers
were introduced to map genes from the Hst¢I region:
CHO07, M334 and Ph4. Two of them, CH07 and M334,
as well as the already published marker DB3, were
found to be highly polymorphic with up to six detect-
able alleles on the gel. The remaining three markers
displayed only two different alleles. One of the Hba-
ps4 alleles was preferentially associated with the pres-
ence of ¢ haplotypes. The remaining two markers,
D17Mit164 and Ph4, displayed one allele with the
same length as the B10 allele and the second allele
was found in some M. m. musculus.

For technical reasons, we could not score all off-
spring so we had to restrict our analysis to families in
which sons possessed alleles differing substantially in
length of the scored microsatellites. In total, we anal-
ysed 76 males representing nine segregating families.
(Note that in Table 2 two families descended from a
G, female 2821 were included; however, only sterile
males were produced in these families. This reduced

the number of families suitable for mapping of steril-
ity to seven.)

The ¢-haplotype associated allele at the Hba-ps4
locus was detected in only two families. In one case it
segregated with both sterile and fertile males (in the
family derived from 3578 G; female). In the second
case this allele was present in a fertile male. Thus, the
presence of ¢ haplotypes did not contribute to male ste-
rility in this study and was excluded from further
analysis.

Because of the close proximity of all molecular
markers used here we assumed a priori that only two
haplotypes would be found in segregating families. In
fact, this assumption was confirmed in all nine fami-
lies. No recombination was found among 76 males
scored. We found 15 different haplotypes among the
progeny and there were two different haplotypes in
the family producing only sterile males.

Within each family, males were grouped according
to either their inherited haplotype or fertility esti-
mates based on sperm count. Sterility (in males with
ASC < 5) was found to segregate with microsatellite
markers in three of six families (females G, 2802,
2809, 2813; 34 males in total). No such association
could be revealed in three families (females G, 2814,
2818, 2819; 27 males).

DISCUSSION

PHENOTYPIC DATA

Since the discovery of mouse hybrid male sterility in
the 1960s (Ivanyi et al., 1969; Forejt & Ivanyi, 1975)
research has focused largely on mapping the Hstl
gene (Forejt et al., 1991; Trachtulec et al., 1994, 1997,
2004; Gregorova et al., 1996). This study extends the
knowledge of hybrid sterility in a different way. By
crossing wild M. m. musculus, sampled from a popu-
lation geographically separated from that originally
studied by Forejt & Ivanyi (1975), to B10 mice we have
found that some phenotypic traits of F; males depend
on the direction in which the parents are crossed. In
addition, we have demonstrated that the production of
sterile males associated with the HstI gene is not a
unique trait of Prague mice and that this phenomenon
is more widespread in wild populations of
M. m. musculus. It is worth mentioning here that the
presence of male sterility has also been reported in one
out of three males sampled in Denmark (Forejt & Iva-
nyi, 1975); unfortunately, no detailed information has
been provided on the genetic basis underlying sterility
in Danish males (but see Britton-Davidian et al., 2005,
this issue, for new data).

The phenotypic manifestation of sterility observed
in this study closely resembles the pattern described
earlier in crosses between wild M. m. musculus and
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Table 2. The genotypes of D17Mit164, four markers characterized at the HstI region (DB3, Ph4, CH07, M334), and ¢
haplotype (Hba-ps4) of nine G; mice and 76 hybrid males with corresponding data for left testis mass and average sperm
count (ASC)

Markers
Gy G,

mice mice F, no. Left testis mass ASC Mit164 DB3 Ph4 CHO7 M334 Hba

2802 3010 a/a a/f b/b alc ale +/+

5 88.4 (12.5) 35.5 (4.6) a f b a a ++

5 33.3 (4.1) 0.4 (0.6) a a b c e +/+

3222 a/a a/b a/a b/b a/b +/+

2 95.5 (0.1) 24.9 (4.5) a b a b a ++

4 51.4 (8.2) 1.8 (2.0) a a a b b +/+

2809 3001 a/b b/c a/a b/t ale ++

2 87.8 (2.0) 20.3 (7.3) a b a f a ++

4 47.5(9.4) 0.1(0.2) b c a b e ++

2813 3006 a/b c/f a/b a/d b/e ++

7 68.1 (10.2) 22.9 (3.0) a c b d b ++

5 34.4 (6.1) 0.3 (0.4) b f a a e ++

2814 4702 a/b c/d ala a/b ele ++

3 102.9 (7.7) 35.3 (14.1) b d a a e +/+

4 96.3 (6.4) 28.9 (11.0) a c a b ++

1 65.9 2.2 b d a a e +/+

2 51.5 (1.1) 0 (0) a c a b e ++

2818 3578 a/a cle b/b c/d c/d +t

10 70.3 (5.8) 30.9 (7.4) a c b d d +t

2 30.3 (5.5) 0.8 (0.8) a e b c c +/+

1 26.2 0.2 a c b d +t

2819 3295 a/a b/d a/b ble d/e +t

1 98.6 27.2 a b b e +t

2 69.7 (0.2) 12.8 (3.6) a d a b e ++

1 44.4 0 a d a b e ++

2821 3112 ala b/c a/b b/c ale ++

5 30.9 (2.0) 0 (0) a c a b e ++

4 27.4 (2.3) 0(0) a b b c a ++

3507 a/a b/c a/b b/c ale ++

3 29.8 (1.2) 0 (0) a c a b e +/+

3 28.0 (1.9) 0(0) a b b c a ++

Allele b is identical with the B10 allele. In the notation of genotypes of F; hybrids, the B10 alleles were removed for

simplicity from the first five markers. Relative

sizes

of alleles are for DI7Mitl64: b=DB10>a; DB3:

d>c>a>f>b=B10>e; Ph4d: a>b=B10; CHO7: d>e>b=B10>f>a>c; M334:e>c>a>b=B10>d.

B10 mice (Forejt & Ivanyi, 1975), in that sterile males
had low testis mass and the frequency of sterile males
was not correlated with body mass. In addition to
these findings, we have shown for the first time that
sterile males have significantly lower epididymis mass
when compared with fertile males.

Because only wild M. m. musculus males were used
in the original study by Forejt & Ivanyi (1975),
describing hybrid sterility, we designed experiments
to test for differences in reciprocal crosses. The results
confirmed that the occurrence of sterility in hybrid
males is independent of the direction of the cross
(Figs 3, 4). However, we found statistically significant

effects of reciprocity in ASC, testis and epididymis
mass in fertile males (Table 1). The differences were
consistent: males from the G; x B10 cross were shown
to surpass those from the reciprocal cross in all mea-
sured traits. Unfortunately, the scarcity of similar
data in the literature prevents us from generalizing
our results. Only one of the traits studied here has
been analysed and discussed as a criterion of sterility
(Forejt & Ivanyi, 1975). These authors found that in
crosses between (B10 x C3H)F; xW the mass of
paired testes was lower than 90 mg in sterile males,
while it was higher in fertile males. They also found a
bimodal distribution of testes mass with a gap
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between classes of sterile and fertile males in B10 x W
crosses. While, on average, our results matched theirs
for both types of cross (nearly 70 mg for paired mass of
testes in B10 x G; and 87 mg in G; x B10), we found
that limiting values of paired testis mass for sterile
males can, especially in the G; x B10 crosses, exceed
those reported by Forejt & Ivanyi (1975). The maxi-
mum value of paired testis mass in a sterile male was
137 mg (Table 1, G, x B10 cross, a descendant of the
2819 G, female). Differences in the distribution of tes-
tis mass also depended on the direction of the cross:
this distribution was clearly bimodal in the B10 x G,
progeny but rather uniform in the G, x B10 progeny
(Fig. 4), with higher variation of ASC in the G; x B10
males. Unfortunately, we are unable to propose any
reason that might explain this pattern of distribution.

We also observed an unequal proportion of sterile
males in reciprocal crosses in our data. The most plau-
sible explanation for this inequality is that it resulted
from the experimental design adopted in this study:
we crossed one G; male with four genetically uniform
B10 females, but one B10 male with four genetically
heterogeneous G; females. This design introduced
higher variability in the latter case and is documented
in Figure 3.

Despite the paucity of comparable data, two general
conclusions based on these results can be drawn.
First, the overlap of bimodally distributed variables is
more restricted in testis mass than it is in epididymis
mass. Although we found significant relationships
between these two variables and sterility, the more
pronounced bimodality in histograms of testis mass
supports the finding that this parameter is a reliable
predictor of hybrid male sterility. Second, we have
shown that the phenotype associated with hybrid ste-
rility is dependent on the direction of crosses. Hence,
the limiting value of any parameter used to distin-
guish fertile and sterile males, such as testis mass, can
vary and must be estimated for both types of cross.

MOLECULAR DATA

Male sterility has been associated with ¢ haplotypes in
numerous variants in Mus (Bennett, 1975). The pres-
ence of ¢ haplotypes in our study was determined
using the Hba-ps4 molecular marker whose reliability
has been proven recently in numerous pure and
hybrid populations of wild mice (Dod et al., 2003). Our
results allowed us to exclude unequivocally the possi-
bility that the sterility is confounded by the presence
of the sterility factors in the ¢ haplotype of
M. musculus origin and its interaction with the B10
genome.

The high level of allelic diversity revealed in this
study at three microsatellite markers in the Hst1
region provided a solid tool for haplotype analysis of

sterility gene(s) presumably located in this region. The
results of these molecular analyses indicate that
hybrid male sterility is, at least in three out of seven
families, associated with a gene or genes in the Hst1
region. Surprisingly, in three families, fertility of
males did not segregate with the Hstl region;
although the low number of males analysed in one
family (2819 G, female, Table 2) prevents us from
drawing strong conclusions, data for the other two
families (2814 and 2818 G, females, Table 2) suggest
that the breakdown of spermatogenesis in these two
families is not associated with a gene or genes located
in the Hst1 region. This finding suggests that these
two families possess allelic variation at different loci
underlying hybrid sterility and stresses the need for
studying geographical variation and genetic complex-
ity of hybrid sterility. Recently, two independent
papers reported the presence of male sterility caused
exclusively by genes located on the X chromosome
(Oka et al., 2004; Storchova et al., 2004). In these two
studies, sterile males were observed in the chromo-
some substitution strain C57B16-X™% in which the X
chromosome of the C57BIl6 strain was substituted by
the X chromosome of the MSM strain derived from
M. m. molossinus (Oka et al., 2004), or in the C57BI6-
XPWD strain, in which the X chromosome was derived
from the PWD strain representing M. m. musculus
(Storchova et al., 2004).

Finally, one family produced only sterile males. We
are currently generating two wild-derived lines of
M. m. musculus: one producing only fertile males
when crossed to B10 mice, the second producing only
sterile males (J. Pialek, unpubl. data). Backcrosses
((sterile line x fertile line) x B10) should facilitate
genetic mapping and confirm whether male sterility in
this family is associated with the HstI region or with
the newly described genetic system. The discovery of
two different Hst1 haplotypes in the family descend-
ing from G, female 2821 producing only sterile males
indicates possible problems in searching for sterility-
specific haplotypes in populations of M. m. musculus.
It appears that recombination and/or microsatellite
expansion has removed the association between
marker alleles and the gene causing hybrid sterility
observed in this study.

Summarizing the results of our phenotypic and
molecular analyses, the most plausible explanation for
our observations is that at least two genes polymor-
phic in wild M. m. musculus sampled in Studenec con-
tribute to hybrid male sterility. Their phenotypic
expression is significantly different between reciprocal
crosses. Both the Prague and Studenec populations
were found to be polymorphic for genes underlying
sterility, and these independent observations might
indicate a recent origin of genes causing spermatoge-
netic breakdown.

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 84, 663—-674
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Abstract

Two house mouse subspecies, Mus musculus domesticns and Mus musculus muscnlus, form a hybrid zone in Europe and represent
a suitable model for inferring the genes contributing to isolation barriers between parental taxa. Despite long-term intensive
studies of this hybrid zone, we still know relatively little about the causes and mechanisms maintaining the 2 taxa as separate
subspecies; therefore, to gain insight into this process, we developed 8 wild-derived inbred house mouse strains. In order to
produce strains as pure domesticus ot muscnlus genomes as possible, the individuals used to establish the breeding colony for
the 3 domesticus and 2 of the musculus strains were captured in the Czech Republic from wild populations at extreme western
and eastern edges of the subspecific contact zone, respectively. The remaining 3 musculus strains were bred from mice
captured about 250 km east of the hybrid zone. Genetic analysis based on 361 microsatellite loci showed that 82% of these
markers are diagnostic for either the musculus or the domesticus strains. In order to demonstrate the potential utility of this
genetic differentiation in such strains, phenotypic variation was scored for 2 strains from opposite edges of the hybrid zone
and significant differences in morphology, reproductive performance, in vitro immune responses, mate choice based on
urinary signals, and aggressiveness were found. In addition, the 3 strains derived from musculus populations far from the
hybrid zone display significant differences in polymorphism in hybrid male sterility when crossed with the laboratory strains
C57BL/6 or C57BL/10, which have a predominantly domesticus genome. Although further studies will be necessary to
demonstrate intersubspecific differences, all analyses presented here indicate that these newly developed house mouse
strains represent a powerful tool for elucidating the genetic basis of isolation barriers in hybrid zones and for studying
speciation in general.

One of the central tenets of evolutionary biology lies in the
description and understanding of the barriers preventing
gene flow between 2 incipient species. A model organism
highly suitable for this purpose is the house mouse,
Mus musculus. Its 2 subspecies, Mus musculus domesticns and Mus
musculus musculus interbreed under natural conditions and in
Europe form a narrow hybrid zone about 2500 km long
stretching from the Jutland Peninsula in Denmatk to the
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Black Sea in Bulgaria (Macholan et al. 2003). Two basic
strategies can be used to study speciation in these wild
populations. The first approach is to study free-living mice
in those geographic regions where these 2 subspecies meet
and hybridize: by estimating the strength of selection acting
on a set of markers differing between the parental pop-
ulations, it is possible to identify some of the genomic
regions that contribute to the creation of barriers to gene



flow and, hence, may harbor the genes responsible for
speciation (Payseur et al. 2004; Dod et al. 2005; Payseur and
Nachman 2005; Raufaste et al. 2005; but see Macholan et al.
2007). Unfortunately, high levels of genetic polymorphism
in natural populations means that this approach is extremely
costly and time consuming because it requires the
identification of a large number of diagnostic markers, that
is, those with different alleles fixed in each patrental taxa.
Alternatively, we propose that inbred strains specifically
selected for certain traits useful for studying speciation and
with reduced overall genetic vatiation could be used to
petform between-strain crosses and backcrosses, so that
genetic incompatibilities that potentially hamper gene flow
and preventing intermixing of the 2 parental genomes could
be detected. Comparing the results from these 2 approaches
could prove decisive in the understanding of the evolution-
ary processes driving speciation.

Nearly 450 laboratory strains of the house mouse and
their variants have already been characterized and listed
(Festing 1996). However, although these variants have proved
to be of critical importance for the understanding of many
biological processes (Davisson and Linder 2004), existing
laboratory mouse strains ate not particulatly useful for
mapping speciation genes. First, most "classical' mouse
strains represent a mixture of various mouse genomes (Wade
et al. 2002; Frazer et al. 2004; Wade and Daly 2005), and the
assignment of different parts of a particular mouse strain
genome to either the musculus or the domesticns subspecies
cannot be ascertained without identification of the ancestral
polymorphisms present before lineage splitting and the
mutations induced during long-term inbreeding. Second,
despite the high number of variants, the majority is descended
from a limited number of mouse strains and represents
mutant types of a spontaneous or induced origin. Instead, the
selection of house mouse strains from wild individuals
reduces natural genetic variation to a 1-allele state at many
loci for each strain and this interstrain genetic variation can be
easily detected and assigned to either the M. . domesticus or
the M. m. musculus genome. Finally, mouse stocks inbred for at
least ~20 generations also display more uniform phenotypic
traits. This fact facilitates the definition of phenotypic classes
and the detection of associations between genotypes and
phenotypes using quantitative trait loci (QTLs) mapping.

In the present paper, we describe the development of 8
wild-derived house mouse strains with genetic and pheno-
typic differences for inferring the evolutionary processes
occurring in situ in this hybrid zone and to elucidate the
genetic basis of hybrid sterility and speciation genes in
general. We conclude that both genetic and phenotype traits
differ among strains and genomes and are potentially
suitable for genetic dissection in QTL studies.

Materials and Methods
Source Populations of House Mouse Strains

The founders of all inbred strains were captured from wild
populations of the house mouse in the Czech Republic and
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Figure I. Localities where wild mice were collected
(founders of inbred strains described in this paper): open
circles, muscnlus populations; closed circle, domesticus population;
and black line, position of the center of the hybrid zone
between Mus musculus domesticns and Mus musculus muscnlus in this
area. The map was created using Microsoft Encarta Premium
Suite (2003).

Germany (Figure 1). Five of these strains were developed
from individuals considered to have pure M. m. musculus
genomes and 3 from individuals with a M. . domesticus
genome. Three inbred lines
phenotypes regarding sterility, when mated with the
laboratory mice of C57BL/6 or C57BL/10 (see details in
Results), were derived from wild M. w. musculus caught in
November 2000 in the village of Studenec, Moravia, Czech
Republic (Figure 1 and Table 1), which is 250 km east of the
musculus—domesticus hybrid zone (populations in this area are
considered to be pure musculus mice [Munclinger et al. 2002;
Bozikovi et al. 2005]). The founders of the 3 domesticus and 2
other musculus strains were captured at the extreme western
and eastern edges of the contact zone between the mouse
subspecies about 50 km on either side of the hybrid zone
center in villages of Straas and Buskovice, respectively
(Figure 1; Munclinger et al. 2002; Macholan et al. 2007).
Previous statistical analyses have indicated that the width of
the multilocus autosomal and the compound X chromo-
some cline is about 9.6 km and 4.6 km, respectively, giving
the estimate of the strength of the central barrier as about
20 km (Macholan et al. 2007). This estimate suggests that
very few alleles will be able to cross and penetrate the
contact zone for more than a few kilometers. Some
introgression of the musculus and domesticus genomes might
be expected in these 2 source villages due to their position
on cither side of the hybrid zone; however, because they are
50 km from the center of the zone, we expect that the
proportion of introgressed alleles will be very low and these
populations can be considered "pure." However, detailed
genetic analyses of the 3 source populations are presented
here in order to confirm this assumption (see Genetic
Analyses below).

selected for alternative
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Table I. Origin of wild-derived strains maintained in the Department of Population Biology, Studenec, Czech Republic
Generation
as of 31
Date of Latitude Longitude December
Subspecies  Strain Dam Sire capture Locality” Country’>  (N) (E) 2006°
muscilus STUF JPC 2802 JPC 2804 5 November 2000  Studenec ~ CZ 49°12’ 16°04’ Fo3
munsculus STUP JPC 2814 JPC 2824 5 November 2000 Studenec ~ CZ 49°12' 16°04’ Fag
muscitlus STUS JPC 2821 JPC 2822 6 November 2000  Studenec  CZ 49°12' 16°04’ Fi7
mnsculns BUSNA  JPC 2847 JPC 2851 21 November 2000 Buskovice CZ 50°14' 13°22' Fos
nuuscnlns BULS JPC 2856 JPC 2852 21 November 2000 Buskovice CZ 50°13’ 13923’ Fio
domesticus STRA JPC 2705 JPC 2711 27 September 2000  Straas D 50°11" 11°46" Fao
domesticns JPC 2706 JPC 2713 27 September 2000  Straas D 50°11"  11°46’ —
domesticus STRB JPC 2790 F;  JPC 2721 12 January 2001 Straas D 50°11" 11°46’ Fi;
domesticns STLT JPC 2788 F;  JPC 2716 12 January 2001 Straas D 50°11"  11°46’ Fio
“ see Figure 1

¥ CZ = Czech Republic; D = Germany

“ F. indicates the xth generation of offspring born in captivity.

Housing and Breeding of Animals

The inbred strains are presently maintained at the De-
partment of Population Biology, Studenec, Czech Republic.
Ten wild parental pairs per sample population from
Buskovice (musculus) and Studenec (musculus) and 3 parental
pairs from Straas (domesticus) were used to set up the
breeding colony founded at this facility. Based on re-
productive performance, the musculus samples were reduced
to 3 lines per population at the 10th generation born in
captivity (Fy0). In general, each generation was derived from
1 of 3 pairs of mice kept per line. The young were weaned at
20 days of age and bred in brother—sister pairs. All
individuals were kept in Perspex cages at 20-22 °C on
a 14/10-h light/dark cycle. Pelleted food (ST1, VELAZ,
Prague, Czech Republic) and water were available ad /ibitum.

The breeding facility in Studenec has been licensed for
keeping small mammals according to Czech law since 2000.
Mice are kept in an open breeding system without bartiers.
All animal experiments followed protocols approved by
Institutional and National Committees for Animal Welfare.

Genetic Analyses

Genomic DNA was extracted from individuals using
DNeasy Tissue Kit (Qiagen, Hilden, Germany) from
ethanol-preserved spleen tissue. Wild mice were assigned
cither to the domesticus or to the musculus subspecies using
1 extranuclear, 3 sex-linked, and 7 autosomal markers known
a prioti to be diagnostic for both house mouse subspecies:
1) the presence (domesticus)/absence (musculus) of the BamHI
restriction site in the reduced form of nicotinamide adenine
dinucleotide dehydrogenase-1 (#¢INdT) gene of the mito-
chondrial DNA (Boursot et al. 1996; Munclinger et al. 2002;
Bozikova et al. 2005); 2) the presence (musculus)/absence
(domesticus) of a deletion located within the zinc finger protein
2 (Zf2) gene on the Y chromosome (Nagamine et al. 1992;
Orth et al. 1996); 3) and 4) the presence (domesticus) /absence
(muscnlus) of the Bl insertions in the Bruton agammaglob-
ulinemia tyrosine kinase (B#€) and testis-specific (75x) genes

36

on the X chromosome (Munclinger et al. 2002, 2003); 5) the
presence/absence of polymerase chain reaction (PCR)
products using subspecies-specific primers within the
androgen-binding protein alpha (Abpa) gene on chromo-
some 7 (Dod et al. 2005); and 6-11) the differences in
clectrophoretic mobility at 6 neutral or neatly neutral
allozyme loci: isocitrate dehydrogenase-1 (/dh1, chromo-
some 1), glucose dehydrogenase-1 (Gpd1, chromosome 4),
esterase-1 (K57, chromosome 8), mannose phosphate
isomerase (Mpi, chromosome 9), nucleoside phosphorylase
(Np, chromosome 14), and superoxide dismutase-1 (Sod7,
chromosome 16) following the protocols by Bonhomme
et al. (1984) and Munclinger et al. (2002).

A genome-wide screen using 485 simple sequence length
polymorphisms (SSLPs ot microsatellites) was used to
estimate the genetic polymorphism preserved in inbred
mice. The SSLP loci represent a panel of markers
preselected to cover polymorphism between the domesticus
C57BL/G] strain and the musculus-derived PWD  strain
(Gregorova and Forejt 2000) and are evenly distributed
across all autosomes and the X chromosome (Dietrich et al.
1996). One female from each strain was scored at generation
ranging from F;5 (STUS from Studenec; Table 1) to Fys
(STUP, Studenec; Table 1). One male per strain at the same
generation as its female counterpart was scored for one
locus located on the Y chromosome, the Zf2 intron
microsatellite (Boissinot and Boursot 1997). In otder to
compate the extent of polymorphism of SSLP markers in
the new inbred strains developed in this study with similar
mouse strains, one male and one female each from the
PWD strain derived from wild, pure M. ». musculus mice
(Gregorova and Forejt 2000) and 3 classical laboratory
inbred strains: A/J, C3H/He], and C57BL/6 obtained from
a local provider (VELAZ) were also scored.

The majority of SSLPs (450 out of 475 markers) were
scored from PCR products on agarose gels. PCRs were
performed on a Mastercycler ep gradient S (Eppendorf,
Hamburg, Germany) in a 10-pl reaction volume containing
10 mM Tris—HCl (pH 8.5), 50 mM NH4(SOy),, 2 mM



MgCl, (Fermentas, Burlington, Canada), 0.2 mM of each
deoxynucleoside triphosphate (Fermentas), 0.33 UM of each
unlabeled primer (Invitrogen, Carlsbad, CA), 0.5 unit of 7ag
polymerase (Fermentas), deionized water, and 30 ng
genomic DNA. Each PCR was initiated with an activation
step at 94 °C for 2 min, followed by 39 cycles of
denaturation at 94 °C for 40 s, annealing at 55 °C for 40 s,
and extension at 72 °C for 60 s, with a final extension of
60 °C for 5 min. Electrophoresis was cartied out on 4%
agarose gels containing ethidium bromide (10 pg per 10 ml
of gel) in tris-borate-edta buffer.

Twenty-five SSLP markers were analyzed using fragment
analysis. One of the 2 primers of each locus was 5'-end
labeled with a fluorescent dye HEX, 6FAM, VIC, PET, or
NED (Applied Biosystems, Foster City, CA), and the loci
were amplified in 6 different multiplex PCRs. For each
individual and each of the 6 multiplex reactions, PCRs were
performed on a Mastercycler ep gradient S (Eppendorf) in
a total volume of 10 pl using the Qiagen Multiplex PCR Kit
following the manufacturet’s protocol and 30 cycles with an
annealing temperature of 55 °C for 90 s. The 0.8 ul of PCR
products were mixed with 0.25 pl of 500LIZ or 400ROX
Size Standard (Applied Biosystems) and 12 pl of formamide
(Applied Biosystems) and separated using an ABI PRISM
3130 sequencer (Applied Biosystems). Genotypes were
scored using GeneMapper v3.7 (Applied Biosystems).

Phenotype Scores

Immediately after cervical dislocation, for each genetically
analyzed individual, body mass and body and tail length
were measured. For each male, the onset of maturity
(defined as age in days of males with the first occurrence of
sperm in their epididymis), sperm count in adult individuals
(mean sperm count more than 10 cells of the Biirker
hematocytometer in the left epididymis of males aged more
than 60 days), mass of left and right testis, and mass of left
epididymis were recorded. The breeding performance of
each strain was estimated from litter sizes averaged from the
previous 6 captive generations.

Behavioral Analyses

In order to demonstrate the utility of the genetic dif-
ferentiation selected for in our strains, sexual preferences of
60-day-old males and females from F;5 of 2 of the strains
BULS (musculns derived) and STRA (domesticus derived; Table 1)
were scored in a simple 2-way choice system with pools of
homosubspecific and heterosubspecific urine (for details,
see Bimovi et al. 2005). To minimize the role of inbreeding
avoidance that might lead to preferences to more different
odor (the heterosubspecific one in our case) (Penn 2002),
we used urine from strains BUSNA (wusculus derived) and
STLT (domesticus derived; Table 1) as signals. Tested animals
(20 females and 20 males each from BULS and STRA) were
bred in standard conditions as desctibed above. Males wete
housed individually for at least 5 days before testing, and
females were housed with a female littermate. Homosubspecific
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preference was estimated as the coefficient of preference
Riignal calculated from the time spent by sniffing both signals
as follows:

Reigna = (Time sniffing homosubspecific — heterosubspecific
signal) / (Time sniffing homosubspecific +

heterosubspecific signal).

The sign of the coefficient indicates the direction of the
preference with positive values indicating homosubspecific
preferences. A Student’s test was applied to analyze the
deviation of Ryena from zero within each strain (FHy: p = 0),
and analysis of variance (ANOVA) was used to test the
difference between strains.

Aggtressive behavior was studied in 20 Fy3_y4 males from
each of the 2 strains BULS and STRA (Table 1) following
Roubertoux et al. (2005). Each male, housed alone for
5 days preceding the first experiment, was tested repeatedly
in 2 experimental dyadic encounters either against a musculus
or against a domesticns male from the same strains. Each dyad
consisted of 2 tests with opponents from the same strain:
first, the neutral cage arena test and 10 days later followed
by the resident—intruder test. The dyads were separated by
30-day pause, and the order of dyads (the origin of the first
opponent) was random. Each male was thus tested 4 times
against 4 different males at the age of 70, 80, 110, and 120
days. The result of each encounter was classified into 3
categories: winner (the tested male won the encounter), no
fight (no aggressive interaction during the 6-min encounter),
and loser (the tested male lost the encounter). The %>
statistics was applied to identify behavioral differences
between the strains, and the significance level was adjusted
with a Bonferroni correction.

Immunological Measures

In order to further demonstrate the genetic variation
represented by these strains, 5 males and 5 females from
F4_ 15 of each of the 2 strains BULS and STRA (Table 1)
were used to detect in vitro immunoresponsiveness against
2 antigens: T-cell mitogen Concanavaline A (ConA, Sigma,
St. Louis, MO) and B-cell mitogen bacterial lipopolysac-
charide (LPS, Difco Laboratories, Detroit, MI). Spleen cell
suspensions and macrophages obtained by washing the
petitoneal cavity of individual mice were cultivated and
measured for 3 types of response: 1) cell proliferation after
stimulation with 0.37 or 1.50 pg/ml of ConA and LPS; 2)
cytokine production of interleukins IL-2, IL-4, IL-10, or
interferon-y (IFN-Y) in splenic cells and interleukins IL-6,
1L-10, or IL-1P in macrophages; and 3) production of nitric
oxide (NO) in macrophages. The presence of cytokines in
supernatants was measured using an enzyme-linked immu-
nosorbent assay using sets of cytokine-specific capture and
detection monoclonal antibodies purchased from PharMin-
gen (San Diego, CA), as previously described by Holdn et al.
(1996). Nitrite concentrations in the supernatants were mea-
sured using the Griess reaction (Green et al. 1982) and
quantified by spectrophotometry at 540 nm using sodium
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Table 2. Frequencies of musculus alleles at diagnostic loci in wild populations from which mouse strains were collected. Numbers of

individuals scored in source populations are indicated in parentheses

Subspecies Locality mtDNA Zfy-2

musculus Studenec (18) 1.000 (10) 1.000
msculus Buskovice (62) 1.000 (58) 1.000
domesticus Straas (115) 0.009 (65) 0.000
Subspecies Locality Idh| Gpd|

muscilus Studenec (11) 1.000 (11) 1.000
nuscnlns Buskovice (17) 1.000 (17) 1.000
domesticus Straas (68) 0.088 (67) 0.000

Tsx Btk Abpa
(16) 1.000 (23) 1.000 (18) 1.000
(136) 1.000 (137) 1.000 (111) 1.000
(147) 0.000 (157) 0.004 (133) 0.000
Esl Mpi Np Sod|
(10) 1.000 (11) 1.000 (11) 1.000 (10) 1.000
(17) 0.941 (17) 1.000 (17) 1.000 (17) 1.000

(64) 0.000

(67) 0.000

(67) 0.000

(67) 0.000

nitrite as a standard. Wilcoxon/Kruskal-Wallis nonpara-
metric tests based on rank sums were used to identify
among-strain differences in immunological responses. A
procedure implemented in JMP statistical software (SAS
Institute Inc. 2002) was used to analyze the data.

Results

Genetic Composition of Source Populations of House
Mouse Strains

In total, 8 inbred strains were developed by us. Before
defining these strains, the genetic composition of source
populations based on diagnostic markers is presented to
attest to the purity of their genomes.

One source population, from the village of Studenec, is
situated within the range of M. m. musculus about 250 km east
of the center of the Czech portion of the M. m. musculus/
M. m. domesticus hybtid zone, and, as expected, all diagnostic
markers in the source population were of the musculus type
(Table 2). The 2 other source populations, one representing
wild M. m. domesticus and the other the M. m. musculus
genome, were sampled about 50 km on either side of the
center of the hybrid zone in the villages of Straas and
Buskovice, respectively (Figure 1). The results listed in Table 2
show that only 1 out of 11 loci in Buskovice (#Zs7) and 3 out
of 11 loci in Straas (mtDNA, Btk, and 1dhl) were able to
introgress across the contact zone, and even these intro-
gressing alleles are found at very low frequencies (maximum
0.088). In addition, some of the alleles that are identical in
2 source populations will be ancestral polymorphisms;
therefore, the actual rate of introgression is probably even
lower. Hence, the mouse strains detived from these source
populations will subsequently be considered as pure musculus
ot domesticus strains.

Basic Mouse Strain Characteristics

STUF (Studenec fertile, M. m. musculus origin). The first
generation of descendants born in captivity segregated for
sterility when crossed with C57BL/10: out of 31 mice
tested, 14 were sterile and 17 were fertile (Vyskocilova et al.
2005). Full fertility of hybrid males was established after Fs.

STUS (Studenec sterile, M. m. musculus origin). All
progeny delivered by the founding pair generated sterile
males in either type of cross with the C57BL/10 mice
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(Vyskocilova et al. 2005). No changes in hybrid male sterility
were observed in higher generations (Fs—Fj). It has been
shown that musculus interstrain hybrids (STUF x STUS) can
be produced and backcrossed to the C57BL/10 mice to
map chromosomal regions harboring genes correlated with
sterility (Vyskocilova M, Pidlek J, unpublished data).

STUP (Studenec delayed puberty, M. nz. musculus origin).
The progeny of this strain segregated for sterility/fertility
until Fy3 when mated with the C57BL/10 mice. Only fertile
males have been produced in crosses with the strain
C57BL/6 after generation Fq9. The hybrids between STUP
and C57BL/6 have a delayed onset of spermatogenesis
(Pidlek ], unpublished data).

BULS (Buskovice low sperm, M. . muscnlus origin).
Males of this strain have a low number of sperm in the
epididymis. In addition, the strain has the lowest mean litter
size (3.26 young per litter) in comparison with other strains
described (>4 young per litter).

BUSNA (Buskovice nonaggressive, M. m. musculus
origin). Since Fys, only descendants of males that did not
attack the males of the A/] strain were crossed in higher
generations.

STRA (Straas aggtressive, M. m. domesticns otigin). Since
Fis, only males that attacked males of the A/J strain were
crossed in higher generations.

STRB (Straas black, M. . domesticus origin). Mice of both
sexes have a pronounced black stripe on their dorsal side
stretching from the neck to the base of the tail.

STLT (Straas long tail, M. m. domesticus origin). This strain
and STRB were founded using the same female, but the
descendants of either strain were sired by different wild
males (Table 1). This is the only strain having a mean tail
length greater than body length.

Genetic Polymorphism

Out of 485 SSLP scored, 447 uniquely located and 3
syntenic markers (92.8%) produced PCR products of the
expected size under the uniform set of PCR conditions
employed. Four primer pairs of SSLP markers (D70Mit12,
D11MI1230, D15Mit60, and D17Mit228) only amplified
alleles of M. . domesticus individuals, whereas 82 markers
spread more or less randomly throughout the whole genome
only produced bands in some strains.

Fragment analysis of the 25 labeled SSLPs showed that
there was only residual polymorphism within the strains



Table 3.

Pialek et al. * New Wild-Derived Strains of Mus

Pairwise genetic differentiation based on 361 SSLP markers for the 8 new inbred strains described in this paper. Absolute

numbers of different alleles at SSLP loci are above the diagonal and their percentage equivalents are below the diagonal. Gray shaded
regions indicate genetic differentiation between the musculus and domesticns genomes in strains derived from these genomes

STUF STUP STUS BUSNA BULS STRA STRB STLT

STUF — 179 180 202 207 304 305 312
STUP 49.6% — 188 212 218 287 296 298
STUS 49.9% 52.1% — 182 204 293 294 295
BUSNA 56.0% 58.7% 50.4% — 130 295 296 302
BULS 57.3% 60.4% 56.5% 36.0% — 293 299 300
STRA 84.2% 79.5% 81.2% 81.7% 81.2% — 137 94
STRB 84.5% 82.0% 81.4% 82.0% 82.8% 38.0% — 120
STLT 86.4% 82.5% 81.7% 83.7% 83.1% 26.0% 33.2%

with the highest observed heterozygosity ranging from
H, = 0.06 in strains from Buskovice to /7, = 0.00 in strains
sampled in Studenec. The mean heterozygosity observed in
all strains was H, = 0.02.

We compared the genetic differentiation at 361 SSLP
loci yielding PCR products in all developed strains (Table 3).
Their distribution covers all chromosomes and is regularly
spaced (Figure 2). The mean level of microsatellite
polymorphism between 2 groups of inbred strains derived
from different subspecies is 82%, whereas genetic differen-
tiation between M. 7. nusculus strains from Studenec (STUF,
STUP, and STUS) and Buskovice (BULS and BUSNA),
respectively, is lower, reaching 57% on average. Genetic
polymorphism among the strains derived from wild M. .
domesticus from Straas (STRA, STRB, and STLT) is 33% and
among those strains derived from wild M. 7. musculus from
Studenec and Buskovice is 51% and 36%, respectively.

Detailed information on all SSLP markers is given in
Supplementary Tables and is also publicly available at
http://www.studenec.ivb.cz/projects/inbred_strains  (Sup-
plementary Tables 1—4). At this web site, it is possible to
submit a query for any pairwise combination of inbred
strains in order to retrieve the informative markers for
a cross or to download a spreadsheet with the locus names,
map positions, and relative allele sizes for each marker for
all 12 strains scored. The position of SSLP and allele sizes
for the 3 laboratory strains, A/J, C3H/J, and C57BL/6],
given in Supplementary Tables 1-4, were retrieved from
http://www.informatics.jax.org/.

Morphological Differences

Table 4 presents basic descriptive morphological character-
istics for individual strains and their comparison among
sexes. Inspection of the table indicates that males were
either larger than or equal to females with the exception of
BULS (ANOVA, Fj75 = 425, P = 0.043). The sexual
dimorphism for body mass remains true in groups of strains
derived from populations from Studenec (STUF, STUP, and
STUS; ANOVA, Fjis5 = 6.64, P < 0.011) and Straas
(STRA, STRB, and STLT; £ 155 = 26.27, P < 0.0001). For
strains from Buskovice (BULS and BUSNA) and all other
traits, differences between sexes were not significant.

Post hoc comparisons for strains grouped by locality and
sex using a Tukey—Kramer honestly significant difference
(HSD) indicated that the domesticus strains were both heavier
and longer than the musculus strains (Straas = C57BL/6 >
Buskovice = Studenec, with mean values for body mass of
24.8 254 > 20.7 19.6 g, respectively; ANOVA:
F3 466 = 66.60, P < 0.0001; and body length: 92.7 = 91.6 >
87.1 = 86.2 mm, respectively; ANOVA: /5474 = 61.28, P
< 0.0001). All groups differed in tail length (Straas >
C57BL/6 > Buskovice > Studenec, with mean values of
91.6 > 83.4 > (9.8 = 67.1 mm, respectively; ANOVA:
Fy 450 = 473.58, P < 0.0001).

There was also considerable variation in reproductive
parameters among the strains (Table 5). The mean litter size
was the lowest in strains from Buskovice, significantly
higher in strains from Studenec, and the highest in the
domesticus  strains  (Buskovice << Studenec << Straas
C57BL/6, with values 3.4 < 5.1 < 6.7 = 7.5, respectively;
ANOVA: Fj3g, = 88.5, P < 0.0001; pairwise significance
tested using Tukey—Kramer HSD compatison). Overall, the
domesticus-derived strains (from Straas and C57BL/6; mean
litter size: 7.3) had larger litter sizes than the musculus-derived
strains (from Studenec and Buskovice; mean litter size: 4.0;
ANOVA: Fj3g4 = 191.5, P < 0.0001).

A high level of variation was also observed in the mass
of male reproductive organs (Table 5). The highest within-
locality range was observed for mean testis mass [(left testis 4
right testis)/2], with males from the STUS strain occupying
the lowest rank (0.058 g), whereas that of the STUF males
were nearly 50% larger (0.115 g; Table 5). A Tukey—Kramer
HSD comparison among localities showed that the
domesticus-derived males possessed, on average, heavier testes
(C57BL/6 = Straas > Studenec > Buskovice, with values
for mean testis mass being 0.0908, 0.0908, 0.0813, and
0.0679 g, respectively; ANOVA: 5,5 = 24.4, P < 0.0001)
and a heavier left epididymis (C57BL/6 > Straas >
Studenec > Buskovice, with values 0.0317, 0.0293, 0.0240,
and 0.0195 g, respectively; ANOVA: F5554 = 1632, P <
0.0001). The same trend was observed for mean sperm
count (Straas C57BL/6 > C57BL/6 Studenec >
Buskovice, with values 54.1, 50.8, 45.8, and 35.7 sperm per
Burker hematocytometer cell for each group; ANOVA:
F3085 = 42.1, P < 0.0001). Both mean testis mass and left
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Figure 2. Relative distribution of SSLP markers amplified in
all mouse strains except the Zf2 intron microsatellite on the Y
chromosome. Position of markers (relative to the centromere
located at the bottom of each chromosome) is according to
Mouse Genome Informatics (http://www.informatics.jax.

org/).

epididymis mass were highly correlated with mean sperm
count (r2 = 0.45; F) 557 = 235.6, P < 0.0001 for testis mass
and sperm count and # = 0.53; Fi g5 = 329.5, P < 0.0001
for epididymis mass and sperm count). A smaller, but still
significant, positive correlation was found between mean
sperm count and mean litter size sired by a male (* = 0.19;
}71,149 = 344, r< 00001)

Sexual Preferences

The musculus-derived BULS males and females displayed
strong significant homosubspecific preferences (test, P <
0.05; Figure 3), in contrast to the domesticns-detived STRA
animals (#test, P > 0.05; Figure 3). In addition, the
comparison between these 2 strains tested separately for
both sexes showed that the differences in assortative mating
preference were significant (ANOVA, females: /) 40 = 7258,
P = 0.01; males: I, 44 = 24 362, P < 0.001).

Male Aggression

Dyadic encounters resulted in highly significant differences
in aggressiveness between the musculus-derived BULS and
domesticus-derived STRA strains (Xz test, £ < 0.001 for both
neutral arena and resident intruder test; Figure 4). The
aggtressiveness increased with asymmetry of resource value
with residents being more aggressive irrespective of the
strain. The STRA males were aggressive in all tests with
both types of opponents (Figute 4) and always won over
BULS males. Conversely, the less aggressive males of the
BULS strain elicited fights only rarely and only as the
owners of their tertitory.

Immunological Responses

We found significant differences in BULS and STRA strains
in response to in vitro stimulation by ConA and LPS.
Proliferation of spleen cells differed significantly (P <
0.001) between the 2 strains in 2 out of 4 treatments, with
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Morphological characteristics of wild-detived strains. In each entry, number of individuals scored is followed by mean values of cotresponding traits * standard deviations

Table 4.

Number of individuals

Males
28

Mean age (days)

Males

Tail length (mm)

Males

Body length (mm)

Body weight (g)

Females

21

Females Females

Females

88.3 + 29 =90.0 = 39

85.6 + 2.1 = 86.5

Females Males

Strain Males

Subspecies

139 £ 61
146 *

144 £ 80
146 £ 8

451 3.0

7
67.1 £ 51 =687 £

72.8 £ 34

STUF 223 £22=219+25

STUP
STUS

musculus

17
17

30
32

65

o«

(e}

202 +1.9>189 + 1.4
183 £ 23 > 169 + 2.5

184 + 2.8

musculns
musculus

211 = 90

190 £ 117

59.9 + 47 =614 £ 5.0

678 £73 =7

+ 45

84.0 + 3.6 = 84.3

8

1.3+78
8.5+ 6.5
1+

Yo}

+l

[Te)

+l

.8

[an)

+ 29

18.3

BUSNA
BULS

musculns
musculus

22
24
20

47

188 £ 63
102 £ 52
126 £ 79
142 £ 70
169 £ 96

181 £ 61
140 + 47
152 £ 69
150 + 89
162 £ 99

70.7 £ 69 =6

948

88.3 + 3.0 = 88
947 £ 2.8

21.7 £ 23 <230 £ 3.1

59
20
15

e}

93
89.3 + 35> 849 *

935 + 3.8

941 £ 7.6

6.0

+I

26.1

244 £ 1.6 > 203 + 5.0

237 £ 15> 203+ 55

275123

STRA
STRB
STLT

domesticus

9

)

929 £ 2.1 > 88.6 + 8.0
93.0 £ 22> 888+ 69

91.6 £33 =

domesticus

16
10

95.6 + 2.7 > 90.5 £ 4.3

83.7 + 41 = 829

domesticus

26

+55

91.8 £ 6.1

262 £ 3.1 > 236+ 42

C57BL/6

“domesticus”

, not significant; >, males larger than females; <, males smaller than females.

= 0.05: =

Within strains differences at significance level o



Table 5.

Pialek et al. * New Wild-Derived Strains of Mus

Reproductive parameters of males. Mean age of adult males is as in Table 4 except data for sperm onset in epididymis, where

the first number indicates the number of males investigated from the age of 25 to 60 days. Absolute sperm count per epididymis can be
calculated using the formula: (mean sperm count X 2000),/0.0025. Numbers of scored individuals are in brackets

Onset of

Mean Left sperm in Mean

testis epididymis epididymis sperm
Species Strain mass (g)° mass (g) (days) count Litter size
muscilus STUF (28) 0.1154 £ 0.0102 (28) 0.0262 £ 0.0025 (8) 33 (28) 47.3 £ 5.6 (29) 4.38 £ 223
muscnlus STUP (30) 0.0749 + 0.0098  (30) 0.0228 + 0.0021  (10) 36 (30) 52.1 + 89 (29) 5.62 + 1.74
muscilus STUS (33) 0.0582 £ 0.0085 (33) 0.0233 £ 0.0033 (8) 38 (33) 388 £ 7.4 (37) 5.22 £ 1.62
msculus BUSNA (23) 0.0871 £ 0.0133 (23) 0.0225 £ 0.0048 3) 32 (22) 54.0 £ 15.6 (35) 4.31 £ 2.01
musculus BULS (55) 0.0599 £ 0.0107 (28) 0.0183 £ 0.0024 (6) 33 (55) 28.4 £ 8.0 (149) 3.26 + 1.65
domesticus STRA (60) 0.0975 £ 0.0088 (59) 0.0302 £ 0.0024 (18) 33 (60) 542 £ 7.8 (48) 8.83 £ 1.69
domesticis STRB (20) 0.0754 = 0.0051 (20) 0.0274 £ 0.0023 (7) 34 (20) 53.2 £ 7.2 (17) 5.76 £ 1.99
domesticus STLT (15) 0.0843 £ 0.0047 (15) 0.0283 £ 0.0023 (12) 35 (15) 55.1 £ 5.4 (15) 5.33 £ 1.95
“domesticns” C57BL/6 (26) 0.0908 £ 0.0089 (26) 0.0317 £ 0.0045 (12) 36 (26) 50.8 £ 9.6 (24) 6.75 £ 1.96

Mean testis mass = (left testis + right testis) /2.

the response being stronger in BULS than in STRA in both
cases. Similatly, there were clear differences between strain
in production of cytokines (such as NO and interleukins IL-
6, 1L-10, IL-2, and IL-1PB) by peritoneal macrophages
stimulated by LPS, with 3 out of 5 tests significant at P <
0.02. The same held true for the production of IFN-y and
interleukins 1L-4 and IL-10 in spleen cells in response to the
ConA treatment (significant differences in 2 out of 3 tests,
P < 0.002). In 3 out of 5 cases, we detected significantly
stronger production of cytokines in BULS than in STRA.

Discussion

Eight new inbred strains have been created from wild
populations of both subspecies of the house mouse.
Because mice are widely used in biomedical reseatch, these
new strains represent a valuable addition to the sources of
genetic and morphological variation available from mouse
stocks (Bonhomme and Guénet 1996; Festing 1996). In
addition, the exact geographic location of founding indi-
viduals is known (Table 1), as is the level of genetic
polymotphism in soutce populations (Table 2; Macholin
et al. 2007), allowing the rate and effects of genetic
reduction due to inbreeding to be estimated (Vyskocilovda M,
Pialek J, unpublished data). This information, supplemented
by complete knowledge of the genetic pedigree of strains,
greatly improves the usefulness of these strains as a genetic
resource compared with that of laboratory mice, whose
unspecified origin hampers the interpolation of studies
related to evolutionary processes (Payseur and Hoekstra
2005; Boursot and Belkhir 2006; Harr 2006; Payseur and
Place 2007).

The motive for developing these inbred mice was to
obtain highly characterized strains that can be potentially
exploited to identify barriers preventing gene flow between
house mouse subspecies. Two prerequisites are necessatry
for such studies: there must be sufficient genetic poly-
morphism to allow genetic mapping of quantitative traits

and high interstrain phenotype vatiation. Our data suggest
that we have succeeded in obtaining both.

First, our results show that on average, 298 of the
361 randomly chosen microsatellite markers are fixed for
different alleles in out musculus- and domesticus-detived inbred
strains and 136 are fixed between the groups of musculus
inbred strains derived from Studenec and Buskovice. Given
that chromosome length ranges from 1361 (Dietrich et al.
1996) to 1630 cM (Shifman et al. 20006), the mean spacing
between markers for the domesticus versus muscnlns genomes
ranges from 4.6 to 5.5 cM and for the 2 groups of musculus-
detived strains (Buskovice vs. Studenec) from about 10 to
12 cM. Silver (1995) estimated that for detecting a linkage
signal in 40 backcross samples in the house mouse, 86
genetic diagnostic markers are required to ensure a 10-cM
(=20 Mb) swept radius coverage. Because the mean spacing
between markers in our set of strains falls well within this
limit, the coverage of strain genomes by markers is dense
enough for mapping QTLs in strains with different
phenotypes.

Fkk
*kk

l Su
| |

STRA

BULS

Figure 3. Sexual preferences for urinary signals in musculus-
derived BULS and domesticus-derived STRA inbred strains.
Homosubspecific preference is represented by mean Rgona T
standard deviation (see text) and significant values for Student’s
#-test (Hy: p = 0) are indicated by asterisks; ***/ < 0.005.
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Figure 4. Results of neutral cage arena and resident—intruder
test for males of the musculus-derived BULS and domesticus-
derived STRA inbred strains. For each encounter and type of
test, the strains of tested and opponent males are listed as tester X
opponent. The results of each encounter were classified based
on behavior of the tested male and 3 contest outcomes were
possible: winner (W), loser (L), or no fight (NF).

This study also documents high interstrain phenotypic
variation. In fact, the representatives of musculus- and
domesticns-detived  strains (BULS and STRA) have been
shown to differ for nearly all morphological traits scored
and also in male aggressiveness and assortative mating in
both sexes. Moreover, data from in vitro immunological
responses suggest that immunoresponsiveness to vatious
mitogens differs substantially between these 2 strains.
Although some variation could be attributed to nongenetic
factors, the high phenotypic differentiation observed among
these strains suggests that significant genetic variation
associated with phenotypes has been preserved. This
example illustrates the potential usefulness of the genetic
differentiation selected for in these strains to evolutionary
studies in the musculus—domesticus hybrid zone, and further
studies are underway to compare more pairs of the strains
described here.

The traits contributing to an individual’s fitness are of
great interest for inferring evolutionary processes. For
example, in this regard, one of the most obvious traits is
sterility in hybrid males. The 2 musculus strains, STUS and
STUF, detived from Studenec and producing alternative
phenotypes (sterile and fertile offspring, respectively) in
crosses with C57BL laboratory mice could be used to search
for genetic basis of mechanisms dramatically affecting the
fitness of males. In addition, among strains, there is a clear
link between reproductive organs of males and their fitness,
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with mean testes mass and left epididymis mass positively
related to sperm count, which in turn was correlated with
mean litter size (see Tables 3-5). Therefore, future experi-
ments using these strains and designed to find QTL
correlates of reproductive organ mass in males, and
consequently their ability to sire a higher/lower number of
offspring, could highlight the processes affecting the
dynamics of the hybrid zone.

The ability of an organism to cope with pathogens has
a direct effect on its fitness, although this relationship is far
from fully understood as a result of its complexity
(Lochmiller and Deerenberg 2000; Lee 2006). Our in vitro
tests using one representative musculus- and one domesticus-
derived strain indicate clear differences in immune re-
sponses to an array of pathogens. This result could reflect
subspecies-specific host—pathogen evolutionary histories
that may be critical for maintaining the hybrid zone between
house mouse subspecies (Sage et al. 1986; Moulia et al.
1991). However, it is not yet clear to what extent immune
responses to the mitogens used here reflect resistance to
natural pathogens (Goiiy de Bellocq et al. 2007). In addition,
given the trade-off between immune defense and other
fitness components that must share common and limited
resources (e.g., reproduction, growth, and development),
different strains may also vary in their relative investment in
immune defense. Future work will assess the fitness effects
of variation in immunocompetence in all these musculus- and
domesticus-derived strains; however, even this single example
indicates, once again, the potential usefulness of these
strains in evolutionary studies.

Although we have not directly tested the relationship
between behavioral traits and fitness components here,
there is a wealth of evidence indicating that behavioral
patterns are under selection. For example, assortative mating
may result in behavioral isolation, representing a strong
premating barrier to gene flow and preventing introgression
between isolated gene pools (Coyne and Orr 2004 and
references therein). In fact, it has been repeatedly shown
that the 2 house mouse subspecies are able to discriminate
each other and prefer members of their own subspecies and
that M. m. muscnlns mice display stronger preferences for
homosubspecific signals (Laukaitis et al. 1997; Christophe
and Baudoin 1998; Talley et al. 2001; Smadja and Ganem
2002, 2005; Smadja et al. 2004; Bimova et al. 2005). Our
results corroborate these studies because irrespective of the
sex, the muscnlus-detived BULS mice preferred their own
subspecific urinary signal.

Studies relating the level of male aggressiveness in
laboratory strains and asymmetry in teproductive output
date to the 1970s (Horn 1974; Kuse and DeFries 1976).
Asymmetry in the outcome of encounters have also
been reported between males from M. w. muscnlus and
M. m. domesticns, with the latter winning the contests (Thuesen
1977, van Zegeren and van Oortmerssen 1981). More
recently, QTL mapping in laboratory mouse strains selected
for nonaggressiveness and aggressiveness has suggested
a polygenic inheritance of male fighting behavior (Brodkin
et al. 2002; Roubertoux et al. 2005). Both the sexual



preferences and the levels of male aggressiveness identified
in the muscnlns-derived BULS and domesticus-detived STRA
strains in this study show that behavioral phenotypes may
determine asymmetries in fitness between individuals and
strains and, hence, make good candidates for genetic
mapping of behavioral isolation. Again, this example
demonstrates the potential usefulness of these strains as
models for more complex processes occurting in wild
populations across the hybrid zone.

In conclusion, this work has resulted in the production of
8 new inbred strains, 3 representing the M. nz. domesticus and 5
M. m. musculus genomes. As demonstrated by the genotyping
of 400 microsatellite loci, our inbreeding regime removed
nearly all genetic variation from each strain while maintain-
ing high interstrain variation for traits that may be important
to the process of speciation; importantly, many of these loci
are diagnostic for distinguishing inter- and intrasubspecific
strains. In addition, given that controlled breeding con-
ditions were identical for each strain, any interstrain phe-
notypic differences can be explained by genetic differences,
a prerequisite for performing QTL mapping; in fact, 2
strains, the musculus strain BULS and the domesticus strain
STRA were shown here to have significant differences in
morphological, behavioral, and immunological traits. Be-
cause these phenotypic traits are also correlated with various
fitness components, these new house mouse strains
potentially represent a powerful tool for inferring the
evolutionary processes occurring in the musculus—domesticus
hybrid zone and the genetics of speciation in general.
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Supplementaty tables can be
jhered.oxfordjournals.org/.
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Abstract

The hybrid sterility-1 (Hstl) locus at the proximal part of Chr 17 causes male sterility in
crosses between the house mouse subspecies, Mus musculus domesticus (Mmd) and M. m.
musculus (Mmm). This locus has been defined by the presence of polymorphism in two
classical laboratory strains (representing the Mmd genome) when mated to PWD/Ph mice
(Mmm genome): C57BL/10 (carrying the sterile allele) and C3H (carrying the fertile allele).
The occurrence of sterile and/or fertile (wild Mmm x C57BL)F; males is evidence that
polymorphism for this trait also exists in natural populations of Mmm; however, the nature of
this polymorphism remains unclear. Therefore, we derived two wild-origin Mmm strains,
STUS and STUF, that produce alternative phenotypes in crosses with C57BL mice (sterile
and fertile males, respectively). To determine the genetic basis underlying male fertility, the
(STUS x STUF)F, females were mated to C57BL/10J males. About a third of resulting hybrid
males (33.8%) had a significantly smaller epididymis and testes than parental animals, and
lacked spermatozoa. Testes histology revealed that the Sertoli cells of these males had
spermatogonia and spermatocytes, but spermatogenesis ceased at zygotene/pachytene stage. A
further one fifth of males (20.3%) also had anomalous reproductive traits but produced some
spermatozoa; the testes of these males had spermatocytes and round spermatids in nearly 60%
of their seminiferous tubules, but most of these were impaired and phagocyted. The remaining
fertile males (45.9%) displayed no deviation from values found in parental individuals, and
accordingly, exhibited normal spermatogenesis. QTL analysis of the progeny revealed strong
associations of male’s fitness components with the proximal end of Chr 17. In addition, a
significant effect of the central section of Chr X on testes mass and a suggestive signal for
sperm count and epididymis weight at the distal end of Chr 3 were detected. The data suggest
that genetic incompatibilities associated with male sterility have evolved independently at the

proximal end of Chr 17 and are polymorphic within both Mmd and Mmm genomes.




The evolution of barriers to reproductive isolation barriers during speciation remains
mysterious and much of our knowledge relies upon studies of the fruitfly, Drosophila (Coyne
and Orr 2004; Orr et al. 2004; Sawamura et al. 2004; Orr 2005; Masly and Presgraves 2007).
A review listing the interspecific experimental crosses that have been tested suggests that the
genes causing hybrid sterility or inviability often appear fixed within species (Coyne and Orr
2004). However, in most of these studies, the crosses involved genetically distant species that
do not readily hybridize in nature; and consequently, the generalizations derived from the
results might reflect processes at the late stages of speciation, or even processes after its
completion, rather than speciation itself. Indeed, where more closely related taxa and
intraspecific variation have been studied, polymorphism in sterility has been detected (e.g., D.
mojavensis and D. arizonae: Reed and Markow 2004; Mimulus guttatus and M. nasutus:
Sweigart et al. 2007).

Two subspecies of the house mouse, Mus musculus domesticus (Mmd) and M. m.
musculus (Mmm) have become mammalian models for the study of isolation barriers because
they have undergone a fairly recent radiation (0.5 MYA; Boursot ef al. 1993), form a well-
documented natural hybrid zone (Raufaste et al. 2005; Macholan et al. 2007, in press; Teeter
et al. 2008), and can produce sterile male hybrid (reviewed by Forejt 1996 and Good et al.
2008b). Studies on the genetic architecture of hybrid sterility suggest that loci located on Chr
17 (Forejt and Ivanyi 1975) and Chr X are involved in sterility (Oka ef al. 2004; Storchova et
al. 2004; Good et al. 2008b); there is little information on evolution of the sterility within the
two subspecies. This is mainly because such an investigation would require the mapping of
sterility polymorphism in natural populations and its genetic dissection to identify
chromosomal segments with which it is associated.

The hybrid male sterility locus, Hst1, represents a candidate for the study of sterility
polymorphism. This gene was described in F; progeny from intersubspecific crosses between
wild Mmm and two classical laboratory strains (Forejt and Ivanyi 1975). The locus was
mapped to the proximal portion of Chr 17 and defined by differences in the Hst/ region; more
specifically, Mmd derived C57BL/10J or C57BL/6J (B10 or B6) mice carry the sterile allele
HstI* and C3H mice carry the fertile allele Hsz/, while Mmm mice possess Hs?"* and/or Hst"'
alleles (Forejt and Ivanyi 1975; Forejt 1996). While much effort has been focused on
identifying allelic differences between the two Mmd laboratory strains (Forejt and Ivanyi
1975; Forejt 1981; Trachtulec er al. 1994, 1997, 2005, 2008), surprisingly, the results
documenting the presence of Hs¢/ in natural populations of Mmm has been ignored, despite

the fact that the very first report of sterility polymorphism was based on crossing B10 females



and different wild Mmm males (Ivanyi et al. 1969). A subsequent study also mentioned that
some Mmm males trapped in central and northern Europe (Prague, Czech Republic and
Jutland Denmark, respectively) fathered only sterile sons, only fertile sons or had both types
of son in their litters (Forejt and Ivanyi 1975).

Recently we described polymorphism in sterility/fertility in hybrid males that were
produced in reciprocal crosses between wild Mmm and B10 mice (Vyskocilova et al. 2005).
We found that sterile males had significantly lower testis and epididymis weight compared
with fertile males and the size of reproductive organs was dependent on cross reciprocity
within the classes of sterile and fertile males. Although our phenotype data resembled those
published in the original description of Hstz/ by Forejt and Ivanyi (1975), molecular analyses
revealed incomplete segregation of sterility and fertility in male progeny and markers from
the Hstl region in some families (Vyskocilova et al. 2005). In addition, descendants of one
wild pair produced only sterile males and this trait uniformity prevented genetic mapping of
sterility at that time. However, the progeny of this and another pair of wild mice were used to
derive two Mmm strains, STUS and STUF, which produce sterile and fertile hybrid males,
respectively, in crosses with C57BL mice (Pialek ef al. 2008).

In this paper we analyze sperm count, testis and epididymis weight and testicular
cross-sections of the two Mmm and B10 strains, their F; hybrids, and backcrossed progeny
from inter-strain crosses between the Mmm strains and B10 mice. A genome-wide scan of the
backcrossed hybrids is used to identify the genetic basis of polymorphism of male fitness in

the Mmm strains.

Material and Methods

Animals. The ancestors of two Mmm strains, STUF and STUS, were trapped in the village of
Studenec, Czech Republic (49° 11° N, 16° 03° E) in November 2000 (Pialek ez al. 2008). The
B10 mice were purchased from a local provider (VELAZ Praha). Females of the strains STUS
at Fg-F9 and STUF at Fy-F;( generation of brother-sister breeding were mated with males of
the same strain and with the B10 mice to obtain data for parental strains and their F; hybrids.
Nine (STUS x STUF)F,; females were crossed with B10 males and delivered males were
scored as explained below. All mice were kept in a breeding facility of the Institute of
Vertebrate Biology in Studenec in accordance with animal welfare regulations in the Czech

Republic.



Phenotyping. All males were weaned at 20 days postpartum and caged singly, dissected at
age 60 days and phenotyped as described by Vyskocilova et al. (2005). Briefly, both testes
and the left epididymis were weighted and the mean testis weight was calculated. The left
testis was fixed in Bouin’s solution for histological examination. Spleen was removed and
stored in 96% ethanol for DNA isolation. Spermatozoa were released from the whole left
epididymis and the number of sperm heads were counted in 10 chambers in a Biirker
haematocytometer. The average value over 10 chambers was used as the measure of the
individual’s sperm count. The fixed testis was embedded in paraffin, sectioned into 4-um
slices, stained with hematoxylin-eosin and observed under a light microscope. In total, 218

males were phenotyped and 74 of these were used for QTL analysis.

Molecular and statistical analyses. Genomic DNA was extracted using Dneasy'™ Tissue Kit
(Qiagen) from ethanol-preserved spleen. One male and one female from each strain were
analyzed for the presence of strain-specific markers. A genomewide scan was performed
using 103 microsatellite markers, chosen so that mean intermarker distances were 10-20 cM
with the exception of Chr 7 and X. For Chr 7, 11 microsatellites with map positions between
10 cM to 45 cM were tested, but these markers were unsuitable for QTL analysis since they
displayed the same allelic form in both STUS and STUF. For Chr X we failed to find
discriminating markers at the most distal section, including the pseudoautosomal region
(PAR). The map positions of microsatellites were retrieved from the Mouse Genome
Database of The Jackson Laboratory (www.informatics.jax.org) and Whitehead Institute
(http://www.ensembl.org/Mus_musculus/ ENSEMBL v19.30.1). PCR and electrophoretic
conditions followed protocols given in Pialek ez al. (2008).

Map Manager QTX (Manly et al. 2001) was used to identify associations between
chromosomal segments and traits measured. The significance levels were calculated in terms
of likelihood ratio statistic (LRS) obtained from 1000 permutations. The likelihood of odds
(LOD) statistics was obtained by dividing the LRS by 4.61 (twice the natural logarithm of
10). Confidence intervals for particular QTLs were estimated by bootstrap analysis (Walling
et al. 1998) as implemented in the MapManager QTX. The same software was also used to
search for interactions between pairs of QTL loci. Putative interactive loci were investigated
by using a two-stage test, in which only the pairs of loci that showed a value of P < 0.00001
for the total effect and a value of P < 0.01 for the interaction effect were considered positive
for interaction (Manly et al. 2001).

Results



Parental strains and F; hybrids. Differences in reproductive parameters between parental
strains are listed in Table 1. STUF males have the highest values of mean testis and
epididymis weight and sperm count. The most pronounced difference between strains is found
for mean testis weight, where the value for STUF males (115 mg) is nearly double that of for
STUS males (60 mg). In general, hybrids between STUF and B10 have higher values for
reproductive parameters than the mean of the two strains, and the differences are more
pronounced in litters sired by B10 males. The hybrid males resulting from crosses between
STUS and B10 mice exhibit uniformly small testes and epididymis, with no spermatozoa in

their epididymis irrespective of cross type (Table 1).

Phenotype data of backcrossed males. The number of mean spermatozoa found in (STUS x
STUF)F, x B10 males ranges from 0 to 59.7 x 10° and the mean sperm count + SD is 19.3 +
20.4 x 10°. The frequencies of mean sperm count in progeny resemble a bimodal distribution
with a clear gap around the mean value (Fig. 1A). Of 40 hybrid males with mean sperm count
grouped below the gap, 25 hybrids lacked sperm and 15 hybrids had some sperm (mean 4.2 +
4.7 x 10°% range 0.08 — 15.4 x 10°) in their epididymis. These two types of males also differ in
testes histology (see below); consequently, we will consider this group as consisting of two
classes of males — ‘no sperm males’ (hereafter NSM) and ‘few sperm males’ (FSM). Finally,
all males with the mean sperm count above the gap in Fig. 1A will be designated as ‘fully
fertile males’ (FFM), as they approach the reproductive parameters of the parental strains.

The mean weights of testis in the three sets of males are 38.7 = 5.0 mg (NSM), 64.3 +
10.7 mg (FSM), and 107.1 £+ 12.1 mg (FFM), the latter values being within the range of those
of parental strains. The minimum mean testis weight is 31.7 mg and the maximum 128.8 mg.
The distribution of mean testis weights displays a U-shaped pattern, but without a gap near
the mean value (Fig. 1B). The mean epididymis weight is similar for NSM and FSM (18.2 +
1.4 and 19.2 + 2.4 mg, respectively) and higher in the FFM (26.8 = 2.7 mg). The minimum
and maximum values for epididymis weight are 14.6 and 33.9 mg, respectively. The three
traits were strongly correlated (pairwise correlations were r* = 0.95 for sperm count and mean
testis weight, r* = 0.95 for mean sperm count and epididymis weight, and r* = 0.91 for mean

testis and epididymis weight).

Testes histology. Testes cross-sections reveal the presence of three histological phenotypes.
All seminiferous tubules in NSM are atrophied with a disintegrated germ cell layer (Fig. 2A).

In addition, the Sertoli cells contain spermatogonia and pachytene/zygotene spermatocytes



and the lumen of tubules is filled with degenerated apoptotic primary spermatocytes (Fig.
2B). Similarly, the FSM display disturbed spermatogenesis in all tubules (Fig. 2C); however,
although the Sertoli cells are populated with normally developed spermatogonia and
spermatocytes; round spermatids are present in only 59% of tubules (75 tubules in 5 FSM
were analyzed). These spermatids are mostly impaired, typically with defective acrosomal
development, and found in apoptosis or phagocyted (Fig. 2D). Elongated spermatids are
found only rarely and have defective acrosomes and head shapes. Figs. 2E and 2F show

regular spermatogenesis in FFM.

Mapping chromosomal segments associated with sterility. Genome scan reveals the highest
significant association between mean sperm count and the marker D/7CH07 on Chr 17 (Fig.
3A). This QTL region accounts for 90% of the total additive genetic variance of the
phenotype. The highest peak covers the most proximal half of Chr 17 and its maximum LRS
of 168.5 is above the highly significant value of 19.4 (LOD = 36.63, p < 0.001). The same
QTL region is also significantly associated with testis and epididymis weight, and the LRS of
120.7 and 105.8 were above the highly significant value of 21.3 and 23.0, respectively. These
QTLs account for 83% and 77% of the total genetic variance of mean testis and epididymis
weight, respectively.

Chr X shows significant association with testis weight, and suggestive association with
sperm count. LRS of testis weight displays a broad peak stretching from the middle to the
distal part of Chr X, bounded by markers DXMit119 and DXMit131 (Fig. 3B). This broad
peak has two significant maxima of LRS, 13.5 (LOD = 2.94, p < 0.05) and 13.6 (LOD = 2.96,
p < 0.05) and the QTL accounts for 17% of the total variance of testis weight. Suggestive
associations for sperm count and the same microsatellites on Chr X are observed with a
maximum LRS of 7.5 (LOD = 1.63, Fig. 3C). This QTL explains 10% of the total genetic
variance of the sperm count.

Finally, suggestive QTL effects are also found near the locus D3Mit57 on a distal part
of Chr 3. The observed LRS values are 8.5 and 7.1 for epididymis weight (LOD = 1.83, Fig.
3D) and sperm count (LOD = 1.55), respectively.

Table 2 lists the detected interactions between loci. In addition to the three
chromosomes involved in single QTL mapping, two additional chromosomes appear to
contribute to hybrid male fitness: two QTL-QTL interactions for mean sperm count were
detected (Chr 10, 17 and X, three interactions for testis weight were found on Chr 10, 17, 18

and X, and two interactions for epididymis weight were evident on Chr 10, 17 and X).



Discussion

In this paper we examined the genetic basis of hybrid male sterility polymorphism observed
in two wild-derived Mmm strains STUF and STUS. We found that, irrespective of cross type,
(STUF x B10)F; hybrids between are fully fertile, while the (STUS x B10)F, males are
completely sterile. The uniformity of the phenotypic traits in these two classes of F; males,
and the pronounced difference between their values, suggest that STUF and STUS mice differ
in one or a several genes that are associated with sterility. The number of genes involved can
be predicted from the distribution pattern of progeny from the experimental cross: (STUS x
STUF) F, females x B10 males. If only one gene is involved, then the distribution of the traits
in the resulting backcross progeny is expected to be strictly bimodal; the more genes that are
needed to cause sterility, the larger the deviation from bimodality. Our results show that the
sperm count has a typical bimodal distribution with a gap between the two peaks (one for
sterile, and one for fertile males) and, hence, seems to agree with the first prediction.
However, the testis and epididymis weights displayed a less obvious pattern of bimodality
(compare Figs. 1A and 1B; data not shown for epididymis). It may be that the U-shaped
distribution of testis and epididymis weights could still be mainly explained by the breakdown
of spermatogenesis: since the physical absence of sperm results in lighter reproductive organs,
and the degree of breakdown is correlated with organ weight, resulting in a the bimodal
distribution. That the breakdown of spermatogenesis has a cascade effect upon other organs is
supported by strong inter-correlations between the three reproductive parameters measured
here, previously documented in intersubspecific mouse crosses (Britton-Davidian ez al. 2005,
Good et al. 2008b).

The testes histology of sterile males provides evidence of spermatogenesis impairment
at two levels. In NSM, sperm development is arrested at the pachytene/zygotene stages of
meiosis, and exhibits characteristics similar to the spermatogenic arrest described in
intersubspecific hybrids between the BALB (Mmd) mice (Yoshiki et al. 1993) or C57BL
(Mmd) mice (Forejt1996) and wild-derived Mmm mice; in both these previous studies arrest
was mapped to Chr 17. More recently, meiotic arrest has also been observed in hybrid F; male
progeny of crosses between Mmd and Mmm wild-derived outbred mice (Britton-Davidian et
al. 2005), but the genetic correlates were not analyzed. In FSM, spermatogenesis proceeded
somewhat further; nevertheless, it resulted in abnormally developed round spermatids in only
about 60% of tubules. Very few of these left the Sertoli cells and could be seen as elongated

spermatids in the tubular lumen. This abnormal process, named ‘spermiogenic defect’ (Bolor



et al. 2005) was also reported in consomic strains where Chr X from wild-derived Mmm
(Storchova et al. 2004) or wild-derived M. m. molossinus mice (Oka et al. 2004) was
backcrossed into the genetic background of the B6 strain, and in intersubspecific F; hybrids
between wild-derived Mmd and Mmm strains (Britton-Davidian ef al. 2005; Good et al.
2008Db).

Our observations of both spermatogenic arrest and spermiogenic defect in hybrid males
resulting from the same cross is noteworthy. As far as we know, only one previous study has
reported the presence of both these types of sterility in hybrid progeny, from crosses between
Smt mice (derived from the DDK, BL6, and CBA strains) and M. m. molossinus (Bolor et al.
2005). However, it is difficult to discuss the relevance of the origin of hybrid male sterility in
natural populations of house mice in that particular study, since three of the mouse genomes
were mixed, and the origin of the DDK strain is unknown (Beck et al. 2000).

QTL analysis of the (STUS x STUF) x B10 progeny revealed the strongest correlation
of male fertility with the proximal portion of Chr 17. This association accounted for 90, 83,
and 77% of the additive genetic variance in sperm count, mean testis weight and epididymis
weight, respectively. The high values of explained variance are in good agreement with
expectations derived from phenotype data that suggested that STUS mice possess a single or
only limited number of gene(s) causing impairment of spermatogenesis. All NSM and FSM
individuals inherit the STUS allele, but only NSM undergo meiotic arrest. How can FSM
proceed with spermatogenesis? Our results suggest that there is at least one other locus acting
alone or in combination with the gene(s) on Chr 17 to inhibit its detrimental effect on meiosis
I. Unfortunately, because we obtained low numbers of FSM, we are unable to explore this
question at this time.

A peak for sterility-associated traits has been found near the marker D/7CH07 located
at distance of 8.25 cM from the centromere (Vyskocilova et al. 2005) and closely linked to
the Hst1 locus (Forejt and Ivanyi 1975; Trachtulec ef al. 2005). As previously mentioned, the
sterility associated with the Hs?/ gene was defined by differences between the Mmd strains in
the backcross (C3H x B10) x PWD (Forejt 1996). Interestingly, since the sterility system
documented in this study utilized two different Mmm strains, the backcross (STUS x STUF) x
B10 is a reciprocal, complementary cross (C3H x B10) x PWD and, therefore, represents an
tool that could be exploited for mapping and identifying the Hs#" gene. The genetic
differences between our two Mmm strains provides the first evidence that polymorphism is
present in the region including Hs#/ on Chr 17 not only within the Mmd but also within the

Mmm genome. Our observations of transient polymorphism in genetic incompatibilities could



add significantly to the understanding of the origin, spread and fixation of sterility genes
within populations.

Our results have only partially explained the possible origin of Hst¢/-related sterility.
Since the PWD, STUF and STUS strains were derived from wild populations caught within
the range of Mmm (Gregorova and Forejt 2000; Pidlek ef al. 2008), Hstl-related sterility has
evolved and is recently polymorphic in natural Mmm populations. The origin of sterility
seems to be more complex in Mmd mice; however, Hstl-related sterility have been reported
in classical laboratory mouse strains such as A/Ph, BALB/c, DBA/I, and AKR/J (Forejt and
Ivanyi 1975), supposedly representative of Mmd mice, but actually mosaics of various mouse
genomes (Wade er al. 2002; Frazer et al. 2007). Therefore, given the hybrid nature of
laboratory mice, the origin of sterility in these strains could be a result of (i) mixing of various
subspecific mouse genomes (M. m. musculus, M. m. mollosinus, M. m. castaneus) on
predominantly Mmd background; (ii) a retained ancestral polymorphism that became fixed in
some and lost on other classical strains; (iii) a de novo mutation that occurred during century
of intensive breeding and selection of laboratory mice. The first scenario has recently been
disproved: a study of 80 chromosomes from five mouse (sub)species shows that the Hsz/ gene
on Chr 17 is of Mmd origin in all classical strains (Trachtulec ef al. 2008). The following
rationale can be adopted to choose between the two latter scenarios: if Hst/-related sterility is
polymorphic in natural populations, then at least in some crosses in which B6 or B10 mice
used for backcrossing are replaced by wild or wild-derived Mmd mice and mated with PWD
or STUS, sterility in F1 hybrid males should be evident. On the other hand, if sterility requires
mating with classical strains carrying the Hs¢I® allele then this mutation represents an artificial
result without evolutionary consequences. Thus far, there are no records in the literature
reporting on the occurrence of Hstl-related sterility in crosses between wild Mmd and Mmm
mice. In fact, when PWK mice (known to harbor the HszI™ allele; Forejt 1981) were used,
and the B10 strain was replaced by the LEWES or WSB mice derived from two different wild
Mmd populations in eastern North America, the resulting progeny were either normal (female
Mmd x male PWK) or sterile (female PWK x male Mmd), but with a distinct characteristics
defining sterility (Good et al. 2008b). Furthermore, we did not find any association between
hybrid male sterility and Chr 17 in a cross between STUS and wild Mmd mice sampled in
western Europe (J. Pidlek et al. unpublished data). Nevertheless, it would be premature to
argue for de novo mutation in the Hs?/ gene in the B6/B10 mice. Molecular identification of
this gene or a study of more Mmd from various geographic regions could help to resolve this

conundrum.



One significant and one suggestive QTL associated with sterility were found on Chr X.
The LRS functions for testis weight and sperm count had similar shapes with high values over
a long distal portion of the chromosome starting at 69 Mbp (DXMitl19) and ending at 137
Mbp (DXMiti131). The signal detected here closely resembles results published by Storchova
et al. (2004), who introgressed Chr X from PWD mice into the B6 genome, effectively
blocking the effect of Chr 17, and observed very similar shape of LRS curves for testes
weight and sperm count in the same region of Chr X. The PWD strain was derived from wild
mice sampled at a locality near Prague in central Europe (Gregorova and Forejt 2000), about
150 km distant from the village of Studenec where mice used to found both the STUS and
STUF strains were collected (Pidlek er al. 2008). This suggests that the wild mice in this
geographic area share similar if not identical QTL coding for testis weight and sperm count.
For example, a bootstrap resampling found a significant QTL for sperm count near the same
microsatellite DXMit119 in the (STUS x STUF) x B10 males (Fig. 3C) as in the B6-X"WPXB6
x B6 backcross males (Storchové et al. 2004). In the consomic strain with a substituted Chr X
of the M. m. molossinus origin (MSM strain) on the B6 background QTL for testis weight was
also found in the distal part of Chr X (Oka et al. 2004). However, its position between 136 —
160 Mbp was beyond the map limits of our study, for which the most distal strain-specific
marker for STUS and STUF, DXMitl131 was at position 136.8 Mbp. Nevertheless, all the
studies discussed above show a reasonable repeatability between laboratories and suggest that
the lower significance of QTL found here is not an experimental artifact. However, the joint
use of B6/B10 mice to generate hybrid males in these studies may not allow the results to be
extrapolated to natural populations. Fortunately, there are recent data allowing to compare
results drawn from classical and wild-derived mice.

When classical mouse strains were replaced with the wild-derived Mmd strain, LEWES
and PWD or MSM with PWK, and the reciprocal backcrosses were performed, a complex
genetic basis of X-linked traits associated with male fitness components was suggested (Good
et al. 2008a). First, sterility was asymmetric; i.e., the sterile males with lower testis size and
sperm count were found only in the (PWK x LEWES) x LEWES backcross type (referred to
as Experiment 1), in the same direction as in our study. No sterile males were observed in the
opposite type backcross (LEWES x PWK) x PWK (Experiment 2). Second, new QTLs were
detected: in Experiment 1, the authors found the most prominent QTL associations in the
proximal half of Chr X for both testis weight and sperm count (Fig. 5 in Good et al. 2008a).
These results are in contrast with those obtained in studies using MSM or PWD on a B6

background, in which QTLs for testis size and sperm count have been positioned consistently



to distal half of Chr X (Oka et al. 2004; Storchova et al. 2004; this study). In Experiment 2
only strain-specific differences between testis weights could be analyzed. The likelihood
profiles of two QTLs identified in the central and distal part of Chr X (Fig. 6 in Good et al.
2008a) were in a close agreement with the mapping data reported in this study for crosses
employing MSM or PWD repeatedly backcrossed to B10 or B6 mice (Oka et al. 2004;
Storchova et al. 2004).

Together, the data suggest that the sterility associated with a locus(loci) on Chr 17 is
caused by spermatogenic (meiotic) arrest, and the X-linked sterility results in a spermiogenic
defect. Both types of sterility appear to be carried in the STUS strain and, as they affect
spermatogenesis at different stages, the first type of sterility (meiotic arrest) masks later
manifestations of sterility (spermiogenic defect). Obviously, if the early type sterility is
blocked and spermatogenic arrest does not occur in some backcrossed males, spermiogenic
defects can be observed. The QTL-QTL interaction for reproductive parameters between
markers on Chr 17 and Chr X found in hybrid progeny in this study is in agreement with this
hypothesis. Furthermore, the presence of two sterility types was also independently
documented in the PWD mice (Hs¢/: Forejt and Ivanyi 1975; HstxI: Storchova et al. 2004).
Below we address frequency of sterility factors in wild mice.

The identification of the Hst¢/-related sterility in the STUS strain presented here
completes our earlier data on polymorphism at a population level in wild mice sampled in the
village of Studenec (Vyskocilova er al. 2005), and enables the estimate of the within-
population frequency of sterility alleles. Out of seven Mmm families scored, three families
segregated at a locus identical or linked to Hst/-related sterility, three families were found
polymorphic for other undetermined sterility factor and one family (STUS progenitors) was
fixed for Hstl-related sterility and segregated (as an conservative estimate) for the other type
of sterility (Vyskocilova et al. 2005; this study). These results can be used to give an estimate
of the sterile allele frequency at a locus within the Hs?/ region of p = 0.36 and p = 0.29 for an
allele associated with other sterility gene(s) not linked to Chr 17. More impressively, an
average of 20% of individuals can possess sterility-ensuring alleles at both loci. This finding
has important implications for future studies of sterility in the house mouse: first, each strain
derived from wild population may carry only one sterility gene (at random), meaning that the
resulting data will underestimate the frequency of sterility genes in natural populations.
Second, even if a strain is derived from mice harboring more than one incompatibility, types
of sterility that manifests themselves earlier in an individual’s life cycle will mask the effect

of sterility that would appear later (Coyne and Orr 2004), again, underestimating the natural



frequencies of sterility. To avoid these underestimates, it would be possible to select a more
sophisticated experimental design using higher number of strains (Britton-Davidian et al.
2005; Good et al. 2008b). However, because sterility alleles are usually fixed in such strains
due to inbreeding, their explanatory scope will be limited to understanding geographic
variation in postzygotic barriers and/or their genetics behind each particular sterility. Instead,
the studies addressing the evolution of sterility should focus on crosses of wild house mice to
establish the geographic distribution of sterility alleles. Such data are a prerequisite to
discussing the effects of selection and drift generating and maintaining postzygotic

incompatibilities, which might ultimately contribute to speciation.
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Table 1. Phenotypes of males from wild-derived Mmm strains STUF (Fj¢.15), STUS (Fg.12)

and B10 and F; hybrid males from reciprocal crosses between the two Mmm strains and B10.

Order of parents Mean testis Left epididymis Mean sperm
Female  Male N weight (mg) weight (mg) count (x 10°
STUF STUF 23 114.8 (10.9) 259 (2.5) 37.72 (4.53)
STUS STUS 15 59.9 (7.1) 22.2 (2.6) 30.90 (6.38)
B10 B10 14 63.9 (6.2) 25.1(1.8) 25.56 (6.25)
B10 STUF 9 106.5 (8.9) 28.0 (1.8) 39.22 (4.43)
STUF B10 39 135.5(9.2) 31.8 (2.6) 49.08 (6.53)
BL10 STUS 26 28.5(2.5) 16.5 (1.5) 0.00 (0.00)
STUS B10 18 33.1(2.8) 15.1 (1.4) 0.00 (0.00)




Table 2. QTL-QTL interactions for phenotype traits in the (STUS x STUF) x B10 progeny.

Positions of microsatellite markers were retrieved from the Mouse Genome Database of The

Jackson Laboratory (www.informatics.jax.org). Chrl and Chr2 - chromosome of the first and

second interacting locus, respectively; Markerl and Marker2 - markers for the first and

second interacting locus, respectively; LRS - likelihood ratio statistic for the interaction as a

whole; IX - LRS for the interaction effect; Mainl and Main2 - LRS for the main effects of the

Chrl and Chr2 loci, respectively.

Trait Chrl Markerl (cM) Chr2 Marker2 (cM) LRS IX Mainl Main2
Sperm count 17  DI7Mit43 (11.0) X  DXMiti31 (59.0) 131.0 13.6 109.2 6.0
Sperm count 10 DI0Mit75 (2.0) 17 DI7Mit43 (11.0) 114.1 123 2.4 102.8
Testis weight 17  DI17Mit43 (11.0) 18  DI8Miti49 (24.0) 929 103 84.7 3.9
Testis weight 10  DI0Mit75(2.0) 17  DI7Mit43 (11.0) 939 83 1.1 85.4
Testis weight 17  DI7Mit43 (11.0) X  DXMit119(29.5) 103.7 7.6 90.6 10.2
Epid. weight 17 DI7Mit43 (11.0) X  DXMiti31 (59.0) 948 93 855 34
Epid. weight 10 DI0Mit55 (25.5) 17 DI7Mit43 (11.0) 90.6 7.5 1.7 812




Fig. 1. Histogram of mean sperm counts (A) and mean testis weights (B) in 74 males from
(STUS x STUF)F; x B10 backcrosses. Twenty-five NSM (white bars) had no sperm and 15
FSM (gray bars) produced sporadic sperm in their epididymis (from 0.08 to 15.4 x 10°), the
rest of progeny (FFM, black bars) displayed sperm numbers comparable with parental strains
ranging from 25.2 to 59.7 x 10°. No gap was observed between the two most frequent peaks
in distribution of mean testis weight. The NSM had man testis weight within 31.7 - 53 mg, the
FSM within 45 — 78.5 mg, and the FFM within 84.8 - 128.8 mg.
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Fig. 2. Histological sections of the seminiferous tubules stained with hematoxylin-eosin
observed in the NSM (A and B), FSM (C and D) and FFM (E and F). Gross histology is
documented at 200x magnification in the left panels (A, C, and E). Details of spermatogenesis
are displayed at 400x magnification in the right panels (B, D, and F). In A, seminiferous
tubules were severely degenerated and hyperplasia of epithelial cells was observed in the
interstitial spaces adjacent to disrupted tubules. In B, seminiferous tubules include a
disintegrated germ cell layer with degenerated apoptotic primary spermatocytes indicated
with white arrows. Black arrows point to phagocyted germ cells. Note the absence of sperm in
the lumen of tubules. In C, seminiferous tubules were moderately degenerated and
characterized by thin and fragile epithelium with reduced numbers of germ cells. In D, male
testes revealed disrupted integrity of the germ cell layer. Tubules contained normal
spermatogonia and primary spermatocytes, degenerated round spermatids with acrosome
defects and rarely elongating sperm heads. Arrows indicate apoptotic (white) and phagocyted
(black) spermatids. In E, seminiferous tubules of fertile males with normal spermatogenesis at

various spermatogenic stages (F).
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Fig. 3. QTL analysis of mean sperm count on Chr 17 (A), mean testis weight on Chr X (B),
mean sperm count on Chr X (C), and epididymis weight on Chr 3 (D). LRS curves for the
number of offspring were generated by MapManager QTX software. Solid lines indicate LRS
threshold for suggestive linkage (significance value o = 0.63); dashed lines, significant
linkage (o = 0.05); and dotted lines highly significant linkage (a0 = 0.001). Histograms
calculated by the bootstrap test show the confidence intervals for the particular QTLs on the
chromosome. The positions of the microsatellites on the chromosomes represent
recombination distances determined in this study, not from consensus map positions. The
most proximal and most distal markers on Chr 17, at positions 13.8 Mbp (D17CH07) and 93.5
Mbp (DI17Mit123) flank the full length of chromosome (http://www.ensembl.org/
Mus_musculus/ ENSEMBL v19.30.1). A comparison of the marker order with a consensus
map of Chr 17 indicates that the markers are in the same order as markers in a consensus map.
However, recombination is lower on this chromosome, making the whole map somewhat
shorter. The most proximal and most distal markers on Chr X, at positions 6.9 Mbp
(DXmit55) and 136.8 Mbp (DXMit131) flank almost the full length of the chromosome except
the PAR region. The most proximal and most distal markers on Chr 3, at positions 26.8 Mbp
(D3Mit203) and 119.5 Mbp (D3Mitl144) flank the full length of chromosome.
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