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SOUHRN

Asexualni zplisoby reprodukce jsou obvykle zalozeny na principu kopirovani (klonovani)
sami¢i DNA do potomstva. U vétSiny asexualné se mnozicich obratlovcl se potomstvo vyviji
z neredukovaného a ¢asto neoplozeného vajicka. Umoziuje to mechanismus partenogenetické
a gynogenetické reprodukce. Zatimco v prvnim piipadé se klonalni pohlavni bunka vyviji
spontanné a samostatné, V druhém piipadé je zapotiebi pohlavni partner, ktery aktivuje
ryhovani vajicka. Ani v jednom piipad¢ vSak nedochazi k oplodnéni (splynuti spermie s
vajickem). Klonalni potomstvo proto tvoii vyhradné dcery a dosavadni vyzkum probihal jen
na asexualnich liniich samic¢iho pohlavi. Vzacné mohou vznikat pfi pravém oplodnéni
klonalniho vajicka asexualni samci, ti vSak byvaji Casto neplodni. Na svété jsou znami
diploidni zastupci pouze tii rodi obratlovct hybridniho ptivodu, ktefi disponuji plodnymi

asexualnimi samci. Jednim z nich jsou evropsti vodni skokani rodu Pelophylax, zijici také na

tizemi Ceské republiky.

V oblastech horniho toku feky Odry byly neddvno objeveny populace hybridnich
samcl, ktefi po vzoru asexudlnich samic vytvaii vSe-samci linie. Vysledky této studie
ukazaly, Ze samci tvoii klonalni spermie procesem hybridogeneze, béhem niZ je z pohlavnich
bunék vymazan genom matky. Pravou fertilizaci dochazi k oplodnéni rekombinovaného
vajicka od sexudlniho druhu klonalni spermii, kterd nese polovinu otcovské genetické
informace ve form¢ hemiklonu. Ten je pfedavan z generace na generaci. Navic, hybridni
jedinci tento hemiklon sdileji, coZ poukazuje na jejich spole¢ného ptedka. V populacich jsou
dale ptitomni samci schopni vytvaret soucasné dva typy klonalnich spermii, z nichz jedny
nesou mateisky a druhé otcovsky genom. Po spafeni se sexualni samici vznika po boku
potomstva hybridnich hemiklonalnich synti také potomstvo sexualnich dcer. Jejich potencialni

evoluéni role prace rovnéz diskutuje.



Studium asexualni linie formujici hybridni samce vodnich skokant je prvnim krokem
k obecnému poznani sam¢i asexuality, jejiho vzniku a evolu¢niho vyvoje. Pfedlozena prace
diskutuje spole¢né a odli$né rysy samici a sam¢i asexuality, studuje princip persistence vse-
saméich populaci v rodu Pelophylax a rozsifuje obecné poznani o puvodu a reprodukénich

strategiich obratlovct.

KLICOVA SLOVA

Hybridogeneze, hemiklon, Pelophylax, sam¢i asexualita, in situ hybridizace, meidza,
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LITERARNI PREHLED
I Uvod

Asexualné se mnozici samci uz nejsou povazovani vyhradné za geneticky odpad, jakysi
neplodny vedlejsi produkt mezidruhového kiizeni (Mallet 2005). Studie naopak ukazuji, ze
jejich role v populacich, napifiklad obratlovcl, neni nevyznamna, a ¢im vice se o nich
dozvidame, tim vice nas presvédcuji o své evolucni vynalézavosti. Po vzoru ptirodnich vse-
samicCich klonalnich linii si také samci dokézali vytvofit reprodukcni strategii, diky které
vytvaii v ¢ase i prostoru pietrvavajici hemiklonalni linie saméiho potomstva. Nedavno byla
na uzemi Ceské republiky objevena jedna z prvnich vie-saméich linii tohoto typu, schopna
sebe-reprodukce po mnoho generaci a soucasné osidlit geograficky vyznamné tizemi. Dostala
se nam tim jedine¢na ptilezitost Iépe prozkoumat jejich mechanismus rozmnozovani, pivod a
odpovédét na otazky, jak se dokaze samci klon Sifit mezi populacemi, a pfitom si zachovavat

mezi generacemi svou identitu.

Il Evoluéni vyznam samcii

Co bylo diiv, vejce nebo slepice? Tuto otazku si jisté poloZil kazdy z nas a nejeden filosof ¢i
védec se nad ni zamyslel. At uz je odpovéd jakékoliv, jistotou zlstava, ze zakladnim
kamenem celé podstaty existence Zivota, pfinejmensim V ¥iSi obratlovct, a tim i reprodukce,
je samici vajicko. Pravé samice jsou onim hnacim motorem populaéniho ristu, stability a
evolu¢niho vyvoje. K GspéSnému zaloZeni a udrZeni druhu v ptirodé€ je zapotiebi kromé samic
také vhodna reprodukéni strategie. To, jakym zplsobem se dany druh (taxon) bude
rozmnozovat, je dano jeho zivotni strategii (Meirmans 2009). Muze jim byt primitivnéjsi a

puvodnéjsi zpiisob - klonovani genetického materidlu, nebo komplikovanéjsi sexualni

IS4

rozmnozovani — miseni genii dvou jedinct. V prvnim piipadé jedinec prendsi do potomstva



celou svou DNA v bloku, neztraci nic ze své genetické vybavy a je schopen vyprodukovat za
svij zivot velké mnozstvi genomovych kopii. Naopak pohlavné se mnozici sexualni tvor
piredava do potomstva jen polovinu své DNA, o druhou polovinu pfichazi nasledkem dvou
reduk¢nich cykli béhem meidzy. Promisenim svych genli s geny jiného jedince zajistuje
svym potomkim genetickou identitu - jedineCnou a neopakovatelnou kombinaci gent.
Otazkou, ktera z téchto strategii je evolu¢né vyhodnéjsi, se védci zabyvaji fadu let. Piestoze
se na prvni pohled mize zdat, ze klonalni typ rozmnozovani je vzhledem k typu potomstva
vyhodnéj$i (neplytva se investici do synt), z hlediska pfizpisobivosti (adaptace) a
konkurenceschopnosti potomkt je pohlavni rozmnozovani bezesporu strategie vyhodné&jsi
(Hurst and Peck 1996, Jokela et al. 2009, Schurko et al. 2009, Lively and Morran 2014).
Teorie Cervené kralovny povaZzuje pohlavni rozmnoZovani za cestu, ktera minimalizuje riziko
napadeni parazity v potomstvu pravé vysokou genetickou variabilitou (Johnson et al. 1995,
Meirmans 2009, Brockhurst et al. 2014, Vergara et al. 2014). Lze fici, ze variabilita
potomstva na urovni gend je ziejmé dlsledek majoritniho rozsifeni pohlavniho rozmnozovani
Vv zivocisné Fisi (Burt 2000).

Ve svéte¢ pohlavniho rozmnoZovani jsou samci nenahraditelnou soucasti
reprodukéniho systému. Bez jejich genetického piispévku by samice nebyly schopny
produkovat potomstvo s rekombinovanym genomem a jejich neoplozena vajicka by nebyla
schopna se vyvijet. Selhani schoponosti reprodukovat se by vedlo k zaniku druhu (populace).
U asexudlnich organismt s klondlni dédi¢nosti nema existence samcti prakticky prospéch,
nebot’ samice jsou schopny reprodukovat sebe sama bez ucasti samce ve formé vSe-samicich
klonalnich linii (Dawley and Bogart 1989, Neaves and Baumann 2011). Samice tedy bez sexu
persistovat mohou. Na rozhrani sexuality a klonality existuji samice, kterym postacuje
pritomnost samce k tomu, aby jejich spermie iniciovaly vyvoj vaji¢ka, a zajistily tak vznik

klonalnich linii.



V rozmnozovacich procesech mimo sexualni reprodukci hraji samci zjevné
druhotadou roli. Dokazi tedy samci pohlavni hendikep neschopnosti vytvofit vaji¢ko a tim
rozmnozit sebe sama obejit? V predkladané praci ukazuji, jak vyznamnou roli v reprodukci
muze hrat vyhradné samci pohlavi jednoho taxonu v pfenosu genetické informace do dalSich

generaci.

11 Asexualni FiSe a vyskyt samcu

Asexualni (t€Z oznacovana jako unisexualni ¢i klonalni) reprodukce je tradi¢né rozdélovana
do tfi typi — partenogeneze sensu stricto, gynogeneze a hybridogeneze (Tab. 1). U
bezobratlych zivocicht byly tyto rozmnozovaci strategie znamy mnohem diive nez u
obratlovcu (Suomalainen et al. 1987, Cuellar 1987, Dawley and Bogart 1989). Dnes zname
sto a vice klonalnich partenogenetickych plazii a gynogenetickych ¢i hybridogenetickych ryb
a obojzivelniki (Kearney 2003, Kearney et al. 2009) a dalsi piipady fakultativni

partenogeneze (Booth et al. 2012, Fields et al. 2015, Siddique et al. 2016, Straube et al. 2016).

Tab. 1: Zékladni typy nepohlavniho rozmnoZovani

Typ rozmnoZovani

Partenogeneze klonalni reprodukce, vyvoj neoplodnéného samiciho vajicka bez
ucasti samce, vyvoj vajicka je spoustén vné&jsimi faktory prostiedi
napf. teplotou

Gynogeneze vyvoj neoplodnéného vajicka v ptfitomnosti samce, kde spermie jen
aktivuje vyvoj vajicka a jeji genom se na vzniku nového jedince
nepodili

Hybridogeneze hemiklonalni reprodukce, vyvoj oplodnéného vajicka v pfitomnosti

a za aktivni u€asti samce, kde se genom spermie kombinuje s
genomem vajicka a vznika tak F1 hybrid




V asexudlni fiSi se mizeme setkat se dvéma typy samcti, co se tyce jejich vzniku.
Hybridni samci vznikaji z mezidruhového kiizeni dvou pohlavné se rozmnozujicich
(rodicovskych) druhtt a dale se rozmnozuji nepohlavné prostiednictvim klondlnich ¢i
pseudorekombinantnich gamet (Alves et al. 1999, Stock et al. 2002, Sousa-Santos et al. 2007,
Pruvost et al. 2015, Morgado-Santos et al. 2016). Samci nchybridniho genotypu byvaji
potomci zpétného kiizeni hybridd s rodicovskymi druhy (hybrid typu AB produkuje A
spermie a pafi se s AA sexualnim druhem) a dale se rozmnozuji pohlavné (Vorburger 2001,

Alves et al. 2002, Sousa-Santos et al. 2006, Lamatsch and Stéck 2009).

Androgeneze je typickd forma samciho nepohlavniho rozmnozovani, ktera byla
objevena u nékolika zastupct asexudlni fiSe; jedna se o uniparentalni vyvoj, ve kterém se do
potomstva pienasi pouze otcovské jaderné geny (McKone and Halpern 2003, Pigneur et al.
2012). Samici jaderny genom je deaktivovan samcimi geny a vznikajici embryo je tak
genetickou kopii svého otce (Zhou et al. 2015). Tento zpiisob reprodukce byl experimentalné
navozen u nékterych druhti ryb s vnéjsim oplozenim jako napt. kapr obecny (Cyprinus carpio,
Bongers et al. 1999), pstruh duhovy (Oncorhynchus mykiss, Scheerer et al. 1991), tlamoun
nilsky (Oreochromis niloticus, Ezaz et al. 2004), a piskot dalnovychodni (Misgurnus
anguillicaudatus, Arai et al. 1995). Piirozené byl pozorovan u pakobylek rodu Bacillus, kde
samci vznikaji dvojim typem androgeneze. Cely proces se odehrava v téle samice, ktera mize
byt oplozena vice samci najednou (je tedy polyspermni). Absence syngamie spermie
s vajickem vede ke splynuti dvou sam¢ich prvojader — vyvoj se piepne do modu androgeneze.
Vznikne tak diploidni potomstvo samcii s Cisté samcimi jadernymi geny a samici
mitochondrialni DNA (Mantovani and Scali 1992, Tinti and Scali 1996). Tito samci se vSak
dale rozmnozuji sexualné. U druhého typu androgeneze vznika Cist€é samci potomstvo
z diploidni spermie (Tinti and Scali 1995). Dalsi zaznamy o vSe-samcich vyskytech miizeme

nalézt u m&kkyse rodu Corbicula, ktery vytvaii androgenetické linie (Hedtke et al. 2008), ¢i
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ibérie ouklejovité (Squalius alburnoides). U téchto ryb byla pomoci sekvenci cytochromu b a
diagnostickych alozymovych markeri popsana vSe-samci populace nehybridniho pivodu,
ktera vznikla v ptivodné gynogenetické vSe-samici populaci (Alves et al. 2002, Sousa-Santos

et al. 2006).

Androgeneze vSak neni jedinym mechanismem vzniku vSe-samcich populaci. Prvni
zminka o vSe-sam¢i partenogenetické linii, oznacované jako arrhenotokie, byla popsana u
peruanského $tira (Ananteris coineani, Lourengo 1999). Jedna se o formu partenogeneze, kdy
se z neoplodnéného vajicka vyviji sam¢i potomstvo. Také nékteré partenogenetické samice
plazii chované v zajeti mohou vytvafet sam¢i potomky. Tento piipad byl zaznamenan u
varana komodského Varanus komodoensis s ZW systémem pohlavnich chromozomu (samice
Z\W, samci ZZ), kde pti dlouhodobéjsi izolaci samic od samct dokéazaly klondlni samice tzv.
automiktickou partenogenezi vyprodukovat vSe-samci potomstvo ZZ (Watts et al. 2006,
Johnson Pokornd et al. 2016). Dale pak obligatné asexudlni samice sladkovodniho plze
Potamopyrgus antipodarum jsou rovnéz schopny produkovat saméi potomstvo. Vysledky
ukazaly dvouleté experimenty, kdy védci odchovavali v zajeti 45 linii plzQ, z nichz zhruba
V poloviné z nich samice klonaln& vytvafely samce (Neiman et al. 2012). Podobny fenomén
byl zaznamenan u vSe-samicich linii partenogenetické zabronozky Artemia parthenogenetica
(MacDonald and Browne 1987). Pfedpoklddanym mechanismem vzniku téchto samcii je
jejich homogameticka konstituce (XX), mohou tedy vznikat fuzi dvou haploidnich jader
nesoucich X chromozém (Neiman et al. 2012). Jinymi laboratornimi experimenty bylo
docileno vzniku samciho potomstva u mnohych dalSich asexualnich samicek. Napiiklad
kiizenim hybridnich samicek Zivorodének Poeciliopsis monacha-lucida se sexualnimi samci
zivorodénky hnédé P. monacha vzniklo nezavisle u dvou samic Cisté saméi potomstvo.
Genotypoveé vSak odpovidalo sexualnimu druhu P. monacha (Leslie and Vrijenhoek 1978).

Dale naptiklad kiizenim samic¢iho androgenniho potomstva s karasem obecnym (Carassius
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carassius) s dvémi Y chromozémy vznikla v§e-sam¢i linie tetraploidnich sameckt. Kdyz byl
stejny samec C. carassius pafen s piibuznou samici C. auratus var. Red, vznikalo hybridni
potomstvo Cisté triploidnich sameckt (Zhou et al. 2015). Androgeneze je tak vyuzivana jako
jedna z chromozémovych manipula¢nich technik k vytvaieni ¢istych genetickych linii samcu
(Guerrero 1975) nebo fertilnich samct s dvémi Y chromozéomy (Mair et al. 1997). Z
komer¢nich davodi byvaji uméle vytvareny také vSe-samc¢i linie tlamouna nilského
Oreochromis niloticus znamého jako ,.tilapie* (Sarder et al. 1999, Alcantar-Vazquez et al.
2014). Vlivem nejriznéjSich faktori jako je napf. hormony obohacena strava dochazi k tizené
zméné pohlavi z klondlni samice na klonalniho samce, tzv. ,,sex-reversal®. At' uz je pficina
vzniku samcich linii jakdkoliv, Zadny z téchto samci neni schopen pfezivat a mnozit se

nezavisle na ostatnich asexualnich ¢i sexualnich samicich.

Shrneme-li dostupna fakta o hybridnich klonalnich samcich, mizeme fici, Ze:
e Asexudlni samci vznikaji nahodné — jako geneticky odpad, vedlejsi produkt
reprodukce
e Jsou velmi Casto substerilni (vyvinuté gonady s nefunkénimi spermiemi), sterilni (bez
vyvinutych gonad) nebo jinak reprodukéné omezeni
e Pokud jsou plodni, rozmnoZzuji se dale pohlavné (tvorbou rekombinovanych gamet)

e Jsou zavisli na pohlavné se mnozicich samicich

IV Reprodukéni mozZnosti a limity hybridnich samci

Hybridni samci, at’ uz je jejich zastoupeni v populacich asexuali jakékoliv, byvaji oproti
samicim znac¢né limitovani — vV mife pfezivani, plodnosti nebo reprodukéni tspésnosti (Wu et
al. 1996). Fenomén je znam jako Haldanovo pravidlo, které fika, ze u hybridnich zastupct se
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neplodnost nebo neZivotaschopnost pfednostné vyskytuje u heterogametického pohlavi (XY
nebo WZ, Coyne 1984, Hurst and Pomiankowski 1991). U saméich spermatocytli se navic
predpoklada odlisna exprese genil, nez je tomu u samicich oocytli, coz mize vysvétlovat, pro¢
se mira sterility mezi pohlavimi lisi (Cimino and Schultz 1970, Darevsky et al. 1978, Rasch et
al. 1982, Goddard and Dawley 1990). Ptikladem jsou pakobylky rodu Bacillus, kde hybridni
samci maji velmi Casto snizenou Zzivotaschopnost nebo jsou ptimo sterilni (Mantovani and
Scali 1992). Také klistata ¢eledi Oribatidae mohou produkovat sporadicky sterilni samce
V populaci bézn¢ tvorené partenogenetickymi samicemi (Heethoff et al. 2006). Spermatofory
téchto samct jsou nefunkéni, protoze spermatogeneze neni kompletni. Dalsi piipady
neplodnych samct byly objeveny u hybridniho sekavce Cobitis elongatoides-taenia (Vasil’ev
et al. 1989, 2003, Choleva et al. 2012, Janko et al. 2016) nebo kiizenci laboratorné
odchované linie s divokou formou mysi domaci (Mus musculus), kteti méli nedokonéenou

spermatogenezi (Forejt et al. 1974, Turner et al. 2014).

Zname vSak také piiklady fertilnich samci, jako je tomu u motyli rodu Heliconius
(Naisbit et al. 2002), kde se u hybridnich forem objevuji fertilni samci. Jejich plodnost 1ze
vysvétlit pravé Haldanovym pravidlem, protoZe tito samci jsou homogameticti (pohlavni
systtm ZZ/ZW). Déle se setkdvdme s plodnymi samci V nékterych liniich panarktické
perloo¢ky hrotnatky obecné (Daphnia pulex), kde klonalni samci vytvaii funkéni redukované
haploidni spermie, diky nimz se mizou pafit se sexudlnimi samicemi z normalnich cyklicky
partenogenetickych linii (Innes and Hebert 1988, Wolinska and Lively 2008). V priméru
polovina potomstva se dale rozmnozuje klonaln¢ (obligatni partenogenezi), i kdyz

Zivotaschopnost potomstva je snizena (Innes and Hebert 1988).

Plodné samce mizeme nalézt také u zastupcu jelct rodu Squalius. Zde se nachazi
hybridni samci riznych ploidnich urovni. Diploidni samci bézné produkuji neredukované

klonalni spermie a jsou plné plodni (Alves et al. 1999), podobné¢ jako triploidni samci (Sousa-
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Santos et al. 2007). U tetraploidnich samct dochazi ke klasické segregaci a tvorbé funkénich,
redukovanych diploidnich spermii (Alves et al. 1999, Morgado-Santos et al. 2016). U téchto
vysSich ploidnich trovni byva efekt kumulace mutaci zpiisobujicich sterilitu obecné nizsi
(Mable 2004). Polyploidie tak dokdze neutralizovat negativni efekty hybridizace, jakym je
soucinnost dvou odlisnych genomovych sad (Leggatt and lwama 2003, Choleva and Janko

2013, Madlung 2013).

Kromé¢ béznych mechanismii polyploidizace, jako je zdvojeni genomu v prubéhu
gametogeneze (autopolyploidie) nebo pifi mezidruhovém kiizeni (alopolyploidie), se u
asexualnich hybridd setkdvame s tzv. ,,paternal leakage®. Diky ,,paternal leakage* se mala
¢ast otcovského genetického materidlu dostane do genomu potomstva. A to bud’to ve formé
malych mikrochromozomu (jako napt. u sladkovodni zZivorodky ktizené (Poecilia formosa);
Schlupp 2005) nebo celého haploidniho genomu samce, mechanismem tzv. ,,genome
addition®, kdy se zvysi ploidni Groven potomstva (Schultz 1969). Tento jev je charakteristicky
pro populace, kde spolu Ziji jedinci riznych genotypt nebo ploidnich urovni. Jeden z mala
ptikladli asexudlnich obratlovcli, kde miZeme potkat hybridni fertilni samce, navic riznych
ploidnich urovni, je jiz zmifovany komplex ibérie ouklejovité (Beukeboom and Vrijenhoek
1998, Morgado-Santos et al. 2016). Triploidni samice tvoii jak redukovana haploidni, tak ale
také diploidni vajicka meiotickou hybridogenezi (Alves et al. 1998), ze kterych vznikaji
diploidni 1 triploidni samci s Zivotaschopnymi a pln€ funkénimi spermiemi diky ,,paternal
leakage™ (Sousa-Santos et al. 2007). Navic zde pozorujeme také tetraploidni samce, ktefi
vznikaji z klondlnich spermii diploidnich hybridnich samct (Alves et al. 1999). Tito
tetraploidni samci se ovSem dale rozmnozuji pohlavné a vykazuji klasickou meioézu (tvorbu
rekombinovanych gamet, Cunha et al. 2008). Odlisné reproduk¢ni strategie znamenaji
nepretrzité premistovani rodi€ovskych genomii mezi rtiznymi ploidnimi formami hybrida,

¢imz jsou zachovavany po generace (Morgado-Santos et al. 2015).
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Také u gynogenetickych samic karase stiibfitého Carrasius gibelio byl popsan
,paternal leakage* celé sam¢i chromozomové sady. Po aktivaci vajicka se spermie ciziho
druhu rozplyne v cytoplazmé vyvijejiciho se klonalniho embrya, jak je tomu u bé&Zzné
gynogeneze. Dojde-li vsak k aktivaci vaji¢ka spermii téhoZ druhu, pronukleus samce se spoji
se sami¢im a vznikne triploidni embryo. Z n¢j je nasledné¢ odstranéna polovina samicich
chromozomu (alogynogeneze, Yigui et al. 1983), ¢imZz dojde ke vzniku diploidniho
potomstva. Vznikaji tak alogynogeneticti samci, ktefi jsou zivotaschopni a plodni (Lamatsch
and Stock 2009, Liasko et al 2010). Dalsi ptipady triploidnich plodnych samct byly objeveny
také u naSich u vodnich skokant P. esculentus (Heppich et al. 1982, Vinogradov et al. 1990,
Berger and Giinther 1991-1992), hybridnich samct skokana Rana brevipoda-lessonae
(Nishioka and Ohtani 1984), japonskych hybridnich samci skokana Rana tsushimensis-
japonica (Sumida and Nishioka 1993), karase zlatého C. auratus (Zhaoting and Shaobai
1984) a plodnost se také piedpoklada u triploidnich samecku tustiice velké Crassostrea gigas,

ktefi tvofi funkéni spermatocyty (Guo and Allen 1994, Allen Jr. and Downing 1990).

Obcas vsak zvySena ploidni Giroven zpUsobuje pfesné opacny efekt a zapticini sterilitu.
Ptikladem jsou tetraploidni samci v klondlnich asexualnich liniich rodu Cobitis, ktefi maji
bud’ zcela nevyvinuté, nebo degenerované gonady a nemohou tvofit normalni spermatocyty
(Vasil'ev et al. 2003). Triploidni samci n€kterych druhl ryb maji normalné vyvinuté testes,
avsak nejsou schopni vytvofit zralé spermie, jako napt. u piskott dalnovychodnich Misgurnus
anguillicaudatus (Suzuki et al. 1985). V piipadé uspésné¢ dokoncené spermatogeneze jsou
presto tito samci V podstaté sterilni kvuli produkci aneuploidnich nebo abnormalné
tvarovanych spermatozoi (Zhang and Arai 1999, Sousa-Santos et al. 2007), jak je znamo také

u hybridnich triploidnich samcti rodu Poecilia (Lamatsch et al. 2001, Lampert et al. 2007).

Jak miizeme vidét na téchto prikladech, také klondlni samci si naSli cestu, jak se

vyhnout neplodnosti, plodit Zivotaschopné potomstvo a vyrovnat se tak asexualnim samicim.
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Jsou vsak tito samci schopni vytvaiet také populace po vzoru vse-samicich klona? Zde si
zvlastni pozornost zaslouzi skupiny organismi, které stoji na pomysiné hranici mezi
pohlavnim a nepohlavnim rozmnozovanim, tedy zkracen¢ sexualitou a klonalitou. Obecné
jsou tito zivocichové povazovani za asexualy, avSak pravdou je, ze vyuzivaji prednosti obou
typl rozmnozovani. Paii se stejn¢ jako sexudlni druhy, produkuji geneticky odlisné
potomstvo s Gcasti gent otce i matky, ale zaroven umi piedavat ¢ast své genetické vybavy do
potomstva Vv nezménéné podob¢ jako klondlni tvorové. Hovoiime zde o hemiklonalnich
jedincich, kde nejen samice ale také samci nasli schopnost vytvafet klonalni gamety a tim
predavat své geny dal do dalSich generaci. Samci, zda se tedy, mohou existovat bez

sexualniho rozmnoZovani sensu stricto, ackoli jen napul.

V Hemiklonalni organismy

U obratlovell je hemiklonalni reprodukce, fazend do kategorii rozmnozovani za hranici
klasické sexudlni reprodukce, spojena s hybridizaci, nebot vSechny zndmé taxony
hemiklonalné¢ se mnozici jsou hybridniho pivodu (Vrijenhoek 1989, Dawley and Bogart
1989, Kearney et al. 2009, Kimura-Kawaguchi et al. 2014). Primarni hybridizace probihaji
kfizenim dvou piibuznych sexudlnich druhli, ¢imZz vznikd generace potomkli hybridnich
samcl a samic, a ti se dale rozmnoZuji tvorbou klonalnich gamet (Choleva and Janko 2013).
ProtoZe klondlni gameta nese jen polovinu genetické informace rodice (stejné jako sexudlni
gameta), je zapotiebi spojeni dvou gamet, aby mohlo dojit ke vzniku nového jedince.
Nahodnym patfenim dvou hybridnich jedinct se potkavaji dvé klonalni gamety, coz vede
k mensim ¢i vétsim komplikacim, at’ uz ve vyvoji embrya, Zivotaschopnosti ¢i reprodukéni
sterilit¢ potomkt (kumulace mutaci, Guex et al. 2002, Vorburger et al. 2009, Reyer et al.

2015, Stelkens et al. 2015). Naopak v pfipad¢ kiiZzeni hybrida s nékterym ze svych sexualnich
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predku, vznika potomstvo naptl klonalni a napil sexualni (odtud nazev hemiklonalni, Hubbs
and Hubbs 1932). Mechanismus spole¢ného vyskytu ve smiSenych populacich se sexualnimi
druhy a preferencniho pafeni hybridd se sexualnim partnerem zajiStuje hybridnimu
potomstvu jak genetickou variabilitu, tak genetickou uniformitu.

Dosud se az na vyjimky vétSina praci vénovala studiu hemiklondlnich samic a jejich
reprodukénim vztahlim k sexualnich samctim, angl. tzv. ,,sperm-parasitism* (Lehtonen et al.
2013) ¢i mechanismim samici gametogeneze (Dedukh et al. 2015). Nabizi se timto otazka, co
je dosud znamo o hemiklonélnich samcich. Dokazi se alespon pfiblizit evolu¢ni tspésnosti

samic?

VI Princip hybridogeneze u samci vodnich skokanu Pelophylax esculentus

Ptes vSechna vyse uvedend omezeni existuje systém hemiklonalnich samcii, ktefi dokazi byt
plodni a evolu¢né Gspésni — vodni skokani P. esculentus. Poprvé se o tyto vodni skokany
zajimal Berger v roce 1967. Objevil u nich zplsob rozmnozovani, ktery se ¢aste¢né podobal
rozmnozovani klondlnimu a c¢aste¢né pohlavnimu. Hybridni skokani vytvareji b&éhem
gametogeneze klondlni vaji¢ka a spermie, ale pfitom dochézi k pravé fertilizaci, jak je tomu u
pohlavné se mnozicich organismu. Stejné jako klonalni organismy dokézi také hemiklonalni
jedinci predavat do svych potomkid nezménény genom, byt ne cely. Soucasné u nich dochazi
k mezigeneracni ztraté¢ poloviny genetického materidlu jako u sexudlnich organismti. Tento

zpusob rozmnozovani je oznacovan jako hybridogeneze (Obr. 1).
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Klonalni gametogeneze Meidza Hybridogeneze Hybridogeneze

SKOKANI
NAViC

replikace

eliminace otcovského
genomu

X

endoreduplikace
mateiského genomu

eliminace mateiského
genomu

X

endoreduplikace
otcovského genomu

crossing-over

Obr. 1: Porovnani typt gametogeneze u klonalnich, sexudlnich a hemiklonalnich organismi.

Obecna charakteristika tohoto systému je ta, Ze u hybridogenetickych organismi je do gamet
(a tedy do potomstva) piedavan pouze matefsky genom, pficemz otcovsky genom je ze
zarode¢nych bun€k eliminovan (Ogielska 1994, Lamatsch and Stock 2009, Kimura-
Kawaguchi et al. 2014). Hybridni hybridogeneticky se mnozici samice spoji své klonalni
vajicko se spermii pohlavné se mnozZiciho samce a tim se zachovava hybridni genotyp
potomstva. Obnova sam¢iho genomu v kazdé generaci zajist'uje udrzeni genetické variability
a tim se kompenzuji nevyhody spojené s klondlni reprodukci (Burt and Trivers 2006 in
Kimura-Kawaguchi et al. 2014). Ackoliv je takovyto mezigenerani mechanismus
hybridogeneze evoluéné vyhodnou strategii, jeho rozSifeni mezi organismy je relativné
vzacné. Od jejiho prvniho objeveni u mexické sladkovodni Zivorodky kiizené (Poecilia
formosa) zhruba pted 60 lety (Miller and Schultz 1959, Schultz 1961) byla hybridogeneze
dale zaznamenana u pakobylky druhu Bacillus rossius-grandii (Bullini and Nascetti, 1990), u
pyrenejské ibérie ouklejovité (S. alburnoides, Carmona et al. 1997), nedavno u australské

hlavackovité ryby rodu Hypseleotris spp. (Schmidt et al. 2011) a rybky hiebenika
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maskovaného (Hexagrammos octogrammus, Kimura-Kawaguchi et al. 2014) a evropskych

vodnich skokant rodu Pelophylax (Berger 1967).

Hybridni skokan zeleny P. esculentus vznikl z kiiZzeni dvou piibuznych sexualné se
rozmnozujicich druhd — skokana skiehotavého (P. ridibundus) a skokana kratkonohého (P.
lessonae), Obr. 2. Pro velikostni rozdil mezi témito druhy probihala primarni hybridizace
mezi samici P. ridibundus a samcem P. lessonae (Berger 1970). Do hybridniho potomstva se
klonalné pfenasi dominantné matetsky ridibunda (R) genom a nikoli oba genomy soucasn¢.

Hybridi déle predavaji mat¢in genom R do svych potomki, ti dale do svych potomkd, stale

Primarni hybridizace
RRxLL=2JRL

Pelophylax ridibundus Pelophylax lessonae Pelophylax esculentus
(skokan skrehotavy) (skokan kratkonohy) (skokan zeleny)

RR LL RL

Obr. 2: Schéma primarni hybridizace mezi dvéma rodicovskymi druhy, ukazky zastupcti vSech tfi taxond.

v nezménéné klonalni podobé. Tak se tento genom zacal oznacovat jako hemiklon (Uzzell et
al. 1977, Gunther et al. 1979, Graf and Polls Pelaz 1989). Otcovsky genom je kazdou generaci
pfijiman ,,de novo“. Aby byl hybridni genotyp RL zachovan, musi se hybridni samice pafit
se samcem P. lessonae, ktery poskytuje genom L. Spojenim klonalniho genomu R hybridni

matky a genomu L sexudlniho otce dava vzniknout hybridnim RL potomkim. Mezi témito
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potomky se krom¢ hybridnich samic objevuji také hybridni samci. Ti zachovavali hybridni
genotyp potomstva kiizenim se sexualni LL samici. Populace, ve které spolu zil sexudlni druh
P. lessonae a hybridni samice a samci je oznacovan jako popula¢ni systém L-E (Uzzell and
Berger 1975). Krom¢ zminéného R hemiklonu existuje u skokant také L hemiklon. Ten je
pfedavan z generace na generaci hybridnimi samci, ktefi se kiizi se samicemi P. ridibundus v
popula¢nim systému R-E (Uzzell and Berger 1975). Prvni zminka o klonalné pfenaseném L
hemiklonu v populaci R-E pochazi z vychodniho Némecka (Uzzell et al. 1977). Napfiic¢
Evropou dominuji populace L-E s hybridy obého pohlavi tvofici v gametach samici R
hemiklon (Litvinchuk et al. 2015), coz siln€ kontrastuje s vyrazné nizsi distribuci populaci R-
E s vyhradné diploidnimi saméimi hybridy nesouci sam¢i L hemiklon: R-E populace jsou
soustiedény napiiklad v ¢asti Némecka, Polska a Ceska (Rybacki and Berger 2001, Plotner

2005, Choleva 2004, Dolezalkova et al. 2016).

Studie prokazaly, Ze hemiklonalné pfendSeny genom R nese geny determinujici samici
pohlavi, nebot” kiizenim hybridniho samce tvoficiho spermie s genomem R se samici P.
lessonae dava vznik vyhradné hybridnim samicim (Blankenhorn 1977, Lengagne et al. 2006).
Naopak, mnozi samci v populacich R-E pfenasi genom L (DoleZalkova et al. 2016). Absence
hybridnich samic v tomto typu populace naznacuje, ze L hemiklon musi nést geny urcujici

samc¢i pohlavi a klonalni dédi¢nost — klicové podminky pretrvavani sam¢i asexudlni linie.

Zdivodnéni vybéru samci P. esculentus jakoZto objektu vyzkumného zajmu

Samci P. esculentus z povodi Odry piedstavuji vyborny komparativni model k jiz po mnoho
let studovanym systémum s klonalnimi liniemi, zangl. tzv. sperm-dependent sensu

Beukeboom and Vrijenhoek (1998), hybridnich samic. Zatimco ty jsou reprodukéné zéavislé
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na samcich parentalnich sexualnich druht, hybridni P. esculentus samci jako opositum
parazituji na sexualnich samicich P. ridibundus. Principy reprodukénich vztahti nezbytnych
pro udrzeni a stabilitu hybridnich vSe-sam¢i linie zustavaji neznamé. Podobné zatimco u fady
klonalnich samic zname jejich ptivod, zde nebylo znamo, zda hledat ptivod v ,,Adamovi®, t;.
jediném hybridovi vzniklém na jednom misté, ktery zalozil vSe-sam¢i populace, ¢i zda jde o
smés opakovan¢ vznikajicich polyfyletickych linii. V SirSich souvislostech si klade studium
vSe-samcich populaci porozumét podstaté vzniku a udrzeni obratlov¢i asexuality jako takové
(jevy narusujici konzervativni meidzu, zde béhem spermatogeneze) a ukazat, jaké privodni
jevy se mohou objevit v ptirodnich populacich, zalozil-li napfiklad jediny ,,Adam* samci

asexualni linie.
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CILE PRACE

V predkladané préci jsem se zaméfila na studium populacné-genetické variability populaci
vodnich skokant s pfitomnosti sam¢ich linii P. esculentus v povodi feky Odry (Obr. 3). Déle
jsem se vénovala komparativni analyze téchto a jinych linii P. esculentus, a to jak ptirodnich,
tak uméle vytvorenych laboratornich hybridii a porovnéavala genetické profily hemiklont a
genomi sexualnich druhti P. lessonae a P. ridibundus. Dale jsem studovala mechanizmus

tvorby klonalnich gamet a samotnou podstatu ptenosu klonalnich genomi do potomstva.

Lokality povodi Odry
R-E systém

Ostrava

Blomouc

Obr. 3: Lokality studovanych R-E populaci podél Odry.

Hlavni studované otazky:

1. Jaky je prubéh hybridogeneze v P. ridibundus-P. esculentus-saméich populacich povodi
Odry? Kdy je matetsky genom eliminovén ze zadrode¢nych bun¢k?

2. Jaky je ptedpokladany plvod klondlné pienaSenych genomi u hybridnich samcii P.
esculentus? Je mezi jedinci n&jaka geneticka variabilita klonalné pfenasenych genomd? Jaky
je rozdil mezi L genomy diploidnich samcti P. esculentus z povodi Odry a sexualnich druhi

P. lessonae z okolnich populaci?
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3. Jak se hybridni samci rozmnozuji, jaky typ gamet vytvari? Existuje vazba mezi klonalné
dédénym genomem a pohlavim? Jaky potencionalni evolu¢ni dopad mlze mit vznikajici

potomstvo na stabilitu R-E populaci?

Pi‘ehled rukopisi

Rukopis | se zabyva studiem tvorby gamet u hybridnich samct P. esculentus. S vyuzitim
cytogenetickych metod sleduje strukturu a chovani rodiCovskych genomii v riznych fazich
gametogeneze. Spolecné s vysledky laboratornich kiizeni rukopisu III pfedkladd hypotézu o
alternativnim zpusobu tvorby gamet, nez jaké byly dosud popsany u jinych
hybridogenetickych organismd.

Rukopis Il zkouma pivod pozorované saméi unisexuality. S vyuzitim multilokusovych
genotypli mikrosatelitovych markerh je identifikovana genetickd wvariabilita klondlné
pfenaSenych genomd, studovan typ samci reprodukce a déale jsou definovany geneaologické
vztahy mezi klonalné a sexudlné dédénymi genomy.

Rukopis 111 tematicky navazuje na vysledky Rukopisu II, ktery odhaluje monofyleticky
ptvod populaci hybridnich samcti. V této praci je experimentalné kiizeno 16 hybridnih samct
pivodem z dvou ptirodnich populaci s P. ridibundus samicemi pro experimentalni studium
vzoru dédicnosti hybridnich samct, v€etné vazby prenasenych klonalnich genomil na pohlavi

potomstva.

Metodické nastroje pouzité v rukopisech zarazenych do disertace:

o zpétné kiizeni s rodiCovskym druhem P. ridibundus (genotyp potomstva, pohlavi
potomstva, mira pfezivani)
e CGH (detekce rodicovskych genomi v premeiotickych (mitotickych) a meiotickych fazich

gametogeneze hybrida)
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e mikrosatelitové lokusy hybridnich samct a jejich potomka

Pouzité metodiky:

e Zakladni metody: Izolace DNA, amplifikace mikrosatelitovych lokust a fragmentacni
analyza mikrosatelitovych repetic

e Pokrocilejsi metody: CGH

e Optimalizované metody pro dany taxon: Ziskani suspenze meiotickych chromozému z
gonad juvenilnich i adultnich zastupcti, multiplexy mikrosatelitovych lokusi a zavedeni

metodiky pro statistické analyzy hemiklonalni dédi¢nosti

K rukopisiim zafazenym do diserta¢ni prace byl vyuzZit material:

e svalova tkan skokana ze sbirky diive odchycenych jedinct (ulozenych v etanolu pfi teploté
-20 °C az -80 °C) z oblasti Bulharska z roku 2005 (genotypu RR),

e svalové tkané, jaterni tkdné, kostni dfen€ a pohlavnich zlaz odlovenych subadultnich a
adultnich skokanti z p¥irodnich populaci z CR a Slovenska v letech 2010 - 2014 v poétu
226 jedinct (110 LL, 55 RR a 61 RL),

e materidl ziskany od zahrani¢nich koleghi (Polsko, Prof. M. Ogielska, University of
Wroclaw, Némecko Dr. J. Pl6tner, Humboldt-Universitét zu Berlin),

e svalové a jaterni tkdn¢ laboratorné odchovanych juvenilnich skokanli z kiiZicich
experimentl z roku 2013 v poc¢tu 274 jedinct (mikrosatelitové lokusy, 60 genotypovanych
RR jedinct, 88 genotypovanych RL jedinct, alozymové genotypovanych 260 jedinct z

jaterni tkang).

24



K odchytu zvifat byla udélena Vyjimka pro odchyt zvlasté chranénych druht (vypis Vyjimek
viz. Rukopis I-III), odbér biologického materialu probéhl v souladu se schvalenymi Projekty

pokusti (PP &. 216/2010 a &. 217/2010, Ustav zivo¢isné fyziologie a genetiky AV CR, v.v.i).

Laboratorni prace a experimenty probihaly v molekularné-genetickych laboratotich
Ustavu Zivoéisné fyziologie a genetiky AV CR, v.v.i. v Lib&chové, spoleéném pracovisti
Katedry zoologie Ptirodovédecké fakulty Univerzity Karlovy v Praze a Vv soukromé

vyzkumné laboratofi prof. D-G Guexe (Datwil, Svycarsko).

Na vyzkumu jsem spolupracovala s nasledujicimi kolegy:

1. Prof. Dr. Heinz-Ulrich Reyer and Dr. Nicolas Pruvost, Institute of Evolutionary
Biology and Environmental Studies, University of Zurich, Winterthurerstrasse 190, CH-8057
Zurich, Svycarsko. Skupina profesora Reyera se intenzivné vénovala evoluci ekologii a
experimentalnimu kiizeni P. esculentus.

2. Dr. Jorg Plotner, Museum fiir Naturkunde, Leibniz-Institut fiir Evolutions- und
Biodiversititsforschung, an der Humboldt-Universitit zu Berlin, Invalidenstrale 43, 10115
Berlin, Némecko. Skupina Dr. Jorg Plotnera se vénuje skokanim P. esculentus na
molekularni a genové Grovni.

3. Prof. G-D Guex, Zoologisches Museum and Zoologisches Institut, Universitdt Zurich,
Winterthurerstrasse 190, CH-8057 Zurich, Svycarsko. Profesor Guex se vénuje fadu let
kiizicim experimentim a evolu¢nim aspektim zivotnich strategii evropskych skokand rodu

Pelophylax.
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V ramci Spoluprace s prof. H.-U. Reyerem a Dr. N. Pruvostem jsme vytvofili a zanalyzovali
rozsahly soubor mikrosatelitovych dat vodnich skokant rtznych populacnich typa. Za
spoluprace s Prof. D-G Guexem a Dr. J. Plétnerem jsme rovnéz ve Svycarsku provadéli
kiizici experimenty a ziskali potomstvo zpétného kiizeni hybridnich samcii s rodiCovskymi

samicemi P. ridibundus.
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SHRNUTI A ZAVER

Predlozena prace piindsi nové poznatky o dosud neprozkoumané problematice samci
asexuality. Dil¢i vystupy se zaméfuji na detailngjsi studium gametogeneze a reprodukénich
vzoru dédi¢nosti hybridnich hemiklonalnich samct skokana zelené¢ho v populacich v povodi
horniho toku feky Odry. Studovanéd oblast zahrnuje 6 lokalit, v nichz ziji hybridni samci
spole¢n¢ s rodicovskym druhem, skokanem skiehotavym, v tzv. populacich R-E. Tyto
modelové populace ndm ptinesly moznost studovat ptivod samcich hybridnich linii a jejich

reproduk¢ni strategie s cilem Iépe pochopit, jak se asexudlni formy obratlovcl vyviji ze svych

sexualnich ptredki a jak jsou schopny pretrvavat v ptirodnich populacich.

Hybridni samci klonalné dédi polovinu genomu (jako hemiklon), zatimco druha
polovina genomu je kazdou generaci pfijimana ,,de novo“. Zde nas zajimalo, zda hybridni
samci z povodi Odry pienasi do svych gamet hemiklon a o jaky typ genomu se jedna, cO se
tyée pavodu zrodiCovskych druhti. V prvnim rukopise jsme se zaméfili na prubéh
spermatogeneze a tvorby klondlnich gamet. U hybridnich skokanti zelenych se ptredpoklada,
ze jeden rodiCovsky genom je vyloucen ze zarodecné linie pfed meidzou, zatimco druhy
genom vstupuje do meidzy po endoreduplikaci a nasledné prechazi do gamet (Schultz 1969).
Prestoze proces hybridogeneze byl u skokani teoreticky popsan jiz dfive, nevysvétluje tento
princip souCasny vznik gamet s genomem R a L. S vyuzitim komparativni genomové
hybridizace (CGH) jsme fluorescencné oznacili genomy obou rodi¢ovskych druht a sledovali
jejich pritomnost v riznych fazich gametogeneze (Dolezalkova et al. 2016). Vysledky
pozorovani nebyly vZdy v souladu s obecné rozsifenou hypotézou premeiotické eliminace
nebot’ jsme zachytili pfitomnost obou genomu v pozdnich meiotickych fazich. Na zakladé
téchto vysledkit vznikly dvé hlavni hypotézy. Prvni z nich poc€itd s moznosti pozménéného
prabéhu gametogeneze, kdy k eliminaci jednoho z rodiovskych genomti dochazi az
Vv pozd¢jsich fazich meiodzy. Druha hypotéza pfipousti existenci nové strategie tvorby gamet,
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kde nedochazi k eliminaci, avSak pouze k separaci genomt, a to v druhém meiotickém dé€leni

(viz. Obr. 4).

Obr. 4: Schéma hybridogeneze u rybek Poeciliopsis (a), vodnich skokand rodu Pelophylax obecné (b) a nové
navrzena teorie tvorby gamet u amfispermnich samci (c).

V druhém rukopise jsme pouzili jaderné markery, abychom definovali druhovou specifitu
hemiklonu u 21 samct z péti riznych lokalit. Analyza multilokusovych genotypt na zaklade
specifické kombinace alel odhalila, Ze se jedna o jeden a tentyZ hemiklon, pochazejici z druhu
P. lessonae (L). Ten byl oznacen jako hemiklon ,,Oder L1*. Timto jsme objevili v§e-samci
linii monofyletického ptivodu, ktera vznikla zfejmé jedinou hybridiza¢ni udalosti pied mnoha
lety a dodnes pieziva vpopulacich v nivé feky Odry. K ovéfeni ptivodu této linie jsme vyuzili
genotypy jedincl z 11 okolnich L-E populaci a porovnali jsme alely hemiklonu Oder L1 s L-
specifickymi alelami rodiCovského druhu skokana kratkonohého. Nase data ukazuji, Ze
klonalni lessonae genom hybridnich samct nepochazi z recentni hybridizace P. lessonae
jedinct z okolnich populaci, coZ naznacuje starSi in situ nebo ex-situ ptivod a pietrvavani

hemiklonu po mnoho generaci v ramci sobéstacnych hybridnich samci.
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Soucasn¢ jsme chtéli laboratorné ovéfit vzory dédi¢nosti P. esculentus samct pozorované
v ptirodnich populacich. Treti rukopis se proto zaméfil na otazku, zda je hemiklon Oder L1
pfenaSen do potomstva uniformé tj. zda je potomstvo tvofeno vyhradné hybridnimi samci
nesoucimi prav€é hemiklon Oder L1. Experimentdlnim kiiZzenim 12 hybridnich samcii se
samicemi skokana skiehotavého jsme ziskali potomstvo dvojiho genotypu — RR (skokan
skiehotavy) a RL (skokan zeleny). Analyza pohlavnich orgdni juvenilnich jedinct prokazala,

ze vSichni genotypovani RR jedinci byly samice, zatimco RL jedinci byli samci (gonady viz.

Obr. 5).

Obr. 5: Pohlavni zlazy juvenilnich jedinct skokant, vaje¢niky (a) a varlata (b).

Vysledky déle ukaualy, Ze se v sam¢i linii vyskytuji dva typy samct — jedni produkuji
pouze gamety nesouci hemiklon L a druzi umi vytvaiet soucasné gamety s hemiklonem L a
gamety s hemiklonem R (Obr. 6). Vysledky timto prokazuji vazbu druhové specifického

genomu (hemiklonu) na pohlavi. Genom L je v4zan na samci pohlavi, genom R na sami¢i. Jiz

Polls Pelaz 1994) zaznamenaly minoritni vyskyt téchto ,,amfispermnich® samci tvoficich
gamety L a R, avSak proces vzniku gamet ¢i navazujici evolucni souvislosti nebyly

studovany.
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V kontextu stability a udrZzeni vSe-samci linie to znamena, ze: i. hybridni samci
pfijmou od sexudlni samice skokana skiehotavého haploidni R genom, a fiizi s Oder L1
hemiklonem (L spermii) zajisti reprodukci sebe sama (RL sam¢i potomstvo); ii. néktefi samci
vsak R genom po jednu generaci zadrzi a poté jej v nerekombinované formé vrati do
genofondu skokana skiehotavého, nebot’ fertilizace R vajicka skokana skiehotavého a
takovéto R spermie skokana zeleného vytvaii samicky skokana skiehotavého. Samice
skokana skiehotavého jsou tak zde sexudlnimi partnerkami jak pro samce skokana
skiehotavého, tak pro hybridni samce. Schopnost skokanii zelenych plodit také sexualni dcery
zvySuje pocet sexualnich samic v populaci a tim také Sanci hybridnich synt nalézt partnerku

pro rozmnozovani.

ﬁ ﬁ#ﬁﬁiﬁiﬁﬂi
-“““ﬁﬁﬁﬁﬁiﬂﬂ

Obr. 6: Tlustraéni schéma potomstva ze zpétného kiiZeni hybridnich samct (RL) se samicemi skokana
skiehotavého (RR).

Souhrnné lze Fici, Ze hybridni samci skokana zeleného z povodi horni Odry
e Tvofi jednu hybridni linii monofyletického pivodu nesouci tentyz lessonae hemiklon
e Pafenim s rodiCovskym druhem skokanem skiehotavym plodi jednak hybridni syny
skokana zeleného a také sexudlni dcery skokana skifehotavého, ¢imZz navySuji
dostupnost partnerek pro své syny
e Bchem tvorby gamet nedochazi u samcii skokanii zelenych vzdy k premeiotické

eliminaci matefského genomu, nebot u nékterych jedinci byly pfitomny oba
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rodicovské genomy 1 v pozdnich meiotickych fazich spermatogeneze. Tento fakt
spolecné s predchozimi cytologickymi a experimentalnimi diikkazy pro tvorbu obou
typt spermii (s matefskym R a otcovskym L genomem) podporuje hypotézu, ze
eliminace genomu muze byt posunuta do pozdéjSich fazi meidzy nebo u téchto samct

uplné chybi.

V pokracujicim vyzkumu se budeme zabyvat otdzkou, zda je tvorba gamet podminéna
geneticky, a zda je vzor gametogeneze amfispermnich samct dédicny ¢i nikoliv. Dale pak
jaky ekologicky dopad mé vznik dcer skokanii zelenych na stabilitu R-E systému a zda jsou
tyto dcery schopny tvofit rekombinované gamety jako klasické sexudlni druhy. Zakladni
otazkou pro nds zlstavad vyftesit pivod linie s analyzou novych populaci podél celého toku

feky Odry, kde jsme pfitomnost R-E populaci s hybridnimi samci rovnézZ potvrdili.
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Abstract

Background: The ability to eliminate a parental genome from a eukaryotic germ cell is a phenomenon observed
mostly in hybrid organisms displaying an alternative propagation to sexual reproduction. For most taxa, the
underlying cellular pathways and timing of the elimination process is only poorly understood. In the water frog
hybrid Pelophylax esculentus (parental taxa are P. ridibundus and P. lessonae) the only described mechanism assumes
that one parental genome is excluded from the germline during metamorphosis and prior to meiosis, while only
second genome enters meiosis after endoreduplication. Our study of hybrids from a P. ridibundus—P.
esculentus-male populations known for its production of more types of gametes shows that hybridogenetic

mechanism of genome elimination is not uniform.

Results: Using comparative genomic hybridization (CGH) on mitotic and meiotic cell stages, we identified at least
two pathways of meiotic mechanisms. One type of Pelophylax esculentus males provides supporting evidence of a
premeiotic elimination of one parental genome. In several other males we record the presence of both parental
genomes in the late phases of meiotic prophase | (diplotene) and metaphase I.

Conclusion: Some P. esculentus males have no genome elimination from the germ line prior to meiosis.
Considering previous cytological and experimental evidence for a formation of both ridibundus and lessonae sperm
within a single P. esculentus individual, we propose a hypothesis that genome elimination from the germline can
either be postponed to the meiotic stages or absent altogether in these hybrids.

Keywords: Hybridogenesis, Asexual propagation, Hemiclone, Meiotic cycle, Genomic in situ hybridization, Rana

esculenta

Background

Meiosis is a vital process in all sexual organisms, ensur-
ing fertility and genome stability and encouraging gen-
etic diversity [14, 22]. Sexual reproduction involves the
recombination of parental genomes followed by the co-
ordinated segregation of the recombined chromosomes
into gametes [57]. Despite the conservative nature of
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meiotic machinery, a number of anticipated mecha-
nisms, including hybridization, can disrupt the regular
cycles and alter the normal course of meiosis [41]. In
hybrid animals, these deviations have resulted in a loss
of sexual reproduction accompanied by modifications
in gametogenesis such as premeiotic endomitosis (du-
plication of chromosomes), and genome exclusion (the
loss of one parental genome) (reviewed in [26, 43]).
Hybridogenesis is a mode of bisexual reproduction char-
acterized by the exclusion of one complete parental gen-
ome from the germline, while the remaining genome is
endoreduplicated and subsequently transferred clonally
(referred to as a hemiclone; [39, 55]). Hybridogenetic
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animals usually mate with the sexual species that con-
tribute the eliminated genome [6, 9, 39]. New hybrids
are generated via true fertilization, however, the gen-
ome from the sexual mate is discarded again in the
next round of gamete formation.

Hybridogenesis has been recorded in the diploid all-
female fish of the genus Poeciliopsis [39, 40], and Cimino
[7, 8] observed the exclusion of P. [ucida chromosomes
during the onset of meiosis, while in P. monacha the
genome is transferred into a reconstituted nucleus by
the unipolar spindle. Apart from these species, very little
is known about the cytological processes in other hybri-
dogenetic or hybridogenesis-related animals such as the
Squalius alburnoides fish [1], the Misgurnus anguilli-
caudatus fish [27], the Asian loach fish of the genus
Cobitis [23], the carp gudgeon Hypseleotris [38],
Ambystoma salamanders, Bufotes baturae toads [44],
and Pelophylax esculentus water frogs [10, 17, 49].

The European sexual species Pelophylax lessonae and
P. ridibundus hybridize and produce the hybrid form P.
esculentus, which maintains a permanent F1 (first filial)
hybrid state from generation to generation. This hybrid
is able to exclude one parental genome from its germline
and to duplicate the remaining one. As a result, the
hybrid produces unrecombined ridibundus or lessonae
gametes and therefore continues with only one parental
species, i.e. the species whose genome has been elimi-
nated (e.g. [2, 18, 47]).

It is generally believed that the exclusion of a paren-
tal genome from P. esculentus germ cells takes place
before the onset of meiotic prophase I, followed by the
endoreduplication of the remaining ridibundus gen-
ome [10, 11, 48]. In females the majority of oogonia
have already been transformed into oocytes with 13
diplotene bivalents, usually by the time P. esculentus
have entered their first hibernation [48]. Similarly, the pro-
liferating spermatozoa in the testes of adult P. esculentus
contained a diploid set of only ridibundus chromosomes
[20]. Hence, the process of genome elimination and re-
duplication seems to occur at an early stage of spermato-
genesis [20]. Further evidence comes from Gunther [17],
who observed in P. esculentus males from Eastern
Germany a large number of meiotic figures with irregular-
ities such as aneuploidy, univalency and heterologous
multivalency. He interpreted his results as evidence con-
tradicting the occurrence of a single cytological mechan-
ism of hybridogenesis. Detailed cytological studies of male
meiosis have yet to be carried out.

P. esculentus typically forms two reproductive systems;
one with P. lessonae and one with P. ridibundus. The latter
mostly consists of P. ridibundus (females and males) and
only diploid hybrid males [50, 51]. Such P. ridibundus—P.
esculentus-male populations have been found in Central
Europe, mostly along the Oder River (reviewed by [34]).
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Here, hybrid males inherit either the lessonae or the ridi-
bundus genome, or produce a combination of both kinds
of sperm [3, 19, 35, 51, 54].

In order to understand the cytogenetic basis of these
inheritance patterns, we studied the mitotic and
meiotic cell stages of hybrids of a P. ridibundus—P.
esculentus-male population from the Upper Oder River.
Using comparative genomic hybridization (CGH) we dis-
covered that the elimination of one parental genome does
not necessarily precede meiotic divisions. In fact, the
opposite is often true, where maintaining both parental
genomes later in meiotic phases is actually relatively
common.

Methods
Animals
We examined 14 adult and 4 subadult male individuals of
P. esculentus from three different P. ridibundus—P. escu-
lentus male populations along the Upper Oder River
(49.914498, 18.091502; 49.705486, 18.092624; 49.735014,
18.152479). For genomic probes, we used two adult P. [es-
sonae males (50.043063, 13.441079; 49.761259, 18.597399)
and two adult P. ridibundus males from surrounding lo-
calities (49.705293, 18.081609). Specimens were geno-
typed using three polymorphic allozyme loci: Aspartate
aminotransferase (Aat; EC 2.6.1.1), Glucose-6-phosphate
isomerase (Gpi; EC 5.3.1.9) and Lactate dehydrogenase
(Ldh-1; EC 1.1.1.27) [50]. All experimental procedures
were conducted with the approval, and under the supervi-
sion of the Ethical Committee of the Faculty of Science,
Charles University, Prague, according to the directives
of the State Veterinary Administration of the Czech Re-
public, permit number 34711/2010-30 from the Ministry
of Agriculture of the Czech Republic. Specimens were
deposited in the frog collection of the Laboratory of Fish
Genetics, IAPG CAS, Libéchov. Permissions 358/2011
required for the field work collection of the frogs were
obtained from the Agency for Nature Conservation and
Landscape Protection of the Czech Republic.

Chromosome preparations

We employed two different protocols to obtain chromo-
some spreads from gonadal tissues. In the majority of
adult and subadult individuals we adapted the protocol of
Zalesna et al. [56], originally designed for chromosome
preparation from bone marrow. In juvenile specimens
with small gonads we applied a spreading technique previ-
ously used for spiders [25] with slight modifications.
Briefly: after the dissection of a juvenile specimen the
gonads were removed and hypotonized in 0.075 M KCl
for 8 min, followed by three rounds (15, 30, 60 min) of
fixation in 3:1 methanol / acetic acid solution. The fixed
gonadal tissue was then suspended in 60 % acetic acid and
spread on a hot-plate (40 °C).
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For conventional cytogenetic analysis, chromosomes
were stained with 5 % Giemsa solution (pH 6.8) (Merck,
Darmstadt, Germany). Selected slides were destained in
methanol / acetic acid fixative, dehydrated in an ethanol
series (70, 80, and 96 %, 3 min each) and stored in a
freezer (-20 °C) for subsequent cytogenetic experiments.

DNA extraction and probe preparation

Whole genomic DNAs (gDNAs) from P. ridibundus
and P. lessonae were extracted from muscle tissue
using the conventional phenol-chloroform-isoamylalcohol
method [13]. Probes prepared from both parental species
were differentially labelled either with biotin-16-dUTP
(2’-Deoxyuridine, 5-Triphosphate, Roche, Mannheim,
Germany) or digoxigenin-11-dUTP (Roche) using Nick
Translation Mix (Abbott Molecular, Illinois, USA or
Roche Diagnostics, Mannheim, Germany). For each
slide, 1 ug of P. ridibundus gDNA, 1 ug of P. lessonae
gDNA and 50 pg of sonicated salmon sperm DNA
(Sigma-Aldrich) were added and the resulting probe
was precipitated in 96 % ethanol, washed in 70 % etha-
nol, air-dried and re-dissolved in 25 pl of hybridization
buffer (50 % formamide, 10 % dextran sulphate, 2x SSC
(Standard saline buffer), 0.04 M NaPO,; (Sodium
Phosphate) buffer, 0.1 % SDS, Denhardt’s reagent, see
[29]). In some experiments, the final probe also included
15-30 pg of unlabelled species-specific competitive DNA
prepared from P. esculentus gDNA using a Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare,
Buckinghamshire, UK), followed by sonication of the
amplified product (40 cycles, 10 pulses, 100 % power)
to approximate fragment size of 100-200 bp using the
ultrasonic homogenizer Sonopuls HD 2070 (Bandelin
Electric, Berlin, Germany).

Comparative genomic hybridization (CGH)

In order to identify the chromosome sets of particular
parental species within a hybrid genome throughout the
meiotic phases we performed the CGH method according
to Bi and Bogart [4] with several modifications. After
thermal aging (3—4 h at 37 °C and 1 h at 60 °C) the
chromosomes were treated with RNase A (Sigma-Aldrich)
(200 pg/ml in 2x SSC, 90 min, 37 °C) and then pepsin
(50 pg/ml in 10 mM HCI, 3 min, 37 °C). The slides were
denatured in 75 % formamide (pH 7.0) (Sigma-Aldrich) in
2x SSC at 74 °C for 3 min, and then immediately cooled
and dehydrated in 70 % (cold), 80 % and 96 % (RT) etha-
nol. The hybridization mixture was denatured at 86 °C for
6 min. Hybridization was performed at 37 °C for 48-72 h.
Post-hybridization washes were applied twice in 50 %
formamide in 2x SSC (pH 7.0) at 42 °C for 5 min and
three times in 1x SSC at 42 °C (7 min each). In order to
block non-specific binding sites for streptavidin and anti-
digoxigenin, the slides were incubated with 500 pl of 3 %
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BSA (Vector Labs, Burlington, Canada) in 4x SSC in
0.01 % Tween 20 at 37 °C for 20 min. The hybridization
signal was detected using Anti-Digoxigenin-Rhodamine
(Roche) and Streptavidin-FITC (fluorescein isothiocyan-
ate; Invitrogen Life Technologies, San Diego, CA, USA) or
alternatively with Anti-Digoxigenin-Fluorescein (Roche)
and Streptavidin-Cy3 (Invitrogen Life Technologies), to
exclude any influence of antibodies and/or fluorochromes.
The slides were incubated with antibodies at 37 °C for
60 min in a dark humid chamber. Finally, the slides were
washed four times (7 min each) in 4x SSC in 0.01 %
Tween (pH 7.0) at 42 °C and mounted in antifade contain-
ing 1.5 pg/ml DAPI (4, 6-diamidino-2-phenylindole;
Cambio, Cambridge, United Kingdom).

Image processing

Chromosomal preparations were inspected using a Pro-
vis AX70 (Olympus) fluorescence microscope equipped
with standard fluorescence filter sets. Selected images
for each fluorescent dye were captured separately with a
black and white CCD camera (DP30BW Olympus) using
Olympus Acquisition Software. The digital images were
then pseudocoloured (blue for DAPI, red for Rhodamine
or Cy3, green for FITC) and superimposed using Micro-
Image software (Olympus, version 4.0). The images were
optimized for brightness and contrast using Adobe
Photoshop, version CS5.

Results

We obtained chromosomal preparations from the gonads
of 18 male individuals. The preparations contained differ-
ent phases of meiotic division as well as spermatogonial
mitotic metaphases. Giemsa-stained karyotypes (not
shown) confirmed the previous description of Zale$na
et al. [56], with all species of the Pelophylax hybridoge-
netic complex having 26 metacentric and submetacen-
tric chromosomes. Moreover, in line with the findings
from the mentioned study, the homologous chromosomes
in P. esculentus differed slightly in size. Along with sperm-
atogonial metaphases, we also observed stages with hap-
loid or diploid chromosome numbers corresponding to
particular meiotic and/or pre-meiotic phases (Fig. 1a-e).
Haploid chromosome complements appeared to corres-
pond to either a premeiotic stage after the elimination of
one parental genome (Fig. 1b) or to chromosomes in the
first meiotic division (Fig. 1d). Diploid chromosome com-
plements represented either mitotic metaphases (Fig. 1a)
or stages of the first meiotic division with bivalents
(Fig. 1c).

We examined the mitotic and meiotic spreads further
by means of CGH in four hybrid males (M1-M4). Al-
though chromosome spreads were successfully obtained
from all individuals, the hybridization procedure was only
successful in four of them. Some examples of unsuccessful
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Fig. 1 Comparative genomic hybridization (CGH) in mitotic and meiotic chromosomes of four water frog Pelophylax esculentus males. M1 (a),
M2 (b-d), M3 (e-g, j) and M4 (h, i). CGH clearly distinguished chromosomes of the parental species, P. ridibundus (red) and P. lessonae (green).
a Mitotic prometaphase. b Haploid mitotic metaphase after elimination of the ridibundus genome. ¢ Diplotene. d Meiotic metaphase I. e, f, g, h Late
meiotic prophase 1. i, j Meiotic metaphase | showing bivalent-like configurations and univalents. Solid arrowheads indicate the smallest submetacentric
chromosome pair with marked ridibundus-specific repetitive DNA in the lessonae-derived chromosome set, arrows indicate bivalent-like configurations
between two different parental genomes, open arrowheads indicate bivalent-like configurations within one parental genome, asterisks indicate
univalents. Scale bars equal 10 um

hybridization patterns are shown in Additional file 1:
Figure S1-S3. A possible explanation for the general failure
of CGH could be its high sensitivity in respect to experi-
mental conditions [45, 46]. Multiple successful repetitions
of the CGH experiments did however confirm that the
chromosomal patterns observed in germinal cells of
four esculentus males (M1-M4) were not artefacts.
CGH provided a clear discrimination between the
chromosomes of P. lessonae and P. ridibundus (Fig. 1a).
The observed differential hybridization pattern of
chromosome complements containing both parental
genomes most probably resulted from the presence of
species-specific repetitive sequences [24], very likely
including some sort of transponable elements (TEs)
and microsatellites [33]. Both experimental approaches
(either with- or without the specific competitive DNA

prepared from P. esculentus) yielded the same resulting
hybridization pattern (Fig. 2a, b).

Two groups of males were distinguishable by their
differences in hybridization patterns. In the first group
(male M2), nearly all chromosomes, with the exception
of the smallest submetacentrics, were predominately
highlighted with the lessonae-derived probe (Fig. 1b-d).
The smallest submetacentric chromosome pair displayed
a marked ridibundus-specific repetitive DNA region,
even in the homologous lessonae-specific chromosomes
(Fig. 1b, ¢, solid arrowheads). The number and morph-
ology of the chromosomes indicated the presence of
both mitotic (Fig. 1b) and meiotic stages (Fig. 1c, d). In
the second group, 89 out of 122 chromosome comple-
ments (49 out of 55 in male M1, 18/22 in male M3, and
22/45 in male M4) showed a mixture of chromosomes
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as green signals. Scale bars equal 10 um
A

Fig. 2 Mitotic metaphases of a Pelophylax esculentus male after comparative genomic hybridization (CGH). a CGH with specific competitive DNA
prepared from P. esculentus. b CGH without specific competitive DNA. P. ridibundus chromosomes are visible as red signals, P. lessonae chromosomes

with two different hybridization patterns, i.e. with
strong hybridization signals of the lessonae-derived
probe and the ridibundus-derived probe (Fig. la, e-j).
All chromosomal complements showing both parental ge-
nomes were classified as diploid sets, either composed of
mitotic chromosomes (Fig. 1a) or meiotic chromosomes in
a late meiotic prophase I (Fig. 1e, f, g, h) or in a metaphase
I (Fig. 1i, j).

Based on the accurate identification of meiotic stages
and on the scheme of hybridogenesis (Fig. 3) we tried to
provisionally reconstruct the process of hybrid spermato-
genesis. From 170 observed figures we identified five
different mitotic or meiotic stages i.e. (i) mitotic meta-
phase with either diploid (Fig. 1a) or haploid (Fig. 1b)
chromosome numbers, (ii) meiotic diplotene with regular
bivalents (Fig. 1c) and (iii) meiotic metaphase MI (Fig. 1d)
where 1c and 1d are composed of only one parental gen-
ome, (iv) late meiotic prophase I (Fig. le, f, g, h) and (v)
meiotic metaphase MI (Fig. 1i, j) where chromosomes of
both parental species formed bivalent-like configurations.
More specifically, while male M2 exhibited only the lesso-
nae-derived chromosomes in meiotic prophase I and
metaphase I with 13 bivalents (each of them presumably
composed of a pair of endoreduplicated identical chromo-
somes), the males M3 and M4 displayed chromosomes
apparently derived from both parental genomes in their
meiotic prophase I. These males formed bivalent-like
configurations from non-homologous chromosomes that
paired randomly either within (Fig. le, g, i, j, open
arrowheads) or between parental genomes (Fig. le, g, i,
j, arrows). Moreover, some chromosomes did not form
a bivalent-like configuration, but instead remained un-
paired as univalents (Fig. le, g, i, j, asterisks).

Discussion
Our analysis of the meiotic mechanism of Pelophylax escu-
lentus males provides supporting evidence of premeiotic

Fig. 3 Schema of hybridogenesis assumed for maintenance of diploid
hybrid male M2 (this study) in mixed populations with P. ridibundus. a
elimination of the P. ridibundus genome (red); b reduplication of the P.
lessonae genome (green). As a result haploid P. lessonae gametes are
produced. The vertical solid arrow shows spermatogonia, the dashed
arrow spermatocytes. Meiotic cycle starts after b
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genome elimination. In addition to this observation, we
record the presence of both parental genomes in the late
phases of meiotic prophase I (diplotene) and metaphase I
in several other males. Our results suggest that some males
have no genome elimination from the germ line prior to
meiosis.

The formation of clonal gametes during hybridoge-
netic spermatogenesis depends on a range of coordi-
nated molecular and cytogenetic processes that are not
yet fully understood. It is generally believed that in the
germ cells of diploid hybrids one parental chromosome
set is eliminated before entering the meiotic cycle, while
the remaining set is endoreduplicated (e.g., [20]). This
pattern was observed in at least one hybrid male (M2;
Fig. 1b-d). The meiotic divisions obtained from this male
contained only green coloured lessonae chromosomes ei-
ther in a haploid set, after the elimination of the red
coloured ridibundus chromosomes, Fig. 1b), or in a dip-
loid number, after genome duplication (Fig. 1c-d). Such
an inheritance mode would lead to sperm with a lesso-
nae genome, which would mean that after fertilization of
the P. ridibundus egg the F1 hybrid state would be re-
stored. As the meiotic chromosomes treated with com-
parative genomic hybridization (CGH) did not display
any recombination between the lessonae and ridibundus
chromosomes such as crossing-over or other types of re-
combination, this male must have transferred its lesso-
nae genome clonally into its sperm as assumed for
hybrid males from P. ridibundus—P. esculentus-male
populations [19, 51].

A completely different pattern of spermatogenesis was
found in males M3 and M4 where the majority of nuclei
in the first meiotic division contained both ridibundus
and lessonae chromosome sets. Most of the nuclei were
in the late meiotic prophase I, probably corresponding
to diplotene (Fig. le, f, g, h) with some of them even
reaching metaphase I (Fig. 1i, j). This finding clearly sug-
gests that the majority of spermatocytes did not carry
out genome elimination prior to meiosis. Previous stud-
ies based on protein electrophoresis have indicated that
in the germ line of P. esculentus genome elimination
takes place before meiosis [12, 20, 52], likely during the
last mitotic division [48] in the so called “E” (Elimin-
ation) phase [53]. There are two principle hypotheses
concerning genome exclusion: 1) an exclusion takes
place during the mitotic phase whereby the excluded
genome is enzymatically degraded [31, 54], or 2) the
elimination of whole chromosomes, or at least parts of
them, takes place during mitosis of the gametogonia
[31]. The latter hypothesis seems less likely as no irregu-
larities in the spindle apparatus or in the heterochroma-
tization have been observed (see pp. 91-92 of [34]). It is
not yet clear whether genome elimination is a one-step
or a gradual process during mitotic division [31]. Within
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vertebrates, only the all-female fish of the genus Poeciliopsis
eliminate one chromosome set as late as in meiosis but
even in this fish it occurs during prophase I [7, 8].

The occurrence of both parental genomes in the
proliferating spermatozoa of P. esculentus investigated in
this study conflicts with our expectation of observing
only one parental genome in the meiotic cells of adult
males [20]. It further suggests that the elimination
phase (if present) is not restricted to the period around
metamorphosis.

Using conventional cytogenetic techniques, the absence
of genome exclusion has been assumed in some hybrids
from P. ridibundus—P. esculentus-male populations
[17, 21] and in just a single laboratory-synthesized P.
esculentus male [36]. The related observations of nu-
merous aberrations during meiosis in P. esculentus
males such as aneuploidy, degenerated chromosomes
and heterologous multivalents [17, 32] and of fertility
disorders in many P. esculentus males (e.g. [15, 16, 30])
can be considered as evidence for selection processes
acting during pregametic and/or gametic stages [19].
As well as cell lineages in which one parental genome is
excluded premeiotically, lineages (spermatogonia, sper-
matocytes) with both parental genomes may undergo
cellular selection during meiosis. As a result, lineages with
balanced genomes (probably with the chromosomes of
only one parental species) may vyield fertile sperm while
those with unbalanced haploid genomes (a mixture of
lessonae and ridibundus chromosomes) would result in
infertile sperm [19].

Indeed, irregular diplotene stages (Fig. 1e, g, i, j) with
bivalent-like configurations and univalents, and the fact
that most ridibundus chromosomes paired with non-
homologous ridibundus chromosomes rather than with
homologous lessonae chromosomes and vice-versa, may
indicate malfunctions in the process of genome haploidi-
zation and meiosis in general. But in terms of the
number of chromosomes, meiotic prophase I with 13
ridibundus and 13 lessonae chromosomes (Fig. 1i, j) did
not differ from regular meiotic phases with 13 bivalents.
More thorough analyses are necessary to understand
whether such cells may or not produce functional sperm.
Currently, two alternative hypotheses remain open. First,
such cells may still result in dysfunctional sperms [19]. It
was already observed that many P. esculentus males ex-
hibit degenerated testes, low numbers of sperm, high
numbers of immobilized and/or inhibited sperm [19, 30,
37]. Second, the cells may yield both unrecombined
lessonae and ridibundus sperm [19, 51, 54]. Vinogradov
et al. [54] recorded “so-called hybrid amphispermy” in
14-17 % of P. esculentus males. Although the underlying
cytogenetic mechanisms were not identified, in principle,
two mechanisms are conceivable: 1) genome exclusion is
unspecific and takes place during meiosis leading to
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clonal cell lineages with only lessonae or ridibundus
chromosomes, or 2) the chromosomes are segregated
non-randomly during meiosis, probably in anaphase I,
i.e. without interchromosomal recombination, resulting
in both lessonae and ridibundus spermatids and sperms.

Chromosomal studies of deviations from canonical gam-
etogenesis in P. esculentus females have shown observations
of very rare oocytes in which elimination has not occurred
[5, 10] resembling the mechanism of premeiotic endorepli-
cation in automictic parthenogenesis [28, 42]. Dedukh et al.
[10] also observed aneuploid oocytes suggesting a partial
loss of chromosomes during gametogenesis. Together with
our observations that some diploid P. esculentus males have
no genome elimination from the germ line prior to meiosis,
the phenomenon of no chromosome elimination may be
more common than previously thought.

Conclusions
The central finding of this study is that genome elimination
in P. esculentus males is not always restricted to larval or
juvenile stages, as both parental genomes were discovered
to still be present in the germline of the adult specimens.
We propose the following three hypotheses about the fate
of homologous and non-homologous bivalent-like configu-
rations of lessonae and ridibundus chromosomes observed
in the first meiotic division: 1) such bivalents represent a
process leading to unviable gametes; 2) the elimination
phase is postponed to later stages of the meiotic cell cycle;
3) there is no genome elimination, homologous lessonae
and ridibundus chromosomes segregate in anaphase I
resulting in both haploid lessonae and ridibundus sperm.
Overall, our data provide new information about the
behavior of two species-specific genomes in the meiotic
cycle which will help us understand the underlying
cytogenetic mechanisms regulating the formation of
clonal gametes. As the molecular mechanisms leading
to genome exclusion and subsequent gamete formation
are still unclear, not only in water frogs but also in other
asexuals, further research should focus on the mecha-
nisms of homologous chromosome pairing and segre-
gation in later meiotic phases.

Additional file

Additional file 1: Figure S1-S3. Comparative genomic hybridization
(CGH) on mitotic (1) and meiotic (2, 3) chromosomes of Pelophylax
esculentus males showing several types of experimental artefacts and
failures. 1) Unsuccessful differentiation of parental chromosomes: note
the apparent accumulation of probes on the edges/surface of
chromosomes, possibly due to over fixed gonadal tissues used for
chromosome spreads. 2) Inconclusive hybridization pattern: note equal
hybridization intensity of both genome-derived probes. 3) Week hybridization
pattern, insufficient for differentiation of parental chromosomes.
Lessonae-derived genomic probes were labelled with biotin-16-dUTP
and hybridization signals detected with Streptavidin-FITC (green) (1a, 2a,
3a), ridibundus-derived genomic probes (b) with digoxigenin-11-dUTP and
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Anti-Digoxigenin-Rhodamine (red) (1b, 2b, 3b). Figures 1¢, 2¢, 3¢ show
merged images of both genomic probes, figures 1d, 2d, 3d merged
images of both probes and DAPI staining of chromosomes (blue). Scale
bar =10 pum. (TIF 2427 kb)
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Abstract

As opposed to sperm-dependent parthenogens, populations of some taxa consist only of
males. It is therefore necessary to investigate their origin and perpetuation in order to
understand how asexuals operate under reversal reproductive mode. Following this, we
studied Pelophylax water frogs along the upper Oder River in Central Europe and found that
hybrid forms, collectively named P. esculentus, live syntopically with their parental species P.
lessonae or P. ridibundus. Specifically, we investigated the latter case where P. ridibundus
occurs in both sexes and P. esculentus occurs only as diploid males, in order to identify: i. the
variability of individual genomes, ii. the type of all-male reproduction, and iii. the genealogic
relationships between the hybrid and sexual genomes. Our microsatellite data revealed that P.
esculentus males bear Mendelian-inherited ridibundus genomes while the lessonae genome is
a clone (hybridogenetic reproduction). The clonal lessonae genome is of a single origin across
all-male populations and did not recently originate from the adjacent P. lessonae, suggesting
an older in situ or ex-situ origin. This study shows that unisexual P. esculentus, although very
rarely formed, perpetuates over many generations as self-persisting all-male animals, and

successfully compete with P. ridibundus males for eggs from its conspecific females.

Keywords: Pelophylax, water frog, hemiclone, hybridogenesis, sexual parasites, asexual, all-

male lineage
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Introduction

Unisexual animals are model systems for understanding the evolution and maintenance of sex
and recombination despite the cost when compared to asexual reproduction (Smith and
Maynard-Smith 1978; Charney 2012). In vertebrates, interspecific hybridization is a well-
established cause of unisexuality (Dawley 1989). In 46 described cases of squamate reptiles,
51 cases of fish and 23 cases of amphibians, unisexuality is almost exclusively linked to the
female sex (Vrijenhoek et al. 1989; Kearney et al. 2009; Lamatsch and Stock 2009). As a
result, current theories dealing with the evolution and maintenance of sexual reproduction,
e.g. Red Queen models and host-parasite mode coevolution (Lively 2010), two-fold numerical
cost of sex relative to unisexual reproduction ((Smith and Maynard-Smith 1978), stochastic
and deterministic theories of mutation clearance (Howard and Lively 2002), and male mate
choice in sexual/unisexual mating complexes (Schlupp and Plath 2005), are mostly derived
from interactions between female unisexuals and their male and female sexual relatives. Non-
sexual males are frequently inviable or sterile (e.g. (Choleva et al. 2012) but interestingly a
few cases of viable and likely fertile unisexual males have been documented e.g. in water
frogs of the genus Pelophylax (Uzzell et al. 1977, Giinther 1983) and fish of the genus
Squalius (Alves et al. 2001) and Hypseleotris (Schmidt et al. 2011), although little is known
about their origin and maintenance.

These occurrences of male asexuals offer a unique opportunity to obtain valuable and
relevant information regarding the evolution of sex and reproductive systems. Inclusion of
unisexual male populations into models would provide opposite sex parameters to the
aforementioned and other studies (Foran and Ryan 1994; Neiman et al. 2009, 2014; Janko et
al. 2011) exploring the paradox of sex on all-female asexuals. Other recent projects also
highlight the importance of hybrid males not only in vertebrate speciation i.e. research into a

bisexually reproducing all-triploid vertebrate (Stock et al. 2002), the origin of an allotetraploid
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vertebrate species (Cunha et al. 2008), and the general role of polyploid evolution (Choleva and
Janko 2013). Clearly, the study of asexuality in general brings us deeper insights concerning

the question of what it means to be a eukaryote (Bengtsson 2009).

Vertebrate asexuality is linked to sexual reproduction through different reproductive
modes based on whether hybrid males participate in mating; parthenogenesis, gynogenesis
and hybridogenesis. Parthenogenetic squamate reptiles reproduce clonally with eggs
developing in the absence of sperm. This gives rise to genetically uniform all-female
offspring that are genetically identical to their mother, except for somatic mutations. Sperm-
dependent parthenogenetic fish and amphibian reproduce via gynogenesis. In this
reproductive mode, females produce unreduced oocytes but need sperm from a sexual male to
trigger the onset of embryonic development. Usually, the sperm does not contribute any
genetic material to the all-female progeny, but if a clonal egg from a parthenogenetic or
gynogenetic female is fertilized by a sperm from a heterogametic sexual male, polyploid
hybrid females and also males are formed (Alves et al. 2001; Choleva et al. 2012; Janko et al.
2012). However, the most promising reproductive mode for the maintenance of male
asexuality is hybridogenesis and its modifications, which combines elements of both clonal
and sexual reproduction.

In hybridogenesis, hybrids usually discard one complete parental genome from their
germ line prior to meiosis and clonally transmit the remaining one. Thus, the gametes contain
unrecombined genomes from one of the two parental species (Schultz 1969; Dawley 1989).
Hybridity is restored in each generation via fertilization with gametes of the sexual species,
whose genome has been eliminated in the germline of the hybrid. Hence, the soma of such
hybrids consists of both clonal and sexual inherited genomes, and are referred to as
“hemiclones” (Vrijenhoek 1979). A number of modifications of this basic hybridogenetic

reproduction pattern exist. In the “meiotic hybridogenesis” of some triploid lineages of fish

55



and amphibians, the elimination of one complete haploid set of chromosomes is not followed
by the clonal transmission of the remaining diploid set. Instead, the two chromosomes are
recombined during normal meiosis and haploid gametes are produced e.g. in Squalius
alburnoides fish (Alves et al. 2001). In the “pre-equalizing hybrid meiosis” found in Bufotes
baturae toads diploid gametes combining one clonal and one meiotic chromosome set are
produced (Stock et al. 2012). In kleptogenesis, a mode that is similar to hybridogenesis,
unisexual Ambystoma salamander females incorporate the full or partial genomes of their
mates into their clonally transmitted genomes, which can lead to the replacement of the
original maternal set (Bogart et al. 2007).

Hybridogenetic systems vary in the degree to which unisexuality is observed
(Schmidt et al. 2011). Diploid hybridogenetic fish of the genus Poeciliopsis are invariably all-
female (Schultz 1969, 1977), whereas in other hybridogenetic systems males also exist, and
both hybrid sexes may propagate clonal or hemiclonal genomes. The latter holds for the
cyprinid fish Squalius alburnoides (Alves et al. 2001), the carp gudgeon Hypseleotris (Schmidt
et al. 2011), the pond loach Misgurnus anguillicaudatus (Morishima et al. 2004; Fujimoto et al.
2008), the water frog Pelophylax esculentus (Graf and Polls Pelaz 1989; Plstner 2005), and for B.
baturae toads which have a hybridogenesis-related reproductive mode (Stock et al. 2002, 2012).

Perpetuation of hybrid males in populations usually depends on highly complex
reproductive mechanisms, often supported by various gamete production patterns and the
presence of polyploid animals in a mating system. An example comes from the Squalius
alburnoides complex (Alves et al. 2001). Here, hybrid females are sperm-dependent sexual
parasites on the males of the host species which reproduces sexually. In this system hybrid
males are rather a by-product of crosses between hybrid females and sexual males. In contrast
to sperm-dependent parthenogenetic systems, in some populations of European water frogs

(Pelophylax esculentus complex) a reversal reproductive mode can be observed. In this case,
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only male hybrids coexist with both sexes of the parental species (Uzzell et al. 1977; Giinther
and Plotner 1988; Tunner and Heppich-Tunner 1992). So far, it is not known whether one, a
few, or multiple hybridization events led to the formation of hybrid all-male populations.
Consequently, there has been, and still might be, the possibility for de novo formation of P.
esculentus males via ongoing primary hybridizations between the two sexual species, thus

leaving open the question of their stable persistence in natural populations.

The Pelophylax esculentus complex consists of two sexual species and a hybrid form:
the pool frog Pelophylax lessonae (genomic composition LL), the marsh frog P. ridibundus
(RR), and the edible frog P. esculentus (RL) which originated from matings between P.
lessonae and P. ridibundus. In most parts of Western and Central Europe P. esculentus lives
in sympatry with P. lessonae, in what is known as the “L-E system” (Uzzell and Berger
1975). In this system, both male and female hybrids usually exclude the haploid lessonae (L)
genome and transmit the ridibundus (R) genome to their gametes. Hybridity is restored in
each generation by heterospecific crosses between P. esculentus and P. lessonae, the donor of
the L genome. Moreover, in some populations of the L-E system many hybrid females
produce diploid RL eggs, which lead to triploid RLL genotypes and RRL genotypes when
fertilized by L and R sperm, respectively.

Conversely, in the R-E system most P. esculentus exclude the ridibundus genome,
transmit their lessonae genome and mate with P. ridibundus to perpetuate the hybrid lines
(Graf and Polls Pelaz 1989; Plotner 2005). A special case are populations which consist of P.
ridibundus and only P. esculentus males. Such populations have been reported in the Czech
Republic (Dolezalkova et al. 2016), Denmark (Fog 1994), Germany (Giinther and Hihnel 1976;
Berger and Giinther 1991), Hungary (Tunner and Heppich-Tunner 1992) and Poland (Rybacki
1994a, 1994b; Rybacki and Berger 2001). In contrast to the L-E system, some P. esculentus

males from this population type transmit only the lessonae genome, others only the
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ridibundus genome, and some males even produce both ridibundus and lessonae gametes
(Uzzell et al. 1977; Giinther and Plétner 1988, Dolezalkova et al. 2016). Moreover, some of
the hybrid males from a population in the Oder River possessed recombined genomes (Uzzell
et al. 1977). Artificial crossing experiments with female P. ridibundus and male P. esculentus
from such R-E systems suggest that ridibundus sperm produce female P. ridibundus when
fertilized by ridibundus sperm but give rise to P. esculentus males when fertilized by lessonae
sperm. This offers a potential explanation for the existence and perpetuation of male-only P.
esculentus in natural populations (Uzzell et al. 1977; Giinther 1983).

In this study we sampled water frogs from 16 populations along the upper Oder River
valley in Central Europe with two main aims. Firstly, to investigate the origin of male
asexuality in order to better understand how it evolved from their sexual ancestors. Secondly,
to test the hypothesis that all-male hybrids are able to persist in natural populations. In
pursuing these goals, we used 17 microsatellite markers to identify a) the genetic variability
of clonally transmitted genomes, b) the mode of asexual reproduction, and c) the putative

origin of clonally inherited genomes.

Methods

Study species and sampling

In 2002 and 2008, a total of 249 individuals from all three Pelophylax taxa were collected.
Frogs were caught with a hand net at 16 locations in the upper Oder River drainage (Czech
Republic; Fig. 1, Tab. 1). Pelophylax kurtmuelleri from Greece, a sister species of P.
ridibundus, was used to test a power of microsatellite data in a phylogenetic tree construction.
Males were distinguished from females by the presence of vocal sacs and nuptial pads. Taxon

affiliation was determined on the basis of external morphological characters (Giinther 1990;
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Plstner 2005), and identification was later verified genetically with allozyme markers. Tissue
samples obtained from finger tips or muscles were stored at -20°C for allozyme analyses and

in 96% ethanol for DNA analyses.

Taxon assignment and composition

For genotype determination, six allozyme loci previously identified to be diagnostic were
used (Uzzell and Berger 1975). Approximately 1g of skeletal muscle (or gonads) was
homogenized on crushed ice for 20 s in an equal volume of Tris NaCl extraction buffer (pH
8.5; (Valenta et al. 1971) using an Ultra-Turrax homogenizator (IKA-WERK). The
homogenate was then centrifuged at 11,000 rpm at 4°C for 20 min. Enzymes obtained from
these tissues, namely Aspartate aminotransferase (Aat; EC 2.6.1.1), Glucose-6-phosphate
isomerase (Gpi; EC 5.3.1.9), Glycerol-3-phosphate dehydrogenase (G3pdh; EC 1.1.1.8), L-
lactate dehydrogenase (Ldh-1; EC 1.1.1.27), Phosphoglucomutase (Pgm-2; EC 5.4.2.2), and
Phosphogluconate dehydrogenase (6-Pgd; EC 1.1.1.44), were analysed by horizontal potato
starch gel electrophoresis (Valenta et al. 1971; Uzzell and Berger 1975). Subsequently, gels
were cut into three 2 mm thick slices and stained with appropriate allozyme chromogenic
detection methods according to (Harris and Hopkinson 1976; Buth and Murphy 1980; Pasteur
et al. 1987). Stained gel slices were photographed and the agar layers were transferred to filter
paper, dried and stored as part of the protocol. The visualised allele products were designated
from ,,a“ fastest to ,,e“ slowest according to their mobility. Samples which revealed unclear

patterns were reprocessed.

DNA extraction, microsatellite genotyping

Genomic DNA was extracted using a NucleoSpin commercial kit (Macherey-Nagel GmbH
and Co.) with the epMotion 5075 automated pipetting system (Eppendorf). We amplified 17

microsatellite loci: Galal9, Re2caga3, RelCagalO, RICAL1b6 (Arioli et al. 2010), RICALbS5,
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RICA5, RICA18 (Garner et al. 2000), RICA2a34, GAla23, Rrid169A, Rrid059A, RICAla27,
Rrid135A (Christiansen and Reyer 2009), Res16, Res20, Res22 (Zeisset et al. 2000), Rrid013A
(Garner et al. 2000; Hotz et al. 2001), using the redesigned primer sets described in (Hermaniuk et
al. 2013). We followed (Pruvost et al. 2013) for species-specific marker characterization of the
aforementioned markers. Polymerase chain reaction (PCR) was performed according to
(Christiansen and Reyer 2009). Fragment-lengths were determined using an ABI 3730 Avant
capillary sequencer (Applied Biosystems, Zug, Switzerland) and an internal size standard
(GeneScan-500 L1Z); alleles were scored with GeneMapper v. 3.7 (Applied Biosystems, Zug,

Switzerland).

Preparing data sets

Raw microsatellite genotypes of P. lessonae P. ridibundus and P. esculentus were checked for
potential genotyping errors due to the presence of null alleles with Micro-Checker version
2.2.3 (Van Oosterhout et al. 2004). This method estimates frequencies of null alleles with the
Brookfield 2 null allele estimator, which treats nonamplifications as data and regards them as
null homozygotes when calculating null allele frequencies (Brookfield 1996). As this method
cannot be applied to diploid hybrids, we inspected lessonae and ridibundus genomes in
hybrids visually and considered the absence of an allele as evidence for a null allele. We
found one locus (Res20) in P. lessonae and four loci (Resl6, Rrid069A, RICA5 and
RelCagal0) in P. ridibundus with a potential presence of null alleles, and therefore applied a
manual correction for null alleles at these loci following (Wagner et al. 2006). The after-
correction analysis in Micro-Checker did not detect any locus with a presence of null alleles.
The software MSA v. 4.05 (Dieringer and Schilétterer 2003) was used to determine mean
microsatellite allele numbers (AN), observed heterozygosities (Ho) and expected
heterozygosities (He) within populations. In each population, every locus was tested for

departure from the Hardy-Weinberg (HW) genotypic equilibrium.
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Based on the definition of hybridogenetic reproduction, diploid hybrid water frogs
from Central Europe transmit one haploid set clonally to gametes (therefore termed a
“hemiclone” (Vrijenhoek 1979), whereas the other set is discarded and regained for the next
generation by mating with an individual of the sexual parental species. As our aim was to test
the origin of a particular hemiclone in this vertebrate species, we analysed sexual and clonal
genomes of hybrid individuals separately. First, we sorted lessonae and ridibundus genomes
according to the allele species-specificity know from the literature. Then, the correctness of
allele separation was tested visually assuming that one allele per locus was received from a
sexual mate, and therefore such allele has to be present (and always was in our study) in the
gene pool of a sympatric sexual population. Our approach of separating sexually- and

clonally-inherited alleles in hybrid genomes was 100% successful.

While for hybrids from R-E system populations both ridibundus and lessonae
genomes were included in our analyses, we used only lessonae genomes of hybrids from the
L-E system because we were not interested in the origin of ridibundus hemiclones in this
system. We determined a hemiclone by a multilocus genotype (MLG), defined by the
identical combination of alleles found in our microsatellite analyses. A minimum of three
samples exhibiting the same allele composition was a clear indication that the genome was
inherited clonally and did not originate from a sexual donor (Pruvost et al. 2015). As most
statistical programs dealing with microsatellite data - including those used in this study - are
not designed to compare haploid and diploid data, we doubled the haploid data sets separately

for lessonae and ridibundus.

Flow cytometry
In order to determine ploidy levels, all individuals were analysed by flow cytometry on blood

samples. A drop of blood was added into 70% ethanol and immediately shaken to prevent
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clotting. Chicken blood was used as a reference standard for cell size measurement. Relative
nuclear DNA content was measured with DAPI fluorochrome using the Cystain two Step
High Resolution DNA Staining commercial kit (Partec GmbH, Miinster, Germany).
Fluorescence intensity of 5,000 stained nuclei was measured with a Partec PAII flow
cytometer at a speed of 0.5 ul/s. Flow cytometric histograms were evaluated using FloMax

2.52 (Partec GmbH, Miinster, Germany).

Statistical analysis of microsatellite data

In oreder to determine the origin of all-male P. esculentus populations we analysed genetic
relationships between hybrids and their parental species based on allele frequencies of 17
microsatellite loci using STRUCTURE v. 2.3.1 (Pritchard et al. 2000), GenAlEx v. 6.41
(Peakall and Smouse 2012), Arlequin v. 3.1 (Excoffier et al. 2007), Populations v. 1.2.32

(Langella 1999) and GeneClone v.2.0 (Arnaud-Haond and Belkhir 2007).

Hybrid origin. In order to analyse the hybrid origin of P. esculentus a model-based clustering
method in STRUCTURE was used that infers population structure based on genotype data
consisting of unlinked markers. The analysis was carried out using a burn-in period of 20,000
iterations followed by 200,000 Markov Chain Monte Carlo (MCMC) repeats. The probability
of the used admixture model was tested for clusters K = 1 - 7. The most probable number of K

populations was estimated using log-likelihood In P(D) according to (Evanno et al. 2005).

Hemiclonal reproduction. In order to distinguish whether individual genomes are of sexual or
clonal origin, we estimated Psex values using the GeneClone program. When the same
genotype is detected more than once, Psex express the probability of these MLG being
derived from distinct reproductive events (Arnaud-Haond et al. 2005). We applied the Psex

probability taking into account the Fis estimated in the dataset (Young et al. 2002). Fis was
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also estimated on the basis of the round-robin method, and further used to estimate a slightly
corrected Pcen, calculated as the unique MLG probability (Arnaud-Haond et al. 2005), which
in turn provides a better estimate of the probability of clonal identity Psex (Arnaud-Haond
and Belkhir 2007). Considering that the presence of missing data precludes the use of Psex in
the program, we considered only those loci where both genomes were amplified i.e.

individuals with missing alleles were eliminated (Tab. S1).

Hemiclone and their genetic relatedness. In order to estimate the genetic relatedness between

individual genomes we compared allele frequencies, heterozygosity and polymorphism
estimates with the program GenAIlEx. A centred principal component analysis (PCA) was
applied to examine clustering of individuals based on total variation of microsatellite allele
frequencies without scaling of alleles. For the PCA, we converted a list of 278 MLG's from
17 loci (Tab. S1) into a genetic distance matrix (Covariance matrix with data standardization)

and then used standard PCA analysis to visualize the results.

The UPGMA trees were constructed for 205 MLGs based on 10 loci using resulting genetic
Nei’s DA distance (Takezaki and Nei 2008) matrices and with the program Populations.
Support for internal branches was evaluated with 7,000 replicates. Distinct genetic groups of
individual genomes were identified with PCA on the basis of Nei’s DA. The degree of genetic
difference among populations was estimated using Wright’s F-statistics (pairwise Fst) (Weir
and Cockerham 1984) and analysis of molecular variance (AMOVA) using Arlequin. We ran
locus-by-locus AMOVA which is preferred when datasets contain missing data up to the rate
of 5 %. Therefore, all loci that amplified only in one parental species were excluded from
analysis. In total, we tested three datasets, each containing two different genomic groups.
Groups were arranged in the same way as for PCA analysis. The first group contained 43
ridibundus-specific MLG obtained from P. ridibundus individuals and 27 ridibundus-specific

MLG from P. esculentus individuals, the second group was composed of 108 lessonae-
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specific MLG from P. lessonae individuals and 27 lessonae-specific MLGs from P.
esculentus individuals, and the third group comprised 43 MLGs received from P. ridibundus
individuals and 108 MLG from P. lessonae individuals. Pairwise AMOVA was run under the
Ho hypothesis that both tested groups belong to a single large population; runs were counted
with 10,100 permutations. Pairwise Fst calculations were performed using the distances and

10,000 permutations.

Results

Taxon determination

In total, we identified 108 individuals of P. lessonae, 43 individuals of P. ridibundus and 98
individuals of P. esculentus using allozyme diagnostic loci (Tab. S2) and microsatellite loci
(Tab. S1). In P. lessonae, there were four monomorphic (Aat, Gpi, Pgm, G3pdh) and two
polymorphic allozyme loci (Ldh-1, 6-Pgd); in P. ridibundus, there were two monomorphic
(Aat, G3pdh) and four polymorphic loci (Ldh-1, Gpi, 6-Pgd, Pgm). In P. esculentus, all six
loci were polymorphic. The allelic products of three loci (G3pdh, Pgm and Gpi) displayed an
atypical expression in 12 individuals. Here, four P. ridibundus possessed alleles characteristic
for lessonae genome in G3pdh and Pgm, one P. lessonae possessed alleles characteristic for
ridibundus genome in Pgm, and seven P. esculentus possessed either two alleles characteristic
for lessonae or two alleles characteristic for ridibundus in both Gpi and Pgm. Detailed
information is shown in Tab. S2. Whether the shared alleles represent introgression or equal

inheritance from a common ancestor is not clear and difficult to score in these allozyme data.

Genetic diversity
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Three loci (Res20, RICAla27 and RICA18) were specific for the P. ridibundus genome, one
locus was monomorphic, and 13 loci were polymorphic. The loci Re2caga3, Res22 and
Rrid169A were specific for the P. lessonae genome, where three loci were monomorphic and
10 loci were polymorphic. Two loci (RICA5 andGala23), that are known as species-specific
for P. lessonae (Garner et al. 2000; Christiansen and Reyer 2009), and one locus (Rrid135A), that
is known as species-specific for P. ridibundus (Christiansen and Reyer 2009), could be
amplified in both the P. lessonae and the P. ridibundus genomes. Overall, six out of 17

microsatellite loci were polymorphic among 249 Pelophylax individuals.

A total of 187 alleles were detected, with 6 - 17 alleles per locus (Tab. S1, S3 and S4).
The allele called 83 in RICA1b6 was marked as a non-specific because it was amplified in the
genomes of both parental species (12 P. lessonae and four P. ridibundus). The presence of
one or two alleles per locus supported the flow cytometric data that all individuals were

diploid. In addition, allele-dosage effects as indications of polyploidy were not observed.

Detection of distinct genetic groups using microsatellite data

STRUCTURE, AMOVA and Populations analyses hereinafter mentioned were run on
177 individuals (27 hybrid males from the R-E male system, 108 P. lessonae, 42 P.
ridibundus; P. kurtmuelleri was included only in Populations). PCA analysis included also 71
male and female hybrids from the L-E system. Bayesian cluster analysis estimated the
maximal log-likelihood value (LnP(D)) for K = 2. Admixture clustering for K = 2 clearly
indicated that the posterior distribution of allele frequencies is best explained by three
clusters. Individuals assigned to group 1 represent P. lessonae, individuals assigned to group
2 represent P. esculentus and individuals assigned to group 3 represent P. ridibundus (Fig.

2a).
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As a result of PCA analyses three groups of microsatellite MLGs were identified, the
first two principle components accounted for 60.19 % (axis 1) and 12.92 % (axis 2) of genetic
variation, respectively (Figure 2b). Cluster 1 (green and dark blue symbols) grouped P.
lessonae and lessonae-specific MLGs of P. esculentus sampled in L-E system populations.
Cluster 2 (yellow symbols) included lessonae-specific MLGs obtained from P. esculentus of
R-E male populations while cluster 3 (red and light blue symbols) grouped P. ridibundus and
ridibundus-specific MLGs of P. esculentus from R-E male populations.

Genealogical analyses made with program POPULATIONS revealed two distinct
clusters of lessonae-specific MLGs, one is characteristic of lessonae-specific MLGs found in
P. esculentus from R-E male populations, the second comprises genotypes of P. lessonae
individuals (Fig 2c and Fig. S1). Contrary to the previous pattern, ridibundus-specific MLGs
found in P. esculentus from R-E male populations did not represent a separate lineage but
instead clustered with P. ridibundus.

Identification of MLGs and hemiclones. In the data set which contained missing data

for some loci, GenAlex estimated a total of 186 MLGs among all Pelophylax individuals
investigated. Among 151 P. lessonae and P. ridibundus individuals, the program generated
151 MLGs. Considering the 27 P. esculentus from R-E male populations, ridibundus
genomes were represented by 27 MLGs, whereas the lessonae genomes exhibited only eight
MLGs (Fig. 3, Tab. S5. One of the lessonae-specific MLGs was found among 14 lessonae
genomes, while the remaining eight MLGs were discovered in one to three lessonae genomes.
In contrast to MLGs obtained in ridibundus genomes, MLGs found in lessonae genomes
shared allelic variation in full and their division arose from the variation of missing data for
some loci (Tab. S5). Therefore, we consider the nine MLGs detected in the hybrids’ lesonae
genomes as a single MLG. This MLG is further suggested to represent a clone (or a

hemiclone from an individual level) designated as ODERLL.
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Considering only MLGs with complete allelic data, GenClone generated 122 MLGs
among 143 genotypes. 21 lessonae genomes, all originating from P. esculentus of R-E male
populations, were represented by only a single MLG. The Psex value of this MLG ranged

from 0.15 to 1.50E-41, indicating a non-sexual inheritance.

AMOVA. A single comparison of MLGs obtained from the genomes of P. lessonae and P.
ridibundus based on Wright’s F-statistics partitioned total variation into variation between the
two species (53 %; Fsr = 0.537), variation within individuals (32 %), and variation among
individuals (15 %). When ridibundus genomes of P. esculentus and P. ridibundus were
compared, 3 % of the total variation in MLGs could be attributed to the difference between
the hybrid and the parental species (Fsr = 0.032), while a comparison of the lessonae genomes
from P. esculentus (ODERL1) and P. lessonae partitioned 32 % of total MLG variation
between hybrid and parental individuals (Fsr = 0.321, see Tab. S6. The low Fsr value of 0.032
is in line with the null hypothesis that ridibundus genomes in hybrid P. esculentus and
ridibundus genomes in sexual P. ridibundus share the same alleles, meaning that shared

genetic variation seems to be maintained within random-breeding populations (Fig. 4).

Discussion

l. Detection of all-male P. esculentus populations

The upper Oder River valley is mainly inhabited by P. ridibundus of both sexes and only
males of P. esculentus, whereas populations of the L-E system (typically represented by P.
lessonae and P. esculentus of both sexes) are found outside the valley. Since 2001, no hybrid

female was detected among 132 hybrid individuals in localities where P. ridibundus co-
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occurred with P. esculentus males (Tab. 1 and unpublished data), which makes this region a
newly discovered area for the coexistence of sexual P. ridibundus with diploid hybrid P.
esculentus males. Similar populations have been found in Germany (Giinther 1975; Uzzell et al.
1977; Plétner and Grunwald 1991), Poland (lower Oder River) (Rybacki 1994b) and Bornholm
Island (Fog 1994). Our data emphasize the role of the Oder River drainage basin in the
existence of the population type with P. esculentus males and points to a potential area of its

geographic origin.

Il. P. esculentus males are active in maintaining their own all-male hybrid populations
Hybrid males are usually infertile (Wu et al. 1996) and therefore considered as a by-product of
hybridizing sexual species or a sexual male species with a unisexual female (Vasil’ev et al.
2003; Choleva et al. 2012). In the typical L-E system in Europe, P. esculentus males result only
from crosses between P. esculentus females and heterogametic P. lessonae males.
Backcrosses between such hybrid males and P. lessonae females result exclusively in P.
esculentus females, due to the presence of clonal ridibundus genomes in the sperm that
contain female determining factors (Graf and Polls Pelaz 1989; Plstner 2005).

Two lines of evidence support our finding that P. esculentus males from the upper
Oder River valley are fertile and maintain their own all-male hybrid populations, meaning that
they sexually parasitize sympatric P. ridibundus (female hosts within hybridogenesis) and do
not originate directly from primary hybridization between the two sexual parental taxa, or
between sexual males and hybrid females.

First, our extensive sampling did not reveal the presence of P. lessonae or a single
hybrid female, necessary for the origin of diploid hybrid males (Graf and Polls Pelaz 1989). The
second line of evidence comes from independent statistical tests of allelic variation in the

nuclear loci. The individually-specific MLGs and the presence of both sexes indicate that P.
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ridibundus and P. lessonae are randomly mating sexual populations. Ridibundus alleles from
P. esculentus males gather together with P. ridibundus males and females in two different
clustering approaches (Figs 2a and b). Simultaneously, 27 ridibundus genomes from P.
esculentus males represent 27 MLGs, i.e. again all combinations are unique. It is therefore
reasonable to assume that P. esculentus received haploid ridibundus genomes from sympatric
P. ridibundus females. On the other hand, we suggest that lessonae genomes found in P.
esculentus from the Oder River are transmitted by hybrids themselves between generations
because lessonae alleles from P. esculentus males are positioned separately not only from
sympatric P. ridibundus individuals but also from P. lessonae (Figs 2a and b). The statistical
test for the psex Value of these 27 lessonae genomes (1.50E#!) supports its inheritance without
sex.
I1l.  Single hemiclone-bearing all-male hybrids

Hemiclonal hybrids are genetically identical for half of the diploid parental genome
(Abbott and Morrow 2011) which they clonally pass on to the next generation. Analyses of
ridibundus and lessonae allelic richness in all-male P. esculentus revealed that 13 loci within
the ridibundus genome were polymorphic, which correlates with the observed low allelic
frequencies (0.035714 - 0.842105). Together with the above mentioned observation that
ridibundus MLGs were not shared among individuals at all, it is reasonable to assume that
ridibundus genomes come from recombinant eggs of sexually reproducing P. ridibundus. In
the lessonae genome, however, we observed only monomorphic loci with allele frequencies
of 1.00. Therefore, it is proven that the lessonae genome is clonally inherited and represents a
single hemiclone (Figs 2 and 3, Tab. S1).

The consequence of the lessonae genome only producing male hybrids is in agreement
with the XX/XY type of sex determination proposed for the R-E system much earlier (Uzzell

et al. 1977; Giinther 1983). However, our finding that all hybrid males belong to the same single

69



hemiclone (ODERLI1) is new and surprising. Most animal systems with female unisexuality
include multiple clonal MLGs, as shown in spined loach fishes of the genera Cobitis (Janko et
al. 2012) and Poeciliopsis (Angus and Schultz 1979) and in the Phoxinus eos-neogaeus complex
(Angers and Schlosser 2007). Even where female hybrids form a monophyletic group e.g.
Poecilia formosa, the populations show a fairly high level of clonal diversity (Stock et al.
2010). In Pelophylax populations of the L-E system where both hybrid males and females
coexist, diversity of typically transmitted ridibundus hemiclones is high (Mikulicek et al. 2014;

Pruvost et al. 2015).

IV.  Origin of the hemiclonal line

Apparently, the existence and maintenance of all-male unisexuality among animals in general,
and in Pelophylax water frogs in particular, hinges on the formation of a specific genome
from a particular sexual species. In water frogs, the hemiclone (ODERL1) determining
diploid all-male unisexuality originally comes exclusively from the sexual species P.
lessonae.

The genome of P. lessonae seems to play a key role in the formation of all-male P. esculentus
lines. Supporting evidence come from rare Central- and West-European mixed populations,
where triploid P. esculentus males originate from clonal diploid lessonae sperm and haploid
ridibundus eggs (Graf and Polls Pelaz 1989; Pruvost et al. 2015).

Despite the evidence for a single origin of the ODERL1 hemiclone and the fact that it has
evolved from P. lessonae, the separation of the ODERL1 alleles from the P. lessonae cluster
(Fig. 2a) and clade (Fig. 2c) indicates significant differences between the lessonae hemiclone
and P. lessonae. Compared to the difference between ridibundus alleles (from P. esculentus
males) and P. ridibundus, a considerably higher Fsr value (0.321) was obtained between the

ODERL1 hemiclone and P. lessonae from 11 surrounding L-E populations. Due to high allele
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variability (32 %) between the two data sets of lessonae alleles, we hypothesise that current P.
lessonae populations from the L-E system adjacent to the R-E system in the Oder River valley
are not direct ancestors of all-male hybrid lineages bearing the unique lessonae hemiclone. It
also seems unlikely that the lessonae hemiclone recently originated from primary P. lessonae
in the region. Although age estimates of the ODERL1 hemiclone and comparison with more
distant P. lessonae populations are yet to be obtained, we hypothesise either an older in situ
origin or a possible ex situ origin of the ODERL1 hemiclone, i.e. some distance away from
the local P. lessonae. Maybe the source lies in similar P. ridibundus — P. esculentus all-male
populations downstream in the Oder River in Germany (Uzzell et al. 1977) and Poland
(Rybacki and Berger 2001). At present, however, the existence and nature of lessonae
hemiclones along the whole Oder River remain unclear.

Wherever the origin was for the formation of the ODERL1 hemiclone from
hybridizing P. lessonae and P. ridibundus, the “Balance hypothesis” (Wetherington et al. 1987;
Moritz et al. 1989) proposes that a certain phylogenetic distance between the hybridizing sexual
species is required to affect meiosis and produce an unisexual lineage with a non-sexual
heredity. However, this hypothesis does not sufficiently explain its rarity and single origin.
Beyond this precondition, our data support the propositions by Vrijenhoek (Vrijenhoek 1989)
that formation of some unisexual lineages faces several constraints (e.g. genetic,
developmental and ecological), and by Stock et al. (Stock et al. 2010) that sometimes solely the
combination of very specific genotypes might lead to the successful formation of an asexual

lineage.

V. Evolutionary implications and conclusions
By studying natural populations of Pelophylax water frogs along the upper Oder River valley

we discovered a clonal lessonae genome represented by a single hemiclone that is spread over
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all-male P. esculentus populations living in sympatry with sexual P. ridibundus. This
reproductive mode mirrors the one that previously has been identified in some all-female
hybrid animals (Beukeboom and Vrijenhoek 1998; Kearney et al. 2009; Lamatsch and Stock 2009).
Therefore, we name this mode “unisexuality in reverse”. This hybridogenetic system in which
all-male hybrids coexist with sexual males and females offers intriguing opportunities to
compare evolutionary forces forming mating systems that may reverse those operating in all-
female systems. These include phenomena like egg-dependent instead of sperm-dependent
reproduction or male-male rather than female-female competition over the gamete donors.
Additionally, this natural system provides a comparative model to a hemiclonal laboratory
system developed in Drosophila melanogaster (Rice et al. 2005) for estimating quantitative
genetic parameters in hemiclonal analyses (Abbott and Morrow 2011). Elucidating the
mechanisms underlying these peculiarities might shed more light on the general processes of
evolution of sex or mate-choice theory, and contribute to understanding the origin and

maintenance of host—parasite dynamics.
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Tables, Figures and Legends

Fig. 1: Map of the investigated water frog populations in the upper Oder River. Numbers
inside the symbols correspond with numbers of localities given in Tab. 1. Light grey dots
refer to the R-E male system, dark grey dots to the L-E system. The inset indicates the
position of the study region in Europe.

Tab. 1: Information on the investigated 16 populations of Pelophylax taxa from the upper
Oder River valley. Given are population types, names and coordinates for sampling sites,
genotypes and numbers of collected females, males and juveniles (juv) in each population,
types and numbers of the created multilocus genotype (MLG) and IDs of found hemiclones.
For more details see Tab. S1.

No.* Pop.  Samplingsite  Latitude Genotype No. of MLG No. of Hemiclone

type Longitude females/males type MLGs ID
1 R-E  Albrechticky 49.708056 RR 8/9 + 4juv RR 21
male 18.098889
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OG PK Greece 39.873166 PK 1/- PK 1
22.732813

* The localities are numbered according to Fig. 1; R-E male, P. ridibundus - P. esculentus
male populations; L-E, P. lessonae - P. esculentus populations; OG, outgroup; RR, P.
ridibundus; RL, P. esculentus; LL, P. lessonae; PK, P. kurtmuelleri; NA, not analysed.
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Fig. 2 Clustering analyses performed on MLGs of Pelophylax individuals based on
microsatellite loci.

(@) Bar plot of 17 microsatellite loci from Bayesian clustering analysis performed in
STRUCTURE (K = 2). Each vertical line represents one individual, each colour represents a
species-specificity of allele to one parental genome (green = P. lessonae genome, red = P.
ridibundus genome), each cluster represents a different genotype (cluster 1 = LL, cluster 2 =
RL, cluster 3 = RR).

(b) Principal component analysis (PCA) of 17 microsatellite loci performed in GenAlex.
Each point represents an individual MLG, each colour and symbol a group of related MLGs
(according to allele-sharing). Group R (red diamonds) — P. ridibundus individuals, group
E_rid (blue squares) — R genome from P. esculentus from R-E system, group L (green
triangles) — P. lessonae individuals, group E_les (yellow circles) — L genome from P.
esculentus from the R-E system, group E_les_LE (violet diamonds) - L genome from P.
esculentus from the L-E system. Inset screenshot shows the eigenvalues for each axis as
principle components of the analysis.

(c) Phylogenetic tree of DAS distance of 10 microsatellite loci reconstructed in program
POPULATIONS (method UPGMA, 7 000 replicates; shown are only bootstraps above 50 %,
distance scale). One terminal branch represents one individual: Green colour — P. lessonae (L
clade), yellow colour - L genome from P. esculentus (L hemiclone), red colour — P.

83



ridibundus (R clade), blue colour — R genome from P. esculentus (R clade), violet colour — P.
kurtmuelleri. Detailed information is listed in Fig. S1.

Distribution of MLG’s in three Pelophylax taxa
15 -

10 hyblid L

LL RR hybrid R

Number of individuals

MLGs

Fig. 3: Distribution of 188 distinct microsatellite multilocus genotypes (MLGS) in three
Pelophylax taxa generated in GenAlex (LL, P. lessonae; hybrid L, lessonae genome from
hybrid P. esculentus; hybrid R, ridibundus genome from hybrid P. esculentus; RR, P.
ridibundus). For details see Tab. S6

RR/LL RR/hybrid R
3%

B Among Pops B Among Pops
. 45% .
B Among Indiv B Among Indiv
Within Indiv Within Indiv
LL/hybrid L

B Among Pops

0,
47% B Among Indiv

Within Indiv

Fig. 4: Locus-by-locus analysis of molecular variance (AMOVA) among and within genomes
in three Pelophylax taxa generated in ARLEQUIN. RR = P. ridibundus; LL= P. lessonae;
hybrid R = ridibundus genome from P. esculentus; hybrid = lessonae genome from P.
esculentus.
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Appendixes

Tab. S1: DNA microsatelitte data file of 249 water frog individuals for the 17 loci used in the study.

RICA2a3 Re2Caga RelCaga
RICA1b6 RICA1b5 Galal9 RICA5 Resl16 Res20 3 Res22 Gala23  Rrid169A Rrid013A Rrid059A CAla27 RICA18 Rrid135A
Sample Population —I;X All A2 Al Al2 All A2 All Al2 All A2 All Al2 All Al2 All Al2 All A2 All A2 All A2 All A2 All A2 All Al2 All A2 All A2 All AI2
BI-6-LL Bravantjce LL 78 78 118 118 195 195 260 260 121 121 124 O 145 145 O 0 0 0 113 119 O 0 0 0 0 0 97 97 95 111 177 186 O 0
BT-10-LL Bll:t?(:\l;;ce LL 80 80 118 118 195 195 256 256 121 121 120 126 145 147 0 0 0 0 119 127 0 0 296 296 278 278 97 97 95 111 177 181 236 236
BT-4-LL Bll:(;)(:\l;;ce LL 80 80 118 118 195 195 256 260 121 121 120 126 145 147 O 0 0 0 119 121 O 0 296 296 278 278 97 97 111 125 177 181 O 0
BT-5-LL Blz[é)gcgce LL 80 80 118 118 195 195 256 256 121 121 110 116 145 147 O 0 0 0 119 119 O 0 296 296 278 278 97 97 111 111 177 181 O 0
BT-6-LL Bﬂm;ce LL 78 80 118 118 195 195 256 264 121 121 128 O 145 150 O 0 0 0 119 121 O 0 296 296 278 278 97 97 111 119 177 181 236 236
BT-7-LL Bﬂm;ce LL 80 80 118 118 195 195 256 256 121 121 126 O 145 150 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BT-8-LL Blﬁlc?or\l;;ce LL 80 80 118 118 195 195 252 260 121 121 116 126 145 147 O 0 0 0 119 121 O 0 296 296 278 278 97 97 95 111 181 181 O 0
BT-9-LL BIIL]IC;);\I;:ce LL 80 80 118 118 195 195 256 260 121 121 116 126 145 147 O 0 0 0 121 121 O 0 296 296 278 278 97 97 95 111 181 181 O 0
CT-10-LL  CeskyTésin LL 80 80 118 118 195 195 256 262 121 121 120 O 138 147 O 0 110 0 119 119 0 0 296 296 278 278 97 97 111 119 177 186 236 236
CT-11-LL Cesky T&sin LL 80 80 118 118 195 195 256 256 121 121 120 O 145 152 O 0 0 0 117 121 O 0 293 296 278 278 97 97 111 111 181 181 O 0
CT-1-LL Cesky T&sin LL 80 80 118 118 195 195 256 256 121 121 116 O 147 150 O 0 0 0 113 131 O 0 0 0 0 0 97 97 111 111 186 186 O 0
CT-2-LL Cesky T&sin LL 80 80 118 118 195 195 256 256 121 121 108 116 145 147 O 0 0 0 131 131 O 0 296 296 278 278 97 97 111 111 177 186 236 236
CT-3-LL Cesky Té&sin LL 80 80 118 118 195 195 256 256 121 121 120 142 145 147 O 0 0 0 123 131 O 0 293 299 278 278 97 97 111 119 186 186 O 0
CT-4-LL Cesky T&sin LL 80 80 118 118 195 195 O 0 121 121 110 120 145 150 O 0 0 0 113 121 O 0 0 0 278 278 97 97 111 119 177 181 O 0
CT-5-LL Cesky Té&sin LL 78 80 118 118 195 195 256 256 121 121 110 120 147 150 O 0 0 0 117 119 O 0 296 296 278 278 97 97 111 113 177 179 236 236
CT-6-LL Cesky T&sin LL 78 78 118 118 195 195 256 262 121 121 108 110 147 154 O 0 0 0 123 123 O 0 296 296 278 278 97 97 111 119 181 186 236 236
CT-7-LL Cesky Té&sin LL 78 80 118 118 195 195 260 260 121 121 108 110 112 130 O 0 0 0 117 119 191 0 296 296 278 278 97 97 111 113 177 181 O 0
CT-8-LL Cesky T&sin LL 78 80 118 118 195 195 256 256 121 121 110 O 145 145 O 0 0 0 119 119 O 0 296 299 278 278 97 97 111 111 177 177 O 0
DS-1-LL Dul Stati¢ LL 80 80 118 118 195 195 260 262 121 121 120 O 112 138 O 0 0 0 119 123 O 0 296 296 278 278 97 97 95 119 181 186 O 0
DS-2-LL Dul Stafié LL 78 78 118 118 195 195 O 0 121 121 116 120 112 145 O 0 0 0 119 119 0 0 0 0 0 0 97 97 95 95 0 0 0 0
HB-10-LL Bll:(;);\rll;ce LL 80 83 118 118 195 195 256 256 121 121 120 126 145 152 O 0 110 0 121 125 O 0 0 0 0 0 97 97 95 111 177 184 O 0
HB-11-LL Bll:(;)(;\lj;ce LL 80 80 118 118 195 195 260 260 121 121 116 126 145 147 O 0 0 0 119 131 O 0 0 0 0 0 97 97 111 111 177 186 O 0
HB-12-LL Blll;lfj)(;\lj;ce LL 8 80 118 118 195 195 O 0 0 0 0 0 0 0 0 0 0 0 119 121 0 0 0 0 0 0 97 97 95 125 181 181 O 0
HB-13-LL Bll:é);\ljzce LL 78 80 O 0 0 0 0 0 121 121 120 O 145 145 O 0 83 110 119 129 O 0 0 0 0 0 97 97 111 111 188 188 O 0



HB-14-LL

HB-15-LL

HB-1-LL

HB-2-LL

HB-3-LL

HB-4-LL

HB-5-LL

HB-6-LL

HB-7-LL

HB-8-LL

HD-12-LL

HD-13-LL

HD-14-LL

HD-15-LL

HD-4-LL

HD-6-LL

HD-9-LL

Ka-13-LL

Ka-9-LL

LO-9-LL

PR-11-LL

PR-2-LL

PR-3-LL

PR-4-LL

PR-5-LL

PR-6-LL

PR-7-LL

PR-8-LL

Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice

Karvina-Doly
Karvina-Doly
Louky
Prstna
Prstna
Prstna
Prstna
Prstna
Prstna
Prstna

Prstna

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

80

80

80

78

80

78

78

78

78

78

78

78

78

80

78

78

80

80

80

80

78

78

80

78

78

80

78
80

80

82

80

80

80

78

78

80

78

80

80

80

80

83

83

80

80

80

80

80

80

78

80

80

80

80

80
80

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

134

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

134

118

118

118

118

118

118

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

195

201

195

195

195

195

195

195

256

252

256

256

256

252

252

256

256

256

256

256

256

256

256

256

256

256

256

252

256

256

256

256

256

256

256

256

256

256

256

256

260

258

256

256

256

260

256

256

260

256

260

260

260

256

256

256

260

256

260

256

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121
121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121

121
121

110

120

120

116

110

120

116

124

110

108

120

112

104

120

110

110

120

110

108

108

110

116

110

120

110

110

110

110

120

120

116

120

110

126

120

110

124

120

120
110
110
120

126

122
116
120
131

116

145

140

140

145

145

145

147

145

145

145

140

140

112

145

145

140

140

147

136

140

145

140

123

150

147

140

147
147

147

145

145

145

145

145

162

147

147

145

143

145

145

152

152

145

152

156

145

145

152

145

147

164

152

145

147

150

110

110
110
110

110

119

125

121

119

125

119

119

119

119

119

119

119

119

119

113

119
119
98
98
98
119
119
125

115

121

131

129

119

131

121

121

119

119

121

121

119

119

131

121

131
125
131
115
125
133
139
125

131

191
227
187
187

187

296

296

296

296

296

296

293

291

296

296

296
296
296
296
291
296
296
296

296

296

296

296

296

296

296

296

296

296

296

299
296
296
296
296
296
296
299

296

278

278

278

278

278

278

278

278

278
278
278
278
278
278
278
278

278

278

278

278

278

278

278

278

278

278
278
278
278
278
278
278
278

278

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97
97
97
97
97
97
97
97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97
97
97
106
116
97
97
97

97

95

119

111

111

111

111

111

95

125

95

95

111

111

119

95

95
95
95
111
95
119
117
111

111

119

119

121

121

111

111

119

121

125

119

95

121

121

125

111

119
111
95
121
115
121
119
119

119

177

181

177

177

181

177

177

181

186

186

177

186

181

181
183
181
179
181
184
177
179

181

188

186

188

181

186

177

177

186

186

186

181

188

186

197
183
186
181
186
186
181
188

195

236

236

236

236

236

236

236

236

236
199
236
236
236
236

236

236

236

236

236

236

236

236

236

236

236
236
236
236

236



TR-10-LL
TR-11-LL
TR-12-LL
TR-13-LL
TR-14-LL
TR-15-LL
TR-3-LL
TR-4-LL
TR-5-LL
TR-8-LL
TR-9-LL
DO-91-LL
DO-92-LL
DO-93-LL
DO-94-LL
DO-95-LL
DO-01-LL
DO-02-LL
DO-03-LL
DO-24-LL
DO-25-LL
DO-26-LL
DO-27-LL
DO-28-LL
DO-29-LL
DO-30-LL
DO-31-LL
DO-32-LL
DO-33-LL

DO-34-LL

Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra

Dobra

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

78
80
78
78
80
78
78
78
78
78
78
78
78
80
78
78
80
78
78
80
80
78
78
80
78
80
80
78
78

80

78
83
80
80
83
80
80
78
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
83
80
80
80
78

83

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
113

118

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118

118

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

260
256
256
260
256
252
260
256
260
260
256
247
256
256
256
256
256
256
256
256
256
260
256
260
256
256
256
256
256

256

260
256
256
260
260
260
260
260
260
260
260
256
260
256
256
260
256
256
260
260
260
260
256
260
260
260
260
264
264

256

121
121
121
121
121
121
121
121
121
121
121
121
152
121
121
121
121
121
121
121
121
121
121

121

121
121
121
121

121

121
121
121
121
121
121
121
121
121
121
121

121

121
121
121
121
121
121
121
121
121
121

121

121
121
121
121

121

142
110
110
110
110
124
110
146
120
120
142
111
117
111
121
121
102
121
102
128
110
110
117
123
110
110
110
110
110

128

144

124

120
120
142
146

110

110

123
115
128
128
123
128

123

145
145
138
145
112
154
152
145
140
145
150
136
145
138
136
145
145
145
145
140
145
145
136
145
140
145
140
136
140

145

147
145
145
152
140
154
154
152
147
147
152
145
162
150
140
162
145
145
145
145
145
147
145
145
140
152
162
147
143

147

235

231

110

110

110

115
123
123
119
131

115
123
127
127
127
121
119
123
121
127
121
119
121
119
125
131
119
119
131
119
119
119
121

121

127
135
127
123
141

119
123
131
131
127
131
121
127
131
131
121
121
125
123
131
131
125
123
131
125
131
125
131

131

0 0
0 0
0 0
0 0
0 0
0 0
191 227
0 0
0 0
191 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

296
296
296
296
296

296
296
296
296
296
296
296
293
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296

296

296
296
296
296
296

296
296
296
296
296
296
296
296
296
296
296
296
296
296
299
296
296
299
299
296
296
296
296

296

278
278
278
278
278

278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278

278

278
278
278
278
278

278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278

278

97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97

97

97
97
97
97
116
97
106
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97

97

95
95
95
119
95
95
95
95
95
95
113
95
111
111
111
111
111
111
111
95
118
119
111
111
95
111
111
118
95
95

111
95
121
121
115
121
119
119
95
95
119
111
115
111
119
121
121
119
119
118
127
121
118
119
127
111
111
127
111

111

181
183
181
177
181
177
181
177
181
181
177
184
186
175
179
179
181
186
184
177
184
186
181
190
175
181
184
186
186

179

202
183
186
202
181
181
181
181
186
186
181
186
190
190
181
181
186
186
186
190
186
190
186
195
179
188
188
190
190

186

236
236
236
199
236
236

236
236

236

236
236
236

236
236

236
236

236



DO-35-LL
DO-36-LL
DO-37-LL
DO-38-LL
DO-39-LL
DO-40-LL
DO-41-LL
DO-42-LL
DO-44-LL
DO-46-LL
DO-47-LL
DO-48-LL
TR-26-LL
TR-29-LL
TR-30-LL
TR-40-LL
TR-49-LL
TR-53-LL
TR-66-LL
TR-67-LL
TR-68-LL
TR-69-LL
BD-95-LL
BD-01-LL
BD-08-LL
BD-16-LL
BI-10-RL
BI-12-RL
BI-2-RL

BI-3-RL

Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Dobra
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Trnavka
Bridli¢na
Bridliéna
Bridli¢na
Bridliéna
Bravantice
Bravantice
Bravantice

Bravantice

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

LL

RL

RL

RL

RL

78
78
80
78
78
80
78
80
80
78
80
80
78
80
80
78
80
78
78
78
78
78
80
78
78
78
80
80
80
80

80
83
83
78
80
83
80
83
80
80
80
80
83
80
80
80
80
80
80
80
80
80
80
78
80
80
NA
NA
NA

NA

118
113
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118

118

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
NA
NA
NA

NA

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
NA
NA
NA

NA

256
256
256
256
260
256
260
256
256
247
256
256
256
256
260
256
256
256
256
256
260
256
260
252
260
258
256
256

256

256
260
260
256
260
256
260
260
260
256
264
260
260
260
260
260
256
256
260
260
260
260
260
256
260
260
NA
NA
NA

NA

121
121
121
121
121

121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121

121

121
121
121
121
121

121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
133
121
121
121
NA
NA
NA

NA

110
110
117
110
117
117
110
121
110
110
110
121
113
111
111

142

113
110
110
121
119
119
111
123
120
120
110

110

125

128
115

123

117

123
121

123
125
125
NA
NA
NA

NA

147
140
145
140
145
145
150
145
140
147
136
136
145
147
145
145
145
145
136
112
145
145
112
143
145
145
143
145
112

120

154
145
147
145
147
147
152
150
147
162
145
136
150
150
150
152
152
145
147
145
145
147
145
145
145
145
NA
NA
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

119
123
121
119
131
121
119
115
119
121
125
125
125
121
131
119
119
123
121
115
121
123
119
121
129
119
127
115
125

121

131
131
123
131
131
121
121
123
131
131
131
131
131
123
131
131
131
131
131
131
131
125
121
121
129
119
NA
NA
NA

NA

NA

NA

NA

NA

296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
293
293
293

296

296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
296
299
296
296
296
296
299
296
287
296
NA
NA
NA

NA

278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278

278

278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
NA
NA
NA

NA

97

97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97

97

97

97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
NA
NA
NA

NA

119
111
111
95
119
95
119
119
95
118
111
113
111
95
111
119
95
95
95
111
95
95
119
95
95
95
107
119
119

107

121
127
111
111
121
115
121
121
119
118
127
118
119
95
111
127
95
119
95
111
119
119
124
111
119
111
NA
NA
NA

NA

177
177
184
186
186
186
175
177
181
179
184
181
181
181
177
181
181
186
181
181
181
181
181
181
186
186
181
181

186

195
186
184
190
195
190
181
177
186
186
190
186
195
181
181
186
186
186
181
190
186
181
184
184
186
186
NA
NA
NA

NA

NA

NA

NA

NA



Bl-4-RL

BI-5-RL

BI-9-RL

BT-1-RL

BT-2-RL

BT-3-RL

CT-12-RL

CT-13-RL

CT-14-RL

CT-15-RL

CT-9-RL

DS-10-RL

DS-11-RL

DS-12-RL

DS-13-RL

DS-14-RL

DS-15-RL

DS-3-RL

DS-4-RL

DS-5-RL

DS-6-RL

DS-7-RL

DS-8-RL

DS-9-RL

HB-9-RL

HD-10-RL

HD-11-RL

HD-1-RL

HD-2-RL

Bravantice
Bravantice
Bravantice
Horni
Bludovice
Horni
Bludovice
Horni
Bludovice
Cesky T&sin
Cesky Té&sin
Cesky T&sin
Cesky Té&sin
Cesky T&sin
Dil Stafi¢
Dil Stafi¢
Dil Stafi¢
Dil Stafi¢
Dil Stafi¢
Dil Stafi¢
Dil Stati¢
Dil Stafi¢
Dil Stati¢
Dil Stafi¢
Dil Stati¢
Dil Stafi¢
Dil Stati¢
Horni
Bludovice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice

Horni
Domaslavice

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

80

78

78

78

80

80

80

78

78

80

78

80

80

80

80

78

80

83

80

80

80

78

83

80

80

83

80

80

80

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

118

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

195
195
195

195

195

195

195

195

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

260

256

256

260

256

256
262
256
256
256
256

264

260

256

260

234
260
260

256

256

256

260

256

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

121

121

121

121

121

121

121
121
121

121

121
121
121

121

121

121

121

121

121

121

121

121

121

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

110

110

110

120

120

120

116

122
114

120
120

146

110

120

120

108

142

120

144

120

110

126

110

110

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

145

145

112

154

145

145

145

138

145

140

145

145

154
147

145
145
147

145

145

147

147

147

145

152

152

162

150

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

125

131

131

119

113

113

131

131

119

121

119

119

131

119

123

125

131

119

139

119

125

119

119

119

131

131

131

119

119

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

296

296

296

296

296

293

293

296

296

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

278

278

278

278

278

278

278

278

278

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

97

97

97

97

97

97

97

97

97

116

97

97

97

97

97

97

97

97

97

97

97

97

97

106

97

97

97

97

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

95
95
95
95
111
95
95
111
95
111
111
111
111
115
95
95
111
111
119
111
111
111
95
95

119

119

119

119

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

186

181

186

181

181

186

181

181

186

181

177

186

181

186

186

195

181

181

181

181

181

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

236

236

236

236

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



HD-3-RL
HD-5-RL
HD-7-RL
HD-8-RL
Ka-10-RL
Ka-11-RL
Ka-12-RL
Ka-14-RL
Ka-15-RL
Ka-1-RL
Ka-2-RL
Ka-3-RL
Ka-4-RL
Ka-5-RL
Ka-6-RL
Ka-7-RL
Ka-8-RL
LO-10-RL
LO-11-RL
LO-12-RL
LO-13-RL
LO-14-RL
LO-15-RL
LO-1-RL
LO-2-RL
LO-3-RL
LO-4-RL
LO-5-RL

LO-6-RL

Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Horni
Domaslavice
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Karvina-Doly
Louky
Louky
Louky
Louky
Louky
Louky
Louky
Louky
Louky
Louky
Louky

Louky

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

78
80
80
83
80
78
80
78
80
80
80
80
80
80
78
80
78
80
80
80
80
80
78
80
80
80
80
78
80

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118

118

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

256
256
256
256
256
256
256
256
256
256
256
260
256
256
256
256
256
260
256
256
256
256
256
256
256
260
256
256

260

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

120
126
116
126
120
108
110
120
124
120
120
110
110
120
120
116
120
131
112
120
120
108
110
128
120
110
120
110

110

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

143
145
145
145
136
145
147
156
147
150
147
150
145
140
134
150
154
147
150
145
145
145
138
145
147
145
150
145

145

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

119

119

119

131

119

131

119

119

131

119

119

119
117

133
119
133
121
131
119
119
121
113
119
119
127
119
113

119

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

291

296

296

296

296

296

296

296

296

296

296

291

296

296
296
296
296
296
296
296
296
291
296
293
296
296
299

296

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

278

278

278

278

278

278

278

278

278

278

278

278

278

278
278
278
278
278
278
278
278
278
278
278
278
278
278

278

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

97

97

97

97

97

97

97

97

97

97

97

97

97

97
97
97
97
97
97
97
97
97
97
97
97
97
97

97

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

119

95

95

119

95

95

95

119

95

111

121

111
111

119
111
111
113
111
111
119
95
111
111
119
111
111
111
111

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

177

181

181

181

177

186

177

177

177

177

186

186

186

181
177
183
175
179
186
181
186
181
195
173
186
177
186

186

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

236

236

236
236

236
236
236
236
236

236
236

236

236

236

236

236

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



LO-7-RL
LO-8-RL
PR-10-RL
PR-1-RL
PR-9-RL
TR-1-RL
TR-2-RL
TR-6-RL
TR-7-RL
PO-75-RL
PO-82-RL
PO-84-RL
BI-7-RL
BI-8-RL
Da-10-RL
Da-11-RL
Da-12-RL
Da-9-RL
DB-10-RL
DB-1-RL
DB-4-RL
DB-5-RL
0S-10-RL
0s-11-RL
0s-12-RL
0S-14-RL
0S-6-RL
PO-10-RL

PO-14-RL

Louky
Louky
Prstna
Prstna
Prstna
Trnavka
Trnavka
Trnavka
Trnavka
Albrechticky
Albrechticky
Albrechticky
Bilovec
Bilovec
Darkovice
Darkovice
Darkovice
Darkovice
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Ostrava
Ostrava
Ostrava
Ostrava
Ostrava

Albrechticky

Albrechticky

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

RL

80
80
80
80
80
80
80
80
80
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78

78

NA
NA
NA
NA
NA
NA
NA
NA
NA
92
94
92
92
92
92
85
92
92
85
92
92
92
92
92
85
92
83
94

92

118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118
118

118

NA
NA
NA
NA
NA
NA
NA
NA
NA
134
134
134
134
134
134
134
134
134
134
134
134
134
134
134
134
136
134
134

134

195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195
195

195

NA
NA
NA
NA
NA
NA
NA
NA
NA
201
223
205
205
201
201
205
247
201
205
201
243
223
205
201
201
205
201
201

243

260
256
256

260
260
256
256
256
260
260
260

260

260

260

260

260

260

260

260

260

260

260

260

260

260

260

260

NA
NA
NA
NA
NA
NA
NA
NA
NA

256

232
234

232

121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121
121

NA
NA
NA
NA
NA
NA
NA
NA
NA

127

127

127

127

115

115

127

127

127

115

127

110
126
120
120
118
110
110
110
110
121
121
121
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120

120

NA

NA

NA

NA

NA

NA

NA

NA

NA

147
150
140
147
147
147
147
147
147
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145

145

NA
NA
NA
NA
NA
NA
NA
NA
NA

106

110

106

106

106

106

110

110
106
106
110
106
110

106

NA
NA
NA
NA
NA
NA
NA
NA
NA
196
169

204

212

208

231

212

208

235

169

169

212

196

196

169

200

169

NA
NA
NA
NA
NA
NA
NA
NA
NA
84
110
98
110
110
83
133
83
83
110
110
110
110
110
110
110
104
110
110

104

115
119
125
119
131
121
121
119
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123
123

123

NA
NA
NA
NA
NA
NA
NA
NA
NA
98

98

98
98

98

98

98

98

98

98

98

98
98

98
98
98

NA
NA
NA
NA
NA
NA
NA
NA
NA
187
191
191
187
191
198
198
187
198
189
179
191
191
198
191
191
191
214

296
296
296
296
296
296
296
296
296
296
296
296

296

296

296

296

296

296

296

296

296

296

296

296

296

296

NA
NA
NA
NA
NA
NA
NA
NA
NA

281

281

287

281

281

281

281

281

287

281

281

278
278
278
278
278
278
278
278
278
278
278

278

278

278

278

278

278

278

278

278

278

278

278

278

278

278

NA
NA
NA
NA
NA
NA
NA
NA
NA
313
313

313

311

315

311

319

321

313

313

313

315

315

313

319

313

97
97
97
97
97
97
97
97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

97

NA
NA
NA
NA
NA
NA
NA
NA
NA
108
122
114
106
106
112
116
114
112
108
110
110
110
116
116
116
114

116

116

119
119
119
119
111
95
95
95
125
115
115
115
115
95
115
115
115
115
115
115
115
115
115
115
115
115
115
115

115

NA

NA

NA

NA

NA

NA

NA

NA

NA

177
195
181
169
177
181
181
177
181
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186
186

186

NA

NA

NA

NA

NA

NA

NA

NA

NA

236
236

236
236
236
236

236

236

236

236

236

236

236

236

236

236

236

236

236

236

NA
NA
NA
NA
NA
NA
NA
NA
NA
203
203
203

183

199

203

183

203

199

205

169

199

203

199



PO-15-RL

PO-1-RL

PO-2-RL

PO-3-RL

PO-7-RL

PO-8-RL

PO-9-RL

BI-11-RR

Da-1-RR

Da-2-RR

Da-3-RR

Da-4-RR

Da-5-RR

Da-6-RR

Da-7-RR

Da-8-RR

DB-2-RR

DB-3-RR

DB-6-RR

DB-7-RR

DB-8-RR

DB-9-RR

0S-13-RR

0S-1-RR

0S-2-RR

0S-3-RR

0S-4-RR

0S-5-RR

0OS-7-RR

Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Bilovec
Darkovice
Darkovice
Darkovice
Darkovice
Darkovice
Darkovice
Darkovice
Darkovice
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Dolni
Benesov
Ostrava
Ostrava
Ostrava
Ostrava
Ostrava

Ostrava

Ostrava

RL

RL

RL

RL

RL

RL

RL

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

78
78
78
78
78
78
78
92
85
92
92
85
85
92
92
85
92
85

92

74
85
83
83
85
78
92
92

92

83
85
92
92
92
94
85
94
92
98
92
92
92
92
92
92
92
92

92

92
85
85
92
92
92
92
98
92

118

118

118

118

118

118

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134

134
134

132

134

134

134

134

134

134

134

134

134

134

134

138

134

134

134

134

134

136

134

134

134

134

134

134

195
195
195

195

195
195
201
201
205
201
201
201
201

201

201

205

243

201

201

205
201
201
201
201

201

209
201

201

201
201
259
247
205
247
247
247
247
247
201
243
205

243

243
243
217
209
205
253
205
255

205

260
260

260
260
234
232
232
232
232
232
232

232

232

232

232

232
232
234
232
234
232
234
232

232

250

260

248

248

260

250

236

250

121
121
121
121
121
121
121
127
119
127
117
117
119
119
119

127

127

127

115
127
115
127
127
127
115
127

127

129

127
127
127

123

123

123

123

120
120
120
120
120
120
120

145
145
145
145
145
145
145
106
106
106
106
106
106
106
106
106

106

106

106
106
106
106
110
106
106
106

106

106
110
110
106
106
106
106
106
110
106
106
106
106
106
110

106

106

110
106
106
106
110
106
106
106

110

220
212
208
212
192
192
169
169
169
169
169

169

169
169
204
169
200
169
212
220

200

176

169

169
169
169
235
231
235
231
212
212
231
231
235
196
169

227

220
231
208
200
208
200
220
235

220

110

87

83

87

87

83

83

83

110

110

110

110

110

110

110

110

83

110

110

110

106

83

110

110

110

110

110

110

110

110

129

110

110

129

129

129

129

110

110

110

110

110

110

110

129

83

129

116

110

110

110

123

123

123

123

123

123

123

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98
98

98
98
98
98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98

98
98

98
98
98
98

203
187

191

203

187

187

191

187

187

187

187

187

187

191

191

191

187

187

191

189

191

187

195

191

187

187

191

195

203

203

191

207
191
198
203
214
203

198

296
296

296

281

281

281

287

287

281

287

281

281

275

281

281

281

281

281

281

281

281

281

281

281

281

0

0

0

281 278 315

281 278 313

0

0

287

0

281

281

287

296

296

281

296

296

281

281

281

281

281

287

281

287

281

287

281

281

281

281

0

313

303

313

307

307

313

307

313

313

313

311

313

311

311

313

313
313
315
303
315

0

313

313

315

313

313

313

313

317

317

317

313

315

313

313

313

321
317
321
313

317

97

97

97

106

106

110

114

106

93

93

93

106

110

106

114

114

106

106

106

108

116

106

97

112

108

112
112
116
108
108
108
106

114

114
106
106

106

114

108

137

137

108

114

116

116

114

116

115

115

115

115

115

115

115

186
186
186
186
186
186
186

236

169
169
169
169
169
169
169
169
199
169
169

203

169
169
169
199
169
203
169
199

199

169
199

203
203
203
199
169
183
199
169
169
203
203
203
203
203

203

199
203
203
203
203
203
199
203

205



0S-8-RR
0S-9-RR
PO-11-RR
PO-12-RR
PO-13-RR
PO-4-RR
PO-5-RR
TR-65-RR
PO-70-RR
PO-71-RR
PO-72-RR
PO-73-RR
PO-74-RR
PO-76-RR
PO-77-RR
PO-78-RR
PO-79-RR
PO-80-RR
PO-81-RR
PO-83-RR

GRO07--R1

RR, P. ridibundus; RL, P. esculentus; LL, P. lessonae; NA, not analysed.

Ostrava
Ostrava
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Trnavka
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky
Albrechticky

Greece

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

78
85
94
92
92
83
92
92
92
92
85
85
94
85
85
94
92
92
85
83

87

92
92
94
94
98
92
92
94
92
92
94
92
94
98
85
94
92
92
92
92

104

134
134
134
134
134
134
134
134
134
134
132
134
134
134
134
134
134
134
134
134

132

134
136
134
134
134
134
134
134
136
134
134
134
134
134
134
134
134
134
134
134

132

205
201
201
239
201
201
205
201
201
205
223
205
205
243
205
205
201
201
217
201

197

253
205
243
247
201
217
205
243
201
217
223
217
247
243
223
205
205
201
249
205

205

232
232
232
232

232
232

0

246

234

0
0

258

115
127
0
127
127
127
0
0
0
127
127
0
0
127
0
119
0
127
127
115

115

117

121

121
121
121

121

121

121

121

115

106
106
106
106
106
106
110
106
106
106
106
106
106
106
106
110
106
106
110
106

110

106
106
110
110
106
106
110
110
110
106
106
106
106
110
106
110
106
106
110
106

110

231
212
200

169
169
169
169
169
169
208
169
212
169
169
169
192
169
169
169

200

255
235
231

220
192
200
169
235
169
220
169
231
169
231
192
200
231
169
192

208

110
83
110
106
110
104
83
110
110
110
98
114
83
104
110
110
110
110
110
110

81

110
110
110
110
127
110
108
110
116
110
108
116
106
110
124
114
116
110
110
116

91

98
98

98
98
98
98
98
98
98

98
98
98
98
98
98
98
98
98
98

98
98

98
98
98
98
98
98
98

98
98
98
98
98
98
98
98
98
98

187
191
191
189
187
189
191
207
195
212
191
191
191
203

191

191
191
191

212

198

203

195

207

207

281
287
281

281

281
281
281
281
281
281
281
281
281
281
281
281
281
281

279

281
287
281

281

281
287

281

287
287
287
281

287

281
287
281
287

281

303
307
313
313
311

311
313
313
313
307
313
313
313
311
313
307
311
317
313

298

315
313
319
313
313

313
313
313
313
313
315
313
319
313
313
313
313
317
317

311

114
112
108
125
106
106
118
118
116
108
114
106
108
114
108
108
106
108
116
108
83

116
118
114
140
137

122

122
106

118

110

116

114

114

106

83

199

169

199
203
199
203
203
203
199
203
199
199
199
169
203
199
199
205

169

203

203

199
203
203
203
203
203
205
203
203
199
199
169
203
203
203
205

185



Tab. S2: Details for six allozyme loci from somatic (soma) and gonadal (gonad) tissue from
analysed Pelophylax individuals.

Ldh-1 Gpi Aat Pgm G3pdh 6-Pgd

Sample Taxon soma gonad soma gonad soma gonad soma gonad soma  soma gonad
Bl-11-RR RR aa aa aa aa aa aa cc cc aa cc cc
Da-1-RR RR ac ac aa aa aa cc aa bb
Da-2-RR RR aa bb aa cc aa bb
Da-3-RR RR ac ac ab ab aa aa cc aa bc
Da-4-RR RR aa aa aa cc aa bc
Da-5-RR RR ac ac ab ab aa aa cc ab bc bc
Da-6-RR RR aa aa aa aa aa aa cc aa bb Bb
Da-7-RR RR aa ab aa cc cc aa bc
Da-8-RR RR ac ac aa aa aa aa cc cc aa bb
DB-2-RR RR ac ac ab ab aa aa cc cc bb bb
DB-3-RR RR aa aa bb bb aa aa cc cc aa bb
DB-6-RR RR ac ab aa cc aa bc
DB-7-RR RR aa aa aa cc aa bb
DB-8-RR RR aa aa aa aa aa bb
DB-9-RR RR ac aa aa cc aa bc
0S-13-RR RR aa aa aa cc aa cc ab
0S-1-RR RR aa aa bb bb aa aa cc aa bc
0S-2-RR RR cc cc ab ab aa aa bb bb aa bc bc
0S-3-RR RR aa aa ab ab aa aa cc cc aa bb bb
0S-4-RR RR cc cc ab ab aa aa cc cc aa bb bb
0S-5-RR RR aa aa ab ab aa aa cc cc aa bc bc
0S-7-RR RR aa aa aa aa aa aa cc cc aa bb bb
0S-8-RR RR aa ab aa cc aa bc
0S-9-RR RR cc aa aa bc aa bc ab
PO-11-RR RR aa aa ab ab aa aa cc cc aa bb bb
PO-12-RR RR aa aa ab ab aa aa cc cc aa bb bb
PO-13-RR RR ac ac aa aa aa aa cc cc aa bc bc
PO-4-RR RR aa bb aa cc aa bb
PO-5-RR RR cc ab aa ac aa bc
BIl-6-RL LL bd bd bb bb bb bb bb bb bb aa aa
BT-10-RL LL dd bb bb bb bb aa
BT-4-RL LL dd dd bb bb bb bb bb bb bb aa aa
BT-5-RL LL dd bb bb bb bb aa
BT-6-RL LL bd bb bb bb bb aa
BT-7-RL LL dd bb bb bb bb aa
BT-8-RL LL dd bb bb bb bb aa
BT-9-RL LL dd bb bb bb bb aa
CT-10-RL LL bd bb bb bb bb aa
CT-11-RL LL bd bb bb bb bb aa
CT-1-RL LL bd bd bb bb bb bb bb bb bb aa aa
CT-2-RL LL dd bb bb bb bb aa
CT-3-RL LL bd bd bb bb bb bb bb bb bb aa
CT-4-RL LL bd bd bb bb bb bb bb bb bb aa
CT-5-RL LL bd bd bb bb bb bb bb bb bb aa aa
CT-6-RL LL bd bd bb bb bb bb bb bb bb aa aa
CT-7-RL LL dd bb bb bb bb aa
CT-8-RL LL dd bb bb bb bb aa
DS-1-RL LL dd bb bb bb 00 aa
DS-2-RL LL bd bd bb bb bb bb bb bb bb aa aa

94



HB-10-RL
HB-11-RL
HB-12-RL
HB-13-RL
HB-14-RL
HB-15-RL
HB-1-RL
HB-2-RL
HB-3-RL
HB-4-RL
HB-5-RL
HB-6-RL
HB-7-RL
HB-8-RL
HD-12-RL
HD-13-RL
HD-14-RL
HD-15-RL
HD-4-RL
HD-6-RL
HD-9-RL
Ka-13-RL
Ka-9-RL
LO-9-RL
PR-11-RL
PR-2-RL
PR-3-RL
PR-4-RL
PR-5-RL
PR-6-RL
PR-7-RL
PR-8-RL
TR-10-RL
TR-11-RL
TR-12-RL
TR-13-RL
TR-14-RL
TR-15-RL
TR-3-RL
TR-4-RL
TR-5-RL
TR-8-RL
TR-9-RL
BI-7-RL
BI-8-RL
Da-10-RL
Da-11-RL
Da-12-RL
Da-9-RL
DB-10-RL
DB-1-RL
DB-4-RL
DB-5-RL
0S-10-RL

LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

dd
dd

bd
dd
dd
dd
bd
bd
dd
dd
bd
bd
bb
bd
bd
bd
bd
bd
bd
bd
bd
dd
dd
bd
bd
bd
dd
dd
dd
bd
bb
bd
bd
bb
bb
dd
bd
dd
bb
bd
dd
bd
cd
cd
ad
ad
ad
ad
cd
ad
ad
ad
cd

dd

dd
bd

bd
bd

bd
bd

bd

bd
bd
bd

dd
dd
bd
bd
bd

bd
bb
bd
bd

bd

bd
bd

dd
dd

dd

bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
ab
ab
bb
ab
bb
ab
ab
ab
ab
bb

bb

bb
bb

bb
bb

bb
bb

bb

bb
bb
bb

bb
bb
bb
bb
bb

bb
bb
bb
bb

bb

bb
bb

bb
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bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab

bb

bb
bb

bb
bb

bb

bb

bb

bb

bb
bb

bb
bb

bb
bb

bb
bb
bb
bb

bb

bb
bb

bb
bb

bb

bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
ab
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bc
bc
bb
bb
bc
bb
bc
bc
bb
cc
bc

bb

bb
bb

bb
bb

bb
bb

bb

bb

ab
bb
bb
bb

bb

bb
bb
bb

bb
bb
bb
bb
bb
00
00
00
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
bb
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab

aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
aa
ab
ab
ab
ab
ab
ac
ac
ab
ab
ab
bc

aa

aa
aa

aa
aa

aa
aa

aa

aa

bb
bb

ab



0S-11-RL
0S-12-RL
0S-14-RL
0S-6-RL
PO-10-RL
PO-14-RL
PO-15-RL
PO-1-RL
PO-2-RL
PO-3-RL
PO-7-RL
PO-8-RL
PO-9-RL
BI-7-RL
BI-8-RL
Da-10-RL
Da-11-RL
Da-12-RL
Da-9-RL
DB-10-RL
DB-1-RL
DB-4-RL
DB-5-RL
0S-10-RL
0S-11-RL
0S-12-RL
0S-14-RL
0S-6-RL
PO-10-RL
PO-14-RL
PO-15-RL
PO-1-RL
PO-2-RL
PO-3-RL
PO-7-RL
PO-8-RL
PO-9-RL
BI-10-RL
Bl-12-RL
BI-2-RL
BI-3-RL
Bl-4-RL
BI-5-RL
BI-9-RL
BT-1-RL
BT-2-RL
BT-3-RL
CT-12-RL
CT-13-RL
CT-14-RL
CT-15-RL
CT-9-RL
DS-10-RL
DS-11-RL

RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

cd
cd
cd
cd
cd
cd
ad
cd
cd
cd
cd
cd
cd
cd
cd
ad
ad
ad
ad
cd
ad
ad
ad
cd
cd
cd
cd
cd
cd
cd
ad
cd
cd
cd
cd
cd
cd
cd
cd
cd
cd
cd
bc
cd
bc
cd
cd
ad
cd
ab
ac
cd
bc
bc

dd

dd
dd
dd

dd
dd
dd

dd

dd

dd
dd
dd

dd
cc
cc

cc
cC
cC
cc

ccC
aa
ccC
aa
cc

cc
cc

bb
bb
ab
ab
ab
ab
ab
ab
ab

ab
ab
ab
bb
ab
ab
bb
ab
bb
ab
ab
ab
ab
bb
bb
bb
ab
ab
ab
ab
ab
ab
ab

ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
bb
ab
bb
ab
ab
ab
ab

ab

bb
bb
bb

bb
bb
bb

bb

ab

bb
bb
bb

bb
aa
aa

aa
aa
aa
aa

aa
bb
aa
bb
aa

aa
aa

96

ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab

bb

bb
bb
bb

bb
bb
bb

bb

bb

bb
bb
bb

bb
aa
aa

aa
aa
aa
aa

aa
aa
aa
aa
aa

aa
aa

bc
bc
bc
bc
ab
ab
ab
bc
bc
bc
bc
bc
bc
bc
bc
bb
bb
bc
bb
bc
bc
bb
cc
bc
bc
bc
bc
bc
ab
ab
ab
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc
bc

bb

bb
bb
bb

bb

bb
cc
cc

cc
cC
cC
cC

cc
cc
cc
cc
cC

cC
cC

ab
ab
bb
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
bb
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab

ab

bb
bb
bb
ac
bb
ac
bb
ac
bb
ab
bb
ac
bb
ab
ab
ab
ab
ab
ac
ac
ab
ab
ab
bc
bb
bb
bb
ac
bb
ac
bb
ac
bb
ab
bb
ac
bb
bb
bb
bb
ab
bb
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab
ab

ab

ac

aa

bb
bb

ab

ab

ac

aa

bb
bb

bb
bb
bb
bb

bb
bb
bb
bb
bb



DS-12-RL
DS-13-RL
DS-14-RL
DS-15-RL
DS-3-RL
DS-4-RL
DS-5-RL
DS-6-RL
DS-7-RL
DS-8-RL
DS-9-RL
HB-9-RL
HD-10-RL
HD-11-RL
HD-1-RL
HD-2-RL
HD-3-RL
HD-5-RL
HD-7-RL
HD-8-RL
Ka-10-RL
Ka-11-RL
Ka-12-RL
Ka-14-RL
Ka-15-RL
Ka-1-RL
Ka-2-RL
Ka-3-RL
Ka-4-RL
Ka-5-RL
Ka-6-RL
Ka-7-RL
Ka-8-RL
LO-10-RL
LO-11-RL
LO-12-RL
LO-13-RL
LO-14-RL
LO-15-RL
LO-1-RL
LO-2-RL
LO-3-RL
LO-4-RL
LO-5-RL
LO-6-RL
LO-7-RL
LO-8-RL
PR-10-RL
PR-1-RL
PR-9-RL
TR-1-RL
TR-2-RL
TR-6-RL
TR-7-RL

RR, P. ridibundus; RL, P. esculentus; LL, P. lessonae.

RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
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Tab. S3: Microsatellite loci used in this study and information on species-specificity of

alleles.
Locus L specific alleles R specific alleles unspecified alleles
101RICA1b6 78/80/82 74/85/92/94/98 83
102RICA1b5 113/118 132/134/136
103Galal9 195 195/201/205/209/217/223/239/243
1247/249/253/255/259
105RICAS5 247/252/256/258/260/262/264 232/234/236/250
106Res16 121/133/152 115/117/119/123/127
107Res20 102/104/108/110/111/112/113/115/1 _
16/117/119/120/121/122/123/124/12
5/126/128/131/142/144/146
108RICA2a34 112/123/130/136/138/140/143/145/1 106/110

47/150/152/154/156/162/164

109Re2Caga3 _

110Res22 .

111Gala23 113/115/117/119/121/123/125/127/1
29/131/133/135/139/141

112Rrid169A _

113Rrid013A 291/293/296/299

114Rrid059A 278

115Rel1Cagal0  97/98

116CAla27 95/111/113/115/117/118/119/121/12
4/125/127

117RICA18 175/177/179/181/183/184/186/188/1
90/195/197/202

118Rrid135A 236

169/192/200/204/208/212/220/227
/231/235/239/255

83/84/85/87/98/104/106/108/110/1
14/116/124/127/129/133

98
187/189/191/193/195/198/203/207
1212/214/227/234

281/287
303/307/311/313/315/317/319/321

93/106/108/110/112/114/116/118/
122/125/137/140

169/183/199/203/205

L, P. lessonae; R, P. ridibundus.
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Tab. S4: Microsatellite variability and allele frequency in 17 loci in four population groups of three Pelophylax taxa generated in MSA.
Population name, locus name, heterozygosity observed (Het obs) and expected (Het exp), number of alleles (NA) determined in each population
and frequencies of alleles in each loci.

Pop.
name Locusname Hetobs Hetexp NA Frequencies

LL RICA1b6 0.527778 0.519854 310.333333 0.606481 0.060185

LL RICA1Db5 0.037736  0.037378 310.009434 0.981132 0.009434

LL Galal9 0.009346 0.009346 210.995327 0.004673

LL RICA5 0.480392 0.555057 710.009804 0.034314 0.578431 0.009804 0.333333 0.014706 0.019608

LL Res16 0.009524 0.019093 310.990431 0.004785 0.004785

LL Res20 0.580952 0.835853 17|0.012048 0.006024 0.036145 0.301205 0.018072 0.018072 0.114458 0.012048 0.222892
0.018072 0.084337 0.054217 0.042169 0.006024 0.030120 0.012048 0.012048

LL RICA2a34 0.803738 0.770392 15|0.032710 0.004673 0.004673 0.042056 0.018692 0.093458 0.014019 0.425234 0.172897
0.065421 0.070093 0.023364 0.004673 0.023364 0.004673

LL Re2Caga3 0.000000 1.000000 210.500000 0.500000

LL Res22 0.153846 0.257143 310.066667 0.066667 0.866667

LL Gala23 0.764706 0.829615 15|0.014706 0.019608 0.029412 0.014706 0.284314 0.176471 0.088235 0.078431 0.044118
0.019608 0.210784 0.004902 0.004902 0.004902 0.004902

LL Rrid169A 0.333333 0.772727 410.333333 0.333333 0.250000 0.083333

LL Rrid013A 0.179775 0.198946 5(0.005618 0.011236 0.039326 0.893258 0.050562

LL Rrid059A 0.000000 0.000000 1(1.000000

LL RelCagal0  0.039216 0.038829 310.980392 0.009804 0.009804

LL CAla27 0.737864 0.764433 910.252427 0.344660 0.019417 0.019417 0.004854 0.218447 0.082524 0.025642 0.029126

LL RICA18 0.750000 0.800704 11{0.015000 0.165000 0.040000 0.305000 0.075000 0.265000 0.040000 0.055000 0.025000
0.005000 0.010000

LL Rrid135A 0.000000 0.065537 210.033333 0.966667

E_les RICA1b6 0.000000 0.000000 1/1.000000

E_les RICA1bS 0.000000 0.000000 1(1.000000

E_les Galal9 0.000000 0.000000 1|1.000000




E _les RICA5 0.000000 0.000000 11.000000

E_les Res16 0.000000 0.000000 11.000000

E_les Res20 0.000000 0.000000 11.000000

E _les RICA2a34 0.000000 0.000000 11.000000

E les Re2Caga3 n.d. n.d. n.d.

E_les Res22 n.d. n.d. n.d.

E les Gala23 0.000000 0.000000 11.000000

E_les Rrid169A n.d. n.d. n.d.

E les Rrid0O13A 0.000000 0.000000 1/1.000000

E_les Rrid059A 0.000000 0.000000 11.000000

E les RelCagal0  0.000000 0.000000 1/1.000000

E les CAla27 0.000000 0.000000 11.000000

E les RICA18 0.000000 0.000000 1/1.000000

E les Rrid135A 0.000000 0.000000 11.000000

RR RICA1b6 0.585366 0.648299 710.012195 0.024390 0.048780 0.195122 0.548780 0.121951 0.048780

RR RICA1b5 0.119048 0.115318 410.011905 0.940476 0.035714 0.011905

RR Galal9 0.731707 0.788317 12 {0.365854 0.243902 0.012195 0.060976 0.036585 0.012195 0.109756 0.097561 0.012195
0.024390 0.012195 0.012195

RR RICAS 0.333333 0.574603 6(0.638889 0.138889 0.027778 0.055556 0.083333 0.055556

RR Res16 0.146341 0.745606 6(0.106383 0.063830 0.106383 0.191489 0.085106 0.446809

RR Res20 n.d. n.d. n.d.

RR RICA2a34 0.225000 0.338924 2(0.787500 0.212500

RR Re2Caga3 0.850000 0.825949 12 {0.362500 0.075000 0.012500 0.087500 0.012500 0.050000 0.087500 0.087500 0.012500
0.125000 0.075000 0.012500

RR Res22 0.619048 0.665519 12{0.119048 0.035714 0.011905 0.023810 0.035714 0.023810 0.559524 0.023810 0.059524
0.011905 0.011905 0.083333

RR Gala23 0.000000 0.000000 11.000000

RR Rrid169A 0.487805 0.804918 910.245902 0.049180 0.344262 0.065574 0.049180 0.114754 0.065574 0.049180 0.016393

RR Rrid013A 0.400000 0.418671 410.012500 0.737500 0.200000 0.050000

RR Rrid0O59A 0.743590 0.657010 810.038462 0.076923 0.089744 0.564103 0.076923 0.102564 0.025641 0.025641



RR RelCagal0  0.690476 0.861569 13(0.042254 0.014085 0.253521 0.154930 0.042254 0.028169 0.197183 0.112676 0.056338
0.028169 0.014085 0.042254 0.014085

RR CAla27 n.d. n.d. n.d.

RR RICA18 n.d. n.d. n.d.

RR Rrid135A 0.589744 0.699634 5(0.269231 0.012821 0.256410 0.410256 0.051282

E_rid RICA1b6 0.000000 0.572650 410.074074 0.185185 0.629630 0.111111

E_rid RICA1b5 0.000000 0.156667 310.040000 0.920000 0.040000

E rid Galal9 0.000000 0.683333 6(0.520000 0.240000 0.040000 0.080000 0.080000 0.040000

E_rid RICAS 0.000000 0.900000 410.400000 0.200000 0.200000 0.200000

E rid Resl6 0.000000 0.425000 310.187500 0.750000 0.062500

E_rid Res20 n.d. n.d. n.d.

E rid RICA2a34 0.000000 0.478947 2(0.650000 0.350000

E _rid Re2Caga3 0.000000 0.813853 910.409091 0.045455 0.136364 0.045455 0.045455 0.090909 0.136364 0.045455 0.045455

E rid Res22 0.000000 0.492877 5(0.148148 0.037037 0.074074 0.703704 0.037037

E rid Gala23 0.000000 0.000000 1(1.000000

E rid Rrid169A 0.000000 0.787879 710.045455 0.181818 0.045455 0.409091 0.181818 0.090909 0.045455

E_rid RridO13A 0.000000 0.280702 210.842105 0.157895

E rid Rrid0O59A 0.000000 0.712418 5(0.111111 0.500000 0.222222 0.111111 0.055556

E rid RelCagal0  0.000000 0.858462 710.115385 0.192308 0.115385 0.153846 0.115385 0.269231 0.038462

E rid CAla27 0.000000 n.d. 11.000000

E rid RICA18 n.d. n.d. n.d.

E rid Rrid135A 0.000000 0.719298 5/0.105263 0.105263 0.263158 0.473684 0.052632

LL, P. lessonae; E_les, L genome from P. esculentus; RR, P. ridibundus;E_rid, R genome from P. esculentus; n.d., not determined.



Tab. S5: Multilocus Genotypes (MLGs) derived from representative samples. Listed are IDs, types of MLGs and number of individuals per
sample in which each MLG was found.

Sample ID
DO-33-LL
DS-2-LL
HB-5-LL
BD-01-LL
HB-7-LL
DO-38-LL
HB-4-LL
TR-4-LL
CT-6-LL
BI-6-LL
TR-10-LL
PR-2-LL
HB-13-LL
DO-46-LL
DO-91-LL
HB-6-LL
TR-15-LL
TR-53-LL
HD-14-LL
TR-12-LL
HD-6-LL
CT-8-LL
DO-35-LL
CT-5-LL
HD-13-LL

Multilocus Genotypes
787811311819519525626412112111011014014300001211310029629627827897979511118619000
7878118118195195001211211161201121450000119119000000979795950000
7878118118195195001211211161201471620000119121000000979711111918118600
787811811819519525225612112111912314314500981101211210029329627827897989511118118400
78781181181951952522601211211101101451470000119119002962962782789797125125177177236236
787811811819519525625612112111011014014500001191310029629627827897979511118619000
78781181181951952562561211211201201451450000119121000000979711111117718100
787811811819519525626012112114614614515200001231230029629627827897979511917718100
78781181181951952562621211211081101471540000123123002962962782789797111119181186236236
7878118118195195260260121121124124145145000011311900000097979511117718600
787811811819519526026012112114214414514700001151270029629627827897979511118120200
7878118134195201252256121121116126140145001100981151870296296278278971061111211791811990
78800000001211211201201451450083110119129000000979711111118818800
7880118118195195247256121121110117147162000012113100296296278278979811811817918600
788011811819519524725612112111111113614500001211310029629627827897979511118418600
78801181181951952522561211211241241451470000119119002962960097979512117717700
7880118118195195252260121121124142154154000000000000979795121177181236236
78801181181951952562561211210014514500001231310029629927827897989511918618600
788011811819519525625612112110411011214500000000000000000000
7880118118195195256256121121110110138145000012312700296296278278979795121181186236236
788011811819519525625612112111011014014500000000000000000000
7880118118195195256256121121110110145145000011911900296299278278979711111117717700
7880118118195195256256121121110110147154000011913100296296278278979711912117719500
78801181181951952562561211211101201471500000117119002962962782789797111113177179236236
78801181181951952562561211211121201401450000119119002932962782789797111121186186236236

MLG's
ID
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HB-2-LL
DO-27-LL
PR-4-LL
HD-12-LL
DO-9%4-LL
DO-02-LL
HB-8-LL
DO-03-LL
TR-67-LL
PR-5-LL
PR-11-LL
PR-7-LL
TR-66-LL
TR-69-LL
DO-95-LL
TR-9-LL
TR-40-LL
DO-92-LL
DO-32-LL
BT-6-LL
BD-16-LL
CT-7-LL
TR-68-LL
DO-26-LL
DO-41-LL
TR-13-LL
TR-3-LL
BD-08-LL
DO-39-LL
TR-5-LL

78801181181951952562561211211161201451450000119119000000979711112118118600
7880118118195195256256121121117128136145000011912500296296278278979711111818118600
7880118118195195256256121121120122150164000011913318702962962782789797119121184186236236
788011811819519525625612112112012614014300001191210029629627827897979595186186236236
7880118118195195256256121121121121136140000012113100296296278278979711111917918100
7880118118195195256256121121121121145145000011912100296296278278979711111918618600
788011811819519525625812112110811014514500001191210029629600979795119181186236236
7880118118195195256260121121102110145145000012112500296296278278979711111918418600
7880118118195195256260121121110110112145000011513100296296278278979711111118119000
78801181181951952562601211211101161471520000119139002962962782789797117119177181236236
788011811819519525626012112111012014515200110098131227029629627827897979595181186236236
78801181181951952562601211211101311471470000115131002962962782789797111119181195236236
78801181181951952562601211211131151361470000121131002962962782789797959518118100
788011811819519525626012112112112114514700001231250029629627827897979511918118100
7880118118195195256260121121121121145162000012713100296296278278979711112117918100
78801181181951952562601211211421421501520000127127002962962782789797113119177181236236
7880118118195195256260121121142144145152000011913100296296278278979711912718118600
78801181181951952562601520117117145162000011912100296296278278979711111518619000
7880118118195195256264121121110110136147000011912500296296278278979711812718619000
78801181181951952562641211211281281451500000119121002962962782789797111119177181236236
788011811819519525826012112112312514514500001191190029629627827897989511118618600
788011811819519526026012112110811011213000001171191910296296278278979711111317718100
788011811819519526026012112111011014514500001211310029629627827897979511918118600
7880118118195195260260121121110115145147000013113100296296278278979711912118619000
7880118118195195260260121121110115150152000011912100296296278278979711912117518100
78801181181951952602601211211101201451520000119123002962962782789797119121177202236236
788011811819519526026012112111014615215423123111001151191912272962962782789710695119181181236236
788011811819519526026012112111112514514500001291290029328727827897979511918618600
7880118118195195260260121121117117145147000013113100296296278278979711912118619500
78801181181951952602601211211201201401470011001271310029629627827897979595181186236236
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TR-8-LL
DO-36-LL
HD-4-LL
DO-29-LL
TR-26-LL
HB-14-LL
HB-12-LL
CT-4-LL
HB-1-LL
BT-8-LL
TR-49-LL
DO-01-LL
CT-2-LL
PR-3-LL
HB-3-LL
BT-5-LL
PR-8-LL
PR-6-LL
Ka-13-LL
DO-93-LL
CT-1-LL
CT-11-LL
BT-10-LL
CT-3-LL
BT-7-LL
Ka-9-LL
LO-9-LL
DO-44-LL
DO-31-LL
DO-25-LL

7880118118195195260260121121120120145147001100127131191029629627827897979595181186236236
78831131181951952562601211211101251401450000123131002962962782780011112717718600
788311811819519525625612112111012014515200110011913118702962962782789797119125186188236236
78831181181951952562600011012314014000001311310029629927827897979512717517900
7883118118195195256260121121113121145150000012513100296296278278979711111918119500
80800019519525625612112111012014514700001191210000009797951190000
808011811819519500000000000011912100000097979512518118100
80801181181951950012112111012014515000001131210000278278979711111917718100
8080118118195195252256121121120120140145000012112900296296278278979711112117718800
808011811819519525226012112111612614514700001191210029629627827897979511118118100
8080118118195195256256121121001451520000119131002962962782789797959518118600
8080118118195195256256121121102110145145000012112100296296278278979711112118118600
80801181181951952562561211211081161451470000131131002962962782789797111111177186236236
8080118118195195256256121121110110123147001100981251872272912962782789711695115181186236236
80801181181951952562561211211101161451450000125131002962962782789797111111177188236236
8080118118195195256256121121110116145147000011911900296296278278979711111117718100
808011811819519525625612112111011614715000000000000000000000
80801181181951952562561211211101201401450000125125002962992782789797111119179188236236
808011811819519525625612112111012014715600000000000000000000
8080118118195195256256121121111111138150000012312700293296278278979711111117519000
80801181181951952562561211211161161471500000113131000000979711111118618600
8080118118195195256256121121120120145152000011712100293296278278979711111118118100
8080118118195195256256121121120126145147000011912700296296278278979795111177181236236
8080118118195195256256121121120142145147000012313100293299278278979711111918618600
808011811819519525625612112112612614515000000000000000000000
8080118118195195256260121121108110136145000011913100296299278278979795119181197236236
808011811819519525626012112110811014014500110011912519123429629627827897979511118318300
808011811819519525626012112111012314014700001191310029629627827897979511918118600
8080118118195195256260121121110123140162000011913100296296278278979811111118418800
8080118118195195256260121121110123145145000012513100296299278278979711812718418600

56
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65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

rrrrrrrHrHrrrrrrrrrHr -~~~ ~~ - @B~ @M+~ &>~ &> ;&

P PR R RPRPRRPRPRRRPRPRRPRRPRRPRREPRPRRRERPRREPREPRRERERELRLPR



DO-30-LL
TR-29-LL
BT-9-LL

HD-9-LL

BT-4-LL

DO-48-LL
DO-24-LL
CT-10-LL
DO-47-LL
TR-30-LL
HB-11-LL
DO-28-LL
BD-95-LL
DS-1-LL

HB-15-LL
DO-40-LL
TR-11-LL
HB-10-LL
DO-34-LL
TR-14-LL
DO-37-LL
HD-15-LL
DO-42-LL

PO-3-L
PO-9-L
PO-82-L
PO-2-L
PO-1-L
PO-15-L
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PO-75-R 9292134134201201001271270000196196848498981871872812813133131081080000203203 173 hybrid R

DB-1-R 9292134134201201001271270011011023523511011098981791792812813213211101100000199199 174 hybrid R
PO-2-R 929213413420120100129129001101100011011098981871872812813133131161160000199199 175 hybrid R
Da-10-R 929213413420120123223212712700002122128383001981982812813113111121120000183183 176 hybrid R
PO-84-R 92921341342052050000001101102042049898001911912812813133131141140000203203 177 hybrid R
0S-10-R 92921341342052052362361271270011011021221211011098981981982812813133131161160000199199 178 hybrid R
BI-7-R 929213413420520525625612712700000011011098981871870000106106000000 179 hybrid R
DB-5-R 92921341342232230000000016916911011098981911912812813133131101100000169169 180 hybrid R
DB-4-R 92921341342432430000000016916911011098981911912812813133131101100000205205 181 hybrid R
PO-14-R 92921341342432430012712700106106001041049898000000116116000000 182 hybrid R
Da-12-R 929213413424724723223211511500106106231231838300187187281281001141140000203203 183 hybrid R
0S-14-R 92921361362052050012712700110110169169104104001911912812813133131141140000203203 184 hybrid R
PO-6-R 9494134134000012712700000085859898000000114114000000 185 hybrid R
PO-10-R 9494134134201201000000110110169169110110989800281281313313000000199199 186 hybrid R
PO-8-R 949413413420120100127127001061061691691101109898191191287287001081080000203203 187 hybrid R
PO-82-R 949413413422322300000010610616916911011098981911912812813133131221220000203203 188 hybrid R

P. ridibundus type (R), P. lessonae type (L), P. esculentus R genome (hybrid R), P. esculentus L genome (hybrid L).

Tab. S6: Locus-by-locus analysis of molecular variance (AMOVA) among and within genomes in three Pelophylax taxa generated in
ARLEQUIN.

P PR R RPRPRRPRPRRPRPRRERRERPRPR

RR/LL RR/hybrid R LL/hybrid L
df % df % df %
Variation among populations 1 54 % 1 3% 1 32 %
Variation among individuals 149 13 % 69 52 % 134 21 %
Variation within individuals 151 34 % 71 45 % 136 47 %
Fst 0,537 0,032* 0,321
P (rand > = data) 0,010 0,010 0,010

*P-value < 0,05; P. ridibundus (RR), P.

lessonae (LL) and P. esculentus (hybrid R; hybrid L).
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Fig. S1: Phylogenetic tree of DAS distance of 10 microsatellite loci reconstructed in
Populations (method UPGMA, 7 000 replicates, shown only bootstraps above 50 %, distance
scale). Each coloured point represents one individual: Green points — P. lessonae individuals,
yellow points - L genome from P. esculentus, red points — P. ridibundus individuals, blue
points — R genome from P. esculentus, violet colour — P. kurtmuelleri.
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Abstract

Asexual reproduction is one way vertebrates, mostly of female sex, realize to compensate
genomic incompatibilities caused by hybridization. To understand how asexuality operates in
the opposite system, we studied unisexual Pelophylax esculentus water frog males (parentals
P. lessonae and P. ridibundus) that have to compete with sexual P. ridibundus males for eggs
from its conspecific females. Using experimental and microsatellite data, we found that some
hybrid males produced clonal lessonae sperm (hybridogenesis), resulting in hybrid sons while
others formed also ridibundus sperm resulting in P. ridibundus daughters. Clonally transmited
lessonae genome thus determines male sex, while ridibundus genome female sex. Moreover,
P. esculentus males receive ridibundus genome as a sexual gamete from its mother, freeze it
in a clonal form for one generation and return it back to sexual population (P. ridibundus
daughters). This strategy increases a number of females, yet a chance of hybrid males to

find a mate.

Keywords: Pelophylax, hemiclone, hybridogenesis, microsatellites, recombination,

asexual,crossing experiment.
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Introduction

Asexual reproduction is one way vertebrates realize to compensate genomic incompatibilities
caused by hybridization (Dawley 1989, Kearney 2005, Lamatsch and Stock 2009, Neaves and
Baumann 2011). Hybrid females use several reproducing strategies in order to form new
generations of clonal female progeny (Schultz 1969, Mantovani and Scali 1992, Avise 2008,
Neaves and Baumann 2011). On the contrary the occurrence of hybrid males in natural
populations is rarer. One of the main reasons for hybrid male rarity, next to lower viability, is
the high level of sterility observed in heterogametic sex (Mallet 2005, Landry et al. 2007).
The low reproductive potential of such males, however, can not explain the stable presence of
males in natural populations over generations as seen in some taxa (Uzzell et al. 1977,
Gilinther 1983, Alves et al. 2001, Schmidt et al. 2011). Still a little is know how such males
perpetuate themselves and the role they play in natural populations.

Only few asexual taxa reproduce via backcrosses with sexually reproducing species
(Schultz 1969, Beukeboom and Vrijenhoek 1998, Lamatsch and Stock 2009, Neaves and
Baumann 2011). Such hybrids are referred to as sexual parasites (e.g. Choleva 2004,
Lehtonen 2013). While hybrid females behave as sperm-dependent parasites, ie. are
dependent on a male as a sperm donor (Schultz 1977, Beukeboom and Vrijenhoek 1998,
Echelle et al. 1989, Vrijenhoek 1994, Bogart et al. 2007, Choleva et al. 2008), hybrid males
can be referred as “egg-dependent parasites”. They need a sexual female in order to self-
reproduce via hybridogenesis (Uzzell et al. 1977, Dolezalkova et al. 2016). From definition,
hybridogenetic animals usually discard the complete genome of one parental species, and only
the second genome is transferred clonally, referred to as hemiclonal reproduction (Schultz
1969). The eliminated half of an individual’s genome is usually is the one received as a

recombinant gamete from previous generation (Avise and Vrijenhoek 1987, Mantovani and
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Scali 1992). Fusion of a clonal gamete with a recombinant gamete from a bisexual species
results in new generation of hemiclonal progeny (Dawley 1989, Schmidt et al. 2011). The
elimination process maintains the integrity of both parental genomes, which is the main
prerequisite for a hemiclonal inheritance (Zale$na et al. 2011).

It is to note that the elimination process is not always precise as in hybridogenetic
Squalius, Poeciliopsis, Hypseleotris or Hexagrammos (Avise and Vrijenhoek 1987, Alves et
al. 2001, Schmidt et al. 2011, Kimura-Kawaguchi et al. 2014). The hemiclone can bear some
incorporated genes from the eliminated parental genome as a consequence of occasional
recombination, or incomplete elimination phase known e.g. in Pelophylax water frogs (Uzzell
etal. 1977, Schmeller et al. 2005, Plotner et al. 2008, Mikulicek et al. 2014).

The Pelophylax esculentus complex consists of two parental species P. lessonae (LL)
and P. ridibundus (RR) and their interspecies hybrid P. esculentus. P. esculentus comprises
diploid individuals with one lessonae (L) and one ridibundus (R) genome (genotype LR) and
triploid individuals that possess either two L genomes and one R genome (genotype LLR) or
vice versa (genotype RRL). P. esculentus reproduces hybridogenetically; that is, they exclude
one of their parental genomes during gametogenesis (either the R or the L genome) and pass
the remaining one clonally to their gametes. Hybridogenesis enables hybrids to reproduce via
back-crossing with the parental species that provides the genome excluded from the hybrid
germline. Because the genome provided by the syntopic parental species undergoes
Mendelian inheritance (e.g. Schmeller et al. 2001), reproduction of P. esculentus is typically
hemiclonal.

Hybrid lineages of P. esculentus vary in a type of gamete production and the
population type. In principle, there are two basic types in which P. esculentus parasitize a
sexual species. In the so-called L-E system P. esculentus is present of both sex. Diploid (LR)

hybrids eliminate the L genome from their germline and transmit the R genome clonally to
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their gametes. Mating between hybrids and syntopic P. lessonae generate a new generation of
P. esculentus. In some cases, matings between two LR hybrids resulted in a P. ridibundus
progeny (Tunner 1978, Kotlik 1996, Vorburger 2001, Christiansen 2009). However, this
progeny is mostly inviable or sterile due to accumulation of deleterious mutations in clonal
genomes (Berger 1976, Graf and Miiller 1979, Uzzell 1982, Vorburger et al. 2001a, Guex et
al. 2002).

In the R-E system hybrids live together with P. ridibundus that serves as the host
species. In some populations the hybrids are of male sex only and clonally transmit mostly the
L genome (Uzzell et al. 1977, Giinther and Plotner 1988, Plotner and Grunwald 1991,
Dolezalkova et al. 2016).

Compared to other hemiclonal taxa (Poeciliopsis, Squalius) that form clonal gametes
using mitotic division with unipolar spindle (Schultz 1961, Cimino 1972), water frog hybrids
undergo meiotic division. In some cases, however, both parental genomes enter meiosis
(Dolezalkova et al. 2016). The occasional recombination between parental genomes in
hybrids gave it the name “leaky” hybridogenetic system (Uzzell et al. 1977). Still, the
phenomenon remains controversial as no recombination events have been reported in
experimental crosses so far (Schmeller 2004).

In this study we focused on the R-E populations from the Oder River drainage. In this
system, where a hybrid taxon is present in a male sex only, unisexual P. esculentus has to
compete with P. ridibundus males for eggs from its conspecific females. We used crossing
experiments and microsatellite data to study the reproductive patterns of hybrid males.
Specifically, we studied: i) the type of produced gametes; and ii) the genotype and sex of
progeny to understand the potential evolutionary impact of the progeny on the stability and

maintenance of the R-E populations.
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Material and Methods

Sample sites

The P. esculentus males used for the crosses originated from two populations of the R-E
system near the upper Oder River (Albrechticky, Kosatka; Figure 1). The P. ridibundus
females and one P. ridibundus male were collected in two R-E system populations (Dolni
Benesov and Kosatka; Figure 1) and in two pure ridibundus-populations (Citov and Libé&chov;
Figure 1). Frogs were sampled during spring 2013, at night, by hand and using a flashlight.
Sex and taxon idendity were determined according to phenotypic characters (e.g. Berger
1988, Plotner 2005). A tissue sample for DNA analysis was taken from all frogs by toe
clipping. Individuals suitable for crossings were selected on the basis of their size, health
condition, and; in case of females, the presence of eggs. All females were individually tagged
with transponders (micro transponder ID 111 ISO from Animal ID, s.r.0.) and released into
outdoor cages after the crossing experiments. Permits for crossing frogs and rearing tadpoles
were obtained from Swiss authorities (Gaston Denis-Guex, experimental permit 119/2013:

TV 5113 and TH 103).

Design of crossing experiments

In order to determine the type of gametes produced by LR males we crossed each hybrid male
with two RR females. To estimate the impact of the mitochondrial genome on the
development of progeny we crossed RR females with either species-specific (ridibundus,) or
introgressed (lessonae or kurtmuelleri-specific) mtDNA. As a control, a single RR female was
crossed with a RR male to estimate the effects of the maternal genome on the peformance of
progeny (the crossing scheme is presented in Figure S1, for labelling of adult frogs see Table

S2).
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Crossing experiments

Crosses were performed using the artificial fertilization procedure according to Berger et al.
(1994) with some modifications (Pruvost et al. 2013). Males were euthanized in a buffered
(pH = 7.0) 2 mg/l MS-222 solution (Sigma A-5040, St. Gallen, Switzerland); their testes were
removed and stored in a Petri dish with Holtfreter’s solution (pH = 7.4) until usage. Then
females were triggered to ovulate by an injection of salmon luteinizing releasing hormone
(LHRH, Sigma L4897, Prague, Czech Republic). For this purpose 2 mg hormone were diluted
in 100 ml Holtfreter’s solution; per 10 g of body mass 0.1 ml of this solution were injected
into the abdominal cavity. After 16-18 hours, ovulation was checked by pressing the female’s
belly carefully between the thumb and the index finger of the left hand and opening the cloaca
with a curved forceps. Ovulation was indicated when some eggs came out of the cloaka.
Females that did not ovulate received a second hormone injection.

To produce sperm solutions, testes were sliced and crushed in a new Petri dish
containing aged tap water. Eggs from one female were gently stripped into the sperm
solutions and covered with aged tap water. Fertilization success (FS), was indicated by a
rotation of eggs that turned the black animal hemisphere to the top within 10-30 min after
fertilization. The next day, eggs were checked again under a microscope for a presence of the
fertilization membrane (FM) that indicates successful penetration of a sperm into the egg. All
eggs were photographed and transferred to 1.5 | plastic boxes (20x12x7cm), whichcontained
0.8 litres of aged tap water. After 2 days, unfertilized eggs, egg yolk, and/or aborted embryos
were carefully removed and this process repeated every second day to avoid bacterial and
fungal development causing embryonic mortality (EM). Some malformed embryos were
stored in 70% or 96% ethanol for later analyses. After about 12 days, when the embryos
started to reach the free swimming stage (stage 25, Gosner 1960), boxes were photographed

and tadpoles were transfered to 6000 | outdoor containers filled with pond water and steamed
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straw. Crosses with more than 60 tadpoles were evenly distributed to two boxes to reduce
inter-individual competition during development. After about 50 days, when tadpoles started
to metamorphose, individuals that exhibited at least one forelimb were caught and measured,
weighted and transferred to Petri dishes, which contained a piece of damp cotton, where they
completed metamorphosis. Tadpole mortality (TM) was estimated from the number of
tadpoles that died after stage 25. Fully metamorphosed frogs that completely resorbed the tail
were measured, weighted again and later sexed and genotyped. Individuals of the two crosses
that produced most progeny, were toe-clipped and released to outdoor cages for further

rearing.

Sex determination in juveniles

Three to ten days after completing metamorphosis, juveniles were anesthetized in a 2 mg/I
MS-222 solution and dissected. Sex was determined by the morphology of both, the left and
the right gonads. If a gonad was malformed, or insufficently developed, the juvenile was

marked as “0” sex. For all individuals a photo documentation of their gonads was issued.

DNA extraction and analysis of mtDNA and microsatellites

DNA was extracted from a piece of web, or muscle tissue, using a commercial kit
(NucleoSpin, Macherey-Nagel GmbH and Co.) using automated pipetting system epMotion
5075 (Eppendorf). Amplification and sequencing of the mitochondrial ND3 gene was done as
described in Pl6tner et al. (2008). We also amplified 15 microsatellite loci in two multiplexes.
Multiplex 1: Res20 (Zeisset et al. 2000), RICA1b5, RICA5 and RICA18 (Garner et al. 2000),
Galal9 (Arioli et al. 2010), RICA2a34 (Christiansen and Reyer 2009), Rrid013A (Hotz et al.
2001, Garner et al. 2000), Res14. Multiplex 2: Res22 (Zeisset et al. 2000), Rrid059A and

Rrid169A (Christiansen and Reyer 2009), RelCagalO and Re2Caga3 (Arioli et al. 2010),
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RICA1b6 (Arioli et al. 2010), Rrid082A (Table S3). We followed Pruvost et al. (2013) for
species-specific characterization of these markers. PCR was done according to the protocol of
Christiansen and Reyer (2009). Fragment-length analyses were performed on an ABI 3730
Avant capillary sequencer (Applied Biosystems, Foster City, California, USA) with an
internal size standard (GeneScan-500 L1Z, Thermo Fisher Scientific); the alleles were scored

with GeneMapper v. 3. 7 (Applied Biosystems, Zug, Switzerland).

Enzyme electrophoresis

For enzyme electrophoresis livers were homogenized on crushed ice for 20 s in an equal
volume of Tris NaCl extraction buffer (pH 8.5, Valenta et al. 1971) using the homogenizator
Ultra-Turrax (IKA-WERK). The homogenate was then centrifugated at 13,000 rpm at 4°C for
30 min. Enzymes obtained from these tissues were analysed by horizontal starch gel
electrophoresis (Uzzell and Berger, 1975, Valenta et al. 1971). After electrophoresis was
stoped, gels were sliced into three 2 mm thick layers and stained with allozyme-specific
procedures similar to those described by Harris and Hopkinson, 1976, Buth and Murphy,
1980, Pasteur et al. 1987. Stained gels were photographed, enzyme patterns were recorded
onpaper and the agar layers were transfered to a filter paper, dried and stored as a part of the
protocol. The following polymorphic enzymes were visualized: aspartate aminotransferase
(Aat, EC 2.6.1.1.), Glucose-6-phosphate isomerase (Gpi, EC 2.7.5.1.) and Lactate
dehydrogenase (Ldh, EC 1.1.1.27.). Allele products were designated from ,a“ to ,d“
according to the electrophoretic mobility of the enzyme, i.e. the allele product with the highest

anodal mobility was designated “a”. Samples with unclear results were reprocessed.
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Microsatellite analysis and Genotyping
Raw microsatellite genotypes of P. ridibundus and P. esculentus parents were checked for
homozygosity, genotyping errors and null alleles with Micro-Checker version 2. 2. 3 (Van
Oosterhout et al. 2004). Hybrid genotypes were converted to separate L and R genotypes,
following the procedure of Dolezalkova et al. (in prep.). To distinguish between clonal
inherited and recombined genomes in F1 individuals we ran multilocus analysis to separate
mulilocus genotypes (MLGs) using GeneClone v. 2. 0 (Arnaud-Haond and Belkhir 2007). To
reveal a potential gene flow between L and R genomes we analyzed allele frequencies,
heterozygosity, and polymorphism using GenAlEx v. 6. 41 (Peakall and Smouse 2006).
Genotypes of adult males and juveniles were identified using three polymorphic
allozyme loci Aat, Gpi, and Ldh-B (Uzzell and Berger 1975) and additionally, on the basis of

17 species-specific mircosatellite loci.

Results

For interspecific backcrosses (B1) 26 adult frogs were used - 16 P. esculentus and 10 P.

ridibundus individuals. Sample sites, taxon composition and sex are listed in Table 1.

Fertility of parents

All P. esculentus males had different sized and shaped testes; the right one was usually
smaller than the left one. One male from KoSatka (M7) was sterile, almost no spermatozoa
was found in its small testes. Another male (M8) had only the left testis. Mating success of the
other fertile P. esculentus males, one control P. ridibundus male, and P. ridibundus females

were varied.
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Mortality of B1 progeny

We crossed 16 P. esculentus and one P. ridibundus male (Figure 1) with nine P. ridibundus
females. In total, we did 43 crosses (34 RR x RL crosses, nine control RR x RR crosses)
involving 18,498 eggs (14,416 eggs in RR x RL crosses, 4,082 eggs in control crosses), which
resulted in 514 B1 individuals. In RR x RL crosses, the number of embryos decreased from
14,088 to 1,653 during the development. In most cases, the eggs cleaved, but the zygotes died
during the blastula stage.

Fertilization success (FS) was significantly lower in males M3, M6, M7, M8 and M15
compared to progeny of male M1 which reached the highest 90 % fertilization success. In
female F8, no eggs were fertilized as indicated by the absence of a FM. The EM ranged from
36 to 100 % with an average of 88.5 %.

Families from two individuals, female F4 and male M7, showed the highest EM (100
%), in other families EM ranges between 36 % and 99 %. In RRXRL crosses, only 514
tadpoles successfully completed metamorphosis; the total TM was 68.9 %. The single
surviving juvenile from cross 64-2013 escaped from a Petri dish before he completed
metamorphosis, the progeny of males M2 and M6 died (100 % TM), as well as the progeny
from a female F9 (detailed informations about mortality are given in Table 2).

The average weight of metamorphosed froglets ranged from 0.2 g to 0.9 g. In crosses
63-2013, 49-2013, and 39-2013 we observed abnormal size of metamorphosed froglets. Four
hybrid froglets from crosses 63-2013 and 49-2013 weighted 1.2723g, 1.3481g, 1.2445g and
1.7781g, respectively, and three P. ridibundus forglets from crosses 49-2013 and 39-2013

weighted 2.0070 g, 2.6061 g and 3.4694 g, respectively.
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Sex ratio in B1 progeny

The distribution of males and females in various crosses was uneven (Table 3). We took into
consideration only those juveniles for which genetic data of taxon determination were
available. Most crosses resulted in only male progeny. The only females were observed in
crosses 59-2013 and 39-2013, while in crosses 27-2013, 30-2013, and 49-2013 males and
females originated with sex ratios of approximately 1:1 (Table 3). Nine out of 12 hybrid
males had only sons (male progeny), two males had mixed progeny of daughters and sons

(M4, M11) and hybrid male M12 had two offsprings, both females.

Electrophoretic genotypes of B1 progeny

We genotyped 274 froglets, which were also sex-determined. According to the
electropherograms of two diagnostic loci (Ldh-B and Aat) RR and LR genotypes were
detected (Table 3). Genotype of P. ridibundus with a presence of pure R-specific alleles ,,a*
and ,,c* and RL genotype of P. esculentus with a combination of R-specific ,,a“ and ,,c* and
L-specific alleles ,,b* and ,,d*. In 24 juveniles belonging to RL genotypes, only the lessonae-
specific “b” allele was expressed at the Aat locus. As a result of all of them being a progeny
from one female (F1) they obtained the second L-specific allele from its mother. Data about

the genotypes are presented in Table 3.

Inheritance of genomes and sex

Based on genotyped Bl progeny we distinguished three types of P. esculentus males
producing different clonal gametes. While the majority of hybrid males (M1, M3, M5, M8,
M9, M10, M13, M14, and M16) produced L gametes, two males (M4, M11) produced both L
and R gametes, whereby the latter dominated quantitatively. From cross no. 59-2013 where

male M12 was involved, only three RR genotypes originated. It cannot be excluded, however,
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that this male also produced L gametes beside R gametes. The combination of L sperm with R
eggs resulted in only RL males, while the R sperm combined with R eggs exclusively yielded
in RR females (Table 3). In four juveniles, gonads were not fully developed, therefore it was
difficult to determine their sex. Informations about sex of B1 progeny are presented in Table

3.

Multi locus genotypes

Among 220 juveniles and 25 adult individuals in 17 families, we have found alleles
representing RR and RL genotypes. Species specificity of amplified alleles are listed in Table
4. We detected two types of multilocus genotypes (MLGSs) in progeny. The first type of
MLGs was observed in R genomes of P. ridibundus adult females and P. esculentus sons,
where various alleles amplified throughout 15 analysed loci, suggesting sexual recombinant
gametes. The second type of MLGs was observed in L genomes of P. esculentus and R
genome of P. ridibundus daughters, suggesting clonal inheritance. Detailed data are presented

in Table S4.

Discussion

An old view regarding the asexual organisms as the evolutionary death ends has been
overcome as soon as the ability of asexuals to create a genetic variability was discovered
(Alves et al. 2002, Christiansen, 2009). Here we present another reproductive strategy of a
hemiclonal hybrid lineage, playing a key role i a dynamics of a mixed population system they

live in.
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Development of B1 progeny

From 14088 RRxRL fertilized eggs only 514 froglets finished the metamorphosis
successfully. Mortality of progeny fathered by R-E males was significantly higher (88,3 %) in
the initial phases of embryogenesis (EM) than in latter phases of tadpole development (TM,
3.6 %). This high mortality of cleaved embryos overcame observed mortality rate of 26 %
(Uzzell et al. 1977) in P. esculentus males from R-E system in Germany. B1 progeny of
hybrid males from western Germany used in crossing experiments by Kawamura and
Nishioka (1986) showed, in one case, similar mortality to our results (90 %), the other ones
varied in mortality between 8 % and 73 %. In hybrid males from Osternienburg and Ullnitz,
Berger and Gunther (1991) noticed quite a low EM 13 - 32% compared to higher TM 53 -
99%. We separated mortality of EM and TM to take into consideration that factorscausing
mortality might vary during development. During the initial stages of early embryonic
development only maternal genes (MRNAs and ribosomes) are expressed whereas the
expression of paternal genes starts in late blastula (Stick and Dreyer 1989 in Schatten 2012).
The outcoming incompatibility of L and R genome in blastula stage may explain observed
interrupted or malformed development of cleaved embryos and high EM. Later, when embryo
finishes neurulation and arising tadpole reaches stage 25, rather ecological than genetic
factors influence the rate of mortality (TM). Omitting the biotic factors like infections
(Semlitsch and Reyer 1992, Tietje and Reyer 2004, Pruvost et al. 2013) observed in their
seminatural experiments, factors like competition, density of tadpoles, temperature and water
level can influence the amount of succesfully metamorphosed froglets. Hotz and collegues
(1999) added a food supply as an imporatnt factor influencing the rearing of tadpoles. Even
though rearing conditions can influence the size of metamorhed froglets, they would not
explain seven oversized tadpoles that we found. Normally, after finishing the metamorphosis

weight ranged from 0.2 to 0.8g in both P. ridibundus and P. esculentus froglets. In four giant
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P. esculentus (1.2 — 1.8 g) and four giant P. ridibundus (2.0 — 3.5 g) individuals we got at
least four-times heavier weights that we expected. Guex and colleques (2001) noticed 11 giant
tadpoles (out of 3293 reared ones) in total in their two-year long experiment, all belonging to
P. esculentus genotype. Contrary to our tadpoles, these gigants were trapped in stage 36 and
did not reach the metamorphosis. Similar cases of giant P. ridibundus tadpoles were
occasionally found in natural populations (Borkin et al. 1982). Even though it is known that
the size of tadpoles is physiologically regulated by growth hormones and other cooperating
gene products of hypothalamus and thyroid glands (Guex et al. 2001) it is difficult to identify
a single cause of tadpole gigantism.

As to the mitochondrial genome, in most families the EM was lower in progeny that
possesed P. ridibundus mtDNA (crosses 30-2013, 32-2013, 39-2013, 40-2013, 41-2013, 42-
2013, 70-2013). This result does not correlate with the findings of Plenet et al. (2000), who
proved better performance of juveniles with P. lessonae mtDNA in hypoxic conditions.
Plotner et al. (2008) screened European populations of PEC and found that P. lessonae
mtDNA pre-dominate in hybrid individuals and can work successfully in P. ridibundus too.
Nevertheless, our data did not confirm the expected better effectiveness of P. lessonae

mtDNA in larval development.

Inheritance of L and R genomes

Inheritance patterns of hybrid males in our crossing experiments matched the expected results
of described inheritance in R-E system. We found 10 hybrid males producing L sperm, one
producing R sperm (male M12) and two males producing both L and R sperm. Male M12 was
crossed with three different females, but only three juveniles developped succesfully. All
three froglets presented P. ridibundus genotype, but with respect to a low portion of cleaved

embryos and high mortality it is difficult to classify reproductive mode its father. The only
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case of R-E hybrid male producing R gametes was noticed by Berger and Giinther (1991-
1992). According to phenotype, they observed 100 % of P. ridibundus progeny from
backcrossing with P. ridibundus female. Many other laboratory experiments mentioned
production of both types of gametes (Vinogradov et al. 1991, Christiansen 2009) but those
hybrids came from populations where triploid individuals coexist. Only four studies found
such amphispermic males in R-E populations with diploid unisexual male hybrids namely atat
German localities near the Alte Oder and one locality near the Elbe River (Uzzell et al. 1977,
Berger and Giinther 1991-1992, Giinther and Plotner 1988, Ragghianti et al. 2007). A close
proximity of these populations with similar reproductive mode in the region of Central Europe
may suggest their shared origin, however, no phylogenetic data are yet available.

As in sperm-dependent female parthenogens, one would assume a selective
evolutionary preference of only those P. esculentus males able to produce 100 % L gametes
leading to 100 % hybrid-male progeny. Indeed, males usually transmit preferentially L
genome to the gametes (Uzzell et al. 1977, Berger and Giinther 1991-1992, Vinogradov et al.
1991, Ragghianti et al. 2007). Still, at least a part of arising progeny was represented by a
sexual P. ridibundus daughters. Based on our results, one quarter of hybrids (25%) can form
both types of progeny, P. esculentus and P. ridibundus, The expectation also does not
correlate with our findings at amphispermic males related to a ratio of a gamete production
(3L : 7R on average; 33 P. esculentus sons and 69 P. ridibundus daughters). The data show
that amphispermic males are not as rare as it was thought. Moreover, we hypothesize that a
production of both types of gametes is not a failure during gametogenesis but a reproductive
strategy of unisexual males. Unlike sperm-dependent asexual females having relatively
unlimited source of sexual males able to repeatedly reproduce during a reproductive season,

Pelophylax females do reproduce once per season. Production of P. ridibundus daughters thus
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may increase i. a number of females in mixed populations and ii. success of hybrid males to
find a female mate.

Multilocus genotype analysis of microsatellite data confirmed that both types of
genomes, L and R, were inherited clonally. In 2011, Schmidt et al. showed a similar pattern of
inheritance we know from Pelophylax water frogs on carp gudgeon of the genus Hypseleotris
based on a field data. Here, two groups of hybrids exhibit two different types of
hybridogenetic elimination. The first group, largely female-biased, eliminate paternal
recombined genome and by backcrossing with sexual male restore hybrid progeny. The
second group, largely male-biased, eliminate maternal recombined genome and form male
hybrid progeny. Crossing experiments of water frogs allowed us to detect another
phenomenon of genome inheritance between generations. The amphispermic P. esculentus
males receive R genome from recombinant egg of sexual P. ridibundus. Because R and L
genome do not recombine during hybrid spermatogenesis, these males retain such R genome
for a single generation and return it in a clonal form back to a sexual P. ridibundus population
(through P. ridibundus daughter progeny).

Schmidt et al. (2011) further suggested that paternal genome includes Y chromosome.
Coupling of hemiclonal genome with sex chromosome (X or Y) is also expected in
Pelophylax water frogs (Graf and Polls-Pelaz 1989). Determination of sex through dissection
of 278 froglets from 17 families indicated male sex determination system (XX-XY) with the
binding of parental genomes to sex. With the exception of four froglets with undeveloped
gonads we determined 207 P. esculentus juveniles as males and 67 P. ridibundus juveniles as
females, linking the L genome to male sex and R genome to female sex. Inheritance of L
hemiclonal genome to sons and R genome to daughters was first revealed by Uzzell et al.
(1977). Since then, few examples of ambiguous results in sex-determined progeny were

detected. Three hybrid females received the L genome from their R-E hybrid fathers (Uzzell
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et al. 1977), four hybrid males received the R genome from their R-E hybrid father and one
hybrid male received the R genome from their L-E hybrid father (Ragghianti et al. 2007).
Such exceptional causes might be explained by sex reversal (Wallace et al. 1999, Ogata et al.

2003).

Introgression of nuclear genes in hybrids

To detect introgression of nuclear genes in any of the two parental genomes (R, L) we used
three allozyme and 15 microsatellite loci as species-specific markers. In allozymes,
approximately half of the P. esculentus progeny of three different families (25-2013, 26-2013,
27-2013) expressed two L-specific alleles in AaT locus. One “b” allele belonged to hybrid
father as was confirmed by the allozyme analysis and the other “b” allele should be inheritted
from the sexual mother. It is obvious, that this P. ridibundus mother had introgressed the L
allele because all juveniles with “bb” profile were her sons. In microsatellites, out of 245
analyzed animals, only three P. esculentus juveniles possesed recombined genotypes at a
given locus (one R-specific allele from P. ridibundus mother one R-specific allele from P.
esculentus father). Previous studies showed that introgression of nuclear markers between P.
lessonae and P. ridibundus can be bi-directional (Uzzell et al. 1977, Spasic-Boskovic et al.
1999, Schmeller et al. 2005, Mikulicek et al. 2014). Based on allozyme loci, a level of
recombination ranged between 2-3% (Schmeller et al. 2005, Plotner et al. 2008) with a higher
rate of introgression into P. ridibundus genome (Uzzell et al. 1977, Hotz 1983, Vorburger et
al. 2001b, Guex et al. 2002, Choleva 2004, Mezhzherin et al. 2004). Additionally, some rare
introgression of R-specific alleles between two R hemiclonal genomes in homospecific
crosses was documented (Vorburger et al. 2001b). Other method using AFLP confirmed
higher introgression of L-specific markers into P. ridibundus (10%) than vice versa (6%)

(Mikuliek et al. 2014).
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If we consider that such horizontal transfer of nuclear genes between two genomes is
linked with a disturbed meiotic division of P. esculentus hybrids (Pagano and Schmeller 1999,
Abbott et al. 2013, Dolezalkova et al. 2016) we might guess if any other asexual hybrid can
recombine. Barbiano et al. 2013 documented high levels of genetic variation among asexual
individuals of P. formosa, which was attributed to recombination. Turner and collegues
(1980) came with the hypothesis that the ancestral P. formosa might have been a sexually
reproducing hybrid for some time before becoming gynogenetic. Barbiano et al. (2013)
alternatively explained it as some form of asexual recombination, most likely mitotic gene
conversion that may have caused such genetic variation, as similarly proposed in unisexual
lizards of the genus Darevskia (Kupryianova 2009). Other example was documented in
sexual-asexual complexes of American ants, which are characterised by social
hybridogenesis. Laboratory experiments demonstrated that any way sterile hybrid females
with meiotic oogenesis are able to, in certain circumstances, produce fertile hybrid males with
recombined genomes. Backcrossing with a sexual queen might lead to introgression of foreign
genes to a pure sexual lineage and compromise a formation of a new colony (Eyer et al.

2013).

Coclusion

In general, clonal hybrids are considered genetically conservative organisms with a tendency
to accumulate deleterious. Hemiclonal hybrids partialy solve the problem of genetic
uniformity by mating backwards with a sexual species. Incorporation of sexual recombined
gamete to a hybrid genotype provides a sufficient degree of genetic variability in progeny,
which ensures them a long-term existence. In this way they became existentially dependent on
sexual partners and used to behave as sexual parasites (Avise 2008). Despite the hundreds of

crossing experiments based on hybrid inheritance done in the past, the hybrid life-strategies
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are not fully understood. A common feature for hybridogenetic taxa is that one parental
genome is trapped in hybrids as a hemiclone, while the other is renewed each generation from
sexual species. In this regard, hybrid males from the Oder River basin exhibit a new
evolutionary strategy of inheritance as they can return the borrowed sexual genome back to
the sexual population in one generation, in a form of viable and fertile sexual females. In a
newly arised sexual genotype, R genome frozen as a hemiclone changes the role again and
most likely undergoes recombination in P. ridibundus gametogenesis again. Up-to-date there
existed some indications that clonal genome can be returned back to sexual population, but
nobody expected it to be such a common phenomenon. Whether the P. esculentus males’
ability to form new sexual females is beneficial for hybrids or not, remains unclear, because
females are produced at the expense of hybrid genotype. On the other hand, hybrid males
produce potencial sexual partners for themselves and for the future generation of hybrid males
in this way. Our experimental data illustrate a new manner by which asexuals maintain
themselves bringing us, as pointed by Bengtsson (2009) deeper insights concerning the

question of what it means to be a eukaryote.
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Tables

Table 1. Information on sampling locations, sex, genotype, mitochondrial (mt) DNA and
number (N) of sampled individuals of two Pelophylax taxa.

Population type  Sample site Latitude, longitude Sex Genotype MtDNA N
R-E Albrechticky 49°4229"N, 18°5'S6"E M RL rid 1
Dolni Benesov 49°54°44“N, 18°07°12°°E F RR kurt 1

Kosatka 49°44'10"N, 18°9'15"E F RR rid 3

kurt 1

M RR rid 1

RL rid 13

kurt 2

R Citov 50°21'59"N, 14°26'49"E F RR les 3
Lib&échov 50°24'37"N, 14°27'12"E F RR les 1

R-E, P. ridibundus-P. esculentus population; R, pure P. ridibundus population; RR, P. ridibundus; RL, P. esculentus; rid, P.
ridibundus like mtDNA; kurt, Rana kurmuelleri like mtDNA; les, P. lessonae like mtDNA.

Table 2. Mortality of B1 progeny sorted by males. Cross ID = identification number for a
cross, ID male = identification number for a male, MtDNA = mitochondrial DNA of the
male, N = the amount of juveniles, 1st day = the first day after fertilization, 3rd day = the
third day after fertilization, stage 25 = free swimming stage of the juvenile, Met. =
metamorphosed froglets, Fert. Rate = a fertilization rate, EM = an embryonic mortality, TM
= a tadpole mortality.

N EM ™
1st 3rd stage Fert. Rate
CrossID Male MtDNA day day 25 Met. % N % N %
25-2013 M1 rid 675 633 253 137 90 422 62 116 46
32-2013 672 672 433 32 70 239 36 401 93
40-2013 M2 rid 363 363 6 0 <10 357 98 6 100
44-2013 351 321 0 0 50 351 100
56-2013 M3 rid 398 393 0 0 0 398 100
65-2013 685 684 3 0 <1 682 99 2 67
39-2013 M4 rid 413 369 216 23 20 197 47 193 89
49-2013 220 220 48 2 <10 172 78 46 96
52-2013 266 263 0 0 0 266 100
42-2013 M5 rid 396 396 96 66 <10 300 76 30 31
46-2013 134 133 0 0 50 134 100
28-2013 M6 rid 436 417 3 0 <1 433 99 3 100
29-2013 393 390 0 0 0 393 100
61-2013 M7 kurt 331 330 0 0 0 331 100
71-2013 312 311 0 0 <1 312 100
53-2013 M8 rid 309 308 3 2 <1 306 99 1 33
62-2013 435 382 0 0 0 435 100
41-2013 M9 rid 287 287 150 64 50 137 48 76 51
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66-2013
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98 5 62
88 24 42
90 19 39
86 7 8
98 4 57
100

9 0 0
92 25 56
73 139 100
98 3 60
9% 20 87
100

9 2 67
9% 5 22
100

Table 3. Inheritance of gametes and sex in B1 progeny. Genotype of progeny was determined
using allozymes. Cross ID = identification number for a cross, Undev = undeveloped gonads,
juveniles with unknown sex.

RR RL
CrossID Male Gamete & @ Undev 4 9 Undev
25-2013 M1 L 20
32-2013 L 3
65-2013 M3 L 1
49-2013 M4 L, R 1 1
39-2013 R 22
42-2013 M5 L 64
53-2013 M8 L 2
41-2013 M9 L 20
57-2013 M10 L 3
66-2013 L 20
272013 M1l L R 14 1 11
30-2013 L,R 28 21
59-2013 M12 R 2 1
60-2013 M13 L 19
54-2013 M14 L 2
63-2013 L 3
26-2013 M16 L 17

L, P. lessonae specific genome;R, P. ridibundusspecific genome.
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Table 4. Polymorphic microsatellite loci used in this study

Locus L specific alleles R specific alleles unspecified alleles
RICA2a34 144 .
RICA5 262 —
Rrid013A 301 287/293
Galal9 197
203/207/211/224/245/249/251
RICA18 188 _ 176
RICA1b5 120 134/136/140
Resl14 140 146/150
Res20 124 _
RelCagal0
106/108/110/113/115/117/119/12

— 2/127/133/137
Re2Caga3

. 173/204/212/223/234/236/239
RICA1b6 . 80/83/86/90/96/98 87
Res22

_ 85/90/106/108/113/120/130
Rrid059A o 129/131/135/137/142
Rrid082A . 163/139/178/182/184
Rrid169A 187/189/190/192/195/197/204/20

— 8

142



Supplementary material

RL15(RL 16

10- | 25- | 26- | 27- | 28-
2013 | 2013 | 2013 | 2013 | 2013

16- | 32- | 31- | 30- | 29-
2013 | 2013 | 2013 | 2013 | 2013
47- 39- | 40- | 41- | 42-
2013 2013 | 2013 | 2013 | 2013
48- 49-
2013 2013
50- 52-
2013 2013
51- a4 | 45- | 46-
2013 2013 | 2013 | 2013
58- 53- | 54- | 55 | 56- | 57- | 59- | 60- | 61-
2013 2013 | 2013 | 2013 | 2013 | 2013 | 2013 | 2013 | 2013
rra | 6 62- | 63- | 64- | 65- | 66- | 68-

2013 2013 | 2013 | 2013 | 2013 | 2013 | 2013

72- 69- | 70- | 71-
2013 2013 | 2013 | 2013
Figure S1: Crossing design scheme with noted crosses ID (i. a. 10-2013). F = female, M = male, RR = P.

ridibundus male, red colour = P. ridibundus like mtDNA, green colour = P. lessonae like mtDNA, grey colour =
P. kurtmuelleri like mtDNA.

RR4

RR5

RR 6

RR7

Table S2. A list of abbreviations representing adult frogs used for crosses.

Male ID Female ID

RR1 13CZ3WF21M RR1 13CZ1WF3F
RL1 13CZ3WF28M RR 2 13CZ3WF10F
RL2 13CZ5WF1M RR3 13CZ3WF11F
RL3 13CZ3WF40M RR 4 13CZ1WF4F
RL4 13CZ3WF33M RR5 54F3 (2012)
RL5 13CZ3WF31M RR6 13CZ2WF1F
RL6 13CZ3WF29M RR7 13CZAWF1F
RL7 13CZ3WF38M RR 8 13CZ3WEF3F
RL8 13CZ3WF32M RR9 13CZ3WF2F

RL9 13CZ3WF36M
RL10 13CZ3WF44M
RL11 13CZ3WF45M
RL12 13CZ3WF30M
RL 13 13CZ3WF39M
RL 14 13CZ3WF42M
RL 15 13CZ3WF43M
RL 16 13CZ3WF35M

RR = Pelophylax ridibundus, RL = P. esculentus.
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Table S3. Informations about microsatellite loci used. Repeat = minimum and maximum
number of repeats in each locus, specifity = species specific amplification of alleles in loci
known from literature, RR = Pelophylax ridibundus, LL = P. lessonae.

Repeat Specifity
Locus Label Min. Max. RR LL
Multiplex1 Res20 red 106 146 nonamplifying polymorfic
RICA1b5 yellow 118 138 polymorfic polymorfic
Galal9 blue 199 255 polymorfic monomorfic
RICA18 yellow 169 188 nonamplifying polymorfic
RICAS green 232 264 polymorfic polymorfic
RICA2a34 green 106 160 polymorfic polymorfic
Rrid013A red 275 299 polymorfic polymorfic
Res14 blue 133 150 polymorfic unknown
Multiplex 2 Rrid082A yellow 161 184 polymorfic unknown
Res22 yellow 83 133 polymorfic nonamplifying
Rrid059A green 111 139 polymorfic monomorphic
Rrid169A green 181 214 polymorfic nonamplifying
RelCagalO blue 97 140 polymorfic polymorfic
RICA1b6 red 74 108 polymorfic polymorfic
Re2Caga3 red 161 251 polymorfic nonamplifying
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Table S4. Microsatellite data of 245 individuals divided into 17 families and two multiplexes
(Multiplex 1 and 2). Each line represents one individual (ID), its sex and genotype (Gen). A
single locus has alleles separated to two columns, the first allele is R-specific, the second one
is L-specific. Each family starts with two lines of crossed adult frogs (i. a. 13CZ3WF28M as a
male and 13CZ1WF3F as a female) and continue with juveniles (i. a. 25_2013JUV1).

Multiplex 1

ID Sex Gen RICA2a34 RICA5 Rrid013A Galal9 RICA18 RICA1lb5 Resl4 Res20
13CZ3WF28M M RL 0 144 0 262 293 301 207 197 0O 188 136 120 150 140 0 124
13CZ1WF3F F RR 0 0 0O 0 287 287 207 207 O O 136 136 146 146 0 O
25_2013Juvl M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
25_2013JUuvi0 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013Juvil M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013Juvi2 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 O
25_2013Juvi3 ™M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 O 0
25_2013Juvi4 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
25_2013Juvl5 M RL 0 144 0 262 287 301 207 197 176 188 136 120 0 140 O 0
25_2013Juvie M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 O
25 2013Juvl7 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 O 0
25_2013Juvi8 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 O
25_2013Juvil9 ™M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 O 0
25_2013JUV2 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013Juv20 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 O 0
25_2013JUV3 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
25_2013JUuv4 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013JUV5 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013JUve M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013JUV7 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013Juv8 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
25_2013JUV9 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
13CZ5WF1M M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 124
13CZ1WEF3F F RR 0 00 0 287 287 207 207 0 0 136 136 146 146 O 0
26_2013Juv1l M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
26_2013JUV2 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
26_2013JUv3 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
26_2013JUV10 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 124
26_2013JUV11 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 O
26_2013Juv1i2 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 O
26_2013JUV13 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 O
26_2013Juvi4 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 O
26_2013JUV15 M RL 0 144 0 262 287 301 207 197 0 188 136 120 0 140 0 O
26_2013Juvie M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 0 O
26_2013JUV17 M RL 0 00 O 0 0O 0 O O O o0 o 0 00 O
26_2013JUv4 M RL 0 144 0 262 287 301 207 197 0O 188 136 120 0 140 0 124
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66_2013JUV21 ™M RL 0 144 0 262 287 301 211 197 0 188 136 120 146 140 O 0
66_2013JUuv22 M RL 0 144 0 262 287 301 207 197 0 188 136 120 146 140 O 0
66_2013JUV8 M RL 0 144 0 262 287 301 211 197 0 188 136 120 146 140 0 124
66_2013JUV9 M RL 0 144 0 262 287 301 0 0 0 188 136 120 146 140 0 124
F = female, M = male,RR = Pelophylax ridibundus, RL = P. esculentus.
Multiplex 2
ID Sex Gen RelCagal0 Re2Caga3 RICA1b6 Res22 RridO59A Rrid082A Rrid169A
13CZ3WF28M M RL 127 0 173 0 83 0 113 0 137 0 163 0 192 0
13CZ1WF3F F RR 117 115 223 223 96 83 113 113 135 131 178 178 197 187
25_2013Juvl M RL 115 0 223 0 83 0 113 0 131 0 178 0 187 0
25 _2013Juvi0 M RL 115 0 223 0 83 0 113 0 135 0 178 0 197 0
25_2013JuV1l M RL 115 0 223 0 83 0 113 0 135 0 178 0 197 0
25 _2013JUvVi2 M RL 117 0 223 0 83 0 113 0 0 0 178 0 187 0
25_2013JUV13 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 _2013Juvi4d M RL 115 0 223 0 83 0 113 0 135 0 178 0 197 0
25_2013JUV15 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25_2013JUV1e M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25_2013JuVv17 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25_2013JUv18 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25_2013JUV19 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 _2013Juv2 M RL 117 0 223 0 83 0 113 0 135 0 178 0 197 0
25_2013Juv20 M RL 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 _2013JUvV3 M RL 117 0 223 0 383 0 113 0 135 0 178 0 197 0
25_2013Juv4 M RL 117 0 223 0 83 0 113 0 135 0 178 0 197 0
25_2013JUV5 M RL 115 0 223 0 383 0 113 0 135 0 178 0 197 0
25_2013JUve M RL 115 0 223 0 83 0 113 0 135 0 178 0 187 0
25 _2013Juv7 M RL 117 0 223 0 383 0 113 0 135 0 178 0 197 0
25_2013Juv8 M RL 115 0 223 0 83 0 113 0 135 0 178 0 197 0
25_2013JUv9 M RL 117 0 223 0 383 0 113 0 131 0 178 0 187 0
13CZ5WF1M M RL 106 0 173 0 383 0 106 0 135 0 163 0 195 0
13CZ1WF3F F RR 117 115 223 223 96 83 113 113 135 131 178 178 197 187
26_2013JuV1l M RL 115 0 223 0 383 0 113 0 135 0 178 0 187 0
26_2013JUV2 M RL 117 0 223 0 83 0 113 0 135 0 178 0 197 0
26_2013JUvV3 M RL 115 0 223 0 83 0 113 0 135 0 178 0 187 0
26_2013JUV10 M RL 115 0 223 0 83 0 113 0 135 0 178 0 197 0
26_2013JUuv11 M RL 115 0 223 0 83 0 113 0 0 0 178 0 197 0
26_2013JUV12 M RL 117 0 223 0 83 0 113 0 0 0 178 0 197 0
26_2013JUv13 M RL 115 0 223 0 83 0 113 0 0 0 178 0 187 0
26_2013JUV14 M RL 115 0 223 0 83 0 113 0 0 0 178 0 187 0
26_2013JUV15 M RL 117 0 223 0 83 0 113 0 0 0 178 0 187 0

151



26_2013JUV16 M RL 115 0 223 0
26_2013Juv17 M RL 0 0 0 0
26_2013Juv4 M RL 117 0 223 0
26_2013JUV5 M RL 117 0 223 0
26_2013JUV6 M RL 115 0 223 0
26_2013Juv7 M RL 117 0 223 0
26_2013JUV8 M RL 117 0 223 0
26_2013JUVv9 M RL 115 0 223 0
13CZ3WF40M M RL 127 0 239 0
13CZ1WF3F F RR 117 115 223 223
27_2013Juv10 M RL 117 0 223 0
27_2013JUvV11 F RR 127 115 239 223
27_2013JUV12 F RR 127 117 239 223
27_2013JUV13 F RR 127 117 239 223
27_2013JUuV14 F RR 127 115 239 223
27_2013JUV15 F RR 127 115 0 0
27_2013JUV16 F RR 127 115 239 223
27_2013JUV17 M RL 117 0 223 0
27_2013JUV18 F RR 127 115 239 223
27_2013Juvl M RL 115 0 223 0
27_2013Juv21 F RR 127 115 0 0
27_2013JUV22 F RR 127 115 239 223
27_2013JUvV23 F RR 127 117 0 0
27_2013Juv24 F RR 127 117 239 223
27_2013JUV25 F RR 127 117 239 223
27_2013JUV26 F RR 127 115 0
27_2013JUv27 F RR 127 115 0
27_2013JUV28 F RR 127 115 0
27_2013JUvV2 M RL 117 0 223 0
27_2013JUV3 M RL 117 0 223 0
27_2013Juv4 M RL 117 0 223 0
27_2013JUV5 M RL 117 0 223 0
27_2013JUV6 M RL 117 0 223 0
27_2013JUV7 M RL 115 0 223 0
27_2013JUV8 M RL 115 0 223 0
27_2013JUV9 M RL 115 0 223 0
13CZ3WF40M M RL 127 0 239 0
13CZ3WF10F F RR 115 106 232 173
30_2013Juvil M RL 115 0 173 0
30_2013Juvio M RL 115 0 232 0
30_2013JuvioB M RL 106 0 0 0
30_2013Juvil F RR 0 115 0 0
30_2013JuviiB M RL 115 0 232 0
30_2013Juvi2B M RL 106 0 173 0

152

83

83
83
83
83
83
83

83
96
83
96
96
96
96
96
96
83
96
83
96
96
96
96
96
96
96
96
83
83
83
83
83
83
83
83

83
83
83
83
83
83
83
83

o O O O O o o o

(o]
w O

O O O O 0O 0O O o oo o o o o o

o
w w

O O O O O o o o o

90

83

113

113
113
113
113
113
113

85
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113

85
113
113

o O O O o

o O O O O o o o

113

0O 00 00 00 00 00 00 o] 0 00 00 00 00
v o0t L L Ll Ll L1l O L1lOoO Lkttt Ll il L1 O

O O O O O o o o

o

113

o O O o o o

135
135
131
135
135
131

135
135
131
135
135

o O O o o o

135

O O O ©O O o o o

131
135
131
135
135
131
131
135

135
135
135
135
135
135
135
135

O O O O o o o o

131

131
131

O O O O O OO O 0O O O O OO oo oo oo o o o

135

135

178

178
178
178
178
178
178

178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178

178
182
182
178

182

O O O O O ©O ©o o

178

178
178
178
178
178
178

178

178
178
178
178
178
178
178
178

O O O O O O o o

o

178

O O O O o o

197

187
197
187
187
197
197

189
197
187
189
197
189
189
197
197
197
189
197
189
189
189
189
189
189
189
189
197
197
197
197
197
187
187
197

189
204
189
204
204

204
197

O O O O O o o o

187

187
189
187
187
189
189

187

187
187
187
187
187
187
187
187

O O O O O o o o

197
197

o O O o o



30_2013JUV13
30_2013JUV13B
30_2013Juv14
30_2013JUV14B
30_2013JUV17
30_2013JUV18
30_2013JUV19
30_2013JUV1B
30_2013JUV2
30_2013JUV20
30_2013JUV21
30_2013JUV22
30_2013JUV23
30_2013JUV24
30_2013JUV25
30_2013JUV2B
30_2013JUV3
30_2013JUV32
30_2013JUV33
30_2013JUV38
30_2013JUV3B
30_2013JUV4
30_2013JUV4B
30_2013JUV5
30_2013JUV5B
30_2013JUV6
30_2013JUV6B
30_2013JUV7
30_2013JUV7B
30_2013JUV8
30_2013JUV8B
30_2013JUV9B
30_2013JUV12
30_2013JUV15
30_2013JUV16
30_2013JUV9

13CZ3WF28M
13CZ3WF10F
32_2013JUVvi1B
32_2013JuvVl
32_2013JUv2

13CZ3WF31M
13CZ3WF11F
39_2013Juvi0

<L L"TLTL<LLIL LT T L L T L T g mm T 2 <T

il

RR
RL
RL
RL
RR
RR
RR
RL
RR
RR
RR
RL
RR
RR
RR
RL
RR
RL
RL
RR
RL
RR
RL
RL
RL
RL
RL
RR
RL
RR
RL
RL
RR
RR
RR
RR

RL
RR
RL
RL
RL

RL
RR
RR

127
115
115
115
127
127
127
106
127
127
127
115
127
127
127
115
115
106
115
127
106
115
115
106
106
106
106
127
115
127
115
115
127
127
127
127

127
115
106
115
115

117
115

106

106
106
115

106
115
106
106
115

106

106

115

106

o O O O o

106

115

115

115

106
106

106

115
117

232
173

232
239

234

232
239
232

239
173
239

173
234
232
173
239
173
239
232
232

239
239

173
232
173
173
173

173
173
173

O O O O O o o o

173

O O O ©O o o o

173

232

173

O O O o o

232

173

239
239
232
173

173

204
173

153

83
83
83
83
90
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83
83

90
90

83
83
83
83
83

83

98

83

00 00 0o ©O© 00 O 00 00 00 00 00 00
W O W O O W O O W O O W W w o w w w

O O O O O O o o o o

© O O O
c0O 00 00 0

90

80
80

113

113

113
113

113

113

113
113
113

113
113

113

113

113
113
113
113
113
113

113
113
113
113
113

113
113
113

o O O o

85

85

85

85

85

85

85

85

85

00
v O

O O O O O O o o o o

O 00 00
v 0 »n»n

113

85
85

135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135

135

137
135

142
135

135

135

0
182
178

o

182

O O O o o o

182
182
182

182
182

182

182
182

178

182
182
178
182
182

163
182
182
182
182

182
182
182

O O O O O ©O ©o o

178

O O O O O O o

178

o

o o

178

O O OO O O o o o o

178
178
178
178

178

169
182

204
204
197
197
197
197
197
204
204
204
204
197
204
197
204
204
204
204

197
204
204
197
204
197
197
204
197
197
204
197
204
204
204
204
204

192
204
204
204
204

189
192
192

189

189
189
189

189
189
189
189
189

189

189

189

189

o O O O o

189

189

187

187

187
187

197

192
190



39 2013JUV11
39 2013JUV13
39 2013JUV14
39 2013JUV15
39 2013JUV16
39 2013JUV17
39 2013JUV18
39 2013JUV19
39 2013JUV1B
39 2013JUV1

39_2013JUV20
39 2013JUV2B
39_2013JUV2

39 2013JUV3B
39_2013JUV4B
39 2013JUV5B
39_2013JUV6B
39 2013JUV7B
39_2013JUV8B
39 2013JUV9B

13CZ3WF38M
13CZ3WF11F
41_2013JUV10
41_2013JUV11
41_2013JUV12
41_2013JUV13
41_2013JUV14
41_2013JUV15
41_2013JUV16
41_2013JUV17
41_2013JUV18
41_2013JUV19
41_2013JUV20
41_2013JUV9
41_2013Juv1
41_2013JUV2
41_2013JUV3
41_2013JUV4
41_2013JUV5
41_2013JUV6
41_2013JUV7
41_2013JUV8

13CZ3WF32M
13CZ3WF11F

b I O e e e e s i A e e s e s e e e o A A o B |

LT L LKL (LCELL(LK(LELLTL

F

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

RL
RR
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

RL
RR

117
117

o O O o o o

117
117

O O O o o

117

117

117

106
115

115

115

O O O o o

115
115
115

115

115

115

115

119
115

115
115
117
117
117
117
117
117
115
115
117
117
117
117
117
115
117
115
115
117

115

O O O O O 0O O O 0O o oo oo oo o o o o

115

173
173
173
173
173

173
173
173
173
173
173
173
173
173
173
173
173

223
173
173
173
204
204
173
204
173
173
204

204
204
204
173
173
204
204
173
173
204

0
173

204
204
204
204
204

173
204
204
204
173
173
173
204
204
204
204
173

204

O O O O O OO O 0O O O OO0 oo oo o o o

0
204

154

86
98
98
98
98
98
98
83
98
98
98
98
98
98
98

98
98
98
98

0o 0
o w

O O O O O O O O 0O o o o oo oo o o o o

83
80

80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80

(0]
o O

O O O O O 0O 0O o o o o o

CO 00 00O 0O 00 00 00 0o
w W W w w w w w

80

113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113

106
113
113
113

85

85
85
85

113
85
113
113
85
113
85
85
85
113

130
113

113
113
85
85
113
113
113
113
85
85
113
85
85
113
85
85
113
113
85
85

(o]
v O

O O O O O 0O O O 0O o oo oo oo oo o o

85

O O O O o o o o

142
142

142
142
142
142

142
142
142

137
135
135
135
135
135
135
135

o O O o o

135
135
135
135
135
135
135
135
135

135
135

O O O O o o o o

135
135

135
135
135
135

135
135
135

135

O O O O 0O OO0 O 0O OO OO0 oo oo o o o

0
135

182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182

163
182
169
182
182
169
182
169
169
182
169

0
169
169
182
182
182
182
182
182
182
182

178
182

169
169
182
169
182
182
169
169
182
169
182
182
182
182
182
182
182
169
169
169

169

O O O O O 0O OO O O O o o o o o o o oo

0
169

192
192
192
192
192
192
192
192
192
192
192
192
192
192
192
192
192
192
192
192

197
192
192
192
192
192
192
192
192
192
192

192
192
192
192
192
192
192
192
192
192

189
192

190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190
190

192

O O O O OO OO OO0 oo oo oo o o o o

192



42_2013JUV1
42_2013JUV1B
42_2013JUV2
42_2013JUV2B
42_2013JUV3
42_2013JUV3B
42_2013JUV4
42_2013JUV4B
42_2013JUV5
42_2013JUV5B
42_2013JUV6
42_2013JUV6B
42_2013JUV7B
42_2013JUV8B
42_2013JUV9B

13CZ3WF31M
13CZ1WF4F

49 2013JUV1
49 2013JUV2

13CZ3WF36M
13CZAWF1F

53_2013Juvl
53_2013JUV2

13CZ3WF44M
13CZ4WF1F

54_2013JUV1
54 _2013JUV2

13CZ3WF39M
13CZ4WF1F

57_2013JUV1
57_2013JUV2
57_2013JUV3

13CZ3WF42M
13CZ4WF1F

59 2013JUV1
59 2013JUV2
59 2013JUV3

13CZ3WF43M
13CZAWF1F
60_2013JUV10

LT L L LKL L L L L <L

<™ XL << T L m< ™ <L

L™ L

<

M T T m

RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

RL
RR
RL
RR

RL
RR
RL
RL

RL
RR
RL
RL

RL
RR
RL
RL
RL

RL
RR
RR
RR
RR

RL
RR
RL

115
115
115
115
115
115
115
115

115
115
115
115
115
115

117
133
113
133

117
115
115
106

108
115
106
106

110
115
106
106
106

113
115
113
115
113

115
115
115

O O O O O OO O o o o o o o o

113

117

106

106

106
106
113
115

106

173
173
204
173
204
173
173
173
204
173
204
173
173
173
204

173
212
173
173

236
204
173
204

173
204
204
204

173
204
204
173
204

204
204
204
204
204

173
204
173

O O O O O 0O OO0 O o o o o o o

173

173

173

173

173
204
204
204

173

155

O O O O O OO O o o o o o o o

83
83
83
83

83
83
83
83

83
83
83
83

83
83
83
83
83

83
83
83
83

83
83
83

O O O O O O 0O O o oo o o o o

88

83

83

83

83

83
83
83
96

83

113
113
113
113
85
113
85
85
113

85
113
85
113
85

113
113

113

85
113
85
108

130
113

113

130
113

108

113
113
113
113
113

85
113
108

O O O O O OO O o oo o o o o

113

113

108

108

108
113
108
113

108

135
135
135
135
135
135
135
135
135
135
135
135
135
135
135

142
135
135
142

137
137
137
137

129
137
137
137

137
137
137
137
137

137
137
137

135
137
137

O O O O OO O O o oo o o o o

135

135

137

137

137
137

137

169
182
169
182
182
182
169
182
182
169
169
169
182
169
182

182
178
178
182

184
182
182
182

182
182
169

182
182

182

163
182
182
182
182

163
182
169

O O O O O O O O o o o o o o o

163

163

169

169
163
163
163

169

192
192
192
192
192
192
192
192
192

192
192
192
192
192

189
192
192
192

208
208
208
208

192
208
208
208

187
208
204
208

189
208
189
189
189

204
208
204

O O O O O OO O o oo o o o o

192

190

204

204

204
208
204
208

204



60_2013JUV11
60_2013JUV12
60_2013JUV13
60_2013JUV14
60_2013JUV16
60_2013JUV17
60_2013JUV18
60_2013JUV19
60_2013JUV2
60_2013JUV20
60_2013JUV3
60_2013JUV4
60_2013JUV5
60_2013JUV6
60_2013JUV8
60_2013JUV9
60_2013JUV15
60_2013JUV1

13CZ3WF44M
13CZ3WF3F

63_2013JuVl
63_2013JUv2
63_2013JUV3

13CZ3WF30M
13CZ3WF3F
65_2013JUV1l

13CZ3WF39M
13CZ3WF3F
66_2013JUV1
66_2013JUV2
66_2013JUV3
66_2013Juv4
66_2013JUV5
66_2013JUV6
66_2013JUV7
66_2013JUV10
66_2013JUV11
66_2013JUV12
66_2013JUV13
66_2013JUV14
66_2013JUV15
66_2013JUV16
66_2013JUV17

LT L L L L KL L LKL

L™ L

-n

LT LLLLLLL <L <L<L <L (L (<2 ™KL

RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

RL
RR
RL
RL
RL

RL
RR
RL

RL
RR
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL
RL

106
106
106
106
106
106
106
115
115
106
115
115
106
106
106
115
106
106

108
122
122
122
122

137
122
106

110
122
122
122
106
106
122
106
122
106
122
122
122
122
122
122
122

o O O O o o o

106

O O O O O o o o o o

106

106

106

O O O O 0O OO o o o o o o o o

173
204
204
204
173
204
204
173
173
204
173
173
173
204
173
204
173
173

173
239
239
239
239

204
239
239

173
239
239
173
173
173
239
239
239
239
239
173
173
173
173
173
173

O O O O O 0O OO0 OO0 oo oo oo o o

173

173

173

O O O O O OO0 Oo o o o o o o

156

83
83
83
83
83
83
83
83

83

o O O o o o

83
83

83
96
83
83
83

83
96
83

83
96
96
83
83
96
96
87
83
83
83
96
83
83
83
96
96

O O O O O 0O OO0 O o o o oo o o o o

83

83

83
83

83

83

83
83

113
108
113
113
113
108
113
113
113
113
113
113
113
113
113
108
113
113

85
106
85
106
85

113
106
106

130
106
106

85
106
106
120

90
106
106
106

85

85
106
106
106
106

o O O o o o o

108

O O O O O o o o o o

85

85

(o]
v O

O O O O 0O OO0 oo o o o o o o

137
137
135
137
137
137

137

137
137
137
137
137
137
137
137

129
142

135
142

137
142
137

137

137

137
137

137

137
137

137

O O O O O 0O OO0 OO0 oo oo oo o o

137

137

O O O O O OO0 OoOo o o o o o o

169
169
182
182
169
169
182
182
169
182
169
169
182
182
182
182
182
182

182
178
178
178
163

163
178
178

182
178
178
163
163
178
178
163
178
178
178
178
163
178
178
178
163

O O O O O O O 0O O O o oo o o o o o

163

163

163

O O O O 0O 0O O O O o o o o o o

204
204
208
208
208
204
208
204
204
208
204
204
208
208
208
208
208
204

192
204
189
189
204

192
204
189

189
204
189
189
204
189
189
204
189
189
189
189
204
189
189
189
189

O O O O O 0O OO O o o o oo oo o o

189

189

189

O O O O 0O OO0 O o o o o o o o



66_2013JUV18
66_2013JUV19
66_2013JUV20
66_2013JUV21
66_2013JUV22
66_2013JUV8

66_2013JUV9

M
M
M
M
M
M

M

RL
RL
RL
RL
RL
RL
RL

122
106
106
122
122
122
122

o O O O o o

0

239
239
239
239
173
239
173

o O O o o o

0

96
96
96
83
83
96

0

F = female, M = male,RR = Pelophylax ridibundus, RL = P. esculentus.

157

83 106
83 85
83 &5
106

85

83 85
0 106

O O O O O o o

137
137
137

137
137
137

O O O O O o o

178
163
178
178
163
163
178

O O O O O o o

204
204
189
189
204
189
189

O O O O O o o



	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Animals
	Chromosome preparations
	DNA extraction and probe preparation
	Comparative genomic hybridization (CGH)
	Image processing

	Results
	Discussion
	Conclusions
	Additional file
	show [a]
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

