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Abstrakt

V pribehu evoluce piirodni vybér selektuje jedince, kteii voli tu nejlepsi strategii pro preziti a
nejvetsi reprodukeéni uspéch. Z evolucniho hlediska hraje hybridizace vyznamnou roli
v procesu speciace. Zvoleni vhodné antipredacni strategie vzriista Sance jedince na pieziti. Ve
své dizertaCni préci jsem se zabyvala témito dvéma tématy a jejich vlivu na fitness u gekonc¢ika
nocniho (Eublepharis macularius, Eublepharidae). Oproti jinym skupindm obratlovct je
zdznamu o hybridizaci a jejim vlivu na fitness (fertilitu, pfezivani) hybrida u jestérit malo,
ackoliv hybridizuji i geneticky vzdéalené druhy. Efekt hybridizace na fitness byl studovan
u dvou druht gekoncikl (E. macularius a E. angramainyu). Zda jsou ochotni se kiizit s cizim
druhem a jaky to mé& dopad na fitness hybridi. Podobné byli studovany u geneticky
ptibuzngjsich forem komplexu druhii kolem E. macularius ptipadné prekopula¢ni omezeni
a vyhody a ztraty spojené s hybridizaci. Analyza dat ukazala, ze jestéti hybridizuji i mezi velmi
se v nasi studii neprokézal vztah mezi genetickou vzdalenosti rodi¢ovskych druhti a sterilitou
anebo neZzivotaschopnosti hybridi. Alespon ¢éastecna fertilita F1 hybridG a tok gent se
vyskytoval i u hybridizaci mezi geneticky nejvzdalenéjSimi rodicovskymi druhy. Zjistili jsme,
ze nejsou vytvoreny dostateéné prekopulacni zabrany, které by branily jak mezidruhové, tak
vnitrodruhové hybridizaci. Vyznamné bylo zjisténi, Ze mezidruhové kiizeni druht
E. angramainyu a E. macularius je prvnim zaznamem o kiiZeni u druhi s teplotn€ ur¢enym
pohlavim (TSD) u jestért.. Zaroven patii k hybridizaci mezi geneticky nejvzdalenéjsimi druhy
jestértt ve srovnani s dostupnou literaturou. Na zakladé morfologickych analyz a analyzy
zbarveni se 1181 jak rodiCovské druhy E. angramainyu a E. macularius, ale také jejich F1 hybridi.
Druh E. angramainyu roste pomaleji a vé&tsi velikosti dosdhne diky delSimu obdobi
exponencialniho rastu. F1 hybridi jsou Zivotaschopni a fertilni a introgrese je umoZznéna diky
zpétnému kiizeni. Mezidruhovi hybridi, s vyjimkou F2 hybridii, nemaji Zadna poskozeni a ani
horsi Zivotaschopnost nebo riist. Na zakladé toho 1ze ocekavat, ze jeStéti hybridizuji Castéji,
a 1 mezi geneticky rozdilnéjS§imi druhy, nez se dodnes vi. Podafilo se ndm zdokumentovat
zmény antipredacni strategie v pribéhu ontogeneze u druhu E. macularius. Zatimco mlad’ata

odrazuji predatora vokalizaci, dosp€lci utikaji a maji vyhodu z kryptického zbarveni.



Abstract

During evolution, the natural selection favours individuals with the best survival strategy and
the highest reproductive success. From the evolutionary point of view, hybridization plays an
important role in the process of speciation. Avoiding predators by choosing the most
appropriate antipredator strategy increases the animal’s chances of survival as well. Studying
fitness consequences of hybridization and predation in Eublepharis macularius (Eublepharidae)
was the main objective of this theses. Compared to other vertebrate groups, the reliable records
on hybridization and its effect on the hybrid’s fitness (fertility, survival) in lizards are scarce,
despite their ability to hybridize between genetically distant species. These effects were
examined in two species of eyelid geckos (E. macularius and E. angramainyu). We aimed to
discover whether they were willing to hybridize with a heterospecific species and how the
fitness of the hybrids would be affected. Similarly, were studied more genetically related forms
of E. macularius species complex, the potential precopulatory barriers, and fitness cost of this
hybridization. Analysis of published data has shown that the lizards hybridize between very
phylogenetically distant species and are even "more successful" than birds or turtles.
Surprisingly, we didn’t prove relationship between the genetic distances of parental species and
the sterility or unviability of hybrids. The F1 hybrids were typically at least partially fertile and
the genetic introgression was possible. The sufficient precopulatory barriers to prevent both the
interspecies and the intraspecies hybridizations were not found. Significant was the finding that
the interspecific hybridization between the E. angramainyu and E. macularius was the first
record of crossing the species with temperature-dependent sex determination (TSD) in lizards.
At the same time, this cross belongs to the hybridization between genetically most distant
species in lizard compared with the available literature. Analyses of morphometric and colour
traits confirmed the phenotypic distinctiveness of both parental species of E. angramainyu and
E. macularius, as well as their F1 hybrids. E. angramainyu species grew more slowly and the
larger size was attained by a longer period of exponential growth. I demonstrated that F1
hybrids were viable and fertile and the introgression might be enabled via backcrossing. The
interspecific hybrids, except for F2 generation, displayed neither malformations nor reduced
survival or growth. Based on these findings, the lizards can be expected to hybridize more
frequently and even between more genetically distinct species than what has been known.
Finally, optimal antipredator strategy changes over ontogeny were documented in
E. macularius, as juveniles deter a predator by vocalization, while the adults rather escape and

benefit from their cryptic colouration.
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Uvod

V priibéhu evoluce ptirodni vybér selektuje jedince, ktefi voli tu nejlepsi strategii pro
preziti a nejveétsi reprodukcni uspéch (Darwin 1859; Davies et al. 2012). Prokazalo se, ze
i hybridizace mezi druhy a nasledna genetickd introgrese mize mit pozitivni vliv na jedince
a v dlouhodobém méftitku hybridizace hraje vyznamnou roli v procesu speciace a pii vzniku

adaptivnich znaki (Seehausen 2004; Mallet 2007; Genovart 2009; Abbott et al. 2013).

Sexualné mnozici se druhy jsou oddéleny prezygotickymi a postzygotickymi
reprodukéné izolacnimi mechanismy (RIM). Prezygotické reprodukéni bariéry zptsobuji jak
prekopulacni izolaci (napf. odliSné sami¢i preference partnera nebo rtzné reprodukéni
chovani), tak postkopulacni zdbrany (snizend zivotaschopnost spermii pii mezidruhovym
ktizeni nebo nekompatibility mezi spermiemi a vajicky (Servedio 2001)). Postzygotické RIM
vznikéd pfedevSim diky genetické odliSnosti druhti a nasledné nekompatibility zplsobuji
nezivotaschopnost a sterilitu hybrid (Orr & Presgraves 2000; Coyne & Orr 2004). To vede
k selekci a tlaku na vznik tzv. prezygotickych RIM, casto prekopulacnich bariér, které
predchazi samotné hybridizaci (Hoskin et al. 2005). Dobzhansky-Muller model ptedpoklada,
ze nekompatibility mezi druhy se hromadi s ¢asem, ktery uplynul od jejich oddéleni, a tudiz
roste 1 sila postzygotickych RIM (Dobzhansky 1936; Muller 1942; Orr & Turelli 2001).
Nicméné rychlost, s jakou tyto bariéry vznikaji, se vyznamné li§i mezi hlavnimi skupinami
obratlovcti (Wilson et al. 1974; Prager & Wilson 1975; Karl et al. 1995; Fitzpatrick 2004;
Bolnick & Near 2005).

Ackoliv se mnoho praci ve€novalo teoretické analyze proximatnich mechanismi
hybridizace, v literatuie pomérné dost chybi piehled empirickych studiich, a to predevSim
u skupiny plazti. To nas vedlo k sepsani prvni publikace (publikace I.), ve které jsme chtéli
ukdzat stav znalosti o schopnosti jestérti hybridizovat s dlirazem na informace o fitness hybridi
(napt. Zivotaschopnost, fertilita/sterilita, malformace, kompetice). Predpokladali jsme, Ze
jesteéri budou schopni hybridizovat podobné Casto jako ptaci (Grant & Grant 1992; McCarthy
2006) diky fylogenetické ptislusnosti ke skupiné Diapsida.

Dalsi vyznamnou soucasti chovani kazdého zivocicha, aby piezil, je volba antipredacni
strategie. N¢kdy je lepsi utéct, jindy zase se pokusit predatora zastraSit a nékdy je vyhodné mit
to spravné zbarveni (Pough 1976; Medill et al. 2011; Fresnillo et al. 2016). Ukazalo se, ze
antipredacni chovani je kromé vné&jSich podminek ovlivnéno také napt. velikosti, kondici,

zkuSenosti, zbarvenim, mirou predac¢niho tlaku, ale také stafim zvifete a jeho fyziologickym
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stavem a moznostmi (Marcellini & Jenssen 1991; Van Buskirk & Schmidt 2000; Benard 2004;
Dangles et al. 2007). Uspé&snost a volba strategie v téchto interakcich s predatorem ovliviiuje
fitness zvitete (Lind & Cresswell 2005). Jelikoz se béhem ontogenetického riistu méni rizné
morfologické a fyziologické vlastnosti jedince, pro mlad’ata a dospélce se selekéni tlaky mohou
vyrazné lisit (Pough 1978; Garland 1985; Irschick 2000; Herrel et al. 2006). Na zakladé¢ toho
se pak se pak mize v ontogenezi ménit i chovani a preference jedinct (Law 1991; Lind &

Welsh 1994; Keren-Rotem et al. 2006; Eskew et al. 2009).

Ve své dizertacni praci jsem se zabyvala t€émito dvéma tématy u gekoncika no¢niho
(Eublepharis macularius, Eublepharidae). Hybridiza¢ni experimenty jsem provedla na dvou
urovnich: mezi fylogeneticky vzdalen¢jSimi druhy E. macularius a E. angramainyu a mezi
pribuznéj§imi formami v rdmci komplexu druhu kolem E. macularius. Antipredaéni strategii
jsem zkoumala u druhu E. macularius od vylihnuti po dospé€lost. Druh E. macularius vyskytuje
na uzemi Péakistanu, vychodniho Afghanistanu a severozapadni Indie. Druh E. angramainyu je
méné bézny a obyva oblast byvalé Mezopotdmie a jihozapadniho Irdnu (Anderson 1999).
Vyskyt obou druhti oddéluje iranské Plato a pohoii Zagros (Gogmen et al. 2002; Seufer et al.
2005). Jak geologické, tak genetické poznatky naznacuji, ze tyto dva druhy se oddélily pred
vice jak 12—15 miliony lety (detaily v Publikaci III.). Informace o ekologii a chovani druhu
E. angramainyu jsou sporadické. Oba druhy se vyskytuji ve stepnich porostech s kamenitou
pudou od niZin az po pohoti Zagros a Himal4ji (Seufer et al. 2005). I o pfirozeném prostiedi
gekoncika no¢niho a o jeho ekologii a chovani v pfirod€ se zminuje jen par praci (Minton 1966;
Khan 1999). Nékteti poukazuji na to, Ze v ramci tohoto druhu existuji vice forem ¢i poddruhd,
které se li$i nejen morfologicky, ale 1 geneticky (Seufer et al. 2005; Starostova et al. 2005). Pti
mé préci jsem pracovala s tfemi formami, které se liSily nejen barevné, ale 1 velikostné€ a tvarem
téla. Forma, ktera ma charakteristick¢ zbarveni, jsme nazvali ,,zIutd* a odpovida oznaceni
»yellow population® v publikaci Starostova et al. 2005. Geneticky velmi podobna, ale
morfologii odlisnd forma ,,bila* odpovida oznaceni ,,white population®. Nami oznacovana
»tmava®“ forma odpovidé E. cf. fuscus Borner, 1981 v publikaci Starostova et al. (2005).
Taxonomie tohoto druhu i celého rodu neni pfilis jasna (Das 1997; Seufer et al. 2005; Starostova

et al. 2005; Mirza et al. 2014), a proto prozatim pouzivame oznaceni ,,tmava* forma.



Cile prace

I. Jak moc geneticky vzdalené druhy jestérti se mohou jesté kiizit a jaky ma dopad
hybridizace na jejich fitness — fertilitu a Zivotaschopnost?

II. Existuje mezi geneticky vzdalen&jsimi druhy E. angramainyu a E. macularius,
popiipad¢ mezi formami komplexu druhu E. macularius prekopulacni bariéra branici
vzéajemné hybridizaci?

III.  Jaky ma dopad hybridizace mezi druhy E. angramainyu a E. macularius na fitness
hybridl v riznych generacich? Existuji mezi t€émito druhy postzygotické reprodukéné
izola¢ni bariéry?

IV. Je velikost dosp&lého gekoncika urCena spiSe rychlosti ristu nebo <Casem
exponencialniho ristu? Ovlivni hybridizace negativné riistové parametry?

V.  Méni se antipredacni strategie gekonéika no¢niho b&hem jeho ontogeneze?

Material a metodika

Nejdiive jsem prozkoumala dostupnou literaturu o pfirozené nebo experimentalni
hybridizaci mezi riznymi druhy jesStéri. Ziskala jsem dostupné informace o vyskytu
hybridizace u jesStérd, o zivotaschopnosti a plodnosti hybridi a také o vyskytu
partenogenetickych hybridnich druhti. Jako ukazatel genetické divergence mezi hybridizujicimi
druhy jsme pouzili rozdil mezi sekvencemi nukleotidi (HKY85) mitochondrialniho genu cyt

b. Sekvence byly stazeny z databdze NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/).

Pro naSe hybridiza¢ni experiment jsme pouzili dva druhy gekoncika, E. macularius a
E. angramainyu, a tfi formy komplexu druhu E. macularius, “Zlutou”, ,bilou* a “tmavou”.
Vsechna zvifata byla dospéla (minimalné dva roky stara) a byla importovana Pakistanu a franu
(podrobnosti v Publikaci III.). Ostatni pouzita zvifata byla potomky prvni generace téchto
zakladatelli. Dospéla zvitata byla chovéana ve sklenénych terariich (60 x 30 x 20 cm a 30 x 30
x 20 cm) se substratem z kilry, ukrytem a miskami na vodu a larvy potemnika mouéného.
Mlad’ata byla chovana v plastikovych krabickach (18 x 18 x 12 cm). Teplota v chovu byla
kolem 28°C. Gekoni méli pfistup k vod¢ a byli krmeni cvrcky a larvami potemnikl obalenymi

ve vitaminech a mineralech kazdy tyden. AD3 a E vitaminy byly pfiddvany jednou za 14 dni.


http://www.ncbi.nlm.nih.gov/genbank/

Experimenty s pafenim probihaly po 19. hodin€ s ohledem na no¢ni aktivitu gekoncikt.
Samce jsem umistila opatrné do teraria k samici na 30 min a vSe jsem natacela na kameru
s nocnim rezimem. Pokud k pafeni nedoslo v tomto intervalu, opakovala jsem pokus jiny den.
Kazda samice v experimentu se mohla pafit jen s jednim samcem v danou reproduk¢ni sezonu.
Hodnotila jsem chovani samcti a samic béhem dvofeni a pafeni nebo averzivni chovani, pokud

samice odmitala pareni.

Po uspésné hybridizaci jsem inkubovala vajicka E. macularius a vétSinu vajicek hybrida
v inkubatoru s teplotou na 28 °C a u druhu E. angramainyu na 26 °C (viz Tab. 1 v Publikaci
IIL.). U vSech mlad’at jsem zaznamenavala identitu rodict, datum sntsky a lihnuti. U hybrida
prvni (F1) a druhé generace (F2) a hybrida ze zpétného kiiZeni s obéma rodicovskymi druhy
(Bm a Ba) jsem sledovala rizné parametry fitness — hmotnost vaji¢ek, hmotnost mlad’at pii
lihnuti, rast, pfezivani a fertilitu po dosazeni dospélosti. Tyto idaje jsem pak porovnavala

s rodiovskymi druhy.

Nakonec byli rizné stati gekoncici no¢ni (E. macularius), od vylihnuti po dospélost (do
stafi 31 mésicl), testovani v jednoduchych antipredacnich experimentech. Kazdé zvife bylo
vystaveno sekvenci péti stiiknuti z rozprasovace a deseti Stouchnuti ty¢inkou na bazi ocasu
a byly zaznamenany nasledné reakce. Analyzovali jsme vliv v€ku, velikosti téla, kondice,

zbarveni (mlad€ — dospélec) a pohlavi na pozorované prvky chovani.

Vysledky a diskuse

Zjistili jsme (Publikace 1.), Ze zdznamy o hybridizaci se vyskytuji mezi téméf vSemi
hlavnimi liniemi jestérd. VétSina vyzkuml se zaméfuje na partenogenetické druhy nebo
polyploidni hybridy ¢eledi Lacertidae, Teiidae a Gekkonidae. Homoploidni bisexualni hybridi
jsou zaznamenani piedev§im u celedi Lacertidae a skupiny Iguania. Horni limit genetické
divergence mezi rodi¢ovskymi druhy byl podobny jak pro partenogenetické, tak pro bisexualni
druhy (18-21 %) a je srovnatelny nebo dokonce piekracuje hodnoty pro jiné hlavni skupiny
obratlovcu. I presto jsou F1 hybridi u jestért alespon ¢astecné fertilni, a tak dochézi k introgresi
genil 1 mezi velmi geneticky odliSnymi druhy. Absence vyznamného vztahu mezi genetickou
vzdalenosti rodi¢ovskych druhli a potencidlem pro tok gent (pfitomnost fertility F1 hybrida
a zivotaschopnych hybrida dalSich generaci) byla pfekvapujici, nebot’ tento vztah byl pfedtim
popsan u fady taxonti (Edmands 2002; Rykena 2002; Sanchez-Guillen et al. 2014). Absenci

tohoto vztahu v naSich datech 1ze mozna vysvétlit statistickou distribuci dat. VétSina F1 hybridi
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byla totiz Castecné fertilni, coz umoznilo vzniknout zpétnym hybridim s alesponi jednim
rodicovskym druhem. Spolehlivé zdznamy hybridizace mezi jestéry jsou pomérné vzacné,
produkovat neplodné hybridy a zatim nebyli objeveni.

Hybridizacni experimenty jsme provedli na dvou trovnich, za prvé mezi sesterskymi,
ale geneticky zna¢n¢ vzdalenymi druhy, E. macularius a E. angramainyu a za druhé mezi
dvéma formami komplexu druhu E. macularius, které jsou geneticky méné odlisné. U obou
hybridizaci se druhy i formy mezi sebou lisi i ve velikosti a tvaru téla a ve zbarveni. Z naSich
vysledkti vyplyva (Publikace II.), Ze samci obou druhti i forem se zajimaji a dvoii samicim jak
vlastniho, tak ciziho druhu a samice jsou ochotné se s nimi pafit. Nicmén¢ samci i samice se
zacnou o potencialniho partnera zajimat diive, pokud jde o jejich vlastni druh nez o cizi. Je
mozné, zZe pro tuto diskriminaci vyuzivaji i jiné nez ¢ichové signdly. Napiiklad jejich preference
sexudlniho partnera mize byt ovlivnéna jeho velikosti. V néktery studiich se prokézalo, Ze
samice nebo i samec muize preferovat vétsi jedince pred mensimi (Andersson & Iwasa 1996).
To se ale v nasi studii neprokazalo, protoze celkovy ¢as, kdy jevili zdjem o druhé zvite, byl pro
ob¢ pohlavi podobny, jak pti interakci s jedincem vlastniho, tak ciziho druhu. Pro samici, diky

vvvvvv

gekoncika ve spravné ovulaéni fazi, vybér mozna netfesi (Kratochvil & Frynta 2007). Dalsi
vysvétlenim muize byt to, ze samice se pari opakované s riznymi samci a vybér probihd az
uvnitf samice, jako napiiklad kompetice spermii nebo skrytd samici volba (Madsen et al. 1992;
Olsson & Madsen 1998; Simmons 2005), pficemz samice uchovévaji spermie po celou
reprodukcni sezonu (LaDage et al. 2008). Samci obou druhil se dale nelisili ani dob¢, kdy
vibrovali ocasem na svoji nebo cizi samici. Jediny rozdil byl, Ze samec E. angramainyu
okusoval vlastni samici krat§i dobu nez cizi. Myslime si s ohledem na zvySenou agresivitu
samic pfi odmitnuti pafeni u druhu E. angramainyu, vede samce u vlastnich samic k vétsi
obezfetnosti. Nereceptivita téchto samic by 1 vysvétlovala, pro¢ samec E. angramainyu
okusoval vice cizi samice, které mohly byt jen vice receptivni k pareni.

Ukazalo se, ze navzdory pomérné velké genetické odliSnosti téchto dvou druhti (22 %
HKY 85 distance useku cytochromu b dlouhého 303 bp, Palupcikova et al. nepublikovana data)
jsou samice druhu E. macularius, které se zktizily se samcem E. angramainyu, schopné snaset
oplozena vejce. Tato vejce vSak méla jen zhruba poloviéni lihnivost, nez mé bézné¢ druh
E. macularius. Prezivani téchto F1 hybridi bylo vysoké a srovnatelné s rodicovskymi druhy.
Ackoliv jejich velikost po vylihnuti spiSe odpovidala mlad’atim mensiho druhu E. macularius,

v dospélosti dorostli vétsi velikosti a fenotypové se spiSe piiblizili vétsimu druhu
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E. angramainyu (Publikace III.). Tato nesrovnalost by napovidala, ze ackoliv jsou F1 hybridi
geneticky nositeli znaku pro vétsi velikost zdédénou po otci, na pocatku je jejich velikost dana
matkou, tedy mensim druhem E. macularius. Velikost vajicka je u jeStérti limitovana velikosti
samice, resp. velikosti jeji bfiSni dutiny (Kratochvil & Frynta 2006; Kratochvil & Kubicka
2006). Vétsi velikosti druh/forma nedosahne zvétSovanim rychlosti riistu, ale prodlouzenim
casu, kdy exponencialng roste. F1 hybridi tak dosahnou dosp¢lé velikosti, kdy jsou schopni se
reprodukovat, rychleji nez druh E. angramainyu (Publikace IV.). Za urcitych podminek to

muze znamenat pro hybridy zna¢nou vyhodu oproti rodi¢ovskému druhu (Pfenning 2007).

Ukaézalo se, Ze vétSina téchto F1 hybridi jsou fertilnich a samice nejsou horsi v produkci
vajec. Vyrazny rozdil jsme pak nasli ale v jejich lihnivosti. Lihnivost vajec hybridi kiiZzenych
zpétné s rodiCovskych druhem E. macularius byla Uspé€$na oproti kiizeni s druhem
E. angramainyu, kde se nevylihlo jediné mlad¢. Tato asymetrie v uspéchu zpétného kiizeni byla
pozorovana i u jinych taxonii (Arnold et al. 1996; Rykena 2002; Bolnick et al. 2008; Devitt et
al. 2011; Robbins et al. 2014). Mlad’ata F2 hybrida se lihla velmi $patné (1ihnivost pouze 6 %)
a vSechna ¢tyfi mlad’ata méla zjevné deformace v oblasti ocasu. Jen jedno mladé¢ se dozilo
dospélosti.

Nase vysledky o fitness a fertilit¢ hybrida u gekon¢ikl, navzdory genetické odliSnosti
rodicovskych druhti dle cytochromu b, jen potvrzuji naSe domnénky o moznosti vétsiho vyskytu
uspéSnych hybridizaci u jestérti, nez je doposud znamo (Publikace I.). Tento piipad
hybridizace se totiz fadi na pomyslnou prvni pticku v Tabulce 2 v Publikaci I. Toto zjisténi je
0 to zajimavéjsi, ze se jednd o prvni zdznam hybridizace mezi druhy s teplotné urenym
pohlavim (TSD) u jestérti. NaSe hypotéza, ze druhy s TSD budou snéze hybridizovat, diky
absenci pohlavnich chromozomi, vSak vyZaduje vétSi mnozstvi hybridizujicich druhti jak

s TSD, tak s GSD (geneticky ur€enym pohlavim), které¢ budou srovnateln¢ odlisni.

Z vysledkt posledniho experimentu vyplyva, Ze strategie antipredacniho chovani se
s vékem u gekoncika noc¢niho (E. macularius) méni (Publikaci V.). V raném véku mlad’ata
moc neutikaji a misto toho se snazi predatora zastraSit viesténim (vokalizaci) a se silné
rozevienou tlamou. Toto chovani se s vékem postupné vytraci a misto toho zacnou gekoncici
pievazné utikat. Pro¢ mala mlad’ata voli tuto zastraSovaci strategii miize vysvétlit mozna jejich
velikost a s ni spojena jistd fyziologickd omezeni, jeZ maji dopady na jejich performancni
schopnosti (Pough 1978; Huey & Hertz 1982; Nelson et al. 2006). Alternativnim vysvétlenim
zmeény antipredacni strategie je zména zbarveni z kontrastniho mladéciho vzoru na skvrnity

vzor dospélého gekoncika, ktery na kamenitém podkladu, mize pasobit krypticky (Marcellini
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1977; Ruxton et al. 2004). Jelikoz u gekoncika E. macularius existuje pomérné velka variabilita
zbarveni (Seufer et al. 2005) a zaroven obyvaji pomérné Sirokou niku habitatd, 1ze se domnivat,
ze tato variabilita by mohla souviset se selekénim tlakem na vhodné kryptické zbarveni pro
konkrétni lokalitu. V potaz musime brat i rozdilny predacni tlak na mlad’ata a dospé€lce, jelikoz
mladé ma Sir§i okruh potencionalnich predatorti nez vétsi dospélec (Head et al. 2002). To
vytvari silnéjsi selekci na vhodné zvolenou antipredacni strategii. Ukazuje se, ze mlad’ata
jestérti jsou ochotna ¢astéji riskovat nez dospélci (Daniels 1984; Hawlena et al. 2006; Samia et

al. 2016).

Zavéry

e Jestéri hybridizuji 1 mezi velmi vzdalenymi druhy podobné jako je tomu u ryb a zab
ptaci, zelvy, krokodyli, hadi a savci.

e Pocet zdznami o hybridizaci a o vlivu na fitness hybridi u jeStér je oproti jinym
skupindm obratlovci pomérné maly, ale hybridizace se vyskytuje napfic celou jejich
fylogenezi.

e Prekvapivé se v nasi studii neprokazal vztah mezi genetickou vzdalenosti rodi¢ovskych
druht a sterilitou anebo neZivotaschopnosti hybridl u jestéri. Alespon Castecna fertilita
F1 hybridi a tok genid se vyskytoval i u piikladd hybridizaci mezi geneticky
nejvzdalengj$imi rodi¢ovskymi druhy.

o Zjistili jsme, Ze mezi druhy E. angramainyu a E. macularius a ani mezi ,tmavou‘
a ,zlutou” formou komplexu druhu E. macularius nejsou vytvoieny dostate¢né
prekopulacni bariéry, které by zabranily kiiZeni.

e Mezidruhové kiizeni druhli E. angramainyu a E. macularius je prvnim zdznamem
o kfizeni u druht s teplotné¢ uréenym pohlavim (TSD) u jeStérG a zaroven patii
k hybridizaci mezi geneticky nejvzdalenéjsimi druhy jeStérit ve srovnani s dostupnou
literaturou.

e Na zaklad€ morfologickych analyz a analyzy zbarveni a ristovych parametra se lisi jak
rodi¢ovské druhy E. angramainyu a E. macularius, ale také jejich F1 hybridi.

e FI hybridi jsou Zivotaschopni a fertilni a introgrese (tok genil) druhu E. angramainyu

do genomu E. macularius je umoznéna diky zpétnému kiizeni. Mezidruhovi hybridi,
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s vyjimkou F2 hybridii, nemaji Zadnd posSkozeni a ani horsi zivotaschopnost nebo
rastovou dynamiku.

Lze ocekavat, ze jestéii hybridizuji astéji, a i mezi geneticky rozdilnéj$imi druhy, nez
se dodnes vi.

Gekonc¢ici nocni meéni antipredacni strategii béhem ontogeneze. Mlad’ata jsou
odvaznéjsi, voli spiSe zastraSovani postojem, vokalizaci a castéji uto¢i. Dospéli
gekoncici voli uték. Tato zména chovani je doprovazena zmeénou zbarveni od

kontrastniho pruhovani mlad’at po kryptické skvrnité zbarveni dospélct.
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Introduction

During evolution, natural selection selects individuals who choose the best strategy for
surviving and the greatest reproductive success (Darwin 1859; Davies et al. 2012). It has been
shown that even hybridization between species and subsequent genetic introgression can have
a positive effect on the individual and in the long term, hybridization plays an important role in
the process of speciation and adaptive character formation (Seehausen 2004; Mallet 2007;

Genovart 2009; Abbott et al. 2013).

Species of sexually reproducing organisms are delimited by prezygotic and/or
postzygotic reproductive isolation mechanisms (RIMs). The prezygotic reproduction barriers
cause either the premating isolation (e.g., due to different female preferences and different
mating behavioural patterns) or the postmating incompatibilities (reduced sperm survival in
interspecific crosses or incompatibilities between sperm proteins and egg, examples are
reviewed in Servedio, 2001). The postzygotic RIMs result mainly from the genetic divergence
of species and these consequent incompatibilities cause inviability or sterility of the hybrids
(Orr & Presgraves 2000; Coyne & Orr 2004). This leads to selection and pressure for the
emergence of prezygotic RIMs, often precopulatory barriers that precede the hybridization
(Hoskin et al. 2005). The Dobzhansky-Muller model assumes that the incompatibilities between
species accumulate with the time elapsed from their separation, and hence the strength of the
postzygotic RIM (Dobzhansky 1936; Muller 1942; Orr & Turelli 2001). However, the rate at
which these barriers arise differs significantly between major groups of vertebrate animals
(Wilson et al. 1974; Prager & Wilson 1975; Karl et al. 1995; Fitzpatrick 2004; Bolnick & Near
2005).

Despite of the numerous papers devoted to the theoretical analysis of the proximate
mechanisms of hybridization there have been scarce reviews of empirical hybrid studies,
especially those concerning reptiles. This led us to write the first publication (I.), in which we
wanted to show the state of knowledge about the ability of lizards to hybridize with an emphasis
on information about the fitness of hybrids (e.g. viability, fertility / sterility, malformations,
competition). We assumed that lizards are able to hybridize so often like birds (Grant & Grant,

1992; McCarthy 2006) due to the phylogenetic group membership Diapsida.

Another important part of the behaviour of each animal to survive is the choice of an
antipredator strategy. Sometimes it's better to run away, sometimes to try to intimidate the

predator, and sometimes it's good to have the right colour (Pough 1976; Medill et al. 2011;
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Fresnillo et al. 2016). In addition to external conditions, antipredator behaviour has also been
shown to be influenced, for example, by body size, condition, experience, colour pattern of
animals or degree of antipredator pressure, but also the age of the animal and its physiological
state (Marcellini & Jenssen 1991; Van Buskirk & Schmidt 2000; Benard 2004; Dangles et al.
2007). The success and strategy choice in these interactions with the predator affect the animal's
fitness (Lind & Cresswell 2005). Since the different morphological and physiological properties
of an individual change during ontogenetic growth, the selection pressures may vary
considerably for juveniles and adults (Pough 1978; Garland 1985; Irschick 2000; Herrel et al.
2006). Based on this, the behaviours and preferences of individuals can be changed in ontogeny

(Law 1991; Lind & Welsh 1994; Keren-Rotem et al. 2006; Eskew et al. 2009).

In my dissertation, I dealt with these two topics in FEublepharis macularius
(Eublepharidae). I realized the hybridization experiments on two levels: between the
phylogenetically more distant species of E. macularius and E. angramainyu and between the
related forms within the species E. macularius. 1 examined the antipredator strategy of
E. macularius from hatching up to adulthood. The species E. macularius occurs in Pakistan,
east Afghanistan and northwest India. The species E. angramainyu is less common and inhabits
the area of the former Mesopotamia and southwest Iran (Anderson 1999). The occurrence of
both species is separated by the Iranian Plato and the Zagros Mountains (Gé¢men et al., 2002,
Seufer et al., 2005). Both geological and genetic evidence suggests that these two species are
separated before more than 12 to 15 million years ago (see details in Publication II.).
Information about the ecology and behaviour of E. angramainyu are sporadic. Both species
occur in steppe vegetation with stony soil from the lowlands to the Zagros Mountains and
Himalayas (Seufer et al., 2005). Even the natural environment of leopard geckos and its ecology
and behaviour in nature is mentioned only in a few works (Minton 1966, Khan 1999). Some
authors suggest that there are several forms or subspecies within the species E. macularius that
differ not only morphologically but also genetically (Seufer et al., 2005, Starostova et al., 2005).
In my work, I used the three forms of £. macularius complex species that differed not only in
colour, but also in size and shape of the body. In our studies, a form with a typical colour are
called "yellow" and correspond to the "yellow population" in Starostova et al. 2005. The
genetically very similar, but morphologically distinct "white" form corresponds to the animals
of "white population". Our named "dark" form corresponds to E. cf. fuscus Borner, 1981,

published by Starostova et al. (2005). A taxonomy of this species is not very clear (Das 1997;
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Seufer et al., 2005; Starostova et al., 2005; Mirza et al., 2014), and so far, we use the term "dark"

form.

Aims of the study

I. How much genetically distant species of lizards can still cross and how does

hybridization impact on their fitness - fertility and viability?

II.  Are there precopulatory barriers between genetically distinct species of E. macularius
and E. angramainyu or between forms of complex E. macularius species which prevent
their hybridization?

III.  What is the impact of hybridization between E. angramainyu and E. macularius on the
fitness of hybrids in different generations? Are there postzygotic reproductive isolation
barriers between these species?

IV. Isthe size of adult eyelid gecko determined by growth rate or exponential growth time?

Does hybridization affect negative growth parameters?

V. Does the antipredator strategy of the leopard geckos change during its ontogeny?

Material and methods

First, I reviewed the available literature providing empirical evidence of natural and/or
experimental hybridization between distinct species of lizards. I gathered available information
about the distribution of hybridization in lizards, viability and/or fertility of the hybrids and the
occurrence of the parthenogenetic hybrid species. As a proxy of genetic divergence of the
hybridizing taxa we adopted nucleotide sequence distance (HKY85) of mitochondrial cyt b
gene. The sequences were downloaded from NCBI GenBank

(http://www.ncbi.nlm.nih.gov/genbank/).

For our hybridization experiments we used two species of eyelid geckos,
E. macularius and E. angramainyu, and three forms of the E. macularius complex species,
“yellow”, “white” and “dark” form. All animals were adult (at least two years old) and were
imported from Pakistan or Iran, respectively (for more details see Publication III.). Other

animals were the first generation of descendants of these wild-caught animals. The adults
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were kept individually in glass cages (60 x 30 x 20cm or 30 x 30 x 20cm in size) with bark
substrate, a shelter, a water dish and a dish for mealworms. The juveniles and the subadults
were kept in plastic cages (18 x 18 x 12cm in size). The temperature in the breeding room was
about 28°C. The geckos had continuous access to water and were fed crickets and mealworms
dusted with vitamins and minerals (Nutri Mix) weekly; AD3 and E vitamins were provided once

per 14 days.

The mating experiments carried out after 7 p.m. with respect the nocturnal activity of
the geckos. I gently placed the male into the female’s terrarium for 30 min and I recorded the
behaviour using a night vision video camera. If mating did not occur within this interval,
I repeated the trial the other day. Each experimental female was allowed to copulate exclusively
with a single male during a given mating season. I evaluated the behaviour of males and females

during courtship and mating or aversive behaviour when females refused copulation.

After successful hybridization, the eggs of E. macularius and most of the hybrid eggs
were incubated at 28 ° C and the eggs of E. angramainyu at 26 ° C (see Tab. 1 in Publication
IIL.). It was recorded the parent's identity, the date of nest and hatching up for all juveniles. For
the hybrids of the first (F1) and second (F2) generation and for the backcrosses with both
parental species (Bm and Ba) were monitored some parameters of the fitness — egg weight,
juvenile weight after hatching up, growth, survival and fertility in adulthood. These data were

then compared with the parental species.

Finally, the leopard gecko (E. macularius) of various ages, from hatching up to
adulthood (31 months) were tested in easy antipredator experiments. Each animal was exposed
to a sequence of five “water-spraying” and ten “stick” (stick poking on base of the tail) stimuli,
and the emitted behaviour was recorded. We analysed the effects of age, body size, body

condition, adult—juvenile coloration, and sex on observed behavioural traits.

Results and discussion

We found that hybridization events are widely distributed among nearly all major lizard
clades. The majority of research focuses on parthenogenetic species and/or polyploid hybrids
in families Lacertidae, Teiidae and Gekkonidae. Homoploid bisexual hybrids are mainly
reported within Lacertidae and Iguania groups. The upper limit of genetic divergence was
similar with regard to both parthenogenetic and bisexual hybrids (18-21 %) and is comparable

to or even exceeds the corresponding values reported for other principal clades of vertebrates.
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In spite of this, F1 hybrids are typically at least partially fertile in lizards and thus genetic
introgression between highly divergent species is possible. The absence of a significant
relationship between the genetic distance of the parental species and the potential for a gene
flow (the presence of fertility in F1 hybrids and viable later hybrids) was surprising as this
relationship was previously demonstrated in various animal taxa (Edmands 2002; Rykena 2002;
Sanchez-Guillen et al. 2014). The absence of this relationship in our dataset may be explained
due to the statistical distribution of the data. The vast majority of F1 hybrids usually appeared
fertile in lizards, allowing the existence of backcrosses with at least one parental species.
The reliable records of hybridization among lizard species are scarce and we cannot exclude
the existence of more genetically divergent species pairs, which are able to produce infertile
hybrids but still have remained unexplored.

Hybridization experiments were carried out on two levels, firstly between sister but
genetically divergent species, E. macularius and E. angramainyu, and secondly between two
forms of the E. macularius complex species that are genetically less distinct. In both
hybridizations, the species and the forms of E. macularius complex species differed in the body
size, shape and in the colour. Our results (Publication II.) show that males of both species and
forms are interested in both their conspecific and heterospecific females, and the females are
willing to mate with them. However, both males and females start to be interested in a potential
sexual partner earlier in their own species than in others. It is possible that they use not only
olfactory signals but also others for this discrimination. For example, their sexual partner
preferences may be affected by the body size. In some studies, it has been shown that females
or even males may prefer larger individuals to smaller ones (Andersson & Iwasa 1996). This
has not been proven in our study. The total time when interest in the second animal was shown
was similar in both sexes when interacting with the conspecifics or the heterospecifics.
For females, due to its higher investment in reproduction, a partner selection could be more
important. If the female gecko is in the correct ovulation phase, the choice may not be solved
(Kratochvil & Frynta 2007). Another explanation may be that the females mate repeatedly with
different males, and selection takes place inside the female, such as sperm competition or
hidden female choice (Madsen et al., 1992, Olsson & Madsen 1998; Simmons 2005).
In addition, the females keep sperm throughout the reproductive season (LaDage et al., 2008).
The males of both species also did not differ even when tail vibrated during the courtship
behaviour with the conspecific or the heterospecific female. The only difference was that male
E. angramainyu biting his own female shorter than foreign. We think regarding the increased

aggressiveness of E. angramainyu females during mating refusing leads the E. angramainyu
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males with their own females to be more cautious. The lack of receptivity of these
E. angramainyu females would also explain why E. angramainyu males were more biting
(epigamic behaviour) the heterospecific females that they could be only more receptive to

mating.

It turned out that, despite the relatively large genetic differences between these two
species (22% of the HKY 85 for 303 bp fragment of cyt b gene, Palup¢ikova et al., unpublished
data) are the E. macularius females that crossed the E. angramainyu male capable laying of
fertilized eggs. These eggs had only about half the hatchability than the species of
E. macularius. The survival of these F1 hybrids was high and comparable to the both parental
species. Although their size after hatching up corresponded to the juveniles of the smaller
species (E. macularius), in adulthood they grew larger in size and the phenotype rather
approached the larger species of E. angramainyu (Publication IIL.). This discrepancy would
suggest that even though F1 hybrid genetically wearer alleles for larger size inherited from
the father is initially determined by the size of the mother, the smaller species E. macularius.
The size of the egg is limited by the size of the female in lizards (the size of her abdominal
cavity) (Kratochvil & Frynta 2006; Kratochvil & Kubicka 2006). The bigger body size has not
been reached due to faster growth rate but longer time devoted to the exponential growth.
The F1 hybrids thus reached an adult size, when they are able to reproduce, faster than the
E. angramainyu species (Publication IV.). Under certain conditions, this may mean

a significant advantage for hybrids over the parent species (Pfenning 2007).

Most of these F1 hybrids are fertile, and the hybrid females are no worse in egg
production. We found a significant difference in their hatchability. The incubation of hybrid
eggs crossed with the parental species of E. macularius was successful compared to
crossbreeding with the E. angramainyu males, where no single juvenile hatched up. This
asymmetry in the success of the backcrossing was also observed in other taxa (Arnold et al.
1996; Rykena 2002; Bolnick et al. 2008; Devitt et al. 2011; Robbins et al. 2014). The F2 hybrids
hatched up very poorly (hatchability only 6 %) and all four hatchlings had apparent deformities

on the tail. Only one survived to the adulthood.

Our results on the hybrid fitness and fertility of the eyelid geckos, despite the genetic
divergence of the parental species according to cytochrome b, only confirm our hypotheses
about the possibility of a larger occurrence of successful hybridization in lizards than previously

known (Publications I). This case of hybridization in fact lies on the imaginary first place
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in Table 2 in Publication I. In addition, this finding is more interesting because it is the first
record of hybridization between species with a temperature-dependent sex determination (TSD)
in lizards. Our hypothesis that TSD species will be more easily hybridized due to the absence
of sex chromosomes, however, requires a larger number of hybridizing species with both TSD

and GSD (genetic sex determination) that will be comparatively divergent.

The results of the final experiment showed that the strategy of antipredator behaviour
changes with age in the leopard gecko (E. macularius) (Publication V.). At the early age,
the juveniles do not run too much, and instead try to intimidate the predator by a vocalization
and with a deeply open mouth. This behaviour gradually disappears with the age, and instead
the leopard geckos begin to escape. Why small juveniles choose this intimidating strategy could
explain their size and associated certain physiological constraints that impact on their
performance abilities (Pough 1978; Huey & Hertz 1982; Nelson et al. 2006). An alternative
explanation for the change of the antipredator strategy is the change of colour from
the contrasting juvenile pattern to the spotted pattern of adult gecko, which can be cryptic on
a stony substrate (Marcellini 1977, Ruxton et al., 2004). There is a relatively large variability
of coloration and habitat in E. macularius (Seufer et al., 2005), it can be assumed that this
variability could be related to the selection pressure for a suitable cryptic coloration for
a particular locality. We also need to take a different predator pressure on the juveniles and the
adults, as the young has a wider range of potential predators than a larger adult (Head et al.,
2002). This creates a stronger selection on a suitably chosen antipredator strategy. It appears
that young lizards are more likely to risk than adults (Daniels 1984; Hawlena et al. 2006; Samia
et al. 2016).

Conclusions

e Lizards hybridize among very distant species similar to the fish and frogs and are even
"more successful" (i.e. hybridize genetically distant parental species) than birds, turtles,
crocodiles, snakes and mammals.

e The number of reliable literature records of hybridization and the information about
the fitness of hybrids in lizards is surprisingly small, especially when compared with
the other vertebrates. The hybridization events are distributed across lizard phylogeny.

e The absence of a significant relationship between the genetic distance of the parental

species and the sterility or unviability of hybrid in lizards was surprising. The F1 hybrids
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are typically at least partially fertile in lizards and the genetic introgression between
most divergent species is possible.

e We found that there are no sufficient precopulatory barriers to prevent crossbreeding
between E. angramainyu and E. macularius or between the "dark" and "yellow" form
of E. macularius complex species.

e Interspecific hybridization between the E. angramainyu and E. macularius is the first
record of crossing the species with temperature-dependent sex determination (TSD)
in lizards and belongs to the hybridization between genetically most distant species
in lizard compared with the available literature.

e Analyses of morphometric, coloration traits and growth parametrs confirmed
phenotypic distinctness of both parental species of E. angramainyu and E. macularius,
as well as their F1 hybrids.

e We demonstrated that F1 hybrids were viable and fertile, and the introgression (gene
flow) of E. angramainyu genes into the E. macularius genome could be enabled via
backcrossing. The examined hybrids (except those of the F2 generation) displayed
neither malformations nor a reduced survival and growth dynamics.

e The lizards can be expected to hybridize more frequently and even between more
genetically distinct species than what has been known.

e The leopard geckos exhibit clear ontogenetic change of defensive strategies, from
threat—vocalization—bite strategy prevailing in juveniles to an escape strategy typical for
adults. This behavioural change is accompanied by the ontogenetic switch of coloration
from presumably warning contrasting light—dark banded pattern of juveniles to a cryptic

spotted coloration of the adults.
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