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Abstrakt

Disertacni prace je souborem péti publikovanych ptivodnich praci a jednoho rukopisu
aje zaméfena na evoluci pohlavnich chromosomti a karyotypu leguanti (Pleurodonta).
Na zaklad¢ primarni reserSe dostupnych dat byla u leguanii zjiSténa pouze samci heterogamie
(XX/XY) s ancestralnim karyotypem 2n = 36 chromosomil. U fady vysetienych druhii vSak
nebyly zékladnimi cytogenetickymi metodami  pohlavni chromosomy odhaleny
pravdépodobné z diivodu jejich homomorfie. Casteéné znamy obsah pohlavniho chromosomu
X druhu Anolis carolinensis umoznil porovnani relativni genové davky X-specifickych gena
mezi samcem a samici u zastupct vsech leguanich celedi, ¢imz byly odhaleny homologické
a dobfe diferencované pohlavni chromosomy napfi¢ vSemi leguany s vyjimkou baziliski.
Vzhledem ke srovnatelnému stafi s pohlavnimi chromosomy savct a ptaki, zpochybiuji
vysledky vyznam endotermie pro vznik stabilnich pohlavnich chromosomi. Népadnym
znakem legudnii je v karyotypu pomérné casty vyskyt mnohocetnych pohlavnich
chromosomil. Analyzou ancestralniho stavu typu pohlavnich chromosomu bylo zjisténo, Ze se
tyto mnohocetné pohlavni chromosomy vyvinuly minimaln€ dvanactkrat nezavisle a nckteré
z téchto vzniklli mohou byt asociované s dalSimi prestavbami v karyotypu. JelikoZ u ptakl
(ZZ/ZW) nebyl dosud zaznamenan jediny vyskyt mnohocetnych pohlavnich chromosomtl, je
v praci diskutovan a statisticky provéfen mozny vliv typu heterogamie na vznik téchto
odvozenych pohlavnich chromosomt a jejich fixaci v karyotypu amniotickych obratlovci.
Detailnim molekularné cytogenetickym vySetfenim madagaskarskych leguanti z celedi
Opluridae bylo zjisténo, ze 1 pifes geografickou vzdélenost sdili tato celed vétSinu
cytogenetickych znakl s novosvétskymi leguany. Soucasné charakter Y chromosomu celedi
poukéazal na mozné limity komparativni genomové hybridizace, metody bézn€ pouzivané
k cytogenetické detekci pohlavnich chromosomt. Provéfeni karyotypu zéastupcii 17 Celedi
Supinatych plazii na pfitomnost intersticidlnich telomerickych sekvenci v karyotypu
a porovnani s jiz dostupnymi udaji odhalilo jejich Casty vyskyt a vzhledem k pomérné
konzervativnimu uspotfadani karyotypu v této skupiné naznacilo mozné kryptické prestavby
chromosomil nebo §iteni telomerickych sekvenci v genomech v diisledku plisobeni mobilnich
elementil. Zahrnuté publikace rozsifily studovanou problematiku o experimentalni i teoretické
vystupy a umoZznily posouzeni obecné platnosti hypotéz o evoluci pohlavnich chromosomu
a zékladniho uspofadani genomu v SirSim kontextu.



Abstract

This PhD thesis is composed of five published articles and one manuscript, and is
focused on the evolution of the sex chromosomes and karyotype of the iguanas (Pleurodonta).
Based on our primary research of available data, only male heterogamety (XX/XY) with
ancestral karyotype 2n = 36 chromosomes was recorded in iguanas. However, in many
species sex chromosomes have not been uncovered by classical cytogenetics, probably due to
their homomorphy. The partially-known X chromosome content of Anolis carolinensis
allowed us to compare the relative gene doses of X-specific genes between male and female
of representatives of all iguana families, and to reveal homologous and well-differentiated sex
chromosomes across all iguanas, with the exception of basilisks. Thus, due to the comparable
age with sex chromosomes of mammals and birds, the results put into question the importance
of endothermy for the formation of stable sex chromosomes. The striking feature of the
iguanas is the relatively frequent occurrence of multiple sex chromosomes in their karyotypes.
Using the ancestral state analysis of the type of sex chromosomes, it has been found that these
multiple sex chromosomes developed at least twelve times independently, and some of these
origins are probably associated with other karyotype rearrangements. In comparison, in birds
(ZZ/ZW) there is no single occurrence of this derived type of sex chromosome. Therefore the
possible influence of the heterogamety on evolution of this type of sex chromosome and their
fixation in the karyotype of amniotic vertebrates is discussed in this thesis and supported by
statistics. A deep molecular cytogenetic examination of the Madagascan iguanas (Opluridae),
revealed that despite the geographical distance, this family shares most of the cytogenetic
traits with the New-World iguanas. Additionally in this family, the nature of the Y
chromosome indicated the possible limitations of comparative genomic hybridization, the
technique commonly used for detection of sex chromosomes. Our examination of the
representatives of 17 families of squamate reptiles for the presence of interstitial telomeric
sequences (ITS) in the karyotype and comparison with already available data revealed
frequent occurrence of ITS in this group. Due to the relatively conserved karyotype in this
group, this suggests possible cryptic chromosomal rearrangements or telomere sequence
distribution in genomes through the activity of mobile elements. The publications included in
this thesis develop the studied subjects by experimental and theoretical outcomes, helping to
assess the general validity of hypotheses about the evolution of sex chromosomes and the
basic genome organization even in the broader context.
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1. Uvod

Diserta¢ni prace se veénuje evoluci pohlavnich chromosomt a karyotypu u leguant
(Pleurodonta). Pohlavi obratlovct je urceno jednim ze dvou zakladnich typl determinace
pohlavi. V environmentdlné¢ urceném pohlavi (ESD; environmental sex determination)
se genotyp samce a samice nelisi a spoustéem diferenciace gonady embrya je epigeneticka
informace, zatimco v genotypové uréeném pohlavi (GSD; genotypic sex determination) je
o pohlavi embrya rozhodnuto pohlavi determinujicimi geny vazanymi na pohlavni
chromosomy (Bull 1980). Pohlavni chromosomy maji celou fadu unikétnich vlastnosti, které
je odliSuji od autosomil, a jejich diferenciace je tak spojena se vznikem dalSich mechanismu
zajistujicich funk¢nost pohlavné specifickych genomii. Dle soucasnych hypotéz se pohlavni
chromosomy vyvinuly mnohokrat nezavisle a vramci obratlovcli pozorujeme znacnou
stabilitu pohlavnich chromosomi u ptakii a savcil (Veyrunes et al. 2008, Zhou et al. 2014),
zatimco u ryb a obojzivelnikli panuje zna¢na rozmanitost a Casty pfesmyk mezi jednotlivymi
typy pohlavnich chromosomil (Miura 2008, Kikuchi a Hamaguchi 2013, Sessions et al. 2016).
U plazti byva tradiéné uvéadeéna variabilita pohlavné determinacnich systéma (Sarre et al.
2004, Ezaz et al. 2009), ale zanesenim dat o determinaci pohlavi do fylogenetickych vztaht
se ukazalo, Ze v ramci jednotlivych linii jsou také pomérné stabilni (Pokorna a Kratochvil
2009, Johnson Pokornd a Kratochvil 2016). Napiiklad u leguant byl zaznamenan vyskyt
pouze GSD a to se samci heterogamii (XX/XY) (shrnuto v Olmo a Signorino [2005]).
Nicméné u leguanli i u dalSich Supinatych plazi chybéla molekuldrni podpora prokazujici
puvod pohlavnich chromosoml a na toto téma bylo po dlouhou dobu publikovdno pouze
nékolik praci (Matsubara et al. 2006, Kawai et al. 2009, Pokorna et al. 2011).

Abychom mohli blize diskutovat evoluci pohlavnich chromosomli a karyotypu
u legudnd, vypracovali jsme reSerSi dostupnych cytogenetickych praci o legudnech a na
zakladé vytvofené¢ho datasetu a souCasné piedstavy o fylogenezi skupiny jsme provedli
analyzy ancestralniho stavu obou charakteristik. Z vysledkl nebylo jasné, zda homomorfie
¢1 heteromorfie pohlavnich chromosomi odraZzi pouze specifickou miru jejich diferenciace
v riznych liniich nebo doklada pfitomnost piesmykll pohlavnich chromosomi. Diky nové
odhalené ¢asti genového obsahu X chromosomu legudna Anolis carolinensis (dale jako ACA;
Alfoldi et al. 2011) vSak bylo moZzné provést piimy test stability determina¢niho systému
ovéfenim homologie pohlavnich chromosomti.

Prvni tfi ¢asti disertaéni prace jsou proto zaméfeny na prozkoumani homologie
pohlavnich chromosomii metodou porovnani relativni genové davky ACA X-specifickych
genll mezi samcem a samici za pouziti metody kvantitativni real-time PCR (qPCR). Nejdiive
jsme metodu optimalizovali a ovéfili jeji funkEnost na ACA a nésledné otestovali dalsi druhy
anolisti vybranych tak, abychom co nejlépe pokryli diverzitu rodu (Publikace I). Poté jsme jiz
provéienou metodu qPCR pouzili na zastupce dalSich sedmi Celedi leguani, v t€ dob& pro nés
dostupné, a agamu Pogona vitticeps s pohlavnimi chromosomy typu ZZ/ZW (Ezaz et al.
2005) jako outgroup (Publikace I1). Diky velmi piekvapivym vysledkiim u baziliski (Celed’



Corytophanidae) jsme byli silné motivovani ziskat zastupce i ze zbyvajicich Ctyf Celedi
a zhodnotit celkovou stabilitu mechanismu determinace pohlavi u leguani (Publikace III).

Ve ctvrté casti se zabyvame teoretickou uvahou vzniku mnohoacetnych pohlavnich
chromosomtl v riiznych typech heterogamie. Nasi pozornost upoutal fakt, ze podobné jako
leguanii jsou mnohocetné pohlavni chromosomy velmi ¢asté u savei (XX/XY), ale u ptakt
(ZZ/ZW) nebyl zaznamenén jediny vyskyt tohoto odvozeného typu pohlavnich chromosomu
(Yoshida a Kitano 2012, Pala et al. 2012). Dosavadni prace ukdzaly moznost fixace
mnohocetnych pohlavnich chromosomli sami¢im meiotickym tahem preferujicim piestavéné
chromosomy (Yoshida a Kitano 2012). Proto jsme na zakladé€ rozdilného zapojeni XY a ZW
chromosomil v sami¢i meidze vytvofili hypotézu predpokladajici, ze prestavéné pohlavni
chromosomy Z nebo W budou sice také uptednostiiovany meiotickym tahem, ale jejich fixaci
zabrani silné selekce na vyrovnany pomér pohlavi. K testu této hypotézy jsme nashromdzdili
udaje o mnohocetnych pohlavnich chromosomech a typu heterogamie ve skupiné Amniota
(savei a plazi véetné ptakll) a otestovali naSi stanovou hypotézu statistickymi pfistupy
(Publikace IV).

Pata ¢ast prace je vénovana detailnéjsi cytogenetické analyze leguani ¢eledi Opluridae,
kterd je unikdtni vzhledem ke svému endemickému vyskytu na Madagaskaru. Kompletni
geografickd izolace trvajici patrn€ déle nez 50 miliont let (Townsend et al. 2011, Pyron et al.
2013) a moznost cytogeneticky provéfit Sest z celkovych osmi recentné uznavanych druhii
¢eledi, ndm umoznily porovnat obecné trendy v evoluci karyotypu a pohlavnich chromosom
leguanii. Specifické vlastnosti pohlavnich chromosomi opluridii ndm také dovolily posoudit
obecné moznosti detekce pohlavnich chromosomt v karyotypu (Publikace V).

Posledni ¢ast prace dokumentuje vyskyt intersticialnich telomerickych sekvenci (ITS)
v karyotypech Supinatych plazi. Shromazdili jsme jiz dostupna data o (ne)piitomnosti ITS
v karyotypech a doplnili je vysledky experimentli, které jsme provedli u zastupci dosud
nezkoumanych ¢i1 maélo probadanych celedi. Vysledky jsme uvedli ve fylogenetickém
kontextu, zhodnotili jsme frekvenci vyskytu ITS a diskutovali mozny mechanismus vzniku
ITS v karyotypech Supinatych plazi.

V samotném zavéru disertacni prace jsou piedstaveny vysledky analyzy ancestralniho
stavu diploidniho poctu chromosomi leguéni a diskutovdny moZzné souvislosti druhové
bohatosti jednotlivych linii se zvySenou variabilitou v zdkladnim uspofddani genomu
(nepublikovano).



2. Cile prace

Hlavnim cilem této prace bylo prozkoumat evoluci pohlavnich chromosomu
a karyotypti leguani a zjistit, zda je mozné pozorovat uritou podobnost s pohlavnimi
chromosomy savct a ptakli, a zda evoluce pohlavnich chromosomu souvisi s uspotadanim
karyotypu. Dosazeni tohoto zakladniho cile pak bylo podminéno splnénim celé fady cila
dil¢ich:

Shromazdit dostupné informace o zakladnim uspofadani genomu legudnti a pfitomnosti a typu
pohlavnich chromosomu a zhodnotit stabilitu obou charakteristik. Souc¢asn¢ vyuzit tyto
informace k vybéru potencidln€ zajimavych linii pro dalsi experimenty.

Otestovat spole¢ny puvod (homologii) pohlavnich chromosomi spomoci ACA
X-specifickych genti v linii anolisti a posléze i ostatnich legudni a zhodnotit soucasné
hypotézy o stabilité pohlavné determinacnich systému v ramci amniotickych obratlovct
(Publikace I, 11, III).

Porovnat ¢etnost nezavislych vzniki mnohocetnych pohlavnich chromosomi v ramci skupiny
Amniota. Ve vztahu k typu heterogamie otestovat moZnost fixace mnohocetnych
pohlavnich chromosomt vlivem samic¢iho meiotického tahu (Publikace IV).

V cCeledi madagaskarskych leguanii provést detailni prozkoumani diferenciace pohlavnich
chromosomil a karyotypu pouzitim molekularné cytogenetickych a molekularnich
ptistupt (Publikace V).

Provérit karyotypy vybranych zastupcti Supinatych plazii na pfitomnost intersticidlnich
telomerickych sekvenci (ITS) a zhodnotit, zda objeveny vzor a distribuce je disledkem
interchromosomalnich pfestaveb, pfipadné¢ navrhnout jina vysvétleni vzniku ITS
(Publikace VI).

3. Material a metodika

Vzhledem k §ifi cild bylo vyuzito nejriznéjSich metod zakladni cytogenetiky (ptiprava
chromosomalnich preparati kultivaci leukocytli, barveni a prouzkovani chromosomil),
molekularni cytogenetiky (fluorescencni in situ hybridizace s riznymi typy sond vcetné
komparativni genomové hybridizace), metod molekularnich (izolace DNA, elektroforéza,
PCR, kvantitativni real-time PCR), statistickych (Spearmaniv korela¢ni koeficient,
ANCOVA) a fylogenetickych (maximalni parsimonie). Pro analyzy obrazu byly pouzity
odpovidajici softwarové programy (Metafer, ISIS, IKAROS, Photoshop).



4. Vysledky a diskuse

Na zéklad¢ reSerSe dostupnych cytogenetickych dat o legudnech a nésledné analyzy
ancestralniho stavu pohlavnich chromosomi a karyotypu jsme urcili ancestralni karyotyp
s 2n = 36 chromosom jako §iroce rozsifeny v celé skupin€. ZvySené tempo chromosomalnich
ptestaveb bylo pozorovano v rodé Polychrus, u dalSich rodu souvisi pravdépodobné s jejich
druhovou diverzitou. Sam¢i heterogamii 1ze povazovat za apomorfii leguanti. Ve vice nez
poloviné cytogeneticky prozkoumanych druhti v§ak nebyly pohlavni chromosomy nalezeny,
ato patrné z divodu jejich homomorfie. Analyza ancestrdlniho stavu také ukazala, ze
se mnohocetné pohlavni chromosomy vyvinuly u legudni minimaln¢ dvanactkrat nezavisle
a Cast téchto vznikil je zfejmé spjata s dalSimi piestavbami v karyotypu. Provedena reserse
a vysledky analyzy ancestralnich stavii nam poslouzily k vytipovani potencialné zajimavych
druht a linii pro nasledujici studie.

V prvni cCasti disertacni prace (Publikace I — III) jsme se zaméfili na prozkoumdni
homologie pohlavnich chromosomi metodou porovnani relativni genové davky ACA
X-specifickych genli mezi samcem a samici za pouziti metody kvantitativni real-time PCR
(qPCR). Pouzitd metodika ukazala, Ze kromé& odvozeného stavu u baziliski (celed
Corytophanidae), pochazi u vSech zkoumanych druht alesponl ¢ast genového obsahu jejich X
chromosomil od spolecného piedka vSech leguantli, a celd skupina tedy disponuje znacné
stabilnimi pohlavnimi chromosomy. Zvoleny outgroup (Pogona vitticeps) potvrdil rozdilny
pivod leguanich XX/XY a agamich ZZ/ZW pohlavnich chromosomu. Stafi skupiny
Pleurodonta se odhaduje zhruba na 120 miliond let (Townsend et al. 2011), ¢imz leguéni
demonstruji stabilitu pohlavnich chromosomi srovnatelnou se savci a ptaky. Ackoliv jednou
vzniklé diferencované pohlavni chromosomy jsou evolu¢né stdlé a muize se tak jednat
o evolu¢ni past podle hypotézy z prace Pokornd a Kratochvil (2009), ve vyjime¢ném piipadé
muze dojit k jejich pfesmyku nebo dediferenciaci, jak k tomu patrné doslo u bazilisku.

Statistickd analyza distribuce vznikGih mnohocetnych pohlavnich chromosomi
amniotickych obratlovci ukdzala vyznamny vliv typu heterogamie na evoluci tohoto
odvozeného typu pohlavnich chromosoml. Diky charakteru sami¢i meidzy je
umoznéna nenahodna segregace prestavénych chromosomii zplisobend sami¢im meiotickym
tahem. Pii jeho Gc¢inku na Z a W pohlavni chromosomy by vSak doSlo k vychyleni poméru
pohlavi potomkti. Chromosom Y se témto procesiim nevystavuje, a proto se mnohocetné
pohlavni chromosomy vzniklé v systému samci heterogamie zafixuji sndze nez v heterogamii
samici. Pozorovana distribuce a pocet vznikli mnohocetnych pohlavnich chromosomt v celé
skupiné Amniota tuto hypotézu podporuje.

V paté casti jsme provedli detailni molekuldrné cytogenetickou analyzu Sesti druhti
leguant z celedi Opluridae. Zakladnim cytogenetickym vySetfenim jsme stanovili diploidni
pocet 2n = 36 chromosomil s morfologii chromosoml odpovidajici leguanimu ancestralnimu
karyotypu. Pfes zna¢nou konzervativnost v zékladnim uspofadani genomu se druhy v urcitych
zkoumanych znacich liSily, coZ nasvédCuje kryptickym intra- a interchromosomalnim



prestavbam. Pohlavni chromosom Y, nejmensi chromosom v karyotypu samcti, je u oplurida
znaén¢ degenerovany a prevazné euchromaticky. Podrobné vySetfeni chromosomu Y
pouzitim fluorescencni in situ hybridizace s riznymi mikrosatelitovymi motivy odhalilo
mezidruhovou variabilitu v akumulaci repetitivnich sekvenci, a tyto rozdily byly ve shodé¢
s mirou uUspéSnosti komparativni genomové hybridizace detekovat pohlavné specifické
rozdily. Vzhledem k heteromorfii a diferenciaci pohlavnich chromosomt opluridd tak
dosazené¢ vysledky naznaCily, ze metoda komparativni genomové hybridizace neni
univerzalnim ptistupem k odhaleni sekvencné diferencovanych pohlavnich chromosomt a jeji
citlivost k detekci pohlavnich rozdilti v genomech vzrista s akumulaci pohlavné specifickych
repetitivnich sekvenci.

V posledni ¢asti prace jsme provétili karyotyp 30 druhti z celkem 17 ¢eledi Supinatych
plazi metodou fluorescenc¢ni in situ hybridizace se sondou nesouci konzervativni telomericky
motiv a ziskané vysledky porovnali s dostupnymi daty pro dalSich 38 druhd. Ze vSech
zahrnutych 68 druhi jich celkem 35 vykazovalo na chromosomech pfitomné intersticialni
telomerické sekvence v riizném mnozstvi a pozici, coz nasvédcuje skutecnosti, Ze se v ramci
Supinatych plazii jedna spiSe o bézny jev. Navzdory v této skupiné plazii pomérné
konzervativnimu zakladnimu uspotfadani genomu, naznacuji ziskané vysledky casté kryptické
prestavby chromosomtl nebo §ifeni telomerickych sekvenci v genomech v diisledku ptisobeni
mobilnich elementd.

5. Zavér

Disertacni prace piinaSi dilezit¢é poznatky o evoluci pohlavnich chromosomi
a karyotypl leguani. Zahrnuté publikace rozviji studovanou problematiku experimentalnimi
i teoretickymi pfistupy, a pirestoZze je prace fylogeneticky zacilena pouze na jedinou linii
Supinatych plazl, zjisténé vysledky umoziiuji ovétit obecné platnosti hypotéz o evoluci
pohlavnich chromosomt a zékladniho uspotfadani genomu. Mezi stéZejni dosaZzené vysledky
patfi zejména odhaleni stabilnich a sekvenéné dobfe diferencovanych pohlavnich
chromosomil leguanti, které dokladaji, Ze evolu¢ni stabilita pohlavnich chromosoml neni
podminéna homoiotermni endotermii zivo€ichd, jak se dfive uvazovalo.



1. Introduction

This PhD thesis is focused on the evolution of the sex chromosomes and karyotypes of
the iguanas (Pleurodonta). The sex of vertebrates is decided by one of two basic types of sex
determination. Under environmental sex determination (ESD), the male and female genotypes
do not differ and the embryo differentiation of the gonads is triggered by epigenetics; whereas
under genotypic sex determination (GSD) the sex of the embryo is determined by sex-
determining genes linked to sex chromosomes (Bull 1980). Sex chromosomes demonstrate
several unique features distinguishing them from autosomes and their differentiation is
associated with the emergence of other mechanisms that ensure the function of sexually
specific genomes. According to current hypotheses, sex chromosomes have developed many
times independently, and in vertebrates, we recognize a considerable stability of sex
chromosomes in birds and mammals (Veyrunes et al. 2008, Zhou et al. 2014), while fishes
and amphibians demonstrate extensive variation and frequent turnovers among different types
of sex chromosomes (Miura 2008, Kikuchi and Hamaguchi 2013, Sessions et al. 2016).
Traditionally, reptiles have been considered as being very variable in sex determination (Sarre
et al. 2004, Ezaz et al. 2009), but phylogenetic analyses have suggested that majority of
lineages is stable in sex determination (Pokorna and Kratochvil 2009, Johnson Pokorna and
Kratochvil 2016). For instance, in iguanas, only GSD with male heterogamety (XX/XY) has
been reported (reviewed in Olmo and Signorino [2005]). However, both iguanas and other
squamate reptiles have previously lacked molecular support demonstrating the origin of their
sex chromosomes and only few of studies have been published in past years (Matsubara et al.
2006, Kawai et al. 2009, Pokorna et al. 2011).

In order to further examine the evolution of sex chromosomes and karyotype in iguanas,
we researched all available iguana cytogenetic studies and used the created dataset in
conjunction with the current concept of phylogenetic relationships in the group to analyse the
ancestral states of both characteristics. From the results it was not clear whether sex
chromosome homomorphy or heteromorphy reflects only a specific rate of differentiation in
different lineages or suggests the presence of sex chromosome turnovers. Thanks to newly
discovered X chromosome gene content in Anolis carolinensis (later in text referred as ACA;
Alfoldi et al., 2011), a direct test of the stability of sex determination was possible through the
verification of the homology of sex chromosomes.

The first three parts of the thesis are therefore focused on examining the homology of
sex chromosomes by comparing the relative gene dose of ACA X-specific genes between
males and females using quantitative real-time PCR (qPCR). First, we optimized and verified
the accuracy of the method on ACA and then we tested other species of anoles selected in
order to cover the genus diversity (Publication I). Subsequently, we used an accurate qPCR
method on representatives of seven other iguana families, which were the only ones available
at that time, and the agamid Pogona vitticeps with ZZ/ZW sex chromosomes (Ezaz et al.
2005) as an outgroup (Publication II). Due to very surprising results in basilisks (family
Corytophanidae), we were strongly motivated to get representatives from the remaining four
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families and to further examine the overall stability of sex determination mechanisms in
iguanas (Publication III).

In the fourth part of thesis we consider, in a theoretical way, the occurrence of multiple
sex chromosomes in different types of heterogamety. Our attention was drawn to the fact that
multiple sex chromosomes are very common in mammals (XX/XY) but in birds (ZZ/ZW),
there is no single occurrence of this derived type of sex chromosomes (Yoshida and Kitano
2012, Pala et al. 2012). A previous study suggested the possibility of the fixation of multiple
sex chromosomes by female meiotic drive preferring rearranged chromosomes (Yoshida and
Kitano 2012). Therefore, due to the different involvement of XY and ZW chromosomes in
female meiosis, we created a hypothesis assuming that rearranged Z or W sex chromosomes
will be preferred by meiotic drive as well, but strong selection on a balanced sex ratio
prevents their fixation. To test this hypothesis, we collected data on multiple sex
chromosomes and types of heterogamety in the Amniota (mammals and reptiles including
birds) and tested our hypothesis by statistical approaches (Publication IV).

The fifth part of the thesis is devoted to a more detailed cytogenetic analysis of the
family Opluridae, which is unique due to its endemic occurrence in Madagascar. A complete
geographic isolation lasting at least 50 million years (Townsend et al. 2011, Pyron et al. 2013)
and the possibility of the cytogenetic examination of six out of a total of eight recently
recognized family species enabled us to compare the general trends in the evolution of the
karyotypes and sex chromosomes in iguanas. The specific features of the oplurid sex
chromosomes also inspired us to evaluate the general possibilities of detecting sex
chromosomes in the karyotype (Publication V).

The sixth part of the thesis (Publication VI) documents the occurrence of interstitial
telomeric sequences (ITS) in karyotypes of squamate reptiles. We have gathered all available
data regarding the presence/absence of ITS in squamate reptiles and complemented the
dataset with the results of our experiments performed on representatives of families that have
not yet been investigated (or very poorly). We presented the results in a phylogenetic context,
evaluated the frequency of occurrence of ITS and discussed the possible mechanism of ITS
formation in the karyotypes of squamate reptiles.

In the final part of the thesis, we present the results of the ancestral state analysis of the
iguana chromosome diploid number and discuss possible relationships between the species
richness in particular lineages and the increased variability in the basic genome organization
(unpublished).
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2. Aims of the study

The main aim of this work was to investigate the evolution of sex chromosomes and
karyotypes of iguanas, and to discover whether any similarity can be observed between the
sex chromosomes of mammals and birds, and whether the evolution of sex chromosomes is
related to karyotype arrangement. Achievement of this essential goal was based on the
completion of a number of intermediate goals:

Collate available data on iguana basic genome organization and the presence and type of sex
chromosomes, and evaluate the stability of both characteristics. At the same time, use
this information to select potentially interesting lineages for further experiments.

Test the common origin (homology) of sex chromosomes using ACA X-specific genes in the
anole lineage and then in other iguanas, and evaluate the current hypotheses about the
stability of sex determination systems in amniotic vertebrates (Publications I, I1, I1I).

Compare the frequency of independent origins of multiple sex chromosomes in the Amniota
group. In relation to the type of heterogamety, test the possibility of the fixation of
multiple sex chromosomes by female meiotic drive (Publication IV).

In the family of Madagascan iguanas, conduct a detailed examination of sex chromosome
differentiation and karyotype using molecular cytogenetic and other molecular
approaches (Publication V).

Investigate the karyotypes of selected representatives of squamate reptiles for the presence of
interstitial telomeric sequences (ITS) and evaluate whether the discovered pattern and
distribution resulted from interchromosomal rearrangements, and suggest other
explanations for the emergence of ITS based on gathered data (Publikace VI).

3. Material and methods

Due to the wide and relatively detailed goals, a variety of methods was used, including
basic cytogenetics (chromosomal preparations by leucocyte cultivation, staining and banding
of chromosomes), molecular cytogenetics (fluorescence in situ hybridization with different
types of probes including comparative genomic hybridization), molecular techniques (DNA
isolation, PCR, quantitative real-time PCR), statistics (Spearman's correlation coefficient,
ANCOVA) and phylogenetics (maximum parsimony, maximum likelihood). Image analysis
was performed using the appropriate software (Metafer, ISIS, IKAROS, Photoshop).
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4. Results and discussion

Based on our extensive review of the available iguana cytogenetic data and the
subsequently performed ancestral state analysis of the sex chromosomes and karyotypes, we
determined the ancestral karyotype to be 2n = 36 chromosomes, spread widely across the
group. An increased rate of chromosomal rearrangements was observed in the genus
Polychrus. In other genera this increased rate may be a reflection of their species diversity.
The occurrence of exclusively male heterogamety can be considered as the apomorphy of the
iguanas. In more than half of the cytogenetically investigated species, however, the sex
chromosomes were not found, probably due to their homomorphy. Analysis of the ancestral
state also showed that multiple sex chromosomes developed independently at least twelve
times in iguanas, and some of these origins are probably associated with other karyotype
rearrangements. The review of cytogenetic data and the results of the ancestral state analysis
enabled us to identify potentially interesting species and lineages for the following studies.

In the first part of the thesis (Publications I — III), we focused on the examination of the
homology of sex chromosomes by comparison of the relative gene doses of ACA X-specific
genes between males and females using quantitative real-time PCR (qPCR). With exception
of the derived state in basilisks (Corytophanidae), the qPCR analyses revealed that all
examined species share at least part of their X chromosome gene content with the common
iguana ancestor, and thus possess highly conserved sex chromosomes. The selected outgroup
(Pogona vitticeps) confirmed the different origins of iguana XX/XY and agamid ZZ/ZW sex
chromosomes. The age of the Pleurodonta group is estimated at approximately 120 million
years (Townsend et al. 2011), thus iguanas demonstrate a stability of their sex chromosomes
comparable to mammals and birds. Although differentiated sex chromosomes, once formed,
are evolutionarily stable and may indeed act as an evolutionary trap as hypothesized in
Pokornd and Kratochvil (2009); in an exceptional case, the turnover or dedifferentiation of
sex chromosomes may occur, as probably happened in basilisks.

Statistical analysis of the distribution of multiple sex chromosomes in amniotic
vertebrates showed a significant influence of heterogamety on the evolution of this derived
type of sex chromosome. Due to the character of female meiosis, the non-random segregation
of rearranged chromosomes via female meiotic drive is possible. However, in the case of Z
and W chromosomes, the selection balancing sex ratio will act against the preferable fixation
of rearranged sex chromosomes. Chromosome Y is not exposed to these processes, thus the
multiple sex chromosomes generated in male heterogamety are more likely to be fixed than
under female heterogamety. The observed distribution and number of multiple sex
chromosome origins in amniotes fits very well with this prediction.

In the fifth part, we performed a detailed molecular cytogenetic analysis of six iguana
species from the family Opluridae. By basic cytogenetic examination, we determined the
diploid number of 2n = 36 chromosomes with chromosome morphology corresponding to the
iguana ancestral karyotype. Despite considerable conservancy in the level of basic genome
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organization, the species differed in some of the investigated features, indicating cryptic intra-
and interchromosomal rearrangements. Sex chromosome Y, the smallest chromosome of the
male karyotype, is largely degenerated and mostly euchromatic in oplurids. Detailed
examination of the Y chromosome using fluorescence in sifu hybridization with different
microsatellite motifs revealed interspecific variability in the accumulation of repetitive
sequences and these differences were consistent with the success of the comparative genomic
hybridization used to detect sex-specific differences. Based on the heteromorphy and
sequence differentiation of the oplurid sex chromosome, the obtained results suggest that the
method of comparative genomic hybridization is not a universal approach for the detection of
sex chromosomes and its sensitivity to reveal sex-specific genomic differences increases with
the accumulation of sex-specific repetitive sequences.

In the final part of the study we examined the karyotype of 30 species from 17 families
of squamate reptiles by fluorescence in situ hybridization with a probe carrying a conservative
telomeric motif, and compared our results with the data available from 38 other species. Out
of the 68 included species, 35 showed the presence of ITS, varying in amount and
chromosome position, indicating that ITS occurrence is rather common in squamate reptiles.
Despite the generally conserved karyotypes in this reptile group, different patterns of ITS
distribution suggest frequent cryptic rearrangements of chromosomes or the spreading of
telomeric sequences by mobile elements.

5. Conclusions

This PhD thesis brings important insights into the evolution of sex chromosomes and
karyotypes of iguanas. The publications included in this thesis develop the subjects of study
by various experimental and theoretical approaches, and although the work is focused on the
only lineage of squamate reptiles, the results help to verify the general validity of hypotheses
about the evolution of sex chromosomes and the basic genome organization even in the
broader context. One of the major take-home messages is that the evolutionary stability of sex
chromosomes is not conditioned by homoiothermic endothermy as it was previously thought,
as the iguanas, typical poikilotherms, possess stable and sequentially well-differentiated sex
chromosomes.
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Rovatsos M, Altmanova M, Pokorna M, Kratochvil L. (2014) Conserved sex

chromosomes across adaptively radiated Anolis lizards.

Evolution 68:2079-2085. IF;914: 4,612

Vertebrates possess diverse sex-determining systems, which differ in evolutionary stability
among particular groups. It has been suggested that poikilotherms possess more frequent
turnovers of sex chromosomes than homoiotherms, whose effective thermoregulation can
prevent the emergence of the sex reversals induced by environmental temperature. Squamate
reptiles used to be regarded as a group with an extensive variability in sex determination;
however, we document how the rather old radiation of lizards from the genus Anolis, known
for exceptional ecomorphological variability, was connected with stability in sex
chromosomes. We found that 18 tested species, representing most of the phylogenetic
diversity of the genus, share the gene content of their X chromosomes. Furthermore, we
discovered homologous sex chromosomes in species of two genera (Sceloporus and
Petrosaurus) from the family Phrynosomatidae, serving here as an outgroup to Anolis. We
can conclude that the origin of sex chromosomes within iguanas largely predates the Anolis
radiation and that the sex chromosomes of iguanas remained conserved for a significant part
of their evolutionary history. Next to therian mammals and birds, Anolis lizards therefore
represent another adaptively radiated amniote clade with conserved sex chromosomes. We
argue that the evolutionary stability of sex-determining systems may reflect an advanced stage

of differentiation of sex chromosomes rather than thermoregulation strategy.

Rovatsos M, Pokorna M, Altmanova M, Kratochvil L (2014) Cretaceous park of sex

determination: sex chromosomes are conserved across iguanas.
Biology Letters 10:20131093. 1Fz014: 3,248

Many poikilothermic vertebrate lineages, especially among amphibians and fishes, possess
a rapid turnover of sex chromosomes, while in endotherms there is a notable stability of sex
chromosomes. Reptiles in general exhibit variability in sex-determining systems; as typical

poikilotherms, they might be expected to have a rapid turnover of sex chromosomes.
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However, molecular data which would enable the testing of the stability of sex chromosomes
are lacking in most lineages. Here, we provide molecular evidence that sex chromosomes are
highly conserved across iguanas, one of the most species rich clade of reptiles. We
demonstrate that members of the New World families Iguanidae, Tropiduridae,
Leiocephalidae, Phrynosomatidae, Dactyloidae and Crotaphytidae, as well as of the family
Opluridae which is restricted to Madagascar, all share homologous sex chromosomes. As our
sampling represents the majority of the phylogenetic diversity of iguanas, the origin of iguana
sex chromosomes can be traced back in history to the basal splitting of this group which
occurred during the Cretaceous period. Iguanas thus show a stability of sex chromosomes
comparable to mammals and birds and represent the group with the oldest sex chromosomes

currently known among amniotic poikilothermic vertebrates.

Altmanova M, Rovatsos M, Johnson Pokorna M, Vesely M, Wagner F, Kratochvil L.

Sex chromosomes in iguanas (Squamata: Pleurodonta): All but basilisks the same.
Zaslano k revizi / in revision.

Once believed to be restricted only to endotherms (mammals and birds), several
poikilothermic amniote lineages have recently been documented to possess long-term
evolutionary stability in their sex chromosomes. However, many important lineages were not
included in these tests. Previously, based on molecular evidence, we documented the
homology of well-differentiated sex chromosomes among seven families of iguanas
(Pleurodonta), with basilisks (Corytophanidae) being the only exception, as the tested genes
linked to X, but missing on the Y chromosome, in other iguanas were autosomal or
pseudoautosomal in basilisks. In this study, we test the homology of sex chromosomes in the
remaining, previously unstudied iguana families (Hoplocercidae, Leiosauridae, Liolaemidae,
Polychrotidae) and in the basilisk genus Corytophanes. Our results show that 12 current
families of iguanas share X-specific gene content conserved from the common ancestor living
in the Cretaceous period. However, the results in the genus Corytophanes indicate the loss of
the ancestral differentiated sex chromosomes from the ancestor of basilisks. Our new data
further confirm the extensive stability of sex chromosomes in iguanas, thus enabling
molecular sexing based on the comparison of the number of X-specific genes by quantitative

PCR (qPCR) in all but one family of this widely diversified clade.
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Pokorna M, Altmanova M, Kratochvil L (2014) Multiple sex chromosomes in the light of

female meiotic drive in amniote vertebrates.
Chromosome Research 22:35-44. IFy14: 2,608

It is notable that the occurrence of multiple sex chromosomes differs significantly between
major lineages of amniote vertebrates. In this respect, birds are especially conspicuous, as
multiple sex chromosomes have not been observed in this lineage so far. On the other hand, in
mammals, multiple sex chromosomes have evolved many times independently. We
hypothesize that this contrast can be related to the different involvement of sex-specific sex
chromosomes in female meiosis subjected to the female meiotic drive under male versus
female heterogamety. Essentially, the male-specific Y chromosome is not involved in female
meiosis and is therefore sheltered against the effects of the female meiotic drive affecting the
X chromosome and autosomes. Conversely, the Z and W sex chromosomes are both present
in female meiosis. Non-random segregation of these sex chromosomes as a consequence of
their rearrangements connected with the emergence of multiple sex chromosomes would
result in a biased sex ratio, which should be penalized by selection. Therefore, the emergence
of multiple sex chromosomes should be less constrained in the lineages with male rather than
female heterogamety. Our broader phylogenetic comparison across amniotes supports this
prediction. We suggest that our results are consistent with the widespread occurrence of

female meiotic drive in amniotes.

Altmanova M, Rovatsos M, Kratochvil L, Johnson Pokorna M (2016) Minute Y
chromosomes and karyotype evolution in Madagascan iguanas (Squamata: Iguania:

Opluridae).
Biological Journal of the Linnean Society 118: 618—633. IF316: 2,288

Iguanas (Pleurodonta) are predominantly distributed in the New World, but one previously
cytogenetically understudied family, Opluridae, is endemic to Madagascar and the adjacent
Grand Comoro archipelago. The aim of our contribution is to fill a gap in the cytogenetic
understanding of this biogeographically puzzling lineage. Based on examination of six
species, we found that oplurids are rather conservative in karyotype, which is composed of 36

chromosomes as in most iguanas. However, the species differ in the position of the nucleolar
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organizer region and heterochromatic blocks and in the accumulation and distribution of
interstitial telomeric sequences (ITSs), which suggests cryptic intra- and interchromosomal
rearrangements. All tested species share the XY sex-determining system homologous to most
other iguana families. The oplurid Y chromosome is degenerated, very small in size but
mostly euchromatic. Fluorescence in situ hybridization with probes composed of
microsatellite motifs revealed variability among species in the accumulation of particular
repeats on the Y chromosome. This variability accounts for the differences in the detection of
sex chromosomes across the species of the family using comparative genome hybridization
(CGH) technique. Our study demonstrates the limits of the commonly used CGH technique to
uncover sex chromosomes even in organisms with heteromorphic and sequentially largely

differentiated sex chromosomes.

Rovatsos M, Kratochvil L, Altmanova M, Johnson Pokorna M (2015) Interstitial

telomeric motifs in squamate reptiles: when the exceptions outnumber the rule.
PLoS ONE 10: e0134985. 1F2¢15: 3,057

Telomeres are nucleoprotein complexes protecting the physical ends of linear eukaryotic
chromosomes and therefore helping to ensure their stability and integrity. Additionally,
telomeric sequences can be localized in non-terminal regions of chromosomes, forming so-
called interstitial telomeric sequences (ITSs). ITSs are traditionally considered to be relics of
chromosomal rearrangements and thus very informative in the reconstruction of the
evolutionary history of karyotype formation. We examined the distribution of the telomeric
motifs (TTAGGG), using fluorescence in situ hybridization (FISH) in 30 species,
representing 17 families of squamate reptiles, and compared them with the collected data
from another 38 species from literature. Out of the 68 squamate species analyzed, 35 possess
ITSs in pericentromeric regions, centromeric regions and/or within chromosome arms. We
conclude that the occurrence of ITSs is rather common in squamates, despite their generally
conserved karyotypes, suggesting frequent and independent cryptic chromosomal

rearrangements in this vertebrate group.
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