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Abstract (English)

Lacertoidea, a clade of squamate reptiles, includes several families, with Lacertidae being
the most species-rich and karyologically most explored. This widely diversified group is known
for presence of all-acrocentric karyotypes and ZZ/ZW sex chromosomes. Despite this, the origins
and evolutionary rates of their chromosomes have been previously unexplored. Additionally, the
variability in their W sex chromosomes and reports of environmental sex determination (ESD) led
some authors to believe in multiple independent origins of their sex chromosomes. This thesis
addresses these gaps by applying bioinformatic, cytogenetic, and molecular approaches. We
collected data on karyotypes and phylogenetic relationships of lacertoidean species to estimate the
evolutionary rates of chromosome numbers between their clades via maximum likelihood models.
Our analysis revealed that while the evolution of chromosome number is highly dynamic in
Teiidae, Gymnophthalmidae, and Amphisbaenia, it is considerably decreased in Lacertidae.
Further examination of chromosome synteny in lacertids and their outgroups indicated that two
opposing processes - fusions of ancestral microchromosomes and fissions of homologs of bi-armed
macrochromosomes - likely led to the origin of the derived and stable lacertid karyotype. Using
fluorescence in situ hybridization (FISH) and C-banding, we examined the lacertid W chromosome
across 15 species from ten genera, revealing species-specific accumulations of 22 microsatellite
and telomeric motifs that do not follow the phylogenetic pattern. This suggests that the repetitive
sequences within degenerated sex chromosomes are among the most evolutionarily dynamic
regions of the genome. Finally, we examined the homology and the age of lacertid Z chromosomes
across 45 species, including 26 genera, confirming homologous differentiated ZZ/ZW sex
chromosomes dating back approximately 85 million years. This evidence challenges previous
reports of transitions to ESD in lacertids, emphasising the stability of their sex determination
system. Lacertid chromosomes demonstrate that derived all-acrocentric karyotypes and

differentiated sex chromosomes can be extremely stable over a long evolutionary time.



Abstrakt (Cesky)

Lacertoidea je skupina Supinatych plazl, kterda zahrnuje nékolik ¢eledi, z nichz druhové
nejbohatsi je ¢eled” Lacertidae (jestérkoviti). Ta je také nejvice karyologicky prozkoumana. Tato
Siroce diverzifikovana skupina je znama karyotypy s vyhradné akrocentrickymi chromosomy a
77/7ZW pohlavnimi chromosomy. Navzdory tomu byly ptivod a evolu¢ni rychlosti zmén jejich
chromosomil dosud neprozkoumany. Navic variabilita ve vlastnostech W pohlavnich chromosomt
jestérek a zpravy o environmentalnim urceni pohlavi (ESD) vedly nékteré autory k presvédceni,
ze u jestérek doslo k vicendsobnym nezavislym vznikiim pohlavnich chromosomti. Tato prace se
zabyva mezerami ve znalostech o genetice skupiny Lacertoidea pomoci bioinformatickych,
cytogenetickych a molekularnich piistupti. Shromazdili jsme data o karyotypech a fylogenetickych
vztazich druht skupiny, abychom odhadli evoluéni rychlosti po¢tli chromosomil mezi jednotlivymi
jejich liniemi pomoci modelii maximalni vérohodnosti. Nase analyza odhalila, Ze zatimco evoluce
poctu chromozomi je vysoce dynamicka u skupin Teiidae, Gymnophthalmidae a Amphisbaenia,
u Celedi Lacertidae je znacné snizena. DalSi zkoumani syntenie chromozomii ukdzalo, ze
pravdépodobné dva protichidné procesy vedly ke vzniku odvozeného a znatné stabilniho
karyotypu jeStérek: fuze ancestralnich mikrochromosomt a rozpad homologli dvouramennych
makrochromosomt. Pomoci fluorescencni in situ hybridizace (FISH) a C-pruhovani jsme
zkoumali W chromosom lacertidii u 15 druhli z deseti rodi jeStérek. Odhalili jsme druhoveé
specifické akumulace 22 mikrosatelitnich a telomerickych motivi, které nesleduji fylogeneticky
vzorec. To naznacuje, ze repetitivni sekvence degenerovanych pohlavnich chromosomt patii mezi
chromosomil jeStérek napfi¢ 45 druhy 26 rodii, a potvrdili jsme u vSech homologické
diferencované ZZ/ZW pohlavni chromosomy staré piiblizné¢ 85 miliont let. Zpochybitujeme
piedchozi tvrzeni o pfechodech k ESD v ramci jeStérek. Chromosomy jectérek ukazuji, ze
odvozené karyotypy s vyhradné¢ akrocentrickymi chromosomy a diferencované pohlavni

chromosomy mohou byt extrémné stabilni po dlouhé evolu¢ni obdobi.



Introduction
1. What are Lacertoidea?

The superfamily Lacertoidea comprises ten recognised families: Lacertidae, Rhineuridae,
Bipedidae, Cadeidae, Blanidae, Trogonophidae, Amphisbaenidae, Teiidae, Gymnophthalmidae,
and Alopoglossidae (Uetz and Hosek, 2024).

The lacertid lizards (Lacertidae) include 375 species categorised into 42 genera (Figure 2,
Uetz and HoSek, 2024) distributed across Europe, Asia, Africa, and adjacent islands (Figure 1A).
They are divided into two subfamilies: Gallotinae and the more diverse Lacertinae (Uetz & Hosek,
2024). The small subfamily Gallotinae includes 14 species found in the West Mediterranean and
the Canary Islands. The more speciose Lacertinae includes two tribes: Eremiadini, primarily found
in Africa and the Middle East, and Lacertini, spread across Europe, Asia, and parts of North Africa.
Lacertids inhabit an extensive range of environments, from rainforests and grasslands to deserts,
with a single species - the viviparous lizard (Zootoca vivipara) - thriving in the cold plains of the
Arctic tundra. All species are diurnal insectivores, and most are terrestrial, but some specialise in
more diversified lifestyles. Meroles anchietae consumes seeds on a daily basis. Strongly saxicolous
Australolacerta and parthenogenetic Darevskia flourish in rocky areas. Takydromus spend most
of their time off the ground in dense grasses. The arboreal prehensile tail of Gastropholis helps it
to move through treetops, while the flat-bodied Holaspis can glide between high trees (Vitt &
Caldwell, 2014).

The worm lizards (Amphisbaenia) are the closest lacertid relatives of lacertids and
together, they form the Lacertibaenia group. Amphisbaenia monophylum includes 20 genera with
203 species across six families: Rhineuridae, Bipedidae, Cadeidae, Blanidae, Trogonophidae, and

Amphisbaenidae (Figure 2, Uetz and HosSek, 2024). Distributed mainly in Africa and South



America (Figure 1B-G), amphisbaenians are exclusively burrowing creatures with an annulated
snake-like appearance. All are limbless except for the three species in Bipedidae, with large mole-
like forearms. Challenging sample collection associated with their secretive lifestyle makes them
possibly one of the least-studied groups of squamates, with many aspects of their biology still
largely unknown (Vitt & Caldwell, 2014).

Sister to Lacertibaenia is Teiioidea; it includes the families Gymnophthalmidae,
Allopoglossidae and Teiidae. The teiid lizards (Teiidae), also known as macroteiids, include 173
species divided into two subfamilies: Tupinambinae, found in Latin America, and Teiinae, found
in both Americas (Figure 2, Figure 1H). The Tupinambinae subfamily includes 16 species in five
genera (Uetz and HoSek, 2024). They are mostly large lizards with diverse habits and habitats.
Tegus (Tupinambis and Salvator) are opportunistic omnivores that adapted to various
environments, from rainforests and grasslands to semiarid regions. Semiaquatic caiman lizards
(Dracaena) and crocodile tegu (Crocodilurus) are excellent swimmers, while the false monitors
(Callopistes) are the saurovorous predators of the arid coastal areas. The Teiinae subfamily
includes 157 species in 13 genera (Uetz and Hosek, 2024). Although widespread from Canada to
Argentina, these lizards share a remarkably similar morphology. They are characterised by an
elongated, streamlined body, long hindlimbs and a long whip-like tail. Most of the species are
active insectivores and prefer terrestrial habitats. Dicrodon guttulatum and two Cnemidophorus
species are herbivorous. Some Aspidoscelis and Cnemidophorus hybrids reproduce via obligatory
parthenogenesis. Due to their similar morphology and habitats, these lizards are often compared to

lacertids as the Old and New World ecological equivalents (Vitt & Caldwell, 2014).
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Figure 1. Geographical distribution of Lacertoidea: A. Lacertidae, B. Rhineuridae, C. Bipedidae,
D. Cadeidae, E. Blanidae, F. Trogonophidae, G. Amphisbaenidae, H. Teiidae, I.
Gymnophthalmidae and J. Alopoglossidae. The maps were created based on simplified species’

distribution by Uetz and Hosek (2024).



The spectacled lizards (Gymnophthalmidae), also known as microteiids, consist of 296
species in 56 genera, divided into five subfamilies: Bachiinae, Cercosaurinae, Ecpleopinae,
Gymnophthalminae, and Rhachisaurinae (Figure 2, Uetz and HosSek, 2024). These neotropical
lizards are distributed across South and Central America, from rainforests to high Andes, savannas,
and semiarid areas (Figure 1I). They are a family of small but ecologically diverse lizards. Most
species are diurnal and terrestrial. Yet, Potamites members adapted to a semiaquatic lifestyle, while
Bachia and Calyptommatus are subterranean and semi-nocturnal, with their reduced limbs and
elongated bodies (Teixeira et al. 2013). Alopoglossid lizards (Alopoglossidae) include 32 species
of a single genus Alopoglossus. It was formerly known as a subfamily within Gymnophthalmidae,
but was recently proposed as an independent family. These diurnal, small lizards inhabit the leaf
litter in Neotropical forests and fields from northern South America to Costa Rica (Figure 1J),
blending into their environment with brownish colouration and cryptic behaviour (Goicoechea et

al., 2016; Hernandez Morales et al., 2020; Uetz and Hosek, 2024).

2. Karyotype evolution in Lacertoidea

Karyotypes of lacertoidean lizards exhibit significant diversity, ranging from 2n=24 in
species like Iberolacerta bonnali, Parvilacerta fraasii, and Parvilacerta parva, to 2n=62 in
Nothobachia ablephara (Odierna et al., 1995, 1996; Pellegrino et al., 1999). This superfamily
includes species with unimodal, bimodal, and mixed karyotypes dispersed throughout the
phylogeny. Bimodal karyotypes, featuring a few large biarmed macrochromosomes and numerous
microchromosomes, are found in species like tegu (Salvator merianae) and are proposed as the
ancestral state of the group (Chapter 1). Unimodal karyotypes, composed of a gradient of medium-

sized acrocentric chromosomes, are common in Lacertidae and Teiinae and are likely derived.
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Mixed karyotypes, with various ratios of biarmed, acrocentric, and microchromosomes, are
prevalent within the superfamily (Carvalho et al., 2015; Laguna et al. 2010; Laguna 2011).
Evolutionary rates of chromosome number changes are highly variable among lacertoideans, with
lacertid lizards displaying a five times lower rate than other lineages (Chapter 1).

Lacertids are the most karyologically studied family within Lacertoidea, accounting for
nearly half of the studied species in this clade (i.e. 100 out of 250 species, see Figure 2). Their
historical significance is highlighted by the fact that their chromosomes, specifically those of
Lacerta agilis, were the first reptilian chromosomes ever described (Tellyesniczky, 1897). Lacertid
karyotypes are remarkably conserved, with most species exhibiting 36 acrocentric chromosomes
that gradually decrease in size, along with 2 microchromosomes (2n = 38) (Figure 3, Gorman,
1973; Olmo et al., 1993; Chapter 1). Only a few variations have been identified, including
decreased chromosome numbers and the presence of biarmed chromosomes in genera such as
Darevskia, Timon, Parvilacerta, Iberolacerta, and Zootoca. These variations likely result from
centric fusions. Notably, Iberolacerta and Zootoca also lack a pair of microchromosomes, which
is exceptional in Lacertoidea (Spangenberg et al., 2021; Kupriyanova & Melashchenko, 2011;
Giovannotti et al., 2018; Odierna et al., 1990; Rykena & Nettmann, 1986; Suwala et al., 2020;
Odierna et al., 1996; Olmo et al., 2001). An elevated diploid number (2n=40) was observed only
in Gallotinae members, potentially representing the sole instance of chromosomal fission within
the group (Capula et al., 1982; Lopez-Jurado et al., 1986; Suwala et al., 2020). Additionally, no
evidence of pericentric inversions or centromere repositioning has been reported in Lacertidae,

highlighting the peculiar nature of their conserved chromosome structure (Chapter 1).
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Cadeidae 2 0 Unknown Unknown
Blanindae 7 2 2n=32 Unknown
Trogonophidae 6 1 2n =36 unknown
Amphisbaenidae 184 30 2n=26-50 unknown

Figure 2. Phylogenetic overview of the lacertoidean families with respective species richness,
number of species karyotyped, chromosome number ranges and reported sex chromosomes.
Phylogenetic reconstruction and species richness according to Uetz and HoSek (2024). The number
of karyotypes, CN range and sex chromosomes reported are based on the data from Table S1 from

Chapter 1.
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Among teiids, the Tupinambinae subfamily members exhibit similar bimodal karyotypes,
with diploid numbers ranging from 2n=34 to 2n=38, characterised by a few large biarmed
macrochromosomes and numerous microchromosomes (Figure 3A, Carvalho et al., 2015). In
contrast, Teiinae karyotypes are more diverse, with diploid numbers ranging from 2n=30 in Ameiva
auberi to 2n=56 in Dicrodon guttulatum (Figure 2, Lowe et al., 1970; Gorman, 1970). Most Teiinae
karyotypes feature a gradient of acrocentric chromosomes but differ from lacertids by having
numerous microchromosomes and often at least one biarmed pair (Carvalho et al., 2015). Gorman
(1970) proposed an ancestral unimodal karyotype of 2n=50 acrocentric chromosomes for Teiinae
and 2n=36 with 12 biarmed macrochromosomes and 24 microchromosomes for Tupinambinae.
Robertsonian rearrangements were hypothesised as the key mechanism driving the divergence of
these karyotypes (Olmo, 1986). Da Silva et al. (2020) suggested that the Tupinambinae karyotype
is derived, based on the accumulation of interstitial telomeric repeats in the pericentromeric regions
of tegu's biarmed chromosomes. However, as revealed in Chapter 1, conserved chromosome-wide
syntenies shared with other squamates indicate that the tegu karyotype likely resembles the
ancestral state, suggesting that the acrocentric chromosomes of Teiinae are derived. Unlike
lacertids, pericentric inversions are frequently reported in Teiinae, especially in the genus
Aspidoscelis, and are thought to be responsible for transitions between acrocentric and biarmed
chromosomes (Gorman, 1970; Peccinini-Seale, 1981, 1989). Nucleolar organiser regions (NORs)
have been identified on differently sized and sometimes multiple chromosomes in Teiinae
members, while in all tested Tupinambinae species, NORs are located on the pair 2
macrochromosome, supporting the more conserved nature of Tupinambinae karyotypes (Carvalho

etal., 2015).
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Gymnophthalmids are largely unstudied cytogenetically, with only 49 out of 296 species
karyotyped (Figure 2.). Their karyotypes are highly diverse, with intrageneric chromosome
variability even among closely related species, such as within the genera Gymnophthalmus,
Bachia, Leposoma, and Placosoma (Y onenaga-Yassuda et al., 1995; Pellegrino, 1998; Pellegrino
et al., 1999b; Pellegrino et al., 2001). Chromosome numbers in gymnophthalmids range from
2n=32 in Bachia dorbignyi to 2n=64 in Nothobachia ablephara (Figure 2, Pellegrino et al., 1999b,
2001). Chromosome fusions, pericentric inversions, heterochromatin amplification or deletion, and
shifts in nucleolar organiser region distribution are proposed to have accompanied speciation
events in this family (Yonenaga-Yassuda et al., 2005). Diploid and triploid parthenogenetic
hybrids were identified in the genera Gymnophthalmus and Leposoma (Yonenaga-Yassuda et
al.,1995; Laguna et al., 2010). None of the 32 Allopoglossidae members have been karyotyped to
date.

Amphisbaenians' karyology is also largely understudied, with karyotypes known only in
35 species, and the most recent report was published over a decade ago (Laguna et al., 2010). Their
chromosomes exhibit considerable diversity, with diploid numbers ranging from 2n=26 in
Amphisbaena dubia and A. kingi to 2n=50 in A. leberi and A. innocens (Figure 2, Huang & Gans,
1971; Begak et al., 1971a, 1972; Cole & Gans, 1987). Despite this variability, macrochromosomes
and microchromosomes are clearly distinguishable in all studied species. Amphisbaenians vary in
their biarmed-to-acrocentric chromosome ratios, with higher diploid numbers associated with more
acrocentric chromosomes. Therefore, Robertsonian translocations of macrochromosomes are
hypothesised to be the underlying mechanism (Cole & Gans, 1987; Hernando, 2005; Huang et al.,

1967; Huang & Gans, 1971; Olmo, 1986). Nucleolar organiser regions (NORs) have been
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identified in four species, typically located on the subterminal regions of a single chromosomal

pair, except in Amphisbaena heterozonata, which has multiple NORs.
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Figure 3. A representative bimodal karyotype of A. Salvator merianea, and a representative all-
acrocentric lacertid karyotype of B. Gastropholis prasina (female), based on karyotypes published

by: da Silva et al. (2020) (A) and Chapter 2 (B).

3. Sex chromosomes and repetitive content

Sex chromosomes are an important aspect of organisms' karyology. In Lacertoidea, two
types of genotypic sex determination (GSD) systems have been identified: female heterogamety
and male heterogamety, each including species with multiple sex chromosomes. In GSD, sex is
determined by a sex-specific genotype (Leonard 2018).

Female heterogamety involves ZZ/ZW or Z121Z27>/7,1Z>W sex chromosomes, found in all

73 tested lacertids and a single amphisbaenid species, Bipes tridactylus (Figure 2, Chapter 3, Cole
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& Gans 1987). In contrast, male heterogamety involves XX/XY or XiXiXoXo/Xi1XoY sex
chromosomes, observed in two teiids: Aspidoscelis tigris and Glaucomastix littoralis, and eight
gymnophthalmids: Bachia dorbignyi, Calyptommatus leiolepis, C. nicterus, C. sinebrachiatus,
Gymnophthalmus pleei, Micrablepharus atticolus, M. maximiliani, and Nothobachia ablephara
(Figure 2, Lowe et al. 1970; Peccinini-Seale et al. 2004; Pellegrino et al. 1999; Yonenaga-Yassuda
& Rodrigues 1999; Cole et al. 1990; Pellegrino & Yonenaga-Yassuda 1998; Yonenaga-Yassuda
et al. 2005).

In female heterogamety, females carry the W heterochromosome, while males carry the Y
heterochromosome in male heterogamety. The differentiation of heterochromosomes varies among
species. Sometimes, they are much smaller, and often, they are heterochromatic. However, in some
cases, the W/Y chromosomes are homomorphic and cytogenetically indistinguishable from their
Z/X counterparts, as reported in Skinks (Kostmann et al. 2021).

Sex chromosomes evolve from autosomes when a sex-determining locus is acquired,
leading later to suppressed recombination around this locus (Ohno 1967). This suppression is often
achieved through inversions (Kirkpatrick et al. 2010). The sex chromosomes of two
gymnophthalmid species might exemplify this differentiation stage. In both species, the Y
chromosome is telocentric and the same size as its X counterpart, while the X chromosome is either
metacentric (Nothobachia ablephara) or submetacentric (Gymnophthalmus pleei). Recombination
suppression often results in the accumulation of repetitive elements, gene degradation, and
heterochromatization, making sex heterochromosomes smaller and distinct from autosomes over
time (Bachtrog et al. 2011). This degeneration, with the Y chromosome much smaller than the X
chromosome, can be observed in a teiid (Glaucomastix littoralis) and two other gymnophthalmids

(Micrablepharus atticolus and M. maximiliani) (Y onenaga-Yassuda & Rodrigues 1999; Peccinini-
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Seale et al. 2004). In lacertids, the W chromosome size varies between species. It can be much
smaller than the Z chromosome - in the microchromosome range - as in Lacerta media or Timon
lepidus. In some cases, it is the same size as the Z chromosomes, as in 7. tangitanus. However, in
all investigated lacertids, the W chromosome is heterochromatic (Odierna et al. 1993, Chapter 2).

Environmental sex determination (ESD), an alternative to GSD, lacks sex-specific
differences in genomes. Environmental conditions determine sex during egg incubation, most
commonly by temperature (Charnov & Bull 1977; Head et al. 1987; Mrosovsky & Pieau 1991;
Bull 1983; Lang & Andrews 1994; Janzen & Krenz 2004). Many authors consider ESD to be the
ancestral state in reptiles, and GSD to be derived, a notion well-supported by the phylogenetic
distribution patterns of sex determination systems (Pokorna & Kratochvil 2009; Johnson Pokorné
& Kratochvil 2016, Kratochvil et al. 2020). Highly differentiated sex chromosomes (like those in
mammals and birds) are thought to be evolutionarily stable, making transitions from GSD to ESD
unlikely (Pokorna & Kratochvil 2009). However, cases of environment-dependent sex reversal in
GSD species such as Pogona vitticeps suggest that such transitions might be possible (Holleley et
al. 2015; Ehl et al. 2017). ESD was previously reported in two lacertid species: Podarcis
pityusensis (Eichenberger 1981) and Eremias multiocellata (Zhang et al. 2010; Tang et al. 2012;
Wang et al. 2015), interpretations we challenge in Chapter 3. No reports of ESD in other
lacertoidean lizards have been published to date. Thus, most teiids, gymnophthalmids, and

amphisbaenians may possess GSD with homomorphic sex chromosomes.
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Aims of the study
This thesis investigates the evolutionary dynamics and structural variability of karyotypes
and sex chromosomes in lacertid lizards in the context of other lacertoideans. Lacertids, a
karyologically well-documented group of Old World lizards, with postulated stability of their all-
acrocentric karyotypes and ZZ/ZW sex chromosomes. However, several gaps and contradictions
exist within this pattern.

In this thesis, I seek to address these gaps via the following aims:

1. To test the rate of chromosome number evolution across the lacertoidean phylogeny, explore the
syntenic relationships among their chromosomes, and assess the types of rearrangements that

might have been involved in lacertid karyotype formation.

2. To explore the evolutionary dynamics behind lacertid W sex chromosome differentiation in a

broad phylogenetic context of this group, focusing on the accumulation of microsatellite motifs

and patterns of heterochromatization.

3. To investigate the stability of lacertid ZZ/ZW sex chromosomes, potential deviations from this

pattern, and the potential age of their differentiation.
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Outline of the publications

This thesis integrates bioinformatic, cytogenetic, and molecular approaches to explore the
fate of karyotypes and sex chromosomes in lacertid lizards. It consists of three chapters, each
presenting original investigations. The first chapter explores the evolutionary rates and syntenic
relationships of lacertoidean chromosomes through a bioinformatic analysis of available genomic
and karyotype data. The next two chapters focus on sex chromosomes within the Lacertidae family.
The second chapter explores the variability of the repetitive content on the lacertid W chromosome
using molecular cytogenetic methods. The third chapter focuses on identifying genes on the
lacertid Z chromosome and testing their homology across major lacertid genera by applying a
combination of genomic data and quantitative PCR, challenging the reported transitions to

environmental sex determination in lacertids.

Table 1. Overview of contribution for each chapter.

Chapter Experimental design E;)(rl:;e;;?uerr;tsal l]j)iri;l;/;‘zzlrf x:;s:;tri?;
| v v v v
2 - v v v
3 - v - )

Chapter 1 investigates the variability in evolutionary rates of chromosome numbers among
lacertoidean lizards in the context of synteny relationships of their chromosomes. Although
previous studies (e.g., Olmo et al. 1986; Gorman 1970) noted the similarities between lacertid

karyotypes, these observations lacked statistical validation. Moreover, the uniform acrocentric
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shape and similar size of lacertid chromosomes have historically impeded the investigation of their
interspecies homologies through cytogenetic methods. In this chapter, we provide statistical
evidence demonstrating that the rate of chromosome number evolution in lacertids is five times
lower than in the other Lacertoidean lineages. Additionally, we establish that the chromosomal
content in tested lacertid species is syntenic across both the Lacertini and Eremiadini clades,
encompassing 96% of the species in the family. Our analysis revealed no interchromosomal
rearrangements, except for a single microchromosome fusion in the viviparous lizard. Furthermore,
based on the pattern of shared syntenies with the outgroups, we propose that the bimodal karyotype
of tegu likely resembles the ancestral state of all lacertoideans. Consequently, we postulate that the
lacertid karyotype, shared by most extant species, originated through centric fissions of
macrochromosomes and fusions of microchromosomes. In this work, I contributed to the gathering
of karyotypes and genomes, the data analyses, the preparation of figures and tables, and the
preparation of the manuscript.

Chapter 2 focuses on the evolutionary dynamics of repetitive content on the W
chromosome in lacertid lizards using molecular cytogenetics methods. We analysed 15 species
across ten genera representing both subfamilies within Lacertidae: Gallotinae and Lacertinae,
encompassing both tribes of the latter (Lacertini and Eremiadini). We employed fluorescence in
situ hybridisation (FISH) with telomeric repeats and 22 microsatellite motifs (A)3o, (C)30, (CA)15,
(CG)15, (GA)15, (TA)1s5, (CAA)10, (CAC)10, (CAG)10, (CAT)10, (CGG)10, (GAA)10, (GAC))10,
(GAG)10, (TAA)10, (TAC)10, (AAGG)s, (AATC)s, (ACGC)s, (GACA)s, (GATA)s, and (TTTC)s.
Additionally, we used C-banding to compare heterochromatin distribution on the W chromosome.
All studied W chromosomes were heterochromatic, yet the accumulation of microsatellite motifs

was highly variable and did not align with phylogenetic relationships, suggesting species-specific
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patterns. This variability in W chromosome size and content contrasts with the overall conservation
of karyotypes within lacertids, indicating higher evolutionary dynamics for the W chromosome
than the Z chromosome. Notably, we observed a strong GATA signal on the Z chromosomes of
Timon and Takydromus species, suggesting the potential crossover of these motifs from the
degenerated W chromosome through the pseudoautosomal region. Additionally, here we described
the karyotypes of Gastropholis prasina and Timon tangitanus for the first time. In this work, I
contributed to the blood sample collection, the cytogenetic and molecular cytogenetic analyses, the
preparation of the figures and tables, and the preparation of the manuscript.

In Chapter 3, we aimed to verify the homology and assess the age of the lacertid Z
chromosomes in a wide phylogenetic spectrum. Although lacertids show long-term stability of
their ZZ/ZW sex-determination system, transitions to ESD were reported in two species: Podarcis
pityusensis and Eremias multiocellata. This led some authors to hypothesise that the differentiation
of sex chromosomes occurred repeatedly and independently in Lacertidae (Eichenberger 1981;
Zhang et al. 2010). Our analysis revealed that all examined lacertid species possess homologous
differentiated ZZ/ZW sex chromosomes. These sex chromosomes are absent in the closely related
amphisbaenians and teiid lizards. Suggesting that they date back to the Lacertidae common
ancestor approximately 85 million years ago. In this work, I contributed to the molecular assays

and analyses, table preparation and assisted manuscript preparation.
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Conclusions and Future Perspectives

This thesis provides new insights into the evolution of chromosomes and sex determination
in lacertid lizards. We demonstrated that the rate of chromosome number evolution in lacertids is
five times lower than in the other lacertoidean lineages, with syntenic chromosomal content shared
across the clades Lacertini and Eremiadini. This indicates that the conserved karyotype was already
present in the ancestor of the majority of the lacertid species (Suwala et al. 2024 - Chapter 1).
Additionally, our study of the lacertid W chromosomes revealed highly variable accumulations of
microsatellite motifs in species-specific patterns, providing substantial evidence that the repetitive
content on degenerated sex chromosomes represents one of the most dynamically evolving
segments of the genome (Suwala et al. 2020 - Chapter 2). Finally, we confirmed that all examined
lacertid species possess homologous differentiated ZZ/ZW sex chromosomes, dating back
approximately 85 million years. This finding challenges previous reports of transitions to
environmental sex determination in lacertids (Rovatsos et al. 2019 - Chapter 3).

Further research is needed to better understand the unique nature of lacertid chromosomes,
including the reasons behind the exceptional stability of their karyotypes. This stability is likely
related to the content of their centromeres, yet these regions are missing from their genomes. The
repetitive content of eukaryotic centromeres is notoriously difficult to sequence, but it can be
successfully assembled using long-read sequencing technologies, such as PacBio or Oxford
Nanopore. The sequenced centromeric regions of lacertid chromosomes could be compared
between species with conserved karyotypes and those with fusion chromosomes and might uncover
otherwise hidden patterns.

Further research is required to comprehend the evolution of sex chromosomes in

lacertoidean lizards. In the vast majority of teiid, gymnophthalmid, and amphisbaenian species,
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sex chromosomes have not been identified. Most studies that identified the sex chromosomes in
their species applied exclusively conventional cytogenetic methods. Molecular cytogenetics,
including the investigation of microsatellite motifs, may reveal sex-specific differences that are
otherwise undetectable. Furthermore, genome coverage analysis of both sexes of a
gymnophthalmid or a teiid species with known sex chromosomes could yield identification of their
X-linked genes. These genes could then be tested across Teiioidea taxa revealing the age of these
sex chromosomes and the potential homology between teiid and gymnophthalmid XX/XY

chromosomes.

25



References

Becgak, M. L., Becak, W., & Denaro, L. (1972). Chromosome polymorphism, geographical
variation and karyotypes in Sauria. Caryologia, 25, 313-326.
doi:10.1080/00087114.1972.10796485

Carvalho, N. D. M., Arias, F. J., Da Silva, F. A., Schneider, C. H., & Gross, M. C. (2015).
Cytogenetic analyses of five Amazon lizard species of the subfamilies Teiinae and
Tupinambinae and review of karyotyped diversity in the family Teiidae. Comparative
Cytogenetics, 9, 625-644. doi:10.3897/CompCytogen.v9i4.5371

Cole, C., Dessauer, H. C., Townsend, C. R., & Arnold, M. G. (1990). Unisexual lizards of the
genus Gymnophthalmus (Reptilia: Teiidae) in the Neotropics: Genetics, origin, and
systematics. American Museum novitates, no. 2994.

Da Silva, M. J., De Aratjo Vieira, A. P., Galvao Cipriano, F. M., Dos Santos Candido, M. R., De
Oliveira, E. H. C., Gimenez Pinheiro, T., & Da Silva, E. L. (2020). The karyotype of
Salvator merianae (Squamata, Teiidae): Analyses by classical and molecular cytogenetic
techniques. Cytogenetic and Genome Research, 160, 94-99. doi:10.1159/000506140

Ehl, J., Vuki¢, J., & Kratochvil, L. (2017). Hormonal and thermal induction of sex reversal in the

bearded dragon (Pogona vitticeps, Agamidae). Zoologischer Anzeiger, 271, 1-5.
doi:10.1016/j.jcz.2017.11.002

Giovannotti, M., Nisi Cerioni, P., Rojo, V., Olmo, E., Slimani, T., Splendiani, A., & Caputo
Barucchi, V. (2018). Characterization of a satellite DNA in the genera Lacerta and Timon
(Reptilia, Lacertidae) and its role in the differentiation of the W chromosome. Journal of
Experimental Zoology Part B: Molecular and Developmental Evolution, 330, 83-95.
doi:10.1002/jez.b.22790

Goicoechea, N., Frost, D. R., De la Riva, 1., Pellegrino, K. C. M., Sites Jr, J., Rodrigues, M. T., &
Padial, J. M. (2016). Molecular systematics of teioid lizards
(Teioidea/Gymnophthalmoidea: Squamata) based on the analysis of 48 loci under tree-
alignment and similarity-alignment. Cladistics, 32, 624—671. doi:10.1111/cla.12150

Gorman, G. C. (1970). Chromosomes and the systematics of the family Teiidae (Sauria,
Reptilia). Copeia, 230-245. doi:10.2307/1441645

Hernandez Morales, C., Sturaro, M. J., Nunes, P. M. S., Lotzkat, S., & Peloso, P. L. V. (2020). A
species-level total evidence phylogeny of the microteiid lizard family Alopoglossidae
(Squamata: Gymnophthalmoidea). Cladistics, 36, 301-321. doi:10.1111/cla.12407

26



Hernando, A., & Alvarez, B. (2005). Estudios cromosdmicos en saurios y anfisbénidos del litoral
fluvial argentino y area de influencia. Estado del conocimiento. Insugeo Miscelanea, 14,
427-440.

Holleley, C. E., O’Meally, D., Sarre, S. D., Marshall Graves, J. A., Ezaz, T., Matsubara, K.,
Azad, B., Zhang, X., & Georges, A. (2015). Sex reversal triggers the rapid transition from
genetic to temperature-dependent sex. Nature, 523, 79-82. doi:10.1038/nature14574

Huang, C. C., Clark, H. F., & Gans, C. (1967). Karyological studies on fifteen forms of
amphisbaenians (Amphisbaenia-Reptilia). Chromosoma, 22, 1-15.
doi:10.1007/BF00291283

Kirkpatrick, M. (2010). How and why chromosome inversions evolve. PLoS Biology, 8,
€1000501. doi:10.1371/journal.pbio.1000501

Kostmann, A., Augstenova, B., Frynta, D., Kratochvil, L., & Rovatsos, M. (2021).
Cytogenetically elusive sex chromosomes in scincoidean lizards. International Journal of
Molecular Sciences, 22, Article 16, 8670. doi:10.3390/ijms22168670

Kratochvil, L., Gamble, T., & Rovatsos, M. (2021). Sex chromosome evolution among amniotes:
is the origin of sex chromosomes non-random? Philosophical Transactions of The Royal
Society B Biological Sciences, 20200108. doi:10.1098/rstb.2020.0108

Laguna, M. M. (2011). Estudos cromossdmicos ¢ moleculares em espécies de lagartos
microteideos, com énfase na tribo Ecpleopodini (Gymnophthalmidae, Squamata)
[Mestrado em Biologia, Universidade de Sao Paulo]. MSc thesis, Universidade de Sao
Paulo, Sao Paulo, Brazil. doi:10.11606/D.41.2011.tde-23092011-154628

Laguna, M. M., Amaro, R. C., Mott, T., Yonenaga-Yassuda, Y., & Rodrigues, M. T. (2010).
Karyological study of Amphisbaena ridleyi (Squamata, Amphisbaenidae), an endemic
species of the Archipelago of Fernando de Noronha, Pernambuco, Brazil. Genetics and
Molecular Biology, 33, 57-61. doi:10.1590/S1415-47572010005000009

Lowe, C. H., Wright, J. W., Cole, C. J., & Bezy, R. L. (1970). Chromosomes and evolution of
the species groups of Cnemidophorus (Reptilia: Teiidae). Systematic Zoology, 19, 128-141.
doi:10.2307/2412450

Odierna, Aprea, G., Capriglione, T., Caputo, V., & Olmo, E. (1996). The karyology of the
Iberian rock lizards. Herpetologica, 542-550.

Odierna, G., Olmo, E., Capriglione, T., & Caputo, V. (1990). Karyological differences between
Lacerta lepida and Lacerta pater. Journal of Herpetology, 24, 97-99. d0i:10.2307/1564300

27



Odierna, G., Olmo, E., Caputo, V., Capriglione, T., & Bosch, H. A. J. in den. (1995).
Karyological affinity between Lacerta fraasii Lehrs, 1910 and Lacerta parva Boulenger,
1887. Amphibia-Reptilia, 16, 293-297. doi:10.1163/156853895X00091

Olmo, E., Odierna, G., & Cobror, O. (1986). C-band variability and phylogeny of Lacertidae.
Genetica, 71, 63—74. doi:10.1007/BF00123234

Peccinini-Seale, D., Rocha, C. F. D., Almeida, T. M. B., Aratijo, A. F. B., & De Sena, M. A.
(2004). Cytogenetics of the Brazilian whiptail lizard Cnemidophorus littoralis (Teiidae)

from a restinga area (Barra de Maricd) in Southeastern Brazil. Brazilian Journal of
Biology, 64, 661-667. doi:10.1590/S1519-69842004000400014

Pellegrino, K. (2001). A molecular perspective on the evolution of microteiid lizards (Squamata,
Gymnophthalmidae), and a new classification for the family. Biological Journal of the
Linnean Society, 74, 315-338. doi:10.1006/b1j1.2001.0580

Pellegrino, K. C. M., Rodrigues, M. T., & Yonenaga-Yassuda, Y. (1999). Chromosomal
polymorphisms due to supernumerary chromosomes and pericentric inversions in the
eyelidless microteiid lizard Nothobachia ablephara (Squamata, Gymnophthalmidae).
Chromosome Research, 7, 247-254. doi:10.1023/A:1009218628942

Pellegrino, K. C. M., & Yonenaga-Yassuda, Y. (1998). Diversidade cariotipica e evolu¢ao
cromossOmica em lagartos das familias Gymnophthalmidae e Gekkonidae (Squamata):
Evidéncias baseadas em coloragao diferencial e hibridagao in situ fluorescente (FISH).
Genetics and Molecular Biology, 21, 418—419. repositorio.usp.br/item/000946558

Spangenberg, V., Arakelyan, M., Galoyan, E., Martirosyan, 1., Bogomazova, A., Martynova, E.,
de Bello Cioffi, M., Liehr, T., Al-Rikabi, A., Osipov, F., Petrosyan, V., & Kolomiets, O.
(2021). Meiotic synapsis of homeologous chromosomes and mismatch repair protein
detection in the parthenogenetic rock lizard Darevskia unisexualis. Molecular
Reproduction and Development, 88, 119-127. doi:10.1002/mrd.23450

Suwala, G., Altmanova, M., Mazzoleni, S., Karameta, E., Pafilis, P., Kratochvil, L., & Rovatsos,
M. (2020). Evolutionary variability of W-linked repetitive content in lacertid lizards.
Genes, 11, 531. d0i:10.3390/genes11050531

Tang, X.-L., Yue, F., Yan, X.-F., Zhang, D.-J., Xin, Y., Wang, C., & Chen, Q. (2012). Effects of
gestation temperature on offspring sex and maternal reproduction in a viviparous lizard
(Eremias multiocellata) living at high altitude. Journal of Thermal Biology, 37, 438—444.
doi:10.1016/j.jtherbio.2012.03.002

Teixeira, M. J., Recoder, R. S., Camacho, A., Sena, M. A. D., Navas, C. A., & Rodrigues, M. T.
(2013). A new species of Bachia Gray, 1845 (Squamata: Gymnophthalmidae) from the

28



eastern Brazilian Cerrado, and data on its ecology, physiology and behavior. Zootaxa,
3616, 173-189. doi:10.11646/zootaxa.3616.2.6

Tellyesniczky, K. (1897). Uber den Bau des Eidechsenhodens. Mathematische und
Naturwissenschaftliche Berichte aus Ungarn, 303-342.

Wang, C., Tang, X., Xin, Y., Yue, F., Yan, X., Liu, B., An, B., Wang, X., & Chen, Q. (2015).
Identification of sex chromosomes by means of comparative genomic hybridization in a
lizard, Eremias multiocellata. Zoological Science, 32, 151-156. do0i:10.2108/zs130246

Yonenaga-Yassuda, Y., Rodrigues, M. T., & Pellegrino, K. C. M. (2005). Chromosomal banding
patterns in the eyelid-less microteiid lizard radiation: The XX X2X2:X1X2Y sex
chromosome system in Calyptommatus and the karyotypes of Psilophthalmus and

Tretioscincus (Squamata, Gymnophthalmidae). Genetics and Molecular Biology, 28, 700—
709. doi:10.1590/S1415-47572005000500009

Yonenaga-Yassuda, Y., Vanzolini, P. E., Rodrigues, M. T., & De Carvalho, C. M. (1995).
Chromosome banding patterns in the unisexual microteiid Gymnophthalmus underwoodi

and in two related sibling species (Gymnophthalmidae, Sauria). Cytogenetic and Genome
Research, 70, 29-34. doi:10.1159/000133985

Zhang, D.-]J., Tang, X.-L., Yue, F., Chen, Z., Li, R.-D., & Chen, Q. (2010). Effect of gestation

temperature on sexual and morphological phenotypes of offspring in a viviparous lizard,
Eremias multiocellata. Journal of Thermal Biology, 35, 129—133.
doi:10.1016/j.jtherbio.2010.01.003

29



30



