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Abstrakt (Česky) 
 

Determinace pohlaví hraje důležitou roli v životaschopnosti populací a evoluci druhů, 

a i proto je determinace pohlaví důležitým předmětem studia již více než sto let. Tato práce se 

zaměřuje na evoluci určení pohlaví u plazů skupiny Toxicofera. Toxicofera jsou skupinou 

šupinatých plazů čítající více než 6000 druhů. Druhová bohatost této skupiny se odráží 

i v různorodosti způsobů určení pohlaví napříč fylogenetickým spektrem. Byly popsány jak 

druhy s environmentálně (ESD), tak s genotypově určeným pohlavím (GSD) s XX/XY nebo 

ZZ/ZW pohlavními chromozomy. Nicméně, současné znalosti týkající se determinace pohlaví 

Toxicofer nejsou mezi jednotlivými liniemi rovnoměrně rozložené. Hlavním cílem této práce 

je rozšíření současných poznatků zabývajících se evolucí pohlavních chromozomů pomocí 

cytogenetických metod u hadů, chameleonů a plazů skupiny Anguimorpha. První část práce se 

zabývá evolucí pohlavních chromozomů u hadů skupin Caenophidia a Henophidia. V případě 

hadů skupiny Caenophidia je práce zaměřena zejména na variabilitu v rozmístění repetitivních 

sekvencí a heterochromatinu na chromozomu W. Zatímco pohlavní chromozomy hadů skupiny 

Caenophidia jsou cytogeneticky poměrně dobře prostudované a snadno rozpoznatelné, 

pohlavní chromozomy zbývajících skupin hadů jsou ve většině případů homomorfické, málo 

diferenciované a při použití obvyklých cytogenetických metod nejsou rozlišitelné. V naší práci 

jsme studovali deset druhů hadů skupiny Henophidia. Morfologicky rozlišené pohlavní 

chromozomy se nám podařilo detekovat pouze u jediného druhu madagaskarského hroznýše 

Acrantophis cf. dumerili. Druhá část práce se zabývá pohlavními chromozomy u chameleonů 

rodu Furcifer. U studovaných druhů se nám podařilo popsat přítomnost pohlavních 

chromozomů ZZ/ZW a mnohočetných pohlavních chromosomů Z1Z1Z2Z2/Z1Z2W. Třetí část 

práce je zaměřená na pohlavní chromozomy skupiny Anguimorpha. Současné znalosti týkající 

se určení pohlaví jsou omezené zejména na varany (Varanidae) a korovce (Helodermatidae). 

V naší práci se nám navíc podařilo detekovat putativní pohlavní chromozomy u tří druhů čeledi 

Anguidae, jmenovitě u druhů Abronia lythrochila, Celestus warreni a Gerrhonotus liocephalus. 
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Abstract (English) 
 

Sex determination plays an important role in the viability of populations and species 

evolvability. This is one of the reasons why sex determination has become an important subject 

of many studies during more than the last 100 years. The thesis focuses on the evolution of sex 

determination systems in toxicoferan reptiles. Toxicofera is a group of squamate reptiles 

containing more than 6000 species. Their species richness is also reflected in the diversity of 

their sex determination systems. The presence of environmental sex determination (ESD) as 

well as genotypic sex determination (GSD) with either XX/XZ or ZZ/ZW sex chromosomes, 

was reported among the toxicoferan species; however, the current knowledge on sex 

determination in toxicoferan reptiles is not equally distributed across their lineages. The main 

aim of the theses is to expand our knowledge on sex chromosome evolution using cytogenetic 

methods in snakes, chameleons and anguimorphan lizards. The first part of the thesis deals with 

the sex chromosome evolution in caenophidian and henophidian snakes. It is focused mainly 

on the variability in the distribution of repetitive content as well as heterochromatinization of 

the W chromosome of caenophidian snakes. While the sex chromosomes of Caenophidia are 

cytogenetically quite well studied and easily recognizable, the homomorphic and poorly 

differentiated sex chromosomes of other snakes are mostly not detectable by commonly used 

cytogenetic methods. In our work, we examined ten species of non-caenophidian snakes. The 

differentiated sex chromosomes were detected only in one member, namely in the Madagascan 

boa Acrantophis cf. dumerili. The second part of the thesis focuses on the cytogenetic 

description of sex chromosomes in chameleons of the genus Furcifer: ZZ/ZW and 

Z1Z1Z2Z2/Z1Z2W multiple sex chromosomes were detected in studied species. The third part of 

the thesis is devoted to sex chromosomes in anguimorphan lizards. The knowledge on the sex 

determination mode in Anguimorpha was limited mainly to monitors (Varanidae) and beaded 

lizards (Helodermatidae). In our work, apart from these two families, we detected putative sex 

chromosomes also in Abronia lythrochila, Celestus warreni and Gerrhonotus liocephalus 

(Anguidae). 
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Introduction 

Evolution of sex determination in amniotes 

In amniotes, we can distinguish two main types of sex determination: environmental 

sex determination (ESD) and genotypic sex determination (GSD). Under ESD, the sex of 

the individual is determined post-zygotically based on environmental conditions (in amniotes 

the most commonly involved environmental factor is temperature and ESD is then assigned as 

temperature-dependent sex determination - TSD) (Charnov and Bull 1977, Head et al. 1987, 

Mrosovsky and Pieau 1991). Under GSD, sex is determined by a sex-specific genome, most 

commonly by the combination of sex chromosomes at the moment of egg fertilization (Leonard 

2018). In amniotes, there are two basic forms of GSD: male heterogamety with XX/XY sex 

chromosomes (typical e.g. for mammals) and female heterogamety with ZZ/ZW sex 

chromosomes (typical e.g. for birds) (e.g. Ohno 1967, Beukeboom and Perrin 2014, Vicoso 

2019). Two different mechanisms of genotypic sex determination were proposed: (1) sex 

determination can be linked to the dominant locus on Y/W and then the sex of the individual 

is determined by the presence or absence of this locus; (2) the sex of the individual is affected 

by the dosage of copies of the sex-determining locus linked to the X/Z chromosomes, resulting 

in dosage-dependent mechanism (Figure 1, Smith 2010, Kuroiwa 2018). 

 Whether a species does or does not possess sex chromosomes can play important role 

in diversification and speciation (Bull et al. 1983, O'Neill and O'Neill 2018). The presence or 

absence of sex chromosomes can also affect offspring sex ratio, which can even influence the 

survival or extinction of the whole population/species (Korpelainen et al. 1990, Mitchell and 

Janzen 2010). Compared to species with GSD, the species with ESD are more prone to biased 

sex ratios (Bókony et al. 2019). Recently there are several studies showing that climate change 

can lead to skewed sex ratios. Global warming can affect sex ratios e.g. in the clutches of sea 

turtles where mainly females hatch at higher temperatures (Hawkes et al. 2007, Tomillo and 

Spotila 2020). An equal or at least less biased offspring sex ratio can be expected for species 

with sex chromosomes. However, even in this case, sex ratios can depart from 1:1 due to e.g. 

sex-specific mortality of embryos (e.g. Goth and Booth 2005, Li et al. 2008), resorption of 

fetuses of a particular sex (Krackow 1992), meiotic drive (e.g. Rutkowska and Badyaev 2008) 

or occurrence of sex reversals (Quinn et al. 2007, Radder 2008, Holleley et al. 2015, 

Ehl et al. 2017). 
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With the expanding knowledge on sex-determination systems there raises the question: 

which sex-determination system was ancestral for the amniotes? Environmental sex 

determination or genotypic sex determination? In several studies, GSD was postulated as the 

ancestral sex determination system in amniotes. The observation that sex chromosomes of 

monotreme mammals, birds, and the gecko Gekko hokouensis partially share homologous 

genomic regions (Grützner et al. 2004, Rens et al. 2007, Kawai et al. 2009) led to the 

speculation that the common ancestor of amniotes probably had “bird-like proto-sex 

chromosomes” (Marshall 2009, Zechner and Hameister 2011, O'Meally et al. 2012). This 

hypothesis was recently further expanded, indicating that the common ancestor of amniotes had 

a “super-sex chromosome”, which subsequently underwent multiple rearrangements (mainly 

fissions) involving chromosomal regions that formed the extant sex chromosomes in various 

Figure 1: Mechanism of sex determination. Graphical overview of sex determination 

mechanisms in case of ZZ/ZW sex chromosomes. Figure constracted according to Smith 2010. 
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amniote lineages, including birds, gekkotan lineages, lacertid lizards, monotremes and 

viviparous mammals (Ezaz et al. 2017, Singchat et al. 2018, Singchat et al. 2020, 

Laopichienpong et al. 2021). Although it appears that only some parts of the genome are 

typically participating in the evolution of the sex chromosomes in amniotes, which can support 

the hypothesis of super-sex chromosome, there are alternative explanations such as independent 

co-option of genomic regions for the role of sex chromosomes (Marshall Graves and Peichel 

2010, O'Meally et al. 2012, Ezaz et al. 2017, Kratochvíl et al. 2021).  

On the other hand, the hypotheses of ancestral ESD assumes that the common ancestor 

of amniotes had environmental sex determination and during the time, sex chromosomes 

evolved independently in different groups of amniotes. This hypothesis gain support from the 

interpretation of the distribution of sex determination systems in a phylogenetic context 

(Pokorná and Kratochvíl 2009, Johnson Pokorná and Kratochvíl 2016). 

 

Sex chromosomes evolution 

According to the classical model of the evolution of sex chromosomes, the sex 

chromosomes originated from a pair of autosomes (Figure 2) when one of the chromosomes 

attained a locus responsible for sex determination (Ohno 1967, Charlesworth 1991, 

Charlesworth et al. 2005). This event is usually followed by suppression of recombination, 

which - according to the classical model - can be induced by the occurrence/accumulation of 

sexually antagonistic alleles linked to the sex-determining locus. Those alleles are 

advantageous to one sex while disadvantageous to the other (Rice 1987, Charlesworth 1996), 

however, other factors can play a role as well (Ponnikas et al. 2018). Suppression of 

recombination is typically caused by structural chromosomal rearrangements such as 

translocations, deletions, centric fusions or pericentromeric and paracentric inversions (e.g. 

Ayling and Griffin 2002, Charlesworth et al. 2005, Lemaitre et al. 2009). The suppression of 

recombination often leads to degeneration of the Y or W chromosome by the accumulation of 

repetitive sequences, usually connected with heterochromatinization and eventually further 

structural changes and gene loss (Charlesworth and Charlesworth 2000, Charlesworth et al. 

2005, Steinemann and Steinemann 2005, Bachtrog 2013). Such structural changes can be 

connected with changes in chromosome morphology, leading to heteromorphic sex 

chromosomes (Charlesworth 1991, Charlesworth et al. 2005). Notably, changes in sex 
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chromosome morphology (homomorphic/heteromorphic) are not always correlated with 

changes in gene content, i.e. degree of sex chromosome differentiation.  

Once evolved, sex chromosomes can be evolutionary stable in some lineages, while in 

other lineages we detect frequent switches between sex chromosomes and/or determination 

systems. The event that leads to the transition between two GSD systems is known as the 

turnover of sex chromosomes (Kitano and Peichel 2012, Palmer et al. 2019). The sex 

chromosome turnover can occur: (1) by the rise of a new sex-determining gene, which 

overwrites the effect of the previous one (Kondo et al. 2006, Tanaka et al. 2007), or (2) by 

transposition of the already existing sex-determining gene to a different chromosome, which 

leads to the emergence of new sex chromosomes with the same sex-determining gene, but with 

different gene content (Woram et al. 2003). 

In some cases, the high turnover rate of sex chromosomes (when switches between 

the sex chromosomes are so common, that there is no evolutionary time for the degeneration of 

the unpaired chromosomes) can be one of the explanations for the presence of poorly 

differentiated sex chromosomes in some lineages (Schartl 2004). Alternatively, the model of 

“Fountain of youth” suggests that rare recombination of X and Y chromosomes (Z and W sex 

chromosomes, respectively) occurring in sex-reverted individuals can maintain sex 

chromosomes in a poorly differentiated state for a long evolutionary time (Perrin 2009). 

The sex chromosome differentiation and degeneration cause problems with unequal 

gene copy number, which might affect gene expression (Ohno 1967, Charlesworth 1996, 

Gartler 2014, Brockdorff and Turner 2015, Gu and Walters 2017). In order to prevent the 

problems connected to unbalanced gene expression between sexes, different gene dose 

regulatory mechanisms evolved (Charlesworth 1996, Mank 2009, Mank et al. 2011, 

Figure 2: Classical model of sex chromosomes evolution. According to Charlesworth (1991). 
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Brockdorff and Turner 2015, Gu and Walters 2017, Rovatsos et al. 2021). Nowadays we usually 

distinguish between dosage compensation and dosage balance (Brockdorff and Turner 2015, 

Gu and Walters 2017). The dosage compensation is a mechanism that restates the ancestral state 

of gene expression in the heterogametic sex and achieves equal expression levels between sexes 

for the genes linked to the non-recombining part of the X/Z chromosomes (Mank 2009, 

Brockdorff and Turner 2015, Gu and Walters 2017). The dosage compensation can be either 

complete (“global”) and then all X/Z- specific genes are compensated in the heterogametic sex 

(Mank 2009, Mank et al. 2011, Gu and Walters 2017) or it can be incomplete (“partial”), where 

X/Z- specific genes in the heterogametic sex do not achieve the ancestral level (Mank 2009, 

Mank and Ellegren 2009, Mank et al. 2011, Vicoso et al. 2013, Gu and Walters 2017). 

Incomplete dosage compensation can be either chromosome-wide, where all genes in an 

extensive chromosomal region (or even full chromosome) are regulated (Mank 2009, Mank et 

al. 2011, Wheeler et al. 2016), or gene-by-gene, where the expression of only a limited number 

of genes is regulated (Melamed and Arnold 2007, Mank and Ellegren 2009). Dosage balance is 

a regulatory mechanism that equalizes the gene expression between the sexes, however, the 

gene expression is not necessarily adjusted to the ancestral state (Gu and Walters 2017). 

Notably, many species seem to tolerate the gene dose imbalance, caused by the sex chromosome 

differentiation process and did not evolve any gene dose regulatory mechanism (Rovatsos et al. 

2021). 

 

Phylogenetic overview of Toxicofera reptiles 

 

This thesis is focused on Toxicofera, the group of squamate reptiles distributed in all 

continents except Antarctica (Vitt and Caldwell 2009). With more than 6000 species divided 

into around 50 families (Figure 3, Pyron et al. 2013, Uetz et al. 2021), they contain more than 

half species of the extant diversity of squamate reptiles (Uetz et al. 2021). The clade Toxicofera 

can be divided into three subclades: (1) Anguimorpha (e.g. anguids, beaded lizards and 

monitors), (2) Iguania (chameleons, dragon lizards, iguanas) and (3) Serpentes (snakes) (Figure 

3, Pyron et al. 2013). 
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Figure 3: Phylogeny of Toxicofera. Phylogenetic overview of the toxicoferan families. 

Constructed according to Pyron et al. (2013, 2014a,b). The groups Scolecophidia and Henophidia 

are not monophyletic. 
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The name of the clade - Toxicofera - comes from the Greek word for toxin (τοξίνη) and 

Latin word ferre, meaning carry. According to the name, Toxicofera is a group of reptiles 

carrying toxins. The group includes reptile lineages with species that can produce toxins, 

however, not all toxicoferan species can produce toxins, nor all that produce toxins present a 

threat for humans (Fry et al. 2006, 2009, 2012, Hardgreaves et al. 2014, 2017). It is assumed 

that the ability to produce toxins evolved in the common ancestor of Toxicofera approximately 

170 MYA (Million Years Ago), indicating that many of the genes for toxin production are 

homologous (Fry et al. 2006). The hypothesis assumes that the toxins and venom glands were 

diversified later in evolution, reduced, or even lost in some lineages (reviewed in Fry et al. 

2009). On the contrary, more recent work of Hargreaves et al. (2014, 2017) suggests that venom 

evolved at least twice among toxicoferan reptiles.  

(1) Anguimorpha 

The infraorder Anguimorpha with approximately only 240 species (Uetz et al. 2021) is 

divided into seven families: Anguidae, Anniellidae, Helodermatidae, Lanthanotidae, 

Shinisauridae, Varanidae and Xenosauridae (Figure 3, Pyron et al. 2013). Although this group 

contains only a small number of species, they are distributed worldwide (Vitt and Caldwell 

2009) and quite diverse: from legless fossorial forms such as Anniellidae (Jennings and Hayes 

1994, Kuhnz et al. 2005) through semi-aquatic species (Harrisson and Haile 1961, Mendyk et 

al. 2015 Reinhardt et al. 2019) to large terrestrial monitors (Pianka 1995, Ciofi and De Boer 

2004).  

(2) Iguania 

The suborder Iguania with almost 2000 species (Uetz et al. 2021) can be divided into 

three monophyletic groups: dragon lizards (Agamidae), chameleons (Chamaeleonidae) and 12 

families of iguanas: Corytophanidae, Crotaphytidae, Dactyloidae, Hoplocercidae, Iguanidae, 

Leiocephalidae, Leiosauridae, Liolaemidae, Opluridae, Phrynosomatidae, Polychrotidae and 

Tropiduridae (Figure 3, Pyron et al. 2013). While dragon lizards and chameleons are strictly 

distributed in the “Old World” (Africa and Eurasia) and Australia (Vitt and Caldwell 2009), 

Iguanas are distributed in the “New World” (Southern and Northern America) ( Vitt and 

Caldwell 2009), with the exception of the family Opluridae distributed in Madagascar and 

Comoro Islands (Vences et al. 2008, Vitt and Caldwell 2009). Interestingly, a single genus 

(Brachylophus) from the family Iguanidae is distributed in the South Pacific islands of Fiji and 

Tonga (Avery and Tanner 1970, Keogh et al. 2008). 
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(3) Snakes 

The suborder Serpentes (snakes) with over 3800 species contains more than one-third 

of the extant species of squamate reptiles (Uetz et al. 2021). Despite their more or less uniform 

legless body shape, snakes were able to colonize different environments from subterranean 

habitats through deserts and from rain forests up to the open oceans (Heatwole 1999). Snakes 

are distributed in all continents with the exception of Antarctica (Vitt and Caldwell 2009). For 

simplicity, the snakes use to be still divided into three main groups: Scolecophidia, Henophidia 

and Caenophidia (Figure 3, Parris and Holman 1978, Heise et al. 1995, Lee and Scanlon 2002). 

The paraphyletic group Scolecophidia (Figure 3, Pyron et al. 2013) includes blind snakes and 

other fossorial forms (O’Shea 2018). The second, also paraphyletic group Henophidia includes 

mainly boas and pythons (Figure 3, Pyron et al. 2013, Uetz et al. 2021), often referred to in the 

literature as ”basal snakes”. The third group, Caenophidia, is a monophyletic group of snakes, 

often called “advanced snakes” (Figure 3, Pyron et al. 2013,2014a). 

  

Evolution of sex determination in Toxicofera 

 

The sex determination systems are more evolutionary stable in some lineages than in 

others. Compared to mammals (Cortez et al. 2014), reptiles with the exception of birds (Zhou 

et al. 2014, Mazzoleni et al. 2021), are in general quite variable in sex determination (e.g.Sarre 

et al. 2004, Ezaz et al. 2009a, Gamble 2010, Rovatsos et al. 2015b, Nielsen et al. 2019). This 

applies also to toxicoferan reptiles, where we can find lineages with environmental as well as 

genotypic sex determination, GSD under either female or male heterogamety (e. g. Ezaz et al. 

2013, Rovatsos et al. 2015a,b, 2019a,b, Gamble et al. 2017, Altmanová et al. 2018, Augstenová 

et al. 2018a, Nielsen et al. 2018, 2019). While the presence of ESD was so far confirmed only 

in several species of dragon lizards (Harlow 2004), the GSD was confirmed in several lineages 

(Figure 4, Ezaz et al. 2013, Rovatsos et al. 2014b, 2015a,b, 2019a,b, Gamble et al. 2017, 

Altmanová et al. 2018, Augstenová et al. 2018a, Nielsen et al. 2018, 2019, Matsubara et al. 

2019b, Alam et al. 2020, Sidhom et al. 2020, Kratochvíl et al. 2021) by using different methods 

from conventional cytogenetic methods to whole-genome sequencing. The more advanced 

molecular methods can allow us to reveal their homology, particular syntenic blocks are 

commonly referred to with the respect to homology to chicken chromosomes (GGA). The 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.15245#mec15245-bib-0031
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.15245#mec15245-bib-0151
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partial gene content is so far known in seven lineages of Toxicofera (Figure 4), however, even 

with our constantly expanding knowledge many lineages are still not well studied. 

 

(1) Anguimorpha 

In Anguimorpha, sex chromosomes were studied mainly in monitors (Varanidae) and 

beaded lizards (Helodermatidae) (Olmo and Signorino Rovatsos et al. 2019a, Augstenová et al. 

2021). All studied species of monitors possess female heterogamety (Olmo and Signorino, 

Iannucci et al. 2019, Rovatsos et al. 2019a). The ZZ/ZW sex chromosomes were 

cytogenetically described as a pair of microchromosomes with heterochromatic W in several 

species of monitors (Iannucci et al. 2019). The presence of TSD was reported in Varanus 

salvator (Hairston and Burchfield 1992, Harlow 2004), but this report is considered dubious 

(Iannucci et al. 2019, Rovatsos et al. 2019a). Apart from the family Varanidae, the ZW sex 

Figure 4: Phylogenetic distribution of sex chromosomes and sex chromosome homology 

in Toxicofera. Current knowledge on sex chromosome evolution and homology of the sex 

chromosomes to the chicken chromosomes (GGA) in Toxicofera. Unknown data on GGA homology 

are marked with dash (-). The figure was constructed based of the data from Ezaz et al. (2013), 

Rovatsos et al. (2014b, 2015a,b, 2019a,b), Gamble et al. (2017), Altmanová et al. (2018), 

Augstenová et al. (2018a), Nielsen et al. (2018, 2019), Matsubara et al. (2019b), Alam et al. 

(2020), Sidhom et al. (2020), Kratochvíl et al. (2021). Phylogenetic relations according 

to Pyron et al. (2013). 
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chromosomes were cytogenetically described also in three Heloderma species (Johnson 

Pokorná et al. 2014, Augstenová et al. 2021)  

Recently, two papers support the homology of the Z and the W chromosome across the 

phylogeny of monitors (Iannucci et al. 2019, Rovatsos et al. 2019a). The Z chromosome of 

monitors are homologous to chicken chromosome 28 (GGA28) (Rovatsos et al. 2019a, Lind et 

al. 2019) and appeared to be homologous also to the Z chromosome of helodermatids and the 

anguid Abronia lythrochila (Anguidae). This finding suggested that the ZZ/ZW sex 

chromosomes of Anguimorpha evolved approximately 115-180 MYA (Rovatsos et al. 2019a). 

Although around 30 species of the families Anguidae, Annielidae, Shinisauridae and 

Xenosauridae were cytogenetically studied (reviewed in Augstenová et al. 2021), the putative 

ZZ/ZW sex chromosomes were described only in three species from the family Anguidae, 

namely in Abronia lythrochila, Celestus warreni and Gerrhonotus liocephalus (Augstenová et 

al. 2021). The sex chromosomes of the remaining anguimorphan species are unknown and 

likely homomorphic and poorly differentiated.  

 

(2) Iguania 

Dragon lizards 

Species of the family Agamidae possess either environmental or genotypic sex 

determination with female heterogamety, which makes them the only toxicoferan reptiles with 

confirmed ESD (Harlow 2004). Multiple transitions between different sex determination 

systems were suggested for agamids (Ezaz et al. 2009b). However, sex determination is 

unstudied in most of the species. Although the presence of GSD was suggested in several 

agamid species (Harlow 2004, Ezaz et al. 2009b), the ZZ/ZW sex chromosomes were 

uncovered only in five species. In Phrynocephalus vlangalii the sex chromosomes were 

detected as a pair of macrochromosomes (Zeng 1997, Alam et al. 2020), while in the other four 

species (Ctenophorus fordi, Diporiphora nobbi, Pogona barbata and Pogona vitticeps), the sex 

chromosomes are a pair of microchromosomes (Ezaz et al. 2005, 2009b, Matsubara et. al 

2019a, Alam et al. 2020).  

The bearded dragon (Pogona vitticeps) is the only agamid species where sex 

determination was studied in more details. Sex chromosomes are a pair of microchromosomes 

with highly heterochromatic W, sharing partial homology with the chicken chromosomes 

GGA17 and GGA23 (Ezaz et al. 2013). Furthermore, the ZZ/ZW sex chromosomes of Pogona 

vitticeps are homologous with ZZ/ZW sex chromosomes of Pogona barbata, Pogona minor, 
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Pogona henrylawsoni and Diporiphora nobbi (Ezaz et al. 2013, Ehl et al. 2021), however, their 

sex determination appeared not to be homologous with ZZ/ZW sex chromosomes of 

Ctenophorus fordi (Ezaz et al. 2013).  

Although the sex chromosomes of Pogona vitticeps seem to be well-differentiated, 

several cases of sex-reverted individuals were described (Quinn et al. 2007, Holleley et al. 

2015, Ehl et al. 2017). The sex-reverted hatchlings were induced by high incubation 

temperature (above 32 °C) which led to fully fertile ZZ females (Quinn et al. 2007, Holleley et 

al. 2015, Ehl et al. 2017). The possible presence of sex reversals was described also in the 

species Amphibolurus muricatus (Quinn et al. 2011, Whiteley et al. 2021). Despite several 

studies describing the presence of TSD in this species (Warner and Shine 2005, 2007, 2008 

Warner et al. 2013, Esquerré et al. 2014, Schwanz 2016), the recent work of Whiteley et al. 

(2021) suggests the presence of cryptic sex chromosomes in Amphibolurus muricatus due to 

occurrence of female-biased offspring sex ratio at extreme incubation temperatures and the 

detection of ovotestes in approximately 50% females hatched at these extreme temperatures. 

These similarities with Pogona vitticeps led the authors to conclude that A. muricatus could 

also possess GSD, however, the sex chromosomes have not been detected yet (Whiteley et al. 

2021). 

 

Chameleons  

The sex determination of chameleons was described only in the genera Furcifer 

(ZZ/ZW) and Chamaeleo (XX/XY) (Rovatsos et al. 2015a, 2019b, Nielsen et al. 2018, Sidhom 

et al. 2020). The possible presence of female heterogamety was reported in Bradypodion 

ventrale (reported in Olmo and Signorino 2005), however, the data have not been published. 

The ZZ/ZW sex chromosomes were described in six species of the genus Furcifer (Rovatsos et 

al. 2015, 2019). In four species (F. bifidus, F. pardalis, F. verrucosus, F. willsii), multiple sex 

chromosomes (Z1Z1Z2Z2/Z1Z2W) were detected (Rovatsos et al. 2015a, 2019b). Furthermore, 

it is possible that multiple sex chromosomes evolved at least twice in the genus Furcifer 

(Rovatsos et al. 2019b).  

Despite previous reports on the presence of ESD in Chamaeleo calyptratus (Andrews 

2005, Ballen et al. 2016), XX/XY sex chromosomes were recently detected by restriction site 

associated DNA (RAD) sequencing method (Nielsen et al. 2018). The presence of homologous 

XX/XY sex chromosomes was found also in the closely related species Chamaeleo chamaeleon 

(Sidhom et al. 2020). 
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Iguanas  

All studied iguanas possess GSD with XX/XY sex chromosomes varying from poorly 

differentiated to well-differentiated heteromorphic sex chromosomes (Rovatsos et al. 2014b, 

Altmanová et al. 2018). Thanks to the whole-genome sequencing of the green anole Anolis 

carolinensis, we know the partial gene content of the X chromosome, which is homologous to 

the chicken chromosome 15 (GGA15) (Alföldi et al. 2011). The homology of sex determination 

was tested in other species of Anolis (Gamble et al. 2014, Rovatsos et al. 2014a) and later also 

across representatives from other iguanid families (Rovatsos et al. 2014b, Altmanová et al. 

2018). It appeared that despite numerous cytogenetic differences and the presence of multiple 

sex chromosomes in several species, all families of iguanas possess homologous XX/XY sex 

chromosomes with the only exception of basilisks (Corytophanidae) (Altmanová et al. 2018, 

Nielson et al. 2019). The XX/XY sex chromosomes of the family Corytophanidae are 

homologous to the GGA17 genomic region (Nielson et al. 2019). 

 

(3) Snakes 

In the case of snakes, there is no evidence of temperature-dependent sex determination 

and therefore it is expected that all snakes possess GSD (Valenzuela and Lance 2004). For 

decades, ZZ/ZW sex determination system was assumed in all snakes (Beçak et al. 1964, 

Matsubara et al. 2006, 2016, Oguiura et al. 2009, Vicoso et al. 2013), however, the sex 

chromosomes were studied by cytogenetic methods mainly in caenophidian snakes. In the case 

of Caenophidia, the sex chromosomes are usually the 4th or 5th largest chromosome pair of their 

karyotype with a variable degree of differentiation among species (Beçak et al. 1964, Oguiura 

et al. 2009, Augstenová et al. 2018b). The W chromosome of Caenophidia is typically 

heterochromatic and enriched in repetitive content (Augstenová et al. 2018b), such as the 

GATA, GACA or AC satellite motifs, except for Acrochordus javanicus (Rovatsos et al. 2017, 

Augstenová et al. 2018b). Caenophidian snakes share similar diploid chromosome number, the 

morphology of sex chromosomes and other karyotypic traits (Olmo and Signorino, 2005, 

Oguiura et al. 2009). However, there are few exceptions, such as several elapid species with 

multiple sex chromosomes: ZZ/ZW1W2 in sea snake Enhydrina schistosa (Singh 1972) and 

Z1Z2/Z1Z2W in Bungarus caeruleus (Singh et al. 1970). 

With the development of molecular methods, we are getting more information about the 

snake sex chromosomes and a few years ago the gene content of the snake Z chromosome was 
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partially uncovered. The Z chromosome of all studied caenophidian snakes is homologous to 

GGA2, GGA4 and GG27 (Vicoso et al. 2013; Rovatsos et al. 2015b). The Z-specific gene 

content is shared across all caenophidian families, but not with the henophidian snakes 

(Rovatsos et al. 2015b).  

This finding was one of the indications that henophidian snakes might possess different 

sex chromosomes than caenophidian snakes. Several studies were indicating the presence of 

male heterogamety in “basal” snakes. One of such indications was the facultative 

parthenogenetic reproduction with only female offspring described in several species of boas 

and pythons, e.g. in Boa constrictor, Epicrates maurus and Python bivittatus (Booth et al. 

2011a,b, 2014). The second indication was a sex-linked colour mutation of the ball python 

Python regius inherited from fathers to sons, which indicated a Y-specific inheritance (Mallery 

et al. 2016). On the contrary, ZZ/ZW sex chromosomes were previously reported in the 

Madagascar boa Acrantophis dumerili (Mengden and Stock 1980). Finally, in 2017 the group 

of Tony Gamble described the presence of XX/XY sex chromosomes in the python Python 

bivittatus and the boas Boa constrictor and Boa imperator. Furthermore, it appeared that those 

two systems are not homologous. While the Y chromosome of Python bivittatus shares at least 

partially gene content with the Z chromosome of caenophidian snakes, the gene content of the 

Y chromosome of the boas is different (Gamble et al. 2017). These authors also questioned the 

presence of ZZ/ZW in A. dumerili and attributed it to misidentification of the sex in the old 

study. However, the presence of ZZ/ZW sex chromosomes was later cytogenetically confirmed 

in A. cf. dumerili by Augstenová et al. (2018a). The rest of cytogenetically studied henophidian 

snakes possess homomorphic, poorly differentiated sex chromosomes (Matsubara et al. 2006, 

Vianna et al. 2016, Augstenová et al. 2019).  

The least studied group of snakes are scolecophidian snakes. There is almost nothing 

known about their sex chromosomes. The putative ZZ/ZW sex chromosomes were recently 

described in one species, Myriopholis macrorhyncha (Leptotyphlopidae) (Matsubara et al. 

2019b). However, whether these chromosomes are homologous to the caenophidian ZW sex 

chromosomes remains unknown. 
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Aims of the thesis 

The main aim of the thesis was the exploration of sex chromosomes across a wide 

phylogenetic spectrum of toxicoferan reptiles, with the major focus on groups with not well-

studied sex determination systems and the expansion of our knowledge on the sex chromosome 

evolution in the lineages with previously reported sex chromosomes. In the thesis, I aimed to: 

1) Explore the evolutionary dynamics of repetitive elements in the W chromosomes 

of caenophidian (“advanced“) snakes across a wide phylogenetic spectrum 

(Chapter 1). 

2) Uncover sex chromosomes in non-caenophidian snakes by conventional and molecular 

cytogenetic methods (Chapter 3, 4). 

3) Cytogenetically examine and identify sex chromosomes in unstudied species 

of chameleons from the genus Furcifer (Chapter 5). 

4) Uncover sex chromosomes in unstudied anguimorphan lizards by cytogenetic methods 

(Chapter 6). 
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Publications overview 
 

Part I – Sex determination and sex chromosome evolution in snakes 

 

• Chapter 1: Augstenová B., Mazzoleni S., Kratochvíl L., Rovatsos M. (2018): 

Evolutionary dynamics of the W chromosome in caenophidian snakes. Genes, 9: 5. 

 

• Chapter 2: Rovatsos M., Augstenová B., Altmanová M., Sloboda M., Kodym P., 

Kratochvíl L. (2018): Triploid colubrid snake provides insight into the mechanism of 

sex determination in advanced snakes. Sexual Development, 12: 251-255. 

 

• Chapter 3: Augstenová B., Johnson Pokorná M., Altmanová M., Frynta D., Rovatsos 

M., Kratochvíl L. (2018): ZW, XY, and yet ZW: Sex chromosome evolution in snakes 

even more complicated. Evolution, 72: 1701-1707. 

 

• Chapter 4: Augstenová B., Mazzoleni S., Kostmann A., Altmanová M., Frynta D., 

Kratochvíl L., Rovatsos M. (2019): Cytogenetic analysis did not reveal differentiated 

sex chromosomes in ten species of boas and pythons (Reptilia: Serpentes). Genes, 10: 

934. 

 

Part II – Sex determination and sex chromosome evolution in chameleons 

 

• Chapter 5: Rovatsos M., Altmanová M., Augstenová B., Mazzoleni S., Velenský P., 

Kratochvíl L. (2019): ZZ/ZW sex determination with multiple neo-sex chromosomes is 

common in Madagascan chameleons of the genus Furcifer (Reptilia: Chamaeleonidae). 

Genes, 10: 1020. 

 

Part III – Sex determination and sex chromosome evolution in anguimorphan lizards  

 

• Chapter 6: Augstenová B., Pensabene E., Kratochvíl L., Rovatsos M. (2021): 

Cytogenetic evidence for sex chromosomes and karyotype evolution in anguimorphan 

lizards. Cells, 10: 1612. 
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Outline of the publications  

 The thesis contains six published original investigations divided into three thematic 

parts. The first part is focused on the evolution of sex chromosomes in snakes (Chapters 1-4). 

The second part is focused on the detection of sex determination system in chameleons of the 

genus Furcifer (Chapters 5). The third part is focused on the sex chromosome evolution of 

anguimorphan lizards (Chapter 6). My contribution to each chapter is summarized in Table 1.  

 

Chapter 1 is focused mainly on the examination of the evolutionary dynamics of the 

repetitive content of the W chromosome of caenophidian snakes using cytogenetic methods. 

We studied 13 species of snakes from six families (Acrochordidae, Colubridae, Homalopsidae, 

Lamprophiidae, Viperidae, Xenodermatidae) out of eight caenophidian families. In order to 

cover most of the phylogeny, we combined our results with already existing data from the 

literature, which allowed us to add and compare also the species from the family Elapidae. 

In the study, we performed fluorescence in situ hybridization (FISH) with four microsatellite 

motifs typically accumulated on the sex chromosomes: GATA, GACA, AG and TTAGGG (the 

telomeric-like sequence). Apart from the distribution of the repetitive elements, we also 

compared the distribution of the heterochromatin on the W chromosome by C-banding. 

The W chromosomes of all studied species were heterochromatinic, while the microsatellite 

motifs were accumulated in all chromosomes with the exception of the W chromosome of the 

species Acrochordus javanicus (Acrochordidae), which is placed at the base of the 

caenophidian phylogeny (Pyron et al. 2014a). The presence of heterochromatic W in 

A. javanicus along with the lack of accumulation of the tested repetitive sequences questions 

the role of microsatellite accumulation in the heterochromatinization of the W chromosomes of 

caenophidian snakes as was previously suggested (Subramanian et al. 2003, O’Meally et al. 

Chapetr Original investigation Journal
Experimental 

design

Experimental 

procesures

Figure/table 

preparation
Data analyses

Manuscript 

preparation

1 Augstenová et. al. 2018 Genes × × × × ×

2 Rovatsos et al.  2018 Sex. Dev. × × × ×

3 Augstenová et al.  2018 Evolution × × × × ×

4 Augstenová et. al. 2019 Genes × × × × ×

5 Rovatsos et al.  2019 Genes × × × ×

6 Augstenová et al.  2021 Cells × × × × ×

Contribution

Table 1: My contribution to the the Chapters 1-6 of the theses. Detailed overwiev of contribution of 

all authors for Chapter 1 and Chapters 3-6 is described in the end of each publication. 
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2010). The W chromosomes of caenophidian snakes show in general differences in the degree 

of heterochromatinization as well as in the distribution of the microsatellite motifs even in 

closely related species. This finding might suggest that the repetitive content of the W 

chromosomes show higher evolutionary variability compared to the evolutionary stable Z 

chromosome. In addition, we described the karyotypes of six species of caenophidian snakes 

for the first time.  

During the study of the repetitive content of the W chromosomes in snakes, a triploid 

individual of the species Elaphe bimaculata was discovered (Chapter 2). The animal was a 

male with only a single testis. The triploidy was probably a result of a spontaneous event. The 

cytogenetic analyses detected the presence of ZZW sex chromosomes. This is an important 

finding which can help us in understanding the sex determination mechanism of caenophidian 

snakes. The presence of ZZW sex chromosomes in the male individual suggests the possibility 

of the “Z dosage” sex-determining mechanism; however, the testis of the animal was malformed 

and it was most likely sterile. More investigations will be needed to confirm the sex 

determination mechanisms in snakes. 

The main aim of Chapters 3 and 4 was to detect the sex chromosomes in previously 

unstudied henophidian snakes by conventional and molecular cytogenetic methods. Chapter 3 

is focused on the species from the Madagascan family Sanziniidae, which is the only family of 

basal snakes with previously detected ZZ/ZW sex chromosomes. In our study we examined 

four species: Acrantophis dumerili, Acrantophis cf. dumerili, Acrantophis madagascariensis 

and Sanzinia madagascariensis. The heteromorphic ZZ/ZW sex chromosomes were described 

only in Acrantophis cf. dumerili. The sex chromosomes correspond to the 4th chromosome pair 

of the karyotype, confirming a previous report, published 40 years ago by Mengden and Stock 

(1980). The heteromorphic sex chromosomes most likely occurred as a result of pericentric 

inversion. Neither C-banding nor the comparative genome hybridization detected sex specific 

differences in any of the studied species. 

Chapter 4 is focused on the sex chromosomes of pythons and boas. We studied 

10 species from 6 families of pythons and boas (Boidae, Calabariidae, Candoiidae, Charinidae, 

Pythonidae, Sanziniidae). The used cytogenetic methods did not lead to detection of sex 

chromosomes in any studied species. The sex chromosomes of these species are homomorphic 

and poorly differentiated. In this study, we described karyotypes of five species for the first 

time.  
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In Chapter 5 we cytogenetically studied chameleons of the genus Furcifer. We 

examined six species: F. antimena, F. bifidus, F. lateralis, F. minor, F. verrucosus and F. 

willsii. In the case of F. antimena and F. minor only males were examined and sex 

chromosomes could not be identified. We detected ZZ/ZW sex determination system in 

F. lateralis and Z1Z1Z2Z2/Z1Z2W multiple sex chromosomes in F. bifidus, F. verrucosus and 

F. willsii. The phylogenetic position of these species suggests that multiple sex chromosomes 

probably evolved independently multiple times. Four of the studied species were 

cytogenetically studied for the first time. Interestingly, the diploid chromosome number in 

chameleons is in general quite variable (Rovatsos et al. 2017) and within six studied species of 

Furcifer chameleons, the diploid number varies from 22 to 28 chromosomes in male 

karyotypes.  

Chapter 6 is focused on the identification of sex chromosomes in anguimorphan lizards 

by conventional and molecular cytogenetic methods, including comparative genome 

hybridization. We cytogenetically examined 23 species from five families (Anguidae, 

Helodermatidae, Shinisauridae, Varanidae and Xenosauridae). Among them, 22 species were 

cytogenetically examined for the first time. The ZZ/ZW sex chromosomes were successfully 

detected in all studied species of the families Helodermatidae and Varanidae. The sex 

chromosomes were detected as a pair of microchromosomes. The putative ZZ/ZW sex 

chromosomes were detected in three other species: Abronia lythrochila, Celestus warreni and 

Gerrhonotus liocephalus, however, due to the limited sample size of these species, additional 

individuals are required to confirm the presence of the ZZ/ZW sex chromosomes. Interestingly 

among the studied individuals, we detected a spontaneous triploid specimen of Varanus 

primordius. 
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Conclusions and future perspectives  

 This thesis brings new insights into the evolution of sex chromosomes in toxicoferan 

reptiles, namely in the caenophidian and henophidian snakes, the anguimorphan lizards and the 

chameleons of the genus Furcifer. Alongside our results on sex chromosomes, we described 

karyotypes of 15 species of snakes (Chapters 1-4), three species of chameleons (Chapter 5) 

and 22 species of anguimorphan lizards (Chapter 6).  

We investigated the evolutionary dynamics of repetitive elements in the 

W chromosomes of caenophidian snakes across a wide phylogenetic spectrum and questioned 

the traditionally viewed role of the microsatellite accumulation on the sex chromosomes during 

their differentiation process (Chapter 1). The discovery of the triploid snake Elaphe 

bimaculata brought new insights into the sex determination mechanisms in caenophidian 

snakes (Chapter 2). The presence of ZZW sex chromosomes in the male individual would 

suggest Z dosage mechanism, however, we still need additional studies for a better 

understanding of the mechanisms behind the sex determination in Caenophidia.  

From the previously published cytogenetic studies, it seems that the vast majority of the 

henophidian snakes possess poorly differentiated and homomorphic sex chromosomes which 

are not detectable by conventional or molecular cytogenetic methods (Beçak et al. 1964, 

Matsubara 2006, Vianna et al. 2016, Chapter 3, 4). The only known exception is Acrantophis 

cf. dumerili with heteromorphic ZZ/ZW sex chromosomes (Mengden and Stock 1980, Chapter 

3). This finding together with the detection of two independent origins of XX/XY sex 

chromosomes in pythons and boas (Gamble et al. 2017) and the presence of ZZ/ZW sex 

chromosomes in Myriopholis macrorhyncha (Scolecophidia) (Matsubara et al. 2019) show us 

that the sex determination in snakes is much more complicated than was assumed for decades.  

The investigation of sex chromosomes in chameleons of the genus Furcifer revealed the 

presence of ZZ/ZW sex chromosomes in the species F. lateralis and Z1Z1Z2Z2/Z1Z2W sex 

chromosomes in F. bifidus, F. verrucosus and F. willsii. The phylogenetic distribution of the 

ZZ/ZW sex chromosomes and Z1Z1Z2Z2/Z1Z2W multiple sex chromosomes, suggests that the 

multiple sex chromosomes evolved in the genus Furcifer at least twice (Chapter 5). 

Our study on the evolution of sex chromosomes in anguimorphan lizards revealed 

ZZ/ZW sex determination systems in beaded lizards (Helodermatidae) and monitors 

(Varanidae). Futhermore, we detected putative sex chromosomes also in Abronia lythrochila, 

Celestus warreni and Gerrhonotus liocephalus (Anguidae) (Chapter 6). 
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Future studies should focus on the identification of sex chromosome gene content 

in henophidian snakes and anguimorphan lizards by next generation sequencing methods, such 

as whole-genome sequencing and RAD sequencing. The identification of sex chromosome gene 

content will allow further testing of the homology of sex chromosomes across a wider 

phylogenetic spectrum. 
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