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Abstract 

Scincoidean lizards, i.e. cordylids, gerrhosaurids, skinks and xantusiids, are known for their 

remarkable ecological and morphological variability. It was hypothesized that, at least in skinks, 

sex determining systems are highly variable as well. In the other three families, evidence for 

presence or absence of sex chromosomes has been scarce, with two species of night lizards with 

ZZ/ZW sex chromosomes being the exception. In this thesis, conventional and molecular 

cytogenetic methods, including C-banding, fluorescence in situ hybridization (FISH) with probes 

for telomeric motifs and rDNA loci and comparative genomic hybridization (CGH) were used to 

identify cytogenetically distinguishable sex chromosomes. Although most studied species showed 

no sex-specific differences by cytogenetic examination, some did. Tracheloptychus petersi has 

accumulations of rDNA loci on a pair of macrochromosomes and a pair of microchromosomes in 

males, while again on a pair of macrochromosomes and a single microchromosome in females. 

This distribution suggests a ZZ/ZW system in this species, which is the first report of sex 

chromosomes in any gerrhosaurid lizard. In Zonosaurus madagascariensis, CGH was able to 

identify the W chromosome in females, which is the second report of sex chromosomes in this 

family. Cytogenetic examinations in scincid lizards led to the identification of cytogenetically 

distinguishable XX/XY sex chromosomes in Tiliqua scincoides and confirmed sex-associated 

nucleolus organizer region (NOR) polymorphism in Scincus scincus. Subsequently, a genome 

coverage analysis in S. scincus led to the identification of several X-linked genes, which in turn 

uncovered homologous and poorly differentiated XX/XY sex chromosomes across all 13 tested 

scincid species. These results indicate that homologous XX/XY sex chromosomes are shared 

across nearly the whole scincid phylogeny, covering around 1700 species representing 15% of 

reptile species diversity. The age of the XX/XY sex determination system of skinks is estimated 

to be at least 85 million years, approaching the age of highly differentiated ZZ/ZW sex 

chromosomes of birds and advanced snakes. Scincid sex chromosomes demonstrate that even 

poorly differentiated sex chromosomes can be evolutionary stable in the long-term. 
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Abstrakt 

Ještěři skupiny Scincoidea, tj. kruhochvosti (Cordylidae), ještěrkovci (Gerrhosauridae), 

scinci (Scincidae) a xantusie (Xantusiidae), mají pozoruhodnou ekologickou a morfologickou 

variabilitou. Předpokládalo se, že přinejmenším u skinků jsou systémy určení pohlaví také velmi 

variabilní. U ostatních tří čeledí byly důkazy pro přítomnost nebo nepřítomnost pohlavních 

chromozomů vzácné, přičemž výjimkou byly dva druhy xantusií s pohlavními chromozomy typu 

ZZ/ZW. V této práci byly k identifikaci cytogeneticky odlišitelných pohlavních chromosomů 

použity konvenční a molekulární cytogenetické metody včetně C-pruhování, fluorescenční in situ 

hybridizace (FISH) se sondami pro telomerické motivy a rDNA lokusy a komparativní genomová 

hybridizace. Většina studovaných druhů nevykazovala pohlavně-specifické rozdíly zjistitelné 

cytogenetickým vyšetřením. Nicméně jsme prokázali akumulaci lokusů rDNA na páru 

makrochromosomů a páru mikrochromosomů u samců, zatímco opět na páru makrochromosomů 

a jediném mikrochromosomu u samic druhu Tracheloptychus petersi. Pohlavně-specifická 

distribuce rDNA lokusů naznačuje, že tento druh má ZZ/ZW pohlavní chromosomy, což 

představuje první doklad o pohlavních chromosomech u zástupce čeledi Gerrhosauridae. U dalšího 

zástupce této čeledi, konkrétně u druhu Zonosaurus madagascariensis dokázala CGH 

identifikovat samičí chromosom W, což dále podporuje první nález. Cytogenetické vyšetření u 

scinků vedlo k identifikaci cytogeneticky odlišitelných pohlavních chromozomů XX/XY u druhu 

Tiliqua scincoides a potvrzení pohlavně vázaného polymorfismu v rDNA lokusech u druhu 

Scincus scincus. Následně analýza pokrytí genomu při sekvenování u S. scincus vedla k 

identifikaci několika genů specifických pro chromosom X, což dále vedlo k odhalení 

homologických, málo diferencovaných pohlavních chromosomů XX/XY u všech 13 testovaných 

druhů scinků. Tyto výsledky naznačují, že homologické pohlavní chromosomy XX/XY jsou 

sdíleny přes linii scinků pokrývají přibližně 1700 druhů, tj. zhruba 15% druhové rozmanitosti 

všech neptačích plazů. Stáří XX/XY chromosomů scinků jsme odhadli na nejméně 85 milionů let, 

což se blíží stáří vysoce diferencovaných ZZ/ZW pohlavních chromozomů ptáků a hadů skupiny 

Caenophidia. Analýza pohlavních chromosomů scinků ukazuje, že i málo diferencované pohlavní 

chromosomy mohou být dlouhodobě evolučně stabilní. 
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Outline of publications 

This thesis consists of four publications, focusing on conventional and molecular 

cytogenetics to identify sex chromosomes and whole-genome sequencing and quantitative 

polymerase chain reaction (qPCR) to test their homology across the large scincoidean diversity. 

Two of the mentioned publications are already published in reputable journals, one has been 

submitted to a journal recently and the last one is still in preparation. 

In the first publication (Chapter 1), two members of Scincidae, Scincus scincus and 

Tropidophorus baconi, were cytogenetically examined. Caputo et al. (1994) reported two active 

Nucleolus Organizer Regions (NORs) per female metaphase, while only a single active NORs in 

males. First, we confirmed this observation by fluorescence in situ hybridization (FISH) with the 

probe for rDNA loci. Additional cytogenetic experiments, including comparative genomic 

hybridization (CGH), as well as all cytogenetic experiments in Tropidophorus baconi, did not 

uncover any sex-specific differences which could be attributed to sex chromosomes. With these 

now confirmed XX/XY sex chromosomes in S. scincus, a genome coverage analysis was 

performed to identify its X-linked genes. An accumulation of these genes are linked to Podarcis 

muralis chromosome 10 (PMU10), their homologues are linked to chicken chromosome 1 

(GGA1). Among amniotes, this PMU10/GGA1 syntenic block was only known to be a part of sex 

chromosomes in the distantly related geckos of the genus Coleonyx (Rovatsos et al. 2019, 

Pensabene et al. 2020), which supports the hypothesis that skink sex chromosomes evolved 

independently from other amniote sex chromosomes. Testing the X-specificity of these genes in 

13 species of skinks, covering a phylogenetic spectrum of nearly 1700 species, led to the 

conclusion that these poorly differentiated sex chromosomes are highly conserved across the skink 

radiation. Although these sex chromosomes are poorly differentiated, and only have a small X-

specific region (as was also shown recently in another skink, Eulamprus heatwolei; Cornejo-

Páramo et al. 2020), they are at least 85 million years old and therefore of similar age as the highly 

differentiated ZZ/ZW sex chromosomes of birds and advanced snakes (Zhou et al. 2014, Rovatsos 

et al. 2015). 

The second publication (Chapter 2) is a conventional and molecular cytogenetic 

examination of the Malagasy Peters’ keeled plated lizard Tracheloptychus petersi. Several species 
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of gerrhosaurid lizards have been examined in the past, at least by conventional cytogenetics, but 

sex-specific differences, and therefore sex chromosomes, have never been identified in any of 

them. The sex chromosomes of T. petersi are homomorphic and even CGH failed to identify them. 

The only cytogenetically observable difference is the accumulation of rDNA loci; they are present 

on a pair of macrochromosomes in both sexes, and additionally, on two microchromosomes in 

males, but only a single microchromosome in females. This female-specific heterozygosity 

suggests a putative ZZ/ZW system and is the first report of sex chromosomes in plated lizards 

(Gerrhosauridae). 

The third publication (Chapter 3) employs conventional and molecular cytogenetics on a 

wider phylogenetic scale of scincoidean lizards, including six species of skinks, two cordylids and 

one gerrhosaurid. Diploid chromosome numbers are rather conserved among these species, but 

chromosome morphology, presence of interstitial telomeric sequences and distribution of rDNA 

loci vary significantly. Although we confirmed XX/XY sex chromosomes in all studied skink 

species (except Acontias percivali) by qPCR test, sex-specific differences by cytogenetic methods 

were only identified in Tiliqua scincoides, where rDNA loci were only present on the X 

chromosome. 

The last publication (Chapter 4) is a cytogenetic examination of the Madagascar girdled 

lizard Zonosaurus madagascariensis. In this gerrhosaurid lizard, all conventional and molecular 

cytogenetic methods failed to show sex-specific differences, apart from CGH. CGH revealed a 

strong female-specific signal in one of the larger microchromosomes in females, which suggests 

homomorphic ZZ/ZW sex chromosomes. If these sex chromosomes are homologous to the ZZ/ZW 

sex chromosomes of T. petersi remains to be uncovered. 

Table 1: Overview of contribution for each chapter. 
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Introduction 

There are two major modes of sex determination in amniote vertebrates: genotypic sex 

determination (GSD) and environmental sex determination (ESD). GSD, where sex is determined 

by sex chromosomes, is the sole system in birds and mammals (Shetty et al. 1999, Graves 2006). 

ESD, where environmental factors, most commonly temperature, determine gonadal development 

is common in turtles, all crocodilians and many lizards (Bull 1983, Lang and Andrews 1994, 

Janzen & Krenz 2004).  

In GSD, we differentiate between several sex chromosome systems. XX/XY sex 

chromosomes, where males are the heterogametic sex and carry one X and the male-specific Y, 

while females carry two X chromosomes, is present in mammals, but also occurs in many other 

lineages (Graves 2006, Carvalho 2002). In eutherian mammals, the gene called Sry (sex-

determining region Y) located on the Y chromosome is responsible for the initiation of the male 

developmental pathway (Sinclair et al. 1990, McLaren 1991). Although they share the same (but 

obviously non-homologous) sex chromosome system, the mechanism of sex determination in 

Drosophila melanogaster is completely different: its Y is not involved in determining sex, but the 

ratio between X chromosomes and autosomes (Bridges 1921, Bridges 1925). Even within 

mammals, sex determination differs significantly: monotremes, which diverged early from 

mammalian evolution, have multiple sex chromosomes (5X5Y in platypus and 5X4Y in echidna), 

which are not homologous to eutherian XY and miss the Sry gene (Grützner et al. 2004, Rens et 

al. 2004, Rens et al. 2007). On the contrary, the gene Amh (Anti-Müllerian hormone) is the likely 

sex-determining locus in monotremes (Cortez et al. 2014). Sex determination in few rodents, 

including members of the genera Ellobius and Tokudaia, varies from other eutherian mammals. 

Some species in these genera lost the Y chromosome, with it the Sry gene, leaving them with 

X0/X0, while others even acquired isomorphic XX sex chromosomes in males and females 

(Castro-Sierra & Wolf 1967, Just et al. 1995, Soullier et al. 1998, Matveevsky et al. 2017).  

Female heterogamety, where females possess a Z and a female-specific W chromosome, 

while males carry two Z chromosomes, is the predominant sex determination system in several 

lineages, including birds, caenophidian snakes, trionychid turtles and butterflies (Traut & Rhadjens 

1973, Shetty et al. 1999, Rovatsos et al. 2015, Rovatsos et al. 2017). One could hypothesize that 
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the female-specific W may carry an ovary determinant, but it was shown that at least in birds, the 

dosage of the Z-linked Dmrt1 (doublesex and mab-3 related transcription factor 1) is the trigger in 

sex determination and two doses are required for male development (Smith et al. 2009). In 

caddisflies (Trichoptera) and basal families of butterflies (Lepidoptera), an ancestral ZZ/Z0 sex 

chromosome system is prevalent, while the W chromosome only occurs in more derived 

lepidopteran families (Marec and Novák 1998, Marec et al. 2010, Sahara et al. 2012). Contrary to 

the Z counting mechanism of birds, the silk moth, Bombyx mori, has a W chromosome with strong 

female-determining effect. In polyploids, the embryo enters the female pathway if the W 

chromosome is present, no matter how many Z chromosomes are present (Tazima 1964, Fujii & 

Shimada 2007). While different XX/XY and ZZ/ZW systems are well documented in a plethora 

of species, there is another, lesser-known system: UV sex chromosomes. This system occurs in 

some algae and bryophytes, where the diploid stage is always heterogametic (UV), while the 

haploid stage is either female, and carries a U, or is male, and carries a V chromosome (Bachtrog 

et al. 2011). 

Sex chromosomes evolve from autosomes by acquiring sex determining genes and 

subsequent recombination suppression, initially around these genes (Muller 1914, Ohno 1967). 

Charlesworth et al. (2005) hypothesized that sex chromosomes at an early state are homomorphic, 

but gradual gene loss and accumulation of repetitive elements in the non-recombining region leads 

to molecularly more differentiated and heteromorphic sex chromosomes. Theoretical predictions 

about the differentiation of W and Y have been controversial. Faster differentiation of the Y was 

predicted because of stronger sexual selection in males, male mutation bias and smaller effective 

population size (Bachtrog et al. 2011). More frequent fixation of inversions in Z and W 

chromosomes, which reduces recombination, is assumed to be the main reason why the W 

chromosome should differentiate faster (Sardell & Kirkpatrick 2020). Ongoing degeneration of Y 

(or W), and therefore gene loss, leads to differences in copy numbers of genes on X (or Z). To 

cope with these differences, many taxa evolved dosage compensation, ranging from epigenetic 

silencing of one entire X chromosome in females in eutherian mammals and partial silencing of 

the Z chromosome in male birds to two-fold upregulation of X-linked genes in male anoles, a 

compensation mechanism well-known from fruit fly (Graves 2016, Marin et al. 2017). Highly 

differentiated sex chromosomes and their mechanisms to achieve dosage balance between sexes 
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makes turn-overs of sex chromosomes, and even more so, the loss of sex chromosomes, unlikely, 

which led to the hypothesis that these sex chromosomes act as an evolutionary trap (Pokorná & 

Kratochvíl 2009). Highly differentiated and evolutionary stable sex chromosomes are well-known 

in eutherian mammals and birds (Cortez et al. 2014, Zhou et al. 2014), while sex chromosomes in 

many lineages of amphibians and teleost fishes are mostly homomorphic and prone to turn-overs 

(Devlin & Nagahama 2002, Miura 2017). In non-avian reptiles, the picture is less clear: highly 

differentiated, evolutionary stable sex chromosomes are known in some lineages (e.g., ZZ/ZW in 

caenophidian snakes, see Rovatsos et al. 2015), while in others, turn-overs are frequent, different 

sex determining systems exist simultaneously and differentiated sex chromosomes even disappear 

(e.g., geckos, Gamble 2010, Rovatsos et al. 2019). One of the most species-rich and ecologically 

diverse groups of lizards has been highly neglected in this regard: the scincoidean lizards. 

The lizard clade Scincoidea consists of four families: Cordylidae, Gerrhosauridae, 

Scincidae and Xantusiidae. The girdled lizards (Cordylidae) contain 70 species (Uetz et al. 2020), 

inhabiting Sub-Saharan Africa. They are divided in two subfamilies, the monogeneric 

Platysaurinae, and the more diverse Cordylinae (Pyron et al. 2013). Members of the genus 

Platysaurus are highly flattened and lightly armored, an adaptation to their retreat sites, which are 

narrow rock crevices (Stanley et al. 2011). The phylogenetic classification within the subfamily 

Cordylinae was subject to many changes in the recent past, and the non-monophyletic genus 

Cordylus was split up into several small genera (Frost et al. 2001, Stanley et al. 2011, Pyron et al. 

2013). The members of the subfamily Cordylinae are ecologically and morphologically diverse, 

ranging from the nearly limbless, snake-like Chaemaesaura to large, heavily armored lizards of 

the genus Smaug. The plated lizards (Gerrhosauridae) contain 37 species, split among two 

subfamilies: Gerrhosaurinae, inhabiting Sub-Saharan Africa, and Zonosaurinae, inhabiting 

Madagascar and nearby islands. In Gerrhosaurinae, five genera are recognized: Broadleysaurus, 

Cordylosaurus, Gerrhosaurus, Matobosaurus and Tetradactylus (Bates et al. 2013). In 

Zonosaurinae, two genera are traditionally recognized: Tracheloptychus and Zonosaurus, but a 

fast initial radiation with up to five distinct groups has been hypothesized by Recknagel et al. 

(2013). Skinks (Scincidae) are not only by far the most species-rich family among Scincoidea, but 

with around 1700 species they account for 15% of reptile species diversity. Thanks to their 

ecological and morphological diversity, they are nearly cosmopolitan and are able to occupy a 

wide range of habitats. There are terrestrial, subterranean, arboreal and semiaquatic species, and 
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traits like limblessness, viviparity and nocturnality evolved several times independently within 

skinks (Vitt & Caldwell 2014). According to Pyron et al. (2013) only three subfamilies are 

recognized: basal legless Acontinae, Scincinae and Lygosominae. The night lizards (Xantusiidae) 

are a small family of secretive lizards with 36 species (Uetz et al. 2020). They are split among 

three subfamilies: Cricosaurinae, with only one species, the Cuban night lizard Cricosaura typica, 

the North American Xantusiinae and the Central American Lepidophyminae (Pyron et al. 2013). 

Although scincoidean lizards are such a species-rich, ecologically and morphologically 

diverse group, their karyotype is rather conservative. In Cordylidae and Gerrhosauridae, a diploid 

chromosome number of 2n = 34 is prevalent (Odierna et al. 2002). Scincid diploid chromosome 

numbers show higher variation, ranging from 2n = 22 to 2n = 36, categorized in macro- and 

microchromosomes (Olmo & Signorino 2005, Giovannotti et al. 2009). In the subfamily 

Acontinae, the genera Acontias, Typhlosaurus and Acontophiobs have a diploid chromosome 

number of 2n = 22 (Gordon et al. 1989). In Scincinae, some genera show low variation, e.g. 

Chalcides and Sphenops share 2n = 28 chromosomes (Caputo 1993), while diploid chromosome 

numbers in Eumeces and Scincus vary from 2n = 26 to 2n = 36 (Deweese & Wright 1970, Branch 

1980, Caputo 1994). Lygosomine skinks have mostly diploid chromosome numbers of 2n = 30 to 

2n = 32 (King 1973), but exceptions exist, e.g., Apterygodon vittatus, with 2n = 28 (Ota et al. 

1996). Among xantusiid lizards, Cricosaura typica has the lowest diploid chromosome number 

with 2n = 24 (Hass & Hedges 1992), while in other species, it ranges from 2n = 30 to 2n = 34 

(Bezy 1972). 

Many careful cytogenetic studies on scincoidean lizards were done in the past, but sex 

chromosomes were rarely identified (Figure 1). Heteromorphic XX/XY sex chromosomes have 

been detected in Cyclodina oliveri (Hardy 1979), Saproscincus czechurai, Lampropholis sp. C 

(Donnellan 1991), Ctenotus rawlinosoni, Pseudemoia entrecasteauxii, P. pagenstecheri 

(Hutchinson & Donnellan 1992), Scincella assata and S. cherriei (Castiglia et al. 2013). A special 

case is Scincella lateralis, where XX/XY sex chromosomes were identified in one population, 

while another population has a X1X1X2X2/X1X2Y multiple sex chromosome system (Wright 1973, 

Hedin et al. 1990). The only report of ZZ/ZW sex chromosomes in skinks was based on size 

difference between the putative Z and W in Scincella melanosticta (Patawang et al. 2017). In 

Bassiana duperreyi, size difference of X and Y, later confirmed by C-banding, FISH with a probe 
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for telomeric repeats and CGH was reported (Shine et al. 2002, Matsubara et al. 2015). 

Additionally, Quinn et al. (2009) identified Y-specific markers by screening amplified fragment 

length polymorphism markers from pooled monosex templates. Dissanayake et al. (2020) applied 

in silico whole genome subtraction to identify these markers in B. duperreyi. Y-specific markers 

have been identified by a similar subtraction method, but from transcriptome data in Eulamprus 

heatwolei, supplemented by genome coverage analysis to find X-specific markers (Cornejo-

Páramo et al. 2020). In xantusiid lizards, ZZ/ZW sex chromosomes have been identified in 

Xantusia henshawi by restriction site-associated DNA sequencing (Nielsen et al. 2020), and female 

heterogamety was also implied in Lepidophyma smithii, which produces both sexes via facultative 

parthenogenesis (Kratochvíl et al. 2020). Previous research has found no signs of sex 

chromosomes in the families Gerrhosauridae and Cordylidae. 

Figure 1: Phylogeny of scincoidean lizards with known sex chromosomes. Phylogenetic 

relationships follow Pyron et al. (2013).  



16 
 

Aims 

The aim of this thesis was to explore the evolution of sex determination in scincoidean 

lizards While in some lineages, mainly gerrhosaurid and cordylid lizards, research on sex 

determination has been highly neglected, results were contradictory in skinks. There have been 

reports about XX/XY, ZZ/ZW and multiple sex chromosome systems in some species, while 

temperature dependent sex determination was reported in others. In this thesis, conventional 

(Giemsa staining, C-banding) and molecular cytogenetic (FISH with rDNA and telomeric probes, 

comparative genomic hybridization) methods, complemented by genomic data and quantitative 

PCR are used to identify new sex chromosomes in these lineages and test for homology of sex 

chromosomes among families. The thesis is split into four chapters, with slightly different aims: 

Chapter 1: Identification of X-specific genes in Scincus scincus and test of homology of sex 

chromosomes across skink radiation and outgroups. 

Chapter 2: Identification of sex chromosomes in the gerrhosaurid lizard Tracheloptychus petersi 

by cytogenetic methods. 

Chapter 3: Comparative cytogenetic study to discover possible cytogenetic characteristics of sex 

chromosomes in several scincoidean species. 

Chapter 4: Identification of cytogenetically distinguishable sex chromosomes in the gerrhosaurid 

lizard Zonosaurus madagascariensis. 
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Materials & methods 

Blood and tissue samples of as many as possible phylogenetically informative species of 

the scincoidean megadiversity were gathered from the pet trade, private breeders and zoological 

gardens to explore the evolution of sex determination in this important lineage. Wherever possible, 

the least possible invasive method (blood sampling) was used to acquire these samples. The sex 

of sampled specimens was identified by external morphology, everting hemipenes by palpation 

and after development of our molecular sexing method in skinks, by qPCR. 

 

 

Figure 2: Depiction of the workflow used in this thesis. 

 

Cells from whole blood were cultivated to acquire chromosome suspensions. These 

suspensions, dropped on microscope slides, are the basis of all cytogenetic methods, applied in 

this thesis. Giemsa-stained chromosome spreads were used to construct karyograms. This 

conventional cytogenetic method is used for karyogram preparation, in order to identify 

heteromorphic sex chromosomes by shape and size differences between X and Y or Z and W. 
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Differentiation and degeneration of sex chromosomes are often accompanied by accumulation of 

heterochromatin. The distribution of heterochromatin can be detected by C-banding and gives 

estimation on the presence of sex chromosomes. Other markers, which are often found 

accumulated on sex chromosomes, are the rDNA loci and telomeric sequences. Fluorescence in 

situ hybridization (FISH) is used to identify sex chromosomes which carry accumulations of these 

markers. Theoretically the best method in molecular cytogenetics to identify sex chromosomes is 

comparative genomic hybridization (CGH). Male and female DNA are differently labelled using 

a nick translation kit. Using the labelled DNA as probes in a similar treatment as in FISH allows 

detection of genomic regions differing between a male and a female in metaphase spreads, which 

might represent sex chromosomes (W or Y). In species, where sex chromosomes are confirmed by 

cytogenetics, an additional method, the genome coverage analysis, can be used. Under the 

assumption that X- (or Z-) specific genes have only half the copy numbers in the heterogametic 

sex, these differences should be proportional to the differences in coverage of the reads in DNA 

sequencing in Illumina platforms. Additionally, these genes, as long as they are single-copy, are 

hemizygous in the heterogametic sex and should therefore be free of single nucleotide 

polymorphisms (SNPs). Subsequently, quantitative polymerase chain reaction (qPCR) was used 

to test the homology of sex chromosomes across major lineages of scincoidean lizards. 
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Conclusions 

Cytogenetically distinguishable sex chromosomes are rare among scincoidean lizards. The 

ZZ/ZW sex chromosomes of Tracheloptychus petersi, which are the first reported for any 

gerrhosaurid lizard, were identified by accumulations of rDNA loci, which are present on a pair of 

autosomes and on the Z chromosome. Other techniques failed to show sex-specific differences in 

these homomorphic sex chromosomes. In Zonosaurus madagascariensis, a closely related lizard, 

only CGH was able to identify their ZZ/ZW sex chromosomes. A comparative cytogenetic study 

on several scincoidean lizards found sex-specific differences only in Tiliqua scincoides, where 

accumulations of rDNA loci are found only on the X chromosome. These results suggest that 

scincoidean sex chromosomes are poorly differentiated. Genomic coverage analysis in Scincus 

scincus, which has cytogenetically distinguishable XX/XY sex chromosomes, again based on the 

sex-specific polymorphism in rDNA loci, identified a small X-specific region. These XX/XY sex 

chromosomes are homologous in all 13 studied skink species which represent most of the 

phylogenetic spectrum of the currently known 1700 species (around 15% of reptile species 

diversity). These poorly differentiated XX/XY sex chromosomes have been evolutionary stable 

for at least 85 million years, approaching the age of highly differentiated ZZ/ZW sex chromosomes 

of birds and advanced snakes. 

Further research is needed to understand the evolution of sex chromosomes in scincoidean 

lizards. In Cordylidae, sex chromosomes have not been identified so far. Most studies, which 

applied cytogenetic methods to cordylid lizards, used exclusively conventional methods. 

Molecular cytogenetics might uncover otherwise hidden sex-specific differences. In the families 

Gerrhosauridae and Xantusiidae, sex chromosomes have been identified in some species. Genome 

coverage analysis to identify Z-linked genes and subsequent testing for homology in these families 

would give an estimation of the size of the Z-specific region, the level of differentiation in gene 

content, the age of these sex chromosomes and the putative homology between gerrhosaurid and 

xantusiid ZZ/ZW. Although homology of XX/XY sex chromosomes has been proven across a 

wide phylogenetic spectrum of skinks, some important taxa are still missing. Priority should be 

given to members of the small subfamily Acontinae, which is sister to other skink subfamilies, 

species where putative temperature-dependent sex determination was reported, and Scincella 

melanosticta, which is supposed to have ZZ/ZW sex chromosomes. 



20 
 

References 

Bachtrog D, Kirkpatrick M, Mank JE, McDaniel SF, Pires JC, Rice W, Valenzuela N. 2011 Are 

all sex chromosomes created equal? Trends Genet. 27, 350–357. (doi:10.1016/j.tig.2011.05.005) 

Bates MF, Tolley KA, Edwards S, Davids Z, Da Silva JM, Branch WR. 2013 A molecular 

phylogeny of the African plated lizards, genus Gerrhosaurus Wiegmann, 1828 (Squamata: 

Gerrhosauridae), with the description of two new genera. Zootaxa 3750, 465. 

(doi:10.11646/zootaxa.3750.5.3) 

Bezy RL. 1972 Karyotypic variation and evolution of the lizards in the family Xantusiidae. Los 

Angeles County Mus. Contr. Sci. 227, 1–29. 

Branch WR. 1980 Chromosome morphology of some reptiles from Oman and adjacent territories. 

J. Oman Stud. Rep. 2, 333-345. 

Bridges CB. 1921 Triploid intersexes in Drosophila melanogaster. Science 54, 252–254. 

(doi:10.1126/science.54.1394.252) 

Bridges CB. 1925 Sex in relation to chromosomes and genes. Am. Nat. 59, 127–137. 

Bull JJ. 1983. Evolution of sex determining mechanisms. Menlo Park (CA): Benjamin Cummings 

Publishing Co. 

Caputo V, Odierna G, Aprea G. 1993 Karyological comparison of Sphenops sepsoides, Chalcides 

chalcides, and C. ocellatus (Reptilia: Scincidae): Taxonomic implications. Copeia 1993, 1180. 

(doi:10.2307/1447108) 

Caputo V, Odierna G, Aprea G. 1994 A chromosomal study of Eumeces and Scincus, primitive 

members of the Scincidae (Reptilia, Squamata). Boll. Zool. 61, 155–162. 

(doi:10.1080/11250009409355876) 

Carvalho AB. 2002 Origin and evolution of the Drosophila Y chromosome. Curr. Opin. Genet. 

Dev. 12, 664–668. (doi:10.1016/s0959-437x(02)00356-8 ) 



21 
 

Castiglia R, Bezerra A,Flores-Villela O, Annesi F, Muñoz Alonso LA, Gornung E. 2013 

Comparative cytogenetics of two species of ground skinks: Scincella assata and S. cherriei 

(Squamata: Scincidae: Lygosominae) from Chiapas, Mexico. Acta Herpetol. 8, 69–73. 

(doi:10.13128/Acta_Herpetol-11315) 

Castro-Sierra E, Wolf U. 1967 Replication patterns of the unpaired chromosome No. 9 of the 

rodent Ellobius lutescens Th. Cytogenet. Genome Res. 6, 268–275. (doi:10.1159/000129947) 

Charlesworth D, Charlesworth B, Marais G. 2005 Steps in the evolution of heteromorphic sex 

chromosomes. Heredity 95, 118–128. (doi:10.1038/sj.hdy.6800697) 

Cornejo-Páramo P et al. 2020 Viviparous reptile regarded to have temperature-dependent sex 

determination has old XY chromosomes. Genome Biol. Evol. 12, 924–930. 

(doi:10.1093/gbe/evaa104) 

Cortez D, Marin R, Toledo-Flores D, Froidevaux L, Liechti A, Waters PD, Grützner F, Kaessmann 

H. 2014 Origins and functional evolution of Y chromosomes across mammals. Nature 508, 488–

493. (doi:10.1038/nature13151) 

Devlin RH, Nagahama Y. 2002 Sex determination and sex differentiation in fish: an overview of 

genetic, physiological, and environmental influences. Aquaculture 208, 191–364. 

(doi:10.1016/s0044-8486(02)00057-1) 

Deweese JE, Wright JW. 1970 A preliminary karyological analysis of scincid lizards. Mamm. 

Chromosome Newsl. 11, 95-96. 

Donnellan SC. 1991 Chromosomes of Australian lygosomine skinks (Lacertilia: Scincidae). 

Genetica 83, 207–222. (doi:10.1007/bf00126227) 

Frost D, Janies D, Mouton PLFN, Titus T. 2001 A molecular perspective on the phylogeny of the 

girdled lizards (Cordylidae, Squamata). Am. Mus. Novit. 3310, 1-10. (doi:10.1206/0003-

0082(2001)310<0001:ampotp>2.0.co;2) 



22 
 

Fujii T, Shimada T. 2007 Sex determination in the silkworm, Bombyx mori: A female determinant 

on the W chromosome and the sex-determining gene cascade. Semin. Cell Dev. Biol. 18, 379–388. 

(doi:10.1016/j.semcdb.2007.02.008) 

Gamble T. 2010 A review of sex determining mechanisms in geckos (Gekkota: Squamata). Sex. 

Dev. 4, 88–103. (doi:10.1159/000289578) 

Giovannotti M, Caputo V, O’Brien PCM, Lovell FL, Trifonov V, Nisi Cerioni P, Olmo E, 

Ferguson-Smith MA, Rens W. 2009 Skinks (Reptilia: Scincidae) have highly conserved 

karyotypes as revealed by chromosome painting. Cytogenet. Genome Res. 127, 224–231. 

(doi:10.1159/000295002) 

Gordon DH, Haacke WD, Jacobsen NHG. 1989 Chromosomal studies of relationships in 

gekkonidae, chamaeleonidae and scincidae in South Africa. J. Herpetol. Assoc. Africa 36, 77–77. 

(doi:10.1080/04416651.1989.9650240) 

Graves JAM. 2006 Sex chromosome specialization and degeneration in mammals. Cell 124, 901–

914. (doi:10.1016/j.cell.2006.02.024) 

Graves JAM. 2015 Evolution of vertebrate sex chromosomes and dosage compensation. Nat. Rev. 

Genet. 17, 33–46. (doi:10.1038/nrg.2015.2) 

Grützner F, Rens W, Tsend-Ayush E, El-Mogharbel N, O’Brien PCM, Jones RC, Ferguson-Smith 

MA, Marshall Graves JA. 2004 In the platypus a meiotic chain of ten sex chromosomes shares 

genes with the bird Z and mammal X chromosomes. Nature 432, 913–917. 

(doi:10.1038/nature03021) 

Hardy GS. 1979 The karyotypes of two scincid lizards, and their bearing on relationships in genus 

Leiolopisma and its relatives (Scincidae: Lygosominae). N. Z. J. Zool. 6, 609–612. 

Hass CA, Hedges SB. 1992 Karyotype of the Cuban lizard Cricosaura typica and its implications 

for xantusiid phylogeny. Copeia 1992, 563. (doi:10.2307/1446221) 



23 
 

Hedin MC, Sudman PD, Greenbaum IF, Sites JW. 1990 Synaptonemal complex analysis of sex 

chromosome pairing in the common ground skink, Scincella lateralis (Sauria, Scincidae). Copeia 

1990, 1114. (doi:10.2307/1446496) 

Hill P, Shams F, Burridge CP, Wapstra E, Ezaz T. 2021 Differences in homomorphic sex 

chromosomes are associated with population divergence in sex determination in Carinascincus 

ocellatus (Scincidae: Lygosominae). Cells 10, 291. (doi:10.3390/cells10020291) 

Hutchinson MN, Donnellan SC. 1992 Taxonomy and genetic variation in the Australian lizards of 

the genus Pseudemoia (Scincidae: Lygosominae). J. Nat. Hist. 26, 215–264. 

(doi:10.1080/00222939200770091) 

Janzen FJ, Krenz JG. 2004. Phylogenetics: which was first, TSD or GSD? In: Valenzuela N, Lance 

VA, editors. Temperature-dependent sex determination in vertebrates. Washington (DC): 

Smithsonian Books. p. 121–130. 

Just W, Rau W, Vogel W, Akhverdian M, Fredga K, Marshall Graves JA, Lyapunova E. 1995 

Absence of Sry in species of the vole Ellobius. Nat. Genet. 11, 117–118. (doi:10.1038/ng1095-

117) 

King M. 1973 Karyotypic studies of some Australian Scincidae (Reptilia). Aust. J. Zool. 21, 21. 

(doi:10.1071/zo9730021) 

Kratochvíl L, Vukić J, Červenka J, Kubička L, Johnson Pokorná M, Kukačková D, Rovatsos M, 

Piálek L. 2020 Mixed‐sex offspring produced via cryptic parthenogenesis in a lizard. Mol. Ecol. 

29, 4118–4127. (doi:10.1111/mec.15617) 

Lang JW, Andrews HV. 1994 Temperature-dependent sex determination in crocodilians. J. Exp. 

Zool. 270, 28–44. (doi:10.1002/jez.1402700105) 

Marec F, Novák K. 1998 Absence of sex chromatin corresponds with a sex-chromosome univalent 

in females of Trichoptera. Eur. J. Entomol. 95, 197–209. 

Marec F, Sahara K, Traut W. 2010 Rise and Fall of the W Chromosome in Lepidoptera. In 

Molecular biology and genetics of the Lepidoptera, CRC Press. (doi:10.1201/9781420060201-c3) 



24 
 

Marin R et al. 2017 Convergent origination of a Drosophila-like dosage compensation mechanism 

in a reptile lineage. Genome Res. 27, 1974–1987. (doi:10.1101/gr.223727.117) 

Matsubara K, O’Meally D, Azad B, Georges A, Sarre SD, Graves JAM, Matsuda Y, Ezaz T. 2015 

Amplification of microsatellite repeat motifs is associated with the evolutionary differentiation 

and heterochromatinization of sex chromosomes in Sauropsida. Chromosoma 125, 111–123. 

(doi:10.1007/s00412-015-0531-z) 

Matveevsky S, Kolomiets O, Bogdanov A, Hakhverdyan M, Bakloushinskaya I. 2017 

Chromosomal evolution in mole voles Ellobius (Cricetidae, Rodentia): Bizarre sex chromosomes, 

variable autosomes and meiosis. Genes 8, 306. (doi:10.3390/genes8110306) 

McLaren A. 1991 The making of male mice. Nature 351, 96–96. (doi:10.1038/351096a0) 

Miura I. 2017 Sex determination and sex chromosomes in Amphibia. Sex. Dev. 11, 298–306. 

(doi:10.1159/000485270) 

Muller HJ. 1914 A gene for the fourth chromosome of Drosophila. J. Exp. Zool. 17, 325–336. 

(doi:10.1002/jez.1400170303) 

Nielsen SV, Pinto BJ, Guzmán-Méndez IA, Gamble T. 2020 First report of sex chromosomes in 

night lizards (Scincoidea: Xantusiidae). J. Hered. 111, 307–313. (doi:10.1093/jhered/esaa007) 

Odierna G, Canapa A, Andreone F, Aprea G, Barucca M, Capriglione T, Olmo E. 2002 A 

phylogenetic analysis of Cordyliformes (Reptilia: Squamata): Comparison of molecular and 

karyological data. Mol. Phylogenet. Evol. 23, 37–42. (doi:10.1006/mpev.2001.1077) 

Ohno S. 1967. Sex chromosomes and sex-linked genes. Berlin:Springer-Verlag 

Olmo E, Signorino G. 2013 Chromorep: a reptiles chromosomes database 

http://chromorep.univpm.it (accessed 06 June 2021) 

Ota H, Hikida T, Matsui M, Hasegawa M, Labang D, Nabhitabhata J. 1996 Chromosomal variation 

in the scincid genus Mabuya and its arboreal relatives (Reptilia: Squamata). Genetica 98, 87–94. 

(doi:10.1007/bf00120222) 



25 
 

Patawang I, Chuaynkern Y, Supanuam P, Maneechot N, Pinthong K, Tanomtong A. 2017 

Cytogenetics of the skinks (Reptilia, Scincidae) from Thailand; IV: newly investigated karyotypic 

features of Lygosoma quadrupes and Scincella melanosticta. Caryologia 71, 29–34. 

(doi:10.1080/00087114.2017.1402249) 

Pensabene E, Kratochvíl L, Rovatsos M. 2020 Independent evolution of sex chromosomes in 

eublepharid geckos, a lineage with environmental and genotypic sex determination. Life 10, 342. 

(doi:10.3390/life10120342) 

Pokorná M, Kratochvíl L. 2009 Phylogeny of sex-determining mechanisms in squamate reptiles: 

are sex chromosomes an evolutionary trap? Zool. J. Linn. Soc. 156, 168–183. (doi:10.1111/j.1096-

3642.2008.00481.x) 

Pyron R, Burbrink FT, Wiens JJ. 2013 A phylogeny and revised classification of Squamata, 

including 4161 species of lizards and snakes. BMC Evol. Biol. 13, 93. (doi:10.1186/1471-2148-

13-93) 

Recknagel H, Elmer KR, Noonan BP, Raselimanana AP, Meyer A, Vences M. 2013 Multi-gene 

phylogeny of Madagascar’s plated lizards, Zonosaurus and Tracheloptychus (Squamata: 

Gerrhosauridae). Mol. Phylogenet. Evol. 69, 1215–1221. (doi:10.1016/j.ympev.2013.06.013) 

Rens W et al. 2007 The multiple sex chromosomes of platypus and echidna are not completely 

identical and several share homology with the avian Z. Genome Biol. 8, R243. (doi:10.1186/gb-

2007-8-11-r243) 

Rens W, Grützner F, O’Brien PCM, Fairclough H, Graves JAM, Ferguson-Smith MA. 2004 

Resolution and evolution of the duck-billed platypus karyotype with an X1Y1X2Y2X3Y3X4Y4X5Y5 

male sex chromosome constitution. Proc. Natl. Acad. Sci. U.S.A. 101, 16257–16261. 

(doi:10.1073/pnas.0405702101) 

Rovatsos M, Farkačová K, Altmanová M, Johnson Pokorná M, Kratochvíl L. 2019 The rise and 

fall of differentiated sex chromosomes in geckos. Mol. Ecol. 28, 3042–3052. 

(doi:10.1111/mec.15126) 



26 
 

Rovatsos M, Praschag P, Fritz U, Kratochvíl L. 2017 Stable Cretaceous sex chromosomes enable 

molecular sexing in softshell turtles (Testudines: Trionychidae). Sci Rep 7, 42150. 

(doi:10.1038/srep42150) 

Rovatsos M, Vukić J, Lymberakis P, Kratochvíl L. 2015 Evolutionary stability of sex 

chromosomes in snakes. Proc. R. Soc. B 282, 20151992. (doi:10.1098/rspb.2015.1992) 

Sahara K, Yoshido A, Traut W. 2012 Sex chromosome evolution in moths and butterflies. 

Chromosome Res. 20, 83–94. (doi:10.1007/s10577-011-9262-z) 

Sardell JM, Kirkpatrick M. 2020 Sex differences in the recombination landscape. Am. Nat. 195, 

361–379. (doi:10.1086/704943) 

Shetty S, Griffin DK, Graves JAM. 1999 Comparative painting reveals strong chromosome 

homology over 80 million years of bird evolution. Chromosome Res. 7, 289–295. 

(doi:10.1023/a:1009278914829) 

Shine R, Elphick MJ, Donnellan S. 2002 Co-occurrence of multiple, supposedly incompatible 

modes of sex determination in a lizard population. Ecol. Lett. 5, 486–489. (doi:10.1046/j.1461-

0248.2002.00351.x) 

Sinclair AH et al. 1990 A gene from the human sex-determining region encodes a protein with 

homology to a conserved DNA-binding motif. Nature 346, 240–244. (doi:10.1038/346240a0) 

Smith CA, Roeszler KN, Ohnesorg T, Cummins DM, Farlie PG, Doran TJ, Sinclair AH. 2009 The 

avian Z-linked gene DMRT1 is required for male sex determination in the chicken. Nature 461, 

267–271. (doi:10.1038/nature08298) 

Soullier S, Hanni C, Catzeflis F, Berta P, Laudet V. 1998 Male sex determination in the spiny rat 

Tokudaia osimensis (Rodentia: Muridae) is not Sry dependent. Mamm. Genome 9, 590–592. 

(doi:10.1007/s003359900823) 

Stanley EL, Bauer AM, Jackman TR, Branch WR, Mouton PLFN. 2011 Between a rock and a 

hard polytomy: Rapid radiation in the rupicolous girdled lizards (Squamata: Cordylidae). Mol. 

Phylogenet. Evol. 58, 53–70. (doi:10.1016/j.ympev.2010.08.024) 



27 
 

Tazima Y. 1964 The genetics of the silkworm. London: Academic Press. 

Traut W, Rathjens B. 1973 Das W-Chromosom von Ephestia kuehniella (Lepidoptera) und die 

Ableitung des Geschlechtschromatins. Chromosoma 41, 437–446. (doi:10.1007/bf00396501) 

Uetz P, Hošek J (eds). 2014 The reptile database. http://www.reptile-database.org (accessed 06 

June 2021). 

Vitt LJ, Caldwell JP. 2014 Herpetology: an introductory biology of amphibians and reptiles. 

Amsterdam; Boston: Academic Press. 

Wright JW. 1973 Evolution of the X1X2Y sex chromosome mechanism in the scincid lizard 

Scincella laterale (Say). Chromosoma 43, 101-108. 

Zhou Q, Zhang J, Bachtrog D, An N, Huang Q, Jarvis ED, Gilbert MTP, Zhang G. 2014 Complex 

evolutionary trajectories of sex chromosomes across bird taxa. Science 346, 1246338. 

(doi:10.1126/science.124633)


