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ABSTRACT (IN ENGLISH) 

 

The majority of studied turtles show temperature-dependent sex determination, but genotypic sex 

determination (i.e. presence of sex chromosomes) was identified sporadically. This thesis aims to 

investigate and expand our knowledge on the evolution of the karyotype and the sex determination in 

turtles, particularly focusing on the family Geoemydidae, a group of turtles with previously 

documented variability in sex determination systems. The presence of sex chromosomes was explored 

by a combination of conventional and molecular cytogenetic techniques for the analysis of 

karyotypes, distribution of constitutive heterochromatin (C-banding) and repetitive elements and 

comparative genome hybridization (FISH, CGH). In total, 49 species of turtles from nine different 

families were cytogenetically examined in this study. In the family Geoemydidae, a remarkable 

similarity in karyotypes was identified, consisting of 2n=52 chromosomes (which is suggested to be 

the ancestral diploid number for all turtles) and a similar topology of rDNA loci and telomeric repeats.  

Sharma et al. (1975) previously reported ZZ/ZW sex chromosomes in Pangshura smithii. 

However, in the analysis presented in this thesis, it is suggested a possible misidentification of these 

sex chromosomes due to erroneous pairing of chromosomes during karyotype reconstruction. 

Moreover, heteromorphic sex chromosomes were not revealed in the closely related geoemydid 

species Geoemyda japonica and Geoemyda spengleri (although the phylogenetic position of the 

genus Geoemyda is still under debate).  

XX/XY sex determination system has been previously documented in Sieberonckiella 

crassicollis and reported in Cuora galbinifrons but supporting data were not published. In the current 

thesis, 10 species from the genus Cuora, including C. galbinifrons were cytogenetically explored, in 

order to identify the presence of sex chromosomes. Karyotype of 2n=52 was identified in all studied 

species, with a similar distribution of telomeric and rDNA repeats, but sex chromosomes were not 

detected. The previous identification of sex chromosomes in Cuora galbinifrons was probably 

erroneous. The turtles of the genus Cuora have either genotypic sex determination with homomorphic 

and poorly differentiated sex chromosomes or temperature-dependent sex determination.  

In addition, an extensive cytogenetic analysis on seven unstudied species from the family 

Chelidae was conducted, including representatives of the genera Chelodina, Elseya and Emydura. 

Presence of XX/XY sex chromosomes was identified in all seven examined species of chelids. 

Despite differing in morphology, the similarity in the repetitive content of the chelid sex 

chromosomes suggests a putative homology in male heterogamety in the family Chelidae that could 

be dating back 50-120 million years ago, but need to be confirmed by further studies.  
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The study of repetitive elements often represents a key tool in the study of karyotype 

diversification, disclosing differences which might otherwise get lost by only applying classical 

cytogenetics, as for example the presence of chromosomal rearrangements or even differentiated but 

homomorphic sex chromosomes. In an attempt to explore the karyotype evolution in turtles, the 

distribution of the (TTAGGG)n telomeric repeats was studied in 30 species of turtles, covering nine 

families. Telomeric repeats constitute the extremities of the chromosomes, but in vertebrates have 

been often reported to accumulate also at centromeres or along the chromosomes. It has been 

proposed that these so-called Interstitial Telomeric Repeats (ITRs) are connected with karyotype 

rearrangements or double-strand break repair mechanisms. Although their role is still not clear, they 

might give an insight in karyotype reshuffling in a group like turtles which have been proposed to 

have rather stable karyotypes, especially at family level. All examined species have the expected, 

terminal topology of telomeric repeats, and in addition, interstitial telomeric repeats (ITRs) were 

detected in 5 species, mainly in centromeric positions. The distribution of ITRs does not follow a 

strict phylogenetic pattern, and it seems that they evolved independently within turtles at least seven 

times and do not seem to be directly related to interchromosomal rearrangements.  
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ABSTRAKT (ČESKY) 

 

Většina studovaných želv vykazuje teplotní určení pohlaví, genotypové určení pohlaví (tj. přítomnost 

pohlavních chromozomů) bylo zjištěno u této skupiny relativně vzácně. Cílem této práce bylo 

prozkoumat a rozšířit naše znalosti o evoluci karyotypu a determinaci pohlaví u želv, zejména se 

zaměřením na čeleď Geoemydidae, čeleď želv s dříve doloženou variabilitou systémů určení  pohlaví. 

Přítomnost pohlavních chromozomů byla zkoumána kombinací konvenčních a molekulárně-

cytogenetických technik. Vedle analýzy karyotypu byla zkoumána distribuce konstitutivního 

heterochromatinu (C-pruhování) a repetitivních elementů, pohlůavní rozdíly pak pomocí 

komparativní genomové hybridizace (FISH, CGH). Celkem bylo cytogeneticky vyšetřeno 49 druhů 

želv z devíti čeledí. U čeledi Geoemydidae byla zjištěna pozoruhodná podobnost karyotypů, které se 

skládají z 2n=52 chromozomů (což je předpokládaný ancestrální diploidní počet chromozomů pro 

všechny želvy) a podobné topologie lokusů rDNA a telomerních repetic. 

Sharma et al. (1975) popsali ZZ/ZW pohlavní chromozomy u druhu Pangshura smithii. V 

analýze předložené v této práci dokládáme potenciálně chybnou identifikaci těchto pohlavních 

chromozomů v důsledku chybného párování chromozomů při rekonstrukci karyotypu. Navíc 

heteromorfní pohlavní chromozomy nebyly odhaleny ani u blízce příbuzných druhů geoemidů 

Geoemyda japonica a Geoemyda spengleri (ačkoli fylogenetické postavení rodu Geoemyda je stále 

předmětem diskusí). 

Systém určování pohlaví XX/XY byl dříve doložen u druhů Sieberonckiella crassicollis a 

Cuora galbinifrons. V druhém případě ale nebyla publikována data podporující tento závěr. V této 

práci bylo cytogeneticky zkoumáno 10 druhů rodu Cuora, včetně Cuora galbinifrons. U všech 

zkoumaných druhů byl zjištěn karyotyp 2n=52 s podobným rozložením telomerních a rDNA repetic, 

ale pohlavní chromozomy nebyly zjištěny. Předchozí identifikace pohlavních chromozomů u Cuora 

galbinifrons byla pravděpodobně chybná. Želvy rodu Cuora mají buď genotypové určení pohlaví s 

homomorfními a málo diferencovanými pohlavními chromozomy, nebo teplotně závislé určení 

pohlaví. 

Dále byla provedena rozsáhlá cytogenetická analýza sedmi dosud nestudovaných druhů z 

čeledi Chelidae, včetně zástupců rodů Chelodina, Elseya a Emydura. Přítomnost pohlavních 

chromozomů XX/XY byla zjištěna u všech sedmi zkoumaných druhů čeledí. Navzdory rozdílné 

morfologii naznačuje podobnost v obsahu repetitivních pohlavních chromozomů čeledi Chelidae 

možnou homologii samčí heterogamie, která by mohla pocházet z doby před 50-120 miliony let. 



12 

 

Studium repetitivních elementů často představuje klíčový nástroj při studiu diverzifikace karyotypů, 

neboť odhaluje rozdíly, které by mohly zůstat při použití pouze klasické cytogenetiky neodhaleny, 

jako například přítomnost chromozomálních přestaveb nebo dokonce diferencovaných, ale 

homomorfních pohlavních chromozomů. Ve snaze prozkoumat evoluci karyotypu u želv byla 

studována distribuce telomerických repetic (TTAGGGG)n u 30 druhů želv, zahrnujících devět čeledí. 

Telomerní repetice tvoří konce chromozomů, ale u obratlovců se často uvádí, že se hromadí také v 

centromerách nebo uvnitř ramen chromozomů. Předpokládá se, že tyto takzvané intersticiální 

telomerické repetice (ITR) souvisejí s přestavbami karyotypu nebo s mechanismy oprav 

dvouřetězcových zlomů. Ačkoli jejich úloha stále není jasná, mohly by poskytnout vhled do 

reorganizace genomů u skupiny jako jsou želvy, u nichž se předpokládá, že mají poměrně stabilní 

karyotypy. Všechny zkoumané druhy želv mají očekávanou, terminální topologii telomerických 

repetic. U pouhých pěti druhů byly navíc nově zjištěny intersticiální telomerické repetice (ITR), 

především v centromerických pozicích. Distribuce ITR nesleduje striktní fylogenetickou distribuci a 

zdá se, že ITR se v rámci želv vyvinuly nezávisle nejméně sedmkrát a to spíše bez přímé souvislosti 

s interchromozomálními přestavbami. 
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OUTLINE OF PUBLICATIONS 

 

This thesis is composed of four chapters focused on providing a comprehensive cytogenetic analysis 

of 49 species of turtles with emphasis to identify the presence of sex chromosomes (Fig. 1). All four 

chapters are original investigations, published in reputable journals. In two manuscripts, I am the first 

author (Chapters 2 and 3) and in the other two manuscripts I am a co-author (Chapters 1 and 4). 

My contribution to each chapter is described in Table 1.  

 

 

Table 1: Overview of my contribution to each chapter of this thesis. 

 

 The chapters of this thesis aim to broaden the knowledge on the evolution of karyotypes and 

sex determination in turtles. Sex determination represents one of the most important steps in an 

individual’s life and can be defined as the moment in which the embryo starts to develop into a female 

or a male (Maclaughlin & Donahoe 2004). In reptiles, there are many ways of sex determination 

(reviewed in Bachtrog et al. 2014; Kratochvíl et al. 2021). Turtles represent an excellent group for 

the study of this topic, as they possess a great variability in sex determination systems, despite the 

limited number of species studied so far (Montiel et al. 2016; Bista & Valenzuela 2020). Indeed both 

genotypic and enviromental sex determination (GSD and ESD, respectively) have been described in 

this group. The majority of studied turtles have temperature-dependent sex determination (TSD), the 

most common type of ESD in reptiles, while sex chromosomes, and thus GSD, have been identified 

in only few species (Valenzuela & Adams 2011; Kawagoshi et al. 2012; Montiel et al. 2016; Bista & 

Valenzuela 2020). Typically, sex chromosomes are present either as XX/XY (male heterogamety) 

and ZZ/ZW (female heretogamety). It seems that sex chromosomes evolved at least five times 
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independently in turtles, namely in the families Chelidae (Pleurodira), Emydidae, Geoemydidae, 

Kinosternidae, and Trionychidae (Cryptodira) (reviewed in Montiel et al. 2016; Bista & Valenzuela 

2020). 

 The family Geoemydidae has been considered exceptional among turtles, as both TSD and 

both types of heterogamety, namely ZZ/ZW in Pangshura smithii and XX/XY in Siebenronckiella 

crassicollis and Cuora galbinifrons, had been reported before I started working on this thesis (Sharma 

et al. 1975; Carr & Bickham 1981; Guo et al. 1995; Kawagoshi et al. 2012; but see Mazzoleni et al. 

2019; Chapter 1) for an erroneous identification of sex chromosomes in Pangshura smithii). 

Nevertheless, sex determination was explored only in approximately 15 out of 71 species of 

geoemydid turtles. We therefore decided to expand knowledge on the sex determination systems of 

geoemydids by cytogenetic examination of phylogenetically informative geoemydid species, 

especialy those closely related to Pangshura smithii, Siebenrockiella crassicollis and Cuora 

galbinifrons. Furthermore, we expanded our analysis to other families of turtles belonging to both 

suborders Cryptodira and Pleurodira. 

 In Chapter 1 (Mazzoleni et al. 2019), we cytogenetically examined the geoemydids 

Pangshura smithii, Geoemyda japonica and Geoemyda spengleri. Geoemydids were considered the 

most variable family of turtles, as ESD along with male and female heterogamety have been reported 

(Sharma et al. 1975; Carr & Bickham 1981; Ewert & Nelson 1991; Ewert et al. 2004; Kawagoshi et 

al. 2012). Representatives of the genera Mauremys, Heosemys and Malayemys have been reported to 

possess ESD (Montiel et al. 2016; Okada et al. 2010), whereas heteromorphic XX/XY sex 

chromosomes were identified in Siebenrockiella crassicollis (Carr & Bickham 1981; Kawagoshi et 

al. 2012) and heteromorphic ZZ/ZW sex chromosomes were reported in Pangshura smithii (Sharma 

et al. 1975), but for the latter only karyotype reconstruction was available. As the genus Geoemyda 

is closely related to both Pangshura smithii and Siebenronckiella crassicollis (Pereira et al. 2017), 

we considered that the presence of sex chromosomes could be likely in this genus. Unexpectedly, we 

found out that neither Pangshura smithii, nor Geoemyda spengleri and Geoemyda japonica possess 

heteromorphic sex chromosomes. We concluded that the previous identification of sex chromosomes 

in Pangshura smithii (Sharma et al. 1975) could be the result of an erroneous pairing of chromosomes 

during karyotype reconstruction. Our results suggest that these three species might have either ESD 

or GSD with cryptic sex chromosomes with low degree of differentiation, below the detection limit 

of cytogenetic techniques. Notably, the phylogenetic position of the genus Geoemyda has been 

recently revised (Thomson et al. 2021), placing it closer to the genus Mauremys, several members of 

which have been reported to have ESD. Therefore, the turtles of the genus Geoemyda might indeed 
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have ESD, but this scenario should be confirmed by appropriate analysis, e.g. by checking for 

differences in the sex ratio of hatchlings incubated at different temperatures. In this project, I 

contributed to the experimental part, the data analysis, the preparation of figures and the preparation 

of the manuscript. 

 In Chapter 2 (Clemente et al. 2021), we analyzed additional species from the family 

Geoemydidae: the Asian box turtles of the genus Cuora. Notably, ESD was previously reported in 

Cuora flavomarginata (Farrell et al. 2007), while GSD was reported in Cuora galbinifrons, with the 

sixth largest chromosome pair being identified as the sex chromosomes (XX/XY system) (Guo et al. 

1995). This last report has been debated for a long time, as figures of karyograms or metaphases 

showing sex chromosomes were not provided in this paper, and therefore the presence of GSD system 

for this species was considered doubtful. In this study we reconstructed karyograms and explored the 

distribution of the heterochromatin, rDNA loci, telomeric repeats, and the possible presence of sex 

chromosomes in 10 species of this genus, including Cuora galbinifrons. The studied species showed 

similar karyotypes with 2n=52 chromosomes and a similar topology of rDNA loci and telomeric 

repeats. Our karyotype reconstructions confirmed the chromosome number and morphology reported 

previously for some of the species (Killebrew 1977; Bickham & Carr 1983; Carr & Bickham 1986; 

Guo et al. 1995). Furthermore we did not detect sex chromosomes in any of the studied species, 

including Cuora galbinifrons, suggesting an erroneous identification of sex chromosomes in the study 

of Guo and colleagues (1995). We assumed that the species of the genus Cuora possess either GSD 

with poorly differentiated sex chromosomes, or ESD, similar to other geoemydid turtles, but 

additional experiments would be needed to test these hypotheses. Moreover, the similarity in 

chromosome number and genome organization among these turtles can partially explain the 

interspecific and intraspecific hybridization among different species of the genus Cuora and between 

Cuora and closely or even distantly related genera, such as Mauremys and Sacalia (Galgon & Fritz 

2002; Shi et al. 2004; Burskirk et al. 2005; Stuart & Parham 2007). For this project, I contributed to 

the funding acquisition, collection of the blood samples, the cytogenetic and molecular analyses, the 

preparation of the images and tables and the preparation of the manuscript. 

 The Chapter 3 (Clemente et al. 2020) is a study of Interstitial Telomeric Repeats (ITRs) 

across the turtle phylogeny by analyzing 30 species from nine families. Telomeres are nucleoprotein 

structures typically localized at the edges of chromosomes (Rovatsos et al. 2015). It has been 

suggested that they play a crucial role in maintaining chromosomes by preventing fusions and loss of 

genetic information during the cell replication (Blackburn et al. 2001). Nevertheless, telomeric-like 

sequences are often identified in non-terminal positions of the chromosomes. It is speculated that 
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ITRs are often remnants of former terminal telomeric sequences, which have been translocated to 

interstitial positions due to chromosomal rearrangements such as fusions, fissions and inversions 

(Meyne et al. 1990), or de novo synthesized by the cellular DNA repair mechanism while healing 

chromosome breaks caused for example by the mobility of transposons (Nergadze et al. 2004). 

Among the 30 turtle species analyzed, we identified the presence of ITRs only in six species. These 

ITRs are restricted only to the centromeric regions and the lack of a strong phylogenetic pattern on 

the distribution of ITRs and distribution of karyotypes indicate that the telomeric-like sequences are 

likely not connected to chromosomal rearrangements in turtles. In this project, I contributed to the 

funding acquisition, the cytogenetic analyses, the preparation of the images and tables and the 

preparation of the manuscript. 

 In Chapter 4 (Mazzoleni et al. 2020) species from the suborder Pleurodira were studied. GSD 

was previously reported in species from the family Chelidae, while ESD was reported in members of 

the families Podocnemididae and Pelomedusidae (Alho et al. 1985; Ewert & Nelson 1991; Lance et 

al. 1992; de Souza & Vogt 1994). In Chelidae, XX/XY sex chromosomes had been reported in three 

species, namely in Emydura macquarii, Emydura subglobosa, Chelodina longicollis and Rhinemys 

rufipes (Ezaz et al. 2006; Martinez et al. 2008; Lee et al. 2019; Viana et al. 2020). In Chapter 4 we 

analyzed seven species of Australasian chelid turtles (genera Chelodina, Emydura and Elseya) and a 

hybrid (Em. subglobosa × El. novaeguineae) by classical and molecular cytogenetic analysis. Our 

results suggest the presence of XX/XY sex chromosomes in all studied species from the genera 

Chelodina, Emydura and Elseya. The Y chromosome differs in morphology and repetitive content 

between the species of the genus Chelodina (microchromosomes) and Elseya/Emydura 

(macrochromosomes), in accordance to previous studies (Ezaz et al. 2006; Martinez et al. 2008; Lee 

et al. 2019), which suggests a more complex history of sex chromosomes in Chelidae. In this project, 

I contributed to the cytogenetic analyses, the preparation of the images and tables and the preparation 

of the manuscript. 
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Fig. 1: Overview of the species that were cytogenetically examined in this thesis. In blue, species 

with XX/XY sex determination system. In red, species with ZZ/ZW sex determination system. rDNA 

loci have been identified in pairs of macrochromosomes (macro) or microchromosomes (micro). The 

telomeric motifs were detected in terminal (t), centromeric (c) and interstitial (int) position.  
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INTRODUCTION 

 

Evolution of sex determination 

Sex determination is a crucial event for the entire life of an individual in a gonochoristic species and 

can be described as the mechanism that drives the development of the embryo towards male or female 

pathway, by starting the differentiation of gonads into testicles or ovaries (Maclaughlin & Donahoe 

2004). Sex determination can be achieved by two major mechanisms, the environmental sex 

determination (ESD) and the genotypic sex determination (GSD). ESD means that environmental 

factors can affect the path into male or female development during a sensitive period of early 

embryonic development (Pokorná & Kratochvíl 2009; Johnson Pokorná & Kratochvíl 2016). The 

most common type of ESD in reptiles has been reported the temperature sex determination (TSD), 

which is likely present in all the crocodilian species (Ohno 1967; Batchtrog et al. 2014; González et 

al. 2019), in the majority of turtles (Alho et al. 1985; de Souza & Vogt 1994; Batchtrog et al. 2014; 

Montiel et al. 2016; Mazzoleni et al. 2019, 2020; Clemente et al. 2021), in tuataras and in a few 

lineages of lizards (Batchtrog et al. 2014; Castelli et al 2020; Augstenová et al. 2021). There are three 

types of TSD based on the pattern of temperatures at which embryos develop into females or males: 

(i) females develop at lower temperatures than males, (ii) males develop at lower temperatures than 

females, or (iii) females develop at low and high temperatures and males develop at intermediate 

temperatures (Ewert et al. 2004). 

On the contrary, GSD means that the sex of an individual is decided by its sex-specific 

genotype, mainly by the sex-specific combination of sex chromosomes (Bachtrog et al. 2014; Pokorná 

& Kratochvíl 2009). Sex chromosomes are believed to evolve from a pair of autosomes when one of 

them acquired a sex-determining locus (SDL) (Charlesworth et al. 2005; Vicoso 2019; Furnam et al. 

2020) (Fig. 2). In vertebrates, the acquisition of a SDL is typically limited only to one sex and leads 

to a process of chromosome differentiation and the formation of either XX/XY or ZZ/ZW sex 

determination system. The SDL can act by either a dosage-dependent mechanism (e.g. two copies of 

Z-linked genes per genome in ZZ individuals trigger male development, while a single copy per 

genome in ZW individuals leads to female development, as seen in birds) or a dominant mechanism 

(e.g. the presence of the locus in the genome leads to the development of one sex, while its absence 

to the opposite sex, as seen in therian mammals) (Clinton 1998).  
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Fig. 2: Overview of the putative steps in sex chromosomes evolution, following Charlesworth (1996). 

 

The acquisition of a SDL and nearby sexually antagonistic alleles, i.e. alleles that give benefits 

to one sex but are detrimental to the other, and/or chromosome rearrangements (e.g. inversions), 

causes the arrest of recombination between the two homologous chromosomes. As a consequence of 

the arrest of recombination, the Y (and W) chromosome might go into a process of degeneration that 

is connected with the accumulation of repetitive elements, the partial loss of gene content and the 

acquisition of additional sexual antagonistic alleles inside the non-recombining region (Fisher 1931; 

Rice 1987; Charlesworth 1996; Ayling & Griffin 2002; Charlesworth et al. 2005; Kirkpatrick et al. 

2010; Vicoso 2019; Furnam et al. 2020). Among animals, different sex determining genes evolved. 

The doublesex gene (Dsx) was firstly detected in Drosophila melanogaster (Baker & Wolfner 1988; 

Matsuda et al. 2002; Pomiankowski et al. 2004) and Sry has been described as fundamental for the 

testis development in mammals (Koopman et al.1991; Koopman 1995; Matsuda et al. 2002) and it 

looks to be conserved in the Y of the vast majority of therians after the divergence from the 

monotremes (Wallis et al. 2008). Dmrt1 is the candidate gene for the sex determination in several 

groups of animals, including birds, where it likely works in a dose-dependent manner (Shan et al. 

2000; Smith et al. 2009; Ioannidis et al. 2021). Dmrt1 is assumed to be also a key player in the male-

specific pathway in TSD reptiles such as in the turtles Trachemys scripta and Lepidochelys olivacea 

(Murdock & Wibbels 2006; Ge et al. 2017) or in the mugger crocodile Crocodylus palustris (Anand 

et al. 2008). Other genes such as DmW or DmY, which originated by duplication of Dmrt1, are the 

main genes that drive the female development in Xenopus laevis (Yoshimoto et al. 2010) and the male 

development in Oryzia laticeps (Matsuda et al. 2002), respectively. 
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Different gene dose regulatory mechanisms evolved to solve the problem of unequal number 

of gene copies in genomes caused by the gene loss in sex chromosomes (Ohno 1967; Charlesworth 

1996; Mank 2009; Gu & Walters 2017; Rovatsos & Kratochvíl 2021; Rovatsos et al. 2021). These 

mechanisms either lead to restoring the ancestral gene expression between X and Y (Z and W), 

collectively referred to as ‘dosage compensation’, or to an equal gene expression with or without 

restoring the ancestral levels, referred as ‘dosage balance’ (Ohno 1967; Brockdorff & Turner 2015; 

Rovatsos et al. 2021). 

Sex chromosomes are notably stable in certain animal lineages such as in mammals and birds 

(Mank & Ellegren 2007; Veyrunes et al. 2008; Wallis et al. 2008; Pennell et al. 2018). Male 

heterogamety of therian mammals can be dated back to 165 Mya (Veyrunes et al. 2008). Presence of 

sex chromosmes in birds can be dated around 120 My old (Mank & Ellegren 2007). On the other 

hand, some lineages, like some clades of teleost fishes and amphibians, have a great variability in the 

mechanism of sex determination (Miura 2007; Ogata et al. 2008; Bewick et al. 2011; Kikuchi & 

Hamaguchi 2013; Dufresnes et al. 2015; Pan et al. 2016; Jeffreys et al. 2018). 

Among reptiles, some lineages have stable sex determination, while others express great 

variability. For instance, TSD system is likely present in all species of crocodiles (Ohno 1967; 

Batchtrog et al. 2014; González et al. 2019), and stable GSD is reported in iguanas, lacertids, and 

varanids (Rovatsos et al. 2014, 2016, 2019). Caenophidian snakes have a stable ZZ/ZW system, while 

in henophidian snakes male heterogamety evolved independently at least twice (Gamble et al. 2017; 

Augstenová 2018a,b). Oppositely, lineages such as geckos and turtles are variable in sex 

determination and thus represent interesting groups for studies on the evolution of sex determination. 

 

Turtles 

With the term ‘turtle’ we refer to a peculiar group of reptiles characterized by the presence of a 

particular shell structure composed mainly of bones (Sterli et al. 2021). The order Testudines is 

composed of 361 extant species, worldwide distributed (Uetz et al. 2021). Extant turtle species are 

split into two groups, the suborder Pleurodira, also known as side-neck turtles, and the suborder 

Cryptodira, also known as hidden-neck turtles. The divergence between Pleurodira and Cryptodira is 

estimated to have happened during Late Triassic, around 202 Mya (Wang et al. 2012).  

Pleurodira are freshwater turtles distributed in South America, Africa and Madagascar, 

Australia, and New Guinea, divided into three families: Pelomedusidae, Podocnemididae and 

Chelidae. Morphologically, they are easily distinguishable as they bend their neck laterally.  

Characterized by the retraction of the head, cryptodiran turtles are composed of 11 families 

and contain freshwater turtles, snapping turtles, tortoises, softshell turtles, and sea turtles, with a 
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worldwide distribution (Uetz et al. 2021). The Cryptodira suborder has four living superfamilies, the 

sea turtles (Chelonioidea), tortoises and pond turtles (Testudinoidea), river and mud turtles 

(Kinosternoidea), and the softshell turtles (Trionychia). Among cryptodiran turtles, the biggest and 

the most diverse family is Geoemydidae and it is composed of 71 species (Colston et al. 2020; 

Clemente et al. 2021; Chapter 2). 

 

Karyotype in turtles 

Karyotype has been described in almost 50% of the extant species of turtles (Montiel et al 2016; 

Clemente et al. 2020; 2021; Olmo and Signorino 2021; Chapters 2 and 3). As in most other species 

of reptiles, karyotype is constituted by macrochromosomes and microchromosomes (Falcione et al. 

2018; Rovatsos et al. 2018; Augstenová et al. 2018b; 2021), and the most common turtle karyotype 

is 2n = 52. Even if the chromosome number among turtles ranges from 2 = 26 to 2n = 68 (Ventura et 

al. 2014; Montiel et al. 2016; Cavalcante et al; 2018; Mazzoleni et al. 2020; Clemente et al. 2021; 

Chapter 2) different studies suggest that the putative ancestral state remains 2n = 52 (Montiel et al 

2016; Bista and Valenzuela 2020; Clemente et al. 2020; Clemente et al. 2021; Chapters 2 and 3). 

The variability in chromosome number has been suggested to be connected with fission and fusion 

events, in particular fusion of microchromosomes could have led to reduction of chromosome 

numbers in some pleurodiran turtles (Montiel et al. 2016; Clemente et al. 2021; Chapter 2). 

Nevertheless, karyotype number seems to be really conserved within families and also the 

chromosome morphology appears to be stable (Bickham 1981; Olmo 2008; Montiel et al. 2016; 

Clemente et al. 2021; Chapter 2).  

Among turtles, Pleurodira (in particular the family Pelomedusidae and Podocnemididae) 

show karyotype with the most reduced chromosomes numbers (e.g. Peltocephalus dumerilianis 

2n=26), while the highest number of chromosomes can be found in the suborder Cryptodira (2n=68 

in Carettochelys insculpta) (Ventura et al. 2014; Cavalcante et al. 2018). The turtles of the family 

Chelidae represent a notable exception because they display a higher chromosome number compared 

to the other families. Chromosome numbers range indeed from 2n=50 to 2n=54 in the australasian 

clade, while a greater variability 2n=48 to 2n=64 is reported in the south american clade (Bull & 

Legler 1978; McBee et al. 1985; Mazzoleni et al. 2020; Viana et al. 2020; Clemente et al. 2021; 

Chapters 2 and 4).  

In the suborder Cryptodira diploid number varies between 2n=48 to 2n=68, with 2n=52 

appears to be the most common karyotype number (Montiel et al. 2016; Cavalcante et al. 2018; 

Clemente et al 2020; 2021; Chapters 2 and 3).  
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Identification of heterochromatin blocks, rDNA, microsatellites and telomere repetitions 

show similar patterns among the different turtle groups, with only few documented exceptions 

(Cavalcante et al. 2018; Mazzoleni et al. 2020; Clemente et al. 2020, 2021; Chapters 2, 3 and 4). 

Heterochromatin accumulations are mainly present at pericentromeric position of the 

macrochromosomes and some microchrosomomes, with great variability in the topology among 

species (Ventura et al. 2014; Montiel et al. 2016; 2017; Badenhorst et al. 2013, 2015; Cavalcante et 

al. 2018; Mazzoleni et al. 2020; Clemente et al. 2020, 2021; Chapters 2, 3 and 4). In some cases, the 

accumulation of heterochromatin could be useful for the identification of sex chromosomes 

(Kawagoshi et al. 2012; 2014; Mazzoleni et al. 2020; Chapter 4). Large block of heterochromatin 

detected in sex chromosomes often consist of repetitive elements like microsatellites, rDNA or 

(TTAGGG)n telomeric repeats (Badenhorst et al . 2013; Kawagoshi et al. 2012, 2014; Mazzoleni et 

al. 2020; Viana et al. 2020; Chapter 4), which tent to accumulate on the Y/W chromosomes during 

the process of differentiation. In the majority of turtles, rDNA loci tend to accumulate in a pair of 

chromosomes (Ventura et al. 2014; Montiel et al. 2016; Calvancante et al. 2020; Clemente et al. 2021; 

Chapter 2). The few exceptions reported are connected with sex chromosomes, specifically with 

accumulation on the Y of some chelid turtles (Martinez et al. 2008; Lee et al. 2019; Mazzoleni et al. 

2020; Chapter 4). Furthermore, sex-specific differences in the copy number of rDNA loci between 

Z and W have been reported in the softshell turtles (Montiel et al. 2016; Rovatsos et al. 2017). 

Telomeric repetitions are mostly present at the edges of the chromosomes in turtles, as has been 

reported along turtles phylogeny (Martinez et al. 2009; Badenhorst et al. 2013; Montiel et al. 2016; 

Mazzoleni et al. 2019, 2020; Chapters 1 and 4) but telomeric motifs could be found as interstitial 

telomeric repeats (Pellegrino et al. 1999; Rovatsos et al. 2015; Srikulnath et al. 2019). ITRs were 

detected in different species among all the studied families but Geoemydidae (Clemente et al. 2021; 

Chapter 2). Particularly telomeric repetitions have been reported often at the centromeres of 

macrochromosomes and microchromosomes and in certain species a burst of ITRs has been reported 

such as in Chelydra serpentina, Podocnemis unifilis and Podocnemis expansa (Ventura et al. 2014; 

Montiel et al. 2016; Cavalcante et al. 2018; Clemente et al. 2020; 2021; Chapters 2 and 3). The 

presence of TTAGGG motifs at non telomeric position is believed to be caused by different 

mechanisms, including chromosomal rearrangements such as chromosomal fission and fusion (Meye 

et al. 1990; Ruiz-Herrera et al. 2002, 2008; Swier et al. 2012) and DNA breakage (Bolzan et al. 206). 

However, the general rarity of ITRs across turtle phylogeny suggests that telomeric-like sequences in 

the centromeres of turtles are not connected to chromosomal rearrangements (Clemente et al. 2020; 

Chapter 3). Notably, strong accumulation of telomeric repetitions in the interstitial position of the Y 
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chromosome has been reported in chelid turtles, for example in Elseya novaeguineae (Mazzoleni et 

al. 2019; Chapter 1). 

 

ESD vs. GSD in turtles  

Turtles, as many other reptiles, present two different mechanisms for sex determination. Among 

turtles, both sex determining systems, ESD and GSD, have been detected (Bull et al. 1974; Sharma 

et al. 1975; Carr & Bickham 1981; Ezaz et al. 2006; Kawai et al. 2007; Martinez et al. 2008; 

Valenzuela and Adams 2011; Kawagoshi et al. 2012; Badenhorst et al. 2013; Montiel et al. 2017; 

Literman et al. 2017; Rovatsos et al. 2017; Lee et al. 2019; Mazzoleni et al. 2019; Bista and 

Valenzuela 2020; Clemente et al. 2021; Chapters 1 and 2). The ESD, especially in the form of TSD, 

is the most common sex determination system, documented in turtles (Bista & Valenzuela 2020). 

Reconstructing the phylogeny of sex determination systems with data from different studies it is 

possible to suggest that ESD is the ancestral system of sex determination in turtles (Montiel et al. 

2016; Johnson Pokorná and Kratochvíl 2016; Bista & Valenzuela 2020; Straková et al. 2020) and 

that GSD evolved independently five times, in five turtle families (Valenzuela and Adams 2011; 

Kawagoshi et al. 2012; Lee et al. 2019; Mazzoleni et al. 2019; Bista and Valenzuela 2020; Clemente 

et al. 2021; Chapters 1 and 2) (Fig 3).  

In the suborder Pleurodira, sex chromosomes have been identified only in the family Chelidae. 

Species from the genera Emydura, Chelodina, Elseya and Rhinemys have been analyzed and male 

heterogamety system (XX/XY) was discovered, namely in Chelodina longicollis, C. expansa, C. 

novaeguineae, C. mccordi, C. reimanni, C. rugosa, Emydura macquarii, E. macquarii krefftii, E. 

subglobosa, Elseya novaeguineae and Rhinemys rufipes (Ezaz et al. 2006; Martinez et al. 2008; Lee 

et al. 2019; Mazzoleni et al. 2020; Viana et al. 2020; Chapter 4). Male-specific patterns have been 

detected in the whole Y microchromosome of all species in the genus Chelodina and Rhinemys, while 

in Emydura and Elseya the sex chromosomes have been identified as the 4th pair and the Y appears 

to be larger than the X with a prominent accumulation of heterochromatin on the p arm (Martinez et 

al. 2008; Lee et al. 2019; Mazzoleni et al. 2020; Chapter 4). Despite differences in morphology, it's 

highly probable that they are homologous; however it is still not clear what was the ancestral state 

and different hypotheses have been proposed (Matsubara et al 2016; Mazzoleni et al. 2020, Viana et 

al. 2020; Chapter 4). In Acanthochelys radiolata, XX/XY heteromorphic sex chromosomes were 

reported by McBee (1985), but since just a male individual has been studied, it is still unclear if this 

species has sex chromosomes or the studied male had autosomal polymorphism.  

Most cryptodiran species studied so far show TSD (Montiel et al. 2016, Bista & Valenzuela 

2020; Clemente et al. 2021, Chapter 2). Sea turtles (Cheloniidae family), snapping turtles, and 



27 

 

tortoise (Chelydridae, Dermatemydidae and Testudinidae) display exclusively TSD (Valenzuela & 

Adams 2011; Montiel et al. 2016, Bista & Valenzuela 2020; Clemente et al. 2021; Chapter 2). GSD 

instead evolved four times independently in the families Trionychidae, Kinosternidae, Geoemydidae 

and Emydidae (Johnson Pokorná & Kratochvíl 2016; Clemente et al. 2020; Straková et al. 2020; 

Chapter 3; Fig 3). For a long time, Geomydidae family has been believed to be a fascinating group 

for the study of sex determination, because not only ESD but both male and female heterogamety 

system had been reported. Sex chromosomes were firstly reported in Pangshura smithii by Sharma 

et al. (1975), who identified ZZ/ZW sex chromosomes in this species. The presence of these sex 

chromosomes has been recently revised in this study, where we actually did not detect neither 

heteromorphic sex chromosomes nor sex-specific regions (Mazzoleni et al. 2019; Chapter 1). We 

concluded that the first report of sex chromosomes was due to erroneous pairing in the karyotype and 

that P. smithii possess either ESD, similar to other geoemydid turtles or GSD with poorly 

differentiated sex chromosomes, therefore undetectable with our cytogenetic techniques. Nowadays, 

among Geoemydidae, only Siebenronckiella crassicollis has been proved to possess XY sex 

chromosomes (Carr and Bickham 1981; Kawagoshi et al. 2012; Montiel et al 2016). The X and Y 

chromosomes of S. crassicollis are hard to distinguish by morphology and they differ in a strong C-

positive block at the centromere of the X chromosome.  

Male heterogamety is present in the cryptodiran family Kinosternidae. Detected XX/XY sex 

chromosomes in Staurotypus triporcatus and Staurotypus salvinii, have a pronounced 

heteromorphism (Bull & Legler 1974; Kawagoshi et al. 2014). In both species Y chromosomes have 

small secondary constrictions with the accumulation of NORs and 18S and 28S rRNA (Kawagoshi 

et al. 2014). 

At last, sex chromosomes have been detected also in the Emydidae family, in the wood turtle 

Glyptemys insculpta with XX/XY system (Montiel et al. 2017; Literman et al. 2017). 

Morphologically sex chromosomes appear slighty distinguishable but the Y exhibits an intense C-

band accumulation on the short arm compared to the X. Comparative genome hybridization 

uncovered three male-specific regions on the submetacentric fourth largest chromosome in males 

(Literman et al. 2017). The gene content suggests that the sex chromosomes of Glyptemys insculpta 

and Siebenronckiella crassicollis probably independently originated from the same ancestral 

autosomal chromosome (Kawagoshi et al. 2012; Montiel et al. 2017). Sex chromosomes with male 

heterogamety have been identified also in the sister species of Glyptemys muhlenbergii (Literman et 

al. 2017; Montiel et al. 2017) (Emydidae). It has been speculated that the XX/XY sex chromosomes 

arose at the split of the genus Glyptemys from the other turtles of the family Emydidae around 20 

Mya (Valenzuela and Adams 2011; Literman et al. 2017). 
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Trionychidae turtles are the only lineage of GSD turtles with female heterogamety (Fig. 1). 

The sex determining system was firstly described in Pelodiscus sinensis (Kawai et al. 2007). In this 

species the W chromosome is morphologically different from the Z chromosome with 18S-28S rDNA 

loci located on the W in higher copy numbers than on the Z (Kawai et al. 2007; Kawagoshi et al. 

2009). ZZ/ZW system has been later detected also in Apalone spinifera (Badenhorst et al. 2013). The 

W chromosome in both P. sinensis and A. spinifera has C-positive blocks with interspersed rDNA 

repeats (Kawai et al. 2007; Kawagoshi et al. 2009; Badenhorst et al. 2013). Additionally, A. spinifera 

and P. sinensis show similar pattern in the expression of heterochromatin, NORs and rDNA loci, 

which suggests that the stop of recombination must have happened at the divergence of the two genera 

at least 95 Mya (Badenhorst et al. 2013). Moreover extreme stability of sex chromosomes in this 

family has been suggested by the identification of Z-linked genes and the comparison of the Z/W 

gene content among 10 softshell turtles, dating the appearance of these sex chromosomes back to 

105-120 Mya (Rovatsos et al. 2017).  
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Fig. 3: Overview of sex determining mechanisms in turtles families. Phylogeny follows Pereira et al. 

2017. Information for the sex determination system was extracted from Bull et al. (1974), Carr & 

Bickham (1981), Kawai et al. (2007), Martinez et al. (2008), Valenzuela and Adams (2011), 

Kawagoshi et al. (2012), Badenhorst et al. (2013), Montiel et al. (2016), Rovatsos et al. (2017), 

Cavalcante et al. (2018), Mazzoleni et al. (2019), Mazzoleni et al. (2020), Viana et al. (2020), 

Chapters 1 and 4. 
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AIMS OF THE STUDY 

  

This thesis was focused on the cytogenetic analysis of poorly studied lineages of turtles, with 

emphasis on the identification of sex chromosomes. Turtles show a wide range of sex determination 

systems that range from ESD to GSD with either male or female heterogamety. However, still many 

species of turtles are poorly studied, and we have limited knowledge for many major lineages both 

on their cytogenetic traits and their sex determination systems.  

During my thesis, I intended to: 

1. cytogenetically analyze poorly studied lineages of turtles, with a combination of conventional 

(C-banding, Giemsa stain, karyotype reconstruction) and molecular (in situ hybridization with 

probes for telomeric repeats and rDNA loci) cytogenetic methods. 

2. explore the presence and potentionally the homology of sex chromosomes in lineages that 

pioneering studies had reported sex chromosomes (e.g. by conventional cytogenetic methods) 

or balanced sex ratios across different incubation temperatures was reported, indicating a GSD 

system, such as the chelids (family Chelidae), the Asian box turtles of the genus Cuora and 

the geoemydid turtles of the genera Geoemyda and Pangshura. 
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MATERIAL AND METHODS 

 

Samples collection: 

Blood samples were collected from the neck or tail of each individual studied. The samples were 

obtained from animals which are kept in captivity by private breeders, zoos, and research institutes. 

The blood was either used to establish cell cultures for chromosomal spreads or to extract DNA. All 

experimental procedures were carried out under the supervision and with the approval of the Ethics 

Committee of the Faculty of Science, Charles University, and the Committee for Animal Welfare of 

the Ministry of Agriculture of the Czech Republic (permit No. MSMT-34426/2019-7). 

 

DNA extraction and species verification: 

DNA isolation was performed by Qiagen DNeasy Blood and Tissue kit. DNA concentration was 

evaluated by Nanodrop ONE spectrophotometer. When needed, we amplified and sequenced either 

the cytochrome c oxidase I (COI) gene and/or the cytochrome b (cytb) gene and compared it with 

available sequences in GenBank for species verification. Good quality DNA was also used to prepare 

probes for Comparative Genome Hybridization (see below). 

 

Cell cultures and chromosomes suspencion:  

100-300 ul of blood were cultured for one week at 30 °C in a medium composed by 10% fetal bovine 

serum (Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA), 0.5% penicillin/streptomycin 

solution (Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA), 1% L-glutamine solution 

(Sigma-Aldrich, St. Louis, MO, USA), 3% phytohemagglutinin (Gibco, Thermo Fisher Scientific 

Inc., Waltham, MA, USA), and 1% lipopolysaccharide solution (Sigma-Aldrich, St. Louis, MO, 

USA). After a week at 30 °C, cells were treated using a standard procedure that includes 3.5 h 

treatment with colcemid solution added to the medium at 30 °C , 30 min treatment with pre-warmed 

0.075 M KCl solution, and four rounds of fixation with cold 3:1 methanol: acetic acid solution. 

Chromosome suspensions are stored at -20 °C.  

 

Karyotype reconstruction: 

Chromosome suspensions were subsequently spread to glass slides for microscopic observation, 

incubated at 60 °C for 1 h and then stained with 5% Giemsa solution. At least 20 metaphases per 

slides have been analyzed and captured by Zeiss Axio Imager Z2 (Zeiss, Oberkochen, Germany), 

equipped with a Metafer-MSearch automatic scanning platform (MetaSystems, Altlussheim, 
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Germany) and CoolCube 1 b/w digital camera (MetaSystems, Altlussheim, Germany). Karyotype 

reconstruction has been performed by using Ikaros karyotyping system (MetaSystems). 

 

C- banding: 

The topology of heterochromatin was assessed by C-banding stain following a modified protocol of 

Sumner (1972). Slides with chromosome suspensions were incubated at 60 °C for 1 h or at 37 °C 

over night, then, treated with 0.2N HCl at room temperature for 20-40 minutes and then submerged 

in a solution constituted by 5% Ba(OH)2 at 45 °C for 4–5 min and in 2xSSC for 1 h at 60 °C. The 

slides were then stained with Fluoroshield antifade medium containing 4′,6-diamidino-2- 

phenylindole (DAPI).  

 

Fluorescence in situ hybridization: 

Different probes, for the identification of repetitive elements such as rDNA loci, (TTAGGG)n 

telomeric repeats, and (GATA)8 microsatellites, have been used to perform Fluorescence in situ 

hybridization. Probes for rDNA loci were prepared from plasmid units of Drosophila melanogaster 

encoding the 18S and 28S rRNA and labeled with biotin-dUTP using a Nick Translation Kit (Abbott 

Laboratories, Chicago, IL, USA). The GATA microsatellite motif was commercially synthesized by 

Macrogen (Seoul, South Korea) as (GATA)8 and labeled with biotin. The (TTAGGG)n probes for 

the identification of telomeric sequences were prepared using the (TTAGGG)5 and (CCCTAA)5 

primers and then labeled with dUTP-biotin by PCR, following the protocol of Ijdo et al. 1991.  

Chromosomes spreads were prepared by aging overnight at 37 °C or 1 hour at 55 °C. 

Chromosomes spreads were, then treated with RNAse for 1 h at 37 °C, washed in 2xSSC for 5 min 

and then incubated with pepsin 10 min at 37 °C. After washing in phosphate buffered saline (PBS) 

the slides were incubated for 10 minutes at room temperature in 1% solution of formaldehyde in 

2×SSC, washed in PBS and subsequently dehydrated using ethanol 70%, 85% and 100% for 5 

minutes each. After drying, the chromosomes were denatured in 70% formamide / 2xSSC at 75 °C 

for 2-4 minutes, followed by washes in 2×SSC, dehydration through ethanol series, and air-drying. 

In parallel, the probes were prewarmed at 37 °C, denatured at 72 °C for 6 minutes and then stored in 

ice for at least 10 min prior to the hybridization. 11 µl of probe were added to each slide, which were 

covered by a cover-slide. The slides were let to hybridize overnight at 37 °C. 

The following day, post-hybridization washes were performed. The excess of probe was 

washed by incubating the slides either in 50% formamide / 2×SSC at 37 °C, three times for 5 minutes 

(telomeres and rDNA) or in 0.4% Nonidet P-40 / 2×SSC (Sigma-Aldrich) at 40 °C (for 2 min) and 

subsequently in 0.1% Nonidet P-40 / 0.4×SSC at room temperature for 30s (GATA microsatellite). 
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All slides were then washed in 2×SSC and 4×SSC / 0.05% Tween20 (Sigma) before being incubated 

with 4×SSC / 5% blocking reagent (Roche) at 37 °C for 45 min. In the next step, 4×SSC / 5% blocking 

reagent containing avidin-FITC (Vector Laboratories) was added and the fluorescence signal was 

then amplified with a modified avidin-FITC/biotinylated anti-avidin system (Vector Laboratories). 

The slides were then dehydrated by ethanol series and stained with Fluoroshield with DAPI. 

 

Comparative genome hybridization (CGH): 

Comparative Genome Hybridization is an useful tool for the identification of differentiated Y or W 

chromosomes, by hybridization of DNA from both sexes, labeled with distinct fluorochromes, to both 

the male and female metaphases. This technique requires 1 μg of male and female DNA, which are 

respectively labeled with biotin-dUTP and dixoginenin-dUTP by Nick translation (Abbott 

Laboratories). The two probes were mixed before precipitation. The precipitation was performed by 

adding salmon sperm and sodium acetate (3M) and ethanol and storing the mix either 1h at -80 °C or 

over night at -20 °C. Thereafter, the probe was centrifuged and washed in cold ethanol, let dry and 

successively dissolved in hybridization mix (50% formamide / 2xSSC). The probe was stored at -20 

°C until use. 

The pretreatment of chromosomes follows the same steps as for Fluorescence in situ 

hybridization. After hybridization of the probes, the slides were incubated at 37 °C for 2-3 nights. 

Post hybridization washes were performed in 50% formamide / 2xSSC, 3 times for 5 minutes each at 

37 °C. The slides were then washed at room temperature first in 2xSSC, 3 times for 5 minutes each 

and then once in 4xSSC / 0,1% Tween20 for 5 minutes and subsequently treated with 4xSSC / 5% 

blocking reagent for 45 minutes at 37 °C. Signal amplification was obtained by incubating the slides 

with 4xSSC / 5% blocking reagent mixed with avidin-FITC and anti-digoxigenin-rhodamine for 30 

minutes at 37 °C. The slides were then washed with 4xSSC / 0.1% Tween20, dehydrated with ethanol 

series and stained with Fluoroshield with DAPI. 

 

Microscopy: 

Per each hybridization experiment, at least 20 metaphases were captured by either Provis AX70, 

equipped with a DP30BW digital camera (Olympus) or BX53 fluorescence microscope, equipped 

with DP74 color camera (Olympus) fluorescence microscopes. The pictures were acquired in black 

and white and later superimposed with colors, by DP Manager imaging software (Olympus) or 

Photoshop software (Adobe). 
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CONCLUSIONS 

 

This thesis provides new information about the karyotype variability and the evolution of sex 

chromosomes in Testudines. I examined the karyotypes from 49 species of turtles from 9 families 

across all the turtles phylogeny, namely Chelidae, Podocnemididae, Pelomedusidae (Pleurodira), 

Carettochelyidae, Trionychidae, Kinosternidae, Emydidae, Testudinidae and Geoemydidae 

(Cryptodira). 

My results suggest that: 

1) Turtles have a variability of chromosome morphology, however the diploid numbers and 

chromosome morphology seem to be conserved within families with 2n=52 as commonly shared, and 

most probably ancestral to all turtles, karyotype.  

2) The cytogenetic re-examination with conventional and molecular methods of Pangshura smithii 

and Cuora galbinifrons did not reveal the presence of differentiated sex chromosomes, as it was 

previously reported by Sharma and colleagues (1975) and Guo and collegues (1995), respectively. 

We speculate that these species either have ESD or GSD with poorly differentiated sex chromosomes. 

3) Male heterogamety has been identified in the Chelidae family. FISH with GATA probes revealed 

a strong accumulation in the Y chromosome in all examined species from the genera Chelodina, 

Emydura and Elseya. FISH with probes for rDNA loci revealed accumulation on the Y chromosome 

of Chelodina reimanni, Chelodina novaeguineae, and Elseya novaeguineae. Moreover, a strong 

accumulation of telomeric motifs at interstitial position was detected on the Y chromosome of Elseya 

novaeguineae. 

4) ITRs occur only rarely in turtles and they appear to be mostly present at the centromeres of the 

chromosomes. The rare presence of ITRs agrees with the observation that turtle karyotypes are very 

conserved, even more if compared to squamates, and so it appears that presence of ITRs is not 

correlated to changing in number of chromosomes. 

 

 

 

 

 

 

 



36 

 

REFERENCES 

 

Alho C.J., Danni T.M., Pádua L.F. (1985). Temperature-dependent sex determination in Podocnemis 

expansa (Testudinata: Pelomedusidae). Biotropica, 17, 75–78. 

 

Anand A., Patel M., Lalremruata A., Singh A.P., Agrawal R., Singh L., Aggarwal R.K. (2008). 

Multiple alternative splicing of Dmrt1 during gonadogenesis in Indian mugger, a species exhibiting 

temperature-dependent sex determination. Gene, 425, 56–63. 

 

Augstenová B., Mazzoleni S., Kratochvíl L., Rovatsos M. (2018a). Evolutionary dynamics of the W 

chromosome in caenophidian snakes. Genes, 9, 5.  

 

Augstenová B., Johnson Pokorná M., Altmanová M., Frynta D., Rovatsos M., Kratochvíl L. (2018b). 

ZW, XY, and yet ZW: Sex chromosome evolution in snakes even more complicated. Evolution, 72, 

1701–1707. 

 

Augstenová B., Pensabene E., Kratochvíl L., Rovatsos M. (2021). Cytogenetic evidence for sex 

chromosomes and karyotype evolution in anguimorphan lizards. Cells, 10, 1612. 

 

Ayling L.J. & Griffin D.K. (2002). The evolution of sex chromosomes. Cytogenetic and Genome 

Research, 99, 125–140. 

 

Bachtrog D., Mank J.E., Peichel C.L., Kirkpatrick M., Otto S.P., Ashman T.L., Hahn M.W., 

Kitano J., Mayrose I., Ming R., Perrin N., Ross L., Valenzuela N., Vamosi J.C. (2014). The Tree of 

sex consortium, Sex determination: why so many ways of doing it?. Plos Biology, 12, e1001899. 

 

Badenhorst D., Hillier L.W., Literman R., Montiel E.E., Radhakrishnan S., Shen Y.Y., Minx P., Janes 

D.E., Warren W.C., Scott V.E., Valenzuela N. (2015). Physical mapping and refinement of the 

painted turtle genome (Chrysemys picta) inform amniote genome evolution and challenge turtle-bird 

chromosomal conservation. Genome Biology and Evolution, 7, 2038–2050. 

 



37 

 

Badenhorst D., Stanyon R., Engstrom T., Valenzuela N. (2013). A ZZ/ZW microchromosome system 

in the spiny softshell turtle, Apalone spinifera, reveals an intriguing sex chromosome conservation in 

Trionychidae. Chromosome Research, 21, 137–147. 

 

Baker B.S & Wolfner M.F. (1988). A molecular analysis of doublesex, a bifunctional gene that 

controls both male and female sexual differentiation in Drosophila melanogaster. Genes & 

Development, 2, 477–489. 

 

Bewick A.J., Anderson D.W., Evans B.J. (2011). Evolution of the closely related, sex-related genes 

DM-W and DMRT1 in African clawed frogs (Xenopus). Evolution, 65, 698–712. 

 

Bickham J.W. (1981). Two-hundred-million-year-old chromosomes: deceleration of the rate of 

karyotypic evolution in turtles. Science, 212, 1291–1293. 

 

Bickham J. & Carr J. (1983). Taxonomy and phylogeny of the higher categories of cryptodiran turtles 

based on a cladistic analysis of chromosomal data. Copeia, 4, 918–932. 

 

Bista B. & Valenzuela N. (2020). Turtle insights into the evolution of the reptilian karyotype and the 

genomic architecture of sex determination. Genes, 11, 416. 

 

Blackburn E.H. (2001). Switching and signaling at the telomere. Cell, 106, 661–673. 

 

Bolzán A.D., Bianchi M.S. (2006). Telomeres, interstitial telomeric repeat sequences, and 

chromosomal aberrations. Mutation Research, 612, 189–214. 

 

Brockdorff N. & Turner B.M. (2015). Dosage compensation in mammals. Cold Spring Harbor 

Perspectives in Biology, 7, a019406. 

 

Bull J.J. & Legler J.M. (1980). Karyotypes of side-necked turtles (Testudines: Pleurodira). Canadian 

Journal of Zoology, 1, 58, 828–841. 

 

Bull J.J., Moon R.G., Legler J.M. (1974). Male heterogamety in kinosternid turtles (genus 

Staurotypus). Cytogenetic and Genome Research, 13, 419–425. 

 



38 

 

Buskirk J.R., Parham J.F., Feldman C.R. (2005). On the hybridisation between two distantly related 

Asian turtles (Testudines: Sacalia x Mauremys). Salamandra, 41, 21–26. 

 

Carr J.L. & Bickham J.W. (1981). Sex chromosomes of the Asian black pond turtle, Siebenrockiella 

crassicollis (Testudines: Emydidae). Cytogenetic and Genome Research, 31, 178–183. 

 

Carr J.L. & Bickham J.W. (1986). Phylogenetic implications of karyotype variation in the 

Batagurinae (Testudines: Emydidae). Genetica, 70, 89–106. 

 

Castelli M.A., Whiteley S.L., Georges A., Holleley C.E. (2020). Cellular calcium and redox 

regulation: the mediator of vertebrate environmental sex determination?. Biological Reviews, 95, 

680–695. 

 

Cavalcante M.G., Bastos C.E.M.C., Nagamachi C.Y., Pieczarka J.C., Vicari M.R., Noronha R.C.R. 

(2018). Physical mapping of repetitive DNA suggests 2n reduction in Amazon turtles Podocnemis 

(Testudines: Podocnemididae). Plos One, 13, e0197536. 

 

Cavalcante M.G., Souza L.F., Vicari M.R., de Bastos C.E., de Sousa J.V., Nagamachi C.Y., Pieczarka 

J.C., Martins C., Noronha R.C. (2020). Molecular cytogenetics characterization of Rhinoclemmys 

punctularia (Testudines, Geoemydidae) and description of a Gypsy-H3 association in its genome. 

Gene, 738, 144477. 

 

Chaowen G., Ming W., Liuwang N. (1998). A cytogenetic study on three species of turtle. Acta 

Hydrobiologica Sinica. 22, 17–25. 

 

Charlesworth B. (1996). The evolution of chromosomal sex determination and dosage compensation. 

Current Biology, 6, 149–162. 

 

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

chromosomes. Heredity, 95, 118–128. 

 

Clemente L., Mazzoleni S., Pensabene Bellavia E., Augstenová B., Auer M., Praschag P., Protiva T., 

Velenský P., Wagner P., Fritz U., Kratochvíl L., Rovatsos M. (2020). Interstitial telomeric repeats 

are rare in turtles. Genes, 11, 657. 



39 

 

 

Clemente L., Mazzoleni S., Pensabene E., Protiva T., Wagner P., Fritz U., Kratochvíl L., Rovatsos 

M. (2021). Cytogenetic analysis of the Asian box turtles of the genus Cuora (Testudines, 

Geoemydidae). Genes, 12, 156. 

 

Clinton M. (1998). Sex determination and gonadal development: a bird's eye view. Journal of 

Experimental Zoology, 281, 457–465. 

 

Colston T.J., Kulkarni P., Jetz W., Pyron R.A. (2020). Phylogenetic and spatial distribution of 

evolutionary diversification, isolation, and threat in turtles and crocodilians (non-avian 

archosauromorphs). BMC Evolutionary Biology, 20, 1–16. 

 

de Souza R.R. & Vogt R.C. (1994). Incubation temperature influences sex and hatchling size in the 

neotropical turtle Podocnemis unifilis. Journal of Herpetology, 28, 453–464. 

 

Dowler R.C. & Bickham J.W. (1982). Chromosomal relationships of the tortoises (family 

Testudinidae). Genetica, 58, 189–197. 

 

Dufresnes C., Borzée A., Horn A., Stöck M., Ostini M., Sermier R., Wassef J., Litvinchuck S.N., 

Kosch T.A., Waldman B., Jang Y., Brelsford A., Perrin N. (2015). Sex chromosome homomorphy in 

Palearctic tree frogs results from both turnovers and X-Y recombination. Molecular Biology and 

Evolution, 32, 2328–2337. 

 

Ewert M.A. & Nelson C.E. (1991). Sex determination in turtles: diverse patterns and some possible 

adaptive values. Copeia, 1, 50–69. 

 

Ewert M.A., Etchberger C.R., Nelson C.E. (2004). Turtle sex-determining modes and TSD patterns, 

and some TSD pattern correlates. In: Temperature-dependent sex determination in vertebrates (pp. 

21–32). Smithsonian Books, Washington, DC. 

 

Ezaz T., Valenzuela N., Grützner F., Miura I., Georges A., Burke R.L., Graves J.A. (2006). An 

XX/XY sex microchromosome system in a freshwater turtle, Chelodina longicollis (Testudines: 

Chelidae) with genetic sex determination. Chromosome Research, 14, 139–150. 

 



40 

 

Falcione C., Hernando A.M., Bressa M.J. (2018). Comparative cytogenetic analysis in 

Erythrolamprus snakes (Serpentes: Dipsadidae) from Argentina. Anais da Academia Brasileira de 

Ciências, 90, 1417–1429. 

 

Farrell R. (2007). Temperature sex determination (TSD) project for the yellow-margined box turtle, 

Cuora flavomarginata. In TSA Turtle Survival Alliance, 1–46. Available online: 

https://turtlesurvival.org (accessed on February 1st 2022). 

 

Fisher R.A. (1931). The evolution of dominance. Biological Reviews, 6, 345–368. 

 

Furman B.L., Metzger D.C., Darolti I., Wright A.E., Sandkam B.A., Almeida P., Shu J.J., Mank J. E. 

(2020). Sex chromosome evolution: so many exceptions to the rules. Genome Biology and Evolution, 

12, 750–763. 

 

Galgon F. & Fritz U. 2002. Captive bred hybrids between Chinemys reevesii (Gray, 1831) and Cuora 

amboinensis kamaroma Rummler & Fritz, 1991. Herpetozoa, 15, 137–148. 

 

Gamble T., Castoe T.A., Nielsen S.V., Banks J.L., Card D.C., Schield D.R., Schuett G.W., Booth W. 

(2017). The discovery of XY sex chromosomes in a boa and report the discovery of XY sex 

chromosomes in a boa and python. Current Biology, 27, 2148–2153. 

 

Ge C., Ye J., Zhang H., Zhang Y., Sun W., Sang Y., Capel B., Qian G. (2017). Dmrt1 induces the 

male pathway in a turtle species with temperature-dependent sex determination. Development, 144, 

2222–2233. 

 

González E.J., Martínez‐López M., Morales‐Garduza M.A., García‐Morales R., Charruau P., 

Gallardo‐Cruz J.A. (2019). The sex‐determination pattern in crocodilians: A systematic review of 

three decades of research. Journal of Animal Ecology, 88, 1417–1427. 

 

Gu L., & Walters J.R. (2017). Evolution of sex chromosome dosage compensation in animals: a 

beautiful theory, undermined by facts and bedeviled by details. Genome Biology and Evolution, 9, 

2461–2476. 

 

https://turtlesurvival.org/
https://turtlesurvival.org/
https://turtlesurvival.org/


41 

 

Guo C., Nie L., Wang M. (1995). A cytogenetic study of four species of turtle from China. Acta 

Genetica Sinica, 22, 40–45.  

 

Ijdo J.W., Wells R.A., Baldini A., Reeders S.T. (1991). Improved telomere detection using a telomere 

repeat probe (TTAGGG)n generated by PCR. Nucleic Acids Research, 19, 4780. 

 

Ioannidis J., Taylor G., Zhao D., Liu L., Idoko-Akoh A., Gong D., Lovell-Badge R., Guioli S., 

McGrew M.J., Clinton M. (2021). Primary sex determination in birds depends on DMRT1 dosage, 

but gonadal sex does not determine adult secondary sex characteristics. Proceedings of the National 

Academy of Sciences, 118, e2020909118. 

 

Jeffries D.L., Lavanchy G., Sermier R., Sredl M.J., Miura I., Borzée A., Barrow L.N., Canestrelli D., 

Crochet P.A., Dufresnes C., Fu J., Ma W.J., Garcia, C.M., Ghali K., Nicieza A.G., O'Donnell R.P., 

Rodrigues N., Romano A., Martínez-Solano Í., Stepanyan I., Zumbach S., Brelsford A., Perrin N. 

(2018). A rapid rate of sex-chromosome turnover and non-random transitions in true frogs. Nature 

Communications, 9, 4088. 

 

Johnson Pokorná M. & Kratochvíl L. (2016). What was the ancestral sex‐determining mechanism in 

amniote vertebrates? Biological Reviews, 91, 1–12. 

 

Kawagoshi T., Nishida C., Matsuda Y. (2012). The origin and differentiation process of X and 

Y chromosomes of the black marsh turtle (Siebenrockiella crassicollis, Geoemydidae, Testudines). 

Chromosome Research, 20, 95–110. 

 

Kawagoshi T., Uno Y., Matsubara K., Matsuda Y., Nishida C. (2009). The ZW micro-sex 

chromosomes of the Chinese soft-shelled turtle (Pelodiscus sinensis, Trionychidae, Testudines) have 

the same origin as chicken chromosome 15. Cytogenetic and Genome Research, 125, 125– 131. 

 

Kawagoshi T., Uno Y., Nishida C., Matsuda Y. (2014). The Staurotypus turtles and aves share the 

same origin of sex chromosomes but evolved different types of heterogametic sex determination. Plos 

One, 9, e105315. 

 



42 

 

Kawai A., Nishida-Umehara C., Ishijima J., Tsuda Y., Ota H., Matsuda Y. (2007). Different origins 

of bird and reptile sex chromosomes inferred from comparative mapping of chicken Z- linked genes. 

Cytogenetic and Genome Research, 117, 92–102. 

 

Kikuchi K. & Hamaguchi S. (2013). Novel sex-determining genes in fish and sex chromosome 

evolution. Developmental Dynamics, 242, 339–353. 

 

Killebrew F.C. (1977) Mitotic chromosomes of turtles. IV. The Emydidae. Texas Journal of Science, 

29, 245–253. 

 

Kirkpatrick M. (2010). How and why chromosome inversions evolve. Plos Biology, 8, e1000501. 

 

Koopman, P. (1995). The molecular biology of SRY and its role in sex determination in mammals. 

Reproduction, Fertility and Development, 7, 713–722. 

 

Koopman P., Gubbay J., Vivian N., Goodfellow P., Lovell-Badge R. (1991). Male development of 

chromosomally female mice transgenic for Sry. Nature, 351, 117–121. 

 

Kratochvíl L., Stöck M., Rovatsos M., Bullejos M., Herpin A., Jeffries D.L., Peichel C.L., Perrin N., 

Valenzuela N., Johnson Pokorná M. (2021). Expanding the classical paradigm: what we have learnt 

from vertebrates about sex chromosome evolution. Philosophical Transactions of the Royal Society 

B, 376, 20200097. 

 

Lance V.A., Valenzuela N., Von Hildebrand P. (1992). A hormonal method to determine sex of 

hatchling giant river turtles, Podocnemis expansa: application to endangered species. American 

Zoologist, 270, 16A. 

 

Lee L., Montiel E.E., Valenzuela N. (2019). Discovery of putative XX/XY male heterogamety in 

Emydura subglobosa turtles exposes a novel trajectory of sex chromosome evolution in Emydura. 

Cytogenetic and Genome Research, 158, 160–169. 

 

Literman R., Radhakrishnan S., Tamplin J., Burke R., Dresser C., Valenzuela N. (2017). 

Development of sexing primers in Glyptemys insculpta and Apalone spinifera turtles uncovers an 

XX/XY sex-determining system in the critically-endangered bog turtle Glyptemys muhlenbergii. 



43 

 

Conservation Genetics Resources, 9, 651–658. 

 

MacLaughlin D.T. & Donahoe P.K. (2004). Sex determination and differentiation. New England 

Journal of Medicine, 350, 367–378. 

 

Mank J.E. (2009). The W, X, Y and Z of sex-chromosome dosage compensation. Trends in Genetics, 

25, 226–233. 

 

Mank J.E. & Ellegren H. (2007). Parallel divergence and degradation of the avian W sex 

chromosome. Trends in Ecology & Evolution, 22, 389–391. 

 

Martinez P.A., Ezaz T., Valenzuela N., Georges A., Marshall Graves J.A. (2008). An XX/XY 

heteromorphic sex chromosome system in the Australian chelid turtle Emydura macquarii: a new 

piece in the puzzle of sex chromosome evolution in turtles. Chromosome Research, 16, 815–825. 

 

Matsubara K., O’Meally D., Azad B., Georges A., Sarre S.D., Marshall Graves J.A., Matsuda Y., 

Ezaz T. (2016). Amplification of microsatellite repeat motifs is associated with the 

evolutionary differentiation and heterochromatinization of sex chromosomes in Sauropsida.. 

Chromosoma, 125, 111–123. 

 

Matsuda M., Nagahama Y., Shinomiya A., Sato T., Matsuda C., Kobayashi T., Morrey C.E., Shibata 

N., Asakawa S., Shimizu N., Hori H., Hamaguchi S., Sakaizumi M. (2002). DMY is a Y-specific 

DM-domain gene required for male development in the medaka fish. Nature, 417, 559–563. 

 

Mazzoleni S., Augstenová B., Clemente L., Auer M., Fritz U., Praschag P., Kratochvíl L., Rovatsos 

M. (2020). Sex is determined by XX/XY sex chromosomes in Australasian side-necked 

turtles (Testudines: Chelidae). Scientific Reports, 10, 4276. 

 

Mazzoleni S., Augstenová B., Clemente L., Auer M., Fritz U., Praschag P., Protiva T.,Velenský P., 

Kratochvíl L., Rovatsos M. (2019). Turtles of the genera Geoemyda and Pangshura (Testudines: 

Geoemydidae) lack differentiated sex chromosomes: The end of a 40-year error cascade for 

Pangshura. PeerJ, 7, e6241. 

 



44 

 

McBee K., Bickham J.W., Rhodin A.G., Mittermeier R.A. (1985). Karyotypic variation in the genus 

Platemys (Testudines: Pleurodira). Copeia, 445–449. 

 

Meyne J., Baker R.J., Hobart H.H., Hsu T.C., Ryder O.A., Ward O.G., Wiley J.E., Wurster-Hill D.H., 

Yates T.L., Moyzis R.K. (1990). Distribution of non-telomeric sites of the (TTAGGG)n telomeric 

sequence in vertebrate chromosomes. Chromosoma, 99, 3–10. 

 

Miura I. (2007). An evolutionary witness: the frog Rana rugosa underwent change of heterogametic 

sex from XY male to ZW female. Sexual Development, 1, 323–331. 

 

Montiel E.E., Badenhorst D., Lee L.S., Literman R., Trifonov V., Valenzuela N. (2016). Cytogenetic 

insights into the evolution of chromosomes and sex determination reveal striking homology of turtle 

sex chromosomes to amphibian autosomes. Cytogenetic and Genome Research, 148, 292–304. 

 

Montiel E.E., Badenhorst D., Tamplin J., Burke R.L., Valenzuela N. (2017). Discovery of the 

youngest sex chromosomes reveals first case of convergent co-option of ancestral autosomes in 

turtles. Chromosoma, 126, 105–113. 

 

Murdock C. & Wibbels T. (2006). Dmrt1 expression in response to estrogen treatment in a reptile 

with temperature‐dependent sex determination. Journal of Experimental Zoology Part B: Molecular 

and Developmental Evolution, 306, 134–139. 

 

Nakamura K. (1937). On the chromosomes of some chelonians (a preliminary note). The Japanese 

Journal of Genetics, 13, 240. 

 

Nergadze S.G., Rocchi M., Azzalin C.M., Mondello C., Giulotto E. (2004). Insertion of telomeric 

repeats at intrachromosomal break sites during primate evolution. Genome Research, 14, 1704–1710. 

 

Ogata M., Hasegawa Y., Ohtani H., Mineyama M., Miura I. (2008). The ZZ/ZW sex- determining 

mechanism originated twice and independently during evolution of the frog, Rana rugosa. Heredity, 

100, 92–99. 

 

Ohno S. (1967). Sex Chromosomes and Sex‐linked Genes. Berlin, DE: Springer‐Verlag. 

 



45 

 

Okada Y., Yabe T. Oda S.I. (2010). Temperature-dependent sex determination in the Japanese pond 

turtle, Mauremys japonica (Reptilia: Geoemydidae). Current Herpetology, 29, 1–10. 

 

Olmo E. (2008). Trends in the evolution of reptilian chromosomes. Integrative and Comparative 

Biology, 48, 486–493. 

 

Olmo E. & Signorino G.G. Chromorep: A reptile chromosomes database. Available online: 

http://chromorep.univpm.it (accessed on 15/02/2022). 

 

Pan Q., Anderson J., Bertho S., Herpin A., Wilson C., Postlethwait J.H., Schartl M., Guiguen Y. 

(2016). Vertebrate sex-determining genes play musical chairs. Comptes Rendus Biologies, 339, 258–

262. 

 

Pennell M.W., Mank J.E., Peichel C.L. (2018). Transitions in sex determination and sex 

chromosomes across vertebrate species. Molecular Ecology, 27, 3950–3963. 

 

Pereira A.G., Sterli J., Moreira F., Schrago C.G. (2017). Multilocus phylogeny and statistical 

biogeography clarify the evolutionary history of major lineages of turtles. Molecular Phylogenetics 

and Evolution, 113, 59–66.  

 

Pewphong R., Kitana J., Kitana N. (2021). Thermosensitive period for sex determination of the 

tropical freshwater turtle Malayemys macrocephala. Integrative Zoology, 16, 160–169. 

 

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

are sex chromosomes an evolutionary trap?. Zoological Journal of the Linnean Society, 156, 168–

183. 

 

Pomiankowski A., Nöthiger R., Wilkins A. (2004). The evolution of the Drosophila sex-

determination pathway. Genetics, 166, 1761–1773. 

 

Rice W.R. (1987). The accumulation of sexually antagonistic genes as a selective agent promoting 

the evolution of reduced recombination between primitive sex chromosomes. Evolution, 41, 911–

914. 

 

http://chromorep.univpm.it/
http://chromorep.univpm.it/
http://chromorep.univpm.it/


46 

 

Rovatsos M., Pokorná M., Altmanová M., Kratochvíl L. (2014). Cretaceous park of sex 

determination: sex chromosomes are conserved across iguanas. Biology Letters, 10, 20131093. 

 

Rovatsos M., Vukić J., Altmanová M., Johnson Pokorná M., Moravec J., Kratochvíl L. (2016). 

Conservation of sex chromosomes in lacertid lizards. Molecular Ecology, 25, 3120–3126. 

 

Rovatsos M., Rehák I., Velenský P., Kratochvíl L. (2019). Shared ancient sex chromosomes in 

varanids, beaded lizards, and alligator lizards. Molecular Biology and Evolution, 36, 1113–1120. 

 

Rovatsos M., Altmanova M., Johnson Pokorná M., Augstenova B., Kratochvíl L. (2018). 

Cytogenetics of the Javan file snake (Acrochordus javanicus) and the evolution of snake sex 

chromosomes. Journal of Zoological Systematics and Evolutionary Research, 56, 117–125. 

 

Rovatsos M., Gamble T., Nielsen S.V., Georges A., Ezaz T., Kratochvíl L. (2021). Do male and 

female heterogamety really differ in expression regulation? Lack of global dosage balance in 

pygopodid geckos. Philosophical Transactions of the Royal Society B, 376, 20200102. 

 

Rovatsos M., Kratochvíl L., Altmanová M., Johnson Pokorná M. (2015) Interstitial telomeric motifs 

in squamate reptiles: when the exceptions outnumber the rule. PLoS One, 10, e0134985. 

 

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

molecular sexing in softshell turtles (Testudines: Trionychidae). Scientific Reports, 7, 42150. 

 

Ruiz-Herrera A., García F., Azzalin C., Giulotto E., Egozcue J., Ponsà M., Garcia M. (2002). 

Distribution of intrachromosomal telomeric sequences (ITS) on Macaca fascicularis (Primates) 

chromosomes and their implication for chromosome evolution. Human Genetics, 110, 578–586. 

 

Ruiz-Herrera A., Nergadze S.G., Santagostino M., Giulotto E. (2008). Telomeric repeats far from the 

ends: mechanisms of origin and role in evolution. Cytogenetic and Genome Research, 122, 219–228. 

 

Shan Z., Nanda I., Wang Y., Schmid M., Vortkamp A., Haaf T. (2000). Sex-specific expression of 

an evolutionarily conserved male regulatory gene, DMRT1, in birds. Cytogenetics and Cell Genetics, 

89, 252–257. 

 



47 

 

Sharma G.P., Kaur P., Nakhasi U.S.H.A. (1975). Female heterogamety in the Indian cryptodiran 

chelonian, Kachuga smithi Gray. Dr BS Chuahah Commemoration Volume, 359–368. 

 

Shi H., Parham J.F., Simison W.B., Wang J., Gong S., Fu B. (2004). A report on the hybridization 

between two species of threatened Asian box turtles (Testudines: Cuora) in the wild on Hainan Island 

(China) with comments on the origin of 'Serrata'-like turtles. Amphibia-Reptilia, 26, 377–381. 

 

Smith C.A., Roeszler K.N., Ohnesorg T., Cummins D.M., Farlie P.G., Doran T.J., Sinclair A.H. 

(2009). The avian Z-linked gene DMRT1 is required for male sex determination in the chicken. 

Nature, 461, 267–271. 

 

Sterli J., Martinez R.N., Cerda I.A., Apaldetti C. (2021). Appearances can be deceptive: bizarre shell 

microanatomy and histology in a new Triassic turtle (Testudinata) from Argentina at the dawn of 

turtles. Papers in Palaeontology, 7, 1097–1132. 

 

Straková B., Rovatsos M., Kubička L., Kratochvíl L. (2020). Evolution of sex determination in 

amniotes: Did stress and sequential hermaphroditism produce environmental determination?. 

BioEssays, 42, 2000050. 

 

Stuart B.L. & Parham J.F. (2007). Recent hybrid origin of three rare Chinese turtles. Conservation 

Genetics, 8, 169–175. 

 

Swier V.J., Anwarali Khan F.A., Baker R.J. (2012). Do time, heterochromatin, NORs, or 

chromosomal rearrangements correlate with distribution of interstitial telomeric repeats in Sigmodon 

(cotton rats)?. Journal of Heredity, 103, 493–502. 

 

Sumner A.T. (1972). A simple technique for demonstrating centromeric heterochromatin. 

Experimental Cell Research, 75, 304–306. 

 

Thomson R.C., Spinks P.Q., Shaffer H.B. (2021). A global phylogeny of turtles reveals a burst of 

climate-associated diversification on continental margins. Proceedings of the National Academy of 

Sciences of the United States of America, 118, e2012215118. 

 

Uetz P. (2011) The Reptile Database, http://www.reptile-database.org, (accessed on 15/02/2022)  

http://www.reptile-database.org/


48 

 

 

Valenzuela N. & Adams D.C. (2011). Chromosome number and sex determination coevolve in 

turtles. Evolution: International Journal of Organic Evolution, 65, 1808–1813. 

 

Ventura K., Moreira C.N., Moretti R., Yonenag-Yassuda Y., Rodrigues M.T. (2014). The lowest 

diploid number in Testudines: Banding patterns, telomeric and 45S rDNA FISH in Peltocephalus 

dumerilianus, 2n= 26 and FN= 52 (Pleurodira, Podocnemididae). Genetics and Molecular Biology, 

37, 61–63. 

 

Veyrunes F., Waters P.D., Miethke P., Rens W., McMillan D., Alsop A.E., Grützner F., Deakin J.E., 

Whittington C.M., Schatzkamer K., Kremitzki C.L., Graves T., Ferguson-Smith M.A., Warren W., 

Marshall Graves, J.A. (2008). Bird-like sex chromosomes of platypus imply recent origin of mammal 

sex chromosomes. Genome Research, 18, 965–973. 

 

Viana P.F., Feldberg E., Cioffi M.B., De Carvalho V. T., Menezes S., Vogt R.C., Liehr T., Ezaz, T. 

(2020). The Amazonian red side-necked turtle Rhinemys rufipes (Spix, 1824)(Testudines, Chelidae) 

has a GSD sex-determining mechanism with an ancient XY sex microchromosome system. Cells, 9, 

2088. 

 

Vicoso B. (2019). Molecular and evolutionary dynamics of animal sex-chromosome turnover. Nature 

Ecology and Evolution, 3, 1632–1641. 

 

Wallis M.C., Waters P.D., Marshall Graves J.A. (2008). Sex determination in mammals—before and 

after the evolution of SRY. Cellular and Molecular Life Sciences, 65, 3182–3195. 

 

Yoshimoto S., Ikeda N., Izutsu Y., Shiba T., Takamatsu N., Ito M. (2010). Opposite roles of DMRT1 

and its W-linked paralogue, DM-W, in sexual dimorphism of Xenopus laevis: implications of a 

ZZ/ZW-type sex-determining system. Development, 137, 2519–2526. 

 

 

 

 

 

 



49 

 

 

 

 

 


