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INTRODUCTION 
Turtles exhibit different sex determination modes. Although it is still a matter of debate, 
the ancestral (Valenzuela & Adams, 2011; Johnson Pokorná & Kratochvíl, 2016) and most 
common sex determination mechanism in turtles is most likely environmental sex 
determination (ESD). Genotypic sex determination (GSD) evolved independently in 

five families (Chelidae, Emydidae, Geoemydidae, Kinosternidae, Trionychidae) 
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For a long time, turtles of the family Geoemydidae have been considered exceptional 
because representatives of this family were thought to possess a wide variety of 
sex determination systems. In the present study, we cytogenetically studied 
Geoemyda spengleri and G. japonica and re-examined the putative presence of sex 
chromosomes in Pangshura smithii. Karyotypes were examined by assessing the 
occurrence of constitutive heterochromatin, by comparative genome hybridization 
and in situ hybridization with repetitive motifs, which are often accumulated on 
differentiated sex chromosomes in reptiles. We found similar karyotypes, similar 
distributions of constitutive heterochromatin and a similar topology of tested 
repetitive motifs for all three species. We did not detect differentiated sex 
chromosomes in any of the species. For P. smithii, a ZZ/ZW sex determination 
system, with differentiated sex chromosomes, was described more than 40 years ago, 
but this finding has never been re-examined and was cited in all reviews of sex 
determination in reptiles. Here, we show that the identification of sex chromosomes 
in the original report was based on the erroneous pairing of chromosomes in the 
karyogram, causing over decades an error cascade regarding the inferences derived 
from the putative existence of female heterogamety in geoemydid turtles. 
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(Valenzuela & Adams, 2011; Badenhorst et al., 2013). Turtles of the family Geoemydidae 
(Old World pond turtles) are a fascinating model for the evolution of sex determination 

because it has been reported that this large family with more than 70 species 

(Rhodin et al., 2017) includes lineages with ESD as well as GSD, with both male (XX/XY 

sex chromosomes) and female (ZZ/ZW) heterogamety (Valenzuela & Adams, 2011). 

Environmental sex determination was reported for three geoemydid genera, namely 
Mauremys (including Chinemys) (Rhodin et al., 2017), Melanochelys and Rhinoclemmys, 
mainly based on skewed sex ratios of hatchlings incubated at different temperatures 
(Ewert, Etchberger & Nelson, 2004). So far, cytogenetic examinations revealed XX/XY sex 

chromosomes only in the black marsh turtle Siebenrockiella crassicollis (Carr & Bickham, 

1986; Kawagoshi, Nishida & Matsuda, 2012) and ZZ/ZW sex chromosomes only in 

the brown roofed turtle Pangshura smithii (Sharma, Kaur & Nakhasi, 1975). The XX/XY 

sex chromosomes of S. crassicollis are medium-sized and have been assigned as the fourth 

pair of the karyogram. The sex chromosomes are heteromorphic and with gene 

content partially homologous to chromosome pair five of chicken (Gallus gallus) and 
Chinese softshell turtle (Pelodiscus sinensis) (Kawagoshi, Nishida & Matsuda, 2012). The Y 

chromosome is metacentric, and the X chromosome is submetacentric, with a prominent 

C-positive band, missing on the Y. Despite that the X and Y chromosomes differ in 

morphology and C-banding pattern, it seems that they share gene content extensively. 
Sex-specific regions were not detected after single-copy gene mapping (Kawagoshi, 

Nishida & Matsuda, 2012). Therefore, we assume that these sex chromosomes are at an 

early stage of differentiation with a small sex-specific region. For P. smithii, ZZ/ZW 

sex chromosomes have been reported by Sharma, Kaur & Nakhasi (1975) based on distinct 
chromosome morphology. For the majority of species of the family Geoemydidae, the sex 

determination mode remains unstudied. 

In the current investigation, we cytogenetically explored the brown roofed turtle 
P. smithii, the black-breasted leaf turtle Geoemyda spengleri and the Ryukyu black- 

breasted leaf turtle G. japonica. The genus Geoemyda is especially interesting because 
it represents the sister taxon of Siebenrockiella, the genus with evident male 

heterogametic sex chromosomes (Carr & Bickham, 1986; Kawagoshi, Nishida & 

Matsuda, 2012). In addition, the genus Geoemyda is phylogenetically nested in a major 

geoemydid clade containing also Pangshura (Spinks et al., 2004; Lourenço et al., 2013; 
Pereira et al., 2017), a genus with reported female heterogametic sex chromosomes 

(Sharma, Kaur & Nakhasi, 1975). 

The pioneering studies by Nakamura (1937, 1949) reported a chromosome number 
of 2n = 52 for G. spengleri, but karyotypes were not documented photographically. 

In addition, neither the sex of the examined turtles nor their geographical origin was 
reported. We assume that Nakamura (1937, 1949) actually studied G. japonica, since the 
Japanese populations had the status of a subspecies of G. spengleri at that time (Yasukawa, 

Ota & Hikida, 1992). Chaowen, Ming & Liuwang (1998) studied later undoubtedly 

G. spengleri, using individuals originating from Hunan Province, China. Chaowen, Ming & 

Liuwang (1998) applied classic cytogenetic methods and revealed also a karyotype of 

2n = 52 chromosomes. However, no other cytogenetic approach has been applied to 
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Species Sex  

 ♂ ♀ 

Geoemyda japonica 2 2 

Geoemyda spengleri 3 2 

Pangshura smithii 2 2 

 

Geoemyda yet. Besides the karyogram of P. smithii published by Sharma, Kaur & Nakhasi 

(1975), no further cytogenetic studies exist for this species. 

In the present study, we constructed karyograms for all three species and further 
explored their karyotypes by C-banding stain to reveal the distribution of constitutive 

heterochromatin. Furthermore, we examined the presence of differentiated sex 
chromosomes by comparative genome hybridization (CGH) and fluorescence in situ 

hybridization with repetitive elements that often accumulate on sex chromosomes 

of reptiles, such as telomeric motifs, (GATA)8 microsatellite repeats and rDNA loci 
(Literman, Badenhorst & Valenzuela, 2014; Matsubara et al., 2016; Rovatsos et al., 2017a; 

Augstenová et al., 2018). 

MATERIALS AND METHODS 

Samples and species verification 

Blood samples from four individuals of G. japonica, five individuals of G. spengleri and 
four individuals of P. smithii (Table 1) were used for preparation of mitotic chromosome 

suspensions and DNA isolation. All turtles are captive-bred or legally imported, 

and kept in Zoo Plzeň (Czech Republic), Prague Zoo (Czech Republic), or the Museum 
of Zoology, Senckenberg Dresden (Germany). 

Genomic DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen, Venlo, 
Netherlands). We amplified by PCR and sequenced the mitochondrial cytochrome b 

gene (cyt b), in order to verify the taxon and to provide a DNA-based identity of 

our cytogenetically examined material for future comparison (for the same approach 

see Koubová et al., 2014; Rovatsos et al., 2015a, 2016a; Rovatsos, Johnson Pokorná & 

Kratochvíl, 2015b). Cyt b was amplified by PCR using the primers L14919 

5′-AACCACGGTTGTTATTCAACT-3′ and H16064 5′-CTTTGGTTTACAAGAACAAT 

GCTTTA-3′ (Burbrink, Lawson & Slowinski, 2000; De Queiroz, Lawson & 

Lemos-Espinal, 2002). The PCR reaction protocol consists of 20–80 ng of DNA, one ml of 

each primer (10 pmol/ml), five ml of 10× PCR buffer (Bioline GmbH, Luckenwalde, 

Germany), 2.5 ml of MgCl2 (50 mM), one ml of dNTPs (10 mM each), 0.5 ml of BioTaq 
DNA polymerase (5 U/ml, Bioline) and water up to final volume of 50 ml. The amplification 

conditions were: 95 ◦C for 3 min, followed by 35 cycles of 95 ◦C for 30 s, 50 ◦C for 30 s, 

and 72 ◦C for 1 min, and the final step of 72 ◦C for 5 min. The PCR products were 

sequenced by Macrogen (Seoul, South Korea), and the obtained sequences deposited in 
GenBank. A BLAST search (Altschul et al., 1990) was performed to compare our sequences 
with those previously deposited in public databases. 

Table 1 Number of individuals per species and sex, analyzed in this study. 
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Chromosome preparation and staining 

Mitotic chromosome suspensions were prepared from all studied individuals using whole 
blood cell cultures. For leukocyte cultivation, 100–300 ml of blood samples were cultured 

at 30 ◦C for a week without CO2 supplementation in 5 ml of DMEM medium 

(Gibco) enriched with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA), 100 mg/ml 
lipopolysacharide (Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine (Sigma- 

Aldrich, St. Louis, MO, USA), 3% phytohaemaglutinin M solution (Gibco), 100 units/ml of 
penicillin and 100 mg/ml of streptomycin (Gibco). Three hours before harvesting, 35 ml of 
colchemid solution (10 mg/ml stock solution, Roche, Basel, Switzerland) was added to the 
medium. Chromosome suspensions were obtained according to the standard method, 

including an initial hypotonic treatment with 0.075M KCl at 37 ◦C for 30 min and 

four times fixation in 3:1 methanol/acetic acid solution. Chromosome suspensions were 
stored in a freezer for further use. 

Chromosomal spreads were stained with Giemsa solution, and selected metaphases were 
captured in a Provis AX70 (Olympus Corporation, Tokyo, Japan) fluorescence microscope, 

equipped with a DP30BW digital camera (Olympus). Subsequently, karyograms were 
constructed using Ikaros karyotyping software (Metasystems, Altlussheim, Germany). 

The distribution of constitutive heterochromatin was detected by C-banding 

(Sumner, 1972). The slides were aged at 55 ◦C for 1 h, then soaked successively in 0.2N HCl 

at room temperature for 45 min, in 5% Ba(OH)2 solution at 45 ◦C for 4–5 min and 

in 2xSSC for 1 h at 60 ◦C, with intermediate washes in distilled water, and finally 
stained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted with antifade medium 
Vectashield (Vector Laboratories, Burlingame, CA, USA). 

 

Fluorescence in situ hybridization with probes for repetitive elements 

The probe to detect the topology of rDNA loci was prepared from a plasmid 
(pDm r.a51#1) with an 11.5-kb insertion, encoding the 18S and 28S rRNA units of 

Drosophila melanogaster (Endow, 1982) and labelled with biotin-dUTP using a Nick 
Translation Kit (Abbott Laboratories, Chicago, IL, USA). 

The probe for telomeric motifs (TTAGGG)n was produced and labelled with 
biotin-dUTP in a single PCR reaction using the primers (TTAGGG)5 and (CCCTAA)5 

without a DNA template (Ijdo et al., 1991). The probes for the detection of rDNA loci and 
telomeric motifs were ethanol-precipitated with sonicated salmon sperm DNA and 
subsequently resuspended in hybridization buffer (50% formamide/2xSSC) 

(Rovatsos et al., 2015a, 2017b). 
The probe for the GATA microsatellite motif was synthesized by Macrogen 

(Seoul, South Korea) as (GATA)8 and labelled with biotin. Subsequently, 0.3 ml of 
(GATA)8 biotin-labelled probe (100 pmol/ml stock solution) was diluted in 10 ml of 
hybridization buffer (50% formamide, 20xSSC, 10% sodium dodecyl sulphate, 10% 

dextran sulphate, 1× Denhard’s buffer, pH = 7) per slide. 

The preparation of chromosome spreads and probes, the hybridization conditions, the 
post-hybridization washes, the signal amplification and detection are explained in 
detail in Rovatsos et al. (2015a). At least 20 metaphases per slide were captured to 

http://dx.doi.org/10.7717/peerj.6241
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confirm the fluorescent signal. The pictures were collected in black and white and 
superimposed with colors. The photos were processed with DP Manager imaging 
software (Olympus). 

 

Comparative genome hybridization 

To detect putative sex-specific chromosome regions, CGH was used according to our 
standard protocol (Rovatsos et al., 2015a). In each species, equal amounts of male 

and female genomic DNA (one mg each) were labelled independently with biotin-dUTP and 
digoxigenin-dUTP, respectively, using a Nick translation kit (Abbott Laboratories, Chicago, 
IL, USA) and then mixed together. Sonicated salmon sperm DNA was added and 

ethanol-precipitation was carried out overnight at -20 ◦C. The labelled DNA was 

resuspended in hybridization buffer, denatured at 75 ◦C for 10 min and immediately chilled 

on ice for 10 min prior to hybridization. The slides with chromosomal material were 
subsequently treated with RNase A and pepsin, fixed with 1% formaldehyde, dehydrated 

through an ethanol series, denatured in 70% formamide/2xSSC at 75 ◦C for 3 min, 

dehydrated again and air-dried. Hybridization was performed at 37 ◦C for 2 or 3 days. 

Post-hybridization washes were performed three times in 50% formamide/2xSSC at 42 ◦C 

for 5 min and twice in 2xSSC at room temperature for 5 min. Afterward, the slides 

were incubated in 100 ml of 4xSSC/5% blocking reagent (Roche, Basel, Switzerland) at 37 ◦C 

for 30 min and then with 100 ml of 4xSSC/5% blocking reagent including avidin-FITC 

(Vector Laboratories) and anti-digoxigenin rhodamine (Roche, Basel, Switzerland) at 37 ◦C 

for 30 min. The slides were washed in 4xSSC/0.05% Tween 20, dehydrated, air dried, 
stained with DAPI, and mounted with Vectashield (Vector Laboratories). 

RESULTS 

Species verification 

The mitochondrial cyt b gene was successfully amplified by PCR and sequenced in all three 
examined species. A BLAST search (Altschul et al., 1990) of the obtained sequences 

verified the expected taxonomic identity of the turtles examined here as G. japonica, 

G. spengleri, and P. smithii. The haplotypes are deposited in GenBank, under the accession 

numbers MK097237–MK097240. 
 

Karyotype reconstruction and C-banding 

Both G. japonica and G. spengleri have a similar karyotype with 2n = 52 chromosomes 
composed of 12 pairs of macrochromosomes, gradually decreasing in size, and 14 pairs of 

microchromosomes. Among macrochromosomes, nine pairs are bi-armed and three are 
acrocentric (pairs 6, 7, and 11) (Fig. 1). C-positive bands were identified in the centromeric 

regions of almost all chromosomes. A prominent heterochromatic block has been detected 
in the chromosome pair 12 in metaphases of both sexes in both species (Fig. 1). 

In addition, P. smithii has a similar karyotype with 2n = 52, consisting of 12 pairs of 
bi-armed macrochromosomes and 14 pairs of microchromosomes. C-positive 
heterochromatin was detected in the centromeric regions of all chromosomes. An 
extensive accumulation of constitutive heterochromatin was detected in pair 12 in both 
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Figure 1 Karyograms and C-banded metaphases of Geoemyda japonica (A–D), Geoemyda spengleri 
(E–H), and Pangshura smithii (I–L). Please note that microchromosomes are paired according to size 
for illustration, which does not correspond to actual homology of chromosomes. 

Full-size   DOI: 10.7717/peerj.6241/fig-1 

 

 

 
 

 

sexes. This chromosome pair seems to be polymorphic in size in some individuals, but this 
polymorphism is not linked to sex. 

 

Fluorescence in situ hybridization and comparative genome 

hybridization 

The rDNA loci are located in the terminal position in a pair of microchromosomes in 
G. japonica and P. smithii, and near the centromere in a pair of microchromosomes 
in G. spengleri (Fig. 2). The rDNA loci seem to be in all three species linked to 

the chromosome pair 12, which has the prominent C-positive heterochromatic block. 
The telomeric repeats (TTAGGG)n showed the expected terminal chromosome 

topology in all studied individuals (Fig. 2). The (GATA)8 microsatellite motif had a 
widespread distribution in several pairs of microchromosomes and in the centromeric 

region of a pair of acrocentric macrochromosomes in both species of the genus Geoemyda 

but without any sex-specific signal. A weak signal of the (GATA)8 microsatellite 

motif was detected in the telomeric regions of several chromosomes in P. smithii but 
without any sex-specific pattern. CGH did not reveal any sex-specific differences in any of 

the three species (Fig. 2). 

DISCUSSION 
Our results confirmed that all three studied species have similar karyotypes with 
2n = 52 chromosomes, which agrees with former studies (Nakamura, 1949; 

http://dx.doi.org/10.7717/peerj.6241
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Figure 2 FISH with rDNA, (GATA)8 and telomeric probes in metaphases of Geoemyda japonica (A–
H), Geoemyda spengleri (I–P), and Pangshura smithii (Q–X). Chromosomes are stained blue with 
DAPI, and the signal of the probe is pseudocolored in red. In CGH, the male genome is stained with 
FITC (green color) and the female genome with rhodamine (red color). Genomic regions common for 
both sexes appear yellow due to the combination of green and red color. Chromosomal regions with 
similar sequence content in both sexes are visualized in yellow. Arrows indicate the chromosome pair 12, 
with the prominent C-positive block. Full-size  DOI: 10.7717/peerj.6241/fig-2 

 

 

 
 

http://dx.doi.org/10.7717/peerj.6241
http://dx.doi.org/10.7717/peerj.6241/fig-2


Mazzoleni et al. (2019), PeerJ, DOI 10.7717/peerj.6241 8/15 

 

 

 
 

Sharma, Kaur & Nakhasi, 1975; Killebrew, 1977; Yasukawa, Ota & Hikida, 1992; 
Chaowen, Ming & Liuwang, 1998). Geoemyda is phylogenetically close to two lineages 

(Pangshura, Siebenrockiella) (Spinks et al., 2004; Lourenço et al., 2013; Pereira et al., 

2017) for which differentiated sex chromosomes have been reported (Carr & Bickham, 

1986; Sharma, Kaur & Nakhasi, 1975; Kawagoshi, Nishida & Matsuda, 2012). 

In several non-avian reptiles, differentiated sex chromosomes are often highly conserved 

across the phylogenetic spectrum, for example in trionychid turtles (Rovatsos et al., 

2017b), lacertids (Rovatsos et al., 2016b), iguanas (Rovatsos et al., 2014), and 
caenophidian snakes (Rovatsos et al., 2015c). However, our cytogenetic analysis 

using multiple approaches did not reveal any differentiated sex chromosomes in 
G. spengleri and G. japonica. Thus, turtles of this genus have either GSD with poorly 

differentiated sex chromosomes not detectable by our cytogenetic techniques or ESD 

where sex chromosomes are lacking (following the definition of ESD by Johnson 

Pokorná & Kratochvíl (2016)). 

We did not detect sex chromosomes in P. smithii despite differentiated, highly 

heteromorphic ZZ/ZW sex chromosomes had been shown by Sharma, Kaur & Nakhasi 

(1975) in a karyogram of this species based on Giemsa-stained metaphase chromosomes. 

In this study, the Z chromosome of P. smithii was identified as a small acrocentric 
chromosome, while the W chromosome was shown as a medium-sized metacentric 

chromosome. To explain the discrepancies between our results and those of Sharma, Kaur 

& Nakhasi (1975), we revisited their karyogram (Fig. 3A) and we discovered several 

potential errors in their assignment of chromosomes to homologue pairs that likely 
contributed to the mischaracterization of P. smithii as possessing a ZZ/ZW system 

(Fig. 3B). Namely, the chromosome identified by Sharma, Kaur & Nakhasi (1975) as the 

Z chromosome is a microchromosome, and we conclude that it can be better reassigned 

as a homolog of one of the pairs 16–26. Additionally, the metacentric chromosome 
identified by Sharma, Kaur & Nakhasi (1975) as the W chromosome could be reassigned 

as a homolog of pair 7, 8, or 9. After simple rearrangement of the original karyogram, 
no obviously heteromorphic pair of chromosomes is detectable (Fig. 3B), consistent with 

our own karyotyping of new specimens (Fig. 3C). 

We found variability in size between the homologous chromosomes in the pair 12 of all 

three examined species of turtles. This pair includes heterochromatic blocks co-localizing 
with the accumulation of rDNA repeats (Figs. 1 and 2). Heterochromatic blocks are 

often connected with autosomal polymorphism due to rapid divergence of repeat numbers 

(Altmanová et al., 2016), and a polymorphism in chromosome morphology including 
rDNA genes was reported also in ESD species of geoemydid turtles such as Rhinoclemmys 

pulcherrima (Carr & Bickham, 1986). The polymorphism of the chromosome pair 12 is not 

linked to sex in G. spengleri, G. japonica, or P. smithii. Thus, there is no evidence that 
this pair corresponds to sex chromosomes. In any case, the chromosome pair 12 was not 
identified by Sharma, Kaur & Nakhasi (1975) as sex chromosomes, although it 

might contribute to the incorrect pairing of chromosomes in their karyotype (Fig. 3). 
According to our results, there is no evidence for female heterogamety with 

differentiated sex chromosomes in geoemydid turtles of the genus Pangshura. 

http://dx.doi.org/10.7717/peerj.6241
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Figure 3 The original karyogram of Sharma, Kaur & Nakhasi (1975) (A), their karyogram 
re-arranged by us (B), and a new karyogram of a female individual from our studied material (C). 
Note that the chromosomes misidentified as Z and W in the original study (A) can be autosomal and 
easily assigned according to size and morphology into the pairs 16–26 and 7–9, respectively, in our new 
karyogram (C). Numbers in the re-arranged karyogram (B) refer to the original assignment of chro- 
mosome pairs by Sharma, Kaur & Nakhasi (1975). Full-size  DOI: 10.7717/peerj.6241/fig-3 
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Figure 4 Phylogenetic reconstruction of the sex determination modes in turtles from the family 
Geoemydidae. Phylogenetic relationships follow Spinks et al. (2004), Lourenço et al. (2013), and 
Pereira et al. (2017). Full-size  DOI: 10.7717/peerj.6241/fig-4 

 

 

 
 

 

Thus, among turtles, female heterogamety is only known in softshell turtles (Trionychidae) 

(Badenhorst et al., 2013; Rovatsos et al., 2017b). In the family Geoemydidae, the only 
reliable identification of sex chromosomes refers to the XX/XY sex determination system 

of S. crassicollis (Carr & Bickham, 1981; Kawagoshi, Nishida & Matsuda, 2012), while other 

studied species possess either ESD as most other lineages of the family Geoemydidae with 
known sex determination (Fig. 4) or, perhaps, GSD with poorly differentiated and 

homomorphic sex chromosomes. 

Unfortunately, the erroneous identification of putative sex chromosomes in P. smithii 

was influential for scientific literature. It impacted studies examining the cytogenetics 
of turtles (Martinez et al., 2008; Kawagoshi, Nishida & Matsuda, 2012) and comparative 
phylogenetic reconstructions as well as reviews of sex determination mechanisms, 

causing a 40-year error cascade regarding the inferred number of sex chromosome 
turnovers in amniotes and the evolution of sex determination and genome organization 

(Modi & Crews, 2005; Gamble, 2010; Valenzuela & Adams, 2011; Badenhorst et al., 2013; 

Johnson Pokorná & Kratochvíl, 2016; Montiel et al., 2017). The error cascade caused 
by the putative sex chromosomes of P. smithii illustrates how little we still know about sex 
determination in reptiles and that even traditionally widely accepted reports of sex 

determination modes can benefit from re-examination with modern molecular cytogenetic 

methods and broader species sampling. 

CONCLUSIONS 
We found that G. spengleri, G. japonica, and P. smithii share karyotypes with 2n = 52 
chromosomes and a similar topology of constitutive heterochromatin and repetitive 
motifs. We did not detect differentiated sex chromosomes in any of these species. It is 
particularly notable in P. smithii, where a ZZ/ZW sex determination system with 

differentiated sex chromosomes was described more than 40 years ago. This information 
was repeated in subsequent reviews and phylogenetic analyses on sex determination 

in amniotes and influenced their outcomes and conclusions. We show that the 
identification of sex chromosomes in the original report was based on the erroneous 
pairing of chromosomes in their karyogram. We conclude that additional research is 
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needed in order to clarify the true sex determination mode in the three studied turtle 
species, which might possess either GSD with poorly differentiated sex chromosomes not 

detectable by our cytogenetic techniques or ESD as most other lineages of the family 
Geoemydidae with known sex determination (Fig. 4). Future research should include 
controlled incubation experiments of eggs to examine the influence of temperature in 

hatchling sex ratios in G. spengleri, G. japonica, and P. smithii, as well as molecular 

cytogenetic examination of additional geoemydid species, to gain a better understanding of 
the evolution of sex determination in this group. 
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Abstract: The Asian box turtle genus Cuora currently comprises 13 species with a wide distribution 

in Southeast Asia, including China and the islands of Indonesia and Philippines. The populations 

of these species are rapidly declining due to human pressure, including pollution, habitat loss, 

and harvesting for food consumption. Notably, the IUCN Red List identifies almost all species 

of the genus Cuora as Endangered (EN) or Critically Endangered (CR). In this study, we explore 

the karyotypes of 10 Cuora species with conventional (Giemsa staining, C-banding, karyogram 

reconstruction) and molecular cytogenetic methods (in situ hybridization with probes for rDNA loci 

and telomeric repeats). Our study reveals a diploid chromosome number of 2n = 52 chromosomes in 

all studied species, with karyotypes of similar chromosomal morphology. In all examined species, 

rDNA loci are detected at a single medium-sized chromosome pair and the telomeric repeats are 

restricted to the expected terminal position across all chromosomes. In contrast to a previous report, 

sex chromosomes are neither detected in Cuora galbinifrons nor in any other species. Therefore, we 

assume that these turtles have either environmental sex determination or genotypic sex determination 

with poorly differentiated sex chromosomes. The conservation of genome organization could explain 

the numerous observed cases of interspecific hybridization both within the genus Cuora and across 

geoemydid turtles. 

 
Keywords: C-banding; Cuora; evolution; FISH; Geoemydidae; heterochromatin; karyotype; 

microsatellites; rDNA; telomeres 

 

 

1. Introduction 

Karyotypes have been described in only about 50% [1–3] of 363 recognized species of 

turtles [4–8]. Generally, turtles have rather conserved karyotypes, even though chromo- 

some numbers range from 2n = 26 to 2n = 68 [1,9,10]. Phylogenetic studies suggested that 

this variability evolved from the putative ancestral karyotype with 2n = 52 chromosomes 

due to chromosomal rearrangements largely involving microchromosomes [10–12]. Never- 

theless, the karyotype with 2n = 52 chromosomes remains the most common in cryptodiran 

turtles [1,13]. 

Turtles are remarkable for different sex determination modes. Two different systems 

of sex determination are recognized in amniotes: environmental sex determination (ESD) 

and genotypic sex determination (GSD) [14,15]. ESD is characterized by the absence of 

consistent differences in genotypes between sexes; the sex of an individual is determined 

by environmental factors during a sensitive period of embryonic development [14,15]. ESD 

is the most common sex determination mechanism in turtles [1,16,17] and is considered 

ancestral for turtles [13,14,16,17] and possibly also for amniotes as a whole [14,15]. Under 
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GSD, the sex of an individual is determined by its sex-specific genotype, i.e., by a com- 

bination of sex chromosomes at conception. In turtles, GSD likely evolved at least five 

times [16–18]. Female heterogamety (ZZ/ZW sex chromosomes) is known only in softshell 

turtles (Trionychidae), while male heterogamety (XX/XY sex chromosomes) occurs in 

turtles of the family Chelidae and in the genera Staurotypus (Kinosternidae) and Glyptemys 

(Emydidae) as well as in Siebenrockiella crassicollis (Geoemydidae) [1,19–27]. Heteromorphic 

ZZ/ZW sex chromosomes were reported also in Pangshura smithii [28]. However, a recent 

investigation revealed that the sex chromosome identification was erroneously based on 

chromosome pairing during karyotype reconstruction [17]. 

With 71 described species, the family Geoemydidae is the most diverse turtle fam- 

ily [8,29,30]. Despite their wide geographical range, the cytogenetic characteristics of this family 

are still poorly studied. Karyotypes have been described only in 41 species [1–3,12,22,31–36]. 

The chromosome numbers vary between 2n = 50 to 2n = 56, with 2n = 52 being the 

most common [17,22,32,34,36,37]. C-banding performed in Geoemyda spengleri, Geoemyda 

japonica, Pangshura smithii, Rhinoclemmys punctularia and Siebenrockiella crassicollis revealed 

accumulation of heterochromatin in microchromosomes, and in centromeric and pericen- 

tromeric regions of macrochromosomes [17,22,36]. Both ESD and GSD systems have been 

reported in the family Geoemydidae: evidence for ESD was provided for species from the 

genera Mauremys, Heosemys, Rhinoclemmys, and Cuora [38,39], while XX/XY system with 

heteromorphic sex chromosomes is known in Siebenrockiella crassicollis [22]. 

The Asian box turtles of the genus Cuora are arranged into 13 species distributed in 

Southeast Asia, including China, Indonesia, and Philippines [8,29,30]. All Cuora species are 

rapidly declining due to human pressure, including pollution, habitat loss, and unsustain- 

able harvesting for food consumption [4,29,40]. All species are threatened with extinction 

and are classified as Endangered (EN) or Critically Endangered (CR) by the IUCN [41]. To 

our knowledge, only six out of 13 species have been examined cytogenetically. The kary- 

otype of 2n = 50 has been described for Cuora amboinensis in early pioneering studies [32,42], 

but it was later revised to 2n = 52 [33]. A diploid chromosome number of 2n = 52 chro- 

mosomes was also reported in Cuora aurocapitata [34], Cuora flavomarginata [12,32], Cuora 

galbinifrons [34], Cuora mouhotii (originally reported under its previous genus name Pyxidea 

mouhotii) [32], and Cuora trifasciata [33]. ESD was found in Cuora flavomarginata [39] and 

heteromorphic XX/XY sex chromosomes, corresponding to the sixth largest chromosome 

pair, have been reported in Cuora galbinifrons by conventional cytogenetic methods, but 

figures of karyograms or metaphases were not provided [34]. Sex chromosomes were not 

found in any other examined species of the genus Cuora [12,32–34], and the presence of sex 

chromosomes in Cuora galbinifrons should thus be reexamined. 

In this study, we examined 10 species from the genus Cuora, intending to provide a 

comprehensive cytogenetic analysis of this threatened group of turtles. We reconstructed 

karyograms and explored the distribution of the constitutive heterochromatin, the rDNA 

loci, and the TTAGGG telomeric repeats. In addition, we focused on exploring the presence 

of sex chromosomes. 

2. Materials and Methods 

2.1. Material 

Blood samples were collected from 10 species of Asian box turtles (Table 1), either 

from the dorsal coccygeal vein or the subcarapacial vein. The blood samples were used 

for DNA extraction and preparation of mitotic chromosome suspensions. All turtles used 

in this study were kept in Allwetterzoo Münster (Germany), the Museum of Zoology, 

Senckenberg Dresden (Germany), and private breeders. 
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Table 1. Number of Asian box turtles per species and sex, analyzed in the current study. 
 

Species 
 

Cuora amboinensis 1 - 
Cuora aurocapitata - 3 

Cuora bourreti 1 1 
Cuora cyclornata 1 1 

Cuora flavomarginata 1 1 
Cuora galbinifrons 2 2 

Cuora mccordi 1 1 
Cuora mouhotii 2 3 
Cuora picturata 1 1 

Cuora zhoui 2 3 
 

 
2.2. Taxonomic Verification 

The species identity of all studied turtles was determined using external morphol- 

ogy. In addition, we sequenced for each studied species the mitochondrial gene cy- 

tochrome b (cytb). Total DNA was extracted with the DNeasy Blood and Tissue Kit (Qiagen, 

Valencia, CA, USA). The cytb gene was amplified by PCR using primers designed by 

Burbrink et al. [43]. The PCR products were purified and sequenced bi-directionally by 

Macrogen (Seoul, South Korea). The sequences were trimmed in FinchTV [44], analyzed 

in Geneious Prime [45] and compared to sequences deposited in public databases by 

BLASTn [46] to corroborate morphological determinations. All sequences were deposited 

in GenBank. 

2.3. Chromosomes Preparation, Staining, and C-Banding 

Chromosomal suspensions were prepared following the protocol described in Maz- 

zoleni et al. [15]. Briefly, the blood was cultured for a week at 30 ◦C in the medium composed 

of 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). Chromosome preparations were made 

following standard procedure including 3.5 h treatment with colchicine, 30 min treatment 

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

acid solution. 
Chromosome suspensions were spread to slides, and were incubated at 55 ◦C for 

1 h, prior to all cytogenetic stains. The distribution of constitutive heterochromatin was 

detected by C-banding, with a protocol previously described in Mazzoleni et al. [15], based 

on the protocol of Sumner [47]. 

2.4. Giemsa Staining and Karyogram Construction 

The slides were stained with 5% Giemsa solution. Selected metaphases were cap- 

tured using a Zeiss Axio Imager Z2 (Zeiss, Oberkochen, Germany), equipped with a 

Metafer-MSearch automatic scanning platform (MetaSystems, Altlussheim, Germany) 

and CoolCube 1 b/w digital camera (MetaSystems, Altlussheim, Germany). At least 

20 metaphases per individual were analyzed. Karyograms were constructed using Ikaros 

karyotyping software (MetaSystems, Altlussheim, Germany). 
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2.5. Fluorescence In Situ Hybridization (FISH) 

The probe for rDNA loci was prepared from a plasmid encoding the 18S and 28S rRNA 

units of Drosophila melanogaster [48] and labeled with biotin-dUTP using a Nick Trans- 

lation Kit (Abbott Laboratories, Chicago, IL, USA). The probe with the telomeric mo- 

tif (TTAGGG)n was prepared and labeled with dUTP-biotin by PCR, using the primers 

(TTAGGG)5 and (CCCTAA)5, without a DNA template [49,50]. 

Fluorescence in situ hybridization was performed following the procedure detailed in 
Mazzoleni et al. [15]. The chromosomal preparations were treated with RNase A and pepsin, 
fixed with 1% formaldehyde, dehydrated through a series of 70%, 85%, and 100% ethanol 

washes, denatured in 70% formamide/2 SSC at 75 ◦C for 3 min and dehydrated again. 

Hybridization with 11 µL of probe was performed at 37 ◦C overnight. Post-hybridization 
washes were performed in 50% formamide/2  SSC at 42 ◦C and in 2  SSC. Slides 

were incubated in 100 µL of 4  SSC/5% blocking reagent (Roche, Basel, Switzerland) at 

37 ◦C for 45 min and then in 4 SSC/5% blocking reagent containing avidin-FITC (Vector 

laboratories, Burlingame, CA, USA) for 30 min at 37 ◦C. The fluorescence signal was twice 

amplified by the fluorescein–avidin D/biotinylated anti-avidin system (Vector Laboratories, 

Burlingame, CA, USA). After this treatment, the slides were dehydrated in ethanol series, 

air-dried and stained with Fluoroshield with DAPI (Sigma-Aldrich, St. Louis, MO, USA). 

For each specimen, at least 20 images were obtained using a Provis AX70 (Olympus, 

Tokyo, Japan) fluorescence microscope equipped with a DP30BW digital camera (Olympus, 

Tokyo, Japan). The photos were superimposed in color and further processed with DP 
Manager imaging software (Olympus, Tokyo, Japan). 

3. Results 

All examined species of Asian box turtles showed karyotypes with 2n = 52 and a 

similar chromosome morphology between homologous pairs (Figure 1). Their karyotypes 

consisted of both macrochromosomes (pairs 1 to 10) and microchromosomes (pairs 11 to 26), 

with a gradual decrease in size. Most macrochromosomes were bi-armed, with the excep- 

tion of the pairs 6 and 7, which were acrocentric. The morphology of microchromosomes 

was hard to distinguish. Two relatively bigger microchromosomes, assigned as the 14th 

pair, were fully heterochromatic in all tested species, as revealed by C-banding (Figure 2). 

Additional heterochromatic blocks were detected in up to three pairs of microchromosomes 

(Figure 2). A strong accumulation of rDNA loci was detected in both chromosomes of the 

9th pair in all tested species (Figure 3). Telomeric motifs were detected in the expected 

terminal position of all chromosomes (Figures 4 and 5). Notably, sex-specific differences 

were not detected in the eight species where both sexes were examined (Figures 1–4). In 

addition, a heteromorphic pair of chromosomes was not detected in Cuora amboinensis and 

Cuora aurocapitata, where only a single sex was examined (Figures 1–4). 
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Figure 1. Karyograms from Giemsa-stained metaphases of Cuora amboinensis (a), Cuora aurocapitata (b), Cuora bourreti 

(c,d), Cuora cyclornata (e,f), Cuora flavomarginata (g,h), Cuora galbinifrons (i,j), Cuora mccordi (k,l), Cuora mouhotii 

(m,n), Cuora picturata (o,p), and Cuora zhoui (q,r). 
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Figure 2. C-banded metaphases of Cuora amboinensis (a), Cuora aurocapitata (b), Cuora bourreti (c,d), Cuora cyclornata 

(e,f), Cuora flavomarginata (g,h), Cuora galbinifrons (i,j), Cuora mccordi (k,l), Cuora mouhotii (m,n), Cuora picturata (o,p), 

and Cuora zhoui (q,r). Prominent heterochromatic blocks were detected in both chromosomes of the 14th pair in all species 

as well as in other smaller microchromosomes. 
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Figure 3. Distribution of rDNA loci (red color) on DAPI-stained metaphases (blue color) from Cuora amboinensis (a), Cuora 

aurocapitata (b), Cuora bourreti (c,d), Cuora cyclornata (e,f), Cuora flavomarginata (g,h), Cuora galbinifrons (i,j), Cuora mccordi 

(k,l), Cuora mouhotii (m,n), Cuora picturata (o,p), and Cuora zhoui (q,r). rDNA loci accumulate in the 9th chromosomal pair, 

in all examined species. 
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Figure 4. Distribution of telomeric repeats (red color) on DAPI-stained metaphases (blue color) from Cuora amboinensis 

(a), Cuora aurocapitata (b), Cuora bourreti (c,d), Cuora cyclornata (e,f), Cuora flavomarginata (g,h), Cuora galbinifrons (i,j), Cuora 

mccordi (k,l), Cuora mouhotii (m,n), Cuora picturata (o,p), and Cuora zhoui (q,r). Telomeric repeats have the expected topology 

at the edges of the chromosomes in all examined species. Interstitial telomeric repeats were not detected. 
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Figure 5. Distribution of diploid chromosome numbers and topology of rDNA loci and TTAGGG telomeric repeats across 

the phylogeny of geoemydid species. Phylogenetic branching patterns from Colston et al. [30]. 
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4. Discussion and Conclusions 

The different species of the genus Cuora show remarkably 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 

in the previous studies for Cuora amboinensis, Cuora aurocapitata, Cuora flavomarginata, Cuora 

galbinifrons, and Cuora mouhotii [12,32–34] (Figure 1). To our knowledge, the karyotypes of 

Cuora bourreti, Cuora cyclornata, Cuora mccordi, Cuora picturata, and Cuora zhoui are described 

here for the first time. 

In a wider phylogenetic context, the diploid chromosome number of 2n = 52 seems 

to be ancestral not only for the genus Cuora, but also for the clade Testudinoidea, consist- 

ing of the families Geoemydidae (Figure 5), Emydidae, Platysternidae, and Testudinidae, 

where it is also the most common chromosome number [1,2]. In comparison to other 

amniotes, turtles show a slow rate of chromosomal rearrangements and karyotype evolu- 

tion [1,13], which was also confirmed by comparative examination of genome assemblies 

at the chromosome level in the turtles Gopherus evgoodei, Chrysemys picta, and Trachemys 

scripta [51–53]. 

The rDNA loci are commonly detected in a single pair of small chromosomes in 

both cryptodiran and pleurodiran turtles, i.e., in the two deeply divergent suborders of 

extant turtles (Figure 5) [1,17,26,32,33,35,36,54–57]. The same topology was revealed for 

the genus Cuora (Figures 3 and 5). In fact, rDNA loci were detected in the 9th chromo- 

some pair in previous studies for Cuora amboinensis and Cuora trifasciata [33], as well as in 

several other geoemydids from the genera Batagur, Cyclemys, Mauremys, and Rhinoclem- 

mys [12,33,56] (Figure 5). 

Telomeric repeats were detected only in the terminal positions of the chromosomes in 

all species that we examined. In contrast to other amniotes, such as squamate reptiles, birds, 

and mammals [2,50,58,59], turtles rarely show interstitial telomeric repeats (ITRs). In fact, 

ITRs were detected only in 10 out of 65 species of turtles [2], supporting that chromosomal 

rearrangements are probably less frequent in turtles in comparison to other lineages of 

amniotes. Nevertheless, we should keep in mind that the correlation between rates of 

chromosomal rearrangements and ITRs is not absolute. In some lineages, for example, in 

falcons and eagles, extensive chromosomal rearrangements were not connected with an 

emergence of notable accumulations of interstitial telomeric sequences [58,60]. 

The similarity in chromosome number and genome organization in Cuora species, and 

in turtles in general, can partially explain the numerous cases of interspecific hybridization 

in this genus. Notably, successful hybridization was previously documented among several 

geoemydid species, involving even phylogenetically highly distant genera (e.g., Cuora x 

Mauremys, Cuora x Sacalia, Cyclemys x Mauremys, Mauremys x Sacalia) [61–67]. 

In a previous study, XX/XY sex determination was reported for Cuora galbinifrons [34], 

but we did not detect sex chromosomes, either for this or for any other species of Asian box 

turtles, despite using the same conventional cytogenetic methods as Guo et al. [34] and, ad- 

ditionally, molecular cytogenetic approaches. Taking into consideration that Guo et al. [34] 

did not provide further evidence such as karyograms or illustrations of metaphases, we 

can only speculate that autosomes were probably misidentified as sex chromosomes. 

We demonstrated that the Asian box turtles of the genus Cuora share many cytogenetic 

characteristics: karyotypes with 2n = 52 chromosomes, similar chromosome morphology, 

distribution of heterochromatin, rDNA loci, and telomeric repeats. The combination of 

conventional and molecular cytogenetic analyses did not reveal differentiated sex chro- 

mosomes, in contrast to a previous study [34], where sex chromosomes were reported for 

Cuora galbinifrons by applying similar methods. We assume that turtles of the genus Cuora 

have either ESD, as documented for Cuora flavomarginata [39], or GSD with poorly differen- 

tiated sex chromosomes. To corroborate this, we propose further studies. In particular, the 

variation of hatchling sex ratio should be examined under laboratory conditions, including 

the controlled incubation of eggs under a wide range of temperatures and the study of 

the hatchlings’ sex ratio. If the results of such experiments suggest the presence of GSD, 
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the application of modern next generation sequencing methodologies (DNAseq, RADseq) 

should be used to identify the cytogenetically undistinguishable sex chromosomes. 
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Abstract: Telomeres are nucleoprotein complexes protecting chromosome ends in most eukaryotic 

organisms. In addition to chromosome ends, telomeric-like motifs can be accumulated in centromeric, 

pericentromeric and intermediate (i.e., between centromeres and telomeres) positions as so-called 

interstitial telomeric repeats (ITRs). We mapped the distribution of (TTAGGG)n repeats in the 

karyotypes of 30 species from nine families of turtles using fluorescence in situ hybridization. 

All examined species showed the expected terminal topology of telomeric motifs at the edges of 

chromosomes. We detected ITRs in only five species from three families. Combining our and literature 

data, we inferred seven independent origins of ITRs among turtles. ITRs occurred in turtles in 

centromeric positions, often in several chromosomal pairs, in a given species. Their distribution 

does not correspond directly to interchromosomal rearrangements. Our findings support that 

centromeres and non-recombining parts of sex chromosomes are very dynamic genomic regions, 

even in turtles, a group generally thought to be slowly evolving. However, in contrast to squamate 

reptiles (lizards and snakes), where ITRs were found in more than half of the examined species, 

and birds, the presence of ITRs is generally rare in turtles, which agrees with the expected low rates 

of chromosomal rearrangements and rather slow karyotype evolution in this group. 

 
Keywords: evolution; FISH; in situ hybridization; ITRs; interstitial telomeric repeats; ITSs; interstitial 

telomeric sequences; karyotype; telomeres; turtles 

 

 
1. Introduction 

Telomeres are regions of repetitive DNA motifs and associated proteins localized at the edges 

of chromosomes. They play a crucial role in maintaining the chromosome structure as a single unit, 

preventing fusions of free “sticky” chromosome ends, or degeneration and loss of genetic information 

during the replication events [1]. In vertebrates, telomeric regions consist of long tandem repeats of 

the TTAGGG motif, which was first characterized in humans [2] and seems to be extremely conserved 

across all studied vertebrates [3]. Telomeres are formed and preserved by telomerase, a reverse 

transcriptase able to add new TTAGGG repeats based on an RNA template and to compensate for 

the normal shortening of telomeres after each replication event [4–7]. However, the presence and, 

therefore, activity of telomerase varies across cell types and developmental stages [8]. Notably, 
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the shortening of the telomeres is associated with cell aging and cell death [9–12]. Interestingly, 

(TTAGGG)n motifs can be found also in non-terminal positions of the chromosomes [3,13,14] in the 

form of interstitial telomeric repeats (ITRs) also referred to as interstitial telomeric sequences (ITSs). 

Some authors classified ITRs into two main groups: the short ITRs (s-ITRs) and the heterochromatic 

ITRs (Het-ITRs) [15]. Other authors report a more detailed classification including s-ITRs, subtelomeric 

ITRs, fusion ITRs and pericentromeric ITRs [14–18]. s-ITRs are characterized by a low copy number 

of (TTAGGG)n tandem repeats, located in interstitial positions of the chromosomes.  The bloom 

of genome sequencing projects revealed that s-ITRs are common in vertebrate genomes [19–26]. 

They are often not detectable by molecular cytogenetic methods, for example by fluorescence in situ 

hybridization (FISH), due to the low number of repeats [15]. In contrast, Het-ITRs consist of an extensive 

accumulation of (TTAGGG)n tandem repeats mainly located in heterochromatic regions, particularly 

in centromeric and pericentromeric areas, but occasionally also interspersed within chromosome arms. 

Het-ITRs are less common than s-ITRs in vertebrate genomes and are often detectable by molecular 

cytogenetic methods [15,27–30]. In our study, we classify ITRs into three categories: centromeric, 

pericentromeric and intermediate ITRs, according to their position following our previous classification 

for squamate reptiles [28]. 

The origin and function of ITRs still remain unclear. According to the most prevalent hypothesis, 

ITRs are remnants of former terminal telomeric sequences that have been repositioned to interstitial 

position as a consequence of chromosomal fusions [3], fissions and inversions. Especially Het-ITRs are 

linked to chromosomal rearrangements [15], and their presence in centromeric and pericentromeric 

regions are often taken as a marker of former chromosomal fusions [22,31,32]. Alternatively, ITRs can 

emerge in hotspots for DNA breakage and recombination [14,17], produced by the cell repair machinery 

after unequal crossing over and double-strand breaks [33–36]. This last hypothesis explains the origin 

of s-ITRs, and it is supported by the observation that telomerase is able to insert telomeric repeats 

into double strand break sites during chromosome healing [37,38]. Notably, long regions of ITRs can 

also emerge via amplification of pre-existing short (TTAGGG)n repeats present in the genomes as 

latent telomeres [3]. 

Cytogenetic studies have detected ITRs in numerous species across vertebrate lineages, including 

mammals, fishes, birds, non-avian reptiles and amphibians [3,27–30,39–46]. In non-avian reptiles, 

distribution of telomeric sequences have been extensively studied in squamates, i.e., lizards and snakes, 

where ITRs were detected in approximately 100 species, despite the generally conserved chromosome 

morphology in this group [28,45,47–64]. It was proposed that intrachromosomal rearrangements might 

have a crucial role in the formation of ITRs in squamate reptiles [28,63]. A telomere-only pattern 

was instead reported in Crocodylus siamensis [65], and as far as we know, no other representative of 

Crocodylia has been studied. In birds, ITRs are relatively common and mostly found in centromeric 

and pericentromeric positions [39,44,66,67]. Notably, in some cases, the telomeric motif TTAGGG is 

part of a larger satellite DNA sequence, and its presence and amplification in the genome is not directly 

connected to chromosomal rearrangements [68,69]. In turtles, the distribution of telomeric motifs 

have been studied up to our knowledge in 27 out of the 353 extant species [70,71], but ITRs have been 

previously reported in only six species [72–82], reviewed further in this study, but more systematic 

survey is needed before drawing solid conclusions on the frequency of ITRs in turtles. 

Turtles have diploid chromosome numbers ranging from 2n = 26 to 2n = 68 [76,83]; however, 

diploid numbers and chromosome morphology seem to be conserved and rather stable among 

species within a family [76,84,85]. Phylogenetic reconstruction suggested that the ancestral turtle 

karyotype was composed of 2n = 52 chromosomes [76]. The variability in chromosome numbers 

across turtles is driven mainly by fusions involving microchromosomes leading to reduction of diploid 

chromosome numbers (e.g., in the ancestor of the families Pelomedusidae and Podocnemididae), 

and by chromosome fissions leading to increase of diploid chromosome numbers (e.g., in the ancestor 

of the families Carettochelyidae and Trionychidae) [76]. 
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In this study, we explored the distribution of telomeric repeats from representative species across 

the turtle phylogeny by analyzing 30 species from nine families using fluorescence in situ hybridization 

with a probe specific for the telomeric repeats. We combine our results with previously published data, 

and present an overview of the distribution of ITRs across turtles and compare their frequency to other 

reptile lineages. 

2. Materials and Methods 
 

2.1. Sampling 

We studied the distribution of telomeric (TTAGGG)n repeats in the karyotypes of 30 turtle species 

representing nine families (Table 1). Blood samples were collected from captive-bred or legally imported 

turtles from the Münster Zoo (Germany), Plzenˇ Zoo, Prague Zoo (both Czech Republic), the Museum 

of Zoology, Senckenberg Dresden (Germany), Turtle Island (Austria) and private keepers. Experiments 

with animals were performed by accredited researchers (LK: CZ02535, MR: CZ03540). When needed, 

turtles were temporarily kept in the animal facility of the Faculty of Science, Charles University 

(accreditation No. 37428/2019-MZE-18134). The species identity of studied turtles was verified in 

morphologically challenging taxa using mtDNA sequences that were compared to the sequences 

published in the revisionary works by Fritz et al. [86] for the genus Cyclemys, Petzold et al. [87] for 

Pelomedusa, and Ihlow et al. [88] for Malayemys. The Galápagos giant tortoises used in the present 

study from the Prague Zoo are of known provenance and species identity. All experimental procedures 

were carried out under the supervision and with the approval of the Ethics Committee of the Faculty 

of Science, Charles University, approved by the Committee for Animal Welfare of the Ministry of 

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

 
Table 1. Summary of species analyzed in this study. 

 

Family Species 
Sex

 Suborder 
 ♂ ♀ Unknown 

 Carettochelyidae Carettochelys insculpta - - 1 

 
Emydidae Graptemys pseudogeographica  1  

 Trachemys decussata 1 - - 

 Cyclemys dentata - - 1 
 Cyclemys pulchristriata 2 - - 
 Hardella thurjii  1  

 Heosemys depressa - 1 - 
 

Geoemydidae Leucocephalon yuwonoi 1 1 - 
 Malayemys macrocephala 1 - - 
 Mauremys annamensis 2 2 - 
 Mauremys japonica - - 4 
 Mauremys rivulata - 1 - 

Cryptodira Siebenrockiella crassicollis - 1 - 

 
Kinosternidae 

Claudius angustatus 1 1 - 

 Staurotypus salvinii 1 - - 

 Astrochelys radiata - - 1 
 Chelonoidis carbonarius - - 1 
 Chelonoidis duncanensis 1 - - 
 

Testudinidae 
Geochelone elegans 1 1 - 

 Gopherus berlandieri 1 - - 
 Stigmochelys pardalis 1 - - 
 Testudo horsfieldii - 1 - 

 Testudo kleinmanni 1 - - 

 
Trionychidae Apalone ferox - 1 1 

 Lissemys punctata - 1 - 

 
Chelidae 

Emydura subglobosa - 1 - 

 Mesoclemmys hogei 1 - - 

Pleurodira Pelomedusidae Pelomedusa variabilis 1 1 - 

 
Podocnemididae 

Peltocephalus dumerilianus 1 - - 

 Podocnemis unifilis 1 - - 

 



Genes 2020, 11, 657 4 of 17 
 

 

 
 

2.2. Chromosome Preparation and Staining 

Chromosome suspensions were prepared from whole blood cell cultures. Briefly, the cultivation 

medium consisted of 90 mL of D-MEM medium (Sigma-Aldrich, St. Louis, MO, USA), enriched with 

10 mL of fetal bovine serum (GIBCO, Carlsbad, CA, USA), 3 mL of phytohemagglutinin M (GIBCO, 

Carlsbad, CA, USA), 1 mL of penicillin/streptomycin solution (10,000 units/mL; GIBCO, Carlsbad, 

CA, USA), 1 mL L-glutamine solution (200 mM; Sigma-Aldrich, St. Louis, MO, USA) and 1 mL 

lipopolysaccharide solution (10 mg/mL; Sigma-Aldrich, St. Louis, MO, USA). Then, 100–300 µL of 

blood samples were added to the 5 mL of cultivation medium and incubated for one week at 30 ◦C, 

without CO2 supplementation. After the incubation period, the cultures were first treated with 35 µL 

of colcemid (10 µg/mL; Roche, Basel, Switzerland) and incubated for 3 h and 30 min at 30 ◦C. The cells 

were treated with a pre-warmed 0.075 M KCl hypotonic solution for 30 min at 37 ◦C, washed and fixed 

four times with cold 3:1 methanol/acetic acid solution. The chromosome suspensions were later stored 

at −20 ◦C for further use. 

2.3. Giemsa Staining and Karyotype Reconstruction 

Metaphases from species with undescribed karyotypes were stained with 8% Giemsa solution. 

Selected metaphases were captured using a Zeiss Axio Imager Z2 (Zeiss, Oberkochen, Germany), 

equipped with a Metafer-MSearch automatic scanning platform (MetaSystems, Altlussheim, Germany) 

and CoolCube 1 b/w digital camera (MetaSystems, Altlussheim, Germany). Karyograms were prepared 

using the Ikaros karyotyping platform (MetaSystems, Altlussheim, Germany). At least 10 metaphases 

per individual were studied. 

2.4. Fluorescence In Situ Hybridization with Probes for Telomeric Repeats 

The (TTAGGG)n probe for telomeric sequences was prepared and labelled with dUTP-biotin by 

PCR, using the (TTAGGG)5 and (CCCTAA)5 primers, without DNA template following the protocol of 

Ijdo et al. [89] and Rovatsos et al. [27]. The probe was diluted in a hybridization buffer (50% formamide 

in 2 × SSC, pH 7) and stored in the freezer for further use. 

The slides with chromosome spreads were aged either overnight at 37 ◦C or for 1 h at 60 ◦C. 

The FISH experiment was conducted in two days. During the first day, the chromosome spreads were 

treated with RNase (100 µg/mL) for 1 h at 37 ◦C, 0.01% pepsin for 10 min at 37 ◦C, post-fixed in 1% 

formaldehyde solution for 10 min and dehydrated in a 70–85–95% ethanol series. Once dried, the slides 

were denatured in 70% formamide for 4 min at 75 ◦C and dehydrated once more with the ethanol series. 

Meanwhile, the probe was denatured for 6 min at 73 ◦C and kept in ice for at least 10 min. To each slide, 

10 µL of probe was added, covered with a coverslide and incubated overnight at 37 ◦C. During the 

second day, the slides were washed 3 times with 50% formamide/2 × SSC solution for 5 min at 37 ◦C, 

two times with 2 × SSC for 5 min and once with 4 × SSC/0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO, 

USA) for 5 min. The slides were incubated in 4 × SSC/5% blocking reagent (Roche) for 45 min at 37 ◦C 

and then in 4 × SSC/5% blocking reagent containing avidin-FITC (Vector laboratories, Burlingame, 

CA, USA) for 30 min at 37 ◦C. The fluorescence signal was twice amplified by the fluorescein–avidin 

D/biotinylated anti-avidin system (Vector Laboratories, Burlingame, CA, USA). After this treatment, 

the slides were dehydrated in ethanol series, air-dried and stained with Fluoroshield with DAPI 

(Sigma-Aldrich, St. Louis, MO, USA). 

For each specimen, at least 20 images were obtained using a Provis AX70 (Olympus, Tokyo, 

Japan) fluorescence microscope equipped with a DP30BW digital camera (Olympus, Tokyo, Japan). 

The pictures were obtained in BW and later superimposed in color with DP Manager imaging software 

(Olympus, Tokyo, Japan). 
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2.5. Distribution of ITRs across the Turtle Phylogeny 

Data for the topology on the karyotype of telomeric sequences from the species studied here was 

supplemented by previously published records in order to reconstruct the phylogenetic history of 

the presence/absence of ITRs in turtles (Figure 1). The phylogenetic trees by Pereira et al. [90] and 

Kehlmaier et al. [91] were used for this phylogenetic reconstruction in the software Mesquite v3.61 [92]. 
 

 
Figure 1. Distribution of the presence of telomeric repeats across turtles. Telomeric repeats were 

detected in terminal topology (t) in all studied species of turtles, and additionally, interstitial telomeric 

repeats (ITRs) were identified in centromeric (c) (9 species) and intermediate (int) (1 species) positions. 

ITRs identification follows our previous classification for squamate reptiles by Rovatsos et al. [28]. 

Phylogeny follows Pereira et al. [90] and Kehlmaier et al. [91]. 

3. Results 
 

3.1. Karyotype Description 

We analyzed 30 species with karyotypes ranging from 2n = 26 in Peltocephalus dumerilianus to 2n = 66 

in the softshell turtles Apalone ferox and Lissemys punctata. To the best of our knowledge, the karyotypes 

of the following 12 species are presented here for the first time (Figure 2): Trachemys decussata 2n = 50 

(Emydidae), Cyclemys pulchristriata (2n = 52), Hardella thurjii (2n = 52), Heosemys depressa (2n = 52), 

Leucocephalon yuwonoi (2n = 52), Mauremys annamensis (2n = 52) (all Geoemydidae), Pelomedusa variabilis 

(2n = 36) (Pelomedusidae), Astrochelys radiata (2n = 52), Chelonoidis duncanensis (2n = 52), Geochelone elegans 

(2n = 52), Testudo horsfieldii (2n = 52) and Testudo kleinmanni (2n = 52) (all Testudinidae). 
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Figure 2. Karyograms of (a) Trachemys decussata (Emydidae), (b) Cyclemys pulchristriata, (c) Hardella thurjii, 

(d) Heosemys depressa, (e) Leucocephalon yuwonoi, (f) Mauremys annamensis (all Geoemydidae), 

(g) Pelomedusa variabilis (Pelomedusidae), (h) Astrochelys radiata, (i) Chelonoidis duncanensis, 

(j) Geochelone elegans, (k) Testudo horsfieldii, (l) Testudo kleinmanni (all Testudinidae). 

3.2. Presence of ITRs 

We analyzed the topology of TTAGGG repeats across a wide range of species, covering nine out 

of the 14 extant families of turtles. All examined species possessed multiple TTAGGG repeats in the 

expected terminal telomeric positions (Figures 3 and 4). The telomeric signals looked brighter on 

microchromosomes than on macrochromosomes in almost all species. 
 

Figure 3. Interstitial telomeric repeats (ITRs) were detected in (a) Claudius angustatus, (b) Staurotypus salvinii 

(both Kinosternidae),(c) Podocnemisunifilis (Podocnemididae),(d) Chelonoidis duncanensis,(e) Stigmochelyspardalis 

(both Testudinidae). White arrows indicate ITRs. 
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Figure 4. The telomeric (TTAGGG)n repeats were detectedonlyin terminalpositions in (a) Carettochelys insculpta 

(Carettochelyidae),(b) Emydurasubglobosa,(c) Mesoclemmyshogei (both Chelidae),(d) Graptemyspseudogeographica, 

(e) Trachemys decussata (both Emydidae), (f) Cyclemys dentata, (g) Cyclemys pulchristriata, (h) Hardella thurjii, 

(i) Heosemys depressa, (j) Leucocephalon yuwonoi, (k) Malayemys macrocephala, (l) Mauremys annamensis, 

(m) Mauremys japonica, (n) Mauremys rivulata, (o) Siebenrockiella crassicollis (all Geoemydidae), 

(p) Pelomedusa variabilis (Pelomedusidae), (q) Peltocephalus dumerilianus (Podocnemididae), (r) Astrochelys radiata, 

(s) Chelonoidiscarbonarius,(t) Geocheloneelegans,(u) Gopherusberlandieri,(v) Testudo horsfieldii, (w) Testudo kleinmanni 

(all Testudinidae), (x) Apalone ferox, (y) Lissemys punctata (both Trionychidae). 

 
We detected ITRs in only five out of the 30 examined species and they were located exclusively in 

the centromeric positions (Figure 3). ITRs were detected at the centromeres of chromosomes 1 and 2 in 

Claudius angustatus and Staurotypus salvinii (Figure 3a,b). In Podocnemis unifilis, ITRs accumulated at 

the centromeres of chromosomes from the seven largest pairs (Figure 3c), confirming reports from 

previous studies [76,78]. In Chelonoidis duncanensis, ITRs were detected in the centromeric regions 

of chromosome pairs 1, 4, 8 and 9 (Figure 3d). In Stigmochelys pardalis, ITRs were present in the 

centromeres of chromosome pairs 6, 8 and 9 (Figure 3e). 
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3.3. Distribution of ITRs across the Turtle Phylogeny 

Pooling together our results with data from previous studies, ITRs were identified in 10 out of 

55 examined turtle species. The phylogenetic pattern of the topology of TTAGGG motifs across turtle 

genomes suggested that ITRs evolved independently at least seven times (Figure 1). 

4. Discussion 

All examined turtle species possessed multiple telomeric repeats in terminal positions. We detected 

ITRs in five species, increasing the total number of known turtle species with ITRs to 10. ITRs seem to be 

restricted to the centromeres, except for the Y chromosome of Elseya novaeguineae, where telomeric-like 

sequences were amplified in the intermediate position of the p-arm (Figure 1). Interestingly, as in 

birds [93–97] and squamate reptiles [28,51,98], in almost all examined turtle species the telomeric signals 

look brighter on microchromosomes than on macrochromosomes. This stronger signal brightness has 

been previously reported in other vertebrate lineages, including birds [39] and squamates [28,48,98], 

and it can be caused by a higher number of telomeric repeats on microchromosomes [94]. The species 

analyzed in the present study cover a large part of turtle phylogenetic diversity from both suborders 

(Pleurodira and Cryptodira) and nearly the whole variability in the diploid chromosome numbers 

known in turtles. Despite this variability, only 18.2% of the studied turtle species have ITRs detectable 

with molecular cytogenetic methods (Figure 1). Phylogenetic distribution suggests that ITRs evolved 

independently within turtles at least seven times. 

Kinosternidae are reported to have undergone minimal chromosomal changes [99,100], where the 

main difference between the subfamilies Staurotypinae (2n = 54) and Kinosterninae (2n = 56) is found 

in a pair of microchromosomes. Centromeric ITRs have been described for the two species of the genus 

Staurotypus and their sister taxon Claudius angustatus (Figure 3a,b and Figure 1). The only other species 

from the family Kinosternidae analyzed up to now, Sternotherus odoratus (2n = 56), does not have any 

ITRs (Figure 1). It seems that the centromeric ITRs are an apomorphy of the subfamily Staurotypinae 

and cannot be directly connected to chromosome rearrangements leading to formation of the derived 

karyotype of the family Kinosternidae or its subfamily Staurotypinae. 

A burst of ITRs emerged in Chelydra serpentina (Chelydridae), where they are present in seven 

chromosome pairs, although this species possesses with 2n = 52 the putatively ancestral diploid 

chromosome number for turtles [76] (Figure 1). 

The presence of ITRs in centromeres in Podocnemis unifilis (Figure 3c) [76–78] and P. expansa [78] 

was suggested to be a remnant of ancestral fusions leading to the lower diploid chromosome number 

in the family Podocnemididae [76–78]. Nevertheless, the situation is more complicated. In P. expansa, 

Noronha et al. [77] detected telomeric sequences only in the terminal positions, while Cavalcante 

et al. [78] reported ITRs with a similar pattern as in the closely related P. unifilis. ITRs can contain 

a different number of telomeric-like repeats, which might be reflected in the intensity of the probe 

signal, and there might be interindividual variability in the number of repeats. Nevertheless, such a 

strong difference within the same species is surprising. None of the two studies reported a genetic 

identification of the examined specimens (e.g., mtDNA sequence per specimen), leaving open the 

possibility that perhaps due to taxonomic misidentification, different taxa were examined in each 

study. Regardless of this questionable report, the lack of ITRs in Peltocephalus dumerilianus, another 

member of family Podocnemididae, suggests that the presence of ITRs is not directly connected to 

fusion events. Supporting this view, ITRs have not been found in Pelomedusa variabilis (Figure 1), 

as well as in Pelomedusa subrufa [76] (Figure 1), even though it is possible that a different taxon 

was studied because formerly all ten currently recognized species [87,101] were lumped together 

as Pelomedusa subrufa. In any case, the genus Pelomedusa belongs to the family Pelomedusidae, 

the sister taxon of Podocnemididae. Pelomedusids possess a similar or even lower diploid number 

compared to podocnemidids, and the reduction in chromosome number can thus be a synapomorphy 

of Pelomedusidae and Podocnemididae. If in the common ancestor of these two families the fusions 

responsible for the reduction of the chromosome number would have led to ITRs in the centromeric 
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region, the ITRs had to be retained for a long evolutionary time in some species, while they were lost 

in others. 

A connection between ITRs and chromosomal fusions is also not supported for the family 

Testudinidae. Previous studies did not detect ITRs in Chelonoidis carbonarius and C. chilensis [72,75]. 

In Chelonoidis duncanensis, we detected centromeric ITRs in four chromosome pairs (Figure 3d), although 

all three species of the genus share the same chromosome number 2n = 52. We also detected ITRs 

in centromeres of three chromosome pairs in Stigmochelys pardalis, another species sharing the same 

chromosome number (2n = 52) typical for the family Testudinidae (Figure 3e). The phylogenetic 

position and the different topology of the accumulation of telomeric-like repeats suggest that ITRs 

evolved within testudinidids independently in C. duncanensis and S. pardalis (Figure 1). 

Most turtles have environmental sex determination (ESD) [76]. As far as we know, genotypic sex 

determination (GSD), and hence sex chromosomes, evolved independently at least five times within 

turtles: ZZ/ZW sex chromosomes in the common ancestor of softshell turtles (family Trionychidae [102]), 

XX/XY sex chromosomes in the genus Glyptemys (family Emydidae [103], in the genus Staurotypus 

(family Kinosternidae [104,105]), in Siebenrockiella crassicollis (Geoemydidae [106]) and in chelid turtles 

(reviewed in [81]). 

Non-recombining parts of the unpaired W and Y chromosomes tend to degenerate, i.e., to lose 

functional genes [107–109], and to accumulate repeats such as microsatellites [49,53,56,62,110,111], 

rDNA-derived repeats [50,73,81,112] and telomeric-like repeats [27,28,61,113–115]. In turtles, the Y 

chromosome is not enriched in telomeric-like sequences in Glyptemys insculpta [76], Staurotypus salvinii 

and S. triporcatus [76]. Similarly, a degenerated W chromosome in trionychid turtles is full of 

rDNA-derived repeats, but no accumulation of telomeric-like repeats was detected in Apalone ferox, 

Lissemys punctata (Figure 4x,y), Apalone spinifera or Pelodiscus sinensis [76]. Within chelids, ITRs are 

present on the Y chromosomes in Elseya novaeguineae [81] but not on the putatively homologous Y 

chromosomes of the genera Chelodina and Emydura [76,81]. The comparison of repeat content on 

unpaired sex chromosomes across turtles suggests that it can be very variable and can reflect historical 

contingency rather than a functional aspect of a given repeat. 

ITRs occur only rarely in turtles, especially in comparison to squamates [28]. Wherever present in 

turtles, ITRs are restricted to centromeric regions and to the non-recombining parts of sex chromosomes 

(Figure 1). The distribution of ITRs agrees with the observation that turtle karyotypes are very 

conserved [85] and that centromeres and non-recombining parts of sex chromosomes are the most 

dynamic parts of genomes [116,117]. Centromeric ITRs do not seem to be directly related to 

interchromosomal rearrangements in turtles. If ITRs were formed during fusions, they had to 

be subsequently lost in several cases. Such a scenario was supported, for instance, by Nanda et al. [39] 

for birds, possibly due to selection for smaller genome size counteracting the accumulation of repetitions 

and resulting in the disappearance of ITRs. That the presence of centromeric ITRs is not related 

to rearrangements is further supported by the fact that in species possessing ITRs, the number of 

chromosomes with ITRs does not agree with the estimated number of interchromosomal rearrangements 

for the respective karyotype. However, our conclusions on the homology of chromosomes with ITRs 

are based on the comparison of chromosome morphology, and should be further tested using more 

informative approaches, such as comparative BAC-FISH or chromosome painting. 

Interestingly, although ITRs are generally rare in turtles, whenever they occur, they tend to be 

present in centromeres in more than one chromosome pair. ITRs are present in two chromosome 

pairs in the kinosternids Claudius angustatus and Staurotypus salvinii, in three chromosome pairs 

in Stigmochelys pardalis, in four chromosome pairs in Chelonoidis duncanensis, and even in seven 

chromosome pairs in Podocnemis unifilis and Chelydra serpentina (Figure 1; [76]). This observation 

can be attributed to a phenomenon known as “centromere homogenization” potentially caused by 

the involvement of telomeric-like repeats in retrotransposons colonizing centromeres [118]. Another 

interesting observation is that only centromeric ITRs were detected in turtle autosomes. One reason 

can be that centromeric ITRs are the most common type, at least in squamates [28]. It is therefore likely 
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that they would be overrepresented also in the few cases of ITRs found in turtles. However, it is also 

possible that in turtles, events leading to ITRs within chromosome arms are rarer. Intermediate ITRs 

have been found in squamates [28] and in birds [39], and it was speculated that they were formed due 

to chromosome inversions, which are common in these groups. Turtles, thus, may be less prone to 

intrachromosomal inversions than squamates [119] and birds [97,120]. As these inversions are important 

for the evolution of postzygotic reproductive isolation mechanisms, and thus speciation [120–124], 

this feature may contribute to the generally low species diversity in turtles [70] and their slow molecular 

evolution [125–127]. The low rate of inversions in the karyotype evolution of turtles could explain why 

they exhibit a high incidence of genomic introgression and why they extensively hybridize (and are 

often able to produce fertile offspring), even after many million years of divergence, as documented in 

chelid, cheloniid and geoemydid turtles [81,91,128–136]. 

In turtles, the TTAGGG motif is restricted only to the centromeric regions. The lack of a strong 

phylogenetic signal in the distribution of ITRs across all studied species (Figure 1) indicates that the 

telomeric-like sequences in the centromeres of turtles are not connected to chromosomal rearrangements. 

Nevertheless, the identification of ITRs is a more complicated process. Genome sequencing projects 

revealed that short arrays of ITRs, below the detection efficiency of in situ hybridization methods, 

are common in vertebrate genomes [19–26]. Such s-ITRs are expected to exist in turtle genomes as 

well. Furthermore, long ITRs, e.g., derived from chromosome fusions, are non-essential, non-coding 

regions, and like other microsatellite motifs, they can degenerate over time by reduction of copies 

and/or by accumulation of mutations, which will complicate their detection by in situ hybridization or 

bioinformatic methods. Previous studies in rodents [27] and birds [68,69] documented that the TTAGGG 

motif can be part of a longer satellite sequence occurring in centromeres and other heterochromatic 

regions. Notably, a telomeric-like TCATGGG motif forming long tandem repeats has been identified in 

the pericentromeric regions of Drosophila hydei, and this motif does not seem to have a telomere-related 

function [137], suggesting that this could also be the case in turtles with ITRs. 

In conclusion, the centromere organization and sequence composition in turtles are currently not 

well known. This calls for further research to understand whether or not the TTAGGG motif in the 

centromeres of turtles has a non-telomeric origin, e.g., using long-read throughput sequencing of the 

centromeric regions of phylogenetically informative species. 
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Sex is determined by XX/XY sex 
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Turtles demonstrate variability in sex determination and, hence, constitute an excellent model for 
the evolution of sex chromosomes. Notably, the sex determination of the freshwater turtles from the 
family Chelidae, a species-rich group with wide geographical distribution in the southern hemisphere, is 
still poorly explored. Here we documented the presence of an XX/XY sex determination system in seven 
species of the Australasian chelid genera Chelodina, Emydura, and Elseya by conventional (karyogram 
reconstruction, C-banding) and molecular cytogenetic methods (comparative genome hybridization, in 
situ hybridization with probes specific for GATA microsatellite motif, the rDNA loci, and the telomeric 
repeats). The sex chromosomes are microchromosomes in all examined species of the genus Chelodina. 
In contrast, the sex chromosomes are the 4th largest pair of macrochromosomes in the genera Emydura 
and Elseya. Their X chromosomes are submetacentric, while their Y chromosomes are metacentric. 
The chelid Y chromosomes contain a substantial male-specific genomic region with an accumulation 
of the GATA microsatellite motif, and occasionally, of the rDNA loci and telomeric repeats. Despite 
morphological differences between sex chromosomes, we conclude that male heterogamety was likely 
already present in the common ancestor of Chelodina, Emydura and Elseya in the Mesozoic period. 

 
 

Amniotes possess two major sex determination systems: genotypic sex determination (GSD) and environmental 
sex determination (ESD). In GSD, the sex of an individual is determined by its sex-specific genotype, i.e. the 
combination of sex chromosomes. On the contrary, in ESD, the sex of an individual is influenced by environ- 
mental conditions and there are no consistent genotypic differences between sexes. The most well studied type 
of ESD is the temperature-dependent sex determination (TSD), where the sex of the individual is influenced by 
the temperature during a sensitive period of embryonic development (the definitions follow Johnson Pokorná & 
Kratochvíl1). Three amniote lineages, the geckos (infraorder Gekkota), the dragon lizards (family Agamidae) and 
the turtles (order Testudines), show extensive variability of sex determination systems, and closely related species 
have either GSD or ESD1–4, making them excellent groups for exploring the evolution of sex determination. 

Turtles include 361 currently recognized extant species5–7. Unfortunately, the sex determination system is 
known in only approximately 24% of all species, and sex chromosomes have been up to now reported for only 20 
species4,8–10. Phylogenetic reconstruction of sex determination systems suggested that ESD is ancestral in turtles 
and sex chromosomes, and thus GSD, evolved at least five times independently. In the suborder Cryptodira, XX/ 
XY sex chromosomes have been reported for Siebenrockiella crassicollis (family Geoemydidae)4,11,12 and for the 
genera Staurotypus (family Kinosternidae)13 and Glyptemys (family Emydidae)14,15. In contrast, ZZ/ZW sex chro- 
mosomes are widely shared in softshell turtles (family Trionychidae)9,16,17. Recently, we demonstrated that the 
report on ZZ/ZW sex chromosomes in Pangshura smithii (Geoemydidae)18 was based on the erroneous pairing of 
chromosomes in the karyogram, and that this species has either GSD with poorly differentiated sex chromosomes 
or ESD19. 

In the suborder Pleurodira, GSD was previously described for a few freshwater turtles of the family 
Chelidae20–22, a group consisting of 58 currently recognized species5. Chelid turtles form two geographically 
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distinct clades, one distributed in Australasia and the other in South America23–27. Members of the family 
Chelidae have generally high diploid chromosome numbers ranging from 2n = 48 to 2n = 6410,20. Stable sex ratios 
of hatchlings incubated across a range of constant temperatures suggest the presence of GSD in at least three 
chelid species (Mesoclemmys gibba, Phrynops geoffroanus, Phrynops hilarii)8. Cytogenetic studies reported differ- 
entiated XX/XY sex chromosomes in three additional species, namely in Acanthochelys radiolata, Chelodina lon- 
gicollis, and Emydura macquarii20–22,28. In A. radiolata, the pair of sex chromosomes consists of a medium-sized 
metacentric and a small acrocentric chromosome20. However, McBee et al.20 examined just a single individual 
(male), and the authors could neither determine the X or the Y chromosome in the heteromorphic pair, nor 
test whether this heteromorphism is linked to sex. Therefore, we consider the report on sex chromosomes in A. 
radiolata dubious. The sex chromosomes in Chelodina longicollis were identified as a pair of small chromosomes 
with a subtelocentric X and a submetacentric Y chromosome21. However, based on the accumulation of the GATA 
microsatellite motif, Matsubara et al.28 identified the Y chromosome in the same species as another, notably 
smaller microchromosome. The sex chromosomes in Emydura macquarii form the fourth-largest pair in the 
karyogram, consisting of a metacentric X and a submetacentric Y chromosome22, with a prominent C-positive 
band in the telomeric region of the short (p) chromosome arm28. In contrast to turtles from the family Chelidae, 
temperature-dependent sex determination was previously reported in species from the pleurodiran families 
Pelomedusidae (Pelomedusa subrufa, Pelusius castaneus) and Podocnemididae (Podocnemis unifilis, Podocnemis 
expansa, and Podocnemis erythrocephala)8,29–32. 

In the current study, we explored sex chromosomes and karyotypes in the side-necked turtles of the gen- 
era Chelodina (C. expansa, C. novaeguineae, C. mccordi, C. reimanni, C. rugosa), Emydura (Em. macquarii kref- 
ftii), Elseya (El. novaeguineae), and two sibling individuals of the intergeneric hybrid Em. subglobosa (♀) × El. 
novaeguineae (♂) by applying a combination of conventional and molecular cytogenetic methods. We recon- 
structed karyograms and examined the presence of differentiated sex chromosomes by C-banding, comparative 
genome hybridization (CGH), and fluorescence in situ hybridization (FISH) with probes specific for GATA motif, 
telomeric repeats and rDNA loci, i.e. repetitive elements which often accumulate on the sex chromosomes of 
reptiles15,28. 

Results 
Species verification. The 5′ end of the mitochondrial cytochrome c oxidase I gene (COI) and/or the mito- 
chondrial cytochrome b gene (cytb) were successfully amplified and sequenced and whenever possible compared 
to sequences from type specimens recently published by Kehlmaier et al.33. All studied individuals showed dis- 
tinctly less than 3% genetic p-distance from the respective type specimens of the species with which they were 
identified. However, C. novaeguineae and C. reimanni do not differ in their mitochondrial DNA and the validity 
of C. reimanni is doubtful33. Accordingly, the COI of our specimens of C. reimanni was identical with the type 
sequences of these two species and our material was identified based on morphology. 

 
Karyotype reconstruction and heterochromatin distribution.  All examined individuals of the genus 

Chelodina had similar karyotypes with 2n = 54 chromosomes consisting of 12 pairs of macrochromosomes and 
15 pairs of microchromosomes. All macrochromosomes were bi-armed, with the exception of the acrocentric 

chromosome pairs 5 and 8 in C. expansa, C. mccordi, and C. rugosa and of chromosome pair 5 in C. novaeguineae 
and C. reimanni (Fig. 1). C-banding stain revealed constitutive heterochromatin in the centromeric regions of all 
chromosomes. In addition, heterochromatic blocks were detected in up to four pairs of microchromosomes in all 
species as well as in the p-arms of the submetacentric chromosomes from the 4th pair in C. novaeguineae (Fig. 1). 

The individuals from the genera Emydura and Elseya possessed karyotypes with 2n = 50 chromosomes con- 
sisting of 12 pairs of macrochromosomes and 13 pairs of microchromosomes. All macrochromosomes were 

bi-armed. The 4th largest chromosome pair consisted of two submetacentric chromosomes in females, but a meta- 
centric chromosome and a submetacentric chromosome in males (El. novaeguineae, Em. macquarii krefftii, and 
the two male hybrids Em. subglobosa × El. novaeguineae; Fig. 2). C-banding revealed constitutive heterochroma- 
tin in the centromeric regions of all chromosomes. In addition, heterochromatic blocks were observed in four 

pairs of microchromosomes and in the 4th largest pair (Fig. 2). 
 

In situ hybridization with probes for GATA motif, telomeric repeats and rDNA loci. FISH with 
probes specific for the GATA microsatellite motif revealed a strong accumulation in a single microchromosome 
in the males of the genus Chelodina. Strong accumulations of this motif were revealed in all males of the genera 
Emydura and Elseya in the heterochromatic region in the terminal position of the p-arm of the metacentric 
chromosome from the 4th pair. No accumulation of the GATA motif was detected in females (Fig. 3) with the 
only exception of C. expansa, where the accumulation of the GATA microsatellite motif was identified in three 
microchromosomes in males but in only two microchromosomes in females. 

The probe specific for the telomeric repeats revealed the expected terminal topology. In addition, strong accu- 
mulation of telomeric-like motifs was detected in microchromosomes in all studied individuals as well as in the 
terminal position of the p-arm of the metacentric chromosome from the 4th pair in the hybrid Em. subglobosa × 
El. novaeguineae (Fig. 4). 

FISH with probes specific for the rDNA loci showed strong accumulation in two chromosomes in both sexes 
of C. expansa and C. rugosa. rDNA loci were accumulated in two chromosomes in females of C. novaeguineae, 
but in three chromosomes in males of C. novaeguineae and C. reimanni. Notably, an accumulation of rDNA loci 
was detected in three microchromosomes in both sexes of C. mccordi. rDNA loci accumulated in two micro- 
chromosomes in females of El. novaeguineae and Em. macquarii krefftii. In addition, rDNA loci accumulated 
also in the telomeric position of the p-arm of the metacentric chromosome from the 4th pair in male turtles of 
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Figure 1. Giemsa-stained karyotype and C-banded metaphases in Chelodina expansa (a,b), Chelodina 
mccordi (c,d), Chelodina novaeguineae (e,f), Chelodina reimanni (g), and Chelodina rugosa (h). The pairing of 
microchromosomes does not indicate homology but morphological similarity.  

 

 

El. novaeguineae and the Em. subglobosa × El. novaeguineae hybrids but not in the homologous chromosome of 
Em. macquarii krefftii (Fig. 5). 

 
Comparative genome hybridization. CGH revealed strong male-specific genomic content in a single 
microchromosome in metaphases from males of C. expansa and C. novaeguineae. Male-specific genomic content 
was detected at the terminal position of the p-arm of the metacentric chromosome from the 4th pair in meta- 
phases from males of El. novaeguineae. No sex-specific content was found in metaphases of females in C. expansa, 
C. novaeguineae and El. novaeguineae (Fig. 6). 

Discussion 
Freshwater turtles of the family Chelidae have karyotypes with 2n = 54 chromosomes in the genus Chelodina and 
2n = 50 chromosomes in the genera Elseya and Emydura (Figs. 1 and 2). Our cytogenetic examination confirmed 
previously published karyotypes for C. expansa, C. novaeguineae, C. rugosa and Em. m. krefftii, with respect to 
chromosome numbers and morphology10, while karyotypes for C. mccordi, C. reimanni, and El. novaeguineae are 
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Figure 2. Giemsa-stained karyotype and C-banded metaphases in Elseya novaeguineae (a,b), 
Emydura macquarii krefftii (c,d), and the hybrid Em. subglobosa × El. novaeguineae (e). The pairing of 
microchromosomes does not indicate homology but morphological similarity.  

 

 

presented here for the first time (Figs. 1 and 2). Within the genus Chelodina there was an evolutionary change in 
the shape of the chromosome pair 8, which is metacentric in C. novaeguineae and C. reimanni, but acrocentric 
in C. expansa, C. mccordi and C. rugosa. The metacentric shape in C. novaeguineae and C. reimanni can be a 
synapomorphy of these closely related or synonymous species33. The transitions between acrocentric and meta- 
centric shape in a chromosome pair together with the conservation in chromosome numbers are often caused 
by intrachromosomal rearrangements in reptiles34–37. This hypothesis should be tested in the genus Chelodina by 
comparative cytogenetics in future, using whole chromosome painting or comparative BAC-FISH. 

In situ hybridization with probes specific for repetitive elements that often accumulate on vertebrate sex chro- 
mosomes revealed an extensive accumulation of the GATA microsatellite motif in odd numbers of chromosomes 
in the metaphases of all male chelids. The relevant chromosome corresponds to a dot-like microchromosome 
in the genus Chelodina but to a single chromosome of the 4th pair of the complement in the genera Emydura 
and Elseya (Fig. 3). In addition, rDNA loci are amplified in odd numbers of chromosomes in males of C. novae- 
guineae, C. reimanni, El. novaeguineae and in the Em. subglobosa × El. novaeguineae hybrids (Fig. 4). Telomeric 
repeats seem to accumulate in a single chromosome of the 4th pair of the complement in El. novaeguineae and in 
the Em. subglobosa × El. novaeguineae hybrids (Fig. 5). We suggest that the chromosome with the amplification 
of the GATA microsatellite motif and in some species also of the rDNA loci and telomeric-like repeats in males 
is the Y chromosome. This conclusion is further supported by the results of CGH performed here for three 
species (C. expansa, C. novaeguineae, and El. novaeguineae) visualizing a male-specific genomic content within 
these chromosomes (Fig. 6). A metacentric Y chromosome was previously described for Em. m. macquarii by 
Martinez et al.22 with similar morphology as in El. novaeguineae, Em. macquarii krefftii and the two male Em. 
subglobosa × El. novaeguineae hybrids. In contrast to El. novaeguineae and the two male Em. subglobosa × El. 
novaeguineae hybrids, the accumulation of GATA microsatellite repeats was not detected here in the metacentric 
Y chromosome of Em. macquarii krefftii and previously also in Em. m. macquarii28. We assume that the GATA 
motif does not exist or accumulates in very low copy numbers in the Y chromosome of Em. macquarii krefftii 
and Em. m. macquarii, below the detection threshold of molecular cytogenetic methods. This situation likely 
reflects the extensive evolutionary dynamics of the heterochromatic content of degenerated sex chromosomes in 
sauropsids28,38,39. 

As identified with our cytogenetic methods (i.e. karyotype reconstruction, C-banding, and FISH), the X chro- 
mosome is the submetacentric chromosome in the 4th largest pair of the complement in Elseya and Emydura 
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Figure 3. In situ hybridization with the probe specific for the (GATA)8 microsatellite motif in Chelodina 
expansa (a,b), Chelodina mccordi (c,d), Chelodina novaeguineae (e,f), Chelodina reimanni (g), Chelodina 
rugosa (h), Elseya novaeguineae (i,j), Emydura macquarii krefftii (k,l), and the hybrid Em. subglobosa × El. 
novaeguineae (m). The FITC signal of the GATA probe was pseudocolourized in red. All metaphases were 
counterstained with DAPI (blue). The Y chromosome is indicated with a white arrow. 

 

 

(Fig. 2). We were not able to visualize the X chromosome in the genus Chelodina by our cytogenetic methods, yet, 
the chromosome pairing in karyograms suggests that it should be a microchromosome (Fig. 1). Ezaz et al.21 con- 
cluded that sex chromosomes in C. longicollis correspond to a pair of small-sized chromosomes with a prominent 
heterochromatic block. However, we assume that the sex chromosomes of C. longicollis were misidentified in the 
study of Ezaz et al.21. Our results agree with Matsubara et al.28 who showed the Y chromosome in Chelodina is a 
different, tiny microchromosome with a prominent amplification of microsatellite repeats.  

All Australasian chelid species studied to date possess an XX/XY sex determination system (this study21,22,28). 
Homology between XX/XY sex chromosomes with dissimilar morphology in representatives from the genus 
Chelodina when compared with Elseya and Emydura might be supported by accumulation of the same repet- 
itive motifs (GATA microsatellite, rDNA, telomeric-like sequences) in at least some members of these two 
clades (Figs. 3–5), but the accumulation of the same repetitive motifs in heterochromatic regions is generally 
a poor indicator of sex chromosome homology28,39. Matsubara et al.28 suggested that the sex chromosomes in 
the ancestor of Australasian chelids were a pair of microchromosomes, similar to the recent Chelodina, and a 
rearrangement occurred in the common ancestor of Elseya and Emydura. According to Matsubara et al.28, the 
ancestral sex chromosomes either (i) fused with a medium-sized pair of autosomes or (ii) a part of the ancestral 
sex chromosomes, including the sex determining region and a surrounding repetitive content, was translocated 
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Figure 4. In situ hybridization with probe specific for the (TTAGGG)n telomeric motif in Chelodina expansa 
(a,b), Chelodina mccordi (c,d), Chelodina novaeguineae (e,f), Chelodina reimanni (g), Chelodina rugosa (h), 
Elseya novaeguineae (i,j), Emydura macquarii krefftii (k,l), and the hybrid Em. subglobosa × El. novaeguineae 
(m). The FITC signal was pseudocolourized in red. All metaphases were counterstained with DAPI (blue). The 
Y chromosome is indicated with a white arrow. 

 

 

to a medium-sized autosome. However, the clades of the genera Chelodina and Elseya/Emydura show a sister 
group relationship (Fig. 7). Therefore, we assume that another scenario for sex chromosome homology is equally 
parsimonious, i.e. that the ancestral sex chromosomes were of the Elseya/Emydura type and a chromosomal rear- 
rangement in the ancestor of the genus Chelodina transferred the sex-determining locus to a microchromosome. 
If sex determination is homologous between the two chelid clades, the XX/XY chromosomes in this group 
could date back to their last common ancestor living c. 50–120 million years ago27,40,41. In order to scrutinize the 
possible homology of sex chromosomes across Australasian chelids in future, it will be crucial to identify the gene 

content of their sex chromosomes using genomic methods, as recently applied in other reptilian lineages9,42–46. 

Material and Methods 
Studied material. We collected blood samples to establish cell cultures for chromosome preparations and 
for DNA isolation from side-necked turtles of the genera Chelodina (C. expansa, C. mccordi, C. novaeguineae, C. 
reimanni, C. rugosa), Emydura (Em. macquarii krefftii) and Elseya (El. novaeguineae), and two sibling hybrids Em. 
subglobosa (♀) × El. novaeguineae (♂). All turtles are either captive-bred or legally imported from the wild, and 
kept at Plzeň Zoo (Czech Republic), the Zoo Prague (Czech Republic), Turtle Island (Austria), or the Museum  
of Zoology, Senckenberg Dresden (Germany). A detailed list of specimens is provided in Table 1. Blood samples 
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Figure 5. In situ hybridization with probe specific for the rDNA sequence in Chelodina expansa (a,b), 
Chelodina mccordi (c,d), Chelodina novaeguineae (e,f), Chelodina reimanni (g), Chelodina rugosa (h), Elseya 
novaeguineae (i,j), Emydura macquarii krefftii (k,l), and the hybrid Em. subglobosa × El. novaeguineae (m). 
The FITC signal was pseudocolourized in red. All metaphases were counterstained with DAPI (blue). The Y 
chromosome is indicated with a white arrow. 

 

 

were collected by veterinarians primarily for diagnostic purposes, which is not considered as an experiment on 
animals according to Czech legislation (No. 46/1992). The owners of the turtles approved the use of blood sam- 
ples for the current study. All methods were carried out in accordance with relevant guidelines and regulations, 
by researchers accredited for animal experimental design by the Ministry of Agriculture of the Czech Republic 
(Lukáš Kratochvíl: accreditation CZ02535; Michail Rovatsos: accreditation CZ03540), and with the approval of 
the Ethical Committee of Faculty of Science, Charles University. 

 
DNA isolation, chromosome preparation and staining. Genomic DNA was extracted from blood 
samples using a DNeasy Blood and Tissue Kit (Qiagen). Chromosome suspensions for cytogenetic analyses 
were obtained from whole-blood lymphocyte cultures following the protocol described in Mazzoleni et al.19. 
Chromosome spreads were stained with Giemsa for karyotype reconstruction (Figs. 1 and 2). The distribution of 
constitutive heterochromatin was detected by C-banding47, with slight modifications as described in Mazzoleni 
et al.19. 

 
Species verification. Species identification is challenging in the genus Chelodina, as taxonomy is compli- 
cated and not fully resolved yet (for review see Kehlmaier et al.33). Therefore, we characterized our material and 
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Figure 6. Comparative genome hybridization with FITC-labelled probe specific for male (green) and 
rhodamine-labelled probe specific for female (red) genomic content in Chelodina expansa (a–d), Chelodina 
novaeguineae (e–h), and Elseya novaeguineae (i–l). Chromosomal regions with similar genomic content 
between sexes are visualized in yellow. The white arrow indicates male-specific region (green), corresponding to 
the Y chromosome. 

 

 

verified its taxonomy by sequencing the standard “DNA barcoding” region from the mitochondrial cytochrome 
c oxidase subunit I gene (COI) and/or the mitochondrial cytochrome b gene (cytb). This data is intended to 
genetically identify our cytogenetic material in future, regardless of potential taxonomic changes. The COI frag- 
ment was amplified by PCR using either the reptile-specific primers RepCOI-F and RepCOI-R48 or the universal 
primers LCO1490 and HCO219849. The cytb gene was amplified by PCR using the primers H16064 and L1491950. 
For both genes, we prepared the PCR reaction and cycling conditions according to Koubová et al.51. The PCR 
products were sequenced bi-directionally by Macrogen (Korea), and the obtained haplotype sequences were 
deposited in GenBank under the accession numbers MN757883-MN757886. The COI and cytb sequences were 
aligned using CLUSTALW52, as implemented in BioEdit v5.0.953, and subsequently analyzed in DnaSP v5.10.154. 
All sequences were compared with those from Kehlmaier et al.33, derived from type specimens, and Le et al.55. 
Genetic distances among haplotypes were calculated in MEGA v756. 

Fluorescence in situ hybridization. The distributions of the GATA microsatellite motif was examined, 
as well as of the TTAGGG telomeric repeat and the rDNA loci, using FISH. The (GATA)8 probe was synthesized 
and labeled with biotin (Macrogen, Korea). The telomeric probe was synthesized and labeled with biotin by PCR 
according to a previously published protocol57. The probe for the rDNA loci was prepared from a plasmid (pDm 
r.a51#1) with an 11.5-kb insertion, encoding the 18S and 28S rRNA units of Drosophila melanogaster58; for the 
labeling protocol see Rovatsos et al.9. Hybridization conditions, post-hybridization washes, signal amplification 
and detection are explained in detail in Rovatsos et al.59. 

Comparative genome hybridization. To detect sex-specific regions of the genome, CGH was performed 
using metaphase chromosomes of both male and female individuals of C. expansa, C. novaeguineae, and El. 
novaeguineae. The detailed protocol for probe and hybridization experiments is presented in Rovatsos et al.59. 

Microscopy and image analysis. Giemsa-stained metaphase chromosomes were studied under a Carl 
Zeiss AxioImager.Z2 microscope, equipped with Metafer Scanning Platform (Metasystems) and a MetaSystems 
CoolCube digital camera. Images were processed for karyotype reconstruction with Ikaros karyotyping software 
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Figure 7. Overview of current knowledge on sex determination in side-necked turtles. Phylogeny follows 
Valenzuela & Adams8 and Kehlmaier et al.33. Information on sex determination systems was compiled from 
this and previously published studies8,21,22,28–32. Sex chromosomes are microchromosomes in turtles from the 
genus Chelodina, but macrochromosomes in turtles from the genera Elseya and Emydura. GSD: genotypic sex 
determination, TSD: temperature dependent sex determination. 

 

 
 

Species 2n ♂ ♀ 

Chelodina expansa 54 1 2 

Chelodina mccordi 54 2 2 

Chelodina novaeguineae 54 3 2 

Chelodina reimanni 54 2 — 

Chelodina rugosa 54 2 — 

Elseya novaeguineae 50 1 1 

Emydura macquarii krefftii 50 1 2 

Em. subglobosa (♀) × El. novaeguineae (♂) 50 2 — 

Table 1. List of individuals analyzed in this study. Diploid chromosome number (2n) and sex are indicated. 
 

 

(Metasystems). For C-banding, FISH and CGH methods, images from at least 20 metaphase chromosomes were 
analyzed using a Provis AX70 (Olympus) fluorescence microscope, equipped with a DP30BW digital camera 
(Olympus). All images were acquired in black and white, and later superimposed with colours in DP Manager 
imaging software (Olympus). 
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