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Abstract: Scincoidea, the reptilian clade that includes girdled lizards, night lizards, plated lizards
and skinks, are considered as a lineage with diversity in sex-determining systems. Recently, the
hypothesis on the variability in sex determination in skinks and even more the absence of sex
chromosomes in some of them has been rivalling. Homologous, evolutionary stable XX/XY sex
chromosomes were documented to be widespread across skinks. However, sex determination
in the other scincoidean families is highly understudied. ZZ/ZW sex chromosomes have been
identified only in night lizards and a single species of plated lizards. It seems that although there are
different sex chromosome systems among scincoidean lineages, they share one common trait: they
are mostly poorly differentiated and often undetectable by cytogenetic methods. Here, we report
one of the exceptions, demonstrating for the first time ZZ/ZW sex chromosomes in the plated lizard
Zonosaurus madagascariensis. Its sex chromosomes are morphologically similar, but the W is clearly
detectable by comparative genomic hybridization (CGH), suggesting that the Z and W chromosomes
highly differ in sequence content. Our findings confirm the presence of female heterogamety in plated
lizards and provides novel insights to expand our understanding of sex chromosome evolution in
scincoidean lizards.

Keywords: C-banding; CGH; cytogenetics; FISH; karyotype; rDNA loci; sex chromosomes; sex
determination; telomeres; ZZ/ZW

1. Introduction

Sex determination in amniotes ranges from environmental sex determination to geno-
typic sex determination with highly differentiated sex chromosomes [1–4]. Sex chromo-
somes probably evolved many times within amniotes, although the reconstruction of the
ancestral sex determination and the evolutionary transitions among sex determining modes
are still a matter of debate [5,6]. Despite the constant progress, our understanding of the
evolution of sex chromosomes is complicated by a lack of data in many extant lineages [4–6].
An emerging pattern is that some lineages such as birds, caenophidian snakes, iguanas,
lacertids, mammals and monitors have stable, differentiated sex chromosomes for a long
evolutionary time [7–12]. On the other hand, some reptilian lineages exhibit variability in
sex determination, which can be attributed to their old age and quite ancient transitions
in sex determination [13] or to relatively frequent turnovers of sex chromosomes [14,15].
Recently, the attention has been directed to one of the last highly diversified clades among
squamate reptiles which has been understudied in this regard: the scincoidean lizards.

Scincoidean lizards are a species-rich and morphologically diversified group, compris-
ing girdled lizards (Cordylidae), night lizards (Xantusiidae), plated lizards (Gerrhosauridae)
and skinks (Scincidae). Girdled lizards possess approximately 70 species, distributed in
sub-Saharan Africa [16]. Night lizard lizards are a small family with 37 species distributed
in the North and Central America and adjacent islands [16]. Plated lizards are classified
into 37 species divided into two subfamilies: Gerrhosaurinae, a group of species distributed
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widely across sub-Saharan Africa, and Zonosaurinae, a group of lizards restricted to Mada-
gascar and nearby islands [16,17]. Skinks show a nearly cosmopolitan distribution, and
with around 1700 species cover around 15% of the total reptile species diversity [16].

Although many scincoidean lizards have been cytogenetically studied [18–29], sex
chromosomes were identified in only approx. 20 species [28,29]. XX/XY sex chromosomes
were identified by cytogenetic methods in a few species of skinks based mainly on differ-
ences between X and Y in morphology and distribution of repetitive elements [26,27,30]. On
the other hand, heteromorphic ZZ/ZW sex chromosomes were identified in
Scincella melanosticta, the only species of skinks with known female heterogamety [31].
Whole-genome sequencing and subsequent genomic coverage analysis led to the identifi-
cation of X-specific gene content in two species of skinks: Scincus scincus and
Eulamprus heatwolei [27,32]. A subsequent qPCR-based analysis revealed homologous
XX/XY sex chromosomes in 13 representative species of skinks, covering most of the major
phylogenetic lineages of this group [27]. These poorly differentiated sex chromosomes
in skinks have remained evolutionary stable for at least 85 million years [27]. In night
lizards, ZZ/ZW sex chromosomes were identified in Xantusia henshawi based on single
nucleotide polymorphisms (SNPs) derived from restriction site-associated DNA sequenc-
ing (RADseq) [33], and female heterogamety was also predicted in Lepidophyma smithii,
because females can produce by facultative parthenogenesis offspring of both sexes [34].
In plated lizards, we detected ZZ/ZW sex chromosomes in Tracheloptychus petersi by cyto-
genetic methods due to differential accumulation of rDNA loci between the Z and the W
chromosomes [29]. Notably, sex chromosomes have not been reported in any girdled lizard yet.

In this study, we examined the Madagascar girdled lizard, Zonosaurus madagascariensis
(Gray, 1831), with both conventional (karyogram reconstruction, C-banding) and molecular
(fluorescence in situ hybridization—FISH, comparative genome hybridization—CGH)
cytogenetic methods, with emphasis to reveal sex chromosomes.

2. Materials and Methods
2.1. Samples and Species Verification

We collected blood samples from five adult individuals (two males and three females)
of Z. madagascariensis. Their sex was determined by external morphology (i.e., prominent
and/or active femoral pores in males) and by everting of hemipenes (i.e., the male-specific
reproductive organs) by palpation in males. The correct sex identification was later con-
firmed by gonad inspection in four individuals. Total DNA was extracted from blood
samples using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).

2.2. Chromosome Preparation and Staining

We prepared mitotic chromosome spreads from whole-blood cell cultures, following
the protocol previously described in Kostmann et al. [26]. Metaphases were stained with 5%
Giemsa to visualize chromosome morphology and to prepare karyograms, and C-banding
to visualize the heterochromatic regions, following the protocol of Sumner [35] with slight
modifications [26].

2.3. Fluorescence In Situ Hybridization with Probes for rDNA Loci and Telomeric Repeats

The probe for rDNA loci was prepared from a plasmid (pDmr.a 51#1) with an 11.5-kb
insert encoding the 18S and 28S ribosomal units of Drosophila melanogaster [36] labeled
by nick-translation (Abbott Laboratories, Lake Bluff, IL, USA) with dUTP-biotin (Roche,
Basel, Switzerland). The probe for telomeric repeats was prepared by PCR, according to the
protocol previously published in Rovatsos et al. [37]. The protocol for in situ hybridization
is presented in detail in Kostmann et al. [26].

2.4. Comparative Genomic Hybridization

Total DNA extraction from males was labeled with dUTP-biotin (Roche, Basel, Switzer-
land), while from females with dUTP-digoxigenin (Roche, Basel, Switzerland), using
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a commercial kit for nick-translation (Abbott Laboratories, Lake Bluff, IL, USA). Labelled
DNA from one male and one female was mixed in equal concentration and purified with
ethanol/cold precipitation. Our detailed protocol for probe preparation and in situ hy-
bridization conditions was previously published in Kostmann et al. [26]. CGH was applied
to chromosome spreads from both male and female individuals to identify sex-specific
genomic regions.

2.5. Microscopy and Image Analyses

We captured at least 10 metaphases for each studied specimen and applied method, by
either a Zeiss Axio Imager Z2 equipped with automatic Metafer-Msearch scanning platform
equipped with a CoolCube 1 b/w digital camera (MetaSystems, Altlussheim, Germany) or
a Provis AX70 fluorescence microscope equipped with a DP30BW digital camera (Olympus,
Tokyo, Japan).

3. Results

All five studied individuals of Z. madagascariensis have identical karyotype with
2n = 34 chromosomes; 12 metacentric macrochromosomes and 22 microchromosomes
(Figure 1a,b). Heterochromatin is located in centromeres and prominent blocks were
detected in the pericentromeric regions of the first five largest pairs. In addition, at least four
pairs of microchromosomes show strong accumulation of heterochromatin (Figure 1c,d).
Fluorescence in situ hybridization with a probe for the rDNA loci detected signals in
a single pair of microchromosomes in both sexes (Figure 1e,f). The telomeric repeats were
detected in the expected terminal position of all chromosomes, but additionally, interstitial
telomeric repeats (ITRs) were observed in the chromosome pairs 1 and 2 (Figure 1g,h).
The comparative genome hybridization revealed extensive female-specific signal covering
a single, large-sized microchromosome (Figure 1i,j).
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Figure 1. Giemsa-stained karyograms (a,b), C-banding (c,d), rDNA loci (e,f), telomeric motifs (g,h)
and comparative genomic hybridization (i,j) in metaphases of a male and a female Z. madagascariensis.
The W chromosome is indicated in CGH. ITRs are indicated by yellow arrows.

4. Discussion

All five studied individuals of Z. madagascariensis show identical karyotypes, in terms
of diploid number and chromosome morphology, which is in accordance with the kary-
otype previously published for this species by Odierna et al. [24]. The karyotype of 2n = 34
chromosomes with 12 bi-armed macrochromosomes and 22 microchromosomes is common
across the majority of girdled lizards and plated lizards, and probably corresponds to the
ancestral karyotype for this group [24]. The rare deviations from this putative ancestral
karyotype are usually species-specific apomorphies, involving mainly centromeric fission
of macrochromosomes (e.g., in Cordylus cataphractus and Cordylus giganteus) and the forma-
tion of additional pairs of microchromosomes (e.g., in Gerrhosaurus flavigularis) [20,21,24].
Nevertheless, similarities in chromosome morphology in Giemsa-stained karyograms is not
a decisive proof of homology between genomic regions, as inter- and intra- chromosomal
rearrangements may occur without necessary changing the chromosome morphology. No-
table cases of chromosomal rearrangements that may not change chromosome morphology
are for example pericentromeric inversions [38] and whole-arm reciprocal translocations
(WARTs) [39].
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Heterochromatin is typically expected in centromeres, but extensive heterochromatic
blocks in pericentromeric regions and microchromosomes are common in reptiles, as
previously reported in several species of chameleons [40], beaded lizards, monitors [41],
snakes [42] and the plated lizard T. petersi [29]. The evolutionary history and function of het-
erochromatin accumulation in pericentromeric regions and microchromosomes is unclear.
Extensive heterochromatinization is a common mechanism to silence transposons [43,44]
and often occurs in genomic regions enriched in satellite motifs [45]. Therefore, we can
speculate that the heterochromatin blocks of Z. madagascariensis should be enriched in
repetitive elements. Furthermore, non-centromeric heterochromatic regions are often en-
riched with telomeric-like sequences [46,47], which is also the case in chromosome pairs
1 and 2 of Z. madagascariensis (Figure 1). Telomeric repeats in inner chromosome positions
are often interpreted as remnants of chromosome rearrangements, such as inversions and
chromosome fusions. Chromosome rearrangements can directly transfer terminal telomeric
sequences to inner positions or can induce indirectly de novo synthesis of telomeric motifs
during the process of DNA repair [48–51].

The rDNA loci tend to form long tandem repeats in the genome, and therefore, they
are easily detectable by in situ hybridization. The majority of the reptilian species show
hybridization signals in a single pair of chromosomes, but occasionally in two pairs and
extremely rarely in more [24,42,52–55]. rDNA loci may accumulate on sex chromosomes,
where the Y/W differentiation process may lead to a sex-specific pattern, such as in
chelid turtles [56], trionychid turtles [57,58] and skinks [26,27]. Therefore, the comparative
examination of the topology of rDNA loci between sexes can reveal sex chromosomes.
Nevertheless, no sex-specific pattern of rDNA loci was detected in Z. madagascariensis.

Comparative genomic hybridization has been widely used to identify sex chromo-
somes in a plethora of animal taxa, ranging from insects to mammals, including both
XX/XY and ZZ/ZW systems [59,60]. This method was applied to detect sex chromo-
somes in many species of reptiles, including geckos [61–63], caenophidian snakes [64,65],
chameleons of the genus Furcifer [66], chelid turtles [56], beaded lizards [41], iguanas [67],
lacertid lizards [68], monitors [41,69] and the dragon lizard Pogona vitticeps [70]. In the
current study, we detected female-specific signal in a single microchromosome by CGH,
which should correspond to the W chromosome (Figure 1). The CGH signal on the W is
quite intense, and therefore we assume that the Z and W chromosomes should differ in
sequence content. Such differentiated W chromosomes tend also to be heterochromatic, but
after re-examining our C-banded metaphases, we cannot distinguish the W chromosome
due to its small size and similar pattern in multiple microchromosomes (Figure 1). Notably,
another studied plated lizard, T. petersi, has also ZZ/ZW sex determination [29]. In contrast
to Z. madagascariensis, CGH did not reveal the sex chromosomes in T. petersi, but instead the
W chromosome in T. petersi is missing the accumulation of rDNA loci, which is detected
at the Z chromosome [29]. In both these species of plated lizards, the sex chromosomes
seem to be a pair of microchromosomes, but with the current state of knowledge, we
cannot conclude if they are homologous. If yes, the sex chromosomes could be at least
34 million years old, which is an estimated age of the split between the genera Zonosaurus
and Tracheloptychus [71].

Such variability in the pattern of CGH and rDNA loci between species with homolo-
gous sex determination has been previously documented in other species as well. For ex-
ample, CGH did not detect sex chromosomes in five species of skinks (Eutropis multifasciata,
Scincopus fasciatus, S. scincus, Tropidophorus baconi and Tiliqua gigas), despite that they all
share homologous XX/XY sex chromosomes stable for at least 85 million years [26,27].
A plausible explanation is that the Y chromosome in skinks has a low level of differentiation
in comparison to the X chromosome, and therefore, such small sex-specific differences
are below the detection limit of CGH. Similarly, despite all iguanas of the genus Oplurus
share homologous XX/XY sex chromosomes, the Y chromosome is detectable by CGH
in Oplurus cuvieri, but not in Oplurus fierinensis [67]. In addition, the topology and sexual
differences in rDNA loci might vary even between closely related species. For example,
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rDNA loci accumulate only on the X chromosome and are missing on the Y in S. scincus,
but appear in a single pair of chromosomes without any notable sex-specific differences in
other species of skinks [26,27].

In summary, with the exception of ZZ/ZW in S. melanosticta [31] and the effect of
environmental factors on sex determination in few species [28,72], all other tested species of
skinks seem to have XX/XY sex chromosomes, evolved from genomic region homologous
to chicken chromosome 1 [27]. In contrast, up to now, only ZZ/ZW sex chromosomes have
been reported in the sister lineage to skinks, i.e., the clade including night lizards and the
sister families Cordylidae and Gerrhosauridae, but the knowledge in them is very limited.
The ZZ/ZW sex chromosomes in X. henshawi evolved from genomic regions homologous to
parts of chicken chromosomes 7, 12 and 18 [33]. In addition, ZZ/ZW is expected in another
night lizard, L. smithii, but the gene content and homology of sex chromosomes remains
unknown [34]. To the best of our knowledge, sex chromosomes have not been identified yet
in girdled lizards. ZZ/ZW sex chromosomes have been also reported in two plated lizard
species ([29], current study), but the homology of the sex chromosomes between these two
species and to night lizards remains unknown. The emerging pattern of sex determination
in Scincoidea allows to speculate that GSD was probably their ancestral system, but in
order to further reconstruct the possible scenaria of the evolution of sex chromosomes in
this group, additional cytogenetic (e.g., comparative chromosome painting) and genomic
analysis (e.g., whole genome sequencing and comparative genome coverage analysis
and/or analysis of SNPs in data from restriction site-associated DNA sequencing) are
needed to identify the sex chromosome gene content in girdled lizards, plated lizards and
additional species of night lizards.
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offspring produced via cryptic parthenogenesis in a lizard. Mol. Ecol. 2020, 29, 4118–4127. [CrossRef]

35. Sumner, A.T. A simple technique for demonstrating centromeric heterochromatin. Exp. Cell Res. 1972, 75, 304–306. [CrossRef]
[PubMed]

36. Endow, S. Polytenization of the ribosomal genes on the X and Y chromosomes of Drosophila melanogaster. Genetics 1982,
100, 375–385. [CrossRef] [PubMed]

37. Rovatsos, M.T.; Marchal, J.A.; Romero-Fernández, I.; Fernandez, F.J.; Giagia-Athanosopoulou, E.B.; Sánchez, A. Rapid, indepen-
dent, and extensive amplification of telomeric repeats in pericentromeric regions in karyotypes of arvicoline rodents. Chromosome
Res. 2011, 19, 869–882. [CrossRef] [PubMed]

38. Alföldi, J.; Di Palma, F.; Grabherr, M.; Williams, C.; Kong, L.; Mauceli, E.; Russell, P.; Lowe, C.B.; Glor, R.E.; Jaffe, J.D.; et al. The
genome of the green anole lizard and a comparative analysis with birds and mammals. Nature 2011, 477, 587–591. [CrossRef]

39. Capanna, E.; Castiglia, R. Chromosomes and speciation in Mus musculus domesticus. Cytogenet. Genome Res. 2004, 105, 375–384.
[CrossRef]

40. Rovatsos, M.; Altmanová, M.; Johnson Pokorná, M.; Velenský, P.; Sánchez Baca, A.; Kratochvíl, L. Evolution of karyotypes in
chameleons. Genes 2017, 8, 382. [CrossRef]

41. Augstenová, B.; Pensabene, E.; Kratochvíl, L.; Rovatsos, M. Cytogenetic evidence for sex chromosomes and karyotype evolution
in anguimorphan lizards. Cells 2021, 10, 1612. [CrossRef]

42. Augstenová, B.; Mazzoleni, S.; Kostmann, A.; Altmanová, M.; Frynta, D.; Kratochvíl, L.; Rovatsos, M. Cytogenetic analysis did
not reveal differentiated sex chromosomes in ten species of boas and pythons (Reptilia: Serpentes). Genes 2019, 10, 934. [CrossRef]

43. Slotkin, R.K.; Martienssen, R. Transposable elements and the epigenetic regulation of the genome. Nat. Rev. Genet. 2007,
8, 272–285. [CrossRef] [PubMed]

44. Wood, J.G.; Jones, B.C.; Jiang, N.; Chang, C.; Hosier, S.; Wickremesinghe, P.; Garcia, M.; Hartnett, D.A.; Burhenn, L.;
Neretti, N.; et al. Chromatin-modifying genetic interventions suppress age-associated transposable element activation and extend
life span in Drosophila. Proc. Natl. Acad. Sci. USA 2016, 113, 11277–11282. [CrossRef] [PubMed]

45. Allshire, R.C.; Madhani, H.D. Ten principles of heterochromatin formation and function. Nat. Rev. Mol. 2018, 19, 229–244.
[CrossRef] [PubMed]

46. Rovatsos, M.; Kratochvíl, L.; Altmanová, M.; Johnson Pokorná, M. Interstitial telomeric motifs in squamate reptiles: When the
exceptions outnumber the rule. PLoS ONE 2015, 10, e0134985. [CrossRef] [PubMed]

47. Clemente, L.; Mazzoleni, S.; Pensabene Bellavia, E.; Augstenová, B.; Auer, M.; Praschag, P.; Protiva, T.; Velenský, P.; Wagner, P.;
Fritz, U.; et al. Interstitial telomeric repeats are rare in turtles. Genes 2020, 11, 657. [CrossRef]

48. Park, V.M.; Gustashaw, K.M.; Wathen, T.M. The presence of interstitial telomeric sequences in constitutional chromosome
abnormalities. Am. J. Hum. Genet. 1992, 50, 914–923.

49. Melek, M.; Shippen, D.E. Chromosome healing: Spontaneous and programmed de novo telomere formation by telomerase.
BioEssays 1996, 18, 301–308. [CrossRef]

50. Vermeesch, J.R.; Petit, P.; Speleman, F.; Devriendt, K.; Fryns, J.P.; Marynen, P. Interstitial telomeric sequences at the junction site of
a jumping translocation. Hum. Genet. 1997, 99, 735–737. [CrossRef]

51. Shay, J.R.; Wright, W.E. Telomeres and telomerase: Three decades of progress. Nat. Rev. Genet. 2019, 20, 299–309. [CrossRef]
52. Porter, C.A.; Hamilton, M.J.; Sites, J.W., Jr.; Baker, R.J. Location of ribosomal DNA in chromosomes of squamate reptiles:

Systematic and evolutionary implications. Herpetologica 1991, 47, 271–280.
53. Porter, C.A.; Haiduk, M.W.; de Queiroz, K. Evolution and phylogenetic significance of ribosomal gene location in chromosomes

of squamate reptiles. Copeia 1994, 1994, 302–313. [CrossRef]
54. Matsubara, K.; Kumazawa, Y.; Ota, H.; Nishida, C.; Matsuda, Y. Karyotype analysis of four blind snake species (Reptilia:

Squamata: Scolecophidia) and karyotypic changes in serpentes. Cytogenet. Genome Res. 2019, 157, 98–106. [CrossRef] [PubMed]
55. Clemente, L.; Mazzoleni, S.; Pensabene, E.; Protiva, T.; Wagner, P.; Fritz, U.; Kratochvíl, L.; Rovatsos, M. Cytogenetic analysis of

the Asian box turtles of the genus Cuora (Testudines, Geoemydidae). Genes 2021, 12, 156. [CrossRef] [PubMed]
56. Mazzoleni, S.; Augstenová, B.; Clemente, L.; Auer, M.; Fritz, U.; Praschag, P.; Protiva, T.; Velenský, P.; Kratochvíl, L.; Rovatsos, M.

Sex is determined by XX/XY sex chromosomes in Australasian side-necked turtles (Testudines: Chelidae). Sci. Rep. 2020, 10, 4276.
[CrossRef]

57. Badenhorst, D.; Stanyon, R.; Engstrom, T.; Valenzuela, N. A ZZ/ZW microchromosome system in the spiny softshell turtle,
Apalone spinifera, reveals an intriguing sex chromosome conservation in Trionychidae. Chromosome Res. 2013, 21, 137–147.
[CrossRef] [PubMed]

58. Montiel, E.E.; Badenhorst, D.; Lee, L.; Valenzuela, N. Evolution and dosage compensation of nucleolar organizing regions (NORs)
mediated by mobile elements in turtles with female (ZZ/ZW) but not with male (XX/XY) heterogamety. J. Evol. Biol. 2022,
35, 1709–1720. [CrossRef]

59. Traut, W.; Sahara, K.; Otto, T.D.; Marec, F. Molecular differentiation of sex chromosomes probed by comparative genomic
hybridization. Chromosoma 1999, 108, 173–180. [CrossRef]

60. Traut, W.; Eickhoff, U.; Schorch, J.-C. Identification and analysis of sex chromosomes by comparative genomic hybridization
(CGH). Methods Cell Sci. 2001, 23, 155–161. [CrossRef]

http://doi.org/10.1111/mec.15617
http://doi.org/10.1016/0014-4827(72)90558-7
http://www.ncbi.nlm.nih.gov/pubmed/4117921
http://doi.org/10.1093/genetics/100.3.375
http://www.ncbi.nlm.nih.gov/pubmed/6811371
http://doi.org/10.1007/s10577-011-9242-3
http://www.ncbi.nlm.nih.gov/pubmed/21979796
http://doi.org/10.1038/nature10390
http://doi.org/10.1159/000078210
http://doi.org/10.3390/genes8120382
http://doi.org/10.3390/cells10071612
http://doi.org/10.3390/genes10110934
http://doi.org/10.1038/nrg2072
http://www.ncbi.nlm.nih.gov/pubmed/17363976
http://doi.org/10.1073/pnas.1604621113
http://www.ncbi.nlm.nih.gov/pubmed/27621458
http://doi.org/10.1038/nrm.2017.119
http://www.ncbi.nlm.nih.gov/pubmed/29235574
http://doi.org/10.1371/journal.pone.0134985
http://www.ncbi.nlm.nih.gov/pubmed/26252002
http://doi.org/10.3390/genes11060657
http://doi.org/10.1002/bies.950180408
http://doi.org/10.1007/s004390050440
http://doi.org/10.1038/s41576-019-0099-1
http://doi.org/10.2307/1446980
http://doi.org/10.1159/000496554
http://www.ncbi.nlm.nih.gov/pubmed/30754040
http://doi.org/10.3390/genes12020156
http://www.ncbi.nlm.nih.gov/pubmed/33503936
http://doi.org/10.1038/s41598-020-61116-w
http://doi.org/10.1007/s10577-013-9343-2
http://www.ncbi.nlm.nih.gov/pubmed/23512312
http://doi.org/10.1111/jeb.14064
http://doi.org/10.1007/s004120050366
http://doi.org/10.1023/A:1013138925996


Genes 2023, 14, 99 9 of 9

61. Matsubara, K.; Knopp, T.; Sarre, S.D.; Georges, A.; Ezaz, T. Karyotypic analysis and FISH mapping of microsatellite motifs reveal
highly differentiated XX/XY sex chromosomes in the pink-tailed worm-lizard (Aprasia parapulchella, Pygopodidae, Squamata).
Mol. Cytogenet. 2013, 6, 60. [CrossRef]

62. Pokorná, M.; Rens, W.; Rovatsos, M.; Kratochvíl, L. A ZZ/ZW sex chromosome system in the thick-tailed gecko
(Underwoodisaurus milii; Squamata: Gekkota: Carphodactylidae), a member of the ancient gecko lineage. Cytogenet. Genome Res.
2014, 142, 190–196. [CrossRef]

63. Rovatsos, M.; Johnson Pokorná, M.; Altmanová, M.; Kratochvíl, L. Mixed-up sex chromosomes: Identification of sex chromosomes
in the X1X1X2X2/X1X2Y system of the legless lizards of the genus Lialis (Squamata: Gekkota: Pygopodidae). Cytogenet. Genome
Res. 2016, 149, 282–289. [CrossRef] [PubMed]

64. Rovatsos, M.; Altmanová, M.; Johnson Pokorná, M.; Augstenová, B.; Kratochvíl, L. Cytogenetics of the Javan file snake
(Acrochordus javanicus) and the evolution of snake sex chromosomes. J. Zool. Syst. Evol. Res. 2017, 56, 117–125. [CrossRef]

65. Viana, P.F.; Ezaz, T.; de Bello Cioffi, M.; Jackson Almeida, B.; Feldberg, E. Evolutionary insights of the ZW sex chromosomes in
snakes: A new chapter added by the Amazonian puffing snakes of the genus Spilotes. Genes 2019, 10, 288. [CrossRef] [PubMed]

66. Rovatsos, M.; Johnson Pokorná, M.; Altmanová, M.; Kratochvíl, L. Female heterogamety in Madagascar chameleons (Squamata:
Chamaeleonidae: Furcifer): Differentiation of sex and neo-sex chromosomes. Sci. Rep. 2015, 5, 13196. [CrossRef] [PubMed]

67. Altmanová, M.; Rovatsos, M.; Kratochvíl, L.; Johnson Pokorná, M. Minute Y chromosomes and karyotype evolution in Madagas-
can iguanas (Squamata: Iguania: Opluridae). Biol. J. Linn. Soc. 2016, 118, 618–633. [CrossRef]

68. Wang, C.; Tang, X.; Xin, Y.; Yue, F.; Yan, X.; Liu, B.; An, B.; Wang, X.; Chen, Q. Identification of sex chromosomes by means of
comparative genomic hybridization in a lizard, Eremias multiocellata. Zool. Sci. 2015, 32, 151–156. [CrossRef] [PubMed]

69. Matsubara, K.; Sarre, S.D.; Georges, A.; Matsuda, Y.; Graves, J.A.M.; Ezaz, T. Highly differentiated ZW sex microchromosomes in
the Australian Varanus species evolved through rapid amplification of repetitive sequences. PLoS ONE 2014, 9, e95226. [CrossRef]

70. Ezaz, T.; Quinn, A.E.; Miura, I.; Sarre, S.D.; Georges, A.; Graves, J. The dragon lizard Pogona vitticeps has ZZ/ZW micro-sex
chromosomes. Chromosome Res. 2005, 13, 763–776. [CrossRef]

71. Zheng, Y.; Wiens, J.J. Combining phylogenomic and supermatrix approaches, and a time-calibrated phylogeny for squamate
reptiles (lizards and snakes) based on 52 genes and 4162 species. Mol. Phylogenet. Evol. 2016, 94, 537–547. [CrossRef]

72. Shine, R.; Elphick, M.J.; Donnellan, S. Co-occurrence of multiple, supposedly incompatible modes of sex determination in a lizard
population. Ecol. Lett. 2002, 5, 486–489. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/1755-8166-6-60
http://doi.org/10.1159/000358847
http://doi.org/10.1159/000450734
http://www.ncbi.nlm.nih.gov/pubmed/27764831
http://doi.org/10.1111/jzs.12180
http://doi.org/10.3390/genes10040288
http://www.ncbi.nlm.nih.gov/pubmed/30970650
http://doi.org/10.1038/srep13196
http://www.ncbi.nlm.nih.gov/pubmed/26286647
http://doi.org/10.1111/bij.12751
http://doi.org/10.2108/zs130246
http://www.ncbi.nlm.nih.gov/pubmed/25826063
http://doi.org/10.1371/journal.pone.0095226
http://doi.org/10.1007/s10577-005-1010-9
http://doi.org/10.1016/j.ympev.2015.10.009
http://doi.org/10.1046/j.1461-0248.2002.00351.x

	Introduction 
	Materials and Methods 
	Samples and Species Verification 
	Chromosome Preparation and Staining 
	Fluorescence In Situ Hybridization with Probes for rDNA Loci and Telomeric Repeats 
	Comparative Genomic Hybridization 
	Microscopy and Image Analyses 

	Results 
	Discussion 
	References

