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Differentiated sex chromosomes are believed to be evolutionarily stable,
while poorly differentiated sex chromosomes are considered to be prone
to turnovers. With around 1700 currently known species forming ca 15%
of reptile species diversity, skinks (family Scincidae) are a very diverse
group of squamates known for their large ecological and morphological
variability. Skinks generally have poorly differentiated and cytogenetically
indistinguishable sex chromosomes, and their sex determination was
suggested to be highly variable. Here, we determined X-linked genes in
the common sandfish (Scincus scincus) and demonstrate that skinks have
shared the same homologous XX/XY sex chromosomes across their wide
phylogenetic spectrum for at least 85 million years, approaching the age of
the highly differentiated ZZ/ZW sex chromosomes of birds and advanced
snakes. Skinks thus demonstrate that even poorly differentiated sex chromo-
somes can be evolutionarily stable. The conservation of sex chromosomes
across skinks allows us to introduce the first molecular sexing method
widely applicable in this group.
1. Introduction
Organisms do not share a common mechanism for sex determination. Under
genotypic sex determination (GSD), the sex of an individual is set at conception
by its sex-specific genotype, i.e. by the sex-specific combination of sex chromo-
somes. GSD is very common in animals and has evolved in them multiple
times. It is estimated that GSD has occurred independently up to 40 times
just within amniotes [1]. Sex chromosomes are thus a notable example of con-
vergent evolution. Surprisingly, in spite of over a century of research [2], the
adaptive significance and consequences of sex chromosomes and their differen-
tiation, the progressive cessation of recombination and divergence of sequences
between chromosomes in a sex chromosome pair, are still rather poorly under-
stood. Sex chromosomes primarily determine the sex of an individual and
ensure a stable sex ratio at conception; however, the sex-specific specialization,
and particularly the role in the resolution of the conflict between sexes over trait
expression, have been considered crucial for differentiation and evolutionary
stability of sex chromosomes [1,3]. Nevertheless, there are more ways to resolve
sexual conflict, the most important in vertebrates being the control of the
expression of sex-specific traits by sex hormones [4,5]. Species without sex
chromosomes such as vertebrates with environmental sex determination
(ESD) are considerably sexually dimorphic as well [6], and the importance of
sex chromosomes for the resolution of sexual conflict is still highly debated [7].

Next to the above-mentioned adaptive advantages, organisms with differen-
tiated sex chromosomes also incur important costs. In animal lineages, a higher
mortality and a reduced lifespan in individuals of the heterogametic sex leading
to unequal adult sex ratio was explained by the negative consequences of the Y
and W degeneration (e.g. by a loss of functional gene copies, altered gene
expression, heterochromatinization and accumulation of repetitive elements) [8,9].
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Vertebrate lineages differ in the degree of differentiation of
sex chromosomes. The causes of the unequal rate of differen-
tiation of sex chromosomes among lineages are still
unresolved. The different selection pressures in males com-
pared to females led to the traditional theoretical predictions
that sex chromosomes should differentiate faster under male
heterogamety (XX/XY) than under female heterogamety
(ZZ/ZW). The expectation of the faster differentiation (or
degeneration) of Y was based on assumptions of a stronger
sexual selection inmales, malemutation bias or a smaller effec-
tive population size of the Y chromosome with a decreasing
male to female ratio in a population [10–12]. However, the
very recent model stressing differences in the recombination
rates between sexes and among lineages suggested just the
opposite pattern: inversions reducing or arresting recombina-
tion should be fixedmore frequently on Z andW than X and Y
chromosomes, and it is therefore expected that the W chromo-
some degenerates faster than the Y [13]. We clearly need more
empirical data on the rate of differentiation of sex chromo-
somes in different lineages with the opposite heterogamety
to solve this controversy.

Among vertebrates, sex chromosomes were traditionally
believed to be stable in endotherms, i.e. in mammals and
birds, but unstable in fish, amphibians and non-avian reptiles
[14]. For reptiles, multiple transitions between ESD and GSD
in both directions were expected [15]. This traditional para-
digm was shaken only recently by a series of molecular
studies documenting that many reptile lineages, specifically
advanced snakes, lacertid lizards, anguimorphan reptiles,
iguanas and softshell turtles possess in fact highly differen-
tiated and long-term, stable sex chromosomes [16–22]. The
minimal age of sex chromosomes in these lineages is approxi-
mately between 80 and 180 MY and thus comparable to the
minimal age of sex chromosomes of birds (100–120 Ma) and
viviparous mammals (165 Ma) [23,24]. For squamates, it
was suggested that sex chromosomes evolved a long time
ago independently, possibly from the ancestral ESD, in
most of their major clades. Only dragon lizards, geckos and
possibly skinks were considered exceptional due to extensive
variability in sex-determination systems [1,25].

With around 1700 currently known species forming ca
15% of reptile species diversity, skinks (family Scincidae)
are a very diverse, nearly cosmopolitan group of squamates
known for their large ecological and morphological variabil-
ity [26]. They include terrestrial, subterranean, arboreal and
semiaquatic forms with numerous transitions to viviparity,
limblessness and nocturnality and significant variability in
body size [27]. In spite of decades of cytogenetic research,
sex chromosomes have been determined only in about a
dozen skink species across their enormous diversity [28–31].
Variability of sex determination in skinks has been suggested
for a long time. Previously Donnellan [32] suggested that sex
chromosomes are not homologous across skink lineages
based on chromosome morphology. However, chromosome
morphology is not the decisive criterion of (non)homology
of sex-determination systems. The situation was complicated
further by reports of an environmental influence on sex in
certain species of skinks, leading to the conclusion that
some members of this lineage have ESD and hence no sex
chromosomes [33–35]. Nevertheless, many earlier reports of
ESD were found to be unreliable based on recent cytogenetic
or molecular evidence [36–39]. These erroneous reports of
ESD in actually GSD species caused an overestimation of
the number of GSD to ESD transitions among amniotes and
undermined the long-term stability of GSD.

We decided to shed light on this long-lasting debate. By
comparison of the male and female genomes, we identified
X-specific genes, i.e. genes present on X but missing on the
Y chromosome, in the common sandfish (Scincus scincus),
one of the few skink species with cytogenetic evidence for
sex chromosomes [40]. After validation of X-specificity by
quantitative PCR (qPCR) in this species, we performed a mol-
ecular test of the homology of sex chromosomes across skinks
and their nearest outgroups.
2. Material and methods
(a) Studied material
Tissue samples (blood from living individuals and muscle or
tissue from the tip of the tail from preserved specimens) were
collected from one male and one female individual of 13 repre-
sentative species of skinks and their close outgroups
represented by members of the families Cordylidae, Gerrhosaur-
idae and Xantusiidae, who along with skinks form the clade
Scincoidea (electronic supplementary material, table S1). Selec-
tion of species was done according to their phylogenetic
position to cover all major skink lineages [41] and availability
of high-quality tissue samples of both sexes for DNA isolation.
We were not able to include the African subterranean subfamily
Acontinae, where sexed material was not available to us. Geno-
mic DNA was isolated from blood or tail tissue using a Qiagen
DNeasy Blood and Tissue kit (Qiagen). All experimental pro-
cedures were carried out under the supervision and with the
approval of the Ethics Committee of the Faculty of Science,
Charles University in Prague, followed by the Committee for
Animal Welfare of the Ministry of Agriculture of the Czech
Republic (permission no. 29555/2006-30).

(b) Chromosome preparations and cytogenetic analysis
of Scincus scincus and Tropidophorus baconi

Metaphase chromosomes were prepared from whole blood cell
cultures according to the protocol described in Mazzoleni et al.
[42] and Pokorná et al. [43] in widely phylogenetically distant
skinks Scincus scincus (Scincinae) and Tropidophorus baconi (Lygo-
sominae). The chromosomes were Giemsa-stained and
photographed using a Provis AX70 fluorescence microscope
equipped with a digital camera (Olympus DP30BW). Karyograms
were prepared using Ikaros software (MetaSystems, Germany). To
identify sex-specific differences in sequence composition, we per-
formed comparative genomic hybridization (CGH) using a
previously described protocol [36]. Also, we examined the distri-
bution of the rDNA loci as the sex chromosomes of Scincus
scincus were identified by differences in numbers of nucleolar
organizing regions (NORs) between sexes [40], using fluorescence
in situ hybridization (FISH). The probe for the rDNA loci was pre-
pared from a plasmid (pDm r.a51#1) with an 11.5-kb insertion,
encoding the 18S and 28S rRNA units of Drosophila melanogaster
[44]; this protocol is explained in detail in Rovatsos et al. [36].

(c) Genome coverage analysis in Scincus scincus
Genomic DNA isolated from blood samples of one male and one
female of Scincus scincus was sequenced at high coverage by
Novogene (Cambridge, UK) in the Illumina HiSeq2500 platform,
with 150 base pairs (bp) pair-end option (DNA-seq). The raw
Illumina reads are deposited in GenBank under the NCBI Bio-
Project PRJNA660179. Adapters and low-quality bases from
raw reads were trimmed by Trimmomatic [45] and reads shorter
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Figure 1. Karyogram reconstruction from metaphase after FISH with the probe for rDNA loci in male individuals of Scincus scincus (a) and Tropidophorus baconi (b).
Signal of rDNA loci was detected in a single chromosome from the 9th pair in males of S. scincus, but in both chromosomes of the 12th pair in T. baconi. CGH
revealed differences between sexes neither in males, nor in females in both S. scincus (c,d ) and T. baconi (e,f ). (Online version in colour.)
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than 50 bp were removed. Trimmed reads were checked in
FASTQC [46] and MULTIQC [47].

The X-specific genes have half the copy numbers in the gen-
omes of XY males in comparison to XX females. The differences
in the copy numbers of X-specific genes between sexes are
expected to be proportional to the differences in coverage of the
reads from DNA sequencing in Illumina HiSeq platforms
[48,49]. Therefore, these loci are expected to have half read cover-
age in males compared to females, while autosomal and
pseudoautosomal loci should have equal read coverage in both
sexes. We independently mapped the trimmed Illumina reads
from the male and the female sandfish using Geneious Prime
(https://www.geneious.com) to a reference dataset of 237 298
exons of the common wall lizard (Podarcis muralis), a lizard with
a genome assembled to chromosome level and high-quality
gene annotation [50]. The average read coverage per gene was
calculated in each specimen after filtering all exons with unexpect-
edly high or low coverage (i.e. fourfold difference from the
average coverage). Subsequently, we calculated the ratio of
female to male read coverage for each gene, normalized to the
total number of assembled reads per specimen (electronic sup-
plementary material, table S2). We identified X-specific genes as
genes with a male to female coverage ratio between 0.35 and 0.65.

Also, X-specific, single-copy genes are hemizygous in the
heterogametic sex (i.e. in males in S. scincus). Therefore, such loci
should not have single nucleotide polymorphisms (SNPs) in our
map-to-reference assembly from males. We calculated the
presence/absence of SNPs in the assembly of the male sandfish
in order to validate the X-specificity of genes uncovered by the
comparative coverage analysis (electronic supplementary
material, table S2).

(d) Validation of X-specific loci and test of homology
of sex chromosomes across skinks by qPCR

The differences in gene copy numbers of the X-specific genes
between sexes can be measured by qPCR applied to genomic
DNA [16–22]. We applied this technique to further validate
X-specificity of a subset of X-specific genes uncovered from
bioinformatic analyses. Subsequently, as a test of homology of
sex chromosomes across skinks, we tested whether the X-specific
genes in S. scincus are also X-specific in other skinks and their
close outgroups. For qPCR, we designed specific primers using
Primer3 software [51] for the amplification of a 120–200 bp frag-
ment of 10 X-specific genes, i.e. genes with the male to female
genome coverage ratio around 0.5 lacking SNPs in the male of
S. scincus, (electronic supplementary material, table S3). In
addition, we amplified by qPCR three single-copy autosomal
genes (abarb2, eef1a1, mecom) [39], for normalization of the
quantification values and for autosomal controls.

The qPCRwas carried out in a LightCycler II 480 (Roche Diag-
nostics) with all samples run in triplicate. The detailed qPCR
protocol and the description of the calculation of the relative gene
dose between sexes are available in our previous reports [17,52].
Briefly, the gene dosage of each target gene was calculated from
crossing point values and was subsequently normalized to the
dose of the single-copy reference gene eef1a1 or mecom from the
same DNA sample. The relative gene dosage ratio (r) between
sexes of a given species for each target gene is expected to be
close to 0.5 for X-specific genes, 1.0 for (pseudo)autosomal genes
and potentially 2.0 for Z-specific genes.
3. Results and discussion
(a) Cytogenetic analysis
Caputo et al. [40] reported the sex-associated NOR poly-
morphism in S. scincus with two active NORs in females,
while only one in males. We confirmed this observation by
FISH with the probe specific for rDNA sequences, demon-
strating that the sex chromosomes in this species differ both
in the transcription activity (NORs) and the number of
rDNA repeats (figure 1a). Nevertheless, the sex-related poly-
morphism in the presence of rDNA loci is not present in the
genera Eumeces and Plestiodon closely related to S. scincus
[40], nor in Tropidophorus baconi (figure 1b). The studied
male of T. baconi (figure 1b) possessed a small difference in
the accumulation of rDNA loci between the two chromo-
somes of the pair; however, the variability in the number of
rDNA copies within a species is common in vertebrates
[19], and the presence/absence polymorphism of rDNA loci
is clearly not present in this species. Thus, it seems that the
polymorphism enabling us to distinguish sex chromosomes
cytogenetically is an apomorphy of the sandfish lineage.

https://www.geneious.com
https://www.geneious.com
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Figure 2. Log2-transformed male to female ratios of DNA-seq read coverage per gene in Scincus scincus. The genes are illustrated according to the position of their
orthologues in the chromosomes of Podarcis muralis. Note that the region homologous to PMU10 (indicated by a red arrow) possesses half male to female ratio in
read coverage depth, demonstrating that this genome part is X-specific in Scincus scincus. (Online version in colour.)
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Surprisingly, sex-specific differences in the genome were not
detected by CGH in either S. scincus (figure 1c,d), or in Tropi-
dophorus baconi (figure 1e,f ). The lack of sex-specific signal in
CGH indicates that the sex chromosomes (if present in Tropi-
dophorus baconi) are homomorphic and poorly differentiated.
(b) X-linked genes in Scincus scincus
The analysis of exonic genome regions in the common sand-
fish revealed 560 genes with roughly half coverage in the
male in comparison to the female genome (male to female
ratio between 0.35 and 0.65), which is expected for X-specific
genes missing on the Y chromosome (figure 2; electronic sup-
plementary material, table S2). Notably, 169 out of 560
candidate X-specific genes were lacking polymorphisms in
males (determined as the absence of SNPs in at least 80%
of exons in a given gene), which is in accordance with the
expected hemizygous state. The homologues of these 169
genes are scattered across all P. muralis chromosomes. Nota-
bly, 37 of these genes are linked to P. muralis chromosome
10 (PMU10), covering a chromosomal region of approxi-
mately 7 million base pairs (electronic supplementary
material, table S2). The X-specificity of a subset of 10 genes
from PMU10 was validated by comparison of copy number
variation between the sexes by quantitative PCR (qPCR)
(figure 3; electronic supplementary material, table S3).

The X-linked genes from the region homologous to a part
of PMU10 have homologues linked to a region of chicken
chromosome 1 (GGA1). As far as is known, the PMU10/
GGA1 syntenic block is among amniotes involved in sex
chromosomes only in skinks and the phylogenetically distant
geckos from the genus Coleonyx [22,53] supporting the hypoth-
esis that the sex chromosomes in skinks evolved
independently from other amniote sex chromosomes. Notably,
this chromosomal region contains several genes, which are
involved in gonad development or in pathological conditions
(dmc1, ep300, igf1, kitlg, nup107, pdgfb, sbf1, sox10, stra8, sycp3)
and can potentially act as the sex-determining gene(s) in
skinks. Among these genes, prominent candidates could be
the genes ep300 (E1A binding protein p300), a histone acetyl-
transferase that regulates transcription via chromatin
remodelling, and sox10 (sry-box transcription factor 10), a
member of the sox (sry-related hmg-box) family of transcription
factors involved in the regulation of embryonic development.
Mouse embryos lacking functional copies of ep300 exhibit
complete XY gonadal sex reversal [54]. In pathological con-
ditions, the ectopic expression of sox10 in embryonic gonad
leads to upregulation of transcriptional targets of the sox9
gene, triggering the male differentiation pathway and resulting
in sex-reversed XX males in humans and mice [55,56]. A third
potential sex-determining gene is sbf1 (SET-binding factor 1), a
member of the protein-tyrosine phosphatase family involved in
cell growth and differentiation which is highly expressed in the
brain and testes. Alterations in the sbf1 sequence or splicing
lead to male infertility, impaired spermatogenesis and azoos-
permia in humans, mice and rats [57–60]. Notably, sbf1 is
nested in the 7 million base pair chromosomal region, enriched
with X-specific genes in S. scincus.
(c) Poorly differentiated, but highly conserved sex
chromosomes across skinks

The copy number variation in the orthologues of X-specific
genes of the common sandfish was consistent with their
X-specificity in all 13 tested skinks covering a phylogenetic
spectrum of 1665 extant species (figure 3 and electronic sup-
plementary material, table S3). The genes from the X-specific
region of S. scincus determined by the coverage analysis and
tested by qPCR showed in skinks clearly bimodal pattern in
the male to female ratios. Most of them had the ratios
around 0.5 consistent with the X-specificity (red bars in
figure 3). However, in some species few such genes had
ratios around 1.0 consistent with autosomal or pseudoautoso-
mal position (orange bars in figure 3), which can be explained
by translocations of genes from the X-specific to autosomal or
pseudoautosomal positions, or by rare recombination events
between otherwise non-recombining regions of the X and the
Y chromosomes. Evidence for such rearrangements can be
expected in comparisons of species across old radiations (see
similar cases e.g. in lacertid lizards [20,39]).

Our results support that sex chromosomes are highly con-
served across the skink radiation (figure 3), in spite of their
poor differentiation. We confirmed the poor stage of differen-
tiation in Tropidophorus baconi, where cytogenetic techniques
including CGH failed to reveal sex chromosomes, although
qPCR confirmed that this species shares XX/XY sex chromo-
somes with the common sandfish. In support of our results, a
recent study in the water skink Eulamprus heatwolei revealed
an XX/XY sex-determination system, with sex chromosomes
homologous to the same part of GGA1 [61]. Sex chromosomes
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in skinks are typically homomorphic, and considering the rela-
tively small X-specific region within otherwise quite large sex
chromosomes uncovered in S. scincus (this study) and Eulam-
prus heatwolei [61], they can be indeed assigned as poorly
differentiated, although this term is rather subjective and the
objective criteria for the degree of differentiation are highly dis-
cussed [62]. The small X-specific region of skinks seems to be
beyond the detection efficiency of molecular cytogenetic
methods such as CGH, which explains why sex chromosomes
inmost skinkswere not detectedup to nowdespite several care-
ful cytogenetic studies [63,64]. The orthologues of X-specific
genes of the common sandfish showed a pseudoautosomal or
autosomal pattern in the outgroups from the three families
(Cordylidae, Gerrhosauridae and Xantusiidae) which along
with skinks form the clade Scincoidea. ZZ/ZW sex chromo-
somes containing genes from other regions were reported in a
night lizard from the familyXantusiidae [65],while sex determi-
nation is not known up to now in any cordylid or gerrhosaurid
lizards. The origin of sex chromosomes in skinks can therefore
be dated between the split of the monophylum of the three
other scincoidean families and skinks around 150 Ma and the
divergence of the subfamilies Lygosominae and Scincinae
living ca 85 Ma [66,67].
(d) Towards resolution of controversies on sex
determination in skinks and other reptiles

At least two species of skinks (Bassiana duperreyi, Niveoscincus
ocellatus) previously reported as ESD, seem to have GSD. The
effect of environmental conditions leading to unequal sex
ratio is probably due to sex reversals in Bassiana duperreyi
[68] and sex-linkage of anonymous molecular markers con-
sistent with XX/XY sex chromosomes were identified in
Niveoscincus ocellatus [69]. Of course, we cannot exclude the
possibility that some species of skinks do not share the
same sex chromosomes. Rare exceptions from the conserved
pattern with likely derived sex chromosomes were found in
iguanas, anguimorphan lizards and mammals [18,21,70,71].
However, the current results show that the sex chromosomes
homologous to the sandfish are conserved for a long time
across most of the phylogenetic diversity of skinks. Assuming
that all species derived from the common ancestor of Lygoso-
minae and Scincinae share the same chromosomes, we can
estimate that roughly at least 15% out of nearly 11 000 cur-
rently recognized squamate species share sex chromosomes
with the sandfish, and that about 60% of squamate species
are members of the five lineages with adequate molecular
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evidence for conservation of sex chromosomes (figure 4). We
assume that GSD will also be frequent in the remaining 40%
of squamate species, with sex chromosomes being reported
for example in chameleons, agamids and many geckos
[22,25,36,37,72]. Against older predictions [73], ESD seems
to be rather rare representing approximately 5% of species
diversity in non-avian reptiles. Future studies should further
verify and increase the precision of these estimations.

(e) Molecular sexing of skinks
The technique based on quantitative PCR for testing the hom-
ology of sex chromosomes across skinks can be used as a
widely applicable method for molecular sexing [17]. Such
methods were not available up to now in skinks, although it is
verymuch needed.Molecular sexing is essential formanydevel-
opmental and ecological studies requiring the determination of
the sex of embryos, which were previously hampered in this
important group by the lack of a molecular sexing method.
Moreover, many skinks are extremely difficult to sex based on
external morphology even as adults. Fifty-six skink species are
critically endangered and 77 species are endangered worldwide
[74]. Our technique for molecular sexing could be crucial for the
success of conservation projects. Furthermore, molecular sexing
is a valuable tool for studies in developmental biology. Thismol-
ecular sexing method based on qPCR is now available for
potentially 60% of squamate species (figure 4).
4. Conclusion
The observed homology of sex chromosomes in skinks was not
expected based on recent models of sex chromosome evolution
which postulated that poorly differentiated sex chromosomes
of ectotherms are young and unstable [14], i.e. prone to
turnovers or even transitions to ESD where sex chromosomes
are not present. Skinks can be considered as another reptile
group (figure 4) with the stability of sex chromosomes.
Skinks provide further support that the phylogenetic border
between unstable and stable sex chromosomes does not lay
between ectotherms and endotherms. Recent work showing
high-evolutionary stability in sturgeons [75] suggests that the
dichotomy is neither between amniotes and anamniotes as
was previously suggested [20]. The age of the poorly differen-
tiated XX/XY sex chromosomes in skinks is similar to the
differentiated ZZ/ZW sex chromosomes in birds and
advanced snakes [16,23], which opposes the traditional theor-
etical predictions that the Y chromosome should degenerate
faster than the W chromosome. The traditional predictions
are also not supported by the empirical data in other squamate
lineages. A higher degree of differentiation in lineages with
female heterogamety in comparison to male heterogamety
was observed within snakes [76], chameleons [36,37] and
between closely related teiid and lacertid lizards [20,77]. On
the other hand, XX/XY sex chromosomes are highly differen-
tiated in viviparous mammals and iguanas (with the exception
of basilisks [71,78]); however, sex chromosomes in these two
groups are among the oldest sex chromosomes uncovered to
date in amniotes, and they thus potentially had a longer
time to differentiate [79,80]. Moreover, these two lineages are
the only known amniote lineages with a chromosome-wide
dosage compensation mechanism [81–83], which might influ-
ence the rate of differentiation of sex chromosomes.
Processes keeping sex chromosomes at a poorly differentiated
state for a long time as we observe in skink may include a high
recombination rate between sex chromosomes, potentially
facilitated by thermally induced sex reversal [84]. In any
case, reasons for the differences in the differentiation rate of
sex chromosomes among lineages remain unclear and
represent a challenging and fruitful research field [14,62,84].
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