
1Scientific Reports |          (2019) 9:7832  | https://doi.org/10.1038/s41598-019-44192-5

www.nature.com/scientificreports

Little evidence for switches to 
environmental sex determination 
and turnover of sex chromosomes 
in lacertid lizards
Michail Rovatsos   1,2, Jasna Vukić 1, Agata Mrugała1, Grzegorz Suwala1,2, Petros Lymberakis   3 
& Lukáš Kratochvíl 1

Amniotes possess variability in sex determination, from environmental sex determination (ESD), where 
no sex chromosomes are present, to genotypic sex determination (GSD) with highly differentiated sex 
chromosomes. Some evolutionary scenarios postulate high stability of differentiated sex chromosomes 
and rare transitions from GSD to ESD. However, sex chromosome turnovers and two independent 
transitions from highly differentiated ZZ/ZW sex chromosomes to ESD were previously reported in 
the lacertid lizards. Here, we examined the homology of sex chromosomes in the wide phylogenetic 
spectrum of lacertids and their outgroups by comparing gene copy numbers between sexes in genes 
previously found to be Z-specific in some lacertids. Our current sampling covers 45 species from 26 
genera including lineages supposed to possess a derived sex determining systems. We found that all 
tested lacertids share homologous differentiated ZZ/ZW sex chromosomes, which were present already 
in their common ancestor living around 85 million years ago. These differentiated sex chromosomes are 
not present in amphisbaenians and teiid lizards, the close relatives of lacertids. Our study demonstrates 
how inaccuracies in data can influence the outcome of phylogenetic reconstructions of evolution of sex 
determination, in this case they overestimated the number of shifts from GSD to ESD and the rate in 
turnovers of sex chromosomes.

Sex determination, the process that decides the sex of an individual, is variable among lineages of amniotes1–3. 
Despite the great effort and recent advances, the reconstruction of the ancestral state and transitions between 
particular sex determination modes in amniotes is still equivocal. Some authors argue that the ancestral state was 
environmental sex determination (ESD), where sexes do not differ in genotype consistently. According to this sce-
nario, the ancestral ESD is still present in recent crocodiles, the majority of turtles and a few squamate lineages4. 
Furthermore, the transitions from ESD to genotypic sex determination (GSD), where sexes differ in genotypes, 
should be frequent, but transitions in the opposite direction should be rare. This view might be supported by the 
shared parts of the molecular machinery of sex determination across several ESD lineages5, which can, however, 
also reflect independent co-option of the same epigenetic, thermally-sensitive process. Notably, other authors 
suggested that GSD, and not ESD, was the ancestral state in amniotes6. This alternative was supported by the 
finding that the same syntenic blocks play the role of sex chromosomes in several lineages, which was interpreted 
as evidence for a homology of these sex-determining systems. But again, homoplasy, in this case independent 
co-options of the same part of genome as sex chromosomes, cannot be excluded. Sex chromosomes likely evolved 
independently many times in amniotes and the repeated independent co-option of the same blocks might be a 
result of a multiple random selection from a limited number of syntenic blocks, or a higher tendency of a syntenic 
block to be co-opted due to its gene content, particularly due to enrichment of genes involved in gonad differen-
tiation7. The ancestral GSD hypothesis suggests repeated transitions from GSD to ESD.

The two scenarios differ in the predictions on the stability of GSD with respect to ESD and hence the frequency 
of GSD to ESD transitions. Several transitions from GSD to ESD expected under the ancestral GSD hypothesis 
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were suggested in some phylogenetic reconstructions of the evolution of sex determination systems8–12, but many 
of them were put into doubt by some authors1,3,13. Two such putative transitions were reported in the lacertid 
lizards based on published data in Podarcis pityusensis14 and Eremias multiocellata15–17. In lacertids, differenti-
ated ZZ/ZW sex chromosomes containing genes with orthologs linked to the shorter arm of chicken (Gallus 
gallus; GGA) chromosome 4 (GGA4p), homologous to the ancestral X chromosome of viviparous mammals, and 
GGA17 were documented in 18 species. However, differences in morphology of sex chromosomes among lacert-
ids led to the hypothesis that the differentiation of their sex chromosomes occurred repeatedly and independently 
in different taxa within the family18. Furthermore, recent cytogenetic evidence from comparative chromosome 
painting points to the non-homology of sex chromosomes between members of the genera Iberolacerta and 
Timon versus Lacerta schreiberi, suggesting that there has been a turnover of sex chromosomes within lacertids19.

In the current study, we performed a molecular test of homology of sex chromosomes using up to now the 
densest sampling of lacertids. We aimed to clarify the stability and the age of differentiated sex chromosomes in 
lacertids and to explore the putative exceptions to the general ZZ/ZW pattern. We included the lineages where 
derived sex determining system was previously reported, which in the case of the genera Eremias and Podarcis led 
to the reconstruction of the transitions from the ancestral GSD to ESD within lacertids8–10,12, undermining the 
ancestral ESD hypothesis for amniotes.

Material and Methods
Material collection and DNA isolation.  Blood or tissue material were collected from both sexes from 
27 species of lacertids and their outgroups, i.e., two species of the legless amphisbaenians of the family Blanidae 
and three species of the family Teiidae (Table S1). When needed, specimens were temporarily maintained in 
the Animal Facilities of Faculty of Science, Charles University (Accreditation No. 13060/2014-MZE-17214). All 
experimental procedures were carried out under the supervision and with the approval of the Ethics Committee 
of the Faculty of Science, Charles University, followed by the Committee for Animal Welfare of the Ministry of 
Agriculture of the Czech Republic (Accreditation No. 24773/2008-10001). Genomic DNA was extracted from 
samples using a DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol. DNA concen-
tration and quality were measured by Nanodrop 2000 Spectrophotometer (Thermo Scientific).

Test of homology based on quantitative real-time PCR (qPCR).  In ZZ/ZW sex chromosome sys-
tems genes linked to the Z chromosome and missing on its degenerated W counterpart differ in gene copy num-
bers between sexes. In such genes, males (ZZ) have twice as many copies than females (ZW), whereas genes in 
autosomal or pseudoautosomal regions have equal copy numbers in both sexes. Quantitative Real-Time PCR 
(qPCR) is a useful tool to estimate a difference in copy number between a male and a female individual of the 
same species. A relative female-to-male gene dose ratio (r) of 0.5 is expected for the Z-specific genes and 1.0 for 
the (pseudo)autosomal genes. Thus qPCR analysis can be performed in species across a lineage to test whether the 
same genes are Z-specific in them as a test of homology and degree of differentiation of sex chromosomes. In pre-
vious studies, it was shown that 18 species of lacertids have homologous sex chromosomes and their gene content 
is homologous to a part of GGA4p and GGA1720,21. Here we expand these studies by inclusion of other 27 lacertid 
and five outgroup species to reliably date the origin of the lacertid sex chromosomes. For qPCR measurement, we 
used previously designed primers targeting two autosomal genes (adarb2, mecom) and four putative Z-specific 
genes in lacertids (mars2, lpar4, klhl13, angptl2)21. In addition, we designed new primers for one autosomal gene 
with an ortholog in GGAZ (smad7), and four candidate Z-linked genes with orthologs linked to GGA4p (gab3, 
mbnl3) and GGA17 (hspa5, lrrc8a). The gene mecom was used as a reference gene for the normalization of the 
qPCR values. The primer sequences are given in Table S2. For detailed methodology on primer design and qPCR 
calculations see22. The qPCR was performed using a LightCycler II 480 (Roche Diagnostics, Basel, Switzerland) 
and all samples were run in triplicates. The loci with female-to-male gene dose ratio values in the range 0.25–0.75 
were considered Z-specific, and in the range 0.75–1.25 autosomal or pseudoautosomal. We tested significance 
of deviations of the gene dose ratios in lacertids and outgroups in each gene from the values 0.5 expected for 
Z-specific genes and 1.0 expected for (pseudo-)autosomal genes by t-test.

Results
A relative gene dose was tested by qPCR in four genes previously showed to be Z-linked in lacertids, three of 
which are orthologous to genes in GGA4p and one to GGA1720,21, in 27 species of lacertids and five species of 
their closest outgroups (two species of blanids and three species of teiids). Two additional genes with orthologs 
linked to GGA4p and two genes with orthologs linked to GGA17 were also tested in all species using the prim-
ers newly designed for this study. Although not all loci amplified successfully in all the tested species, at least 
two putative Z-specific genes were tested in all species. Overall, all putative Z-specific genes show the expected 
female-to-male gene dose ratio value of approximately 0.5 across lacertids, although individual genes depart from 
this pattern in some species (Tables S3 and S4). Therefore, it seems that all tested lacertid species share at least par-
tially the same Z chromosome, with gene content homologous mainly to two major syntenic chromosome regions 
in chicken (GGA4p, GGA17) and human (HSA9, HSAX) (Fig. 1). The exception is the gene mars2, which has 
orthologs linked to GGA4p and to HSA220. For the comparison of the partial gene content of the Z-specific part 
of sex chromosomes across major lineages of lacertid lizards and the estimation of the age of sex chromosomes 
in lacertids, we included the results of the previous study for 18 lacertid species21, and thus obtained the densest 
dataset so far, including altogether 45 lacertid species and five close outgroup species from the families Blanidae 
and Teiidae. We found that differentiated sex chromosomes are shared across all 45 species of lacertids, including 
both lacertid subfamilies (Gallotinae and Lacertinae), and broadly covering the phylogenetic diversity of the 
group (see Fig. 2). We showed that Podarcis pityusensis, previously reported to possess ESD14 and thus supposed 
to lack sex chromosomes, shares the same ZZ/ZW sex chromosomes with other lacertids. Also Lacerta schreiberi, 
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previously thought to possess different sex chromosomes19, has the same partial gene content of the Z-specific 
part of sex chromosomes, and thus possess the same sex chromosomes as other lacertids. Although we strongly 
supported the stability of the differentiated sex chromosomes across the lacertids, some Z-linked genes, both 
those with orthologs linked to GGA4p and those to GGA17, return a (pseudo)autosomal pattern in a few cases 
in different species (Table S3). Our results showed that the Z-specific genes of lacertids are (pseudo)autosomal 
in their closest outgroups, blanids and teiids (Tables S3 and S4). This allows the estimation of the age of lacertid 
differentiated sex chromosomes, placing their origin between the split between lacertids and amphisbaenians 
approximately 150 MYA and the basal split of lacertids, i.e., the split between Gallotinae and Lacertinae, approx-
imately 85 MYA (the dating of these events follows ref.23).

Discussion
As far as we know, differentiated sex chromosomes (ZZ/ZW or derived multiple neo-sex chromosomes) were 
uncovered by previous cytogenetic work in 21 species present in our sample, the qPCR results are in agreement 
with these cytogenetic observations and moreover suggest that these cytogenetically detectable sex chromosomes 
are homologous. The qPCR results presented here and in our previous studies20,21 represent the first evidence 
for female heterogamety in further 24 species of lacertids. Furthermore, female heterogamety was uncovered up 
to now solely by cytogenetics in 27 other lacertid species (reviewed in Table 1). Therefore, evidence for female 
heterogamety exists in c. 20% of the recently recognized species of lacertids. The current analysis supports 
the long-term stability of differentiated ZZ/ZW sex chromosomes across the whole family Lacertidae (Fig. 2). 
Lacertid sex chromosomes can be dated back to the Mesozoic epoch and are of comparable age to avian sex 
chromosomes24. The former studies documenting the variability in sex chromosomes in lacertids18,25 were based 
on cytogenetic descriptions without any molecular or cytogenetic marker for testing of homology of sex chro-
mosomes. Differentiated W chromosomes are highly variable in sequence content and heterochromatin distribu-
tion26–28, which can explain the differences in morphology of lacertid sex chromosomes. Interestingly, we found 
that the Z chromosome of Lacerta schreiberi is homologous to Z of other lacertids, although it was previously 
reported that the flow-sorted probe containing the Z of Iberolacerta monticola hybridized to even number of 
chromosomes in metaphases from both sexes of L. schreiberi, which indicated that the ancestor of this species had 
a turnover of sex chromosomes19.

The loci originally revealed to be Z-specific in Takydromus sexlineatus, the first lacertid with known partial 
gene content of sex chromosomes20, are Z-specific in other lacertids as well, but several exceptions exist. In some 
species, putative Z-specific genes gave (pseudo)autosomal pattern in qPCR (Table S3). The distribution of these 
values with (pseudo)autosomal pattern does not seem to have any clear phylogenetic pattern. According to phy-
logenetic position of their bearers, these genes seem to be ancestrally Z-specific in lacertids. Analogous situation 
was found in the genomic analysis of the differentiation of Z and W chromosomes across birds, demonstrat-
ing that the sex chromosome evolution might be unexpectedly complex24. There are several, up to now purely 

Figure 1.  Position of lacertid Z-linked genes in human (HSA) and chicken (GGA) chromosomes.
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Figure 2.  Relative gene dose ratios between sexes in 45 species of lacertids and five species representing 
outgroups (teiids and amphisbaenians from the family Blanidae). Red and yellow bars correspond to average 
Z-specific and (pseudo)autosomal values, respectively. Blue bars correspond to the average values for (pseudo)
autosomal control loci. Value 1.0 is expected for (pseudo)autosomal genes, while value 0.5 is consistent with 
Z-specificity. Our results suggest that sex chromosomes are highly conserved and homologous across lacertids, 
although in some species several genes, which are Z-linked in the majority of lacertids, have a (pseudo)
autosomal pattern. These genes were not included in the figure, but were assigned in Table S3. Data from20,21 
were included. Phylogeny follows68. Not all sub-Saharan species studied here were included in this phylogenetic 
hypothesis, which led to the soft polytomy in this clade.
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Species
Cytogenetic 
evidence

qPCR 
evidence

Algyroides moreoticus yes18 yes

Algyroides nigropunctatus yes18 yes

Atlantolacerta andreanskyi yes46 yes

Darevskia portschinskii yes47 yes

Darevskia raddei yes47 yes

Eremias velox yes48 yes

Gallotia galloti yes49 yes

Iberolacerta horvathi yes50 yes

lberolacerta monticola yes51 yes

Lacerta agilis yes52 yes

Lacerta bilineata yes49 yes

Lacerta schreiberi yes19 yes

Lacerta strigata yes48 yes

Lacerta trilineata yes53 yes

Lacerta viridis yes51 yes

Podarcis siculus yes51 yes

Podarcis tauricus yes54 yes

Psammodromus algirus yes51 yes

Takydromus sexlineatus yes55 yes

Teira dugesii yes25 yes

Timon lepidus yes25 yes

Zootoca vivipara yes56 yes

Acanthodactylus boskianus no yes

Acanthodactylus schreiberi no yes

Anatololacerta oertzeni no yes

Apathya cappadocica no yes

Gallotia stehlini no yes

Holaspis guentheri no yes

Iranolacerta brandtii no yes

Lacerta media no yes

Latastia longicaudata no yes

Meroles squamulosus no yes

Mesalina guttulata no yes

Nucras intertexta no yes

Nucras taeniolata no yes

Pedioplanis lineoocellata no yes

Phoenicolacerta troodica no yes

Podarcis bocagei no yes

Podarcis muralis no yes

Podarcis peloponnesiaca no yes

Podarcis pityusensis no yes

Psammodromus hispanicus no yes

Scelarcis perspicillata no yes

Timon tangitanus no yes

Teira dugesii no yes

Vhembelacerta rupicola no yes

Acanthodactylus erythrurus yes25 no

Acanthodactylus lineomaculatus yes39 no

Darevskia armeniaca yes57 no

Darevskia dahli yes58 no

Darevskia mixta yes59 no

Darevskia rostombekovi yes47 no

Darevskia unisexualis yes47 no

Darevskia valentini yes59 no

Dinarolacerta mosorensis yes60 no

Continued
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speculative explanations for this variability. The observed (pseudo)autosomal pattern in otherwise Z-specific 
genes in lacertids might reflect a different rate of independent differentiation of the W-specific regions from the 
ancestral pseudoautosomal state, as was suggested for birds24. However, we cannot exclude independent second-
ary re-emergence of recombination between particular Z and W regions recreating locally the pseudoautosomal 
state or independent translocations of the genes to pseudoautosomal region or autosomes. Alternatively, the scat-
tered pseudoautosomal pattern in certain genes can reflect convergence, for instance by gene conversion, of game-
tolog sequences leading to binding of qPCR primers otherwise specific to Z gametologs to both Z- and W-linked 
gametologs. These possibilities should be evaluated in future when more data on genomics of sex chromosomes 
in lacertids are available. As criticized already by Harlow13, the evidence that Podarcis pityusensis possesses ESD is 
extremely poor. It is based on a single description of the production of one male to ‘10–15 females’ at a single tem-
perature without validation of sexing of juveniles14,29. However, this species is still included as having ESD in the 
majority of phylogenetic analyses of sex determination8–10,12 but see1,3. The results of our analysis strongly suggest 
that this species has the same sex-linked region as all other tested lacertids. The shared sex-linkage demonstrates 
that Podarcis pityusensis does not have any derived sex determination system, but instead relies on the ancestral 
ZZ/ZW sex chromosomes of the lacertids.

More recently, ESD was reported in another lacertid, the viviparous species Eremias multiocellata15–17,30. This 
information was included in the subsequent comparative phylogenetic analysis, which led to a reconstruction 
of the second transition from GSD to ESD in the family Lacertidae12. Highly biased sex ratio related to constant 
temperatures during gestation was reported in the first experimental study in E. multiocellata15. In the follow-up 
study, the differences in sex ratios among temperatures were much less pronounced in the same species and equal 
sex ratios were reported from the females that went through gestation in the field and from moderate gestation 
temperatures16. The norm of reaction with equal sex ratios in non-extreme temperatures itself questions the 
presence of ESD31. Neither of these two studies were able to exclude differential mortality of sexes at certain tem-
peratures (known for example in snakes)32 or temperature-induced sex reversals (reported in the skink Bassiana 
duperreyi or dragon lizard Pogona vitticeps)33–35. Moreover, juveniles were sexed by examination of hemipene 
size (in15 also by histology, but methodological details and data from histological sections were not presented), 
which was not validated, e.g., it was not tested whether hemipene size is not phenotypically plastic in relation to 
temperature. But the most important argument against ESD in E. multiocellata is the finding of highly differen-
tiated ZZ/ZW sex chromosomes in this species by molecular cytogenetics. The highly differentiated W chromo-
some was found in all females, but not in any male examined17 and the sample size was adequate to document 
clear, statistically significant sex-linkage of the genotype to sex. Due to unavailability of genetic samples, we were 
not able to include E. multiocellata in the recent study, but other congeneric species possess the typical lacertid 
well-differentiated sex chromosomes36 and homologous sex chromosomes between E. velox and other lacertids 
was demonstrated21 based on our Z-specific molecular markers.

The diversity in sex determination is unequally distributed among amniotes. Traditionally, it was assumed 
that unlike birds and mammals, reptiles, i.e., the paraphyletic group of non-avian sauropsids, exhibit rapid and 
frequent transitions in sex-determining systems37. Here, we document the gross stability in homology of sex 
chromosomes in lacertids since the Mesozoic era. Their subsequent evolutionary change can be documented by 
three reconstructed origins of multiple sex chromosomes in this lineage38, here shown variation in the (pseudo)
autosomal versus Z-specific pattern revealed for some genes, and highly dynamic nature of repetitive elements on 
lacertid W chromosome19,36,39. Nevertheless, the previously suggested large variability in sex determination and 

Species
Cytogenetic 
evidence

qPCR 
evidence

Eremias arguta yes61 no

Eremias grammica yes62 no

Heliobolus lugubris yes63 no

Hellenolacerta graeca yes18 no

Iberolacerta aranica yes64 no

Iberolacerta aurelioi yes64 no

Iberolacerta bonnali yes64 no

Iberolacerta cyreni yes64 no

Iberolacerta galani yes65 no

Meroles cuneirostris yes25 no

Mesalina olivieri yes52 no

Omanosaura jayakari yes66 no

Ophisops elegans yes67 no

Phoenicolacerta kulzeri yes69 no

Phoenicolacerta laevis yes69 no

Podarcis melisellensis yes52 no

Podarcis hispanica yes18 no

Podarcis wagleriana yes25 no

Table 1.  Overview of lacertid lizards with cytogenetic and qPCR20,21,this study evidence for female heterogamety.
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sex chromosomes in lacertids seems to be inaccurate. Furthermore, it is important to keep in mind that earlier 
data for some reptile lineages might be questionable. In some cases, sex chromosomes were misidentified and 
confused with autosomes40,41 and in other species the earlier reports on the presence of ESD later appeared to be 
unreliable. Recently, cytogenetic or molecular evidence for sex chromosomes and (hence GSD) was found for pre-
viously assumed “ESD” chameleons42,43, varanids44, skinks45 and lacertids16, this study. The inclusion of such erro-
neous “ESD” species in previous phylogenetic comparative studies8–10,12, caused an overestimation of the number 
of GSD to ESD transitions among amniotes, and undermined the long-term stability of GSD systems. We stress 
that phylogenetic comparative analyses are sensitive to errors in character states and to make them robust, we 
have to not only fill in the gaps in species with no data, but also to check and critically evaluate the original data.

Data Availability
All data are available in the Supplementary Material.

References
	 1.	 Pokorná, M. & Kratochvíl, L. Phylogeny of sex-determining mechanisms in squamate reptiles: are sex chromosomes an evolutionary 

trap? Zool. J. Linn. Soc. 156, 168–183 (2009).
	 2.	 Ashman, T. L. et al. Tree of sex: a database of sexual systems. Sci. Data 1, 140015 (2014).
	 3.	 Gamble, T. et al. Restriction site-associated DNA Sequencing (RAD-seq) reveals an extraordinary number of transitions among 

gecko sex-determining systems. Mol. Biol. Evol. 32, 1296–1309 (2015).
	 4.	 Johnson Pokorná, M. & Kratochvíl, L. What was the ancestral sex‐determining mechanism in amniote vertebrates? Biol. Rev. 91, 

1–12 (2016).
	 5.	 Deveson, I. W. et al. Differential intron retention in Jumonji chromatin modifier genes is implicated in reptile temperature-

dependent sex determination. Sci. Adv. 3, e1700731 (2017).
	 6.	 Ezaz, T., Srikulnath, K. & Marshall-Graves, J. A. Origin of amniote sex chromosomes: an ancestral super-sex chromosome, or 

common requirements? J. Hered. 108, 94–105 (2017).
	 7.	 Marshall Graves, J. A. & Peichel, C. L. Are homologies in vertebrate sex determination due to shared ancestry or to limited options? 

Genome Biol. 11, 205 (2010).
	 8.	 Janzen, F. J. & Phillips, P. C. Exploring the evolution of environmental sex determination, especially in reptiles. J. Evol. Biol. 19, 

1775–1784 (2006).
	 9.	 Organ, C. L. & Janes, D. Evolution of sex chromosomes in Sauropsida. Integr. Comp. Biol. 48, 512–519 (2008).
	10.	 Janes, D. E., Organ, C. L. & Edwards, S. V. Variability in sex-determining mechanisms influences genome complexity in reptiles. 

Cytogenet. Genome Res. 127, 242–248 (2010).
	11.	 Valenzuela, N. & Adams, D. C. Chromosome number and sex determination coevolve in turtles. Evolution 65, 1808–1813 (2011).
	12.	 Pennell, M. W., Mank, J. E. & Peichel, C. L. Transitions in sex determination and sex chromosomes across vertebrate species. Mol. 

Ecol. 27, 3950–3963 (2018).
	13.	 Harlow, P. S. Temperature-dependent sex determination in lizards. In: Temperature-Dependent Sex Determination in Vertebrates, pp. 

42–52, Smithsonian Books, Washington, DC (2004).
	14.	 Eichenberger, P. Smaragdhagedissen kweken op bestelling. Lacerta 39, 72–76 (1981).
	15.	 Zhang, D. J. et al. Effect of gestation temperature on sexual and morphological phenotypes of offspring in a viviparous lizard, 

Eremias multiocellata. J. Therm. Biol. 35, 129–133 (2010).
	16.	 Tang, X. L. et al. Effects of gestation temperature on offspring sex and maternal reproduction in a viviparous lizard (Eremias 

multiocellata) living at high altitude. J. Therm. Biol. 37, 438–444 (2012).
	17.	 Wang, C. et al. Identification of sex chromosomes by means of comparative genomic hybridization in a lizard, Eremias multiocellata. 

Zool. Sci. 32, 151–156 (2015).
	18.	 Odierna, G., Kupriyanova, L. A., Capriglione, T. & Olmo, E. Further data on sex chromosomes of Lacertidae and a hypothesis on 

their evolutionary trend. Amph.-Rept. 14, 1–11 (1993).
	19.	 Rojo Oróns, V. Cytogenetic and molecular characterization of lacertid lizard species from the Iberian Peninsula. Doctoral Thesis, 

Universidade da Coruña (2015).
	20.	 Rovatsos, M., Vukić, J. & Kratochvíl, L. Mammalian X homolog acts as sex chromosome in lacertid lizards. Heredity 117, 8–13 

(2016).
	21.	 Rovatsos, M. et al. Conservation of sex chromosomes in lacertid lizards. Mol. Ecol. 25, 3120–3126 (2016).
	22.	 Rovatsos, M., Altmanová, M., Johnson Pokorná, M. & Kratochvíl, L. Novel X-linked genes revealed by quantitative polymerase 

chain reaction in the green anole, Anolis carolinensis. G3 34, 2107–2113 (2014).
	23.	 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. Phyl. Evol. 94, 537–547 (2016).
	24.	 Zhou, Q. et al. Complex evolutionary trajectories of sex chromosomes across bird taxa. Science 346, 1246338 (2014).
	25.	 Olmo, E., Odierna, G. & Capriglione, T. Evolution of sex chromosomes in lacertid lizards. Chromosoma 96, 33–38 (1987).
	26.	 Altmanová, M., Rovatsos, M. T., Kratochvíl, L. & Johnson Pokorná, M. Minute Y chromosomes and karyotype evolution in 

Madagascan iguanas (Squamata: Iguania: Opluridae). Biol. J. Linn. Soc. 118, 618–633 (2016).
	27.	 Matsubara, K. et al. Amplification of microsatellite repeat motifs is associated with the evolutionary differentiation and 

heterochromatinization of sex chromosomes in Sauropsida. Chromosoma 125, 111–123 (2016).
	28.	 Augstenová, B., Mazzoleni, S., Kratochvíl, L. & Rovatsos, M. Evolutionary dynamics of the W chromosome in caenophidian snakes. 

Genes 9, 5 (2017).
	29.	 Viets, B. E., Ewert, M. A., Talent, L. G. & Nelson, C. E. Sex-determining mechanisms in squamate reptiles. J. Exp. Zool. 270, 45–56 

(1994).
	30.	 Holleley, C. E., Sarre, S. D., O’Meally, D. & Georges, A. Sex reversal in reptiles: reproductive oddity or powerful driver of evolutionary 

change? Sex Dev. 10, 279–287 (2016).
	31.	 Ospina-Alvarez, N. & Piferrer, F. Temperature-dependent sex determination in fish revisited: prevalence, a single sex ratio response 

pattern, and possible effects of climate change. PLoS One 3, e2837 (2008).
	32.	 Burger, J. & Zappalorti, R. T. Effects of incubation temperature on sex ratios in pine snakes: differential vulnerability of males and 

females. Am. Nat. 132, 492–505 (1988).
	33.	 Quinn, A. E. et al. Temperature sex reversal implies sex gene dosage in a reptile. Science 316, 411 (2007).
	34.	 Radder, R. S., Quinn, A. E., Georges, A., Sarre, S. D. & Shine, R. Genetic evidence for co-occurrence of chromosomal and thermal 

sex-determining systems in a lizard. Biol. Lett. 4, 176–178 (2008).
	35.	 Ehl, J., Vukić, J. & Kratochvíl, L. Hormonal and thermal induction of sex reversal in the bearded dragon (Pogona vitticeps, 

Agamidae). J. Comp. Zool. 271, 1–5 (2017).
	36.	 Pokorná, M., Altmanová, M. & Kratochvíl, L. Multiple sex chromosomes in the light of female meiotic drive in amniote vertebrates. 

Chromosome Res. 22, 35–44 (2014).

https://doi.org/10.1038/s41598-019-44192-5


8Scientific Reports |          (2019) 9:7832  | https://doi.org/10.1038/s41598-019-44192-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

	37.	 Ezaz, T., Sarre, S. D., O’Meally, D., Graves, J. A. & Georges, A. Sex chromosome evolution in lizards: independent origins and rapid 
transitions. Cytogenet. Genome Res. 127, 249–260 (2009).

	38.	 Pokorná, M., Kratochvíl, L. & Kejnovský, E. Microsatellite distribution on sex chromosomes at different stages of heteromorphism 
and heterochromatinization in two lizard species (Squamata: Eublepharidae: Coleonyx elegans and Lacertidae: Eremias velox). BMC 
Genet. 12, 90 (2011).

	39.	 Giovannotti et al. Cytogenetic characterization of a population of Acanthodactylus lineomaculatus Duméril and Bibron, 1839 
(Reptilia, Lacertidae), from southwestern Morocco and insights into sex chromosome evolution. Cytogenet. Genome Res. 153, 86–95 
(2017).

	40.	 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. 
149, 282–289 (2016).

	41.	 Mazzoleni, S. et al. Turtles of the genera Geoemyda and Pangshura (Testudines: Geoemydidae) lack differentiated sex chromosomes: 
the end of a 40-year error cascade for Pangshura. Peer J 7, e6241 (2019).

	42.	 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. 5, 13196 (2015).

	43.	 Nielsen, S. V., Banks, J. L., Diaz, R. E. Jr., Trainor, P. A. & Gamble, T. Dynamic sex chromosomes in Old World chameleons 
(Squamata: Chamaeleonidae). J. Evol. Biol. 31, 484–490 (2018).

	44.	 Iannucci, A. et al. Conserved sex chromosomes and karyotype evolution in monitor lizards (Varanidae). Heredity In press, https://
doi.org/10.1038/s41437-018-0179-6 (2019).

	45.	 Hill, P. L., Burridge, C. P., Ezaz, T. & Wapstra, E. Conservation of sex-linked markers among conspecific populations of a viviparous 
skink, Niveoscincus ocellatus, exhibiting genetic and temperature-dependent sex determination. Genome Biol. Evol. 10, 1079–1087 
(2018).

	46.	 Volobouev, V., Pasteur, G., Bons, J., Guillaume, C. P. & Dutrillaux, B. Sex chromosome evolution in reptiles: divergence between two 
lizards long regarded as sister species, Lacerta vivipara and Lacerta andreanskyi. Genetica 83, 85–91 (1990).

	47.	 Darevsky, I. S., Kupriyanova, L. A. & Danielyan. F. D. New evidence or hybrid males of parthenogenetic lizards. In Studies in 
Herpetology: Proceedings of the European Herpetological Meeting (3rd Ordinary General Meeting of the Societas Europaea 
Herpetologica) (ed. Roček, Z.) 207–211 (S.E.H., 1986).

	48.	 Ivanov, V. G. & Fedorova, T. A. Sex heteromorphism of chromosomes in Lacerta strigata. Tsitologiia 12, 1582–1585 (1970).
	49.	 Olmo, E., Cobror, O., Morescalchi, A. & Odierna, G. Homomorphic sex chromosomes in the lacertid lizard Takydromus sexlineatus. 

Heredity 53, 457–459 (1984).
	50.	 Capula, M., Lapini, L. & Capanna, E. The karyotype of Lacerta horvathi (Reptilia, Sauria, Lacertidae). Genetica 79, 11–16 (1989).
	51.	 Rojo, V. et al. Karyological characterization of the endemic Iberian rock lizard, Iberolacerta monticola (Squamata, Lacertidae): 

insights into sex chromosome evolution. Cytogenet. Genome Res. 142, 28–39 (2014).
	52.	 De Smet, W. H. O. Description of the orcein stained karyotypes of 36 lizard species (Lacertilia, Reptilia) belonging to the family 

Teiidae, Scincidae, Lacertidae, Cordylidae and Varanidae (Autarchoglossa). Acta Zool. et Pathol. Antverp. 76, 73–118 (1981).
	53.	 Gorman, G. C. New chromosome data for 12 species of lacertid lizards. J. Herpetol. 3, 49–54 (1969).
	54.	 Orlova, V. F. & Orlov, N. F. Chromosome complements and some questions of systematics of lizards of the genus Lacerta. Russ. Zool. 

Zhurn. 48, 1056–1060 (1969).
	55.	 Oguma, K. Studies on sauropsid chromosomes. II. Cytogenetical evidence proving female heterogamety in the lizard (Lacerta 

vivipara J.). Arch. Biol. 45, 27–46 (1934).
	56.	 Odierna, G. et al. The karyology of the Iberian rock lizards. Herpetologica 52, 542–550 (1996).
	57.	 Darevsky, I. S., Kupriyanova, L. A. & Bakradze, M. A. Occasional males and intersexes in parthenogenetic species of Caucasian rock 

lizards (genus Lacerta). Copeia 1978, 201–207 (1978).
	58.	 Kupriyanova, L. A. Occasional males and intersexes in parthenogenetic species of Caucasian rock lizards (genus Lacerta). Evolution 

and Ecology of Unisexual Vertebrates 466, 236–240 (1989).
	59.	 Ivanov, V. G. & Fedorova, T. A. Heterochromosomes in the karyotype of Eremias arguta Pall. Tsitologiia 15, 762–765 (1973).
	60.	 Capula, M., Lapini, L. & Capanna, E. The karyotype of Lacerta mosorensis (Reptilia: Lacertidae): evidence for a new case of female 

heterogamety in a lacertid lizard. Rend. Fis. Acc. Lincei 9, 51–57 (1991).
	61.	 Ivanov, V. G., Bogdanov, O. P., Anislmova, E. Y. & Fedorova, T. A. Studies of the karyotypes of three lizard species (Sauria, Scincidae, 

Lacertidae). Tsitologiia 15, 1291–1296 (1973).
	62.	 Kupriyanova, L. A. Diversity in parthenogenetic lacertid lizards: cytogenetic studies. In Proceedings of the 6th Ordinary General 

Meeting of the Societas Europaea Herpetologica (eds Korsós, Z. & Kiss, Z.) 273–279 (S.E.H., 1992).
	63.	 Kupriyanova, L. A. Structure, localization and stability of chromosomes in karyotype evolution in lizards of the lacertidae family. 

Russ. J. Herpetol. 1, 161–168 (1994).
	64.	 Odierna, G. et al. The karyology of some South African lacertids belonging to the genera Heliobolus, Merolles and Pedioplanis. J. Afr. 

Zool. 104, 541–547 (1990).
	65.	 Arribas, O., Carranza, S. & Odierna, G. Description of a new endemic species of mountain lizard from northwestern Spain: 

Iberolacerta galani sp. nov. (Squamata: Lacertidae). Zootaxa 1240, 1–55 (2006).
	66.	 Fritz, B., Bischoff, W. & Fritz, J. P. Karyologische Untersuchungen an der Omaneidechse Lacerta jayakari Boulenger, 1887. Bonn. 

Zool. Beiträge 42, 67–73 (1991).
	67.	 Bhatnagar, A. N. & Yoniss, Y. T. H. A proof of female heterogamety in a lacertid lizard Ophisops elegans. Cytologia 41, 507–511 

(1976).
	68.	 Pyron, R. A., Burbrink, F. T. & Wiens, J. J. A phylogeny and revised classification of Squamata, including 4161 species of lizards and 

snakes. BMC Evol. Biol. 13, 93 (2013).
	69.	 Bosch, I. N. et al. Karyological and genetic variation in middle eastern lacertid lizards, Lacerta laevis and the Lacerta kulzeri 

complex: a case of chromosomal allopatric speciation. Chromosome Res. 11, 165–178 (2003).

Acknowledgements
We would like to express our gratitude to Nuria Viñuela Rodriguez and Jana Thomayerová for technical 
assistance. We thank Krystal Tolley, Museo Nacional de Ciencias Naturales, Madrid, Catarina Pinho, Antigoni 
Kaliontzopoulou and Applied Phylogenetics Group of CIBIO, Panayiotis Pafilis, Emmanouela Karameta, Renske 
Loogman, Jan Paul Groen for providing material. The project was supported by the Charles University project 
PRIMUS/SCI/46, Czech Science Foundation project 17-22604S and Charles University Research Centre program 
(204069).

Author Contributions
M.R. and L.K. designed the project, M.R., J.V., A.M., G.S. performed the experiments, P.L. provided a large part 
of the studied material and sexed most of the specimens, L.K., J.V., M.R. wrote the first draft of the manuscript, all 
authors read and approved the manuscript.

https://doi.org/10.1038/s41598-019-44192-5
https://doi.org/10.1038/s41437-018-0179-6
https://doi.org/10.1038/s41437-018-0179-6


9Scientific Reports |          (2019) 9:7832  | https://doi.org/10.1038/s41598-019-44192-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44192-5.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44192-5
https://doi.org/10.1038/s41598-019-44192-5
http://creativecommons.org/licenses/by/4.0/

	Little evidence for switches to environmental sex determination and turnover of sex chromosomes in lacertid lizards

	Material and Methods

	Material collection and DNA isolation. 
	Test of homology based on quantitative real-time PCR (qPCR). 

	Results

	Discussion

	Acknowledgements

	Figure 1 Position of lacertid Z-linked genes in human (HSA) and chicken (GGA) chromosomes.
	Figure 2 Relative gene dose ratios between sexes in 45 species of lacertids and five species representing outgroups (teiids and amphisbaenians from the family Blanidae).
	Table 1 Overview of lacertid lizards with cytogenetic and qPCR20,21,this study evidence for female heterogamety.




