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Abstract

Organisms vary dramatically in chromosome number, morphology, and evolutionary stability, yet
this variability is poorly understood. We collected data on chromosome number and morphology
in lacertoidean lizards and compared their available whole chromosome genomes to understand
processes responsible for the karyotype dynamics in this group. We documented that karyotype
evolution is highly dynamic in teiids, gymnophthalmids and amphisbaenas but that the rate of
evolution of chromosome number is drastically (5-fold) lower in lacertids. The derived and highly
stable lacertid karyotypes surprisingly evolved by two opposite mechanisms acting on
chromosomes of different sizes: repeated fusions of the ancestral microchromosomes but fissions
of homologs of the bi-armed macrochromosomes of many other squamates. Interestingly, the
similar ancestral all-acrocentric karyotype of geckos probably evolved by analogous processes.
The stability of the lacertid karyotype is associated not only with a low rate of centric fusions
(although few exceptions can be found), but also with a notable lack of intrachromosomal
rearrangements (pericentric inversions or centromere repositioning) leading to metacentric
chromosomes. We suggest that a derived nature of lacertid centromeres could explain the peculiar

stasis of their karyotypes.
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Introduction
The organisation of the nuclear genome into chromosomes is a fundamental feature of eukaryotic
organisms. The variability in chromosome number (CN), size and morphology is enormous,
ranging from a single pair to several hundred of chromosomes (Imai et al. 2002; Ruiz-Herrera et
al. 2012). Despite the lack of standardised definitions of these categories, karyotypes may contain
different combinations of large chromosomes (macrochromosomes) and small chromosomes
(microchromosomes), with the centromere at the terminal (acrocentric chromosomes) or the
innermost position (metacentric chromosomes). It is clear that the current diversity in karyotypes
is a manifestation of the underlying genomic dynamics including changes in ploidy level and
chromosomal rearrangements, processes in which DNA breaks are followed by incorrect repair.
(Mayrose & Lysak, 2021). However, despite decades of research, it is not known why organisms
differ to such an extent in numbers and shapes of chromosomes and dynamics of their changes.
The variability is particularly intriguing given that extended synteny — conservation of gene content
and order in blocks — has existed in some lineages for over 700 million years (Putnam et al. 2008).
Among chromosome rearrangements, duplication, deletion, inversion, and/or translocation
of chromosome segments can lead to changes in the chromosome arm length, centromere position,
and altered linkage. Translocations involving recombination of non-homologous chromosomes
may result in changes in CN (Mayrose & Lysak, 2021). Three main types of such translocations
have traditionally been distinguished: centric fissions, centric fusions, and tandem fusions. The
centric fission involves centromere breakage or miss-division during the segregation of a biarmed
chromosome, yielding two acrocentric chromosomes. To remain stable, centromeric parts on both
of these chromosomes must retain the ability to form kinetochores (Mayrose & Lysak, 2021). The

centric fusion is a reverse process, joining the long arms of two acrocentric chromosomes through



their centromeric ends or short arms. Both centromeres in the resulting biarmed chromosome must
either function as a single entity or one must be eliminated (Mayrose & Lysak, 2021). Tandem
fusions are defined by the retention of the head-to-tail collinearity of two or more ancestral
chromosomes, coupled with the loss of one of the centromeres (Yang et al. 1997).

It is evident that each fixed chromosome fusion and fission is associated with changes in
the number of centromeres within the genome. Centromeres are essential chromosomal loci critical
for genome stability. They facilitate the kinetochore assembly, which ensures accurate spindle
attachment and segregation during cell divisions. Centromeres generally share the presence of the
centromeric histone H3 variant (cenH3), yet centromeric DNA is highly variable in sequences and
size among organisms (De Rop et al. 2012). Centromeres (both their sequence and cenH3) are
considered to be among the most rapidly evolving parts of eukaryotic genomes (Malik & Henikoff,
2002). This variability might be attributed to centromere (meiotic) drive, a phenomenon where
chromosomes with certain centromeres are preferentially segregated during oogenesis due to their
stronger centromere-kinetochore interactions (Dudka & Lampson, 2022). This process should have
a profound effect on karyotype evolution. For example, it is hypothesised to be responsible for the
bimodality in chromosome numbers across mammals, where particular species tend to have either
mostly metacentric or acrocentric chromosomes (de Villena & Sapienza, 2001).

Squamate reptiles, i.e. lizards and snakes, provide a rich area for the study of chromosome
evolution. This group shows great diversity in CN and its morphology, in the presence of
microchromosomes and sex chromosomes (Deakin & Ezaz, 2019; Olmo, 2008). The most obvious
change in chromosome number occurs through the acquisition of an additional set of chromosomes
- polyploidization - which, although common in plants, is rarely fixed in animals, particularly in

amniotes (Otto & Whitton, 2000). Nevertheless, triploid and even tetraploid hybrids were reported



in several obligatory parthenogenetic squamate lineages (Lowe et al. 1970; Pellegrino et al. 2004;
Darevsky & Danielyan, 1968). However, diploidy is the typical karyological state of squamates,
with CN ranging from 2n = 16 in Gonatodes tanieae (Gekkonidae) up to 2n = 62 in Notobrachia
ablephara (Gymnophthalmidae) and Rieppeleon brevicaudatus (Chamaeleonidae) (Pellegrino et
al. 1999; Rovatsos et al. 2017; Schmid et al. 1994).

Squamate karyotypes can be broadly divided into two major groups. The first type -
asymmetrical karyotypes (by some authors also described as “bimodal”) - with a few large, often
metacentric macrochromosomes and many dot-like microchromosomes, was predominantly
reported in iguanian and scincoidean lizards and in snakes (Mezzasalma et al. 2021). Such a
karyotype was probably ancestral in squamates (Waters et al. 2021). The second type - symmetrical
karyotypes (also referred to as “unimodal”), characterised by an array of acrocentric chromosomes
gradually decreasing in size (White, 1948), is typical mainly for geckos and lacertid lizards but
also occur, for example, within agamids, anoles, chameleons, snakes, amphisbaenas, teiids and
gymnophthalmids (Gorman & Shochat, 1972; Webster et al. 1972; Rovatsos et al.
2017(chamaeleon); Serafim et al. 2007; Huang et al. 1967; Falcione & Hernando, 2010; Gorman,
1970; Cole et al. 1995; Santos et al. 2007; Pellegrino et al. 1999; Pellegrino et al. 2004; Yonenaga-
Yassuda et al. 2005). The symmetrical karyotypes are assumed to be derived, and it was
hypothesised that they evolved via centric fissions of macrochromosomes leading to the
disappearance of this category (Webster et al. 1972; Serafim et al. 2007).

Both symmetrical and asymmetrical karyotypes, along with forms that do not fit precisely
into either category, have been described within the lacertoidean lizards, including nine or ten
families (Lacertidae, Alopoglossidae - sometimes treated as a subfamily of Gymnophthalmidae,

and Teiidae, and amphisbaenians now categorised into six families: Rhineuridae, Bipedidae,



Cadeidae, Blanidae, Trogonophidae and Amphisbaenidae) (Zheng & Wiens, 2015; Goicoechea et
al. 2016). Certain clades have been reported to exhibit high variability in both chromosome shape
and number (Pellegrino et al. 2001; Rojo-Orons, 2015; Laguna et al. 2010a; Carvalho et al. 2015),
while little variation has been described in others (e.g., Gorman, 1969; Olmo et al. 1986; Rojo-
Orons, 2015). This suggests that evolutionary rates in CN might not be homogenous among
lacertoidean lineages. Furthermore, recent advances, including the publication of seven
lacertoidean chromosome-level genome assemblies, have provided an unprecedented opportunity
to compare chromosome homology within this group and to uncover processes leading to the
evolution of the derived karyotypes.

Using available cytogenetic data on lacertoidean chromosomes, we conducted a
phylogenetic analysis to investigate potential differences in the rates of chromosome number
evolution among their clades. In addition, we explored the mechanisms underlying the potentially
derived lacertid karyotypes using the newly available annotated genome data of squamates. This
multidisciplinary approach aimed to shed light on the evolutionary dynamics of lacertoidean
chromosomes and their implications for squamate genome evolution as a whole. We were
particularly interested in whether there are any evolutionary trends in CN that are associated with
karyotype stability, what are the characteristics of stable versus evolutionarily labile karyotypes,
and which chromosomal rearrangements are involved in the evolutionary dynamics. For example,
the meiotic drive hypothesis of karyotype evolution predicts that karyotypes with maximum or
minimum possible numbers of chromosomes (centromeres) should be particularly stable (de
Villena & Sapienza, 2001). According to this hypothesis, chromosome evolution should follow a

trend with a limit given splits or fusions of all stable syntenic chromosome blocks.



Materials and Methods

Evolutionary rates of chromosome number changes

In total, we accumulated data on karyotypes in 249 lacertoidean species. Out of them, 196 species
were included in the time-calibrated tree proposed by Zheng & Wiens (2015) and were thus used
for the phylogenetic analysis. The families Lacertidae and Teiidae were slightly better represented
(each with both karyotype and phylogenetic data in 23% of species) compared to
Gymnophthalmidae and Amphisbaenia (13%). Nevertheless, species with available data were
spread evenly across the tree, covering the major lineages.

Subsequently, alternative maximum likelthood models were used to estimate the
chromosome number evolutionary rates. The single-rate model assumed a uniform chromosome
number evolution rate for the entire superfamily (c?). The four-rate model adopted independent
rates in each of the four monophyletic groups (Lacertidae, Gymnophthalmidae, Teiidae, and
Amphisbaenia). The four variants (one per group) of the two-rate model assumed a different rate
of the given group versus all other groups combined (i.e. Lacertidae vs all other groups,
Gymnophthalmidae vs all other groups, Teiidae vs all other groups, and Amphisbaenia vs all other
groups). Each of these multi-rate models was then compared to the single-rate model using a
likelihood ratio test, each with a p-value calculated based on the ¥ distribution. The computation
was performed in brownie.lite function in the phytools R package v2.3-0 (Revell, 2012). We then
used the Akaike information criterion to determine the best model, based on the highest likelihood

and minimum number of parameters.



Synteny analysis and the origin of the lacertid karyotypes

We compared the available genomes of six lacertids and expanded our analysis to incorporate an
assembly of another lacertoid, tegu (Salvator merianae), a member of the Teiidae family, as well
as genomes of seven additional squamates. This broader approach resulted in a synteny map
containing a web of homologies among 14 representative squamate species spanning Gekkota,
Scincoidea, Lacertoidea and Toxicofera (Table 1; Fig. 2).

The identification of the synteny blocks between the genomes of the 14 squamate species
was performed at the genes level using orthogroups computed by Orthofinder v2.5.4 (Emms &
Kelly, 2019) and GENESPACE v1.2.3 (Lovell et al. 2022) R library. The amino acid sequences
for Eremias argus and Cryptoblepharus egeriae were not available, hence we predicted them
utilising AUGUSTUS v 3.3.2 (Stanke et al. 2008) with the ab initio mode and chicken (Gallus
gallus) as a reference species. Additionally, we evaluated the completeness of genomic assemblies
and predictions using BUSCO v4.1.4 (Benchmarking Universal Single-Copy Orthologs) (Manni

et al. 2021) search against eukaryotic datasets (Fig, S1).

Results

Evolutionary rates in chromosome number changes

The model incorporating different evolutionary rates of chromosome number changes for lacertids
compared to other lacertoidean lineages outperformed the model predicting a single rate for all
lacertoids and other multi-rate models (Table 2). It was selected based on its low log-likelihood
and minimum number of parameters expressed in the Akaike information criterion (AIC)
estimator. Moreover, this model fits data better than other models compared to the single rate

model, as indicated by the lowest P-value for a likelihood ratio test against the y2 distribution. The



family Lacertidae revealed to exhibit an approximately five-times slower rate of chromosome
number evolution (c%L = 88) than the other lacertoidean lineages (6% = 442) (Fig. 1).

Synteny analysis and the origin of the stable lacertid karyotypes

All six lacertid species with available chromosome-level genome assemblies have a strong synteny
of their chromosomes (Fig. 2). The only exception is the sixth chromosome pair of Zootoca
vivipara, where the terminal part corresponds to a microchromosome of the other species, which
is a clear apomorphy of this lineage. The conserved synteny within the lacertids corresponds to
their low evolutionary rates in chromosome numbers (Fig. 1).

Tegu exhibited remarkable chromosome-wide homology with scincoid and toxicoferan
species. We observed that the five largest (macro-)chromosomes of the tegu are 1:1 homologous
to those in the brown anole and cliff lizard, while three of these (macro-)chromosomes show 1:1
homology in the skink and snakes. Tegu’s sixth and seventh chromosomes aligned to a single
(macro-)chromosome homologous among the aforementioned species, suggesting putative fission
in the tegu’s ancestor. The 12 smallest (micro-)chromosomes of the tegu were present in all other
species as syntenic blocks, either as independent (micro-)chromosomes or fused to other
chromosomes. Interestingly, the colocalization of these syntenic blocks was unique to each lineage,
implying that these are instances of independent fusions while the tegu represents the ancestral
state.

Thus, tegu and cliff lizard chromosomes are highly conserved - despite these species
sharing their last common ancestor at the divergence of Episquamata (= Lacertoidea + Toxicofera)
and Scincoidea 196.9 million years ago (Zheng & Wiens, 2015) - and, therefore, most likely

resemble the ancestral state for the entire Unidentata group (Squamata excluding Dibamidae and



Gekkota). In comparison, lacertid chromosomes appear to be products of fissions of large ancestral

(macro-)chromosomes and fusions of the small ancestral (micro-)chromosomes.

Discussion

Based on our current understanding of squamate phylogeny and the synteny, we propose that the
ancestral karyotype of Lacertoidea comprised 2n=36-38 chromosomes distinguishable to macro-
and microchromosomes, resembling the state found in several extant species of the subfamily
Tupinambinae, such as tegu (Gorman, 1970; Santos et al. 2008; Carvalho et al. 2015; da Silva et
al. 2020; Fig. 1; Table S1). It corresponds to the large macrochromosomes of other Unidentata,
namely toxicoferan and scincoidean species, Fig. 2) and 12 microchromosomes found in other
reptiles (Waters et al. 2020; Pinto et al. 2023).

Compared to this putative ancestral state, the karyotypes of the family Lacertidae are
clearly derived. We hypothesise that the ancestral karyotype of most lacertids (the subfamily
Lacertinae encompassing 96% lacertid species, i.e. all except Gallotinae) contained 2n=38
acrocentric chromosomes, gradually decreasing in size and this configuration remains prevalent
within the group. The small subfamily Gallotinae with 2n=40 acrocentric chromosomes may either
have an intermediate state with one less fusion, or an autapomorphy evolved by a fission.
Therefore, the derived karyotype in most lacertids emerged approximately 65-154 million years
ago, at least since the split within Lacertinae, possibly even since their divergence from
Amphisbaenia (Zheng & Wiens, 2015).

The derived lacertid karyotype likely originated through two opposing mechanisms:
fissions of ancestral macrochromosomes and fusions involving ancestral microchromosomes (Fig.

2). This observation is intriguing as it indicates that two opposite mechanisms acted on different



size categories of the ancestral chromosomes. The tendency of microchromosomes to either remain
conserved or to fuse with each other in a lineage-specific fashion was noted earlier (Pinto et al.
2023; Srikulnath et al. 2021; Waters et al. 2021). The tendency for the fusions could be primarily
attributed to their colocalisation and more frequent interactions compared to the
macrochromosomes in the 3D structure of the interphase nucleus (Perry et al. 2021). However, this
suggestion does not explain the strong conservation of microchromosomes in many lineages
(Waters et al. 2020; Pinto et al. 2023).

The largest chromosomes of tegu are biarmed (da Silva et al. 2020) and aligned to the
derived lacertid chromosomes (Fig. 2), which are all acrocentric (Gorman, 1969; Vujosevi¢ &
Blagojevi¢, 1999; Odierna et al. 2004; Lisachov et al. 2020). This suggests that they have
undergone centric fissions. The multiple fissions of the ancestral macrochromosomes during the
formation of the lacertid karyotype might have happened independently of the microchromosome
fusions. We can speculate that centromeric (meiotic) drive might explain the series of centric
fissions. Chmatal et al. (2014) observed such biased binding in acrocentric chromosomes compared
to their biarmed homologs in lab mice. de Villena & Sapienza (2001) and Blackmon et al. (2019)
proposed that meiotic drive might act as a stabilising mechanism in all-acrocentric and all-biarmed
karyotypes. They also observed that such karyotypes are associated with a lower CN evolutionary
rate in mammals. The polarity reversal of the meiotic drive was proposed to lead to a reversed
trend, favouring centric fusions instead of fissions (or the other way) (de Villena & Sapienza,
2001). It is remarkable that among squamates, a clear trend to lower chromosome numbers
(fusions) was reported in chameleons (Mezzasalma et al. 2023), while lacertids, at least in
macrochromosomes, tended to go through multiple fissions, while other lacertoideans seems not

to follow any notable trend (Fig. 1).


https://www.zotero.org/google-docs/?8WK3Y9
https://www.zotero.org/google-docs/?8WK3Y9
https://www.zotero.org/google-docs/?8WK3Y9

Despite the outstanding dominance of the all-acrocentric karyotypes, biarmed
chromosomes have evolved at least five times independently in lacertids, namely in the genera
Darevskia, Zootoca, Timon, Iberolacerta and Parvilacerta. All known cases point towards centric
fusions as the responsible mechanism. Interestingly, two of the five cases involve the presence of
a single biarmed heterechromosome evolved under special inheritance patterns potentially able to
overcome general operation of the meiotic drive: one evolved in the “clonal” parthenogenetic
hybrid Darevskia unisexualis, and the second concerns a W chromosome-autosome fusion within
Zootoca vivipara (Spangenberg et al. 2021; Kupriyanova & Melashchenko, 2011). However, the
other cases concern autosomes. The species of the genus 7imon are characterised by a single
biarmed chromosome pair (Giovannotti et al. 2018; Odierna et al. 1990; Rykena & Nettmann,
1986; Suwala et. al., 2020) documented to be homologous to two ancestral acrocentric
chromosomes (Naveira et al. 2023). The most extreme changes were observed in species of the
genera lberolacerta and Parvilacerta. Some of their species are even characterised by the majority
of chromosomes being biarmed with CN as low as 2n=24 (Odierna et al. 1996; Olmo et al. 2001).
Such a sudden burst of centric fusions fits the hypothesis of the polarity switch of centromeric
drive. However, the exact mechanism leading to the preference for fused or split chromosomes in
the centromeric drive remains unclear.

Intrachromosomal rearrangements - pericentric inversions and centromere repositioning -
are additional mechanisms that can generate biarmed chromosomes. They have been documented
as the primary mechanism in geckos, another lineage with a putative ancestral all-acrocentric
karyotype (Pensabene et al. 2024; Pokorna et al. 2015), and in monitor lizards, another lineage
known for conserved chromosome numbers (Iannucci et al. 2019). We document that gekkotan

and lacertid karyotypes evolved likely convergently by repeated fusions of the ancestral


https://www.zotero.org/google-docs/?TZcuI3

microchromosomes, however, that the biarmed macrochromosomes of most other squamates
underwent repeated Robertsonian fissions to form the ancestral all-acrocentric karyotypes of these
diversified lineages (Fig. 2). Remarkably, in contrast to geckos, there is not a single case of this
type of rearrangement in lacertids. This further suggests that lacertid centromeres might have
unique properties making them resistant not only to chromosome fusions, but also to
intrachromosomal rearrangements.

Given the resistance of lacertid centromeres to fusions or repositioning, we speculate they
play a key role in stabilising lacertid karyotypes. Future research should focus on investigating the
epigenetic makeup of lacertid centromeres, their repetitive content, and the existing variants of
associated histones and kinetochore proteins. We suggest implementing long-read sequencing
technologies (Marx, 2023) to uncover the composition of lacertid centromeres, combined with
comparative mapping between their biarmed and acrocentric counterparts. Another approach could
exploit the strong tolerance of lacertid species to interspecies hybridisation (up to 19% genetic
distance between parental species) (Jan¢uchova-Laskova et al. 2015; Rykena, 2002). A back-cross
between a species with a derived karyotype and a closely related species with an ancestral
karyotype could be attempted - for example, a cross between Iberolacerta aranica and Iberolacerta
galani or between Parvilacerta and Atlantolacerta. If successful, F1 hybrids could be used to
compare the centromeres of parental chromosomes and their inheritance.

In summary, we documented a dynamic karyotype evolution in teiids, gymnophthalmids,
and amphisbaenas, contrasted by its dramatic decrease in lacertids. The derived lacertid karyotypes
evolved surprisingly through two opposing mechanisms operating on chromosomes of different
sizes: repeated fusions of the ancestral microchromosomes and fissions of the homologs of biarmed

macrochromosomes common in many squamates. Interestingly, the gekkotan ancestral karyotype



likely evolved by analogous processes. The stability of the karyotype in lacertids is not only
connected with low rate of centric fusions (although exceptions can be found in this respect), but
also by a notable lack of pericentric inversions or centromere reposition leading to metacentric
chromosomes. We suggest that the potentially derived nature of lacertid centromeres could explain

the peculiar stasis in their karyotypes.
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Table 1. Species used to construct the synteny map of alignments

Source/ Gene Bank

short_id |family species Common name accession Notes
Eublepharidae Eublepharis Common Leopard
emac (Gekkota) macularius Gecko GCA_028583425.1
Sphaerodactylidae Sphaerodactylus |Puerto Rican Sandy
sphtow [ (Gekkota) townsendi Geckolet GCF_021028975.2
Cordylidae Hemicordylus
hemcap |(Scincoidea) capensis Cape CIliff Lizard GCF_027244095.1
Christmas Island genes were predicted
Scincidae Cryptoblepharus |Blue-tailed Shinning- using Augustus with
cryege |(Scincoidea) egeriae skink GCA _030015325.1 |chicken as a model
Argentine Black and Scaffold-level
tegu Teiidae (Lacertoidea) | Salvator merianae | White Tegu GCA _003586115.2  [assembly
https://figshare.com/a
rticles/dataset/Chrom
osome-
level genome assem
bly _and_population_
genomics_of Mongol
ian_racerunner Eremi
as_argus_provide_ins
ights_into_high- genes were predicted
Lacertidae altitude adaptation_in [using Augustus with
eragus |(Lacertoidea) Eremias argus Mongolia Racerunner | _lizards/21098470 chicken as a model
Lacertidae
podmur |(Lacertoidea) Podarcis muralis |Common Wall Lizard | GCF_004329235.1
Lacertidae
podraf | (Lacertoidea) Podarcis raffonei | Aeolian Wall Lizard |GCF_027172205.1
Lacertidae
podlia  |(Lacertoidea) Podarcis lilfordi  |Lilford's Wall Lizard | GCA_947686815.1
Lacertidae
lacagi (Lacertoidea) Lacerta agilis Sand Lizard GCF_009819535.1
Lacertidae
ZViv (Lacertoidea) Zootoca vivipara |Common Lizard GCF_963506605.1
Anolis sagrei Scaffold-level
anosag | Anolidae (Iguania) |ordinatus Brown anole GCF_025583915.1 assembly
najana  |Elapidae (Serpentes) |Naja naja Common cobra GCA_009733165.1
Colubridae
ahapra  |(Serpentes) Ahaetulla prasina |Gunther’s whip snake [ GCA_028640845.1



https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470
https://figshare.com/articles/dataset/Chromosome-level_genome_assembly_and_population_genomics_of_Mongolian_racerunner_Eremias_argus_provide_insights_into_high-altitude_adaptation_in_lizards/21098470

Table 2. Comparison of fitted models for the rate of chromosome number evolution. The best

model is determined based on AAIC and highlighted in bold.

Model description log-likelihood p-value AIC AAIC
Two-rate:

) -509.698 1.04E-13 1023.395 0
Lacertidae-vs-other groups
Four-rate -508.194 1.36E-12 1024.387 0.992
Two-rate:

. -530.534 2.25E-4  1065.068 41.673

Gymnophthalmidae-vs-other groups
Two-rate: -532.948 3.04E-3  1069.896 46.501
Teiidae-vs-other groups
Single-rate -537.339 — 1076.678 53.283
Two-rate:

) . -537.241 6.58E-1 1078.482 55.087
Amphisbaenia-vs-other groups
Model description Parameters log-likelihood  p-value  AIC AAIC
Lacertidae 2 -509.698 1.04E-13  1023.395 0
vs all other groups
Individual rates4 -508.194 1.36E-12  1024.387 0.992
per each group ’
Gymnophthalmidae 2 -530.534 2.25E-4 1065.068 41.673
vs all other groups '
Teiidae 2 -532.948 3.04E-3 1069.896 46.501
vs all other groups
Single-rate 1 -537.339 — 1076.678 53.283
Amphisbaenia 2 -537.241 6.58E-1 1078.482 55.087

vs all other groups



Figure legends
Figure 1. Phylogenetic reconstruction of chromosome diploid numbers under the maximum

parsimony based on the phylogenetic hypothesis of Lacertoidea by Zheng & Wiens (2015).

Figure 2. Chromosomal synteny comparison between the 14 squamate species: 2 geckos, 2
scincoids, 1 teiid, 6 lacertids, an iguanid, and 2 snakes. The colors of bands linking the syntenic
blocks are based on Hemicordylus capensis chromosomes. Chromosomes marked with an asterisk

have been inverted to align with the rest of their homologs.
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Supplementary material:

BUSCO Assessment Results
using eukaryotic lineage
. Complete (C) and single—copy (S) . Complete (C) and duplicated (D)
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Figure S1. Completeness of the datasets used for the syntenic blocks inference estimated using

BUSCO scores against eukaryotic lineage. For species abbreviations see Table 1.



Table S1. Data on chromosome numbers in lacertoidean lizards.

Family Species (sensu) 2n |Reference

Teiidae Callopistes maculatus 38 |Gorman (1970)
Teiidae Callopistes flavipunctatus 38 |Gorman (1970)
Teiidac Salvator merianae 38 |da Silva et al. (2020)
Teiidae Tupinambis quadrilineatus 38 |Santos et al. (2008)
Teiidae Tupinambis teguixin 38 |Santos et al. (2008)
Teiidae \Dracaena guianensis 38 |Gorman (1970)
Teiidae Crocodilurus amazonicus 34 |Santos et al. (2008)
Teiidae Ameiva ameiva 50 |Santos et al. (2007)
Teiidae Contomastix lacertoides 50 [Veronese et al. (2003)
Teiidac Teius teyou 54 |Gorman (1970)
Teiidae Ameivula ocellifera 50 |Santos et al. (2007)
Teiidae Cnemidophorus gramivagus |50 [Peccinini-Seale & Almeida (1986)
Teiidae Cnemidophorus arenivagus 50 |Markezich et al. (1997)
Teiidac Cnemidophorus lemniscatus |50 |Gorman (1970)
Teiidae Kentropyx calcarata 50 |Cole et al. (1995)
Teiidae Kentropyx striata 50 |Cole et al. (1995)
Teiidae Kentropyx vanzoi 50 |Santos et al. (2007)
Teiidae Kentropyx paulensis 50 |Santos et al. (2007)
Teiidac \Ameiva dorsalis 50 |Gorman (1970)
Teiidae \Ameiva auberi 30 |Porte et al. (1989)
Teiidac Dicrodon guttulatum 56 |Gorman (1970)
Teiidae Ameiva exsul 50 |Gorman (1970)
Teiidae Ameiva maynardi 50 |Gorman (1970)
Teiidae Ameiva chrysolaema 50 |Gorman (1970)
Teiidae Aspidoscelis inornata 46 |Lowe et al. (1970)
Teiidae Aspidoscelis sexlineata 46 |Lowe et al. (1970)
Teiidae Aspidoscelis burti 46 |Lowe et al. (1970)
Teiidae Aspidoscelis communis 46 |Lowe et al. (1970)
Teiidae Aspidoscelis laredoensis 46 [Robinson (1973)
Teiidae Aspidoscelis costata 46 |Lowe et al. (1970)
Teiidae Aspidoscelis gularis 46 |Lowe et al. (1970)
Teiidae Aspidoscelis ceralbensis 52 [Robinson (1973)
Teiidae Aspidoscelis hyperythra 52 |Lowe et al. (1970)
Teiidae Aspidoscelis deppei 50 |Lowe et al. (1970)
Teiidae Aspidoscelis lineattissima 52 |Lowe et al. (1970)
Teiidae Aspidoscelis guttata 52 |Lowe et al. (1970)
Teiidae Aspidoscelis velox 46 |Lowe et al. (1970)
Teiidae Aspidoscelis marmorata 46 [Porte et al. (1989)
Teiidae Aspidoscelis tigris 46 |Lowe et al. (1970)
Gymnophthalmidae |[Leposoma scincoides 52 |Pellegrino et al. (2004)
Gymnophthalmidae |Anotosaura collaris 44 [Rodrigues et al. (2013)

Gymnophthalmidae

Colobosauroides cearensis

44

Pellegrino et al. (2001)




Gymnophthalmidae |Leposoma percarinatum 44 |[Laguna et al. (2010b)
Gymnophthalmidae |Leposoma osvaldoi 44 Pellegrino et al. (2004)
Gymnophthalmidae |Leposoma guianense 44 [Pellegrino et al. (2004)
Gymnophthalmidae |Neusticurus bicarinatus 44  Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Placosoma cordylinum 44 |Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Placosoma glabellum 58 |Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Pholidobolus montium 46 |Gorman (1970)

Gymnophthalmidae |Potamites ecpleopus 44  [Sherbrooke & Cole, 1972
Gymnophthalmidae |Cercosaura ocellata 42 |Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Cercosaura schreibersii 44 |Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Bachia bresslaui 46 [Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Bachia dorbignyi 32 [Pellegrino & Yonenaga-Yassuda (1998)
Gymnophthalmidae |Heterodactylus imbricatus 42 |Laguna (2011)

Gymnophthalmidae |Colobodactylus taunayi 42 |Laguna (2011)

Gymnophthalmidae |Iphisa elegans 42 [Pellegrino et al. (2001)
Gymnophthalmidae |Colobosaura modesta 42  [Pellegrino et al. (2001)
Gymnophthalmidae |4Acratosaura mentalis 42 |Laguna (2011)

Gymnophthalmidae (Tretioscincus oriximinensis 42 [Yonenaga-Yassuda et al. 2005
Gymnophthalmidae |Tretioscincus agilis 42 |[Yonenaga-Yassuda et al. 2005
Gymnophthalmidae [Micrablepharus maximiliani |50 |Yonenaga-Yassuda & Rodrigues (1999)
Gymnophthalmidae [Micrablepharus atticolus 50 |Yonenaga-Yassuda & Rodrigues (1999)
Gymnophthalmidae [Vanzosaura rubricauda 40 [Yonenaga-Yassuda et al. 1996
Gymnophthalmidae |Procellosaurinus tetradactylus 40 |Yonenaga-Yassuda et al. 1996
Gymnophthalmidae |Procellosaurinus erythrocercus 40 |Yonenaga-Yassuda et al.,1996
Gymnophthalmidae |Nothobachia ablephara 62 |Laguna (2011)

Gymnophthalmidae |Calyptommatus sinebrachiatus |58 [|Yonenaga-Yassuda et al. (2005)
Gymnophthalmidae |Calyptommatus nicterus 58 |Yonenaga-Yassuda et al. (2005)
Gymnophthalmidae |Calyptommatus leiolepis 58 |Yonenaga-Yassuda et al. (2005)
Gymnophthalmidae |Psilophthalmus paeminosus 44 [Yonenaga-Yassuda et al. (2005)
Gymnophthalmidae |Gymnophthalmus pleei 34 |[Cole et al. (1993)

Gymnophthalmidae |Gymnophthalmus leucomystax A4 |Yonenaga-Yassuda et al. (1995)
Gymnophthalmidae |Gymnophthalmus vanzoi 44 |[Yonenaga-Yassuda et al. (1995)
Gymnophthalmidae |Gymnophthalmus speciosus 44 |Cole et al. (1993)

Gymnophthalmidae |Gymnophthalmus underwoodi 44 |Yonenaga-Yassuda et al. (1995)
Gymnophthalmidae |Gymnophthalmus cryptus 44 |Cole et al. (1993)

Rhineuridae \Rhineura floridana 44 Huang et al. (1967)

Bipedidae Bipes tridactylus 46 |Cole and Gans (1987)

Bipedidae Bipes canaliculatus 44 Macgregor & Klosterman (1979)
Bipedidae Bipes biporus 40 |Cole and Gans (1987)

Blanidae Blanus strauchi 32 |Huang et al. (1967)

Blanidae Blanus cinereus 32 |Huang et al. (1967)

Trogonophidae Trogonophis wiegmanni 36 |Huang et al. (1967)

Trogonophidae Diplometopon zarudnyi 36 |Branch (1980)

Amphisbaenidae Cynisca leucura 30 |Huang & Gans (1971)

Amphisbaenidae Geocalamus acutus 38 |Huang & Gans (1971)




Amphisbaenidae Monopeltis capensis 34 |Huang et al. (1967)
Amphisbaenidae Amphisbaena fuliginosa 48 |Huang et al. (1967)
Amphisbaenidae \Umphisbaena hyporissor 50 |Cole and Gans (1987)
Amphisbaenidae \Amphisbaena innocens 50 |[Huang & Gans (1971)
Amphisbaenidae Amphisbaena mertensii 40 [Hernando & Alvarez (2005)
Amphisbaenidae Umphisbaena vermicularis 44  Becak et al. (1973)
Amphisbaenidae Amphisbaena alba 38 |[Begak etal. (1971)
Amphisbaenidae Umphisbaena camura 44 [Huang et al. (1967)
Amphisbaenidae Amphisbaena bolivica 44  |[Falcione & Hernando (2010)
Amphisbaenidae Amphisbaena manni 36 |Huang & Gans (1971)
Amphisbaenidae Amphisbaena xera 36 |Huang et al. (1967)
Amphisbaenidae Amphisbaena caeca 36 |Huang et al. (1967)
Amphisbaenidae Amphisbaena fenestrata 36 |Huang & Gans (1971)
Amphisbaenidae Amphisbaena microcephalum 34 |Huang et al. (1967)
Amphisbaenidae Amphisbaena kingii 26 |Huang & Gans (1971)
Amphisbaenidae Amphisbaena angustifrons 30 |Huang et al. (1967)
Amphisbaenidae Amphisbaena darwini 30 |Hernando & Alvarez (2005)
Lacertidae \Psammodromus algirus 40 |Capula et al. (1982)
Lacertidae Gallotia atlantica 40 |LopezJurado et al. (1986)
Lacertidae Gallotia stehlini 40 |LopezJurado et al. (1986)
Lacertidae Gallotia galloti 40 [Suwala et al. (2020)
Lacertidae Atlantolacerta andreanskyi 38 |Giovannotti et al. (2020)
Lacertidae Latastia longicaudata 38 |Suwala et al. (2020)
Lacertidae Meroles suborbitalis 38 |Odierna et al. (1990)
Lacertidae Meroles cuneirostris 38 |Olmo et al. (1987)
Lacertidae \Pedioplanis namaquensis 38 |Odierna et al. (1990)
Lacertidae \Pedioplanis husabensis 38 |Odierna et al. (1990)
Lacertidae \Pedioplanis undata 38 |Odierna et al. (1990)
Lacertidae Gastropholis prasina 38 |Suwala et al. (2020)
Lacertidae Eremias arguta 38 |Ivanov & Fedorova (1973)
Lacertidae Eremias grammica 38 |Kupriyanova (1986)
Lacertidae [Eremias multiocellata 38 |Eremchenko et al. (1992)
Lacertidae [Eremias velox 38 |Lisachov et al. (2019)
Lacertidae Eremias persica 38 |Ivanov et al. (1973)
Lacertidae Omanosaura jayakari 38 |Fritzetal. (1991)
Lacertidae Mesalina guttulata 38 |Kupriyanova (1994)
Lacertidae Ophisops elegans 38 [Bhatnagar & Yoniss (1976)
Lacertidae Acanthodactylus erythrurus 38 |Olmo et al. (1987)
Lacertidae Acanthodactylus pardalis 38 |Gorman (1969)

Lacertidae Acanthodactylus scutellatus 38 |Gorman (1969)

Lacertidae Acanthodactylus opheodurus 38 Branch (1980)

Lacertidae Acanthodactylus boskianus 38 |Gorman (1969)

Lacertidae \Acanthodactylus schreiberi 38 |Gorman (1969)

Lacertidae \Podarcis melisellensis 38 |Olmo et al. (1987)
Lacertidae \Podarcis tiliguerta 38 |Olmo et al. (1987)




Lacertidae \Podarcis filfolensis 38 |Capula et al. (1982)
Lacertidae \Podarcis muralis 38 [Vujosevi¢ & Blagojevi¢ (1999)
Lacertidae \Podarcis siculus 38 |Odierna et al. (1985)
Lacertidae \Podarcis hispanicus 38 |Calera & Cano (1979)
Lacertidac \Podarcis bocagei 38 |Cano (1984)

Lacertidae \Podarcis peloponnesiacus 38 |Olmo et al. (1987)
Lacertidac \Podarcis erhardii 38 |Stille et al. (1983)
Lacertidae \Podarcis tauricus 38 |Orlova & Orlov (1969)
Lacertidac \Podarcis milensis 38 |Stille et al. (1983)
Lacertidae \Podarcis lilfordi 38 |Gorman (1969)
Lacertidae \Podarcis pityusensis 38 |Capula et al. (1982)
Lacertidae Scelarcis perspicillata 38 |Cano (1984)

Lacertidae Teira dugesii 38 |De Smet (1981)
Lacertidae Archaeolacerta bedriagae 38 |Capula et al. (1982)
Lacertidae [ranolacerta brandti 38 |Olmo (2001)

Lacertidae Zootoca vivipara 36 |Odierna et al. (2004)
Lacertidae Takydromus sexlineatus 38 |Suwala et al. (2020)
Lacertidae Takydromus dorsalis 38 |Suwala et al. (2020)
Lacertidae Takydromus smaragdinus 38 |[Nogusa (1953)

Lacertidae Takydromus tachydromoides |38 |Nogusa (1953)

Lacertidae Takydromus formosanus 38 [Nakamura (1935)
Lacertidae Takydromus septentrionalis 38 |Nakamura (1935)
Lacertidae Timon princeps 36 |Rykena & Nettmann (1986)
Lacertidae Timon lepidus 36 |Giovannotti et al. (2018)
Lacertidae Timon pater 36 |Odierna et al. (1990)
Lacertidae Timon tangitanus 36 |Suwala et al. (2020)
Lacertidae Lacerta viridis 38 |De Smet (1981)
Lacertidae Lacerta bilineata 38 |Giovannotti et al. (2018)
Lacertidae Lacerta strigata 38 |Giovannotti et al. (2018)
Lacertidae Lacerta agilis 38 |Lisachov et al. (2020)
Lacertidae Lacerta media 38 |Kupriyanova (1968)
Lacertidae Lacerta trilineata 38 |Giovannotti et al. (2018)
Lacertidae \Phoenicolacerta kulzeri 38 |Odierna & Arribas (2005)
Lacertidae \Phoenicolacerta laevis 38 |Odierna & Arribas (2005)
Lacertidae \Dalmatolacerta oxycephala 38 |Gorman et al. (1970)
Lacertidae Hellenolacerta graeca 38 |Olmo et al. (1987)
Lacertidae \Parvilacerta parva 24 |Odierna et al. (1995)
Lacertidae \Parvilacerta fraasii 24 |Odierna et al. (1995)
Lacertidae Iberolacerta horvathi 36 |Capula et al. (1989)
Lacertidae Iberolacerta aurelioi 26 |Odierna et al. (1996)
Lacertidae Iberolacerta bonnali 24 |Odierna et al. (1996)
Lacertidae Iberolacerta aranica 26 |Odierna et al. (1996)
Lacertidae Iberolacerta galani 36 |Giovannotti et al. (2014)
Lacertidae Iberolacerta monticola 36 |Giovannotti et al. (2014)
Lacertidae Iberolacerta cyreni 36 |Odierna & Arribas (2004)




Lacertidae \Algyroides nigropunctatus 38 |Olmo et al. (1990)

Lacertidac Algyroides moreoticus 38 |Olmo et al. (1990)

Lacertidae \Dinarolacerta mosorensis 38 |Odierna & Arribas (2005)
Lacertidae \Algyroides marchi 38 |Calera & Cano (1979)
Lacertidae Darevskia parvula 38 |Kupriyanova (1976)
Lacertidae \Darevskia valentini 38 |Darevsky et al. (1961)
Lacertidae Darevskia portschinskii 38 |Darevsky & Kupriyanova (1982)
Lacertidae \Darevskia praticola 38 |Orlova & Orlov (1969)
Lacertidae Darevskia saxicola 38 |Kupriyanova (1969)
Lacertidae Darevskia chlorogaster 38 |Orlova & Orlov (1969)
Lacertidae \Darevskia rostombekovi 38 |Darevsky & Danyelian (1968)
Lacertidae Darevskia raddei 38 |Kupriyanova (1994)
Lacertidae \Darevskia caucasica 38 |Kupriyanova (1990)
Lacertidae Darevskia derjugini 38 |Orlova & Orlov (1969)
Lacertidae \Darevskia mixta 38 |Darevsky et al. (1961)
Lacertidae \Darevskia armeniaca 38 |Kupriyanova (1969)
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Abstract: Lacertid lizards are a widely radiated group of squamate reptiles with long-term stable
ZZ/ZW sex chromosomes. Despite their family-wide homology of Z-specific gene content, previous
cytogenetic studies revealed significant variability in the size, morphology, and heterochromatin
distribution of their W chromosome. However, there is little evidence about the accumulation
and distribution of repetitive content on lacertid chromosomes, especially on their W chromosome.
In order to expand our knowledge of the evolution of sex chromosome repetitive content, we
examined the topology of telomeric and microsatellite motifs that tend to often accumulate on the
sex chromosomes of reptiles in the karyotypes of 15 species of lacertids by fluorescence in situ
hybridization (FISH). The topology of the above-mentioned motifs was compared to the pattern of
heterochromatin distribution, as revealed by C-banding. Our results show that the topologies of the
examined motifs on the W chromosome do not seem to follow a strong phylogenetic signal, indicating
independent and species-specific accumulations. In addition, the degeneration of the W chromosome
can also affect the Z chromosome and potentially also other parts of the genome. Our study provides
solid evidence that the repetitive content of the degenerated sex chromosomes is one of the most
evolutionary dynamic parts of the genome.

Keywords: C-banding; evolution; FISH; GATA; heterochromatin; karyotype; microsatellites; sex
chromosomes; telomeres

1. Introduction

Sex chromosomes evolve from a pair of autosomes, after one of them acquires a sex-determining
locus [1-3]. This locus is on the Y or W chromosome and thus is restricted to a single sex, which
affects subsequent processes in the nearby, linked loci. The region around this sex-determining locus
progressively stops recombining with their respective homologous regions on the X/Z counterpart,
possibly due to inversions [4] or other mechanisms decreasing the frequency of recombination.
Over time, the cessation of recombination triggers more structural changes, mainly on the Y and
W chromosomes, including the accumulation of deleterious mutations, the degradation of the gene
content, the accumulation of repetitive elements, and/or the heterochromatinization. The differentiation
process of the X/Z and Y/W chromosomes differs significantly among independently evolved sex
determination systems in traits such as the degree of recombination suppression, the heteromorphism
of sex chromosomes, and the sharing of gene and repeat content between sex chromosomes.
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Sex chromosomes evolved independently in numerous animal and plant lineages, probably mainly
to ensure a stable sex ratio in populations and to contribute to the resolution of the conflict between
sexes over traits expression via the accumulation of sexually antagonistic alleles [5]. The differentiation
of sex chromosomes is a complex and only partially understood process connected to a balance
between adaptive and potentially harmful processes. The loss of numerous functional genes from
the Y/W chromosomes, the increased frequency of transposons and other repetitive elements in
the genomes, heterochromatinization, and the changes in gene expression due to these processes
should often have negative fitness effects on the organism. On the other hand, many organismal
lineages were able to cope with these potentially detrimental effects associated with sex chromosome
differentiation, and differentiated sex chromosomes seem even to act as an “evolutionary trap” [6] in
the sense that once evolved, they appear to be very evolutionary stable in the long term. Differentiated
sex chromosomes stabilize the sex determination system for dozens of millions of years, as was
documented by molecular and cytogenetic evidence for example in anguimorphan lizards, birds,
caenophidian snakes, iguanas, lacertids, geckos of the genus Paroedura, softshell turtles, and viviparous
mammals [7-18]. Recent studies in viviparous mammals, birds, iguanas, anoles, monitor lizards, and
caenophidian snakes revealed a striking dichotomy: the gene and repetitive content of their Y/W
chromosomes differs significantly even between closely related species [19-30], despite the long-lasting
stability of sex determination systems in these lineages and the extensive between-species homology
of their X/Z-specific gene content [7,8,10,12,25]. The contradiction between the similarity of the gene
content of the X/Z chromosomes in comparison to the variability of the gene and repetitive content
of their Y/W counterparts still remains unresolved. Notably, heterochromatic and/or low-complexity
genomic regions such as centromeres and differentiated Y/W sex chromosomes are insufficiently
sequenced, assembled, and annotated with the current high-throughput sequencing methodologies
and bioinformatic tools [31]. As a result, either the heterogametic sex is often excluded from genome
sequencing projects, or the regions from the Y/W chromosomes are poorly assembled and annotated [31].
Therefore, we currently have limited knowledge if the between-species variability of the Y/W gene and
repetitive content is exceptional, as research has been restricted among amniotes mainly to a few up to
now studied lineages, or whether it is common during sex chromosome differentiation.

Simple repeats, such as mini- and microsatellites, are often overabundant on sex chromosomes [32,33].
Their function is largely unknown. It was speculated that they contribute to the cessation of
recombination, formation of heterochromatin, changes in gene expression, or that different kinds of these
repeats are accumulated on sex chromosomes randomly, largely reflecting historical contingency [32,34].
The important functional role of such sequences would predict that the pattern of the distribution
of their accumulation should be relatively conserved across species of the same lineage. In this
context, we selected the lizards of the family Lacertidae to explore the variability of the repetitive
content of sex chromosomes between species across a wide phylogenetic scale in another model
system. Previous cytogenetic studies demonstrated that all studied lacertids have highly differentiated
ZZ[ZW sex chromosomes [34-44]. The majority of chromosomes in lacertids are acrocentric gradually
decreasing in size. Therefore, the sex chromosomes cannot be identified by morphology; however,
the W chromosome is heterochromatic, visible after C-banding in all studied species [34,36]. The size
of the W chromosome varies among lacertid species from small to medium [34,36,45]. In addition,
the W chromosome seems to be enriched in satellite motifs in Acanthodactylus lineomaculatus, Evemias
velox, and several species from the genera Lacerta and Timon [38,40—44]. The Z chromosome is also
acrocentric, small to medium in size in E. velox [46], and with more than 800 protein-coding genes in
Lacerta agilis and Podarcis muralis [47,48]. Based on qPCR-based methodology applied to 45 species,
it was recently revealed that the ZZ/ZW sex chromosomes are homologous across lacertids and that
they were highly differentiated already in the common ancestor of the family living approximately 85
million years ago [16,49].

In the current study, we tested the presence of accumulations of selected microsatellite motifs
that tend to accumulate on the sex chromosomes of vertebrates by fluorescence in situ hybridization
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and compared their distribution on the W chromosome of 15 species of lacertids selected for their
phylogenetic position. Our aim is to explore the evolutionary dynamics of the accumulation of
microsatellite motifs and heterochromatin distribution on the sex chromosomes across the phylogenetic
scale of lacertids and to expand our knowledge on the processes of sex chromosome differentiation.

2. Materials and Methods

2.1. Studied Material

We studied 30 individuals belonging to 15 species of lacertids: Acanthodactylus schreiberi, Eremias
arguta, Gallotia galloti, Gastropholis prasina, Lacerta bilineata, Lacerta media, Lacerta strigata, Lacerta trilineata,
Latastia longicaudata, Phoenicolacerta troodica, Podarcis siculus, Takydromus dorsalis, Takydromus sexlineatus,
Timon lepidus, and Timon tangitanus (Table S1). Individuals from the species A. schreiberi and Ph. troodica
were collected from the wild in Cyprus (permissions 02.15.007.003.001/04.05.002.005.006 issued from
Department of Environment, Ministry of Agriculture, Republic of Cyprus), while individuals from 13
other species were obtained from the pet trade. Blood samples were collected from the vein located
at the ventral side of tails with a heparinized syringe. The processing of the biological material was
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 Ministry of Education, Youth and Sports of the
Czech Republic (permissions No. 15251/2012-30, 35484/2015-14 and 8604/2019-7).

2.2. Chromosome Preparations and Staining

Mitotic metaphase chromosome spreads were prepared from whole blood cell cultures following
the protocol described by Pokorna et al. [50]. Chromosomal preparations were stained with Giemsa
and karyogram reconstruction was used to identify the diploid number (2n) and morphology of
chromosomes. To visualize the accumulation of constitutive heterochromatin, we applied C-banding
following the protocol of Sumner [51] with modifications described by Pokorna et al. [50]. Giemsa
staining, fluorescence in situ hybridization with probe for telomeric or GATA motifs, and C-banding
were applied sequentially in the same metaphase in order to unequivocally identify the sex chromosomes
and compare the results among the methods.

2.3. Fluorescence In Situ Hybridization (FISH) with Probes for Telomeric and Microsatellite Motifs

The distribution of telomeric repeats in the karyotype was examined by fluorescence in situ
hybridization with the pan-telomeric peptide nucleic acid (PNA) probe directly labeled with Cy3
fluorochrome (DAKO, Glostrup, Denmark), following the manufacturer’s protocol with a slight
modification of longer hybridization time for 1-2 h. Furthermore, we analyzed the pattern of
accumulation of microsatellite repeats in lacertid sex chromosomes by FISH using probes for 22
microsatellite motifs: (A)30, (C)30, (CA)15, (CG)15, (GA)15, (TA)15, (CAA)lo, (CAC)lo, (CAG)lo, (CAT)lO,
(CGG)1o, (GAA)10, (GAQ)10, (GAG)10, (TAA)10, (TAC)10, (AAGG)g, (AATC)g, (ACGC)g, (GACA)s,
(GATA)g, and (TTTC)g. The probes were synthesized and 5’-end biotin-labeled by Macrogen (Macrogen,
Seoul, South Korea). Microsatellite mapping was performed on metaphase spreads following the
protocol used by Rovatsos et al. [52]. The microsatellite signal was amplified and detected using a system
of avidin—fluorescein and anti-avidin antibodies (Vector Laboratories, Burlingame, CA, USA) [28,30,52].
Slides were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and the antifade medium
Fluoroshield (Sigma-Aldrich, St. Louis, MO, USA) or Vectashield (Vector Laboratories, Burlingame,
CA, USA). The FISH with telomeric probe and the (GATA)g probe were performed in all studied
species (Table S1). Other probes were hybridized to only four species (Gal. galloti, Gas. prasina, Lac.
media and Ti. lepidus) selected with respect to the phylogenetic and karyotype diversity of lacertids.
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2.4. Microscopy and Image/Data Analyses

We studied at least 10 metaphases from each specimen per method. We used Ikaros karyotyping
software (Metasystems, Altlussheim, Germany) to prepare karyograms from Giemsa-stained
metaphases of each species. Images were captured using a Provis AX70 fluorescence microscope
(Olympus, Tokyo, Japan) equipped with a DP30BW digital camera (Olympus, Tokyo, Japan) or using
an Imager Z2 microscope (Zeiss, Oberkochen, Germany) equipped with a CoolCube 1 digital camera
(Metasystems, Altlussheim, Germany). Photos of in situ hybridization experiments were superimposed
with color and processed with DP Manager imaging software (Olympus, Tokyo, Japan) or an Isis
Fluorescence Imaging System (Metasystems, Altlussheim, Germany).

3. Results

3.1. Karyotype Reconstruction and Heterochromatin Distribution

Karyotypes for the species A. schreiberi, E. arquta, Gal. galloti, Lac. bilineata, Lac. media, Lac. strigata,
Lac. trilineata, Lat. longicaudata, Ph. troodica, Po. siculus, Tn. sexlineatus, and Ti. lepidus agreed with the
previous reports [34,35,37,39,53-58]. To the best of our knowledge, the karyotypes of Gas. prasina, Ta.
dorsalis, and Ti. tangitanus have not been published up to date. Both Gas. prasina and Ta. dorsalis possess
the typical lacertid karyotypes with 2n = 38 chromosomes gradually decreasing in size, with all larger
chromosomes acrocentric shared by other lacertids studied here, with the exception of the genera Timon
and Gallotia (female karyotypes are presented in Figure 1, male karyotypes in Figure 2). The karyotype
of Ti. tangitanus is composed of 2n = 36 chromosomes with the largest pair being metacentric as in the
previously studied Ti. lepidus [34,35]. The notable difference between karyotypes of the two species
from the genus Timon can be found only in females. Females of Ti. lepidus, but not Ti. tangitanus, have 3
microchromosomes that are notably smaller than the other chromosomes. C-banding revealed a strong
accumulation of heterochromatin on the smallest macrochromosomes of females in Ti. tangitanus and
the largest microchromosome of females in Ti. lepidus; thus, these chromosomes can be identified as
the W chromosomes. Gal. galloti has an all-acrocentric karyotype with 2n = 40 chromosomes gradually
decreasing in size as previously reported by Cano et al. [57]. In all studied species, the W chromosomes
can be identified by C-banding; however, Z chromosomes are difficult to distinguish from autosomes
(Figure 1). We were able to identify the Z chromosomes only in four species (both studied species from
the genus Timon and both species from the genus Takydromus; Figures 1 and 2) thanks to their distinct
pattern in the FISH experiments with microsatellite probes (Figure 3).

3.2. In Situ Hybridization with Telomeric and Microsatellite Repeat Probes

The expected terminal position of the signals with the telomeric probe was observed in all studied
lacertids (Figure 3). The hybridization with the telomeric probe was not tested in Ta. sexlineatus due to
the limited availability of chromosomal material. Centromeric or pericentromeric accumulations of
telomeric-like sequences were detectable in acrocentric chromosomes in all tested species with the
exceptions of Ta. dorsalis and E. arguta (Figure 3). Notably, in Ti. lepidus and Ti. tangitanus, the only
metacentric chromosomes (the largest chromosomes in the complement), possess a weak signal in the
centromeric region. In Ta. fangitanus, additional interstitial telomeric repeats (ITRs) are present in the
arm of the metacentric chromosome (Figure 3j,p). The only other species exhibiting ITRs within the
chromosomal arms is Lac. media (Figure 3m).
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Figure 1. Phylogenetic relationships and Giemsa-stained karyotypes of females in the studied species
of the family Lacertidae. The phylogenetic relationships follow Pyron et al. [59] (for an alternative
topology see Garcia-Porta et al. [60]). The W chromosomes were identified by C-banding. The Z
chromosomes in members of the genera Timon and Takydromus were detected by fluorescence in situ
hybridization (FISH) with a (GATA)g probe.
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Figure 2. Male karyotypes of previously unstudied species and those with detectable Z chromosomes.
The chromosomes were stained by Giemsa. The Z chromosomes of Timon and Takydromus were detected
by FISH with the (GATA)g probe.
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Figure 3. Mitotic metaphase chromosomes hybridized with the telomeric probe in females of (a) Gallotia
galloti, (b) Latastia longicaudata, (c) Acanthodactylus schreiberi, (d) Gastropholis prasina, (e) Eremias arguta, (f)
Phoenicolacerta troodica, (g) Takydromus dorsalis, (h) Podarcis siculus, (i) Timon lepidus, (j) Timon tangitanus,
(k) Lacerta bilineata, (1) Lacerta strigata, (m) Lacerta media, and (n) Lacerta trilineata. In Ti. lepidus (o) and
Ti. tangitanus (p), the largest, metacentric chromosomes were enlarged and the exposure was increased
to show the weak signal near the centromere. An additional signal within a chromosome arm is
present in Ti. tangitanus. Chromosomes were counterstained with DAPI, and the hybridization probes
were detected with Cy3 (red). The W chromosomes are indicated; white arrows point at interstitial

telomeric repeats.

Regarding accumulations of telomeric-like repeats on the W chromosomes (Figures 3 and 4),
among the 15 studied species, Gal. galloti presents the most prominent accumulations distributed
evenly throughout its W chromosome, excluding the strongly heterochromatic centromere. Other
significant accumulations of telomeric-like motifs were found in the pericentromeric region in A.
schreiberi. The W chromosomes of Lac. bilineata, Lac. strigata, Lac. trilineata, and Ti. lepidus had
stronger accumulations of terminal telomeric repeats than their autosomes, while autosomes and the
W chromosomes do not differ in this respect in E. arguta, Gas. prasina, Lac. media, Lat. longicaudata, Ph.
troodica, Po. siculus, Ta. dorsalis, and Ti. tangitanus (Figures 3 and 4).
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Figure 4. Comparison of morphology, heterochromatinization, and repetitive content (accumulations
of telomeric-like repeats (TTAGGG), and (GATA), motifs) of the W chromosomes and identified Z
chromosomes across the family Lacertidae. In Ta. sexlineatus, the telomeric probe was not tested
due to the limited availability of chromosomal material. The phylogenetic tree is based on Pyron et
al. [59] (for an alternative topology, see Garcia-Porta et al. [60]). Photos of C-banding are inverted.
The chromosomes after FISH treatment were counterstained with DAPI (blue), and the probes were
detected with fluorescein-avidin D (red).

The (GATA)g probe hybridized near the centromeric region of the W chromosome in Lat.
longicaudata and Gal. galloti, while it hybridized to telomeric regions in Lac. strigata, Ph. troodica,
Ta. dorsalis, Tn. sexlineatus, Ti. lepidus, and Ti. tangitanus. This probe showed no signal on the W
chromosomes of A. schreiberi, Gas. prasina, Lac. bilineata, Lac. media, Lac. trilineata and Po. siculus
(Figure 4). Additionally, in females of Ta. dorsalis, Ta. sexlineatus, Ti. lepidus, and Ti. tangitanus,
the (GATA)g probe hybridized also in telomeric regions of an additional small chromosome. We
hypothesized that it could be the Z chromosome and tested this hypothesis by the replication of the
FISH with (GATA)g probe and C-banding in males of these species (Figure S1). The results supported
the hypothesis that the chromosome bearing accumulation of the (GATA)g motif is the Z chromosome:
as predicted, two chromosomes possess (GATA)g accumulations in males in all species with the
exception of Ta. sexlineatus, where a pair of small chromosomes was strongly labeled in both sexes as
well (Figure Slc,d). As revealed by C-banding, in contrast to the W chromosomes, the Z chromosomes
did not show any accumulations of heterochromatin that would differentiate them from autosomes
(results not shown). The only repetitive motif that hybridized to them was the (GATA)g probe (Figure
S1). Out of the remaining 21 tested microsatellite probes, only the (AAGG)g, (GAC);9, and (GA)15
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motifs showed some degree of accumulation on the W chromosomes in the four species where all
motifs were tested (Figure 5). The remaining motifs showed various levels of accumulation on the W
chromosome across species, with Gal. galloti showing the most extensive accumulations in both the
amount and variability of the tested motifs (Figure 5).

I, 1. L 1.
Gallotiinae Lacertinae Gallotiinae Lacertinae

Eremiadini Lacertini Eremiadini Lacertini

Gal. galloti Gas. prasing Ti. lepidus  Lac. media Gal. galloti Gas. prasina Ti. lepidus  Lac. media

A GA
AAGG GAA
AATC GAC
ACGC GACA
2 GAG
CA GATA
CAA GC
CAC TA
CAG TAA
CAT TAC
GG TTTC

Figure 5. Comparison of the accumulation of 22 microsatellite motifs on the W chromosome of the
lacertids: Gallotia galloti, Gastropholis prasina, Timon lepidus, and Lacerta media. The chromosomes were
counterstained with DAPI (blue), the microsatellite probes were detected with fluorescein-avidin D
(red).

4. Discussion

Evidence for ZZ/ZW sex chromosomes based on the copy-number variation of Z-linked genes
and/or cytogenetics was available for 72 species of lacertids (recently reviewed by Rovatsos et al. [16]).
We have added Gas. prasina and Ta. dorsalis to this long list covering over 20% of currently recognized
lacertid lizards [44]. Nevertheless, the data on the sequence content of the W chromosome and
the cytogenetic identification of the Z chromosomes in lacertid karyotypes are scarce. Our FISH
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experiments with the (GATA)g probe (Figure 4 and Figure S1) revealed that the Z chromosome in four
species of lacertids is a small acrocentric chromosome located between the 13th and 16th pair of the
complement (Figure 2). Our findings are in accordance with recent cytogenetic evidence in Eremias
velox, where the Z chromosome was identified as the 13th pair of the complement by the chromosome
painting of a W-specific probe hybridized to the lampbrush sex bivalent [46]. Giovannotti et al. [42]
based on FISH with a telomeric probe and the C-banding pattern of Acanthodactylus lineomaculatus
chromosomes identified putative Z chromosomes among the 12th—13th pairs of the complement. In
addition, we have estimated from the size of sequencing scaffolds from the genome projects of Podarcis
muralis and Lacerta agilis that the Z chromosomes in these species should be in size between the 13th
and 16th pair of the complement [47,48].

In the current study, we confirmed that the W chromosomes across lacertids are quite variable in
size as was previously demonstrated for example in birds [61], monitor lizards [62], and snakes [63].
The W chromosomes are tiny in some lacertid species, but small to medium-sized in others (Figure 1).
Observations based on the classical cytogenetic techniques led to the suggestion that the variability
in the size of the W chromosomes in lacertids reflects the independent emergence of the ZZ/ZW sex
chromosomes within this lineage [34]; however, molecular evidence for the homology of ZZ/ZW sex
chromosomes across the family [16,64] disproved this hypothesis. As the size of the W chromosome
is very different even in closely related lacertid species with otherwise very similar karyotypes
(e.g., closely related Ti. lepidus and Ti. tangitanus, Figure 1), it seems that the size variability in
lacertid W chromosomes cannot be attributed to chromosome fissions, fusions, or other significant
interchromosomal rearrangements, but it is a result of repeated expansions and contractions of repeat
content, as was suggested also for other lineages [26,30,65,66].

Matsubara et al. [40] and Giovannotti et al. [42] identified that the W chromosomes in Lac. agilis
and in A. lineomaculatus are highly enriched in telomeric-like sequences. The accumulation of these
sequences in the non-recombining part of the W can be expected, as they are also accumulated
on independently evolved sex chromosomes in other squamate lineages [28,38,67]. However, only
six out of the 15 here studied lacertid species have accumulations of telomeric and telomeric-like
repeats on the W chromosome notably stronger than on autosomes or Z chromosomes (Figures 3
and 4). The strongest accumulation was found in the exceptionally large W chromosome in Gal.
galloti. The larger accumulation of telomeric-like repeats on the W chromosomes can be considered
as an apomorphy of the genus Lacerta (Figures 3 and 4), but otherwise, it is difficult to find any clear
phylogenetic signal in the pattern. The situation resembles the analogous phylogenetic distribution
in caenophidian snakes, where particular lineages exhibit a very diverse extent of the accumulation
of telomeric-like repeats on W chromosomes [28]. As telomere shortening is related to aging and
numbers of telomeric repeats are an important marker in aging research, we stress that the amount of
telomeric-like repeats within chromosomes have to be taken into account during measurements of
telomere length. Many techniques for the measurement of telomere size are not able to distinguish
between terminal and interstitial positions. Therefore, telomeric-like repeats can give very biased
results for the comparison of aging and heredity of telomere length when the variable amount on sex
chromosomes is not taken into account [28]. Future studies of telomeres in lacertids have to keep in
mind that W chromosomes are highly enriched with telomeric-like repeats in some but not all species
of lacertids.

In the past, Banded krait minor satellite DNA repeats (Bkm) consisting of tandem arrays of 26
and 12 copies, respectively, of two tetranucleotides, GATA and GACA repeats, were isolated from
caenophidian snakes. Bkm repeats were expected to occur on the heterochromatic sex chromosomes of
amniotes, as it was assumed that they play an important role in the emergence of heterochromatin [68,69].
However, it was shown that GATA repeats are notably missing on the heterochromatic W in the lacertid
Eremias velox, as well as in the heterochromatic regions of the sex chromosomes of several amniote
lineages [38,67]. The present results support these findings. The GATA motif is accumulated on some,
but not all heterochromatic W chromosomes in lacertids (Figure 4), and it does not co-localize with
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GACA accumulations on the W across lacertids (Figure 5). Recently, it was shown that the emergence
of the accumulations of Bkm repeats during the evolutionary history of caenophidian snakes was
not correlated with the emergence of sex-linked heterochromatin, as heterochromatinization likely
predeceased the accumulation of GATA-containing repeats on their W chromosomes [70].

The presence and accumulation of the other 21 tested microsatellite repeats varied greatly among
four studied lacertid species (Figure 5) as well. Gal. galloti, a representative of the basal clade of lacertid
phylogeny, had the most prominent accumulation and the biggest W chromosome. On the other hand,
the W chromosome of Gas. prasina did not present significant accumulations of any of the tested motifs,
despite the fact that it has a relatively large W chromosome, too. The variability in the repetitive
content of the W chromosomes in lacertid lizards was recently presented also by Giovannotti et al. [43],
who showed that the IMO-Tagl satellite DNA repeat accumulates on the W chromosomes of four
species from the genus Lacerta, but not in Ti. lepidus. Future studies based on genomic approaches that
enable catalogizing other repeat types in lacertids should test whether the variability in the repetitive
content of the W chromosomes is restricted only to microsatellites, or whether the pattern revealed in
them is general also for other repeats.

Several authors [38,67] compared repetitive content across independently evolved sex
chromosomes and concluded that the identity of the accumulations at least of particular microsatellite
sequences on the degenerated sex chromosomes reflect more likely historical contingency rather than a
functional aspect of particular repeats. Later studies among reptiles, e.g., in monitor lizards [62,71] and
in caenophidian snakes [28,72], documented that the repeat content of degenerated sex chromosomes
is highly variable also within a lineage possessing homologous sex chromosomes [29,30,73]. Lacertids
can be added to these groups as another example of the high evolutionary dynamics of repetitive
content of degenerated chromosomes.

The highly dynamic content of W chromosomes across lacertids contrasts with their otherwise
large conservation in karyotypes [45]. In fact, only three different chromosomal numbers occurred
among the 15 here studied species (Figure 1), with the most common being the karyotype with 2n =
38 acrocentric chromosomes. The karyotype with 2n = 40 was found also in other members of the
subfamily Gallotiinae, which is sister to all other lacertids. It occurs in all species from the genera
Gallotia and Psammodromus [34,35,45,57,58] and might correspond to the ancestral karyotype of the
subfamily. Among the studied lacertid species, metacentric chromosomes are present only in the
genus Timon. The karyotype with 2n = 36 derived from the ancestral 2n = 38 via a Robertsonian
fusion [39], and it seems to be a synapomorphy of this genus, as it is present also in Ti. princeps [74] and
Ti. pater [75]. ITRs used to be considered as a marker of chromosomal rearrangements, although there
are more mechanisms responsible for their emergence [76]. A previous study by Rojo et al. [39] did not
detect any ITRs as a remnant of the fusion in the metacentric chromosome in Ti. lepidus. However, we
noticed that there is a weak telomeric-like signal corresponding to ITRs in the assumed fusion point,
i.e., in the centromeric region in both Ti. lepidus (Figure 30) and Ti. tangitanus (Figure 3p). There are
also additional ITRs in the chromosome arm of the same metacentric chromosome in Ti. fangitanus
(Figure 3p). In addition to Ti. lepidus and Ti. tangitanus, ITRs within chromosomal arms were detected
in Lac. media (Figure 3m). There was speculation that the origin of ITRs within chromosome arms, a
relatively common trait in squamates, can be connected to intrachromosomal rearrangements (e.g.,
inversions) [73]. This hypothesis should be tested in lacertids when well-assembled genomes enabling
the detailed detection of inversions will be available.

In contrast to the heterochromatic W chromosomes, the Z chromosomes were cytogenetically
unequivocally distinguished from autosomes in only a few lacertid species [39,46,77] thanks to
chromosome-specific hybridization probes or specific DNA methylation patterns. Thus, an interesting
observation is that we were able to identify Z chromosomes in four species of two genera. In them,
not only W, but also Z chromosomes possess notable accumulations of GATA repeats. With the
exception of a pair of small chromosomes in Ta. sexlineatus, which can be an evolutionary novelty of
this species, the accumulations of these motifs do not accumulate on autosomes, but rather only on
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the sex chromosomes. We speculate that the Z chromosomes (and in Ta. sexlineatus maybe also a pair
of autosomes) became “infected” by the repeats from the degenerated W chromosomes. Although
largely different in sequences including gene content [64], the lacertid Z and W chromosomes make a
bivalent during female meiosis and have pseudoautosomal regions [46]. We assume that a genomic
region with GATA repeats was transferred from the W to the Z through recombination and in the case
of Ta. sexlineatus to autosomes via translocation. These cases suggest that the degeneration process of
the W/Y chromosomes might also affect the Z and X chromosomes and potentially also other parts of
genomes, which is a phenomenon deserving further study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/5/531/s1,
Table S1. List of individuals per species and sex analyzed in this study. Figure S1. Mitotic metaphase chromosomes
hybridized with the (GATA)g probe in (a) female and (b) male of Takydromus dorsalis (TADO), (c) female and (d)
male of Takydromus sexlineatus (TASE), (e) female and (f) male of Timon lepidus (TILE), (g) female and (h) male of
Timon tangitanus (TITA).
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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 miillion 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 amniotes! .
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 lineages®.
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 lineages®, 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 amniotes®. 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-
tiation”. 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 systems®'2, but many
of them were put into doubt by some authors*!*. Two such putative transitions were reported in the lacertid
lizards based on published data in Podarcis pityusensis'* and Eremias multiocellata'>~"". 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
GGAL17 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 family'®. 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 lacertids®’.

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 lacertids®1%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 GGA17?°2!. 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 PCR measurement, we
used previously designed primers targeting two autosomal genes (adarb2, mecom) and four putative Z-specific
genes in lacertids (mars2, Ipar4, klhl13, angptl2)*!. In addition, we designed new primers for one autosomal gene
with an ortholog in GGAZ (smad?), and four candidate Z-linked genes with orthologs linked to GGA4p (gab3,
mbnl3) and GGA17 (hspa5, Irrc8a). 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 see?. The qPCR was performed using a LightCycler IT 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 GGA172%%!, 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 HSA2%. 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 species?!, 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 ESD'* and thus supposed
to lack sex chromosomes, shares the same ZZ/ZW sex chromosomes with other lacertids. Also Lacerta schreiberi,
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Figure 1. Position of lacertid Z-linked genes in human (HSA) and chicken (GGA) chromosomes.

previously thought to possess different sex chromosomes', 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.?).

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 studies?®?! 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
chromosomes?. The former studies documenting the variability in sex chromosomes in lacertids'®?* 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-
tion?*-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 chromosomes®.

The loci originally revealed to be Z-specific in Takydromus sexlineatus, the first lacertid with known partial
gene content of sex chromosomes?, 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 complex?*. There are several, up to now purely
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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 from
were included. Phylogeny follows®. 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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Algyroides moreoticus yes'® yes
Algyroides nigropunctatus yes'® yes
Atlantolacerta andreanskyi yes*® yes
Darevskia portschinskii yes? yes
Darevskia raddei yes? yes
Eremias velox yes*® yes
Gallotia galloti yes® yes
Iberolacerta horvathi yes™ yes
Iberolacerta monticola yes®! yes
Lacerta agilis yes™ yes
Lacerta bilineata yes* yes
Lacerta schreiberi yes' yes
Lacerta strigata yes*® yes
Lacerta trilineata yes* yes
Lacerta viridis yes®! yes
Podarcis siculus yes®! yes
Podarcis tauricus yes™ yes
Psammodromus algirus yes®! yes
Takydromus sexlineatus yes® yes
Teira dugesii yes®® yes
Timon lepidus yes® yes
Zootoca vivipara yes*® 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 yes® no
Acanthodactylus lineomaculatus yes® no
Darevskia armeniaca yes” no
Darevskia dahli yes®® no
Darevskia mixta yes® no
Darevskia rostombekovi yes? no
Darevskia unisexualis yes? no
Darevskia valentini yes* no
Dinarolacerta mosorensis yes® no
Continued

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


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

www.nature.com/scientificreports/

Cytogenetic qPCR
Species evidence evidence
Eremias arguta yes®! no
Eremias grammica yes®? no
Heliobolus lugubris yes® no
Hellenolacerta graeca yes'® no
Iberolacerta aranica yes® no
Iberolacerta aurelioi yes®* no
Iberolacerta bonnali yes® no
Iberolacerta cyreni yes®* no
Iberolacerta galani yes® no
Meroles cuneirostris yes® no
Mesalina olivieri yes*? no
Omanosaura jayakari yes® no
Ophisops elegans yes®’ no
Phoenicolacerta kulzeri yes® no
Phoenicolacerta laevis yes® no
Podarcis melisellensis yes* no
Podarecis hispanica yes'® no
Podarcis wagleriana yes® no

Table 1. Overview of lacertid lizards with cytogenetic and qPCR2*2!thisswdy evidence for female heterogamety.

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 birds?*. 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 Harlow'?, 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 juveniles'*?. However, this species is still included as having ESD in the
majority of phylogenetic analyses of sex determination®'%!2 but see'*. 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 multiocellata'>-'7. 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 Lacertidae'2. Highly biased sex ratio related to constant
temperatures during gestation was reported in the first experimental study in E. multiocellata'®. 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
temperatures'®. The norm of reaction with equal sex ratios in non-extreme temperatures itself questions the
presence of ESD*!. Neither of these two studies were able to exclude differential mortality of sexes at certain tem-
peratures (known for example in snakes)® or temperature-induced sex reversals (reported in the skink Bassiana
duperreyi or dragon lizard Pogona vitticeps)**-3°. Moreover, juveniles were sexed by examination of hemipene
size (in" 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 examined'” 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 chromosomes®® and homologous sex chromosomes between E. velox and other lacertids
was demonstrated?! 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 systems*. 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 lineage, 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 chromosome!®**%. Nevertheless, the previously suggested large variability in sex determination and
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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 autosomes***! 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” chameleons*>*, varanids*, skinks*® and lacertids'®, this study. The inclusion of such erro-
neous “ESD” species in previous phylogenetic comparative studies®'*!2, 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.
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