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Abstract 1 

Reptiles show a remarkable diversity of sex determination mechanisms and sex chromosome 2 

systems, derived from different autosomal pairs. The origin of the ZW sex chromosomes of 3 

Lacerta agilis, a widespread Eurasian lizard species, is a matter of discussion: is it a small 4 

macrochromosome from the 11-18 group, common to all lacertids, or this species has unique ZW 5 

pair derived from the large chromosome 5. Using independent molecular cytogenetic methods, 6 

we investigated the karyotype of L. agilis exigua from Siberia, Russia, to identify the sex 7 

chromosomes. FISH with the flow-sorted chromosome painting probe, derived from L. strigata 8 

and specific to chromosomes 13, 14, and Z, confirmed that the Z chromosome of L. agilis is a 9 

small macrochromosome, the same as in L. strigata. FISH with the telomeric probe showed an 10 

extensive accumulation of the telomeric repeat on the W chromosome in agreement with 11 

previous studies, excluding the possibility that the lineages of L. agilis studied in different works 12 

could have different sex chromosome systems due to a putative intra-species polymorphism. Our 13 

results reinforce the idea of the stability of the sex chromosomes and lack of evidence for sex-14 

chromosome turnovers in known species of Lacertidae.  15 
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Introduction 16 

Reptiles have diverse mechanisms of sex determination. In some taxa, such as crocodiles, red-17 

eared turtles, and leopard geckos, the sex of the offspring is determined by the temperature of 18 

egg incubation, and there are no specific sex-linked genes or chromosomes [Viets et al., 1993]. 19 

In other lineages, different chromosomes independently acquired sex-determining genes (via 20 

mutations of their original genes or translocations of genes from other chromosomes), and 21 

became sex chromosomes of either XX/XY or ZZ/ZW type [Pokorná and Kratochvíl, 2009]. The 22 

most studied reptilian sex chromosomes are those of pleurodont iguanas (XX/XY) [Alföldi et al., 23 

2011; Gamble et al., 2014; Rovatsos et al., 2014; Kichigin et al., 2016; Giovannotti et al., 2017; 24 

Lisachov et al., 2019], advanced snakes (ZZ/ZW) [Matsubara et al., 2006; Vicoso et al., 2013; 25 

Rovatsos et al., 2015], anguimorphs (ZZ/ZW) [Matsubara et al., 2014; Rovatsos et al., 2019a]. In 26 

certain cases, sex chromosome systems are not universal for such large clades, but are specific to 27 

one species or a group of related species. This is a rather common situation in geckos [Gamble, 28 

2010]. 29 

For all reptile sex chromosome systems, the exact master sex-determining genes and therefore 30 

the molecular mechanisms underlying sex determination are unknown. Uncovering these 31 

mechanisms will advance the understanding of general principles of the evolution of sex 32 

determination.  It may also help to predict the sensitivity of sex chromosome systems to climate 33 

change. Extreme temperatures can override chromosomal sex determination in some squamate 34 

reptiles (described for Agamidae and Scincidae), skew the sex ratio and thus make their 35 

populations unstable and prone for extinction [Holleley et al., 2015]. 36 

The first step in finding the master sex determining genes is uncovering the correspondence 37 

between a certain reptile sex chromosome system and the homologous chromosome or syntenic 38 

block in the reference sauropsid genomes, such as chicken (Gallus gallus, GGA) and anole lizard 39 

(Anolis carolinensis, ACA). For example, the XY chromosomes of Anolis correspond to the 40 

chicken chromosome 15 (GGA15) [Alföldi et al., 2011]. This “genomic identity” is known for 41 

many reptile sex chromosome systems, and can be uncovered by different molecular genetic, 42 

genomic, and cytogenetic approaches [Deakin and Ezaz, 2019].  43 

However, for some taxa different works and methods produced contradicting results. This can be 44 

due to intraspecific polymorphisms, wrong species identifications or technical errors (discussed 45 

by Gamble, [2010]). The sand lizard (Lacerta agilis), a common Eurasian species, is one of the 46 

examples of such contradiction. It belongs to the family Lacertidae, which is long-known to have 47 

a ZW sex chromosome system [Ivanov and Fedorova, 1970].  48 
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The lacertid chromosomes generally share the same acrocentric morphology and gradually 49 

decrease in length, therefore individual chromosomes are difficult to distinguish. Although the 50 

W chromosome can be identified by heterochromatinization and repetitive sequence 51 

accumulation [Capriglione et al., 1994], the Z chromosome is “hidden” among the autosomes, 52 

and its genetic content and even the position in the karyotype remained unknown for a long time. 53 

Srikulnath et al. [2014] putatively identified the chromosome 5 of L. agilis from Sweden (L. 54 

agilis agilis) (LAG5) as the Z chromosome using Hoechst staining. Using FISH mapping of 55 

cDNA probes of protein-coding genes, they found that this chromosome is a homologue of the 56 

short arm of the Anolis carolinensis chromosome 3 (ACA3p) and of the chicken chromosomes 6 57 

and 9 (GGA6, GGA9). In another work, Matsubara et al. [2015] described the W chromosome of 58 

these lizards, and found that it contains C-positive heterochromatin, enriched with telomere-like 59 

sequences.  60 

Later, Rovatsos et al. [2016; 2019b] used transcriptome analysis and qPCR to identify 61 

hemizygous and thus suggestively Z-linked genes in several species of lacertids, including L. 62 

agilis from the Czech Republic (L. agilis argus). In these works, the genes identified by 63 

Srikulnath et al. [2014] as Z-specific were identified as (pseudo)autosomal. The homeologues of 64 

the Z-linked genes which were identified by Rovatsos et al. [2016, 2019b] are located in two 65 

microchromosomes of A. carolinensis: ACA11 and ACA16 (homologous to GGA4p and 66 

GGA17, respectively) [Kichigin et al., 2016]. The authors suggested that the Z chromosome of 67 

lacertids should be one of the small macrochromosomes, formed via fusion of two ancestral 68 

squamate microchromosomes [Uno et al., 2012]. Their results were supported by the genome 69 

sequencing project of Podarcis muralis [Andrade et al., 2019].  70 

There are two possible explanations for this contradiction. First, it is possible that the different 71 

lineages of L. agilis, studied in these two works, indeed have different sex chromosome systems. 72 

Namely, the lineage studied by Srikulnath et al. [2014] might have experienced a sex 73 

chromosome turnover, leading to the loss of the original lacertid sex chromosome system and 74 

appearance of a new system, based on another chromosome pair. The cases of such turnovers, 75 

when a taxon “forsakes” a well-established sex chromosome system and acquires a new one, are 76 

rather rare [Pokorná and Kratochvíl, 2016], but known in lizards [Nielsen et al., 2019] and even 77 

in mammals [Matveevsky et al., 2017]. An intraspecific polymorphism in sex-determining 78 

systems is also possible, as in the case of the frog Glandirana rugosa [Ogata et al., 2018]. The 79 

second possibility is that one or both these identifications of the L. agilis sex chromosome are 80 

erroneous. 81 
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No additional studies with independent methods were conducted so far to investigate this issue. 82 

Meanwhile, resolving this contradiction is crucial for understanding the patterns of evolution of 83 

sex-determining mechanisms in reptiles in general. If confirmed, “the curious case of Lacerta 84 

agilis” could become an interesting model to study the processes of sex determination evolution.  85 

In this work, we investigated the karyotype of L. agilis exigua from Novosibirsk (Russia) to 86 

identify and describe its Z and W chromosomes. The Z chromosome was identified using FISH 87 

with a flow-sorted chromosome painting probe derived from L. strigata, containing its 88 

chromosomes 13, 14 and Z. Sorted chromosome probes of lacertids were generated and 89 

chromosome painting was conducted previously, but with limited success, and L. agilis and L. 90 

strigata were not studied [Rojo Oróns, 2015]. The W-chromosome was identified by its size and 91 

using FISH with a telomere-specific probe. 92 

Materials and methods 93 

The fibroblast cell culture of L. strigata, here used for flow-sorting, was established previously 94 

by Giovannotti et al. [2018]. The flow-sorted chromosome libraries were obtained using a Mo-95 

Flo® (Beckman Coulter) high-speed cell sorter at the Cambridge Resource Centre for 96 

Comparative Genomics, Department of Veterinary Medicine, University of Cambridge, 97 

Cambridge, UK, as described previously [Yang et al., 1995]. The painting probes were generated 98 

from the DOP-PCR amplified libraries by a secondary DOP-PCR incorporation of Flu12-dUTP 99 

(Bioron, Germany) [Telenius et al., 1992]. 100 

The fibroblast cell culture of L. agilis was obtained from the muscle tissues of one juvenile 101 

female L. agilis exigua, originating from Novosibirsk province (Russia), in the Laboratory of 102 

Animal Cytogenetics, the Institute of Molecular and Cellular Biology, Russia, using enzymatic 103 

treatment of tissues as described previously [Stanyon and Galleni 1991, Romanenko et al. 2015]. 104 

All cell lines were deposited in the IMCB SB RAS cell bank (“The general collection of cell 105 

cultures”, 0310-2016-0002). Metaphase chromosome spreads were prepared from chromosome 106 

suspensions obtained from early passages of primary fibroblast cultures as described previously 107 

[Yang et al. 1999, Graphodatsky et al. 2000, 2001].  108 

The telomere-specific probe was generated using PCR with self-annealing oligonucleotide 109 

primers, as described previously [Ijdo et al., 1991], and labelled with TAMRA-dUTP (Biosan, 110 

Novosibirsk, Russia) in a secondary PCR. FISH was performed with standard techniques [Liehr 111 

et al., 2017]. The preparations were analyzed with an Axioplan 2 Imaging microscope (Carl 112 

Zeiss) equipped with a CCD camera (CV M300, JAI), CHROMA filter sets, and the ISIS4 image 113 

processing package (MetaSystems GmbH). The brightness and contrast of all images were 114 

enhanced using Corel PaintShop Photo Pro X6 (Corel Corp). 115 
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Results 116 

The karyotype of L. strigata consisted of 38 chromosomes with a heteromorphic W 117 

chromosome, in agreement with previous descriptions (Fig. 1a) [Ivanov and Fedorova, 1970]. 118 

Here, for the first time, we have obtained flow-sorted chromosome libraries of a Lacerta species. 119 

The sorted karyotype of L. strigata was comprised of 17 peaks (LST_A to LST_Q) (Fig. 2). The 120 

probe derived from the peak LST_L was found to hybridize to five chromosomes on the 121 

metaphases of the same specimen used for establishing the fibroblast cell culture. Therefore, it 122 

was concluded that this peak contained two autosome pairs and the Z chromosome (Fig. 3a). The 123 

absence of the signal on the W chromosome is apparently due to the fact that the W chromosome 124 

of lacertids is too degenerated and does not hybridize with the DNA from the Z chromosome 125 

[Rovatsos et al., 2019b; Andrade et al., 2019]. The autosomes were identified as pairs 13 and 14 126 

basing on the position of the LST_L peak in the flow karyotype. The co-occurrence of several 127 

chromosomes in the same probe is due to their very similar size and GC-content, which did not 128 

allow to separate them during chromosome sorting.   129 

The karyotype of L. agilis also consisted of 38 chromosomes, including the heteromorphic W 130 

chromosome, the smallest element of the karyotype (Fig. 1b). This result agrees with the 131 

previous analyses of the karyotype of L. agilis [De Smet, 1981]. FISH with the LST_L probe 132 

showed hybridization with five small macrochromosomes, as for the same-species hybridization 133 

(Fig. 3b). FISH with the telomeric probe showed the accumulation of the telomeric repeat on the 134 

W chromosome, as shown previously for this species [Matsubara et al., 2015; Giovannotti et al., 135 

2018] (Fig. 4).  136 

Discussion 137 

Our results do not confirm the identification of LAG5 as a sex chromosome. This resolves the 138 

five-year long debate concerning the sex chromosomes of the sand lizard.  139 

The fact that the LST_L probe painted five chromosomes in L. agilis as well as in L. strigata 140 

indicates that these two species share the same sex chromosome system. If L. agilis had 141 

experienced a hypothetical sex chromosome turnover, leading to the formation of neo-sex 142 

chromosomes derived from the LAG5 pair, and the original lacertid Z chromosome had returned 143 

to the autosomal state, as shown for sex chromosome turnovers in the genus Paroedura 144 

(Gekkonidae) [Koubová et al., 2014], the LST_L probe would have hybridized with six 145 

chromosomes (three homologous pairs). The hybridization of the LST_L probe with five 146 

chromosomes was observed in multiple complete metaphases, which confirms the credibility of 147 

our results. 148 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 18, 2019. ; https://doi.org/10.1101/846501doi: bioRxiv preprint 

https://doi.org/10.1101/846501
http://creativecommons.org/licenses/by-nc-nd/4.0/


The possibility that these two species share the same sex chromosome turnover is excluded by 149 

the size of the chromosomes which constitute the LST_L probe: they belong to the fraction of 150 

small chromosomes, whereas LAG5/LST5 are nearly twice as large. The small size of the Z 151 

chromosome in L. agilis and L. strigata fits well with the results of Rovatsos et al. [2016, 2019] 152 

and Andrade et al. [2019], which showed that the lacertid Z originates from two fused 153 

microchromosomes of ancestral squamates. 154 

There could be still a possibility that the sex chromosome turnover is not universal for L. agilis, 155 

but it is specific to the lineage studied by Srikulnath et al. [2014] and Matsubara et al. [2015]: the 156 

nominative subspecies L. agilis agilis. However, the features of the W chromosome of the lizards 157 

which were studied in these works provide evidence against this explanation.  158 

First, in case of such a recent turnover, the Z and W chromosomes would be expected to be 159 

homomorphic, whereas the W chromosome in L. agilis agilis is highly divergent from the 160 

putative Z chromosome [Srikulnath et al., 2014; Matsubara et al., 2015].  161 

Second, the relative size and telomeric repeat accumulation of the L. agilis agilis W chromosome 162 

correspond well with the features of the W chromosome of L. agilis exigua that were observed in 163 

this study. Furthermore, W chromosomes of similar size and repeat content are characteristic for 164 

other species of Lacerta: all studied Lacerta species including L. agilis have telomeric repeat 165 

accumulation on the W chromosome, and share a monophyletic W-specific subfamily of the 166 

IMO-TaqI satellite DNA [Giovannotti et al., 2018]. Considering the fact that the sequence 167 

content of the W chromosomes in the related genera Iberolacerta and Timon is different from 168 

that of Lacerta, as shown by CGH [Rojo Oróns, 2015] and that W-specific repetitive DNA can 169 

also be different in different populations of the same species [Giovannotti et al., 2017], the 170 

sharing of the same repetitive DNAs by the W chromosomes of different Lacerta species seems 171 

to indicate stability and homology for the ZZ/ZW system within this genus. 172 

Thus, we conclude that the sex chromosomes of L. agilis specimens studied by Srikulnath et al. 173 

[2014] are most probably not different from the sex chromosomes of L. agilis individuals studied 174 

in the current work. Therefore, it is unlikely that LAG5 is the Z chromosome in this species. 175 

Recently, Rovatsos et al. [2019] doubled the number of lacertid species included in their 176 

analysis, and found no confirmation for several other putative cases of sex chromosome 177 

turnovers in some lacertids. Our results agree with this conclusion and reinforce the idea of 178 

stability of the lacertid ZZ/ZW sex chromosome system. 179 

The library of flow-sorted chromosome probes of L. strigata is a powerful tool to study 180 

chromosome evolution in Lacertidae. It may be further used to test the sex chromosome 181 
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homology and identify chromosomal rearrangements in other species of lacertids, which were 182 

previously not studied using the molecular cytogenetic methods. 183 
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Figure legends 321 

 322 

Fig. 1. Karyotypes of L. strigata (a) and L. agilis (b). DAPI staining. Scale bar represents 10 μm. 323 
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 324 

Fig. 2. Flow-sorted karyotype of L. strigata. 325 

 326 

Fig. 3. FISH with the LST_L probe (green) on L. strigata (a) and L. agilis (b). Scale bar 327 

represents 10 μm. 328 
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 329 

Fig. 4. FISH with the telomeric probe (red) on L. agilis. Scale bar represents 10 μm. 330 
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