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Abstract

For a long time, snakes were presented as a textbook example of a group with gradual differentiation of homologous
ZZ/ZW sex chromosomes. However, recent advances revealed that the ZZ/ZW sex chromosomes characterize only
caenophidian snakes and certain species of boas and pythons have nonhomologous XX/XY sex chromosomes. We
used genome coverage analysis in four non-caenophidian species to identify their sex chromosomes, and we
examined the homology of sex chromosomes across phylogenetically informative snake lineages. We identified sex
chromosomes for the first time in 13 species of non-caenophidian snakes, providing much deeper insights into
the evolutionary history of snake sex chromosomes. The evolution of sex chromosomes in snakes is more complex
than previously thought. Snakes may have had ancestral XX/XY sex chromosomes, which are still present in a blind
snake and some boas, and there were several transitions to derived XX/XY sex chromosomes with different gene
content and two or even three transitions to ZZ/ZW sex chromosomes. However, we discuss more alternative
scenarios. In any case, we document that (1) some genomic regions were likely repeatedly co-opted as sex chromo-
somes in phylogenetically distant lineages, even with opposite types of heterogamety; (2) snake lineages differ greatly
in the rate of differentiation of sex chromosomes; (3) snakes likely originally possessed sex chromosomes prone to
turnovers. The sex chromosomes became evolutionarily highly stable once their differentiation progressed in the
megadiverse caenophidian snakes. Snakes thus provide an ideal system for studying the evolutionary factors that
drive unequal rates of differentiation, turnovers and stability of sex chromosomes.
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et al. 2018), the adaptation to the marine environment
(Brischoux and Shine 2011), but they also played an im-
portant role in the field of the evolution of sex chromo-
somes (Ohno 1967; Bull 1980; Singh et al. 1980).

Introduction

Snakes are a group of squamate reptiles that appeared
in the fossil record in the Jurassic period (Caldwell et al.

2015). They represent approximately one third of the
total species diversity of extant non-avian reptiles (Uetz
et al. 2024) and have colonized all continents, except
Antarctica, and the vast majority of terrestrial and aquatic
habitats, including oceans. More than 4,000 currently
recognized species are classified in about 30 families
(Pyron et al. 2013, 2014; Zheng and Wiens 2016; Uetz
et al. 2024). Snakes show unique morphological traits
and have emerged as a popular model group for a variety
of scientific fields. Prominent research in snakes includes
the evolution of venom and its application in medicine
(Koh et al. 2006; Chan et al. 2016; Oliveira et al. 2022),
the loss of limbs and the adaptation to fossorial and aquat-
ic lifestyles (Simoes et al. 2015; Leal and Cohn 2018; Silva

The ZZ/ZW sex chromosomes were identified decades
ago in many caenophidian snakes (Becak et al. 1962,
1964; Becak and Becak 1969; Singh et al. 1968; Singh
1972; Mengden and Stock 1980), i.e. in the group contain-
ing over 80% of all extant species of snakes (Uetz et al.
2024). The sex chromosomes in caenophidian snakes can
be detected by both conventional and molecular cytogen-
etic methods, because they are large (typically the 4™ or
5 largest chromosome pair), often heteromorphic with
heterochromatic W (Singh et al. 1968; Becak and Becak
1969; Mengden and Stock 1980) and rich in repeats
(Singh et al. 1980; Augstenova et al. 2018b; Rovatsos
et al. 2018). Later, molecular and genomic studies con-
firmed that the caenophidian snakes possess homologous
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and highly differentiated ZZ/ZW sex chromosomes, which
evolved likely at least 69 MYA (Vicoso et al. 2013; Rovatsos
et al. 2015; Matsubara et al. 2016; Yin et al. 2016; Kumar
et al. 2017).

In contrast to caenophidian snakes, sex chromosomes
were not detected by cytogenetic methods in other
snake lineages with the exception of ZZ/ZW sex chromo-
somes in the Madagascar boa Acrantophis sp. cf. dumerili
(Sanziniidae) (Mengden and Stock 1980; Augstenova et al.
2018a) and putatively in the long-nosed worm snake,
Mpyriopholis macrorhyncha (Leptotyphlopidae), where a het-
erochromatic chromosome, interpreted asa W chromosome,
was reported in a single female (Matsubara et al. 2019). It was
assumed for a long time that all snakes share homologous ZZ/
ZW sex chromosomes, which are homomorphic and at an
early stage of differentiation in the snakes outside
Caenophidia (Becak et al. 1964). The striking contrast be-
tween caenophidian and non-caenophidian snakes inspired
Susumu Ohno (1967) to formulate the now classical scenario
on progressive, step-by-step differentiation of sex chromo-
somes. This view was further reproduced and expanded by
a series of influential studies, despite the fact that there was
little evidence on sex chromosomes in snakes outside the
clade Caenophidia (Ray-Chaudhuri et al. 1971; Bull 1980;
Jones and Singh 1985; Marshall Graves and Shetty 2007;
Ezaz et al. 2006; Matsubara et al. 2006, 2016; Bellot and
Page 2009; Pokorna and Kratochvil 2009; O'Meally et al.
2010, 2012; Vicoso et al. 2013; Yin et al. 2016).

In contrast, all-female, largely homozygous progeny
produced by occasional (facultative) parthenogenesis in sev-
eral species of boas and pythons (namely, in Boa constrictor,
Chilabothrus angulifer, Chilabothrus subflavus, Epicrates cen-
chria, Epicrates maurus, Eunectes murinus, Malayopython re-
ticulatus, and Python regius) (Booth et al.2011a,2011b, 2014;
Kinney et al. 2013; Shibata et al. 2017; Seixas et al. 2020; Bailey
et al. 2024) indicated that these snakes might possess male
heterogamety. Similarly, a colour mutation in the ball py-
thon Python regius showed an inheritance pattern consistent
with a XX/XY sex determination system (Mallery and
Carrillo 2014). The verification of the male heterogamety
in two species of boas (Boa constrictor and B. imperator)
and one species of python (Python bivittatus) was provided
by Gamble et al. (2017) based on restriction site-associated
DNA sequencing (RAD-seq). Notably, the XX/XY sex chro-
mosomes of the python share partial gene content with
the caenophidian ZZ/ZW chromosomes, while the sex chro-
mosomes of the boas evolved from a different genomic re-
gion (Gamble et al. 2017). However, the heteromorphic
Z7/7ZW sex chromosomes in the boa Acrantophis sp. cf. du-
merili, which is phylogenetically positioned between the py-
thon and the boas with known XX/XY sex chromosomes,
suggest that the evolution of sex determination in snakes
is even more variable (Augstenova et al. 2018a).

To better reconstruct the evolution of sex chromosomes
in snakes, we sequenced genomes of both sexes in four non-
caenophidian species with phylogenetically informative posi-
tions. Namely, we studied the boa Acrantophis sp. cf. dumerili,
the Kenyan sand boa Eryx colubrinus (Erycidae), the Cuban
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wood snake Tropidophis melanurus (Tropidophiidae) and
the Eurasian blind snake Xerotyphlops vermicularis
(Typhlopidae). We selected these species as (1) Acrantophis
sp. cf. dumerili is the only snake outside Caenophidia known
to have heteromorphic and cytogenetically easily detectable
sex chromosomes, although cytogenetic analyses, including
molecular cytogenetic techniques, have been performed in
many non-caenophidian lineages (Becak et al. 1964, 1969;
Mengden and Stock 1980; Oguiura et al. 2009; Mezzasalma
et al. 2016; Viana et al. 2016; Augstenova et al. 20183, 2019;
Charvatetal. 2022); (2) E. colubrinus is a member of the family
Erycidae, phylogenetically placed among boas with known
male and female heterogamety; (3) T. melanurus is a member
of the family Tropidophiidae, representing a clade sister to all
snakes other than blind snakes and thread snakes; (4) X. ver-
micularis as a representative of the blind snakes (Pyron et al.
2013; Zheng and Wiens 2016), a group of snakes poorly stud-
ied using cytogenetic or genomic approaches. We identified
the gene content of sex chromosomes in these four species
by comparative gene coverage analysis and tested the hom-
ology of their sex chromosomes across other snakes by a com-
parison of sex-specific gene copy numbers using quantitative
real-time PCR (gPCR).

Materials and Methods

Studied Material and DNA Isolation

We collected samples from 20 species of snakes from 9 non-
caenophidian families (Boidae, Calabariidae, Candoiidae,
Erycidae, Pythonidae, Sanziniidae, Tropidophiidae,
Typhlopidae, and Xenopeltidae) and 5 caenophidian
species from 5 families (Acrochordidae, Colubridae,
Pareidae, Viperidae, and Xenodermidae) (supplementary
table S1, Supplementary Material online). Total DNA was
isolated from fresh blood or tissue samples, using the
DNeasy Blood and Tissue Kit (Qiagen), according to the
manufacturer’s protocol. The quality and the concentra-
tion of isolated DNA samples were estimated by
NanoDrop ND-2000 spectrophotometer (Thermo Fisher
Scientific Inc.).

DNA-Seq and Coverage Analysis

In order to identify X- or Z-specific genes, we used a com-
parative gene coverage analysis, which was previously
applied successfully in other reptiles (Vicoso et al. 2013;
Kostmann et al. 2021; Pensabene et al. 2023). The method
assumes that lllumina sequencing is relatively unbiased,
and the Illumina reads are proportional to copies of
DNA molecules used for the preparation of the sequencing
libraries. X-specific single-copy genes have two copies per
cell in the genome of XX females and a single copy in XY
males, while autosomal genes should mostly have an equal
number of copies per genome in both sexes. This differ-
ence should lead to different coverage in XY males and
XX females in the map-to-reference assemblies of the
X-specific genes. Similar logic applies to Z-specific genes.
Therefore, we expect a normalized male-to-female gene
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coverage ratio of 0.5 for X-specific, 1.0 for autosomal or
pseudoautosomal, and 2.0 for Z-specific genes.

The chromosome-level assemblies of the western terres-
trial garter snake Thamnophis elegans (GCA_009769535.1),
the green anole Anolis carolinensis (GCA_000090745.2;
Alfoldi et al. 2011), the common wall lizard Podarcis muralis
(GCA_004329235.1; Andrade et al. 2019), and the chicken
Gallus gallus (GCA_000002315.3; Warren et al. 2017) were
used for genome-wide cross-species comparisons of genes
and assessment of sex chromosome homology.

Total DNA from both sexes of Acrantophis sp. cf. dumerili,
E. colubrinus, T. melanurus, and X. vermicularis was sequenced
by Novogene (Cambridge, UK) on lllumina HiSeq2500
platform with 150 base pairs (bp) paired-end option and
350 bp library size (DNA-seq). Low-quality raw reads and se-
quencing adaptors were trimmed by Trimmomatic (Bolger
et al. 2014), and reads shorter than 50 bp were removed
from further analysis. Trimmed reads were checked in
FASTQC (Andrews 2010) and MULTIQC (Ewels et al. 2016)
for quality control. The raw Illumina reads are deposited in
the NCBI database under BioProject PRINA1076544. The
NCBI database was also used to obtain the lllumina sequences
from two caenophidian species, Naja naja (SRX7124244;
Suryamohan et al. 2020) and Crotalus viridis (SRX7273744;
SRX7273711; Schield et al. 2019) for comparison.

The trimmed lllumina reads from each sample were
mapped independently using Geneious Prime 2023.0.4
(https://www.geneious.com) to a reference data set
consisting of 174,674 exons from the Thamnophis elegans
genome project (GCA_009769535.1). The average cover-
age was estimated for each gene from the assembly report.
Subsequently, we removed exons with unexpectedly high
or low coverage (i.e. 3-fold difference from the average
read coverage of each specimen) and we calculated the
male-to-female gene coverage ratio in each species,
normalized to the average coverage for each specimen.
Genes with known homology and annotation in chicken
and garter snake chromosomes (further abbreviated as
GGA and TEL, respectively) were used for cross-species
comparisons.

Validation of Z-Specific/X-Specific Genes and Test of
Homology of Sex Determination by qPCR

The differences in copies of X- or Z-specific genes between
males and females can be detected by qPCR (Rovatsos
et al. 2014a), analogously as in the comparative gene cover-
age analysis. We designed primers from a random subset of
gene exons using Primer-Blast software (Ye et al. 2012) for
the putative X-/Z-specific genes revealed by the compara-
tive gene coverage analysis in Acrantophis sp. cf. dumerili,
E. colubrinus, X. vermicularis, and T. melanurus. All de-
signed primers were tested by standard PCR to exclude pri-
mers with secondary products. Additionally, we used
primers for the genes adarb2 (GGA2), immt (GGA4),
and tanc2 (GGA27), which are Z-specific in caenophidian
snakes, as controls and mecom (GGA9) for normalization
of the gPCR values (Rovatsos et al. 2015). The qPCR tests

were performed in triplicates for each primer and speci-
men according to the protocol described in Rovatsos
et al. (2014a) using the LightCycler Il 480 (Roche
Diagnostics). From the normalized gPCR quantification va-
lues, we calculated the male-to-female gene copy ratio
which is expected to be 0.5 for X-specific, 1.0 for autosomal
or pseudoautosomal, and 2.0 for Z-specific genes (Rovatsos
et al. 2014a; Rovatsos and Kratochvil 2017).

Genes proven to be Z-/X-specific in A. sp. cf. dumerili,
E. colubrinus, T. melanurus, and X. vermicularis by both
gene coverage analysis and the gPCR test were further
tested for Z-/X-specificity in additional 21 snake species
(supplementary tables S2 and S3, Supplementary Material
online).

Estimation of Sex Chromosome Age and Degree of
Differentiation

The minimum age of each uncovered sex chromosome sys-
tem was estimated as the age of the basal split of lineages
with likely homologous sex chromosomes as reported by
Kumar et al. (2017). Quantification of sex chromosome dif-
ferentiation cannot be done from chromosome morphology,
as the degree of heteromorphism of sex chromosomes does
not correlate with sequence divergence (Pokorna et al.
2011). We follow Charlesworth (2021) in attempting to esti-
mate this parameter from the estimation of the size of sex-
linked regions from evidence of gene loss. The degree of dif-
ferentiation could be estimated by comparing the number of
genes lost from the Y (or W) chromosome with the number
of genes retained on the X (or Z) chromosome, ideally taking
into an account a number of genes in the region before it
became a sex chromosome. In snakes, this estimation could
now be made in caenophidian snakes, but not for the other
snake sex chromosome systems due to the lack of
chromosome-level genome assemblies. Therefore, we quan-
tified the degree of sex chromosome differentiation by the
number of hemizygous genes detected by our cross-genome
comparison in each species relative to the total number of
mapped genes in a given species.

Results

Identification of Z-Specific Loci by Genome Coverage
Analysis in A. sp. cf. dumerili
The comparative gene coverage analysis resulted in
11,106 genes in A. sp. cf. dumerili with known homologs
in the chicken and garter snake genomes. In total, 47
genes have male-to-female read coverage between 1.43
and 3.33, which is the expected range for Z-specificity
(Fig. 1; Table 1; supplementary table S2, Supplementary
Material online). Their homologs are located mainly on
the chicken chromosomes 1 (GGAT1; 6 genes) and 2
(GGAZ2; 7 genes) and on the garter snake Z chromosome
(TELZ; 6 genes).

To validate the identification of sex chromosomes by the
comparative gene coverage analysis, we successfully designed
primers for five Z-specific candidate genes (ccr4, golga4,
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Fig. 1. Log,-transformed male-to-female ratios of normalized read coverage per gene in Acrantophis sp. cf. dumerili, Crotalus viridis, Eryx colu-
brinus, Naja naja, Tropidophis melanurus, and Xerotyphlops vermicularis. Genes are illustrated based on the position of their orthologs in the
genome of Thamnophis elegans. The X-specific genes are expected to show log,-transformed male-to-female read coverage ratio approx.
—1.00, Z-specific genes approx. 1.00, and autosomal and pseudoautosomal genes approx. 0.00. All data are available in supplementary table
S2, Supplementary Material online. Phylogenetic relationships follow Pyron et al. (2013) and Zheng and Wiens (2016).

Table 1 Total number of mapped genes, hemizygous genes, their percentage in the genomes, and estimated age of the sex chromosome systems

Species No. of mapped genes with known homologs No. of hemizygous Percentage of hemizygous Minimal estimated age of the sex
in TEL and GGA genes genes chromosome system
Xerotyphlops 10,971 284 2.59
vermicularis
Tropidophis melanurus 11,075 113 1.02
Acrantophis sp. cf. 11,106 47 0.42 64 MY
dumerili
Eryx colubrinus 11,092 34 0.31 45 MY
Crotalus viridis 11,104 621 5.59 69 MY
Naja naja 11,113 713 6.42 69 MY
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Fig. 2. Normalized male-to-female gene dose ratios for 22 genes in Acrantophis sp. cf. dumerili, Eryx colubrinus, Tropidophis melanurus, and
Xerotyphlops vermicularis. X-specific genes should show ratios approx. 0.5, Z-specific genes approx. 2.00, while autosomal and pseudoautosomal
genes approx. 1.00. The missing bars indicate that the specific gene was not successfully amplified by gPCR. All data are available in

supplementary table S3, Supplementary Material online.

gpr141, tgs1, and trank1) (Fig. 2, supplementary table S3,
Supplementary Material online) with known homology to
GGA2. These genes showed the male-to-female gene copy ra-
tio between 1.72 and 1.92, consistent with Z-specificity (Fig. 2;
supplementary table S3, Supplementary Material online).

Identification of X-Specific Loci by Genome Coverage
Analysis in E. colubrinus

In E. colubrinus, we identified 11,092 genes with known
homologs in the chicken and garter snake genomes.
Only 34 genes have the male-to-female read coverage ratio

between 0.3 and 0.7 expected for X-specificity (Fig. 1;
Table 1; supplementary table S2, Supplementary Material
online). These likely hemizygous genes were linked mainly
to the chicken chromosome 4 (GGA4; 19 genes) and the
garter snake chromosome 9 (TEL9; 19 genes).

We designed primers for ten candidate X-specific genes
(alms1, ccdc158, cct7, cpxm1, Ipard, miap, mogs, npffr2,
siglec1, and slc4a11), which showed the male-to-female
gene copy ratio between 0.45 and 0.69, consistent with
X-specificity (Fig. 2; supplementary table S3, Supplementary
Material online).
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Identification of X-Specific Loci by Genome Coverage
Analysis in T. melanurus

A total of 11,075 genes with known homologs in the chicken
and garter snake genomes were detected in T. melanurus,
113 of them with male-to-female read coverage ratio be-
tween 0.3 and 0.7 (Fig. 1; Table 1; supplementary table S2,
Supplementary Material online). The homologs of these pu-
tative X-specific genes are linked mainly to the chicken
chromosome 14 (GGA14; 65 genes) and the garter snake
chromosome 14 (TEL14; 65 genes).

We designed primers for four candidate X-specific genes
in T. melanurus with homologs linked to GGA14 (metrn,
pkd1, scnnig, and sstr5) (Fig. 2; supplementary table S3,
Supplementary Material online). All four genes show the
male-to-female gene copy ratio between 0.53 and 0.61
consistent with X-specificity (Fig. 2; supplementary table
S3, Supplementary Material online).

Identification of X-Specific Loci by Genome Coverage
Analysis in X. vermicularis

In X. vermicularis, 10,971 genes with known homologs in the
chicken and garter snake genomes were found. Out of
them, 284 genes have the male-to-female read coverage ra-
tio between 0.3 and 0.7 (Fig. 1; Table 1; supplementary table
S2, Supplementary Material online). The homologs of these
candidate X-specific genes mapped mainly to the chicken
chromosome 4 (GGA4; 168 genes) or garter snake chromo-
some 9 (TEL9; 167 genes).

We designed primers for five X-specific candidate genes
of X. vermicularis (alms1, cct7, cpxm1, siglec1, and slc4a11)
(Fig. 2; Table 1; supplementary table S3, Supplementary
Material online), which showed the male-to-female gene
copy ratio between 0.43 and 0.55, consistent with their
X-specificity (Fig. 2; supplementary table S3, Supplementary
Material online).

Identification of Z-Specific Loci by Genome Coverage
Analysis in C. viridis

In this caenophidian snake, we identified homologs for
11,104 genes in the chicken and garter snake genomes.
Many of them (621 genes) have male-to-female read cover-
age between 1.43 and 3.33, which is the expected range for
Z-specificity (Fig. 1; Table 1; supplementary table S2,
Supplementary Material online) as is expected for the cae-
nophidian snakes with highly differentiated ZZ/ZW sex
chromosomes.

Identification of Z-Specific Loci by Genome Coverage
Analysis in N. naja

Similar results were obtained also for the second analyzed
caenophidian snake. We found homologs in the chicken
and garter snake genomes for 11,113 genes of N. naja, 713
of them have male-to-female read coverage between 1.43
and 3.33, as expected for Z-specificity (Fig. 1; Table 1;
supplementary table S2, Supplementary Material online).
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Test of Homology of Sex Chromosomes by qPCR
We tested Z-/X-specificity of 6 genes linked to GGA2
(adarb2, ccr4, golga4, gpri41, tgs1, and trank1), 11 genes
linked to GGA4 (almsi, ccdc158, cct7, cpxm]l, immt,
Ipar4, miap, mogs, npffr2, siglec1, and slc4ai1), 4 genes
linked to GGA14 (metrn, pkd1, scnnig, and sstr5), and
1 to GGA27 (tanc2) across the phylogenetic spectrum of
snakes (Fig. 3; supplementary table S3, Supplementary
Material online). The gPCR showed that Acrantophis sp.
cf. dumerili has homologous ZZ/ZW sex chromosomes
with other tested species from the family Sanziniidae
(A. dumerili, A. madagascariensis, and S. volontany) and
with Calabaria reinhardtii (family Calabariidae). Some of
the tested genes gave a pattern consistent with their
Z-specificity in all five caenophidian snakes examined
(Acrochordus javanicus, Daboia palaestinae, Pareas hamp-
toni, Thamnophis sirtalis, and Xenodermus javanicus).
Furthermore, E. colubrinus has homologous XX/XY sex
chromosomes with other tested species from the
family Erycidae (E. mulleri, E. miliaris, and E. jaculus) and
three species from the family Boidae (Eunectes notaeus,
Chilabothrus angulifer, and Chilabothrus inornatus), but
not with the closely related Boa constrictor and Corallus
hortulana. In addition, hemizygosity of the same genes in
the XX/XY sex chromosomes of E. colubrinus and of
the phylogenetically distant X. vermicularis, uncovered
by the comparative analyses, was further verified, as all
of the X-specific genes of X. vermicularis tested by qPCR
also show X-specific values in E. colubrinus. Notably, the
XX/XY sex chromosomes of T. melanurus do not share
X-specific genes with any other tested species. Finally, all
tested genes seem to be autosomal or pseudoautosomal
in the pythons Python bivittatus and Python regius, in
Xenopeltis unicolor and in the boas Boa constrictor and
Corallus hortulana, indicating that these species have ei-
ther poorly differentiated sex chromosomes homologous
to some of the other tested species or completely different
sex determination systems.

Estimated Age and Degree of Differentiation of Sex
Chromosomes

The minimum age could be estimated for the ZZ/ZW sex
chromosomes of caenophidian snakes as an estimated
age of the split between the family Acrochordidae and
other caenophidian snakes, the ZZ/ZW sex chromosomes
of the families Sanziniidae and Calabaridae, and the XX/XY
sex chromosomes of the genera Eryx, Chilabothrus, and
Eunectes. Each of these sex chromosome systems is tens
of millions of years old. However, they differ greatly in the
degree of differentiation. We estimate that about 6% of the
total number of genes in the genome are hemizygous in
the examined caenophidian snakes, i.e. were lost from their
well-known differentiated W sex chromosomes. Hundreds
of genes representing around 1% and 2.5%, respectively, of
the total number of mapped genes are hemizygous in the
Cuban wood snake T. melanurus and the blind snake X. ver-
micularis. On the other hand, despite their age, we found only
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Sex
Species name chromosomes
Xerotyphlops vermicularis XXIXY
Tropidophis melanurus XXIXY
Acrantophis sp. cf. dumerili ZZIZW
Acrantophis madagascariensis ZZ/ZW
Acrantophis dumerili ZZ/ZW
= Sanzinia volontany ZZIZW
Calabaria reinhardtii ZZIZW
Eryx muelleri XXIXY
Eryx colubrinus XXIXY
Eryx jaculus XXIXY
Eryx miliaris XXIXY
Chilabothrus inornatus XXIXY
Chilabothrus angulifer XXIXY
Eunectes notaeus XXIXY
Corallus hortulana -
Boa constrictor XXIXY
Candoia paulsoni -
Xenopeltis unicolor =
4E Python bivittatus XXIXY
Python regius XXIXY
Acrochordus javanicus ZZIZW
Xenodermus javanicus ZZ/ZW
Pareas hamptoni ZZ[ZW
Daboia palaestinae ZZ/ZW
Thamnophis sirtalis ZZIZW

Homology to Homology to

Gallus gallus  Thamnophis elegans  Reference
4 9 This study
14 1417 This study
2 Z 8 This study
2 Z, 8 This study
2 Z, 8 This study
2 Z,8 This study
2 Z 8 This study
4 9 This study
4 9 This study
4 9 This study
4 9 This study
4 9 This study
4 9 This study
4 9 This study
- - This study
6, 32 1215 Gamble et al. 2017
- - This study
- - This study
2,3, 23,27 Z.4 Gamble et al. 2017
- - Mallery et. al. 2016
2,427 z This study
2,4, 27 Z This study, Rovatsos et al. 2015
24,27 z This study, Rovatsos et al. 2015
2020 z This study, Rovatsos et al. 2015
2,4,27 z This study, Perry et al. 2018

Fig. 3. Phylogenetic overview of the sex determination system and sex chromosome homology from analyzed species of snakes. Phylogenetic
relationships follow Pyron et al. (2013) and Zheng and Wiens (2016). Information for sex chromosomes were collected from Gamble et al. 2017;

Mallery et al. 2016; Rovatsos et al. 2015; Perry et al. 2018.

a few dozen of hemizygous genes (less than 0.5%) in the sand
boa E. colubrinus and the Madagascar boa A. sp. cf. dumerili
(Table 1).

Discussion

Unexpectedly Large Variability of Sex Chromosomes
in Snakes

This study expands our knowledge of the variability of sex
determination systems in snakes, an ecologically import-
ant and highly diversified group with over 4,000 recently
recognized species, which have been historically used as
one of the most important models for the early theories
of sex chromosome evolution (Ohno 1967). We present
four previously unknown snake sex chromosome systems
and we identified sex chromosomes for the first time in
13 species of snakes. Now, we can recognize seven poten-
tially distinct sex chromosome systems in snakes (Fig. 3):

1) Heteromorphic and highly differentiated ZZ/ZW sex
chromosomes in caenophidian snakes syntenic with
GGA2,4,27/TELZ (Rovatsos et al. 2015). These highly
stable sex chromosomes are likely at least 69 million
years old.

2) Poorly differentiated XX/XY sex chromosomes in
the Burmese python Python bivittatus, with homo-
logs of their X-linked genes to GGA2,3,23,27/TEL4,
Z (Gamble et al. 2017).

3) Homomorphic (Viana et al. 2016) XX/XY sex chro-
mosomes in the boas Boa constrictor and B.

imperator including genes with homologs linked to
GGAG6,32/TEL12,15 (Gamble et al. 2017).

4) Mostly homomorphic and poorly differentiated
(Augstenova et al. 2019), yet old (>64 million years)
Z7Z|7ZW sex chromosomes in the Madagascar boas
(family Sanziniidae) and the Calabar ground boa
(family Calabaridae), with homologs of Z-specific
genes linked to GGA2/TELS,Z (current study).

5) XX/XY sex chromosomes with an extensive X-specific
region in the Cuban wood snake T. melanurus, with
X-specific genes homologous to those linked to
GGAT14/TEL14 (current study).

6) Homomorphic (Viana et al. 2016; Augstenova et al.
2019; Charvat et al. 2022) XX/XY sex chromosomes
in the sand boas (genus Eryx), the Greater Antillean
boas (genus Chilabothrus), and the anacondas (genus
Eunectes), with homologs of the X-specific genes
linked to GGA4/TEL9 (current study). The age of
this system can be estimated to be approximately
45 million years.

7) Homomorphic (Mezzasalma et al. 2016) XX/XY sex
chromosomes with an extensive X-specific region
in the blind snake X. vermicularis, syntenic with
the genomic regions GGA4/TEL9 (current study).

We exclude the reported putative ZZ/ZW sex chromo-
some system in the long-nosed worm snake Myriopholis
macrorhyncha (family Leptotyphlopidae) from this list
for now, as it is based only on the presence of one hetero-
chromatic microchromosome, visualized by C-banding, in
the karyotype of a single studied individual (Matsubara
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et al. 2019). Since this observation can also be explained by
heterochromatin heteromorphism not linked to sex,
which was, among many vertebrates, also reported in
snakes (Charvat et al. 2022), we stress the need to examine
more individuals of this species using cytogenetic or
genomic methods in the future.

Reconstruction of the Evolution of Sex Chromosomes
in Snakes

At the current stage of knowledge, it is difficult to recon-
struct the phylogenetic history of sex determination in
snakes in detail. As discussed below, the homology of sex
chromosomes among several of the uncovered systems is
difficult to identify. Moreover, the negative results of the
gPCR tests in the members of the genera Xenopeltis,
Candoia, and Corallus suggest that even more sex deter-
mination systems may occur in snakes. It is important to
note that the applied genome coverage analysis and the
gPCR comparison of gene copies between the sexes are
more effective in systems with relatively differentiated
sex chromosomes. Therefore, we cannot exclude the
possibility that the members of the genera Xenopeltis,
Candoia, and Corallus may have homologous sex chromo-
somes with other studied species, but with a lower degree
of differentiation, below the sensitivity of the applied
methods, or the tested genes are located in the pseudoau-
tosomal regions in them. The extent of pseudoautosomal
regions can be evolutionary quite plastic, as known for in-
stance in otherwise conserved avian sex chromosomes
(Zhou et al. 2014). More studies are clearly needed to
identify sex chromosomes in these three and other un-
studied snake lineages, particularly in additional species
of blind snakes and thread snakes. Another complication
for the reconstruction of the ancestral sex determination
is that the synteny of sex chromosomes does not automat-
ically mean the homology of sex determination (Kratochvil
et al. 2021). For example, the sex-determining locus
was transposed to at least three different chromosomes
among closely related salmonid species (Yano et al. 2013;
Lubieniecki et al. 2015). The proper reconstruction of
the evolutionary history of sex determination in snakes
will thus require knowledge on sex-determining loci.
Unfortunately, a sex-determining locus has not been
identified yet in any non-avian reptile, although several
putative sex-determining loci have been proposed, e.g. in
anguimorphan reptiles, dragon lizards, skinks, and sphaer-
odactylid geckos (Deakin et al. 2016; Rovatsos et al. 2019;
Pinto et al. 2023, 2024).

Having all these difficulties in mind, we think that
some insights into the evolutionary history of snake sex
determination can be made. Environmental sex determin-
ation has never been reported in any snake species
(Valenzuela and Lance 2004), therefore, we assume that
the common ancestor of all snakes had genotypic sex de-
termination. Based on the phylogenetic distribution and
known gene content (Figs. 3 and 4), it seems that XX/XY
sex chromosomes evolved in snakes four or even five
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times. One XX/XY system evolved in the ancestor of
T. melanurus. It might be an evolutionary novelty of this
lineage, but more data is needed from other lineages to
reconstruct the situation at the base of the snake phylo-
genetic tree. Two male heterogametic systems are now
known in the boas: the XX/XY system of the genus Boa
uncovered by Gamble et al. (2017), which might be its
apomorphy, and tentatively the ancestral system of the
boas present in the genera Eryx, Chilabothrus, and
Eunectes. Intriguingly, the highly differentiated XX/XY sex
chromosomes in the blind snake X. vermicularis include
the same region as the differentiated region in the member
of the genus Eryx. We cannot differentiate whether the
sex chromosomes in the blind snake and the putative an-
cestral sex chromosomes of the boas represent independ-
ent co-option and differentiation of the same region, or
whether it points that this region was part of the ancestral
snake sex chromosomes still present in these lineages.

The only other XX/XY system described in snakes was
found in the python P. bivittatus. Interestingly, the XX/XY
sex chromosomes of P. bivittatus seem to share a part of
the same genomic region with the ZZ/ZW sex chromo-
somes of caenophidian snakes (Gamble et al. 2017) and of
the boa families Sanziniidae and Calabariidae (Fig. 4). Do
the sex chromosomes of these two families represent an
ancestral situation in boas then? If yes, it would be possible
that the last common ancestor of boas and the python and
of caenophidian snakes had sex chromosomes homologous
to the caenophidian sex chromosomes, which stayed
poorly differentiated in Sanziniidae and Calabariidae and
turned into XX/XY sex chromosomes in the ancestor of
the python. This scenario would not be compatible with
the ancestral snake XX/XY hypothesis described above,
but would resemble the old hypothesis by Susumu Ohno
(1967) that at least some non-caenophidian snakes share
homologous, yet poorly differentiated sex chromosomes
with caenophidian snakes. Alternatively, the sharing of the
same genomic region by the ZZ/ZW sex chromosomes in
Sanziniidae and Calabariidae, ZZ/ZW in caenophidian
snakes and the XX/XY sex chromosomes in the python
can reflect independent co-option of this region as sex
chromosomes.

Both scenarios—i.e. the ancestral snake XX/XY sex chro-
mosomes homologous to those of the blind snake and of
some boas, and the homology of the caenophidian and
boa ZZ/ZW sex chromosomes—assume that the shared
genomic regions in sex chromosomes in some lineages
have to occur due to their independent co-options. It
was previously proposed that the gene content can
“predispose some chromosomes to a specialized role in
sex determination”, e.g. due to limited options of genes
involved in gonad development (Marshall Graves and
Peichel 2010; O’'Meally et al. 2012). Such repeated
co-options of the same regions were documented multiple
times in other amniote lineages and certain genomic
regions seem to be often nonrandomly involved in them;
however, there are many unique systems among amniotes
as well (Kratochvil et al. 2021).
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Family Species

Anomalepididae

Leptotyphlopidae | Myriopholis macrorhyncha
Gerrhopilidae

A Typhlopidae | Xerotyphiops vermicularis
Xenotyphlopidae

Aniliidae

Tropidophiidae | Tropidophis melanurus
———————————— Xenophidiidae
———————————— Bolyeriidae
Acrantophis dumerii
1l Acrantophis madagascariensis
Q Sanziniidae Acﬂanwgm's sp. cf.gdumenw‘
Sanzinia volontany
f———— Calabariidae Calabaria reinhardtil
—— Charinidae
Eryx colubrinus
Eryx jaculus
Q Elycidas Eryx miliaris
Eryx muelleri
Eunectes notaeus
Chilabothrus inornatus
Boidae Chilabothrus angulifer
Boa constrictor
Boa imperator
‘———— Candoiidae
Uropeltidae
Anomochilidae
Cylindrophiidae
nopeltidae
Loxocemidae
Pythonidae | Python bivittatus
Acrochordus granulatus
—q Acrochordidae Acrochordus jgavamrus
——————————————— Xenodermatidae Xenodermus javanicus
— Pareidae Pareas hamptani
Crotalus viridis viridis
Daboia palaestinae
Protobothrops flavoviridis
Viperidae Sistrurus millarius
Vipera ammodytes
Vipera berus
Homalopsidae Homalopsis buccata

Hydrophis cyanocinctus
Naja kaouthia

Naja naja

Notechis scutatus
Boaedon fuliginosus
Leioheterodon madagascariensis
Malpolon insignitus
Boiga dendrophila
Chrysopelea paradisi
Doiichophis caspius
Dolichophis jugulans
Elaphe quadrivirgata
Hemoirhois nummifer
Lampropeltis triangulum
Leptodeira annulata
Macroprotodon cucullatus
Natrix tessellata
Pantherophis guttatus
Philodryas baroni
Philothamnus sp.
Platyceps collaris
Rhinechis scalaris
Telescopus fallax
Thamnophis elegans
Thamnophis sirtalis
Zamenis longissimus
Zamenis situla

_Q Elapidae
_q Lamprophiidae

Colubridae

I T T T T T T 1
140 120 100 80 60 40 20 0

Sex Hi I to H I to

Chromosomes Gallus gallus Ti phi: 'g.
ZZ/ZW* Matsubara et al. 2019
XX/XY 4 9 This study
KXSXY 14 14, 17 This study
ZZfZW 2 Z,8 This study
ZZfZW 2 Z,8 This study
ZZ[ZW 2 z,8 This study
ZZ[ZW 2 Z 8 This study
ZZ[ZW 2 Z,8 This study
KKSKY 4 9 This study
XX/XY 4 9 This study
XX/XY 4 9 This study
XX/XY 4 9 This study
XX/XY 4 9 This study
XKJXY 4 9 This study
XXIXY 4 This study
XX/XY 6, 32 12,15 Gamble et al. 2017
XX/XY 6, 32 12, 15 Gamble et al. 2017
XXIXY 2, 3,23, 27 Z, 4 Gamble et al. 2017
ZZjZW 2,4,27 Z Rovatsos et al. 2015
ZZ[ZW 2,4,27 z This study
ZZZW 2,27 z Rovatsos et al. 2015, this study
ZZ/ZW 2, 4,27 z Rovatsos et al. 2015
ZZ/ZW 2,27 Z Schield et al. 2019
ZZ/ZW 2.2, z Rovatsos et al. 2015
ZZfZW 2,27 z Matsubara et al. 2006
ZZ[ZW 2,27 z Vicoso et al. 2013
ZZjZW 2,27 z Rovatsos et al. 2015
ZZjZW 2,4,27 z Rovatsos et al. 2015
ZZ/ZW 2, 4,27 z Rovatsos et al. 2015
ZZ/IW 2,27 z Li et al. 2021
ZZfZW 2,27 z Singchat et al. 2020
ZZjZW 22T 2 Suryamohan et al. 2020
ZZ[ZW 2 z Singchat et al. 2020
ZZ[ZW 2,27 z Rovatsos et al. 2015
ZZjZW 2,4,27 z Rovatsos et al. 2015
ZZjZW 2, 4,27 z Rovatsos et al. 2015
ZZ/ZW 2,27 z Rovatsos et al. 2015
ZZ/ZW 2,27 Z Rovatsos et al. 2015
ZZ/ZW 2,27 F4 Rovatsos et al. 2015
ZZ/ZW 2,27 z Rovatsos et al. 2015
ZZfZW 2,27 z Matsubara et al. 2006
ZZ[ZW 2,27 z Rovatsos et al. 2015
ZZ[ZW 2,27 z Rovatsos et al. 2015
ZZjZW 2,27 z Rovatsos et al. 2015
ZZZW ) z Rovatsos et al. 2015
ZZ/ZW 2,4,27 Z Rovatsos et al. 2015
ZZ/ZW 2,27 z Rovatsos et al. 2015
ZZ/ZW 2,4,27 z Rovatsos et al. 2015
ZZ/ZW 2,27 z Rovatsos et al. 2015
ZZ[ZW 2,27 z Rovatsos et al. 2015
ZZ[ZW 2,27 £ Rovatsos et al. 2015
ZZ[ZW 2,4,27 Z Rovatsos et al. 2015
ZZjZW 2,4,27 ¥4 Vicoso et al. 2013
ZZiZW 2, 4,27 z Perry et al. 2018, this study
ZZ/ZW 2,27 z Rovatsos et al. 2015
ZZ/ZW 2,27 F4 Rovatsos et al. 2015

Fig. 4. Phylogenetic overview of snakes with known sex determination and confirmed homology of their sex chromosomes. Phylogenetic rela-
tionships follow Pyron et al. (2013), Reynolds et al. (2014), and Zheng and Wiens (2016). Information for sex chromosomes were collected from
Matsubara et al. 2019; Gamble et al. 2017; Rovatsos et al. 2015; Schield et al. 2019; Matsubara et al. 2006; Vicoso et al. 2013; Li et al. 2021; Singchat

et al. 2020; Suryamohan et al. 2020; Perry et al. 2018.

In any case, it is evident that sex chromosomes originat-
ing from the same region in snakes exhibited considerable
divergence in their rates of differentiation. A notable
example can be observed in the sex chromosomes of
Caenophidia and those of the families Sanziniidae and
Calabariidae, both of which can be likely traced back to
the Cretaceous period (Table 1). Both these groups have
female heterogametic systems, yet the degree of differen-
tiation of their sex chromosomes varies dramatically
(Fig. 1; Table 1). In a broader context, all findings allow
us to conclude that sex chromosomes in snakes display a
greater variability than previously assumed. The emerging
pattern suggests that snakes may have ancestrally pos-
sessed sex chromosomes more susceptible to turnovers,
even connected with a change in heterogamety, as known
in several lineages of amphibians, teleost fishes, or plants
(Myosho et al. 2015; Franchini et al. 2018; Jeffries et al.
2018; El Taher et al. 2021; Wang et al. 2022). However,
once differentiation of sex chromosomes proceeded in

the common ancestor of caenophidian snakes, they be-
came highly evolutionarily stable. This scenario provides
an explanation for the observed variability in some
lineages, contrasted by the remarkable long-term stability
of sex chromosomes in other lineages, not only within
snakes but also in iguanian and scincomorphan reptiles
(Rovatsos et al. 2014b; Altmanova et al. 2018; Kostmann
et al. 2021; Kratochvil et al. 2021).

Snakes as a Past and Current Model System for Sex
Chromosome Evolution

In snakes, we can observe in a single lineage both fairly fre-
quent turnovers of sex chromosomes and their astonishing
stability. Over 80% of snake species belong to a group in
which sex chromosomes have been documented to be high-
ly differentiated and conserved (Rovatsos et al. 2014a,
2014b). Unlike many teleosts, such as cichlids, amphibians,
and other lineages with frequent turnovers of often poorly
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differentiated sex chromosomes (Myosho et al. 2015;
Franchini et al. 2018; Jeffries et al. 2018; El Taher et al.
2021), and unlike many diversified lineages with highly
stable, differentiated sex chromosomes, such as iguanas, viv-
iparous mammals, and birds (Marshall Graves 2016;
Altmanova et al. 2018; Mazzoleni et al. 2021), snakes offer
the opportunity to study both these aspects in a single lin-
eage. Moreover, the same genes have been found to be
linked to differentiated regions of sex chromosomes in differ-
ent snake lineages (Fig. 4), allowing us to study the sex
chromosome differentiation from the same genomic region.
Like other reptiles, snakes have conserved chromosome syn-
teny (Pinto et al. 2023); therefore, we can test convergence in
differentiation (e.g. hemizygosity, divergence of gametologs,
gene dose regulatory mechanisms) in sex chromosomes in-
dependently evolved from the regions with the same genes
within a single lineage. In addition to the historical import-
ance of snakes in sex chromosome research (Ohno 1967),
we anticipate that the group will continue to contribute
to our general knowledge of sex chromosomes and sex
determination.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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