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Sex chromosomes are a great example of a convergent evolution at the
genomic level, having evolved dozens of times just within amniotes. An
intriguing question is whether this repeated evolution was random, or
whether some ancestral syntenic blocks have significantly higher chance to
be co-opted for the role of sex chromosomes owing to their gene content
related to gonad development. Here, we summarize current knowledge on
the evolutionary history of sex determination and sex chromosomes in
amniotes and evaluate the hypothesis of non-random emergence of sex
chromosomes. The current data on the origin of sex chromosomes in
amniotes suggest that their evolution is indeed non-random. However,
this non-random pattern is not very strong, and many syntenic blocks repre-
senting putatively independently evolved sex chromosomes are unique.
Still, repeatedly co-opted chromosomes are an excellent model system, as
independent co-option of the same genomic region for the role of sex
chromosome offers a great opportunity for testing evolutionary scenarios
on the sex chromosome evolution under the explicit control for the genomic
background and gene identity. Future studies should use these systems more
to explore the convergent/divergent evolution of sex chromosomes.

This article is part of the theme issue ‘Challenging the paradigm in sex
chromosome evolution: empirical and theoretical insights with a focus on
vertebrates (Part II)’.
1. Why should the emergence of sex chromosomes
be non-random?

Sex determination, the process that controls whether an individual develops as
a male or a female, is of vital importance at both individual and population
levels. Gonochoristic vertebrates show extensive variability in sex determi-
nation systems ranging from environmental sex determination (ESD), where
sexes do not differ in genotype, to genotypic sex determination (GSD) with
either XX/XY (heterogametic males) or ZZ/ZW (heterogametic females) sex
chromosomes [1–3]. The classical model postulates that sex chromosomes
evolve from a pair of autosomes, after one chromosome acquires a sex-
determining locus [4,5]. According to this widely accepted model, restricting
recombination between the sex chromosomes facilitates the linkage of the
sex-determining locus with nearby sexually antagonistic alleles [6,7], but it
can be caused by other, more neutral processes [8]. Over time, the cessation
of recombination leads to the accumulation of repetitive elements, heterochro-
matin, deleterious mutations and degradation of gene content on the Y and
W chromosomes. However, some lineages such as medaka fishes, ranid frogs
and cichlids have rapid turnovers of poorly differentiated sex chromosomes
[9–11] and yet other lineages, for example sturgeons and skinks, have
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Figure 1. Synteny and age of sex chromosomes across amniote lineages. The data on synteny are presented in the electronic supplementary material, table 1. The age of
divergence between clades and the minimal age of sex chromosomes (estimated as the split between the phylogenetically most distant members of a clade with evidence for
homology of sex chromosomes) are taken from Kumar et al. [25], available at http://timetree.org. The numbers next to the clade names represent the estimated number of
species putatively sharing the given sex chromosomes. The phylogenetic tree follows Shen et al. [26] for the topology of major lineages and Pyron et al. [27] for squamates.
Corytophanids might form an inner group of Pleurodonta, but this question is not resolved yet [28]. mg, ‘missing genes’ in chicken. (Online version in colour.)
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old, poorly differentiated sex chromosomes with little
degeneration for a long evolutionary time [12,13].

An interesting extension of the classical model of sex
chromosome evolution came with ongoing discovery of sex
chromosome gene content in vertebrates. It appeared that
the same chromosomes or syntenic blocks were sex chromo-
somes in distantly related lineages [14]. This has been
explained using two discrete hypotheses. The first hypothesis
proposes that different parts of the ancient sex chromosome
have retained a sex-determining role in several modern ver-
tebrate lineages [14–18]. The second hypothesis proposes that
the same autosomes repeatedly and independently evolved
into sex chromosomes in different lineages with certain geno-
mic regions possibly having a non-randomly higher chance to
be co-opted for the role [14,17,19,20]. It was suggested that
gene content can ‘predispose some chromosomes to a special-
ized role in sex determination’ [17, p. 7]. In other words, it was
assumed that a limited pool of genes involved in gonadal
development such as amh, ar, dmrt1 or sox3 have a greater
chance of becoming a master sex-determining gene in ver-
tebrates turning their syntenic blocks into sex chromosomes.
This hypothesis received some support [14,17] based on lim-
ited data available at that time. Recently, our knowledge of
vertebrate sex chromosome homology has expanded owing
to the increase of studies applying next-generation sequencing
methodologies and other molecular approaches (electronic
supplementary material, table 1), although it is still very
far from being complete. Here, we present an up to date over-
view of the data on sex determination and sex chromosome
genomic content in amniotes, and we briefly summarize
knowledge on evolutionary history of sex determination in
this group and evaluate more rigorously the hypothesis of
non-random emergence of sex chromosomes.
2. Variability in sex determination in amniotes:
mistakes of the past in data, independent
origins and sex chromosome stability

Amniotes encompass over 27 000 species, and as a whole pos-
sess varied sex-determining systems; however, this variability
is unequally distributed among amniote clades. Viviparous
mammals and birds are well known for having a long-term
evolutionary stability of sex chromosomes [21,22], but ‘rep-
tiles’, the paraphyletic group of ectothermic amniotes, were
suggested to have labile, rapidly evolving sex determination
[23,24]. Nevertheless, high stability of sex chromosomes for
dozens of million years has been documented in several
reptile lineages (figure 1). Furthermore, it has been demon-
strated that the estimations of the variability in reptile sex
determination and numbers of reconstructed transitions
among particular sex determination systems were biased
owing to the inclusion of imprecise data, mostly claiming
ESD in species with GSD, which concerned, e.g. skinks, cha-
meleons, varanids, anguids, lacertids and iguanas [12,29–35].
On the other hand, sex chromosomes, and therefore GSD,
were misidentified in some cases. For example, ZZ/ZW sex
chromosomes were repeatedly reported in the past 40 years
for the brown roofed turtle (Pangshura smithii) until re-exam-
ination by more sensitive molecular cytogenetic techniques
did not reveal sex chromosomes and demonstrated that the
original report was based on incorrect pairing of chromo-
somes in karyogram [36]. The reported turnovers of sex
chromosomes within lacertids [19] based on data by
Srikulnath et al. [37] were also not supported by later re-
examinations and as far as known all examined species of
this family share homologous ZZ/ZW sex chromosomes
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[30,38] In the same context, snakes were another prominent
case of erroneous identification of sex determination. Poorly
differentiated sex chromosomes homologous with differen-
tiated ZZ/ZW sex chromosomes of the caenophidian
snakes were reported in the past in boas and pythons
[4,39,40]. Recent investigations showed a more complex
history of snake sex chromosomes with XX/XY sex
chromosomes evolving independently in Neotropical boas
and pythons and ZZ/ZW sex chromosomes in Malagasy
boas [41,42].

Corrections of these inaccuracies together with the recent
reports of sex determination in previously unstudied lineages
(electronic supplementary material, table 1) such as Gila
monsters and beaded lizards [43,44], xantusiids [45] and sev-
eral lineages of geckos [46–49] and skinks [12] led to a
hopefully more reliable dataset to reconstruct the evolution-
ary history of sex determination in amniotes. We should
keep in mind that we have more or less reliable direct data
on sex determination in likely less than 5% out of roughly
11 000 current species of non-avian reptiles [47]. Nevertheless,
Kostmann et al. [12] recently estimated that about 60% of rep-
tiles are members of five highly diversified clades with
molecular evidence for stability of XX/XY (skinks [12]; igua-
nas with the exception of corytophanids [50,51]) and ZZ/ZW
(lacertids [30]; varanids [44] and caenophidian snakes [52])
sex chromosomes. Each of these five groups has sex chromo-
somes non-homologous with each other (electronic
supplementary material, table 1). The variability in sex deter-
mination is thus largely concentrated to the remaining 40% of
reptile species, but even among them, we can find smaller
lineages with ancient sex chromosomes such as softshell tur-
tles (Trionychidae) [53], the gecko families Pygopodidae [54]
and Carphodactylidae [55], the gecko genera Paroedura
(although a likely turnover to another GSD system was
uncovered within the genus [20]) and Aristelliger [48], the
chameleons of the genus Furcifer (M. Rovatsos and
L. Kratochvíl 2021, personal communication) and the aga-
mids of the genus Pogona and its relatives [56]. Some
estimations expected that about 25% of reptile species exhibit
ESD [57]. Nevertheless, it seems that the number of reptile
species with ESD was greatly overestimated, and recently,
Kostmann et al. [12] suggested that only 5% of non-avian rep-
tiles have ESD. A detailed list of reptile species with
documented ESD can be extracted from [47,58] (lizards),
[59] (turtles) and [60] (crocodiles).
3. Evolutionary history of sex determination in
amniotes: critical overview of current models

As reviewed above, it seems that for many amniote lineages:
(i) the sex determination is, in fact, stable over the long term,
(ii) ESD is relatively rare in comparison to GSD, and (iii) tran-
sitions among particular sex determination systems are less
frequent than previously expected. The situation is still too
complex and poorly investigated to allow straightforward
reconstruction of the deep evolutionary history of sex deter-
mination. It is obvious that sex chromosomes are non-
homologous among many amniote lineages, but from the
perspective of the test of non-random co-option it is crucial
to decide whether in some cases sex chromosomes of distant
lineages were inherited from a common ancestor, or evolved
independently, and what was the ancestral sex determination
for amniotes. In this respect, there are different opinions in
the literature.

The observation that sex chromosomes in birds and
monotremes [61,62] and the gecko Gekko hokouensis [63]
contain the same, orthologous genomic region led to the
hypothesis that the last common amniote ancestor possessed
bird-like proto-sex chromosomes [15,17,18,64]. Nevertheless, this
hypothesis is unlikely as these three lineages are phylogeneti-
cally separated by numerous lineages with different sex
determination mechanisms [65]. Also, a detailed analysis of
monotreme sex chromosomes showed that the ancestral sex
chromosomes of this lineage are homologous with an avian
autosome (chicken chromosome 28) and that the material
homologous with the avian Z was added into monotreme
sex chromosomes much later [21]. Finally, the ZZ/ZW sex
chromosomes of G. hokouensis are poorly differentiated,
with no apparent loss of genes on the W, indicating a
relatively recent independent origin [63].

The hypothesis of an ancestral bird-like sex chromosome
has been further expanded to suggest the common ancestor
of amniotes possessed a ‘super-sex chromosome’, i.e. that cer-
tain regions forming the extant sex chromosomes in various
lineages were linked in the amniote ancestor in a large
chromosome that subsequently underwent multiple fissions
[19,66–68]. These previously linked genomic regions are
now sex chromosomes in different extant lineages. Part of
this hypothetical ‘super-sex chromosome’ should include
avian Z and parts of X of therian mammals [19]. It was
argued that this hypothesis is supported by several lines of
evidence. First, the mammalian X-conserved region, the
X-added region incorporated to the sex chromosomes in the
ancestor of eutherian mammals, and the chicken Z chromo-
somes are all linked on a large autosome in the Mexican
axolotl (Ambystoma mexicanum) [69]. However, this huge
chromosome probably evolved within amphibians and con-
tains these unrelated segments just by chance [14,17,70].
Second, some putative W-specific loci in a caenophidian
snakes (namely the Siamese cobra, Naja kaouthia) showed par-
tial homology with genes on sex chromosomes of several
amniote lineages [68]. However, although chromosomes in
sauropsids generally share high synteny conservation (see
evidence further in the text), translocations of genes are
expected to occur during millions of years of independent
evolution. Such translocations of small chromosome frag-
ments are common and well documented in amniotes with
sequenced genomes. In fact, the identified genes from the
cobra W chromosome have homologues scattered across the
chicken (Gallus gallus, GGA) genome, i.e. linked to chromo-
somes GGA 1q, GGA 2p, GGA 3, GGA 5, GGA 6, GGA 7,
GGA 8, GGA 10, GGA 11, GGA 15, GGA 17, GGA 23,
GGA 27 and GGA Z [68]. The interpretation that few genes
homologous to several chicken chromosomes might indicate
that the corresponding blocks were once part of a single
‘super-sex chromosome’ in the ancestral amniote is not very
convincing to us. Translocations of these genes to snake sex
chromosomes by minor rearrangements during hundreds of
millions of years of amniote evolution, e.g. during 280 Myr
since the separation of snake and avian lineages, seem more
plausible to us. Such insertions of minor chromosomal
regions can be also detected in autosomes by cross-species
comparisons between the genomes of birds and snakes
with chromosome-level assemblies [71]. Furthermore, sex
chromosomes are enriched for genes with sex-specific
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function. For example, the mammalian X and avian Z are
enriched for testis-expressed genes often from multi-copy
families, most of these changes in gene content occurring
after they became sex chromosomes [72,73]. The trafficking
of genes onto the X and Z is probably a feature common to
differentiated sex chromosomes, and the functional property
of genes could lead in some cases to convergent acquisition of
homologous genes and may explain the shared sequences
found among species.

The observation that the non-homologous W chromo-
somes of birds and caenophidian snakes share similar
repetitive content has been claimed as supporting the ances-
tral ‘super-sex chromosome’ hypothesis [17,66]. However,
shared repetitive content is a rather poor evidence for hom-
ology of genomic regions. Repeat content of degenerated
sex chromosomes represents one of the most dynamic
genome parts as evidenced by comparative studies, for
instance, in oplurid, varanid and lacertid lizards [74–76],
and frequent homoplasies can be expected in this respect.
Indeed, the same repetitions accumulated independently
on clearly non-homologous sex chromosomes several times,
as well as on autosomes [16,77–79]. Moreover, differentia-
ted sex chromosomes with degenerated W is a clear
apomorphy of caenophidian snakes [52], and the other
snakes have generally poorly differentiated sex chromosomes
without notable accumulations of repeats [80] and at least in
some cases non-homologous to those of caenophidian sex
chromosomes [41].

Previous studies argued that the Anolis chromosome 2
(occasionally referred as the ‘lizard chromosome 2’) is com-
posed of a fragment orthologous with avian chromosome Z
and a small part of human X, suggesting that the multiple
sex chromosomes of platypus and avian sex chromosomes
may have been a part of the hypothetical ancestral amniote
chromosome, fission of which ‘gave rise to reptilian, mono-
treme, and therian sex chromosomes’ (depicted in fig. 2 of
their study, [19, p. 99]). Apart from the fact that owing to the
diversity in karyotypes it is difficult to decide what are
‘reptilian sex chromosomes’ and ‘lizard chromosomes’, as
pointed above, the part orthologous with the avian Z was
added to monotreme sex chromosomes only later [21] and
was not present in the ancestral monotreme sex chromosomes.
The hypothesis on the ‘super-sex chromosome’ also does not
address the underlying molecular mechanisms of sex determi-
nation and their evolution. As far as we know, sex
determination is mostly driven by one (or exceptionally, a
few) locus, e.g. by a sex-determining gene whose evolutionary
origin gave rise to sex chromosomes [81]. The molecular mech-
anism of sex determination linked to the ancestral ‘super-sex
chromosome’ is not clear. Birds, monotremes and therian
mammals have different sex-determining genes working on
different mechanisms. Sex determination is based on a differ-
ence in copy numbers of the sex-determining gene dmrt1
linked to Z and missing on W between sexes in birds, on the
dominant Y-linked genes in therian mammals and probably
on a homologue of amh in monotremes [21,22]. Evidence
suggests that each of these systems is an apomorphy of the
particular lineage. It is not clear how fissions of the ancestral
‘super-sex chromosome’ would give rise to an array of descen-
dent ZZ/ZW and XX/XY sex chromosomes with these
and probably other sex-determining loci. It thus seems that
there is a little support for a ‘super-sex chromosome’ in the
amniote ancestor.
Another hypothesis on the evolution of sex determination
is that ESD is the ancestral sex determination system in amniotes,
i.e. that the amniote ancestor did not have any sex chromo-
somes at all [3,4,47,58,65]. This scenario is based on several
observations: (i) the stability of GSD in many lineages in
amniotes (figure 1), but also in other lineages such as amphi-
bians or insects, where no ESD species have been ever found
[82]; (ii) a lack of well-supported evolutionary transitions
from GSD to ESD within amniotes: the earlier reported tran-
sitions appeared to be based on misclassification of GSD
species as ESD such as in skinks, varanids and lacertids
[12,30,34,44], or are reconstructed deeply in the evolutionary
history, e.g. in turtles [59], and it is thus difficult to verify
them [65]; (iii) often non-homology of sex chromosomes
among GSD lineages phylogenetically separated by a ESD
lineage [3,65]; (iv) variability in sex chromosomes largely in
lineages with the presence of ESD [47] (turtles, geckos and
agamids; e.g. [56,59]), which would be in agreement with
multiple independent origins of GSD from the ancestral
ESD; (v) phylogenetical distribution of ESD reported to be
possibly ancestral for several major amniote groups (croco-
diles, tuatara, turtles and squamates; [3,65]); and newly also
(vi) on the at least partial sharing of the molecular mechan-
ism of environmentally sensitive molecular machinery
among phylogenetically distant ESD lineages [83–85].

While the scenario of ancestral ESD could be considered
as a working hypothesis, the molecular machinery of ESD
is still only poorly known (although the recent progress is
huge; [83–85]) and more direct test of the (non)homology of
ESD based on the comparison of molecular mechanisms
across amniote lineages is not possible yet. Notably, GSD-
to-ESD transition was induced easily in the laboratory in
the bearded dragon (Pogona vitticeps) [86], which suggests
that such transitions could occur also in nature. Nevertheless,
comparative evidence suggests that sex chromosomes in the
lineage including the genus Pogona have been stable for
around 25 Myr [56,87–89]. Thus, transitions from GSD to
ESD might not occur regularly in nature, even in such a line-
age with seemingly all the necessary conditions. To us a
viable alternative to the ancestral ESD in amniotes is ancestral
GSD with unknown sex chromosomes followed by many turn-
overs of sex chromosomes accompanied with a few,
probably quite ancient origins of ESD. Future research
should try to differentiate between these alternatives. For
the purposes of the current paper, we will assume that sex
chromosomes evolved independently within amniotes and
we will take putative turnovers of sex chromosomes as
independent origins.
4. How strong is non-randomness in the origin
of sex chromosomes?

Despite differences in genome size and occasional whole-
genome duplications in some lineages, a major feature of
the vertebrate evolution is the structural conservation of the
gene order on chromosomes, known as synteny [70,90],
with a pattern of conserved syntenic associations dating
back 360 Myr [91], and even further in other metazoans
[92]. ‘Conserved synteny’ describes a block of orthologous
genes that are physically linked on a chromosome, though
not necessarily in the same gene order, among genomes of
related species. Various vertebrate lineages differ in the rate
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of chromosomal evolution, i.e. in the frequency of chromo-
some rearrangements altering the chromosome structure
and morphology; however, sauropsids (non-mammalian
amniotes) generally exhibit remarkable conserved synteny
as shown by chromosome painting and other molecular cyto-
genetic approaches [93] as well as comparative genomics
[94–97]. Viviparous mammals exhibit a much higher rate of
interchromosomal rearrangements, but still maintain syntenic
sex chromosomes (so-called Ohno’s Law [4,98]). In addition,
whole-genome comparisons among birds and mammals
point to regions in genomes where the order of orthologous
sequences has been maintained for tens of millions of years
[99,100]. The high conservation of chromosomes across saur-
opsids and sex chromosomes in mammals facilitates testing
the non-random co-option of genomic regions for the role
of sex chromosomes. There is also a question of how to
define syntenic blocks used for the test. Following former
attempts and tradition of reporting homology of sex chromo-
somes across amniotes [19,20,45,53,54,101], we decided to
focus on syntenic blocks represented by chicken (G. gallus)
chromosomes. Chicken genome is adequately sequenced at
chromosome level and well annotated, and seems to maintain
many syntenic genomic blocks intact as whole chromosomes
(e.g. Ensembl database) [102,103]. It is thus probably a good
approximation of the ancestral avian/amniote karyotype,
although we understand that the lineage leading to chicken
went through several chromosome rearrangements [104].
Two chromosomes now forming the fourth chicken largest
chromosome (GGA 4) fused relatively recently in the chicken
ancestor [105]. Therefore, we keep the small (GGA 4p) and
the long (GGA 4q) arms of GGA 4 as two different syntenic
blocks in our analyses. In addition, the chicken genome is
missing in 232 protein-coding genes, many of them are largely
conserved in most other vertebrate lineages, including non-
avian reptiles. In comparison to the genome of Anolis
carolinensis, chicken is lacking gene content located in several
chromosome regions, particularly from the linkage group F
(ACA-Lg F) [106]. Since ACA-Lg F is syntenic with the part of
sex chromosomes in Boa spp. [41], we added ‘missing genes
in chicken’ as an additional syntenic block to our analysis for
accuracy. The exclusion of this artificial block from the analyses
does not change the significance of the results. Also, chromo-
some GGA 29 is not well assembled and contains no
annotated genes in the current chicken genome assembly. There-
fore, it has not been checked if its orthologues evolved into sex
chromosomes in other amniote lineages and we do not include
it in our analyses here. In total, we assumed that there were 35
syntenic blocks (GGA 4p+GGA 4q+ 31 other chicken auto-
somes excluding GGA 29+ chicken Z chromosome+ ‘missing
genes in chicken’) that had chance to become sex chromosomes
in the history of amniotes. For each block, we take data on the
number of linked protein-coding genes and physical length in
Mb from NCBI Gallus gallus assembly GRCg6a. In the case of
the ‘missing genes in chicken’ block, we assumed 232 genes
and the physical length 10.19 Mb, which is roughly proportional
to the number of genes in other blocks.

Based on previous surveys [3,47,58,65], we estimate that
sex chromosomes might have evolved independently within
amniotes over 40 times. However, we have knowledge on
the partial gene content allowing an inference about orthol-
ogy of their sex chromosomes to a syntenic block defined
by chicken chromosomes only in 27 of them representing
putative independent origins of sex chromosomes (figure 1;
electronic supplementary material, table 1). In non-mamma-
lian and non-avian amniotes, we have direct knowledge on
homology of sex chromosomes in 245 species (electronic sup-
plementary material, table 1). As we were interested in the
origin of sex chromosomes, wherever known, we included
into the analysis only the syntenic blocks forming the ances-
tral sex chromosomes, e.g. in monotremes we count only the
GGA 28 syntenic block which has the amh sex-determining
locus and not the GGA Z, GGA 2, GGA 3, GGA 11, GGA
12, GGA 13, GGA 16, GGA 17, GGA 25 and GGA 30
blocks which probably represent later fusions to the ancestral
sex chromosomes [21]. However, in some cases, e.g. in lacer-
tids and caenophidian snakes, current sex chromosomes are
composed of more blocks (chicken chromosomes), and we
do not know which of them is the ancestral one. Therefore,
we performed two alternative analyses. In the first, we
included into the dataset all syntenic blocks forming such a
sex chromosome (e.g. GGA 4p and GGA 17 for lacertids),
which gave us in total 41 blocks representing actual sex
chromosomes. In the alternative test, we included only 17
lineages with known ancestral syntenic block, although
their sex chromosomes include more neo-parts (e.g. GGA
28 for monotremes) and lineages where only a single syntenic
block was reported to be largely orthologous with their sex
chromosomes (e.g. birds and skinks). From these restricted
analyses, we hence excluded all lineages such as lacertids.
Each putative independent origin of sex chromosomes was
taken as a single sample (observation) for the statistical tests;
therefore, the tests do not include any pseudoreplications
caused by phylogenetic dependence.

We performed the multinomial test in R [107] using the
package XNomial [108]. Because the tested hypotheses
required too many combinations to be checked, we used a
test based on ‘Monte Carlo’ simulations. We compared the
goodness of fit of the observed distribution with the expected
frequencies by the log-likelihood ratio test. First, we tested
whether the observed blocks representing actual sex chromo-
somes are distributed among these 35 categories randomly,
i.e. we compared the observed data with the frequencies,
assuming that each syntenic block has equal chance to
become a sex chromosome. Subsequently, we tested whether
the observed distribution can be explained by differences in
the number of genes among the syntenic blocks, i.e. assuming
that the probability of each syntenic block to evolve to sex
chromosome is proportional to the number of protein-
coding genes it contains. Lastly, we tested whether the
observed distribution reflects differences in the physical
length among the syntenic blocks, i.e. assuming that the
probability of each syntenic block to evolve to sex chromo-
some is proportional to its physical size, because gene
density differs significantly among chromosomes.

The multinomial test based on the dataset, including all
41 syntenic blocks potentially involved in the origin of sex
chromosomes in amniote lineages, supported that the synte-
nic blocks differ in the probability to be co-opted for the
function of sex chromosomes ( p = 0.021). Some syntenic
blocks never evolved into the sex chromosomes although
they are very large (GGA 3) or medium-sized chromosomes
(GGA 8, 9, 13 and 14). On the other hand, the syntenic
block GGA 17 was probably involved in the evolution of
sex chromosomes five times, GGA Z and GGA 4p four
times, GGA 1, 2 and 15 three times, and GGA 5, 10, 27 and
28 twice each. The syntenic blocks GGA 4q, 6, 7, 11, 12, 18,
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22, 23, 24, 26 and the block ‘missing genes in chicken’ turned
into sex chromosomes once each. The non-random prob-
ability of turning into sex chromosomes cannot be
explained by the differences in the gene numbers (p = 0.01)
and the physical length ( p < 0.0001) among the syntenic
blocks. The analyses including only 17 lineages where we
can tentatively assign a single ancestral syntenic block ortho-
logous to their sex chromosomes largely confirmed these
results. The origins of sex chromosomes among these lineages
from the restricted datasets were still significantly non-ran-
domly distributed among 35 syntenic blocks ( p = 0.02), and
their distribution did not reflect the physical size of the syn-
tenic blocks ( p = 0.006). However, the observed distribution
did not significantly depart from the expectation based on
the number of genes in each syntenic block any more ( p =
0.057). We tend to attribute this marginally insignificant
result to the lower test power owing to much more restricted
sample size. Although we believe that our analysis is as com-
prehensive as possible at the current stage of knowledge, the
above comparisons have several important limitations. As
already mentioned, we lack data on the genetic content of
sex chromosomes in many amniote lineages with putatively
independently evolved sex chromosomes. Moreover, knowl-
edge on the genetic content of sex chromosomes in many
lineages included into the analysis is limited too, particularly
in cases when the homology is inferred from the sex linkage
of loci found from reduce representation approaches (e.g. in
Xantusia and Aristelliger) [45,48]. It is possible that the synte-
nic blocks forming the oldest evolutionary strata of sex
chromosomes were missed and we included into the analysis
a block that was added into sex chromosomes only later. We
should also keep in mind that the same syntenic blocks play-
ing the role of sex chromosomes do not necessarily mean
homologous sex determination systems. The same block
could be repeatedly and independently co-opted for the func-
tion of sex chromosomes within a lineage where we assume a
single common origin of sex chromosomes. The number of
repeated independent origins would then be underestimated.
For example, we assume a single origin of sex chromosomes
orthologous to GGA 28 in anguimorphan lizards, but it
seems that at least some anguids do not share the same sex
chromosomes [41]. The chromosomes orthologous to GGA
28 might have evolved independently in the families Varani-
dae and Helodermatidae. On the other hand, some categories
of sex chromosomes counted by us as independent origins
can represent a single origin instead. It could apply to the
Burmese pythons and caenophidian snakes (both these
lineages have sex chromosomes orthologous to GGA 2 and
GGA 27, but differ in heterogamety [41]), and the carphodac-
tylid lineages Nephrurus–Underwoodisaurus and Saltuarius,
where their respective ZZ/ZW sex chromosomes slightly
overlap in a syntenic block with orthologues linked to GGA
17 [55]. Future studies should test whether our assumptions
on homology are correct based on deeper knowledge of
genetic content, particularly based on the identification of
sex-determining loci.
5. Why should we care about non-randomness?
In summary, it seems that there is indeed a non-randomness
in the origin of sex chromosomes in amniotes with several
blocks turning independently repeatedly into the sex
chromosomes. Nevertheless, many blocks representing sex
chromosomes are unique. We can conclude that it is quite dif-
ficult to predict the origin of sex chromosomes from a
particular genomic region, although there is a significantly
higher chance that a ‘popular’ block will turn into sex
chromosomes. Why should some blocks have a higher
chance to become sex chromosomes? It seems that the phys-
ical size and the number of protein-coding genes do not
explain this non-randomness. In some of the blocks that
repeatedly evolved into sex chromosomes, there are well-
known genes included in gonad differentiation pathways. It
was demonstrated that a mutation in some of them, such as
sox3 and ar included in GGA 4p, dmrt1 included in GGA Z,
nr5a1 included in GGA 17 and amh included in GGA 28,
can cause a sex reversal or disrupt sexual development
[109–113], which is a basic predisposition to become a sex-
determining locus. However, mutations in some other genes
such as follicle-stimulating hormone receptor ( fshr) and lutei-
nizing hormone receptor gene (lhcgr) led to female-to-male
sex reversal as well [114,115], but the syntenic block ortholo-
gous to GGA 3 where both genes are located have never
become a sex chromosome among amniotes investigated
thus far (electronic supplementary material, table 1). Prob-
ably not all genes with a potential to cause sex reversal can
act as sex-determining genes, for instance because mutations
in some of them can have severe negative pleiotropic effects.
We should also keep in mind that in some cases, a sex-deter-
mining gene can be a paralogue linked to different linkage
groups than the original copy and it can even jump through
transposition throughout a genome [81,116]. In such cases,
information about other genes linked to sex chromosomes
can be misleading in the identification of the sex-determining
locus. For the more robust test of the hypothesis that syntenic
blocks with genes with higher potential to become sex-
determining genes have a higher chance to become sex
chromosomes, we will need a better knowledge on the iden-
tity of sex-determining genes in amniotes. Up to date
knowledge on sex-determining genes is limited to viviparous
mammals [117] and to strongly supported candidates in birds
and monotremes [21,118,119].

Marshall Graves & Peichel [14] also pointed that some
syntenic blocks have higher chance to become a part of sex
chromosomes as they can ‘make better sex chromosomes’,
i.e. that their involvement in sex chromosomes can contribute
to the resolution of sexual conflict between sexes for the
expression of traits under sexually antagonistic selection.
This hypothesis suggests that selection would favour a
location of a sex-determining gene in a region containing
loci with sexually antagonistic effects [120] or a fusion of
ancestral sex chromosome with autosomes enriched for
genes with sex-related function [101]. In our review, we
focused on the origin of sex chromosomes from autosomes.
We still have only limited information about identity and
location of sex-determining genes and content of parts
newly added to sex chromosomes. Emerging evidence in
birds, monotremes and lizards suggests more frequent invol-
vement of certain chromosomes in neo-sex chromosome
formations [21,101,121,122]. Particularly multiple neo-sex
chromosomes formed by a fusion of an autosome with a Y
chromosome evolved many times in amniotes, e.g. around
20 times in mammals and 10 times in iguanas [123,124],
but such autosome-sex chromosome fusions are rare in
birds [124,125]. Nevertheless, previously autosomal material
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was added to both Z and W chromosomes in birds in the Syl-
vioidea superfamily [101] and in the Australian songbird
Eopsaltria australis [126]. Future studies should focus on the
determination of syntenic blocks involved in these rearrange-
ments and should test whether the pattern is indeed
non-random and uncover its drivers.

Although the current data on the origin of sex chromo-
somes in amniotes suggest that their evolution is non-
random only to a certain degree, we would like to stress
that repeatedly co-opted chromosomes are an excellent
model system. Independent co-option of the same genomic
region for the role of sex chromosome hence offers a great
opportunity for testing evolutionary scenarios on the sex
chromosome evolution under the explicit control for the
genomic background and gene identity. For example, Rovat-
sos & Kratochvíl [127] compared the expression of genes
linked to sex chromosomes between the green anole (XX/
XY) and the Florida softshell turtle (ZZ/ZW). Sex chromo-
somes in both these systems are orthologous to GGA 15
and thus contain the same genes. However, the X-specific
genes (genes linked to X but missing on the Y chromosome)
are fully dosage compensated at the level of transcription in
the anole, while Z-specific genes have approximately only
half expression in females in comparison to males in the
turtle. This comparison shows that exactly the same genes
can or cannot be dosage compensated in independently
evolved sex chromosomes, and thus the evolution of
dosage compensation does not depend upon the genomic
background. Among amniotes, more lineages than the igua-
nas and the softshell turtles co-opted the same syntenic
block for sex chromosomes (electronic supplementary
material, table 1), as shown, for instance, by our ongoing
research on lacertid lizards, chameleons from the genus Fur-
cifer and geckos from the genus Paroedura (ZZ/ZW) and
therian mammals (XX/XY) [20,30,128] (M. Rovatsos and L.
Kratochvíl 2021, personal communication). Future studies
should further use these systems to explore the convergent/
divergent evolution of sex chromosomes.
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