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Varanids are known for conserved sex chromosomes, but there are differences in the size of the W
chromosome but not in morphology among species representing varying stages of sex chromosome
evolution. We tested for homology of the ZW sex chromosome system with size differences in varanids
among four species from two lineages in Australia, the Odatria and the Gouldii. We found that while
DNA sequences of the sex chromosomes are conserved in the species we tested, we also identified a
homologous region on an enlarged autosomal microchromosome that shares sequences with the W
chromosome in some isolated populations of V. acanthurus and V. citrinus from the Odatria lineage.
The enlarged microchromosome was unpaired in all individuals tested and is likely an unbalanced
segmental duplication translocated between chromosome 1, the W, and another microchromosome.
This suggests an ancient balanced duplication homologous to the W and the terminal region of the
long arm of chromosome 1. The most parsimonious explanation is that the duplicated region likely
originated on chromosome 1. We hypothesised in our reconstruction that genes and related DNA
sequences associated with the sex-linkage group have likely originated on an autosome. Subsequently,
the sequences may have undergone duplication and translocation to the W chromosome, followed by
the accumulation of lineage specific repeat elements and amplifications on the W at different rates in
various lineages. Lastly, these sequences are likely to have undergone duplication and translocation

to another autosomal microchromosome. Given the role of segmental duplications and translocations
as important evolutionary drivers of speciation in other taxa, together with the rapid speciation that
has occurred in Australian varanids, our findings provide broader insight into the evolutionary pathway
leading to rapid chromosomal and genic divergence of species.
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Chromosomal rearrangements are important structural changes of the genome that have been linked to
speciation events!™. These rearrangements include several classes of rearrangements including segmental or
whole chromosome duplications, deletions, inversions or translocations. Chromosomal rearrangements have
been linked to speciation because they are associated with different levels of reproductive isolation or species
divergence as a result of suppressed recombination of the portion of the altered chromosome!->¢-10, For example,
segmental duplications are long (>1000 bp) nearly identical regions of the genome that are duplicated and
relocated within the genome and considered an important mechanism for the diversification within the primate
lineage!!~!4. These hosts of large-scale rearrangements provide a genetic substrate for the diversification of genes
and opportunities for novel functions to emerge!'>~1”. However, determining the class of the rearrangement and
teasing out the functional roles they play is not a trivial task and involves multidimensional and interdisciplinary
studies!'®-21,
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Sex chromosomes are among the most rapidly evolving regions of any genome and differences in size and
structure arise between sex chromosomes among populations and species?*?>. Deletions involving gene loss
and repeat motif expansions are usually accompanied by inversions or other structural variants that rearrange
the directionality of gene sequences and drive the evolution of the sex chromosomes?»?>. Some vertebrates have
homologous sex chromosomes while in other vertebrates sex chromosomes are highly variable as a result of rapid
sex chromosome turnover?®-?’. Sex chromosomes can transition within ZW or XY systems or transition between
them?%-32, and sex determination can even transition between genetic and environmental sex determination
systems®>34, It is unknown why rapid sex chromosome turnover occurs in some lineages but not in others®.
Most often sex chromosomes are identified by heteromorphy, in which they have diverged due to recombination
suppression between the X and the Y or the Z and the W?*273637_ However, in other cases, sex chromosomes
are cryptic and are less easily identified®®. Cryptic sex chromosomes that are homomorphic usually represent
early diversification and in rare situations can be indicators of recent turnover and the rapid replacement of
sex-determining genes*, because the impacts of recombination suppression have not had time to lead to sex
chromosome differentiation or they could be maintained from ongoing recombination for long periods*’.

The Varanidae have been proposed to have the oldest conserved ZW sex chromosomes of all vertebrates,
estimated to have preceded the varanid radiation in the Jurassic period, 150-180 MYA (Million Years Ago)*!:42.
Despite this, the Varanid W chromosome displays size variation among closely related species and recently
identified within a newly described species V. citrinus (formerly an isolated population of V. acanthurus in the
northern distribution of the Northern Territory of Australia®’; where the sex chromosomes are cryptic and
undifferentiated*!. These size differences are likely a result of different rates of evolution of the independent
expansion of transposable elements during sex chromosome evolution, and the involved repeat sequences within
the sex chromosomes not being conserved between species*>¢. For example, the heath goanna (V. rosenbergi)
and the sand goanna (V. gouldii) have different sized W chromosomes attributed to CGG" expansions?®, while
the Komodo dragon (V. komodoensis) does not have any identifiable repeats on the W chromosome and has
cryptic sex chromosomes*®. The heteromorphic W chromosome in Varanus acanthurus in contrast is highly
degraded from gene loss and amplification of (AAT)N repeats*.

Recently two Varanus genomes have been published, V. komodoensis (NCBI accession GCA_004798865.1%),
and V. acanthurus (NCBI BioProjectID PRJNA737594, Genome Warehouse BioProject accession
PRJCA005583%). While the V. komodoensis genome assembly was aided by flow sorting of the chromosomes,
the authors were unable to place the sex-linked scaffolds, and instead generated microchromosome pools that
likely contain sex chromosome regions*’. Zhu et al.? took an alternative approach by developing a novel pipeline
utilising a combination of stLER (single-tube long fragment linked reads)*®, and Illumina reads from both a male
and female individual for a de novo assembly. Zhu et al.?* generated putative Z and W-linked scaffolds by read
depth ratios between sexes, but so far, these sex-linked regions are only putative without evidence that physically
map them to the chromosomes to validate the sequencing patterns of read depth ratios for identifying sex linked
reads.

The ridge-tailed goannas are primarily saxicolous lizards, living in rocky outcrops and have a very large
distribution across Northern Australia®. It is likely that there are many small, isolated populations separated by
marginal habitat which may have been more suitable habitat during the Pliocene which provided a continuous
distribution across northern Australia. However, the Holocene Epoch drying effect on the Australian continent
may have impacted the current disjunct population distributions. These factors make the ridge-tailed
goanna unique model taxa to study higher rates of speciation resulting in the fixation of novel chromosome
rearrangements>>> including origin and evolution of sex chromosomes’'.

The objective of this study was to characterise the Z and W sex chromosomes in Varanids by testing the
pipeline developed in our previous study?, which detected putative sex-linked reads. Herein, we developed
FISH (Flourescence in situ Hybridisation) probes from these inferred sex-linked scaffolds and validated the
methodology by hybridizing the probes to V. acanthurus individuals of known and validated sex. We then
tested for homology of the sex-linked region between isolated V. acanthurus populations which have highly
differentiated sex chromosomes?>41164%52 and the newly described sister species V. citrinus*> which has cryptic
sex chromosomes**. Cryptic sex chromosomes have also been identified in V. salvator®!, V. gouldii*® and V.
komodoensis*>. We showed that sex chromosomes in the ridge-tailed goannas are highly conserved despite size
polymorphisms. To broaden our analysis, we applied the FISH probes developed from V. acanthurus to additional
varanid species exhibiting variations in W chromosome size and distinct expansions of repeat elements. Our
findings revealed conserved homology in all species tested. Furthermore, we observed a polymorphic enlarged
autosomal microchromosome found in both male and female individuals from certain populations of both
V. acanthurus and V. citrinus. Remarkably, this microchromosome demonstrated homology with the female-
specific W sex chromosome and the terminal region of the long arm of chromosome 1. We discuss our findings
in the context of potential segmental duplications and the roles these genome destabilisers play in speciation.

Results

Validation of specificity of sex chromosome probes

The Z probe consisted of 21,382 polynucleotide sequences from 124 scaffolds and the W probe was 27,392
polynucleotide sequences from 157 scaffolds (Supplementary Tables 1 and 2). A schematic diagram of the
probe development process is summarised in methods section Fig. 5. We successfully developed sex-specific
probes (Fig. 5) that were hybridised to the chromosomes of 13 V. acanthurus individuals from three different
populations (Fig. 1a). After confirming the specificity of these probes for V. acanthurus (n=13, 8 females, 5
males) within the same species, we proceeded to examine 4 individuals of V. citrinus (3 females, 1 male) with
cryptic sex chromosomes. Our analysis revealed that one individual of V. citrinus exhibited a heteromorphic
W chromosome, characterised by distinct size differences between the Z and W chromosomes. In contrast,

Scientific Reports |

(2025) 15:8545 | https://doi.org/10.1038/s41598-025-93574-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

V. acanthurus n

V. citrinus n=4

Fig. 1. Summary of FISH results in V. acanthurus and V. citrinus individuals with normal sex chromosomes
and individuals with enlarged microchromosomes. The W chromosome is homologous with the telomeric
region of the long arm on chromosome 1 as a balanced duplication and with the unpaired enlarged
microchromosome as an unbalanced segmental duplication. In V. citrinus the Z chromosome exhibited several
segmental duplications with the centromere of a number of microchromosomes. ZW sex chromosomes
within yellow box show hybridisation patterns of Z and W probes observed in 3 females of V. citrinus with
homomorphic sex chromosomes. ZW sex chromosomes within white box show hybridisation patterns

of Z and W probes observed in heteromorphic Z and W chromosome as well as enlarged unpaired
microchromosomes from 1 female V. citrinus. EM is an enlarged and unpaired microchromosome first

described by Matsubara et al.%; n indicates number of individuals screened.

the remaining 3 females displayed cryptic homomorphic sex chromosomes, with the Z and W chromosomes
exhibiting similar sizes (Fig. 1b). We then tested our probe against two distantly related species from the Gouldii
lineage and further validated the utility of the sex-specific probes in V. rosenbergi (Figs. 2a and 2b) that has a
differentiated W (heteromorphic) and V. gouldii with cryptic sex chromosomes (homomorphic).

Hybridisation patterns with sex-specific chromosome probes

The sex chromosome-specific probes were hybridised to the chromosomes of 21 individuals from 4 species
with karyotype variations (Table 1). There were size differences involving the W chromosome within V. citrinus
individuals but all V. acanthurus individuals were highly heteromorphic with respect to the Z, and size variations
were observed between V. rosenbergi and V. gouldii. In all males tested, we readily identified ZZ chromosomes
and, in all females, we identified a Z and a W, however, both probes showed faint hybridisation signals with other
chromosomes Fig. 1, Supplementary Fig. 1). The most striking finding includes hybrisdisation of the W probe
to the enlarged unpaired microchromosome in both sexes of V. acanthurus and V. citrinus, in individuals with
unpaired enlarged microchromosomes (Figs. 1 and 2, Supplementary Fig. 1). In addition, both the Z and W
probes hybridised to the terminal regions of the long arm of chromosome 1 in V. acanthurus and V. citrinus, but
there were only weak hybridisation signals of the W probe to the terminal region of the long arm of chromosome
Lin V. rosenbergi and V. gouldii (Fig. 2, Table 1, Supplementary Fig. 1).

In V. acanthurus all females (n =8) displayed W chromosome heteromorphisms in which the W chromosome
was significantly larger than the Z (Fig. 1a). Both Z and W probes showed high level of specificity with ZW
sex chromosomes in both V. gouldii and V. rosenbergi which also confirmed ZW sex chromosomes without
hybridisation with any other chromosomes (Table 1, Fig. 2). In V. citrinus we identified one female had an
enlarged W chromosome that was partially homologous with the enlarged unpaired microchromosome (Fig. 1),
and this was mistaken as an enlarged microchromosome pair in a previous study**. The other two females had
homomorphic sex chromosomes where the W chromosome was similar in size to the Z (Fig. 1a) and these
females did not have enlarged unpaired microchromosome (Fig. 1b).
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a) V. rosenbergi male

c) V. gouldii male

b) V. rosenbergi female
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d) V. gouldii female

Fig. 2. Hybridisation of the Z and W probes to a male (a) and female (b) V. rosenbergi with heteromorphic
sex chromosomes, and to a male (a) and female (b) V. gouldii with homomorphic sex chromosomes. Green
arrowheads indicate hybridisation signals of Z chromosomes and pink arrowheads indicate hybridisation
signals of W chromosome.

Discussion

The objective of this study was to test the homology of the Z and W sex chromosomes across species of varanids
with cryptic and heteromorphic sex chromosomes using a chromosomics approach. Our analysis identified
a novel discovery revealing that an autosomal enlarged microchromosome polymorphism shares homology
with the W chromosome in V. acanthurus and V. citrinus indicating a putative segmental duplication and
translocation from the sex chromosome to an individual microchromosome. Both the Z and W probes also
hybridised to the terminal region of the long arm of chromosome 1 in all individuals implying that the ancestral
sequences may have originated there. This finding also provides further support that amniote sex chromosomes
may have shared a common ancestry that originated from an autosome?**. We expanded our analysis with two
other species with size and repeat element differences and demonstrated that the genes on the sex chromosomes
are conserved despite chromosomal size variation and differences in the repeat element expansions of the highly
degraded W chromosome.

The enlarged microchromosome (EM Fig. 1B, Supplementary Fig. 1) is a mutation that has not been observed
in any other goanna species and appears to be specific to localised populations of ridge-tailed goannas including
individuals from both V. acanthurus and V. citrinus, and likely represent a remnant of ancestral segmental
duplication/translocation. It was first reported by Matsubara and colleagues* from a captive bred lineage but
was not identified in wild populations until recently*’. EM is not a common mutation and was identified in
only 3 out of 34 individuals karyotyped and only found in 2 out of 4 isolated populations**. During our initial
cytogenetic analysis, this enlarged microchromosome was mistaken for a W chromosome in individuals that
upon dissection were determined to be males. Varanids are notorious for being difficult to sex phenotypically
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Table 1. Summary of Z and W inferred probe results for 21 individuals from 4 different species with W size
differences.

because females can have hemiclitores that resembles hemipenes in males*>>4-5%, Therefore, the gonads must
be examined (Supplementary Fig. 2) for accurate sex determination.

FISH experiments with our chromosome-specific probes were required to differentiate the sex chromosomes
in individuals with cryptic sex chromosomes and to identify the Z chromosome from other microchromosomes.
In one individual V. citrinus female, the W chromosome and the enlarged microchromosome were identified as
an enlarged pair of autosomal microchromosomes because all other females in that population had cryptic sex
chromosomes that were indistinguishable from the Z and other microchromosomes*!. However, following FISH
experiments with our sex chromosome specific probes, we validated that what was initially considered to be an
enlarged pair of microchromosomes, was in fact the unpaired enlarged microchromosome, and a heteromorphic
W. This discovery reveals that V. citrinus has two W chromosomes in the population where some females have
an enlarged W and other females have a homomorphic W where there is no size difference between the W and
the Z. The probe also added clarity that the enlarged microchromosome does not occur in the homozygous form
and is present only in some individuals in V. acanthurus and V. citrinus as floating heterokaryotypes. A similar
observation was made in the spiny frog (Quasipaa boulengeri) where a number of reciprocal translocations
were identified between chromosomes 1 and 6; the result was 5 different karyotypes with 9 possible karyotype
combinations®®. When two heterokaryotypes breed the expected outcome should produce three karyotypes,
homozygous for one morphology, heterokaryotypic individuals, and homozygous for the other morphology.
The missing karyotypes could be entirely missing from the population or at an extremely low frequency which
could indicate underdominance and/or a lethal mutation could be associated with homozygous individuals with
enlarged microchromosomes.

Homology of the enlarged microchromosomes, the W, and the terminal region of chromosome 1 is unlikely
to be related to sex determination because it is present in both males and females in isolated populations. The
most parsimonious explanation is the homologous sequences originated on chromosome 1 because there was
homology to this chromosome in all individuals from four different varanus species. Varanid chromosomes are
very similar to pythons, and chromosome 1 in snakes shares genes with the chicken Z?3, suggesting that these
sequences might be part of an ancestral sex chromosome.

Our FISH probes were designed by masking repeats and targeted single copy regions (including genes) of
the sex-linked scaffolds and therefore the shared homology of the W and the enlarged microchromosome is
likely a segmental duplication of the W or a portion of the W chromosome that has occurred as a de novo
mutation in the common ancestor of V. acanthurus and V. citrinus (Fig. 3, Supplementary Tables 1 and 2). To
detect segmental duplications, common repeats of the genome must be removed from the analysis'® which
was a critical aspect of our probe design. Segmental duplications are long (> 1 kilo-base pairs) and similar (90-
100%) sections of DNA sequences that are located in multiple locations in the genome and are hotbeds for the
emergence of new genes and genomic rearrangements!>!>161. These genetic changes are major contributors
to the divergence between species of primates and are important for understanding species evolution!31462-64,
Segmental duplications were one of the last regions of the human genome to be sequenced due to their nearly
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Fig. 3. A schematic diagram showing the current hypothetical evolutionary phylogeny for Varanids with
chromosome changes indicated, suggesting independent chromosome transition in parallel in several lineages.
Arrows indicate nodes of chromosome transitions for both pericentric inversions of autosomes and gain or
loss of W chromosome heteromorphisms. The enlarged microchromosome (EM) was likely acquired prior

to divergence between V. citrinus and V. acanthurus and was subsequently lost in some populations of V.
acanthurus or could be present at a very low frequency in those populations. The phylogenetic relationships of
varanus species are based on®.
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identical sequences but are considered critically important for the expansion of the frontal cortex and increased
synaptic density since the divergence from other primates'®. In Lepidoptera species, segmental duplications
often contain transposable elements and the genic content, and the duplicated sequences varied among species
ranging from 1.2 to 15.2% of the genome®. Functional analysis indicated the gene families in Lepidoptera
may be related to species-specific adaptation. It is unclear what phenotypic consequences are associated with
these mutations in goannas, and future research should focus on this topic as they could be significant factors
driving the extreme genetic divergence and speciation in the ridge-tailed goannas which was not explained with
isolation by distance analysis**.

The probe we developed encompassed regions that align with coding genes, and the documented consequences
linked to gene duplications and their implications in speciation are well established®’:*8. When gene copy
number changes due to mutation there are two potential outcomes. In one situation, there could be a positive
gene dosage effect where the expression of the gene is increased in response to the copy number®. In the second
situation, there is an inverse effect in which gene expression is decreased with the increased dosage correlated to
additional gene copies’®”!. In the inverse situation, the expression effect can act across the genome and not just
impact the chromosome that was modified”?. For example, in yeast cells that were tested by the addition of yeast
artificial chromosomes containing mostly intronless genes, the mere presence of additional DNA generated a
positive dosage response correlated with the number of additional yeast genes, and the imbalance led to a stress
response aimed at restoring the wildtype physiology®. In Drosophila the Male Specific Lethal (MSL) complex
is assembled on the X chromosomes and can spread to neo-X chromosomes with transposable element activity
causing upregulation and disrupting the dosage compensation system”’>-74, Since the duplicated region identified
herein contains genes and is homologous with the W, a situation where an additional copy could be lethal or
have severe deleterious consequences could explain why homozygous enlarged microchromosomes were not
observed in any population, and a similar situation has been demonstrated in the spiny frog®®’>. To test this
hypothesis additional studies should include gene expression levels associated with the genes on the enlarged
microchromosome.

The presence of the enlarged microchromosome in isolated populations of V. acanthurus and V. citrinus is
puzzling. We do not have any evidence that it is related to sex chromosome evolution, however, it seems to exhibit
the characteristics of a sex chromosome, as it only presents in the heteromorphic situation similar to the W
chromosome. We have hypothesised a reconstruction of sex chromosome evolution in Varanidae that includes
the appearance of the enlarged microchromosome (Fig. 4). Presumably, an ancient supersex chromosome
was repeatedly recruited, or specific gene families that can be traced back to Ambystoma salamanders, have
commonly been recruited into a sex related role in other non-avian reptiles, birds, and mammals?**>75,
Autosome-sex chromosome fusions have occurred in several lineages, and these patterns hint at a phylogenetic
relationship between fusions of autosomes and sex chromosomes for resolving sexual conflict’”. Although the
Varanidae exhibits high conservation of sex chromosomes, the expansion of the W chromosome is dynamic and
repeat expansions have occurred independently in divergent lineages (Fig. 3)*6. We hypothesise that following
departure from the ancestral super sex chromosome, the early sex chromosomes were cryptic as observed in
V. citrinus, V. salvator, V. komodoensis and V. gouldii. In each of the major Australian lineages and also in the
African lineage the W chromosome has undergone independent degradation and accumulated species-specific
repeats*!1678 The W chromosome is in a highly degraded state in V. acanthurus, but in a homomorphic state
in V. citrinus which has made it difficult to characterise and study. The chromosome has been expanded with
(ATT)N repeats® and only contains 23 coding genes?.

Previous studies have demonstrated different microsatellite repeat accumulations in W chromosomes
between the Gouldii (CGG)N and Odatria (ATT)N lineages*. Intriguingly, no significant repeat accumulations
were identified in the W chromosomes of V. komodoensis, despite heteromorphisms between Z and W are
present in the closest relative of V. komodoensis, V. varius>>. However, no additional cytogenetics studies have
focused on V. varius to identify the nature of the repeat accumulation in the W chromosome in this species®.
Despite the differences in repeat landscapes of Varanid W chromosomes, which have been demonstrated in
other species’%" and not considered significant indicators of orthologs, the genes and single copy regions of
these chromosomes are conserved and appear to be homologous in all species investigated in this study. Further
work is needed to resolve the functional significance of the enlarged microchromosome and determine if it has
a more central role in sex chromosome evolution in the Odatria lineage.

Conclusion

Ridge-tailed goannas are a lineage of dwarf goannas from the subgenus Odatria which has undergone
diversification and rapid speciation over the last 5-10 million years. Our research demonstrates that large-scale
chromosome rearrangements are actively maintained in this lineage both within and between populations.
Segmental duplications of the sex chromosome sequences could be a factor in driving this diversification, but
additional work should include V. primordius, V. insulanicus and V. storri as sex chromosomes have not been
identified in these other species in the ridge-tailed goanna complex. The pattern here is, however, similar to what
occurred in Lepidoptera and Primates over relatively the same amount of time and could add to the broader
understanding of the sequential series of speciation events in the other eukaryote lineages. Rapid evolution is
often associated with the evolution of sex chromosomes. However, here we show rapid evolution occurring on
autosomes with some homology to the sex chromosomes, therefore it could be possible that in Varanidae, sex
chromosomes are influencing rapid divergence on the autosomes, but the sex chromosomes remain conserved.
In addition, we have identified size differences in W chromosomes across different populations that we have
screened with our sex chromosome specific probes (Suppl Fig. 2). Such polymorphisms involving repetitive
elements are not unusual and even identified in human Y chromosomes®!. Future studies involving in-depth
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Fig. 4. Theoretical reconstruction of Varanidae sex chromosome evolution. Ancient amniote sex
chromosome diverges where different orthologs diverged into sex roles in other lineages. The varanid Z and W
chromosomes were likely a homomorphic pair, then independently in the Varius, Gouldii and Odatria lineages
the W underwent species independent degradation and accumulation of repeats. Some species in each lineage
also maintained the homomorphic pair (V. komodoensis, V. citrinus show no repeat accumulation and V.
gouldii exhibit either the earliest stages of repeat accumulation). Other species such as V. acanthurus, V. varius
and V. rosenbergi all exhibit heteromorphic W chromosomes, but V. rosenbergi and V. acanthurus do not share
repeat content and V. varius still remains to be characterised.

qualitative and quantitative analysis will shed further light, not only on the evolution of sex chromosomes, but
also in speciation of varanids.

Materials and methods

Development of sex chromosome specific probes

To develop the sex-specific probes we used the two published Varanus genomes V. komodoensis (NCBI accession
GCA_004798865.117), and V. acanthurus (NCBI BioProjectID PRINA737594, which includes microdissected W
chromosome reads from BioSamples: SAMN19718186 and SAMN19718187, Genome Warehouse BioProject
accession PRJCA005583%°). This study utilized the full pipeline established by Zhu et al.?* to infer both Z and W
sex chromosome sequences. A full protocol is detailed in the latter study. The inferred Z-linked sequences were
assembled to 134 scaffolds ranging from 1 kb to 3 Mb, and the inferred W-linked sequences were assembled to
441 scaffolds ranging from 5 kb to 230 Kb (Fig. 5, Supplementary Tables 1 and 2). To validate these scaffolds
as sex-specific we provided the scaffolds to Arbor Biosciences (Ann Arbor, MI, United States) which used
the published V. komodoensis genome?’ as a reference to create a hybrid assembly for oligonucleotide probe
design. For each probe, highly repetitive sequences were masked from the designs and the resulting myTags®
libraries ranged from 45 to 47 nucleotides in length and targeted single copy regions along these scaffolds to
avoid non-specific hybridisation. A detailed description and validation of the probe design protocol is described
elsewhere®2.
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Fig. 5. Methodology for the development of sex-specific Z and W inferred probes. Step 1. Generate single-tube
long fragment reads and Illumina paired-end reads for female and male individuals, assemble and map reads.
Step 2. Identify sex-linked reads from read depth coverage. Step 3. BLAST search sex-linked reads against high
quality reference genome (V. komodoensis). Step 4. Generate hybrid assembly to identify genomewide repeats
and mask repeats regions along sex-linked scaffolds. Step 5. Identify single copy sequences and design myTags®
libraries. In step 2, the male to female (M/F) ratio of the Z-specific scaffolds in males is close to 2 whereas the
W-specific scaffolds is close to 0. In females, the Z-specific and W-specific scaffolds are close to 1. Steps 4 and 5
were provided by Arbor Biosciences using proprietary methods (Ann Arbor, MI, United States). These probes
targeted the single copy regions and functional genes and avoided repetitive elements and were used for FISH
(Fluorescence in situ Hybridisation) (Fig modified after).

4.

The probes were hybridised to 21 individuals from 4 species (V. acanthurus, V. citrinus, V. rosenbergi, V.
gouldii) with 400 ng probe per slide in a mixture containing both probes (Table 1) with hybridisation buffer
(BioCare Medical, Pacheco CA). The cell preparation and FISH protocol is detailed elsewhere?*2. Each slide
was freshly prepared with 50 pL cell suspension, dehydrated with ethanol then aged at —80 °C overnight. Slides
were removed from the freezer and immediately immersed in 100% (v/v) ethanol and allowed to dry. 40 uL
of buffer and probe mix was added, covered with a coverslip and sealed with rubber cement. The slides were
denatured at 68 °C for five minutes and moved to preheated humidity chambers to incubate for 48 h at 37 °C.
Following incubation, the coverslips were removed and the slides were washed with 0.4 x SSC: 3 M NaCl, 0.3 M
sodium citrate, pH 7, 0.3% (v/v) IGEPAL Sigma-Aldrich at 60 °C for 5 min then a second wash at room temp
with 2xSSC: 3 M NaCl, 0.3% M sodium citrate, pH 7, 0.1% (v/v) IGEPAL Sigma-Aldrich for 3 min. The slides
were then immersed in an ethanol series of 70%, 90% and 100% (v/v) for one minute in each. The slides were
then stained with Vectashield® antifade mounting medium with DAPI (Vector Laboratories) and observed
with a Leica Microsystems Thunder Imaging system. Images were constructed from photographs using Adobe
Photoshop 2021.

The W chromosome is in a highly degraded state in all V. acanthurus females, and it is enlarged in V.
rosenbergi and in 1 V. citrinus female, and they are cryptic in V. gouldii and 3 V. citrinus females (the enlarged
microchromosome is represented by EM).
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Data availability

Varanus acanthurus genome scaffolds and sequence data that support the findings of this study are already avail-
able via genome warehouse PRJCA005583 and the data is provided in supplementary material (Supplementary
Tables 1 and 2).
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