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Materials and Methods

Sample collection and library preparation

Gecko samples were collected from various locations across the USA, Australia, Honduras,
Trinidad & Tobago, Puerto Rico and China, with all collections conducted under the respective
permits for each region (Table S1). Samples were processed under protocol AR279 and AR288
approved by Marquette University Institutional Animal Care and Use Committee, and
S20210312-009 approved by the Laboratory Animal Care and Use Committee of Nantong
University.

High molecular weight DNA was extracted from somatic tissues by QIAGEN® Genomic DNA
extraction kit (Cat#13323, QIAGEN) according to the standard operating procedure provided by
the manufacturer. The extracted DNA was detected by NanoDrop™ One UV-Vis
spectrophotometer (Thermo Fisher Scientific, USA) for DNA purity (OD260/280 ranging from
1.8 to 2.0 and OD 260/230 is between 2.0-2.2), then Qubit® 3.0 Fluorometer (Invitrogen, USA)
was used to quantify DNA accurately. When the sample was qualified, the genomic DNA was
sheared by g-TUBEs (Covaris, USA) according to the expected size of the fragments for the
library. The fragmented DNA of target size was enriched and purified by MegBeads. Next, the
fragmented DNA was repaired for the damage and then end-repaired. The stem-loop adaptor was
linked on both ends of each DNA fragment, and the link-failed fragments were removed by
exonuclease. Then the target fragments were screened by the BluePippin (Sage Science, USA)
and purified to construct the library. Finally, Agilent 2100 Bioanalyzer (Agilent technologies,
USA) was used to detect the size of Library fragments. After the library was constructed, DNA
templates and enzyme complexes of a certain concentration and volume were transferred to the
ZMWs of Sequel II system (Pacific Biosciences, USA) for real-time single-molecule sequencing.

The same DNA samples were also used for library preparation and loaded on BGISEQ500 or
DNBSEQ-T1 for short reads sequencing. Tissues of the homogametic sex were used to extract
DNA with the cetyltrimethylammonium bromide (CTAB) method. DNA quality and quantity
were evaluated using pulsed field gel electrophoresis and Qubit® 3.0 Fluorometer. Libraries
were then prepared and sequenced with BGISEQS500 or DNBSEQ-T1, following the
manufacturer’s protocol. We also prepared 10X (except Phelsuma laticauda for stIFR) libraries
with the DNA and sequenced with BGISEQ500, following the protocol available at
https://www.protocols.io/view/bgiseq-500-10x-library-construction-rm7vzneSrvx1/vl. For Hi-C
library preparation, nuclei isolated from frozen tissues were processed as described in Rao et al.
(89) using a combination of Mbol and Msel restriction enzymes for chromatin digestion. The
libraries were sequenced on lllumina instruments.

RNA extraction was performed on collected brain, eye, tail and gonads. We added TRIzol lysis
buffer to samples and extracted RNA by thorough mixing with 300 uL of chloroform:isoamyl
alcohol (24:1) and centrifugation (12,000 g for 8 min at 4 °C). The supernatant was transferred to
a 1.5-mL centrifuge tube, gently mixed with 2/3 volume of isopropyl alcohol, and placed at -

20 °C for over two hours to precipitate RNA. Finally, the precipitation was washed with 0.9 mL
of 75% ethanol, air dried, and dissolved with 20 to 200 pL of DEPC-H20 or RNase-free water to
obtain purified RNA. Libraries were prepared and sequenced with BGISEQ500 or DNBSEQ-T1,



following the manufacturer’s protocol. Detailed information about sample collection and
sequencing statistics can be found in Tables S1 & S2.

Genome assembling, curation and sex-linked sequences identification

We generated multiple draft assemblies to maximize contiguity and accuracy, as different
assemblers show variable performance depending on read type and genome complexity. PacBio
CLR long reads were independently assembled using several established long-read assemblers—
FALCON (v0.5) (90), wtdbg2 (v2.3) (91), NextDenovo (v2.2-beta.0) (92), and Canu (v2.1.1)
(93). These assemblers employ different algorithmic approaches: FALCON uses hierarchical
assembly with error correction, wtdbg?2 utilizes a fuzzy Bruijn graph approach, NextDenovo
employs a string graph-based method optimized for noisy long reads, and Canu combines
overlap-layout-consensus with sophisticated error correction. For each species, we compared
assemblies using standard quality metrics including contig N50, total assembly, and genome
completeness, selecting the most contiguous and complete draft assembly as the foundation for
subsequent scaffolding and polishing steps. This comparative approach ensures optimal
assembly quality tailored to each species' specific genomic characteristics. PacBio HiFi reads,
when available, were assembled separately using HiCanu (v2.1.1) (94).

CLR-based contigs were polished using Arrow to correct residual sequencing errors. We then
performed a first round of scaffolding using linked-read data generated by either 10X Genomics
Chromium or single-tube long fragment reads (stIFR). stIFR is a linked-read technology tags
short reads originating from the same long DNA fragment with a unique barcode, enabling long-
range linkage information similar to 10X Chromium but using a streamlined single-tube library
construction protocol (27). Linked-read scaffolding was performed using Scaff10X (v4.0).

Following linked-read scaffolding, assemblies were further polished using whole-genome
BGISEQ data from the same individual with a freebayes—bcftools pipeline described in Rhie et
al. (95). A second round of scaffolding was then carried out using Hi-C data. Hi-C reads were
aligned to the draft assembly and deduplicated using Juicer (v1.6) (96), and the resulting contact
maps were used to anchor, order, and orient scaffolds with 3D-DNA (v201008) (97). Hi-C
scaffolds were visually inspected and manually curated using Juicebox Assembly Tools (98, 99).

In some cases, candidate sex-chromosome scaffolds were curated separately from autosomes.
Candidate sex-linked scaffolds were initially identified based on sequencing coverage from both
sexes and were subsequently evaluated using Hi-C interaction strength with the inferred sex
chromosome versus autosomes (see below).

We first identified the X/Y (or Z/W) sequence and examined if there was X/Y (or Z/W) chimeric
error in the assembly. Sex-linked sequences were identified with a similar method as described
in Yang et al. (/00). Briefly, we mapped male and female short reads to the assembly with BWA
MEM (v0.7.17) (101), calculated normalized female-vs-male depth ratio for each scaffold under
50 Kb window with samtools (v1.11) (/02) and bedtools (v2.29.2) (103), and visualized with
ggplot2 (v3.3.6) (104) for manual examination. To reduce false positives arising from coverage
variation or assembly artifacts, we further validated candidate sex-linked scaffolds using Hi-C
interaction data, following Yang et al. (/00). Hi-C reads were aligned to the assembly, and



contact matrices were generated using Juicer and hicConvertFormat from the HiCExplorer
package (v3.7.2) (105). Hi-C matrices at 100-kb resolution were used for downstream analyses.
For each candidate sex-linked scaffold, we quantified its Hi-C interaction strength with the
inferred sex chromosome (defined as the largest confirmed sex-linked scaffold) and with each
autosome. Hi-C interaction strength was calculated following Zhang et al. (/06), using the
formula:

#chrl and chr2 Interactions

(chrltmns) ( chr2trans ) (ch‘thmns) ( chriltrans ) . (toraltmns)
totaltrans/ \totaltans — chrltrans totaltrans/ \totaltans — chr2trans 2

where #chrltrans (chr2trans) is the number of interactions between chrl (chr2) and others,
#totaltrans is the total number of interchromosomal interactions, #chrl and chr2 interactions is
the number of interactions between chrl and chr2.

This procedure yielded a distribution of Hi-C interaction strengths between each candidate
scaffold and the sex chromosome (s, ), as well as between the same scaffold and each autosome
(51,52, 53,...). We then performed Wilcoxon rank-sum tests comparing S, against the
distribution of autosomal interaction strengths (s, S, 53, ...). Candidate scaffolds were retained
as sex-linked only if their Hi-C interaction strength with the sex chromosome was significantly
higher than that with autosomes (Wilcoxon rank-sum test, p < 0.05) and showed a fold change >
2 of the interaction strength with sex chromosome compared to any of the autosomal interaction
strength. Scaffoldings failing to meet either criterion were classified as false positives and
excluded from further sex-linked analyses.

In Gekko japonicus, Thecadactylus rapicauda, and Heteronotia binoei we were not able to
identify the sex-linked region with the sequencing depth method described above (Figs. S4-S6).
For Gekko japonicus and Thecadactylus rapicauda, whole-genome sequencing (WGS) data of
females (10 and 3 respectively) and males (10 and 3 respectively) were used for calculating the
fixation index (F’st) between male and female to identify SDR. And for Heteronotia binoei we
collected RAD-seq data from NCBI (SRR1752387-SRR1752398, including 4 males and 8
females) and performed similar analysis as above (i.e., call SNPs and calculate Fs¢) to identify
the SDR. Firstly, WGS/RAD-seq data were mapped to the genome by BWA MEM. Variants
were called by Freebayes (v1.1.0) (/07) with default parameters after the alignment duplications
were removed by MarkDuplicates of Picard (v2.23.8). The variant result was filtered by vcftools
(v0.1.13) (108) with the parameter set “--recode-INFO-all --max-alleles 2 --min-alleles 2 --
minDP 3 --minQ 30 --recode --remove-indels”. Fst between males and females was calculated
by vcftools with “--fst-window-size 5000007, and was visualized with Manhattan plot from
qgman R package (v0.1.8) (109) along each scaffold and manually checked for SDR with
enriched high Fs¢ signals.

The following steps were taken to curate the sex chromosomes in Hemidactylus frenatus, Gehyra
insulensis, Coleonyx brevis and Christinus marmoratus due to X/Y and Z/W sequence collapse
into a single scaffold in the initial assembly. Firstly, all sex-linked scaffolds (including those
with and without chimeric errors) were split into contigs, then these contigs were scaffolded with
Hi-C data by 3D-DNA and the same method used to check the chimeric error. The chimeric
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errors of most species were curated, except for Christinus marmoratus. For Christinus
marmoratus, the Z, W, and PAR contigs were separated, and scaffolded independently using 3D-
DNA; we later scaffolded the Z and PAR scaffold with ALLHIC (v0.9.13) (/10). We aligned the
Hi-C data to the assembly with Juicer and identified an ~23 Mb region with similar male and
female sequencing depth but with abnormal Hi-C interaction with Z-SDR, W-SDR and PAR. We
mapped the sex-linked markers (collected from Gamble et al. (/8)) to the genome and found that
251 out 587 markers were mapped to the region, suggesting it could be a young SDR instead of a
PAR (Fig. S3). We failed to assemble both haplotypes of the region and were not able to curate
the Hi-C map. Thus, the sequences associated with the region were combined into a single
scaffold and named “chrSDR” in the genome. The completeness of the sex-linked sequences was
assessed with the karyotype image using the same method as described in Zhou et al. (/171).

After the autosome and sex chromosome curation the sequence was examined with purge dups
(v1.0.1) (112). Identified redundant sequences that were not sex-linked were removed. ‘N’s at
the end of the scaffolds were also removed. BUSCO (v5.2.2) (/13) was used to evaluate genome
completeness with the sauropsida odb10 database.

SDR in other geckos

We also analyzed the SDR in four additional gecko species. The RAD-seq data of Cyrtodactylus
pharbaungensis was obtained from PRINA692216 (42) and aligned to Hemidactylus frenatus
genome using BWA with default parameters, and the SDR was identified with the Fst method
described above. The male and female WGS data of Saltuarius cornutus (19) and Coleonyx
elegans (41) were retrieved from NCBI PRINA701686 and PRINA682555, respectively. These
sequences were aligned to Nephrurus levis and Coleonyx brevis genome, respectively and
identified their SDR orthologous coordinates in the target species by the sequencing depth
method described above. For Sphaerodactylus townsendi, both the genome (MPM_Stown_v2.3)
and SDR data were obtained from Pinto et al. (26).

Sex-linked sequence confirmation with previous studies

Published sex-linked markers were collected from previous studies (/8, 28, 29) and aligned to
the assembly by BLASTN (v2.2.31+) (/14) with “-outfmt 6 -evalue le-2”. The best alignment of
each marker was kept to confirm the sex-linked region. To obtain the homology between the
gecko sex chromosome and chromosomes of chicken (GCF_016699485.2, served as reference),
we performed whole-genome alignment using lastz (v1.04.00) (/15), with the parameter set ‘--
step=19 --hspthresh=2200 -inner=2000 --ydrop=3400 --gappedthresh=10000 --format=axt’ and a
score matrix for the comparison of distantly related species. Of note, we removed all the
identified Y-SDR/W-SDR sequence between alignment to exclude their multiple mapping results
with X-SDR/Z-SDR. Syntenic alignments were obtained with netSyntenic in kentUtils (v351).
Alignments larger than 10 kb were kept. Results were compared with Augstenova et al. (/9) and
Keating et al. (28).

Contamination removal




We screened out contaminated sequences in each genome with the pipeline below. First,
VecScreen (v2.2.31) was used to map against the UniVec database. Results were then classified
to determine whether there was contamination from vector, adapter, linker, and primer in the
sequence. We also BLASTNed the sequence against the NT database (release date 20220529),
and classified the results using BASTA (v1.3.2.3) (116). Sequences would be considered as
contamination if its most recent common ancestor is not eukaryote and were removed from the
assembly.

Genome annotation

Repetitive elements were annotated with RepeatMasker (v4.1.2-p1) with Dfam library and
parameter ‘-species Amniota’. The gene set was annotated by three methods as described in
Zhou et al. (117). Firstly, the protein sequences of related species including G. gallus
(GCF_016699485.2), L. agilis (GCF_009819535.1), T. elegans (GCF_009769535.1), and S.
townsendi (GCF_021028975.2) obtained from NCBI were aligned to each gecko genome by
Genblasta (v1.0.1) (/18) with parameter set “-s -100 -p T -d 100000 -g T -e le-2 -a 0.5 -r 100 -¢
0.5 -f F”. Only alignments with alignment rate > 50% were kept and used in gene prediction by
GeneWise (v2.4.1) (119) with default parameters. Each prediction result was merged based on
the overlaps. We then randomly extract 1,000 genes for Augustus (v3.4.0) (/20) to model
training by autoAugTrain.pl with “--useexisting --verbose --verbose --verbose”. The model was
used for de novo prediction based on the N-masked genome by Augustus with default
parameters. RNA-seq data of tissues from brain, kidney, eye, tail and gonad was independently
aligned to the genome by HISAT2 (v2.2.1) (/21), and the gene structure predicted by StringTie
(v2.1.6) (122). The final gene set was merged from the above three annotations as described in
Zhou et al.(117).

Whole genome alignment (WGA)

LAST (v1449) (123) was used to align each soft-masked genome (including 21 geckos and two
outgroups, L. agilis and T. elegans) to Correlophus sarasinorum which served as the reference.
Firstly, lastdb of LAST was used to build the database for reference with parameter set “~-uNEAR
-R0O1 -¢”. And each genome was aligned with reference by lastal with “-m50 -E0.05 -C2 -p” and
we used the alignment matrix score generated by last-train with “--revsym --matsym --gapsym -
E0.05 -C2”. Finally, the MAF file was generated by last-split and last-postmask with the default
parameter. The CHAIN file and NET files were generated by KENT tools (v351). Briefly, the
MAF file generated by LAST was transformed into AXT file by mafToAxt and then transformed
into CHAIN file by axtChain with parameter set “-minScore=5000 -linearGap”. The CHAIN file
was further processed by chainPreNet, chainNet, netSyntenic, to generate the final NET and
MAF file. All pairwise WGAs were merged into a 24-way alignment by MULITZ (v11.2) with
default parameters. The code for alignment and downstream processing is available at Github:
https://github.com/Dived-Jin/Gecko Sexchromosome.

Phylogeny analysis

The coalescence method was used to infer the phylogenetic relationship of the geckos. Initially,
Trimal (v1.4.rev22) (124) was employed to remove gaps in the 24-way alignment with the ‘-
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nogaps’ parameter, resulting in 89.84 Mb alignments. These alignments were then divided into
1-Kb windows. Windows with alignment ratio < 80% in any species were excluded as described
in Chen et al. (/25), leaving a total of 68,040 windows. [Qtree2 (v2.2.2.6) (126) was used to
construct the phylogenetic tree of each window, with parameter set “-m MFP -b 100 -nt AUTO -
safe -redo”. The consensus tree was obtained from all 68,040 trees by Astral-hybrid (v1.15.2.3)
(127) based on the weight of the branch length with default parameters. The branch lengths of
the consensus tree were evaluated based on 89.84M 24-way alignments using RAXML-NG
(v1.2.0) (128) with the ‘-evaluate’ parameter.

Divergence time

We applied a similar method as Li et al. (/29) to estimate the divergence time of geckos. The
89.84 Mb 24-way whole genome alignment was used as the input. We first used baseml from the
PAML package (v4.5) (130) to estimate alpha and the substitution rate for generating the out. BV
file which contains the Hessian matrix by gHmatrix before the MCMCTree estimated the
divergence times. Posterior distributions of divergence times were independently estimated twice
using Markov chain Monte Carlo sampling. Samples were drawn every 1,000 steps over a total
of 5000 million steps, with a burn-in of 500 million steps being discarded. Time calibration
points were obtained from previously published studies, including the divergence times of
geckos (99.6-125 MYA) (37) and the split between geckos and other Squamata (176-213.2
MYA). Convergence was checked in two output files using Tracer(/31).

Ancestral karyotype construction

A similar method as in Zhou et al. (//7) was used to construct the gecko ancestral karyotype.
Briefly, we utilized Correlophus sarasinorum as the reference to reconstruct the ancestral nodal
karyotype. Firstly, the NET and CHAIN files generated by LAST, include 22 geckos (19 in this
work and 3 published) and two outgroups (L.agilis (GCF_009819535.1) and T. elegans
(GCF_009769535.1)), was used to identify conserved blocks across 22 species by
DESCHRAMBLER (git commit 28686dda3914419d8223dce663aadf0621002643) (132).
Conserved blocks > 300 Kb were kept, and ANGES (v1.01) (/33) was used to construct the
karyotype of every gecko ancestral node. The conserved blocks were also visualized with
NGenomeSyn (v1.41) (134), color-coded based on the karyotype of gecko MRCA.

The ANGES reconstruction provided the ancestral order of the conserved blocks, which we used
as a reference framework to interpret genome organization in extant species. For each inferred
ancestral chromosome, we identified corresponding conserved blocks in extant genomes and
compared pairs of closely related species, where one species retained the ancestral order while
the other exhibited a different arrangement. Large structure variants (> 500 Kb) were checked
using Hi-C data at 100 Kb resolution to distinguish true structural variants from potential
assembly errors with the following step:

For each putative translocation, the translocated region (B) and its upstream (A) and downstream
(C) syntenic regions were identified from whole-genome alignments between two closely related
species (Species A and Species B). For each species, interaction strengths between region B and



its flanking regions (A1, C1 in Species A; A2, C2 in Species B) were calculated from normalized
Hi-C contact matrices using HiCExplorer at 100-kb resolution.

SpeciesA al B — aZ —

A1 S TA9- T --B

SpeciesB
if the translocation is true:
- for SpeciesA: Al.vs.B and Cl.vs.B > A2.vs.B and C2.vs.B
and
- for SpeciesB A2.vs.B and C2.vs.b> Al.vs.B and Cl.vs.B
if the translocation is false:
- for SpeciesA: Al.vs.B and Cl.vs.B < A2.vs.B and C2.vs.B
or
- for SpeciesB A2.vs.B and C2.vs.b < Al.vs.B and Cl.vs.B

For each candidate inversion, the inverted region was divided into two halves (a: 5'; b: 3), and
its interactions with the upstream (c) and downstream (d) syntenic regions were examined. Hi-C
interaction strengths between a—c, b—d, a—d, and b—c were compared between species.

Reversal

c a b d
\ | S 7 | | If the inversion is true

- for speciesA, a.vs.c and

* bvsd>avs.dand b.vs.c

and
- for speciesB: a.vs.d and b.vs.c > a.vs.c and b.vs.d

If the inversion is false:

- for speciesA: a.vs.c and b.vs.d <a.vs.d and b.vs.c
or

- for speciesB: a.vs.d and b.vs.c < a.vs.c and b.vs.d

For fusion or fission check, we plotted and manually examined the breakpoint regions with the
Hi-C heatmap under 100 Kb resolution.

Putative rearrangements that were inconsistent with Hi-C interaction patterns were interpreted as
likely assembly errors and were excluded from downstream analyses. After this filtering,
chromosomal rearrangement including chromosome inversion, fusion, fission, and translocation
was inferred with GRIMM (v2.01), comparing the block order and orientation (/35).
Rearrangements between X/Z and Y/W were inferred manually.

Ortholog identification




We identified one-to-one orthologs among the 19 geckos using the method as described in Zhou
et al. (/17). Briefly, for each species, genes were encoded into protein sequences and were
BLASTPed (v2.2.26) (136) against the protein sequences of Correlophus sarasinorum (as the
reference), with an e-value cutoff 1e-5. Reciprocal best hits (RBH) of each gene were kept as
candidate orthologs. To ensure true orthology, we required conservation of local gene
collinearity, which we defined as the preservation of gene order within the same chromosomal
region between species. RBH pairs were retained only if they maintained the same flanking
genes in both species. Finally, we merged pairwise orthologue lists according to the genomic
coordinates of Correlophus sarasinorum. Of note, to exclude the effect of Y/W genes, we only
used autosomal and X/Z-linked genes in the RBH ortholog identification. We also performed
OrthoFinder (v2.5.5) (137) to identify orthologous groups for the 19 geckos and two outgroups
based on their protein sequences with default parameters, except specifying the rooted species
tree with “-s”.

Sex chromosome analysis

Confirmation of the absence of sex chromosome turnover

Sex chromosome turnover involves the replacement of an ancestral sex chromosome with a new
one. A key prediction of this process is that if recombination between sex chromosomes ceased
prior to the divergence of two species, orthologous genes should cluster by chromosome type
rather than by species in phylogenetic trees, Specifically, we expect the topology (Z_A, Z B),
(W_A, W_B)) rather than (Z_A, W_A), (Z_B, W_B))), where subscripts indicate species.
Conversely, clustering by species suggests independent origins of sex chromosome.

We tested for possible sex chromosome turnover by examining orthologous genes located on sex
chromosomes in at least two species. Our hypothesis was that if turnover occurred, ancestral sex-
determining gene or closely linked genes should (i) reside in the oldest stratum (S0), (ii)
participate in sex-determination pathways, and (ii1) show evidence of chromosomal translocation
or duplication events.

For X/Z-SDR genes, conserved collinearity across species allowed us to systematically identify
candidate translocated genes. We first identified one-to-one orthologs using RBH (see above).
Gene families were then reconstructed using OrthoFinder and phylogenetic trees were built using
RAXML-NG. Trees were manually inspected for clustering patterns, if putative sex-linked genes
clustered with autosomal rather than sex-linked orthologs, we concluded that the gene was
unlikely to be involved in sex chromosome turnover.

For Y/W-SDR genes, the extensive degeneration and fragmentation characteristic of Y/W
chromosomes precluded reliable collinearity-based comparisons. Therefore, we employed a
direct phylogenetic approach without requiring conserved collinearity. Gene families containing
Y/W-linked sequences were identified and phylogenetic trees were reconstructed using the same
methods. We applied identical topological criteria, species-based clustering was interpreted as
evidence against shared ancestral sex chromosomes, while chromosome-based clustering would
support sex chromosome turnover. Importantly, no instances of chromosome-based clustering
was observed across our dataset.



Non-randomness test of conserved block recruitment

Conserved blocks represent syntenic chromosomal segments inferred from ancestral karyotype
reconstruction that maintain homologous genomic regions across gecko species. To test whether
certain conserved blocks were recruited as SDR more frequently than expected by random
chance, we developed a length-controlled randomization test that accounts for the heterogeneous
size of conserved blocks across the gecko phylogeny.

Specifically, we first quantified N as the total number of independent SDR recruitment events
observed across species. For each simulation, we randomly sampled N conserved blocks from
the full set of available genomic conserved blocks, with sampling probability for each block
weighted proportionally to its length to account for difference in size. This length-weighting
approach controls for potential size-based biases in recruitment probability, as larger blocks
might be more likely to be recruited simply due to their greater genomic footprint. We repeated
this randomization process 10,000 times to generate a null distribution of recruitment counts for
each individual conserved block. For each conserved block, we compared its empirically
observed recruitment frequency, n, representing the number of times that block was recruited as
an SDR across species against the corresponding null distribution generated through our
randomization procedure. P-value was calculated as the proportion of simulation iteration where
the focal block was randomly sampled at least n times, providing a quantitative measure of
recruitment significance. A statistically significant p-value below 0.05 indicates the conserved
block has been recruited as an SDR more frequently than expected under random recruitment
model.

Strata analysis

Sex chromosome evolution can follow two distinct patterns following the cessation of
recombination. Recombination suppression can proceed stepwise, producing discrete regions of
distinct ages and degrees of degeneration known as evolutionary strata (53). Alternatively,
recombination suppression may spread progressively, resulting in a continuous gradient of
divergence between X-Y (or Z—W) along the chromosome (2). To distinguish between these two
evolutionary scenarios in geckos sex chromosomes, we employed a statistical approach based on
two datasets: X—Y (or Z-W) sequence alignments and gametolog pairwise dS.

To obtain X-Y (or Z-W) alignments, N-masked X- or Z-linked sequences (as reference) were
aligned to N-masked Y- or W-linked sequences with LAST alignment tool. Firstly, lastdb of
LAST was used to build the database for reference with parameter set “-R11 -P10 -c -uMAMS
HetGam”. And N-masked X- or Z-linked genome was aligned to the reference by lastal with “-
R11 -P10 -D1e9 -m100” and we used the alignment matrix score generated by last-train with “-
R11 --revsym -D1e9 --sample-number=5000 -P10 HetGam”. Finally, the MAF file was
generated by last-split and last-postmask with the default parameter. MAF file generated by
LAST was then transformed into AXT file by mafToAxt and then transformed into CHAIN file
by axtChain with parameter set “-minScore=5000 -linearGap”. The CHAIN file was further
processed by chainPreNet, chainNet, netSyntenic, to generate the final NET and MAF file. The
repeat regions of each species were removed in the MAF file based on the RepeatMask,



RepeatModel, and Tandem Repeats Finder (v4.09) (/38) annotation by Maffilter (/39). The X/Y
or Z/W identity was calculated based on the reciprocal best MAF alignment obtained following
the codes at: https://github.com/Dived-Jin/Gecko_Sexchromosome. The weighted-average
identity of each alignment block was calculated in 10 Kb non-overlapped windows along the X/Z
chromosome, requiring >500 bp alignment within the window.

To obtain gametolog pairs, Y/W protein sequences were BLASTPed against all X/Z + autosomal
protein sequences. Only Y/W genes whose best hit were X/Z genes were kept, and we further
examined the gene name to confirm their homology. Gametolog CDS alignment was built using
PRANK (/40) and dS was calculated using PAML codeml.

Evolutionary strata were then defined as contiguous chromosomal regions with internally
homogeneous sequence identity that were separated by statistically significant shifts.
Specifically, we performed a Wilcoxon rank-sum test to compare X-Y (or Z-W) identity values
(or gametolog pairwise dS) between different regions. If p < 0.05, regions were classified as
distinct strata. When no significant difference was detected, we referred that the region was
undergoing gradual, continuous divergence without forming discrete evolutionary strata.

When visualizing the alignment, we manually examined the Hi-C map to determine whether it is
the 5* or 3’ end of the X/Y-SDR (or Z/W-SDR) that is close to PAR. For each species, all the
MAF alignment was used to generate dotplot with a custom script, orienting the regions close to
PAR to the top left. The identities were oriented along the X or Z chromosome, color-coded for
visualization. For Gekko japonicus, Thecadactylus rapicauda, and Heteronotia binoei, the
identity was calculated based on the called variants from the same heterogametic individual used
in genome assembly in the 10 Kb non-overlapped windows.

We utilized both the alignment of X and Y (or Z and W) and the whole-genome alignment across
different species to determine which chromosome (X/Z or Y/W) the genomic rearrangement
happened, following the idea similar as in Zhou et al. (55). Briefly, take the X/Y species as an
example, if rearrangement was found between X and Y, the rough breakpoint regions were
manually identified and the alignment across different species were examined. If the synteny was
well kept in the closely related species of the same family, the associated rearrangement was
considered to have happened on Y; otherwise, the rearrangement was considered to have
happened on X. Rearrangements between X and Y, as well as rearrangements across species
were manually examined with Hi-C to exclude assembly artifacts.

Male mutation bias and strata age estimate

The alignment between X-Y | Z-W with homology chromosomes was generated by using the
same method mentioned in the whole genome alignment. Briefly, for a species, we identified the
homology chromosome by common ancestral karyotype. Then the homology chromosomes and
Y (or W) sequence were mapped to the X (or Z) chromosome of this species by LAST with
default parameters. Finally, the multiple MAFs were merged by MultiZ (/41). To minimize the
effects of mapping error and selection constraints, we limited this analysis in non-coding and
non-repeat regions. The repeat regions of each species were removed in the MAF file based on
the RepeatMasker, RepeatModeler and Tandem Repeats Finder annotation by Maffilter. We
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further excluded the exon region as well as its 2 Kb flanking regions. The alignment length of
X/Z-linked sequences is shown in Table S18.

The alignment segments of X-Y (or Z-W) and orthologous autosomes were extracted and
concatenated. For each species, the substitution rates of X and Y (or Z and W) were estimated by
baseml in PAML package under TN93 model. Finally, the male mutation bias (o) was calculated
using the formula: a = 2/[(3X/Y)-1] or a = [(3Z/W)-1]/2, following the approach originally
developed by Miyata et al. (57, 142, 143). For species where recombination suppression
occurred after speciation, o was calculated from terminal-branch divergence between X(Z) and
Y(W). For lineages where recombination suppression predated species divergence (i.e.,
Correlophus in this study), a was estimated using the substitute rate accumulated along the
shared ancestral branches where sex chromosome differentiation occurred. The 95% confidence
interval (CI) for o was estimated by baseml bootstrap for 1000 times (Table S18). We did not
apply formulations that incorporate autosomal substitution rates because few of the studied
species share a common sex chromosome origin. Under this scenario, autosomal substitution
rates primarily reflect mutations accumulated after speciation, therefore include substitutions
occurring both before and after the emergence of sex chromosomes. Consequently, using
autosomal rates would confound estimates of male mutation bias by combining effects from
evolutionary periods before and after sex chromosome differentiation.

Our stratum age estimation follows the theoretical framework established by Cortez et al. (/44),
but with species-specific adaptations for male mutation bias correction. The fundamental
challenge in estimating stratum ages lies in accounting for the different mutational processes
operating before and after recombination cessation. Before recombination cessation (pre-
stratification period), both sex chromosomes accumulate mutations at autosomal rates. After
recombination cessation (post-stratification period), the heterogametic sex chromosome (Y or
W) experiences accelerated mutation accumulation due to male mutation bias and reduced
selection efficiency, while the homogametic sex chromosome (X or Z) continues to recombine in
the heterogametic sex and thus maintains more autosome-like evolutionary dynamics.

To calculate the age of each stratum, the alignment segments of X, Y (or Z, W) and the
orthologous chromosomes were concatenated, and then the substitution rates of each branch
were calculated by baseml. Because the mutation rate between autosomes and sex chromosomes
is different, post-stratification (m2) needs to be corrected to be the same as pre-stratification
(m1). The post-stratification substitution rate of X or Z was corrected into the autosome rate
based on the equation: A(ZW) = (m2*(30+3))/(4+2a), A(XY) = (m2*(30+3))/(2+40a). The post-
stratification divergence rate (m2) was specifically calculated from the shared sex chromosome
(X in XY systems, Z in ZW systems) because this chromosome provides the most reliable
estimate of mutation accumulation following recombination cessation while avoiding the
confounding effects of Y or W chromosome degeneration. Finally, the pre-stratification and
corrected post-stratification substitution rate and the related divergence time were used to
estimate the ages of the stratification (as shown in the following picture). The baseml bootstrap
method was also used to obtain the 95% CI of the ages of the stratification. In Cortez et al. a
correction factor F is used to account for male mutation bias. Here, because male mutation bias
was estimated independently for each species, we directly used species-specific a values to
convert XY substitution rates to autosomal rates.
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To validate the results, we first confirmed sequence neutrality of our concatenated non-coding
alignment with GERP++ analysis (/45) using a neutral phylogenetic tree estimated from
genome-wide four-fold degenerate sites. The four-fold degenerate sites were first extracted with
msa_view(v1.5) (/46) from alignment and estimated the neutral phylogenetic tree with baseml.
We then calculated the Rejected Substitutions (RS) score with GERP++ obtained from
https://github.com/tvkent/ GER Pplusplus. In addition, we independently estimated divergence
times using these four-fold degenerate sites.

We also calculated the time of sex chromosome divergence with the X/Y (or Z/W) divergence
level and the inferred mutation rate in each lineage. Mutation rate of each lineage r AA was
inferred by dividing the substitution rate, inferred with whole genome alignment using RAXxML-
NG, by the species divergence time. We then corrected the mutation rate r AA with male
mutation bias a to obtain the mutation rate of the sex chromosome r XY (orr ZW) as:

_2+4a
Ty T 33,4

_4+2a
Tzw = 37 34 44

The time of sex chromosome divergence was then estimated by dividing the divergence level
from the X-Y (or Z-W) alignment by the mutation rate of the sex chromosome (r XY orr ZW).

To test whether the observed temporal concentration of GSD origins around 10 Mya deviates
from random expectation, we performed a phylogenetically constrained Monte Carlo simulation.
For each of the 11 GSD species with sex chromosome age estimates, we defined a biological
plausible interval bounded by two phylogenetic events, 1) an older bound, the divergence
between the focal species and its nearest sister lineage with a different, independent sex
chromosome origins. The GSD origin must postdate this split, otherwise the split-mate lineage
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would carry the same SDR. 2) a younger bound, the divergence time between the focal species
and its closest relative sharing the same SDR homology. The GSD origin must predate this split,
otherwise the SDR could not be shared between the two species. For example, for Nephrurus
levis, this interval is 20.36-37.71 MYA. 37.71 Mya is the Nephrurus-Saltuarius split (Saltuarius
carries an independent SDR derived from GGA17, 22, 24, while Nephrurus uses GGA10 & 17),
and 20.36 Mya is the divergence time between Nephrurus and Underwoodisaurus where both
species share the GGA10 & 17 SDR (19, 147). Within each interval, a simulated origin age was
drawn from a uniform distribution. We repeated this procedure for all 11 species to generate one
null replicate and iterated 10,000 times to build the null distribution of the number of origins for
every 5-million-year window. The observed number of origins within 7-12 Mya window was 5
of 11. Only two null replicate produces 5 or more origins in this window (empirical p-value <
0.01).

Classification of SDR genes

We combined the results of OrthoFinder and CAFES (v1.1) (1/48) to divide SDR genes of target
species. First, OrthoFinder results (“Phylogenetic_Hierarchical Orthogroups/N0.tsv” and
“Gene_Duplication_Events/Duplications.tsv’’) were filtered to only include genes on the sex
chromosome of the target species and the genes on the homologous chromosome in other
geckos. We then run CAFES based on the filtered “NO.tsv” to estimate the gene family change in
target species. We then categorized genes into: (A) genes reported as “support > 0.5” in target
species in the filtered “Duplications.tsv”’; (B) genes with gain signal detected by CAFES in target
species; (C) genes solely found in target species; (D) genes that can find one-to-one in > 10
geckos, either by OrthoFinder or by RBH method; (E) X/Y (or Z/W) gametolog pairs. Genes in
categories (A), (B), (C) were considered later acquired on the SDR in target species, and genes in
categories (D) and (E) were considered as genes that were ancestrally in the proto sex
chromosome. Other genes (e.g., genes found in < 10 geckos and OrthoFinder did not have > 0.5
support for gene duplication at specific nodes) were considered unknown and excluded in
downstream analysis. To test whether later acquired genes with specific functions were enriched,
we performed GO enrichment analysis with an in-home pipeline with all SDR (X or Y or Z or
W) genes as the background.

Transcriptome analysis

Expression level estimate

We quantified gene expression level with Kallisto (v0.46.1) (/49). Notably, for species with XY
sex determination system, we excluded the identified Y transcripts in the reference FASTA for
females (XX); similarly for the ZW species we excluded the identified W transcripts in the
reference for males (ZZ). Kallisto estimated counts of each gene were extracted and DESeq2
(v1.31.16) (150) was applied for count normalization. Normalized count was then transformed
into units of Transcripts Per Million (TPM).

Cross species expression matrix normalization and ancestral state inference




Expression matrices of each species were taken and the log2(TPM+1)-transformed was taken.
We used the same scaling method described in Brawand et al. (72) to normalize the log-
transformed expression level across species. The derived scaling factors were also calculated and
used to scale the expression values of all genes in the samples. We took the normalized
expression matrix containing all one-to-one orthologs to perform PCA analysis with the
“prcomp” function in R and the results were visualized with ggplot2.

For each sex-tissue combination, the ancestral expression level was estimated with the
loglO(TPM+1) across the phylogeny using “fastAnc’ function in the R package “phytools”(v2.0)
(151), assuming a Brownian motion model. We excluded left-head and right-head expression
data in the analysis since the two tissues were only available for Sphaerodactylus inigoi. For
each gene, the ancestral expression value at gecko MRCA before sex chromosome emerged (e.g.
MRCA of Nephrurus levis and Pygopus nigriceps when inspecting the ancestral state of
Nephrurus levis) was extracted. Within each tissue, the median of these ancestral expression
values across samples was calculated. Tissue-preferential expression was determined based on
these median ancestral values (see below) and subsequently compared with tissue preferential
expression in extant species to assess whether tissue preference had changed during evolution.

Tissue preferential expression analysis

Tissue preferentially expressed genes are defined as genes showing the highest TPM (>1) in a
specific tissue and having at least 2-fold higher expression compared to all other tissue. To
examine whether specific genomic regions show higher proportion of testis preferentially
expressed genes (TPEGs) than genomic background, we calculated the proportion of TPEGs in
SDR-orthologous regions and subtracted the proportion of TPEGs in background-orthologous
regions or each outgroup species with independent sex chromosome origins. Wilcoxon rank sum
test was performed comparing these difference values against zero, representing no difference
between SDR-ortholog and background regions. Current SDR expression patterns were included
only for visualization purposes in boxplot. To test the generality of the model, we collected
RNA-seq and SDR (or stratum S0 is possible) of other species from published studies (Table
S18). If SDR is not available, we used the above sequencing depth method to identify the SDR.

Enrichment analysis of tissue preferentially expressed genes on the fused chromosome

To test whether the chromosome later fused into sex chromosome (hereafter referred to as the
target chromosome) is enriched with testis preferentially expressed genes (TPEGs), we counted
1) the number of TPEGs in the target chromosome, 2) the number of non-TPEGs in the target
chromosome, 3) the number of TPEGs in other genomic regions and 4) the number of non-
TPEGs in other genomic regions. These four values were used to construct a 2 x 2 contingency
table, and enrichment of TPEGs on the target chromosome was assessed using a chi-square test.
The same procedure was applied to genes preferentially expressed in other tissues.

Dosage compensation analysis

For each species and each tissue, we retained genes with TPM > 1 in both sexes. The ancestral
gene expression was estimated with “fastAnc” from R package “phytools”, assuming a Brownian



motion model, as described above. TPM values were log2-transformed and analysed using linear
mixed-effects models implemented in the "lme4" R package (v1.1 38) (/52):

m_expr <- Imer( Y ~ AZS+ (1 | indID)+(1 |genelD),

where Y is the log2-transformed TPM, AZS is a categorical factor with multiple levels
representing gene class and sex context. We also included log(geneLength) as an offset term in
modeling to account for its effect on expression estimates.

To assess dosage balance (DB) and dosage compensation (DC) with all the X/Z genes as a
whole, AZS was set to include the following categorized factors:

e homogametic proto-sex genes (ancXZhom)

e heterogametic proto-sex genes (ancXZhet)

e homogametic X/Z genes (XZhom)

e heterogametic X/Z genes (XZhet)

DB can be assessed with the comparison between "XZhom" and *XZhet', and DC was assessed
by the comparison between "XZhet" and ‘ancXZhet', where contrasts among proto-sex genes
(ancXZhom vs. ancXZhet) was used as control.

To assess DB and DC when classifying X/Z genes into XZOPs and XZGPs, AZS was set to
include the following categorized factors:

1. homogametic proto-sex genes without gametolog pair after X/Z evolution
(ancXZOPhom)
homogametic proto-sex genes with gametolog pair after X/Z evolution (ancXZGPhom)
heterogametic proto-sex genes without gametolog pair after X/Z evolution (ancXZOPhet)
heterogametic proto-sex genes with gametolog pair after X/Z evolution (ancXZGPhet)
homogametic X/Z genes without gametolog pair (XZOPhom)
homogametic X/Z genes with gametolog pair (XZGPhom)
heterogametic X/Z genes without gametolog pair (XZOPhet)
heterogametic X/Z genes with gametolog pair (XZGPhet)

NowukwLd =

DB for the two different X/Z gene categories was assessed using the following comparisons:
1. XZOPhom vs. XZOPhet
2. XZGPhom vs. XZGPhet

DC for the same three X/Z gene categories was evaluated by comparing expression of X/Z genes
to their proto sex chromosome counterparts in the heterogametic sex:

1. XZOPhet vs. ancXZOPhet

2. XZGPhet vs. ancXZGPhet

And to evaluate DB and DC level between XZOP and XZ+YW, similar analysis was performed
with X/Z+Y/W gene expression level was used instead of X/ZGPs.

The above ratios were estimated from the fitted models using the “effects’ R package (v4.2_4)
(153). We obtained 95% confidence intervals by bootstrapping with "bootMer()" in "Ime4" (100



replicates). We also computed per-gene log2-ratios and visualized their distributions using
ggplot2.

We applied the same threshold as Catalan et al. (83) to categorize the degree of DB and DC:
1. fully DC or DB: [2FC|<0.25
2. partially DC or DB: 0.25 <]2FC|<0.75
3. fully unbalanced or uncompensated:|2FC|>0.75

Y/W gene survival analysis

Retention strategy analysis

We classified the ancestral X/Z-linked genes into two groups into X/ZGP and X/ZOP, based on
whether its Y/W gametolog survived (Table S10). We performed GO enrichment analysis with
an in-home pipeline (https://sourceforge.net/p/enrichmentpipeline/wiki/Home/) comparing
X/ZGP with all the X/Z genes as the background. Briefly, protein sequences of all genes were
first annotated using InterProScan, and GO terms were assigned based on the output. For each
species, a GO annotation database was constructed using all genes with at least one assigned GO
term. GO enrichment analysis was then performed by comparing X/ZGP genes against all X/Z-
linked genes as the background set. For each GO term, enrichment was evaluated using a Chi-
square test. The resulting p-values were corrected for multiple testing using the false discovery
rate (FDR) method.

Retention feature analysis

Gene-level haploinsufficiency scores were obtained from DECIPHER database
(https://www.deciphergenomics.org/files/downloads/HI Predictions Version3.bed.gz), These
scores were originally computed by Huang et al.(/54) using a supervised machine-learning
framework trained on curated sets of experimentally validated haploinsufficient and
haplosufficient human genes. HI scores quantify the probability (0-1 scale) that loss of a single
functional copy of a gene results in detectable fitness or phenotypic consequence, incorporating
genomic features including protein interaction network connectivity, evolutionary conservation,
functional annotations, and tissue expression patterns.

Since DECIPHER HI predictions use hg19 coordinates while our human-gecko one-to-one
orthologs were based on CHM 13, we performed coordinate conversion using the UCSC liftOver
tool with the hg19-CHM13 chain file provided by the T2T Consortium
(https://github.com/marbl/CHM13). These CHM13-based coordinates were then intersected with
our one-to-one ortholog sets to project human HI scores to the orthologs in Correlophus
sarasinorum and the other gecko species. The cross-species application of human HI scores is
supported by empirical evidence demonstrating evolutionary conservation of haploinsufficiency
across diverse taxonomic groups (/55), successful applications in comparative vertebrate
genomics (76, 156, 157), and the conservation of underlying molecular mechanisms governing
dosage sensitivity across vertebrates (39, 158).



Expression breadth of each gene is calculated according to Bellot et al. (54), by normalizing the
expression of each X/Z-linked gene to the maximum TPM in any tissue, and taking the average
expression across all tissues. dN/dS was calculated based on genes with one-to-one orthologs in
all 19 geckos with the baseml free-ratio model. dN/dS of the tip branch was taken. These values
were used to compare between X/ZGP and X/ZOP with Wilcoxon rank-sum test.

To examine whether survival rate was correlated with these features, the median values was
taken for each species. For each index (i.e., HI score, expression breadth and dN/dS), these
median values were then compared with the survival rate to test if they showed any correlation.



Supplementary Text

Confirmation of Y-linked sequence absence in Pygopus nigriceps genome

We only identify a total of 1.8 Mb regions (N50 = 108 Kb) showing different sequencing depth
between male and female in our Pygopus nigriceps assembly. However, we were unable to
further scaffold these small sequences with Hi-C or 10X data to improve the sequence
continuity. And we were unable to detect any X/Y gametolog pairs based on the sequences.
Therefore, these identified regions could be false positives. We therefore tried to identify and
construct Y-linked sequences from the raw sequencing data.

Y-linked transcripts assembly from male RNA-seq data

RNA-seq reads from gonad, eye, tail, and brain of male and female were collected to detect the
Y-linked genes by a similar method as Wang et al. (/59) and Cortez et al. (/44). First, male
RNA-seq reads were aligned to the current assembly by TopHat (v2.1.2) (/60). Then the
unmapped reads were assembled into transcripts using SOAPdenovo-Trans (v1.03) (/61) (seeds:
k-mer 21bp, 23bp, 25bp, 27bp, 29bp) and Trinity (v2.15.1) (1/62). All transcripts were mapped
back to the current assembly by BLAT (v319) (/163). We discarded these transcripts with
alignment ratio >0.5 and alignment identification>0.5. We also discarded these transcripts that
could be aligned by female RNA-seq, with alignment ratio >0.5, using Bowtie2 (v2.4.1) (164).
We used cdhit (V4.8.1) (165) to cluster transcripts to remove redundancy and Transdecoder
(V5.7.1) (https://github.com/TransDecoder/TransDecoder) to identify protein-coding transcripts.
Finally, a total of 6,823 transcripts were kept from the above filter steps (Supplementary Text
Table 1). We cannot confirm which transcript belongs to the Y chromosome.

Y-linked sequence assembly

We also tried to extract Y-linked PacBio reads using the male-specific k-mer. For our data sets,
the WGS data of one female and two males was used to generate 22-mer dataset by jellyfish
(v2.3.1) (166), and the scripts in Behrens et al.(/67) were used to obtain male specific 22-mers.
We discarded 22-mer with depth < 7 (Supplementary Text Fig. 1) to reduce false positive
results. Based on the male-specific 22-mer, HAST4TGS (https://github.com/BGI-
Qingdao/HAST4TGS) was used to calculate the male-specific k-mer density for each PacBio
read, and we only kept PacBio reads with male-specific 22-mer density > 0.01. These PacBio
reads were also mapped to our assembly by minimap2 (v2.14) (168) with “-cx map-pb”, and
those reads with alignment rate > 0.8 to the large (> 1 Mb) autosomal scaffolds were excluded. A
total of 993Mb PacBio reads were kept. We used canu (v2.2) and NextDenovo (v2.4.0) to
assemble the PacBio reads, and obtained 16.93 Mb and 3.62 Mb sequences, respectively
(Supplementary Text Table 2). Unfortunately, we cannot annotate any gene that is homologous
to the genes on chrX after used the depth method to filter the assembly (Supplementary Text
Table 2).

Unfortunately, the above two methods did not help us find any high-confident Y-linked genes
that were homologous to any of the X-linked genes in our assembly. It is possible that the Y
chromosome of Pygopus nigriceps is largely degenerated and only PAR was kept. Since we were



not able to identify any reliable Y sequences for Pygopus nigriceps, we didn’t perform any X/Y

gametolog or sequence analysis of Pygopus nigriceps in this work.

Supplementary Text Table 1. Efforts to find Pygopus nigriceps Y-linked sequences from
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Supplementary Text Table 2. Efforts to find Pygopus nigriceps Y-linked sequences from
whole genome sequencing data.
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Supplementary Text Fig. 1. The sequence depth of Pygopus nigriceps reads.



Multiple sex chromosome systems arising from sex chromosome—autosome fusions

Our analysis uncovered remarkable complexity in gecko sex chromosome architecture, including
two species with multiple sex chromosome systems: Sphaerodactylus inigoi (XX/XY1Y2) and
Coleonyx brevis (X1X1X2X2/X1X2Y). Both systems arose through chromosome fusions
between ancestral sex chromosomes and autosomes, creating neo-sex chromosome
configurations (Fig. 2A). In the male Sphaerodactylus inigoi, the ancestral X derived from
GAC?2 is fused with the ancestral autosome GAC3, resulting into an XY 1Y2 system where Y1 is
the ancestral Y (itself a homolog of GAC2) and Y2 is the unfused GAC3 GAC3 that segregates
as a neo-Y. Similarly, in the male Coleonyx brevis the ancestral Y, mainly derived from GAC13,
is fused with the ancestral autosome GAC10, resulting into an X1YX2 system with the unfused
GACI10 as the neo-X chromosome X2. Importantly, this fusion is distinct from the previously
reported sex chromosome—autosome fusions in Coleonyx mitratus and Coleonyx elegans,
involving different ancestral chromosomes (Table S6) (/69), indicating multiple, independent
origins of sex chromosome systems within the genus. The autosomal regions involved in these
fusions showed no enrichment for gonad-biased genes (Supplementary Text Fig. 2), ruling out
sexual antagonism as the driving force (/70). Instead, alternative mechanisms such as meiotic
drive or drift may underlie their evolutionary fixation (/77), suggesting that multiple
evolutionary pressures can shape sex chromosome architecture.

S. inigoi C. brevis log10(p-value)
3

25

testis 2
tail 15
ovary 1
eye 0.5
brain

testis

tail
righthead
ovary
lefthead

=o

Supplementary Text Fig. 2. No enrichment of gonad preferentially expressed genes in the
newly fused part of the sex chromosome (Sphaerodactylus inigoi X_new and Coleonyx brevis
X2). For each chromosome-tissue combination, p.value is calculated based on the Chi-square
test.



Candidate upstream sex determining genes in geckos

The identification of upstream sex-determining genes (USDGs) represents one of the most
challenging yet crucial goals in sex chromosome biology (12, 172). While decades of research
have elucidated sex determination cascades in model organisms, the molecular triggers that
initiate sexual differentiation remain largely unknown across the vast majority of vertebrate
species (12, 173). This knowledge gap is especially pronounced in non-model taxa, where the
diversity of sex determination mechanisms suggests equally diverse molecular pathways that
have yet to be characterized. To systematically identify candidate USDGs, we leveraged the
principle that these critical regulators should reside within the oldest differentiated regions of sex
chromosomes, where the initial sex-determining mutations first accumulated (/74). We mapped
orthologs of all known vertebrate sex-differentiation genes onto our gecko genome assemblies
and examined their locations on SDRs (/75) (Supplementary Text Fig. 3A). We classified
species into three categories: I) species with known SDG(s) within their oldest differentiated
region (including SO and the whole SDR if the species has no clear strata pattern), II) species
containing such genes in younger strata but not in the oldest SDR and III) species lacking any
known SDGs within SDR (Supplementary Text Fig. 3A & Table S25).

Our analysis revealed a heterogeneous pattern in the distribution of known sex-differentiation
genes across gecko sex chromosomes. Eleven geckos emerged as particularly promising for
candidate gene identification, each harboring known SDGs within their oldest SDRs
(Supplementary Text Fig. 3A). However, the specific genes involved varied dramatically
across species, even among those that independently recruited the same ancestral genomic region
as their sex chromosome. This pattern reveals a fascinating paradox: while certain genomic
regions show non-random recruitment as sex chromosomes, the specific molecular triggers
within these regions appear to evolve independently. For example, Nephrurus levis, Correlophus
and Gehyra insulensis all recruited GAC16 as their sex chromosomes. Nephrurus levis exhibits
the highest sequence divergence (Z-W pairwise dS = 0.4262) in MEF2A4, a transcription factor
important for testis development through NR4A1 regulation in mammals (/76). In contrast, this
same gene locates resides on a younger evolutionary stratum S1 in Correlophus with a lower dS
value (~0.02) (Table. S10), and resides within the PAR in Gehyra insulensis, suggesting it plays
no primary role in these two lineages. Other species in category I also showcase similar diverse
candidate mechanisms. Thecadactylus rapicauda features HMGBI as a potential upstream
regulator, Paroedura stumpffi harbors SOX3 in its SDR, and Gekko japonicus contains
SNRNP40, each supported by sex-biased expression patterns that suggest functional relevance to
sexual differentiation (Supplementary Text Fig. 3B & Table S25). The diversity of these
candidates underscores the remarkable evolutionary diversity in sex determination mechanisms,
with each lineage apparently discovering independent molecular solutions to the fundamental
challenge of sexual determination. We should emphasize that these inferences are based on a set
of criteria rather than direct functional evidence. These candidates meet our selection criteria:
they are located within the SDR (or SO when evolutionary strata are present), have functional
annotations consistent with roles in sex determination or early gonadal development, and show
gonad preferential expression. Nevertheless, they should be considered preliminary candidates.
Definitive identification of primary sex-determining genes will require functional validation,
including expression analyses during early gonadal development and experimental perturbation.

Several gecko species completely lack any known SDG within their SDRs as in Category II/I11
geckos like Christinus marmoratus, Coleonyx brevis, Hemidactylus frenatus and Heteronotia



binoei, all of which seemingly represent evolutionary enigmas. The absence of recognizable
SDGs in their SDR mirrors the findings in anole lizards (54, 174) and suggests that our current
catalog of sex-determining mechanisms represents only a fraction of the molecular diversity that
exists in nature (/77). These "orphan" sex determination systems may include yet-to-be-
discovered elements of the sex determining cascade, harbor entirely novel regulatory networks,
or may represent cases where familiar pathways have diverged beyond current recognition

through rapid molecular evolution.
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Supplementary Text Fig. 3. Candidate upstream sex determining genes (USDGs) in geckos.

(A) The orthologs of known vertebrate SDGs on the constructed gecko ancestral genome. The

color bar indicates the orthologous SDR coordinate of each species, with the thick bar indicating
the orthologous coordinates of the oldest stratum SO. Based on whether there are known SDGs in
SDR (or S0), the geckos are classified into three categories. Candidate USDGs are also proposed

for five geckos.

(B) Gene expression patterns in gonad and somatic tissues of candidate USDGs of five geckos.
Z-score normalized log1 0(TPM) value is used in the heatmap.
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Fig. S3. Identification of sex chromosomes and SDR in Christinus marmoratus. Left: whole-
genome Hi-C interaction map showing three scaffolds with strong intra-scaffold interaction.
Right: sex-biased sequencing depth analysis revealing differential male/female coverage
patterns. The middle scaffold in the right plot shows approximately equal male and female
sequencing depth but contains 251 sex-linked markers, indicating a weakly differentiated SDR
(lowly diff. SDR) that likely represents collapsed Z/W haplotypes in the assembly.
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Fig. S4. Identification of sex-linked sequences and its SDR in Heteronotia binoei.

a, No difference in male and female normalized sequence depth under 500 Kb non-overlapping
window, indicating that the sex-linked region may be too young thus sequences are too similar
and collapsed in the assembly.

b, Whole genome screen for sex-linked sequence and its SDR using Fst between males and
females in 500 Kb windows. Most outline dots are enriched in the 5’ end of scaffold “chrZW”
(marked by the green dash lines), indicating this scaffold is likely to be the sex-linked sequence
and the 3’ end is the SDR. The red line shows the top 5% value of Fist.
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Fig. SS. Identification of sex-linked sequences and its SDR in Thecadactylus rapicauda.
a, No difference in male and female normalized sequence depth under 500 Kb non-overlapping
window, indicating that the region may be too young thus sequences are too similar and
collapsed in the assembly.
b, Whole genome screen for sex-linked sequence and its SDR using F'st between males and
females in 500 Kb windows. Most outline dots are enriched in the middle part of scaffold
“chrZW” (marked by the green dash lines), indicating this scaffold is likely to be the sex-linked
sequence and the middle part is the SDR. The red line shows the top 5% value of Fist.
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Fig. S6. Identification of sex-linked sequences and its SDR in Gekko japonicus.
a, No difference in male and female normalized sequence depth under 500 Kb non-overlapping
window, indicating that the region may be too young thus sequences are too similar and

collapsed in the assembly.

b, Whole genome screen for sex-linked sequence and its SDR using Fst between males and
females in 500 Kb windows. Most outline dots are enriched in the 3’ end of “chrXY” (marked by
the green dash lines), indicating this scaffold is likely to be the sex-linked sequence and its 3’
end is the SDR. The red line shows the top 5% value of Fist.
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Fig. S8. The evidence of multiple sex chromosomes.

a, Evidence of multiple sex chromosomes Y1XY?2 in Sphaerodactylus inigoi. Hi-C map shows
the interaction between Y1 (upper-left) and Y2 (lower-right) is low (lower-left), suggesting that
they are two separate chromosomes. Normalized male and female sequencing depth and the
depth ratio are also plotted on the top. Based on sequencing depth and Hi-C contact, the
assembled X contains two PARs, one pairs with Y1 and the other pairs with Y2.

b, Evidence of multiple sex chromosomes X1YX2 in Coleonyx brevis. Hi-C map shows the
interaction between X1 (upper-left) and X2 (lower-right) is low (lower-left), suggesting that they
are two separate chromosomes. Normalized male and female sequencing depth and the depth
ratio are also plotted on the top. Based on sequencing depth and Hi-C contact, both assembled
X1 and X2 contain PARs that pair with Y’s 5’ and 3 end, respectively.



C ciliatus
Pnigniceps
N._milii

C.sarasinorum
C.ciliatus
P nigriceps
Nlevis
E_macui
c brews
S.inigod
S.townsend)
A praesignis
T mpicauda
T.mauntanica
P wirshingi
C marmaoratus
Ppicta
P stumpffi
Platicauda
G.mutitata
H.mabouia
H.frenatus
H._binogi
G japonicus
L.isten

This study

C.sarasinorum
C.ciliatus
Pnignceps
N.evis

E maculanus
C.brevis
Sirnigen
S.townsendi
A praesignis

T rapicauda

T mauritanica
Pwirshingi
C.marmoratus
Platicauda
Ppicta

P stumpffi
G.miitilata

H mabouia

\ |

— -

E.maculanus

C.samasinonim

C cifiatus
Pnignceps

N lovis

= Emaculanus

C.brevis

5. townsendi
A pragsignis
Trapicauda
T.mauritanica
Preissi

Fpicta
Pocellata

H . mabouia
H frenatus

G.gekko
Llugubns

=

Gamble et al, 2011

H binoai
G_japonicus
L listen

This study

\ H \XHI \ IIHI

C ciliatus
Pnigriceps
Nlovis
E maculanus
C brevis
S rownsendi

A pragsio

T rapicauda

T mauntanica
Pwirshings
Platicavda

C mamnoralug
Fpicta
G.mutiiata
H.mabouwa

H

H.binosi
G.gecko

L orentalis
Gamble et al, 2015

L C.brevis
& lownsandi
S.inigoi
A praesignis
Trapicauda
T.maunitanica
Fwirshing!
C.marmorafus
P picta
P stumpffi
Platicauda
G.mutilata
H.mabouia
H frenatus
H_binoi
G japonicus
L. tisteri
This study

(NI

C.sarasinorum
C.ciliatus
P.nigriceps
N.levis
E.macularius
C.brevis

S fownsandi

A praesignis
Trapicauda
T.mauritanica
PwJ'r.!;hingf
C.marmaratus
Flaticauda
Ppicta

P stumpffi
H.mabouia
H.frenalus

G mulilala

H. binosi

G japonicus
L.novaeguineae

Pyron etal 2013
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ciliatus), red bars extend beyond the node of their most recent common ancestor (MRCA).
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Fig. S15. Phylogenetic trees of example Z/W gametologs in Correlophus sarasinorum,
Correlophus ciliatus and Nephrurus levis, all of which use GAC14 as their sex chromosome.
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before their speciation. The separated clustering of Z- and W-linked Nephrurus levis genes and
G. suggests independent Z/W evolution in Nephrurus levis and Gehyra insulensis.
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Fig. S16. Phylogenetic trees of exampled X/Y and Z/W gametologs in Aristelliger praesignis
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Fig. S17. Phylogenetic tree and collinearity map of the translocated gene and its flanking
genes.
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Fig. S19. Sex chromosome age estimate of each gecko. Phylogenetic trees were constructed
based on the genome alignment and branch length indicates the substitution rate estimated by
PAML baseml. The blue is species divergence time. The 95% confidence intervals of
substitution rate and inferred corresponding millions of years (mutation-rate corrected) are
shown in purple and green, respectively.
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Fig. S20. Sex chromosome age estimate of each gecko. Phylogenetic trees were constructed
based on the genome alignment and branch length indicates the substitution rate estimated by
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substitution rate and inferred corresponding millions of years (mutation-rate corrected) are

shown in purple and green, respectively.
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Fig. S21. The S1 age of each gecko. Phylogenetic trees were constructed based on the genome
alignment and branch length indicates the substitution rate estimated by PAML baseml. The blue
is species divergence time. The 95% confidence intervals of substitution rate and inferred
corresponding millions of years (mutation-rate corrected) are shown in purple and green,
respectively.
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Fig. S22. The S2 age of each gecko. Phylogenetic trees were constructed based on the genome
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Fig. S23. Simulation and statistical test of temporal convergence around 10 MYA.

a, Comparison of the observed number of sex chromosome origins (black bars) and the null
model assuming random sex chromosome origins. The blue area represents the 95% confident
interval for every 5-million-year window across 10,000 simulations. Windows around 10 MY A
surpass the 95% confident interval.

b, Comparison of the observed number of sex chromosome origins in 7-12 MY A window with
null model generated from 10,000 simulations. The empirical p-value is calculated as the
proportion of simulations that have > 5, i.e., the observed sex chromosome origins, over the total
10,000 simulations.



] Theria

Monotremata

Correlophus
Pygopodidae

Saltuarius

Nephrurus levis

Coleonyx elegans+C.mitratus
Coleonyx brevis

-
Em— ]
Sphaerodactylus inigoi
Aristelliger praesignis
Phyllodactylus wirshingi
Paroedura stumpffi
Christinus marmoratus
Gehyra insulensis
Hemidactylus frenatus
Hemidactylus mabouia
Scincidae
Erycidae, Chilabothrus,Eunectes
Sanziniidae, Calabaridae
Caenophidia
Anguimorpha
rl: Corytophanidae
——3
—_—m)
==

Pleurodonta(except Corytophanidae)
Furcifer

Lacertidae

Aves
Chelidae
Trionychinae

estimated from I -
(- speciation time Glyptemys
[Elcalculated from X/Y Siebenrockiella
(or lew\)’alignmenl Staurotypus

s

Ages

EOC Epochs

Pg Ng Periods Geologic Timescale
Cenozoic  Eras

Phanerozoic Eons

[T [ \ |
320 300 200 100 0 Time (MYA)

Fig. S24. Sex chromosome origin ages in amniotes. Red bars indicate robust estimates of sex
chromosome ages estimated from X/Y (or Z/W) sequence divergence, while grey bars indicate
rough estimates from speciation events. Data used for the plot are in Table S19.
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Fig. S25. Hi-C examination of the SVs between X and Y (and Z and W). SVs are highlighted
with dashlines, and the color indicates whether it happens on X/Z (red) or Y/W (blue). TRANS,
translocation; INV, inversion. The X/Z and Y/W are oriented so that the top left are regions
closed to PAR. Regions close to PAR are indicated by asterisks. Sequence identities are also
plotted along the X and Z chromosomes at the bottom. Demarcated strata are shown at the
bottom. Only GSD species with >70% of Y-/W-linked sequences assembled onto one scaffold
are shown.
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Fig. S26. Significant difference of sequence identity across examined regions (Wilcoxon

rank sum test p.value < 0.05), suggesting that these species exhibit stepwise strata pattern
in sex chromosome evolution.
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Fig. S27. Hi-C examination of the SVs between X and Y (and Z and W).

a, SVs are highlighted with dashlines, and the color indicates whether it happens on X/Z (red) or
Y/W (blue). TRANS, translocation; INV, inversion. The X/Z and Y/W are oriented so that the
top left are regions closed to PAR. Regions close to PAR are indicated by asterisks. Sequence
identities are also plotted along the X and Z chromosomes at the bottom. Regions used in
identity comparison are shown at the bottom. Only GSD species with >70% of Y-/W-linked
sequences assembled onto one scaffold are shown.

b, No significant difference of sequence identity across examined regions (Wilcoxon rank sum
test p.value > 0.01), suggesting that they do not exhibit stepwise strata pattern in sex
chromosome evolution.
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Fig. S28. Significant difference of gametolog pairwise dS across examined regions
(Wilcoxon rank sum test p.value < 0.05) in Correlophus sarasinorum, Correlophus ciliatus,
Phyllodactylus wirshingi, Christinus marmoratus, Sphaerodactylus inigoi, Coleonyx brevis,
Hemidactylus mabouia, suggesting that these species exhibit stepwise strata pattern in sex
chromosome evolution of these species. In contrast, no strata pattern is observed in Paroedura
stumplffi, Aristelliger praesignis, Gehyra insulensis, Nephrurus levis, Hemidactylus frenatus.
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Fig. S29. Comparison male mutation bias between XY and ZW gecko species. Circles
present the estimated male mutation bias and asterisks present the median value.
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Fig. S30. Boxplot shows the ancestral proportion of testis preferentially expressed genes on
the X/Z-SDR of each species compared to the proportion of gonad-bias genes from genomic
background. Black dots indicate the ancestral states indicative by the difference in outgroup
species. ‘**’ indicates p-value < 0.01 and “*’ indicates p-value < 0.05. Deviation direction is
shown as the background in each boxplot: red, significantly higher than genomic background in
outgroups; blue, significantly lower than genomic background in outgroups; white, no significant
difference.
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Fig. S31. Difference in the proportion of brain, eye, tail preferentially expressed genes on
S0 of the X/Z-SDR and genomic background in each gecko (red) and the difference of
orthologous genes in other geckos (black). Deviation direction is shown as the background in
each boxplot: red, significantly higher than genomic background in geckos; blue, significantly
lower than genomic background in geckos; white, no significant difference. ‘**’ indicates p-
value < 0.01 and “*’ indicates p-value < 0.05.
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Fig. S32. Correlation between different degeneration metrics.
a, Correlation between Y/W gene surviving rate and age.
b, Correlation between Y/W gene surviving rate and observed sex chromosome divergence.
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Fig. S34. Correlation between the extent of dosage balance (DB) and dosage compensation
(DC) and sex chromosome divergence. For each tissue, we used the
log2(homogametic/heterogametic) value estimated from the fitted model. ancXZhom, proto sex
chromosome genes in homogametic sex; ancXZhet, proto sex chromosome genes in
heterogametic sex; XZhom, X/Z genes in homogametic sex; XZhet, X/Z genes in heterogametic
sex.
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