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Extreme heterochiasmy and high rates of sex-reversed
recombination result in large yet homomorphic sex
chromosomes in the Emei moustache toad

Siyu Xie,' Jun Li," Wanyan Chen,' Lydia ].M. Fong,? Chunhua Huang,' Yan Feng,’
Qingbo Ai,' Mian Zhao, Judith E. Mank,? and Hua Wu'

"Hubei Key Laboratory of Genetic Regulation and Integrative Biology, School of Life Sciences, Central China Normal University,
Wuhan, Hubei, China 430079; ?Department of Zoology and Biodiversity Research Centre, University of British Columbia, Vancouver,

British Columbia V6T 174, Canada

Unlike the highly degenerated sex chromosomes in birds and mammals, many amphibians possess homomorphic sex chro-
mosomes, which may result from high rates of sex chromosome turnover and/or occasional recombination between the X
and Y (or Z and W) Chromosomes. Yet, the molecular basis for maintaining homomorphy remains elusive, particularly the
power of rare recombination events to arrest sex chromosome divergence. Here, we identified sex chromosomes of the Emei
moustache toad and examined potential mechanisms of maintaining homomorphy. Although the sex chromosomes are ho-
momorphic, we observed an extensive region of X-Y genetic differentiation, spanning ~349 Mb, among the largest known
to date in vertebrates. Despite this large size and the assumption that inversions catalyze recombination suppression between
the X and Y Chromosomes, we found little evidence of XY structural variation. Using a high-density linkage map, we re-
vealed that the large region of X-Y divergence was likely owing to the emergence of sex determining factors in the region
of ancestrally low male recombination. Population genetic data showed high rates of sex-reversed XY-type females, and re-
combination between the X and Y Chromosomes in these individuals helps maintain the integrity of sequence and gene
expression on the Y Chromosome. Finally, we revealed modest sexualization of gene expression within the sex chromo-
somes, and identified candidate genes involved in gonadal development. Our results not only show remarkable mainte-
nance of vast sex differentiated regions under ancestral low recombination but also emphasize the sustaining power of

X-Y recombination for homomorphic chromosomes over large genomic regions.

[Supplemental material is available for this article.]

The evolution of sex chromosomes represents one of the major in-
novations of inheritance and plays a core role in sexual evolution
in the animal kingdom (Charlesworth 1991; Wright et al. 2016).
In species with genetic sex determination mechanisms, sex chro-
mosomes carry sex determination loci (Ellegren 2011) and diverge
from one another once recombination between them is halted
(Bull 1983; Charlesworth 1991; Wright et al. 2016; Carpentier
et al. 2019). As a consequence of recombination suppression,
deleterious mutations accumulate on the nonrecombining Y- or
W-linked regions, which can eventually lead to degeneration and
morphologically heteromorphic sex chromosome pairs (Charles-
worth and Charlesworth 2000). For instance, the Drosophila neo-
Y (Bachtrog et al. 2008) and human Y Chromosome (Livernois
et al. 2012) have independently degenerated in part because of
the accumulation of a large number of frameshift and nonsense
mutations. Such heteromorphic sex chromosomes are widely
found in therian mammals (Bellott et al. 2014; Cortez et al.
2014), neognath birds (Zhou et al. 2014; Bellott et al. 2017), snakes
(Matsubara et al. 2006; Vicoso et al. 2013), and lepidopterans (Dai
et al. 2024), among others.

In contrast to the stable and heteromorphic sex chromo-
somes in many clades, homomorphic sex chromosomes predomi-
nate in some vertebrate groups, with ~96% of amphibians and
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90% of fishes exhibiting sex chromosomes that do not differ no-
ticeably in size and shape (Eggert 2004; Bachtrog et al. 2014;
Lambert et al. 2016). Current evidence suggests that all amphibi-
ans exhibit genetic sex determination (Bachtrog et al. 2014;
Jeffries et al. 2018). However, sex chromosomes in the clade often
exhibit limited regions that are characterized by suppressed recom-
bination and low divergence levels between the X and Y, despite
considerable age in some cases (Stock et al. 2011). Why homomor-
phic sex chromosomes are so prevalent in amphibians and how
long-term homomorphy is maintained are long-standing puzzles
in sex chromosome evolution. Some have suggested that high
rates of turnover can maintain homomorphic and young sex chro-
mosomes in amphibians (Evans et al. 2012; Miura 2017; Jeffries
etal. 2018). Another hypothesis posits that X-Y recombination oc-
curs in sex-reversed individuals (XY females), halting X-Y diver-
gence (Perrin 2009; Brelsford et al. 2016a). These alternatives
have important implications for the maintenance and age of ho-
momorphic sex chromosomes.

Homomorphic sex chromosomes are more challenging to
study than heteromorphic sex chromosomes because of the low
level of divergence between the X and Y. In amphibians, this is
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compounded by the scarcity of high-density genetic maps and
large genome sizes. In recent years, research on the sex chromo-
somes of amphibians has employed methods such as microsatellite
markers (Matsuba and Merild 2009; Alho et al. 2010) and reduced-
representation genome sequencing (Stock et al. 2011; Brelsford
et al. 2016b). However, these approaches yield a low density of
markers, which hinders a detailed understanding of the causes
and consequences of homomorphy on the gene content of sex-
limited chromosomes (Brelsford et al. 2016c¢). Relying on whole-ge-
nome sequencing to compare genomic information between
males and females not only allows for the accurate identification
of sex chromosomes and provides higher resolution of the sex
chromosomes but also enables the precise localization of sex-spe-
cific regions.

The Emei moustache toad (Leptobrachium boringii) is a species
of the Megophryidae family and belongs to the early-diverged
Archaeobatrachia suborder (Feng et al. 2017). It provides a good
opportunity for examining mechanisms underlying homomor-
phic sex chromosomes in amphibians. Karyotype analysis has re-
vealed that this species retains 13 chromosomes (Li and Fei
1990), which is close to the ancestral state of Anura (Bredeson
et al. 2024). Additionally, L. boringii has rare male-biased sexual
size dimorphism (present in just 7.5% of anurans), and breeding
males usually develop keratinized nuptial spines on their upper
jaws, a sexual ornament consistent with sexual selection (Zheng
et al. 2008; Hudson and Fu 2013; Pincheira-Donoso et al. 2021).
This enables the investigation of potential sexualization of sex
chromosomes and its correlation with sexual dimorphism in
moustache toads.

We generated a high-quality chromosome-scale genome as-
sembly as a reference genome, in conjunction with phased haplo-
type genomes and transcriptomic data from both sexes. We
identified the sex chromosomes and sex-linked region (SLR) of L.
boringii and focused on the factors maintaining X-Y homomor-
phy. Using transcriptomic data across multiple tissues and devel-
opmental stages, we examined whether SLR gene expression is
sexualized and identified candidate genes involved in sex determi-
nation and gonadal development. Based on comprehensive se-
quencing data, our main aim was to determine the status and
potential mechanisms of maintaining homomorphic sex chromo-
some in L. boringii.

Results

Genome assembly and sex chromosome identification

We used a combination of long-read Pacific Biosciences (PacBio),
short-read Illumina, and Hi-C data to produce the high-quality ref-
erence genome of a male L. boringii. Reads were first assembled into
a conventional unphased reference genome (named as Lbor.v1)
(Fig. 1A), which resulted in 3.38 Gb, with a contig N50 of 6.38
Mb and scaffold N50 of 406.89 Mb. A total of 99.8% of the se-
quences were assigned to 13 chromosomes. By using de novo pre-
diction, homology searches, and transcript-based assembly, we
identified 20,327 protein-coding genes in the L. boringii genome,
of which 93.8% genes were functionally annotated. Genome
completeness, as estimated by Benchmarking Universal Single-
Copy Orthologs (BUSCO) (Simdo et al. 2015) metazoa_odb9
as a reference, was demonstrated by the high percentage of com-
plete BUSCOs of both the assembly (92.4%) and annotation
(95.4%) (Fig. 1A; Supplemental Figs. S1, S2; Supplemental Tables
S1-59).

We used whole-genome resequencing to identify the SLR. The
genomes of 20 individuals per sex of L. boringii were sequenced (av-
erage: 15x coverage) (Supplemental Data Set S1). We applied the
Genome-Wide Association Study (GWAS) and male-to-female Fsr
scans to our resequencing data. The results suggest that Chromo-
some 1 (Chr 1) is the sex chromosome pair (Fig. 1A), with signifi-
cant association with sex and Fsy between sexes compared with
other chromosomes (average Fsr-value of Chr 1: 0.122, other chro-
mosomes: 0.002; P< 2.22 x 10716, Wilcoxon rank-sum test).

To define the boundary of the pseudoautosomal region (PAR)
and the SLR of L. boringii, we identified those regions with signifi-
cant GWAS and Fsr-values. We identified highly concentrated and
concordant P-values between GWAS and Fsrapproaches in the SLR
of Chr 1, whereas other regions in Chr 1 were identified as the PARs
(for statistical thresholds, see Methods) (Fig. 1B; Supplemental Fig.
S3). The SLR is ~350 Mb in total length, spanning 101.14-450.89
Mb of Chr 1, occupying 60.78% of the chromosome and >10% of
the entire genome. The two PARs are ~101.14 Mb and ~124.54 Mb
in length, respectively. Compared with the SLR (average Fsr:
0.168), the PARs had lower differentiation (average Fsr of two
PARs: 0.026 and 0.045).

We mapped whole-genome resequencing data of 20 individ-
uals per sex against the reference genome (Lbor.v1) and identified
274,642 sex-specific SNPs based on the sex differences in allele fre-
quencies (Brelsford et al. 2017). Of those, 274,384 (99.91%) SNPs
were heterozygous in males and homozygous in females (Fig.
1B). Furthermore, 98.00% of these SNPs were located within the
SLR of Chr 1 (Fig. 1B). This finding is consistent with the XY-
type sex chromosome system. Despite the large size of the SLR, kar-
yotype analysis indicated that Chr 1 of L. boringii is morphological-
ly homomorphic in both female and male individuals (Fig. 1C,D;
Supplemental Tables S10-S12). Therefore, we concluded that the
L. boringii exhibits homomorphic sex chromosomes. Furthermore,
Chr 1 in L. boringii has a high collinearity with Chr 1 of two other
anuran species from different genera (Xenopus and Bufo), suggest-
ing this chromosome pair is homologous across amphibians (Sup-
plemental Fig. S4).

Low divergence and high collinearity between the X and Y
Chromosomes

We phased PacBio HiFi data into two high-quality haploid ge-
nomes: HapA and HapB. All haploid genomes were separately
assembled into 13 pseudochromosomes. The HapA genome as-
sembly had a total length of 3.92 Gb, with a contig N50 of 25.34
Mb and a scaffold NSO of 437.49 Mb. The HapB genome was
3.74 Gb, with a contig N50 of 28.09 Mb and a scaffold N50 of
428.94 Mb. The complete BUSCO (Simao et al. 2015) of HapA
and HapB was 95.25% and 94.67%, respectively, indicating
high-quality genome assemblies for the L. boringii haplotypes
(Supplemental Fig. SS5; Supplemental Tables $13-516).

To further identify the Y Chromosome, we used k-mer analy-
sis to detect male-specific k-mers, often referred as Y-mers (Torres
et al. 2018; Almeida et al. 2021; Kabir et al. 2022), from paired-
end short reads of 20 males and 20 females (Supplemental Data
Set S1). In an XY system, the number of female-specific k-mers (fe-
male-mers) represents the false-positive rate as k-mer analysis can
have a high type-I error rate (Almeida et al. 2021). Consistent
with the XY sex-determination system in L. boringii, we found
more than 400-fold more Y-mers (79,341) than female-mers
(177) (Supplemental Fig. S6). We further used Y-mers and fe-
male-mers to identify the Y haplotype from the HapA and HapB

1326 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280161.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 1, 2026 . Published by Cold Spring Harbor Laboratory Press

Homomorphic sex chromosomes in Emei moustache toad

A one 3
N
. o R g.nl‘

0
0
1 il o
200,50 " 7
qf g
£)

=Ye)
°3Z
W™
© 1
L A N TR IR
6 7 8 9 10 6 7 8 9 10
° I P U £ B Y |
Ho1p 13 Loonrgiof | AN XY A% Lboringi 5
]
s
D Male Female
207 Wilcoxon, p = 0.21( | Wilcoxon, p=10.13
P
PAR1 SIR  PAR2 <
D —T= < NS. NS.
D
c
e L °
= o ]
2
} T 15
e
0 2 g
I 100 Female-specific site g
50 8
0 aheaadil L g
IV1000 Male-specific site =
5001 12l O 10
oL 1 long  short long  short
Chr 1 2 3 4 5 6 7 8 910111213 Chromosome pair 1
Figure 1. Landscapes of genome assembly (Lbor.v1) and sex chromosomes of L. boringii. (A) Various metrics calculated in 500 kb sliding windows across

each chromosome. From outer to inner: (/) sizes of 13 pseudochromosomes; (/) gene density; (//l) repeat sequence distribution; (/V) GC content (%); and
(V) SNP density (numbers of SNP per window). (B) Sex-linked regions of L. boringii. From top to bottom: (I) —logq P-values of all the significant sex-asso-
ciated SNPs; (Il) mean Fst-value between the sexes; (/If) the number of female-specific sites (heterozygous in females and homozygous in males); and (/V)
the number of male-specific sites (heterozygous in males and homozygous in females). The red dashed line represents the threshold of GWAS (for statistical
details, see Methods), light yellow and gray shadows represent the SLR and two PARs, respectively. (C) Karyotype of female (left and male (right) L. boringii.
In the male karyotype (2N = 26), the XY pair (Chr 1) marked with a red triangle shows morphological homomorphy. (D) Box plots show the comparison of
Chr 1 relative length in males (blue) and females (red); P-values were based on Wilcoxon rank-sum tests.

genomes. We found that only 6.85% of female-mers were aligned
to the Chr 1 of the HapA genome (HAChr 1) and 0.43% to the Chr
1 of the HapB genome (HBChr 1), mainly owing to the inherently
low number of female-mers. Meanwhile, 91.89% of Y-mers were
aligned to HBChr 1, whereas 7.05% aligned to HAChr 1, indicating
HAChTr 1 represents the X Chromosome and HBChr 1 represents
the Y Chromosome (Fig. 2A; Supplemental Fig. S7; Supplemental
Table S17).

We assessed read coverage for both male and female individ-
uals across the sex chromosome in L. boringii. No significant differ-
ence between sexes was found when comparing coverage based on
the XY reference genome (Lbor.v1) with an average log,(F:M cov-
erage) of —0.067 (Supplemental Fig. S8). We further analyzed HapA
and HapB separately and found that in the central region of HBChr
1 (Fig. 2B, light yellow shadow), log,(F:M coverage) is slightly re-
duced, consistent with marginally diminished read mapping
from female samples compared with males, and therefore, the Y
Chromosome contains a small amount of male-specific sequence.
In contrast, when comparing the same location on HAChr 1, there
was no significant difference in the read coverage between the sex-

es. Additionally, collinearity analysis did not reveal extensive
structural variation between the two haplotypes. We observed
only small-scale duplications and inversions in the central region
of sex chromosomes (Fig. 2B). These findings suggested high col-
linearity and similarity between X and Y and implicate that struc-
tural variation is not the cause of long SLRs.

To identify the Y-specific region (YSR), we notice there is a
smaller interval with pronounced sex differences in coverage
within the SLR (Fig. 2B). Specifically, in the YSR spanning ~248
Mb to ~248.95 Mb, log,(F:M coverage) is substantially male bi-
ased (—0.353), whereas the X-specific region (XSR) from ~245.2
Mb to 246.05 Mb shows female-biased coverage (0.433). We fur-
ther examined the alignment and ultimately pinpointed a 0.84
Mb region spanning 248.14 Mb —248.95 Mb as a strong candi-
date for the YSR. No protein-coding gene was annotated in this
region, and a distinct LTR insertion was detected in the HapB ge-
nome (Fig. 2C; Supplemental Fig. S9). One sex-biased gene, tex15,
in the nearby region (249.95-249.98 Mb) of YSR showed signifi-
cantly higher expression in adult testes, which provides a poten-
tial candidate of sex differentiation (Supplemental Fig. S10).
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k-mer coverage, collinearity, and genomic characteristics of two haploid genomes. (A) Coverage of female-mers and Y-mers aligned to two

phased Chr 1. The majority of Y-mers were aligned to HBChr 1, with only a small portion of female-mers aligned to either haplotype. (B) Collinearity, struc-
tural, and log,(F:M coverage) comparison of HAChr 1 genome (orange) and HBChr 1 genome (blue). The coverage in females was slightly lower than that
in males in the central region of HBChr 1 (light yellow shadow), similar to SLR. (C) Gene count (dark) and repeat element distribution in haploid genomes
(245-260 Mb). Yellow indicates LTR; green, LINE; blue, DNA. The YSR (red triangles) with synteny between HapA and HapB shown in red line.

Chromosome-wide recombination patterns in L. boringii

We constructed a high-density genetic map (using the reference
genome of Lbor.vl) based on whole-genome resequencing of
full-sib samples (Supplemental Data Set S2). After filtering, we
mapped a total of 8932 SNPs, of which 4049 were from the dam
and 4883 from the sire. Recombination maps allowed the identifi-
cation of 13 linkage groups in both sexes (Fig. 3A; Supplemental
Table S18) and differed between the two parents. The male genetic
map was roughly one-third that of the female (1,192.51 ¢cM vs.
3,046.01 cM). These data indicated a significant reduction in
male recombination throughout the genome, consistent with ex-
treme heterochiasmy in other frogs (Morescalchi and Galgano
1973; Miura 1994).

By integrating the genetic map with reference genome se-
quences, we assessed the patterns of recombination across
chromosomes. We calculated sex-specific genetic distances and re-
combination rates. Recombination was largely arrested at the mid-
dle region of Chr 1 (from ~85.89 to ~482.56 Mb) in male
individuals, indicating a high genetic linkage of that region (Fig.
3B). This low recombination region completely covered the SLR
(85.89-482.56 Mb vs. 101.14-450.89 Mb), indicating that the
ultralong SLR may be largely attributed to the evolution of the
male-determining factor in a region of ancestrally low male
recombination.

Homomorphic sex chromosomes can be maintained by occa-
sional XY recombination events, which prevents divergence and
degeneration of the Y Chromosome (Stock et al. 2013; Rodrigues

et al. 2018; Ping et al. 2022). Guerrero et al. (2012) demonstrated
a male-female ratio of recombination rates as low as 10~° could
maintain sex chromosome homomorphy. Because recombination
follows phenotypic sex, rather than genotypic sex in vertebrates
(Rodrigues et al. 2018), XY recombination likely occurs in sex-re-
versed XY females. To quantify the potential XY recombination
in sex-reversed females and determine whether it is sufficient to
explain sex chromosome homomorphy in L. boringii, we deter-
mined the proportion of XY females. Genotypic sex was distin-
guished using Sanger sequencing of four sex-specific sites we
identified above (Fig. 1D, track IV; Supplemental Tables S19, S20;
Supplemental Fig. S11). We observed a relatively high proportion
of sex-reversed XY females: out of 97 phenotypic females, eight in-
dividuals exhibited a putative XY genotype (8.2%). In contrast, no
XX phenotypic males out of 73 were found (Fig. 3C; Supplemental
Data Set S3). Our data indicate an average female SLR recombina-
tion rate of about 0.82 (Fig. 3C; Supplemental Data Sets S4, S5),
and based on this, we estimated the recombination rates in males
in L. boringii to be about 0.0672, far greater than the minimum
threshold suggested by Guerrero et al. (2012). This indicates that
the recombination rates in males are sufficient to preserve homo-
morphic sex chromosomes and minimize XY differentiation.

Sex-biased and allele-specific expression

Sex-linked genes may exhibit different gene expression patterns
between the sexes for two reasons. First, degeneration of the Y
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Chromosome may produce dose differences, with greater expres-
sion in females in the absence of dosage compensation (Mank
2013). Additionally, the unique inheritance pattern of the X and
Y can lead to sexualization of gene expression independent of dos-
age compensation (Rice 1984; Connallon and Knowles 2005;
Mank 2009), To determine whether the sex chromosomes of the
Emei moustache toad exhibit significant sex-biased expression,
we compared transcriptome data (reference genome: Lbor.v1)
from gonads in two sexes at four critical sexual differentiation stag-
es (Gosner stages: G25, G28, G42, and adult) (Supplemental Data
Set S6; Supplemental Fig. S12). After multiple-test correction, with
differential fold change (JFC|) > 2 and false-discovery rate (FDR) <
0.05, 14,217 transcripts (out of 20,327) were significantly sex bi-
ased in expression in at least one of the four developmental
stages (Supplemental Data Set S7). The number of sex-biased genes
increased drastically after the stage G25 when the gonads
first became histologically distinct from each other (Fig. 4A;
Supplemental Fig. $12).

To investigate possible dose effects of the X Chromosome and
sexualization of gene expression, we compared sex-biased gene ex-
pression across genomic regions. We observed significant differ-
ences in expression between the SLR and autosomes in the
gonad, with both more male- and female-biased genes, but no dif-
ferences in somatic tissues (Fig. 4B,C; Supplemental Data Set S8).
More importantly, we only found evidence of mild allele-specific
expression (ASE) of sex chromosomes in male gonads but not in
other tissues (Pnvgonad =0.041, Pysoma=0.52, Prgonad=0.67, Prsoma
=0.14, Wilcoxon rank-sum test) (Fig. 4D; Supplemental Fig. $13),
indicating the Y Chromosome has a certain regulatory effect on
the gonads, but without Y degeneration or X gene dose effects.
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Overall, we observed modest evidence of sexualization of gene
content of sex chromosomes but no evidence of reduced gene ac-
tivity on the Y Chromosome.

Candidate sex-differentiation genes in L. boringii

The SLR likely contains the sex determining locus. Thus, we iden-
tified sex-linked genes in the SLR with at least one male-specific
missense SNP, resulting in 395 genes with at least one heterozy-
gous missense mutation in males (Supplemental Data Set S9).
Heatmap and hierarchical clustering analysis performed on differ-
entially expressed sex-linked genes (FDR<0.05) in gonad tissues
revealed that samples clustered by sex rather than by developmen-
tal stage (Fig. 5A). Three candidate genes, zp3, pgam5, and
c8h9orf78, exhibit high expression in the ovary in both later devel-
opment stages and have been implicated in vertebrate female de-
velopment. Two genes, ptgrl and cirbp, exhibit high expression
in the testis and have conserved roles in vertebrate gonadogenesis.
These five genes might participate in the process of development
of sex differentiation, especially given their sex-specific expression
in the developing gonads (Supplemental Fig. S14).

To further identify key genes and pathways that regulate go-
nadal development or differentiation, we analyzed the gene coex-
pression networks and identified genetic modules by weighted
gene correlation network analysis (WGCNA) (Langfelder and
Horvath 2007). This method can identify core sex-related path-
ways and genes that play an important role in transcription regu-
lation and predict gene regulatory relationships. WGCNA
revealed that the expression genes of female and male gonads
can be clustered into 20 modules (Fig. 5B; Supplemental Table
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Figure 3. Genetic linkage map and recombination of L. boringii. (A) SNP density along the male (top) and female (bottom) recombination maps. (B)
Concordance of physical SNP marker positions on reference genome with the genetic linkage map. The x-axis represents the physical position (Mb) of
markers, the y-axis represents the genetic positions (cM) of markers on the linkage map (top) and the recombination rates (bottom); the light yellow region
represents the position of the SLR identified from the GWAS result. (C) Sex-reversed individuals of L. boringii. The top row corresponds the phenotypic sex of
L. boringii (blue indicates male individuals; red, female individuals), and other rows correspond to results of sex-linked markers: heterozygous in all geno-
typic males and homozygous in genotypic females. Individuals whose phenotypic and genotypic sex did not match were indicated as sex reversals (red

triangles).
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genes in the two sexes. Vertical dotted lines indicate median values, and P-values are based on Wilcoxon rank-sum tests.

S21). Of these modules, the Me07 (r=0.712, P<0.001, Fig. 5B) and
Me09 (r=0.702, P<0.001, Fig. 5B) modules were significantly pos-
itively correlated with sex. To better understand the function of
these genes, we separately conducted the KEGG enrichment (Fig.
5C) for genes from four groups, namely, genes in the Me07 mod-
ule, genes in the Me09 module, genes having missense mutations
(MMs genes), and the sex-link genes (SL genes, located in the SLR).
The PI3K-Akt signaling pathway was significantly enriched in all
four gene sets (Fig. 5C; Supplemental Data Sets S10-S13), support-
ing its crucial role in the gonadal development or differentiation.
Consistently, this pathway has been found to play a critical role
in oocyte-induced primordial follicle activation (Castrillon et al.
2003; Reddy et al. 2008).

Discussion

In this study, we built a highly contiguous reference genome of L.
boringii and identified a long SLRs (~350 Mb), comprising >60% of
Chr 1. This is among the largest SLRs identified in vertebrates and
the largest thus far in anurans. For comparison, one of the largest
SLRs in fish, the “giant” sex chromosomes in several tilapia, is
~105 Mb (77.6% of LG3)( Conte et al. 2021). The SLR in humans,
which exhibits extensive heteromorphy, is 153.08 Mb (Ross et al.
2005). The SLR in Xenopus ranges from 10.7 Mb (7.71% of Chr 7) in
Xenopus tropicalis (Furman et al. 2020a) to 54.1 Mb (44.17% of Chr
8L) in Xenopus borealis (Song et al. 2021; Evans et al. 2022).

Our study revealed that the extensive SLR of Chr 1 in L. borin-
gii exhibits significant allele frequency differences between the X
and Y Chromosomes, yet still retains high collinearity and similar-
ity, suggesting little large-scale genetic differentiation or degener-
ation of the Y Chromosome. Large-scale inversions are often
thought to catalyze recombination suppression between the X
and Y Chromosomes (Charlesworth et al. 2005), although there
is little direct evidence of this, and other mechanisms have been
proposed (Iwase et al. 2003; Natri et al. 2013; Furman et al.
2020b). High collinearity and similarity between X and Y haplo-
types implicate a pre-existing pattern of low recombination itself,
likely predating the origin of Chr 1 as the sex chromosomes, rather
than structural variation, in sex chromosome formation.

In addition to Chr 1, the sexually different recombina-
tion pattern also exists in other pseudochromosomes (Fig. 3A;
Supplemental Figs. S15, S16). This pattern of strongly sex-biased
recombination, with male recombination restricted to the end of
the chromosome, offers some important clues. In animals, males
and females often experience different rates of total (Conte et al.
2021) and fine-scale (Sardell and Kirkpatrick 2020) recombination.
Many anurans exhibit strong sex-biased recombination (Rodrigues
et al. 2013; Brelsford et al. 2016b,c; Furman and Evans 2018;
Dufresnes et al. 2021), with chromosomes only paired at their ter-
minal region during male meiosis (Morescalchi and Galgano 1973;
Miura 1994), similar to what we observed in L. boringii. Genomic
regions with sex-specific recombination rates may be important
in sex chromosome divergence (Wright et al. 2016), and our results
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suggest that the low rate of male recombination in the interior re-
gion of the chromosomes predates the origin of the SLR. This in
turn would lead to large regions quickly becoming sex-linked ow-
ing to pre-existing low recombination in males. Thus, we argue
that this extensive SLR did not evolve by recombination suppres-
sion after the acquisition of new sex-determining genes but by
the ancestral nature of the low crossover rates in males.

Sex reversal, as we observed in L. boringii, is common among
anurans (Perrin 2009; Stock et al. 2011; Rodrigues et al. 2018), poi-
kilothermic vertebrates (e.g., medaka and tilapia), and even endo-
therms like the mouse (Kondo et al. 2001; Lynn et al. 2005;
Campos-Ramos et al. 2009). Sex reversal induces a nonzero recom-
bination rate (about 0.0672) in the SLR of male L. boringii.
Similarly, X-Y recombination in Hyla spp. is low (10~ times lower
than X-X) but nonzero, suggesting such low recombination main-
tains sex chromosome homomorphy (Guerrero et al. 2012),
explaining the coexistence of extreme heterochiasmy and homo-
morphic sex chromosomes in L. boringii. In many cases, frog spe-
cies maintain homomorphic sex chromosomes for more than
100 million years (Ma and Veltsos 2021), with very limited differ-
entiation between the sex chromosomes in the heterogametic sex

(Stock et al. 2011, 2013; Furman et al. 2020b). This may explain
why heteromorphic sex chromosomes are relatively scarce in the
clade (Busin et al. 2008; Schmid et al. 2012; Schartl et al. 2016).
In summary, our results show ancestral low-recombination regions
in male individuals coupled with occasional sex reversal events
have formed a long-term balance, enabling the L. boringii to main-
tain homomorphic sex chromosomes.

The location of sex chromosomes among anurans is nonran-
dom (Miura 2017; Jeffries et al. 2018), and Chr 1 is more often the
sex chromosome than expected by chance (Brelsford et al. 2013;
Dufresnes et al. 2015; Jeffries et al. 2018). Although the presence
of key male-determining genes in vertebrates, such as Ambh,
Dmrtl, and Irf9 (Adolfi et al. 2021), on this chromosome make it
possible the repeated independent origin of sex chromosomes
on Chr 1, an arguably more parsimonious explanation is that
Chr 1 represents the ancestral sex chromosomes of anurans.
From the synteny of anuran genomes, Chr 1 is highly conserved
with almost no fusion events from other chromosomes (Bredeson
et al. 2024; Kosch et al. 2025). The syntenic region corresponding
to Chr 1 has repeatedly evolved into sex chromosomes in multiple
vertebrate species (Montiel et al. 2016). More importantly,
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Figure 5. Candidate genes and pathways correlated with sex development

and differentiation in L. boringii. (A) Heatmap and the hierarchical clustering

of SL gene expression from gonad tissues in three late development stages (G28, G42, Adult). Five candidate genes (zp3, pgam5, c8h9orf78, ptgrl, and
cirbp) exhibiting high sex-specific expression across multiple periods are labeled in the heatmap. (B) Two key modules are highly correlated with sex

(Kendall’s r>0.7, P<0.05). Rows and columns correspond to modules, and

each cell represents the corresponding correlation (Pearson’s r) of module

to module. The color and thickness of the lines represent the correlation (Kendall’s r) and significance (P-value) between sex and modules. (C) KEGG func-

tional enrichment of genes with genetic differences (MM genes and SL gene

s) and expression differences (Me07 and Me09 modules).
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L. boringii is a member of the Leptobrachium genus, which diverged
roughly 46.4 million years ago (31.6—-61.4 million years ago) (Mat-
sui et al. 2010; Li et al. 2023) and belongs to Archaeobatrachia sub-
order (Feng et al. 2017). Given the phylogenetic position of
Leptobrachium and the prevalence of Chr 1 as the sex chromosome
in anurans, it may represent the ancestral sex chromosome pair in
Anura.

Many animal sex chromosomes exhibit proportionally great-
er or fewer sex-biased genes than expected by chance (for sum-
mary, see Dean and Mank 2014), which may be related to sexual
selection and conflict arising from mating systems. Some amphib-
ians with heteromorphic sex chromosomes (e.g., Engystomops) ex-
hibit sexual dimorphism and parental care (Elinson and del Pino
2012). These unique life history traits, combined with sexual selec-
tion, may enhance the effects of sex-biased genes. L. boringii has
strong male-biased sexual size dimorphism, unique keratinized
nuptial spines, and male-specific parental care (Zhang et al.
2016), suggesting sexual selection in the species that might lead
to sexualization of gene expression within the SLR. However, we
observed a mild enrichment of both ASE expression in testes and
male- and female-biased SLR genes in the gonad but not somatic
tissue (Fig. 4). These conclusions suggest that occasional XY
recombination may hinder sexualization of gene regulation in
L. boringii.

Finally, we identified five potential candidate genes on Chr 1
that are involved in gonad development and differentiation. zp3 is
critical in the process of sperm—egg interaction in African clawed
frogs (Omata and Katagiri 1996; Vo and Hedrick 2000). The over-
expression of pgam5 can negatively affect the cumulus cells by in-
creasing mitochondrial fission (Li et al. 2022). In humans, C9orf78
(ortholog of c8h9orf78) deletion can lead to XY individuals with fe-
male phenotypes (Veitia et al. 1997) and is a candidate gene for
ovarian dysgenesis (Ledig et al. 2010). ptgrl encodes a Sertoli
cell-specific prostaglandin catabolic enzyme (Tai et al. 2002;
Shima et al. 2004) and has a possible role in prostaglandin or other
eicosanoid signaling (Fahrioglu et al. 2007). cirbp mediates temper-
ature effects on the developing gonads in snapping turtles
(Chelydra serpentina) (Schroeder et al. 2016). Except for the PI3K-
Akt signaling pathway, other pathways may also play significant
roles in gonad development, such as the TGF-p signaling pathway,
ErbB signaling pathway, and oocyte meiosis, all of which have
been proven to be involved in diverse signaling pathways with
known regulatory roles in gonad development (Malki et al. 2005;
Prevot et al. 2005; Rutkowska and Badyaev 2008; Pan et al. 2021;
Wu et al. 2024).

All evidence taken together, we identified a homomorphic
yet large SLR on Chr 1 of L. boringii; the X and Y Chromosomes
showed little differences in gene content, collinearity, and size,
with modest sexualization, as demonstrated both in genetic and
karyotype analysis. We propose that sex-determining genes origi-
nating in regions of extreme heterochiasmy and low recombina-
tion drive SLR expansion. The low recombination regions on the
Y Chromosome form an equilibrium with the XY recombination
of sex-reversed individuals, which resulted in a long-term suppres-
sion of XY divergence. In this case, Chr 1 may have been main-
tained as the sex chromosome for a long evolutionary period of
time. Additionally, repeated recruitment of Chr 1 as a sex chromo-
some in frogs (Miura 2017; Jeffries et al. 2018) suggests it is likely
the ancestral sex chromosome in amphibians. Our findings high-
light the force of X-Y recombination to maintain homomorphic
sex chromosome and offer insights into the origin and persistence
of amphibian sex chromosomes.

Methods

Sample collection

L. boringii samples were collected from the Badagongshan National
Nature Reserve, China. Muscle and liver tissues from one male
were used for genomic sequencing; whole-body tissues, for tran-
scriptomic sequencing and gene structural annotation. Liver tissue
from another male was used for Hi-C and HiFi library construction.
Whole-genome resequencing involved 40 individuals and one
full-sib family. Transcriptomic sequencing used gonads at four
developmental stages and adult somatic tissues. All procedures
complied with CCNU-IACUC-2022-010 and relevant ethical regu-
lations. Details for DNA/RNA extraction and sequencing are in the
Supplemental Methods.

Genome sequencing, assembly, and annotation

The L. boringii genome was assembled using Illumina (329.7 Gb,
about 97.5x coverage), PacBio (333.6 Gb, about 98.6x coverage),
and Hi-C sequencing (173.6 GB, about 51.4x coverage). Draft as-
sembly was generated using Canu v2.0 (Koren et al. 2017) and
WTDBG v1.1.006 (https://github.com/ruanjue/wtdbg), followed
by polishing and de-redundancy processes. Genome completeness
was assessed by BUSCO v4.0.1 (Simao et al. 2015). Contigs were an-
chored into chromosomes using Juicer v1.5 (Durand et al. 2016)
and 3D-DNA v180922 (Dudchenko et al. 2017), yielding a 3.38
Gb L. boringii reference genome (Lbor.v1). Transposable elements
(TEs) were annotated using RepeatMasker, RepeatProteinMask
(http://www.repeatmasker.org), RepeatModeler (Flynn et al.
2020), and LTR-FINDER (Castelo et al. 2002). Protein-coding genes
were annotated using a combination of de novo prediction, ho-
mology search, and transcript-based assembly, utilizing tools like
GlimmerHMM v3.0.4 (Majoros et al. 2004), AUGUSTUS v3.3.2
(Stanke et al. 2006), and MAKER2 v2.31.10 (Holt and Yandell
2011). Gene functions were assigned using several databases
(Supplemental Methods) and assessed with BUSCO v4.0.1
(Simdo et al. 2015). For detailed downstream analyses, see the
Supplemental Methods.

Cytogenetic karyotype analysis

Metaphase chromosomes were prepared from L. boringii tadpole
kidneys using a modified version of the method from Phimphan
and Aiumsumang (2021). For detailed adaptations, see the Supple-
mental Methods. Metaphase chromosomes were examined and
photographed, and various metrics were calculated. Differences
in relative length (RL) of Chr 1 between sexes were assessed using
the Wilcoxon rank-sum test.

Variant calling and primary data filtration

Raw Illumina data were quality-checked using FastQC v0.11.5
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), map-
ped to the reference genome with BWA (Li and Durbin 2009), and
processed with SAMtools v1.9 (Li et al. 2009) and Picard (version
2.1; http://broadinstitute.github.io/picard/) for sorting and dupli-
cate removal. Variants were called using GATK v.3.8 (McKenna
et al. 2010) and filtered based on standard criteria (for details, see
Supplemental Methods).

Identification of sex chromosomes and the SLR

GWAS using EMMAX (Kang et al. 2010) identified the SLR, with a
significance threshold of P=2.699 x 107 (dividing 0.05 by the
number of total SNP). Fgp-values between males and females
were calculated using 200 kb sliding windows. The top 1% was
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selected as the significance threshold of Fsr. The sex-specific SNPs
were filtered and defined based on allele frequency differences (see
Supplemental Methods). We identified 274,384 male-specific
SNPs, 240 female-specific SNPs, and 607 missense variants belong-
ing to 395 genes by SnpEff (Cingolani et al. 2012) for variant
annotation.

Haploid genome, k-mer analysis, and coverage

We supplemented PacBio HiFi data with additional CCS reads
(166.03 Gb, ~49.1x coverage) from a male L. boringii and assem-
bled two haploid genomes using hifiasm (https://github.com/
chhylp123/hifiasm) and HiCanu (Nurk et al. 2020). Hi-C-based re-
finement yielded two haploid genomes, one of which was 3.923
Gb (HapA) and the other 3.740 Gb (HapB), with completeness as-
sessed by BUSCO v4.0.1 (Simdo et al. 2015).

Y Chromosome identification followed the k-mer analysis
method (Morris et al. 2018) using the HAWK pipeline (Rahman
et al. 2018) on paired-end DNA-seq reads. The sex-specific k-mers
were identified, filtered (see Supplemental Methods), and aligned
to haploid genomes to infer the Y Chromosome.

We aligned male and female reads to the HapA and HapB ref-
erence genomes using BWA-MEM v0.7.17 (Li and Durbin 2009)
and calculated male-to-female coverage ratios and unmapping
reads (HapA: 0.264% in females and 0.203% in males; HapB:
0.374% in females and 0.303% in males) (Supplemental Table
$16). Synteny between HAChr 1 and HBChr 1 was analyzed by
minimap2 v2.24 (Li 2018) and structural variants by SyRI v1.6
(Goel et al. 2019), and syntenic blocks >20 kb were plotted using
plotsr v0.5.4 (Goel and Schneeberger 2022).

High-density genetic map

Markers were encoded as Im x 11 (male heterozygous, female homo-
zygous) and nnxnp (male homozygous, female heterozygous).
After applying four filtering criteria to exclude noninformative
loci (Supplemental Methods), a total of 10,884 markers (5878 Im
x1l and 5006 nn x np) were retained. We used Lep-MAP3 (Rastas
2017) to partition linkage groups (LOD threshold 3) and
MareyMap (Siberchicot et al. 2017) for postprocessing, generating
a genetic map with 13 linkage groups. Recombination rates were
estimated using a LOESS model (span=0.2), calculating local re-
combination rates (cM/Mb) from the relationship between physi-
cal and genetic positions.

Validation of sex-specific markers by conventional Sanger
sequencing

Sex-linked SNPs were verified by designing primers from 300 bp
flanking sequences. Four primer pairs were confirmed as heterozy-
gous in 24 males and homozygous in 24 females by Sanger
sequencing (Supplemental Methods; Supplemental Fig. S11;
Supplemental Tables S19, S20). These markers accurately deter-
mine genotypic sex in L. boringii for sex reversal and RNA
sequencing.

RNA sequencing and gene expression analysis

Histological analysis identified four key stages of sex differentia-
tion: (1) G235, undifferentiated gonads; (2) G28, identifiable go-
nads; (3) G42, mature gonads at metamorphosis peak; and (4)
adult, sexually mature (Supplemental Fig. S12). Gonad and
somatic tissues from both sexes at these stages were collected.
We confirmed that the phenotypic and genotypic sex were consis-
tent by Sanger sequencing (Supplemental Table S19, S20) to ex-
clude sex-reversed individuals.

Standard methods were used for total RNA extraction, which
was sequenced from three biological replicates at each stage and
sex (Supplemental Methods). Reads were mapped to our reference
genome of Lbor.vl and two haploid genomes (Supplemental Fig.
S17) using HISAT2 (Kim et al. 2015), and differential expression
was analyzed using edgeR (Robinson et al. 2010) and DESeq2
(Love et al. 2014), applying |FC|>2 and FDR<0.05. Sex-biased
genes were also defined by |FC|>2 and FDR<0.05 and classified
by |FC| as low (two to four), mid (four to eight), and high (greater
than eight), following the method of Montgomery and Mank
(2016) to reduce bias from whole-body sampling.

ASE analysis

ASE patterns were estimated using modified pipelines (Quinn
et al. 2014), and the detailed modifications are shown in the
Supplemental Methods. Briefly, SNPs were called separately for
males and females using SAMtools mpileup v1.9 (Li et al. 2009)
and filtered with VarScan (Koboldt et al. 2012). To mitigate refer-
ence allele mapping bias (Stevenson et al. 2013), we used the meth-
od of Zimmer et al. (2016), excluding clusters of more than five
SNPs within 100 bp windows and setting a coverage filtering
threshold.

ASE was tested using a two-tailed binomial test (P<0.05)
with multiple testing correction for filtered SNPs. Genes were clas-
sified as ASE based on read ratio thresholds (>70% allele bias)
(Supplemental Methods). Significant differences in ASE patterns
between sexes and chromosomes were tested using Wilcoxon
rank-sum tests.

Gene coexpression analysis

Coexpression analysis was performed on 24 samples using
WGCNA v1.63 (Langfelder and Horvath 2007). For each module,
KEGG enrichment was conducted to understand the gene module
function. WGCNA and KEGG enrichment processing and analysis
were described in the Supplemental Methods.

Data access

The raw sequencing data generated in this study have been submit-
ted to the NCBI BioProject database (https:/www.ncbi.nlm.nih
.gov/bioproject/) under accession number PRJINA1108069.
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