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EVOLUTIONARY BIOLOGY

Evolution of a ZW sex determination system

in sticklebacks

Xiaoqi Cheng'?, Ming Zou', Yu Wang’, Yingnan Wang?, Xinxin Li', Hongkai Zhang’,

Chongnv Wang’, Juha Merila*>, Baocheng Guo'**

The stickleback system offers a powerful model for investigating the evolutionary dynamics of sex chromosome
differentiation. Although a ZW sex determination mechanism has previously been reported in sticklebacks, its
origin and evolutionary history remain poorly resolved. Here, integrated multiomics analyses were applied to
elucidate the evolutionary trajectory of the ZW system in Pungitius sinensis and Pungitius bussei. Using two newly

Copyright © 2026 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

assembled genomes and family-based segregation data, the sex-determining region (SDR) was delineated with
high resolution. Several canonical genes implicated in sex determination pathways were located within the identi-
fied SDR, although the primary sex-determining gene could not be definitively identified. Phylogenomic evidence
indicated that the ZW system emerged in Pungitius sticklebacks at least 5.0 million years ago. The absence of
strong selective pressure may account for the limited differentiation between Z and W chromosomes. These find-
ings define the evolutionary framework of the ZW system in Pungitius and contribute to a broader understanding

of the extensive sex chromosome diversity in teleosts.

INTRODUCTION

Deciphering the evolutionary dynamics of sex chromosomes is es-
sential for understanding both the mechanisms underlying sexual
differentiation, such as sex determination and sexual selection, and
the broader processes of biological diversification, such as reproduc-
tive isolation and speciation (1). The prevailing theoretical frame-
work posits a stepwise progression in sex chromosome evolution:
the emergence of a novel sex-determining locus and the initiation of
recombination suppression between proto-sex chromosomes, which
subsequently expands. This suppression leads to the accumulation of
deleterious mutations and loss of gene content on the Y or W chro-
mosome, giving rise to heteromorphic sex chromosomes and the
evolution of dosage compensation systems. In certain lineages, de-
generation proceeds to the point of complete Y or W chromosome
loss (2-4). While this canonical model provides a conceptual scaf-
fold, it represents a highly idealized trajectory that fails to capture
the extensive variation observed across taxa (I, 3, 5). Moreover, sev-
eral proposed steps within this model remain unresolved or actively
debated, with the molecular mechanisms underlying key transitions
still poorly understood.

Empirical research has revealed two major departures from the
canonical model of sex chromosome evolution. First, comparative ge-
nomic studies have documented widespread and recurrent sex chro-
mosome turnovers across diverse lineages, including teleosts [e.g.,
cichlids (6, 7), fugu (8), and catfish (9)], boas and pythons (10, 11),
and anurans (12, 13). This evolutionary fluidity has been attributed
to various adaptive forces, including sexually antagonistic selection,
meiotic drive, and heterozygote advantage, alongside nonadaptive
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processes such as genetic drift in small or bottlenecked populations
(14). Second, growing evidence challenges the presumed relation-
ship between the age of sex chromosomes and their degree of diver-
gence. Notable examples include sturgeons (~180 million years old)
(15), scallops (~350 million years old) (16), ratites (>100 million
years old) (17), and toads (~46 million years ago) (18), all of which
retain homomorphic sex chromosomes despite their ancient ori-
gins. These cases contradict the canonical expectation of inevitable
recombination suppression and degeneration over time and raise
unresolved questions about the mechanisms governing sex chromo-
some stability. Central among these are the processes that initiate
recombination suppression and the forces that drive its subsequent
expansion during sex chromosome evolution. Competing hypothe-
ses suggest roles for both selective pressures—particularly sexually
antagonistic selection—and neutral mechanisms (19, 20). Proposed
mechanisms underlying expansion include evolutionary forces such
as the accumulation of sexually antagonistic loci and the emergence
of compensatory regulatory architecture (19, 21). In addition, struc-
tural rearrangements and transposable elements (TEs) constitute
direct molecular mechanisms contributing to recombination sup-
pression. Collectively, these insights emphasize the value of homo-
morphic sex chromosomes as critical systems for disentangling the
early origins and diversification of sex chromosomes (22). Such sys-
tems provide a critical empirical foundation to test hypotheses re-
garding the origin of new sex chromosomes and to distinguish between
recently evolved turnovers and ancient sex-determining systems that
have remained refractory to differentiation (3, 23).

Sticklebacks (Gasterosteidae) represent an exceptional system
for elucidating the molecular dynamics of sex chromosome evolu-
tion due to their labile sex determination systems and the presence
of both heteromorphic and homomorphic sex chromosomes (24-
30). Within the genus Pungitius, both the chromosomal architecture
and the genetic basis of sex determination exhibit notable variation
(25). For instance, Pungitius pungitius exhibits an XY sex determi-
nation system (24-26), whereas members of the sinensis clade—
descended from a common ancestor with P. pungitius approximately
10 million years ago (Mya) (31-33)—operate under a ZW system
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with female heterogamety (25). Although the sex chromosomes in
Pungitius sinensis and Pungitius kaibarae have been mapped geneti-
cally (25), their evolutionary origin and developmental trajectory re-
main largely unknown. In P. sinensis, minimal sequence divergence
between Z and W chromosomes has been observed (24), raising key
questions about whether this pattern reflects an early stage of sex
chromosome differentiation or represents long-term stability with-
out large-scale W degeneration. The robust phylogenetic framework
available for sticklebacks (31-33) establishes Pungitius as an ideal
lineage for investigating the genetic basis of sex chromosome emer-
gence and divergence—or the unexpected lack thereof.

This study traced the evolutionary history of a ZW sex determina-
tion system in Pungitius with a multiomics approach. Chromosome-
level genome assemblies for P. sinensis and its close relative Pungitius
bussei were generated, enabling high-resolution delineation of the
sex-determining region (SDR) in P. sinensis through integration with
family-based segregation data. Within the SDR, gene content and re-
peat sequences were systematically annotated, and haplotype-resolved
comparisons between Z and W chromosomes revealed both a female-
specific region (FSR) and a highly divergent region (HDR). Compar-
ative genomic analysis confirmed that the ZW system was shared by
P sinensis and P. bussei, indicating an origin of at least 5.0 Mya. Despite
this evolutionary time span, the Z and W chromosomes remain
largely undifferentiated, suggesting an absence of strong selective pres-
sures favoring the expansion of recombination suppression. Collec-
tively, these findings fill a critical gap in our understanding of sex
chromosome evolution within the stickleback lineage and shed light
on the evolutionary dynamics governing the unexpected stability of
homomorphic sex chromosomes in teleosts.

RESULTS
Chromosome-level genome assemblies of Pungitius species
The genome size of P. sinensis was estimated at 496.7 Mb based on
k-mer analysis, with P. bussei slightly smaller at 491.9 Mb. Genome-
wide heterozygosity was 0.22% in P. sinensis and 0.19% in P. bussei.
The final assembly of P. sinensis yielded 483 Mb across 218 contigs,
with a contig N50 of 10.47 Mb and an estimated Benchmarking
Universal Single-Copy Orthologs (BUSCO) completeness of 96.90%
(34) (table S1). The P. bussei assembly totaled 502 Mb across 558
contigs, with a contig N50 of 5.67 Mb and an estimated BUSCO
completeness of 97.40% (table S1). High-throughput chromosome
conformation capture (Hi-C) data enabled anchoring of 462 Mb
(95.60% of the 483 Mb P. sinensis assembly) and 494 Mb (98.45% of
the 502 Mb P. bussei assembly) to 21 chromosomes, consistent with
the haploid chromosome number previously reported for P. pungitius
(35) (fig. S1). Repeat sequences accounted for 18.25% of the P. sinensis
assembly and 15.41% of the P. bussei assembly. Kimura substitution
profiles indicated that the proportion of repetitive sequences was
higher in Pungitius than in Gasterosteus aculeatus (fig. S2). Gene an-
notation identified 23,244 protein-coding genes in P. sinensis and
24,456 in P. bussei, with gene, coding sequence, exon, and intron
length distributions closely resembling those reported in previously
assembled stickleback genomes (fig. S3). Together, these assemblies
demonstrate sufficient quality for high-resolution comparative ge-
nomic analyses (table S1).

To place Pungitius genomic evolution within a phylogenetic
framework, divergence times were inferred for six stickleback species
with high-quality chromosome-level assemblies using 8395 single-copy
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orthologous protein-coding genes (Fig. 1A). The resulting phylogeny
was consistent with earlier reconstructions (31, 32, 36). The most
recent common ancestor (MRCA) of Gasterosteidae was estimated
at 27.2 Mya, with a 95% highest posterior density (HPD) interval
of 20.7 to 35.8 Mya. The MRCA of Pungitius was inferred to date to
8.6 Mya (HPD: 6.8 to 11.2 Mya), and divergence between P. sinensis
and P, bussei was estimated at 5.0 Mya (HPD: 0.6 to 9.3 Mya).

Extensive chromosomal rearrangements among

stickleback genomes

To elucidate the contribution of large-scale chromosomal rear-
rangements to sex chromosome evolution in sticklebacks (25, 28), a
comprehensive, genome-wide synteny analysis was conducted across
six species with high-quality, chromosome-level assemblies (Fig. 1A
and table S1). Although broad macrosyntenic conservation was evi-
dent across the lineage, multiple lineage-specific rearrangements were
detected (Fig. 1B), as observed previously (36). Chromosome 7 in
G. aculeatus and chromosome 12 in Pungitius species each origi-
nated through independent chromosomal fusions. Chromosome 4,
a region known to harbor loci involved in marine-freshwater eco-
logical adaptation (36), arose via independent fusion events in both
G. aculeatus and Pungitius lineages, indicating convergent chromo-
somal remodeling involving this region. Inversions were particularly
prevalent between P. pungitius and P. sinensis (Fig. 1, A and B).
Using non-Pungitius genomes as references, 39 and 54 inversions
>5 kb were identified in the P. sinensis and P. pungitius genomes,
respectively, found on 16 chromosomes in each case (Fig. 1B and
table S2). Notably, several of these inversions were located within the
SDRs on chromosome 12 in both species (Fig. 1C), which is known
to facilitate the initiation of recombination suppression in the XY
system of P. pungitius (25).

SDR and female heterogametic sex determination system in
P. sinensis

A female heterogametic (ZW) sex determination system was identi-
fied in P, sinensis, contrasting with the male heterogametic (XY) sex
chromosome system observed in other stickleback species (25, 27,
28). Although chromosome 12 has been established as the sex chro-
mosome in P, sinensis, the precise location of the SDR has remained
unresolved, largely due to the limited sequence divergence between
Z and W chromosomes in wild populations (24). To map the SDR, a
family-cross panel comprising 16 males and 16 females from the
Yoneshiro River population in Odate, Japan, was genotyped via whole-
genome resequencing (WGR), yielding 1,262,057 high-quality single-
nucleotide polymorphisms (SNPs) for downstream analyses.

The Fsr between the sexes was highest within a 5-Mb segment on
chromosome 12 (Chr12:2,000,000 to 7,000,000; Fig. 2, A and B),
confirming this region as the putative SDR. Within this interval, se-
quencing depth analysis revealed pronounced differences in read
coverage between females and males when aligned to the consensus
sequence of chromosome 12 (Fig. 2C), suggesting sequence diver-
gence between the Z and W chromosomes. In addition, principal
components analysis (PCA) based on SNPs in 10-kb sliding win-
dows across the SDR delineated individuals according to pheno-
typic sex, with the strongest differentiation observed within Chr12:2,
400,000 to 4,800,000 (Fig. 2D). Although this SDR resided on chro-
mosome 12 in both P. sinensis and P. pungitius, it occupied entirely
distinct regions (Fig. 1C), demonstrating that SDR turnover has oc-
curred within the genus.
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Fig. 1. Synteny and chromosomal rearrangements among sticklebacks. (A) Phylogeny and synteny of sticklebacks. The left panel shows maximum-likelihood phylog-
eny of stickleback species and their divergence times based on 8395 single-copy orthologous genes. The right panel shows macrosynteny across stickleback species, with
karyotypes and chromosome names shown above. Chromosomal fusions are highlighted. The illustration of sticklebacks is reproduced with full permission from the
original author (L. J. Hyun; https://galelee.carrd.co/#specimen). (B) Circos plot illustrating inverted genomic regions between P. sinensis and P. pungitius. Inversions in
P.sinensis and P. pungitius are highlighted in yellow and brown, respectively. (C) Microsynteny of the chromosome 12 among G. aculeatus, P. sinensis, and P. pungitius. Sex-
determining regions (SDRs) on chromosome 12 in P. sinensis and P. pungitius are shown. The bottom panel shows PacBio long-read mapping patterns consistent with

breakpoints of an inversion that occurred in P. pungitius.

To determine the heterogametic pattern associated with the SDR,
two independent analytical approaches were adopted. First, elevated
heterozygosity in females was observed across this region, especially
within Chr12:2,400,000 to 4,800,000 (Fig. 2E). Second, phylogenetic
trees constructed from phased SNPs in 10-kb windows showed that,
in the Chr12:2,400,000 to 4,800,000 region, half of the female-
derived haplotypes formed a distinct clade, while the other half clus-
tered with male haplotypes (Fig. 2F). Collectively, these findings
provide strong support for a female heterogametic (ZW) sex deter-
mination system in P. sinensis. Notably, the signal of sex-specific dif-
ferentiation was most pronounced within a core interval spanning
approximately Chr12:2,400,000 to 4,800,000, indicating that the
functional SDR is likely narrower than the initially defined bound-
ary (Chr12:2,000,000 to 7,000,000). Nevertheless, the broader inter-
val was retained in this study to capture the full range of genomic
features potentially involved in sex determination, while recogniz-
ing that the principal functional SDR is likely confined to a more
restricted segment.

Divergence of the SDR between Z and W chromosomes in

P. sinensis

To resolve the genomic architecture of the SDR in P. sinensis, haplo-
types of chromosome 12 were assembled from the genome-sequenced
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female individual (table S3). On the basis of Illumina read depth
patterns across the SDR in the family cross dataset, the longer hap-
lotype was identified as the W chromosome (Fig. 3). Although the
overall SDR sequence was largely conserved between the Z and W
chromosomes, two distinct subregions, designated FSR and HDR,
were resolved based on WGR read mapping differences between
males and females (Fig. 3, B and C). Both regions exhibited sex-
biased read depth; however, FSR was characterized by a pronounced
difference in mapping coverage between the sexes and the presence
of several haplotype-specific genes (Fig. 3, B and E). Repetitive ele-
ment accumulation, including TEs and simple sequence repeats, is
frequently implicated in sex chromosome divergence across both
XY and ZW systems (2). Consistent with this trend, repeat content
was notably enriched within the SDR (Fig. 3, A and D), with par-
ticularly elevated accumulation in the W-linked SDR compared to
its Z-linked homolog (Wilcoxon test, P = 0.00037; Fig. 3, A and C).
Despite broad conservation of gene synteny between the Z and
W SDRs, haplotype-specific genes were identified within the FSR
(fig. S4 and Fig. 3E). Specifically, two unique genes were present on
the Z chromosome, while 11 were detected on the W chromosome,
7 of which were confined to the FSR (table S4). Of the seven FSR-
restricted genes, six encode proteins containing the immunoglobu-
lin V-set domains. In addition, the FSR showed marked enrichment
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of long terminal repeats (LTRs) (Fig. 3E and table S4). No haplotype-
specific genes were detected within the HDR, although the region
contained many repetitive sequences (fig. S5). These results collec-
tively demonstrate that ZW divergence in P. sinensis remains limited.

Genes associated with sex differentiation in the SDR in

P. sinensis

A total of 352 protein-coding genes were annotated within the SDR,
among which 159 exhibited sex-specific heterozygous sites and 168
showed sex-biased expression patterns (Fig. 4A and table S5). On
the basis of comparative analysis, 18 genes were found exclusively in
P. sinensis, lacking identifiable paralogs in syntenic regions of other
stickleback genomes, with most encoding proteins of unknown func-
tion (table S5). Prior studies have documented sexually dimorphic
traits in P. sinensis, including variation in body size (37) and nesting
behavior (38). Notably, genes previously associated with these phe-
notypes (39, 40) were not located within the SDR (table S5). In-
stead, 38 of the 352 genes mapped to the SDR have been implicated
in sex differentiation and/or gonadal development according to ear-
lier studies (table S6).
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To investigate the potential involvement of these 38 genes in the
evolution of the sex determination system in P. sinensis, their expres-
sion profiles in male and female gonads, levels of heterozygosity with-
in the SDR, and WGR read depth patterns were analyzed (Fig. 4B and
table S6). Additional signatures of selection were assessed through
McDonald-Kreitman (MK) tests and nonsynonymous/synonymous
(dn/ds) substitution rate analyses across stickleback species for lineage-
specific adaptive changes. Among these candidates, 14 genes displayed
expression patterns or functional attributes associated with sex differ-
entiation or gonadal development (Fig. 4B). These comprised estab-
lished regulators of sex determination or differentiation, including
dmrt4 (41, 42), cyp26b1 (43), and nedd8 (44); genes exhibiting sex-
biased expression, such as tt¢29 (45), teskI (46), mmp14 (47), zp3 (48),
zpax4 (49), and ybx2 (50); and genes implicated in gonadal develop-
ment, including acapl (51), ptgrl (52), svepl (46), capn5 (53), and
cbinl (54). Three of these genes (cyp26b1, teskl, and svepl) harbored
sex-specific heterozygous variants within coding regions. An addi-
tional gene located within the SDR was also examined. Furthermore,
gene K02A2.6, previously characterized as male-specific in cichlids
(7) and located on the Y chromosome in G. aculeatus, was identified
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Fig. 4. Candidate sex-determining genes within the SDR. (A) Overview of annotated genes within the SDR. The top panel indicates positions of gene implicated in sex
differentiation. Subsequent panels show all annotated genes in SDR, those with female-biased or male-biased expression, and genes containing female-specific or male-
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gous variants located in exons.

within the P, sinensis SDR, although no expression was detected in
gonadal tissue.

Among these candidates, dmrt4 warranted particular consider-
ation. Several members of the dmrt (Doublesex and Mab-3 related
transcription factor) gene family, including dmrt1 (55) and dmrt4
(41, 42), are widely recognized for conserved roles in sex determina-
tion and differentiation across teleosts. Although no sex-biased dif-
ferences in expression, heterozygosity, or WGR read depth were
observed between males and females in P. sinensis, species-specific
amino acid substitutions were detected in dmrt4 (fig. S6).

Chengetal,, Sci. Adv. 12, eaeb1484 (2026) 5 June 2026

Origin and evolution of the ZW sex chromosomes in
Pungitius sticklebacks

The ZW sex determination system identified in P. sinensis has also
been reported in other Pungitius sticklebacks within the sinensis
clade distributed across northeast Asia, including P. kaibarae (25).
To investigate whether this system originated in a shared ancestor or
arose independently across lineages, chromosome 12 haplotypes
were assembled from a female P. bussei, a species closely related to
P, sinensis (32, 33). Divergence between the two P. bussei haplotypes
within the 2- to 7-Mb region of chromosome 12 (Fig. 5A) was
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Fig. 5. Shared origin and evolutionary dynamics of ZW sex chromosomes in P. sinensis and P. bussei. (A) Haplotype synteny between Z and W chromosomes in the
SDR in P. bussei, with the FSR and HDR highlighted in pink and orange, respectively. (B) SDR haplotype synteny between P. sinensis and P. bussei. (C) Repeat insertions
within FSR and HDR across stickleback lineages. Left: Divergence times within sticklebacks, with MRCA of Gasterosteidae marked by a brown star and MRCA for Pungitius
marked with an orange star. Center: Regional sequence alignments across stickleback species. Right: Estimated timing of W-specific repeat accumulation. (D) Expression
profiles of autosomal and SDR genes in sticklebacks. Boxplots illustrate differences in gene expression between females and males within sex-determining (red) and au-
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consistent with the SDR structure observed in P. sinensis (Fig. 3A).
Haplotype synteny comparisons further demonstrated that both
species shared a homologous SDR (Fig. 5B). To reconstruct the evo-
lutionary trajectory of this region, repeat landscapes within the FSR
and HDR of P. sinensis and P. bussei were compared with homolo-
gous regions in other sticklebacks. Synteny analysis demonstrated a
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pronounced enrichment of repetitive elements within this region
across all examined Pungitius species, whereas comparable repeats
were largely absent in G. aculeatus (Fig. 5C). Insertion time esti-
mates indicated that these repeat insertions occurred after the diver-
gence of Pungitius from G. aculeatus, consistent with lineage-specific
accumulation. Notably, a distinct burst of TE insertions was observed
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at approximately 5 Mya in P, sinensis and P, bussei, coinciding with the
inferred timing of sex chromosome emergence. This temporal corre-
spondence suggests that repeat expansion accompanied progressive
sex chromosome differentiation and recombination suppression. To-
gether, these results indicate that the ZW system in Pungitius stick-
lebacks of the sinensis clade originated approximately 5.0 Mya in
their common ancestor following divergence from P. pungitius.

In contrast to the frequent structural rearrangements between X
and Y chromosomes in P. pungitius and G. aculeatus (25, 26, 30), no
such inversions were detected between the Z and W chromosomes
of the sinensis clade species. The high collinearity and conserved
gene synteny between Z and W chromosomes at both interspecific
and intraspecific levels (Figs. 3A and 5A) reinforce the conclusion
that ZW differentiation remains minimal in this lineage. To evaluate
the extent of sex chromosome differentiation at the molecular level,
dn and ds substitution rates were compared across stickleback spe-
cies. The sex chromosomes of P. sinensis were estimated to have
formed approximately 5 Mya. However, despite this early origin,
both dy and ds values in P, sinensis were apparently lower than those
observed in the corresponding 5-Mya strata of G. aculeatus and
Gasterosteus wheatlandi. Notably, divergence levels in P. sinensis
were instead comparable to those reported in a considerably younger
(~1 Mya) sex chromosome region in G. wheatlandi (table S7). This
limited sequence divergence was also reflected at the transcriptional
level (Fig. 5D). In both G. aculeatus and P. pungitius, genes located
within the SDR displayed significantly female-biased expression rela-
tive to autosomal genes. In contrast, SDR-linked genes in P. sinensis
exhibited no significant sex-biased expression, even though the SDR
predates both stratum 3 of G. aculeatus [<4.7 Mya (30)] and the sex
chromosome system of P. pungitius (<5.0 Mya) (24). Although the
W chromosome in P, sinensis had accumulated TEs (Fig. 3C), it showed
minimal evidence of degeneration and appeared to remain in an
early, undifferentiated stage of sex chromosome evolution compared
to the more advanced divergence observed in G. aculeatus and
P. pungitius (Fig. 5D).

Expression profiles were then compared between brain and go-
nadal tissue in P. sinensis. PCA based on read counts indicated min-
imal expression divergence between sexes in the brain but marked
differentiation in the gonads (fig. S7). In the gonads, 5288 genes
were female biased and 5210 genes were male biased, encompassing
genes involved in fundamental biological processes and sexual re-
production, such as sperm-zona pellucida binding (fig. S8). In con-
trast, only 561 female-biased genes and 274 male-biased genes were
identified in the brain, including 10 female-biased and one male-
biased gene located within the SDR. Given the relatively weak sexual
dimorphism reported in P. sinensis (56, 57), a corresponding reduc-
tion in sex-biased gene expression in nonreproductive tissues was
hypothesized. To assess this, sex-biased expression of autosomal
genes was compared between P, sinensis and G. aculeatus, a species
characterized by pronounced phenotypic dimorphism. Unexpect-
edly, brain tissue of P. sinensis exhibited substantially higher num-
bers of sex-biased autosomal genes (551 female biased and 273 male
biased) than G. aculeatus (43 female biased and 255 male biased),
despite the markedly lower phenotypic dimorphism in P. sinensis. In
contrast, gonadal tissues displayed largely comparable levels between
species (G. aculeatus: 3885 female biased and 6027 male biased;
P sinensis: 5092 female biased and 5005 male biased). These findings
indicate that the extent of sex-biased gene expression in brain tissue
does not correspond directly to the degree of phenotypic sexual
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dimorphism across species, suggesting a more complex association
than initially assumed.

Although the underlying mechanisms remain unresolved, these
patterns are consistent with a distinct trajectory of sex chromosome
evolution in P, sinensis. To place these observations in an evolution-
ary context, they were integrated into a conceptual framework
(Fig. 5E) summarizing potential factors contributing to this process,
as discussed below.

DISCUSSION

The evolutionary trajectory of a ZW sex chromosome system in
Pungitius sticklebacks was reconstructed through integrated genomic
analyses. A female heterogametic configuration was identified in
this lineage, in contrast to the male heterogametic (XY) system re-
tained in most other stickleback species. Despite an estimated origin
of atleast 5.0 Mya, the Z and W chromosomes have remained largely
homomorphic, exhibiting limited structural and sequence divergence.
This pattern contrasts with the canonical model of sex chromosome
evolution, which predicts progressive recombination suppression
accompanied by W chromosome degeneration. These findings pro-
vide an empirical framework for reassessing current models of sex
chromosome differentiation and refine understanding of the mech-
anisms underlying sex chromosome turnover and long-term evolu-
tionary stability.

A female heterogametic system in P. sinensis was substantiated
through genomic analyses, consistent with earlier molecular cytoge-
netic and linkage mapping evidence (25). In view of the predomi-
nance of male heterogamety across most other stickleback lineages,
an ancestral XY configuration is implied for the family, with the ZW
system arising subsequently within the sinensis clade of northeast
Asian Pungitius. However, whether this transition occurred directly
from an XY system or via other turnovers remains to be determined.
To clarify the temporal origin of this transition, the evolutionary
history of W-linked regions was examined using repeat-based dat-
ing approaches. Repetitive elements began accumulating in Pungitius
approximately 20 Mya (Fig. 5C), generating repeat-rich genomic
intervals that likely reduced local recombination (58). Following the
divergence of P. pungitius from the common ancestor of P. sinensis
and P, bussei, a pronounced expansion of repetitive elements occurred
in the latter two lineages at approximately 5 Mya, coincident with
the inferred onset of recombination suppression and early differen-
tiation of sex chromosomes (Fig. 5C). Continued recombination
restriction accompanied by repeat proliferation contributed to the
formation of the FSR and the establishment of differentiated Z and
W chromosomes (Figs. 3A and 5A). LTRs, which propagate through
copy-and-paste mechanisms (59), represented the predominant
class of TEs within the W-specific region (Fig. 3, D and E). This en-
richment coincided with the presence of tandemly arranged W-specific
genes and several encoding proteins containing immunoglobulin
V-set domains (Fig. 3E and table S4). Proteins harboring V-set
domains may share functional parallels with V-set and immuno-
globulin domain containing protein 1 (VSIGI), located on the X
chromosome in humans and mice and predominantly expressed in
testicular germ cells (60). The biological roles of these W-linked
genes in P, sinensis, and any potential relationship to LTR-associated
genomic remodeling, remain unresolved and require further inves-
tigation to determine possible relevance to sex determination. It is
important to note that delineation of the SDR was based on a limited
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number of recombinant individuals derived from a single cross and
may therefore overestimate its extent. Expanded analyses incorpo-
rating wild populations will be essential to refine SDR boundaries
and to identify candidate sex-determining loci.

If the ZW system in P. sinensis indeed arose from an ancestral XY
configuration, a scenario suggested by the phylogenetic context but
requiring further validation, the forces precipitated such a shift re-
main unresolved. A newly arising sex-determining mutation can
spread when it generates a sex ratio closer to the evolutionary opti-
mum or enhances the viability of its carriers (61, 62), thereby pro-
moting sex determination transitions. Although these processes act
directly on sex-determining loci, evaluating them in P. sinensis is
challenging as the sex-determining genes have not yet been identified.
An alternative pathway involves linkage between a sex-determining
locus and sexually antagonistic variants, which can drive replace-
ment of one sex determination system by another (61, 62). This
mechanism is improbable in P. sinensis, given the limited expression
of sexually antagonistic dimorphisms in this species (56). Sex chro-
mosome turnover may also occur when an established system ac-
quires a substantial genetic load, prompting replacement, a process
described under the hot-potato model (63). However, if a direct
transition from XY to ZW did occur, this framework would be in-
compatible with the shift because it predicts retention of the ances-
tral heterogametic pattern (63). The transitions may instead have
arisen through genetic drift (61, 62), although empirical evidence
will be required to evaluate this possibility.

In contrast to the linear degenerative pathway predicted by the
canonical model, sticklebacks (Fig. 6) and many other teleosts ex-
hibit frequent sex chromosome turnover, and most species retain
sex chromosomes at an early stage of differentiation (26, 27, 29). The
Z and W chromosomes of P. sinensis and P. bussei exhibited limited

structural and sequence degeneration, particularly relative to sex-
linked regions of comparable age in other stickleback lineages
(table S7), consistent with persistence of a largely undifferentiated
chromosomal state. Sexual antagonism is often considered as an
important driver of sex chromosome evolution and has been docu-
mented across numerous vertebrate systems (30, 64). The emer-
gence of sexually antagonistic alleles near a sex-determining locus
can generate advantageous allele combinations and promote the
expansion of recombination suppression in sex chromosomes (19).
In P, sinensis, several lines of evidence suggest limited sex-specific
divergence, including weak phenotypic dimorphism (56), the absence
of detectable accumulation of sexually antagonistic alleles within
the sex-linked region (table S5), and comparatively modest expres-
sion differentiation between the sexes in brain tissue relative to go-
nadal tissue (Fig. 5D). Although these patterns do not constitute a
direct quantification of sexually antagonistic selection, they are con-
sistent with a scenario in which such selection operates at low inten-
sity. This framework supports the interpretation that limited sexual
antagonism may facilitate the persistence of homomorphic sex
chromosomes; however, it is unlikely to represent the primary force
underlying ZW differentiation in this lineage. Similar patterns have
been reported in other teleosts, where recombination suppression
between sex chromosomes has emerged in the apparent absence of
strong sexually antagonistic selection (65).

However, the inference of weak sexually antagonistic selection in
P, sinensis remains inconclusive. The presence of sex-specific dimor-
phism and sex-biased gene expression suggests that at least partial
resolution of sexual conflict has occurred (57, 66), yet unresolved
conflicts may persist in regulatory or developmental dimensions not
captured by differential expression between adult males and females.
Furthermore, the transcriptomic analysis was limited in scope,
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Fig. 6. Sex chromosome evolution in sticklebacks. The left panel illustrates the evolutionary history of sex chromosomes in the sinensis clade. Following an initial ac-
cumulation of transposable elements (TEs) in the ancestor of Pungitius, a ZW sex determination system emerged in the sinensis clade after divergence from the pungitius
clade. Subsequently, the W chromosome evolved through further TE accumulation. Concurrently, several inversions emerged in P. pungitius. Following speciation, intro-
gression from P. sinensis into P. pungitius facilitated sex-chromosome turnover in P. pungitius. The light orange shading indicates accumulation of TEs on chromosome 12
in the ancestor of Pungitius sticklebacks. The light red shading indicates the origin and evolution of W chromosome in P. sinensis and P. bussei, the light blue shading indi-
cates inversions in P. pungitius, the brown arrow indicates introgression from P. sinensis to P. pungitius. The right panel shows diversity of sex chromosomes in G. aculeatus,
G. wheatlandi, G. nipponicus, A. quadracus, C. inconstans, P. kaibarae, P. bussei, P. sinensis, and P. pungitius, summarized from this and earlier studies (24-30).
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lacking representation across multiple tissues and developmental
stages, which restricts the ability to assess the breadth of sex-specific
regulatory divergence (57, 66). Reliance on gene function annota-
tion and trait-level associations to infer sexually antagonistic loci
may also be insufficient, given the limited understanding of the ge-
nomic underpinnings of sexually antagonistic phenotypes in most
systems (67). As such, the contribution of sexually antagonistic se-
lection to ZW chromosome differentiation in P. sinensis cannot be
excluded, and resolving its role will require broader developmental,
genomic, and ecological datasets.

In addition, regions of suppressed recombination can originate
and expand through genetic drift (20). For example, a randomly
arising inversion that overlaps a sex-determining locus can, in prin-
ciple, stabilize and expand nonrecombining segments, although such
inversions are often viewed as secondary consequences rather than
initial drivers of recombination suppression (68). No inversion was
detected in P, sinensis (Figs. 3A and 5A), yet substantial accumula-
tion of TEs was observed between the Z and W chromosomes (Fig. 5,
A and B). TE deposition in this region began before species diver-
gence within Pungitius, indicating the presence of a preexisting ge-
nomic interval characterized by reduced recombination (Fig. 5C).
Such an interval could have created a permissive environment for
the initiation of ZW differentiation (20). Demographic history may
further support this scenario. Species within the sinensis clade are
believed to have historically maintained small effective population
sizes (32, 33), conditions under which drift can facilitate rapid fixation
of TE insertions, thereby increasing the likelihood that recombina-
tion suppression becomes established (20). However, TE accumula-
tion ceased relatively early in both P. sinensis and P. bussei (Fig. 5C),
indicating that the subsequent expansion of recombination suppres-
sion was arrested.

The persistence of homomorphic sex chromosomes in the sinensis
clade of Pungitius sticklebacks might result from other mecha-
nisms. For example, dosage compensation, which typically evolves
to counterbalance gene dosage imbalances resulting from sex chro-
mosome degeneration, can, in some cases, accelerate divergence if
established during early stages of sex chromosome evolution (21).
In contrast, failure to evolve dosage compensation may constrain
divergence, as shown in ratites such as ostriches (69). In P. sinensis,
the absence of significant differences between SDR-linked and auto-
somal genes in somatic tissues suggests that the W chromosome has
not undergone substantial degeneration and that compensatory mech-
anisms are likely unnecessary. Recurrent recombination through sex
reversal has been implicated in maintaining undifferentiated sex chro-
mosomes in frogs (70), but sex-reversed individuals have not been
documented in Pungitius, reducing the plausibility of this mecha-
nism. Another possibility involves the accumulation of reversibly
sex-biased genes during gonadal development within the SDR, a
mechanism proposed to contribute to the persistence of homomor-
phic sex chromosomes in mollusks (16). A similar process may
operate in Pungitius, as multiple genes within the SDR exhibit sex-
biased expression in gonadal tissue. However, the temporal dy-
namics and reversibility of this expression remain uncharacterized.
Comprehensive transcriptomic analyses spanning additional tissues
and developmental stages will be required to rigorously assess the
applicability of this model in P. sinensis.

Overall, this study delineated the evolutionary history of a de-
rived ZW sex determination system in Pungitius, characterized by
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limited differentiation between Z and W chromosomes. These
findings point to weak sexually antagonistic selection, absence of
major structural rearrangements, and lack of early dosage compen-
sation in the SDR as key factors constraining divergence. These re-
sults expand the current understanding of sex chromosome evolution
by highlighting an alternative trajectory in which homomorphy can
persist despite the presence of a long-established SDR, thus offering
additional insights into the evolutionary dynamics of teleost sex
chromosomes.

MATERIALS AND METHODS

Sampling and sequencing

A female P. sinensis specimen was collected from Xinlong, Henan
Province, China (117°20'E, 40°24'N), and a female P. bussei speci-
men was collected from Yichun, Heilongjiang Province, China (128°
42'10"E, 47°44'21"N) for genome sequencing and assembly. To
identify sex-linked regions, WGR was performed on 32 individuals
(16 males and 16 females) from a single family of P. sinensis originat-
ing from the Yoneshiro River in Odate, Japan. Genomic DNA was
extracted from muscle tissue using a DNeasy Blood & Tissue Kit
(Qiagen). Long-read sequencing was conducted on the PacBio Se-
quel II platform and paired-end short-read sequencing was con-
ducted on the Illumina NovaSeq 6000 platform. RNA from brain,
liver, muscle, and gonad tissues was extracted and sequenced for
gene annotation and expression quantification. Sample information
and genomic datasets are summarized in table S8. All samples were
obtained in accordance with national and institutional ethical regu-
lations with permission from the Finnish Food Safety Authority
(#2736/425/2007, #1181/0527/2011, and #3701/0460/2011). All ani-
mal experiments were conducted under license from the Finnish
National Animal Experiment Board (#STH379A and #PH1236A).

Genome assembly and annotation

After quality control and genome size estimation, assemblies were
generated for P. sinensis and P. bussei. Genome annotation was
conducted by integrating evidence from ab initio predictions,
homology-based searches, and transcriptomic evidence. Repeti-
tive elements were identified using EDTA (v1.9.7) (71) and Repeat-
Masker (v4.1.1).

Comparative genomics

Single-copy orthologs were identified across stickleback genomes.
Maximum-likelihood phylogenetic inference was performed using
concatenated multisequence alignments of these genes, with the op-
timal substitution model selected automatically. Divergence times
were estimated using fossil record calibrations and previous pub-
lished research. Syntenic relationships among sticklebacks were as-
sessed based on coding sequence alignments. Chromosomal inversions
between P. sinensis and P. pungitius were identified, retaining only
those >5 kb.

Identification of the sex-linked region

WGR data from the 32 P, sinensis individuals were aligned to the
P, sinensis reference genome to identify sex-linked regions (table S8).
SNPs were called, and sex-specific differentiation was quantified by
calculating the fixation index (Fsr) and coverage differences between
the sexes along chromosome 12 in nonoverlapping 10-kb sliding
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windows. PCA, heterozygosity estimation, and haplotype phylogeny
reconstruction were also performed within this region using the same
window strategy.

Haplotype assembly and comparative analysis

To better understand sex chromosome evolution, haploid assemblies
of chromosome 12 were generated for both P. sinensis and P. bussei.
Pairwise alignment of haplotypes identified regions of sex-specific
differentiation. Illumina reads from individuals of the crossed fam-
ily were mapped to the W haplotype to evaluate coverage differences.
Repetitive sequences and protein-coding genes in haploid assemblies
were annotated using the same pipeline as for the full genome. Gene
content was compared between haplotypes using reciprocal BLASTP.

Characterization of sex-linked genes

RNA sequencing (RNA-seq) data from the gonadal and brain tis-
sues were mapped to the corresponding assemblies. Transcriptome
assemblies and differential expression analyses were performed for
each tissue. Gene functions within the sex-linked region were re-
trieved via Google Scholar to assess potential involvement in sex de-
termination. Average read depth and coverage for these genes were
compared between sexes. Nonsynonymous and synonymous substi-
tution rates of each gene in P. sinensis were compared to orthologs in
other sticklebacks to assess selective pressures (72). The MK test was
applied to detect potentially positive selection in females using cmk-
test (https://github.com/jhpanda/McDonaldKreitmanTest), in which
the female population was treated as the target and the male popula-
tion as the outgroup.

Estimation of sex-specific TE insertion time

Repeat elements within differentiated regions of chromosome 12 in
P. sinensis and P. bussei were similarly analyzed. Corresponding or-
thologous regions in G. aculeatus and P. pungitius were extracted.
Divergence between female-specific repeats and consensus sequenc-
es was calculated using RepeatMasker. Insertion times were estimat-
ed according to Kimura’s two-parameter model (73)

Kz—%ln{(l—ZP—Q)\/l—ZQ} (1)

T=K/@r) (2)

where P is the transition rate, Q is the transversion rate, K is Kimura
divergence, T is the insertion time, and r is the substitution rate,
set to 7.1 x 107> substitutions per synonymous site per million
years (74).
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