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G E N E T I C S

Transposons drove the evolution of a male 
sex-determining gene from a female gene with deep 
introgression across cichlids
Le Wang1†, Fei Sun1†, Zituo Yang1,2†, May Lee1, Joey Wong1, Shadame Yeo1, Yanfei Wen1,  
Axel Meyer3,4,5,6*, Francesc Piferrer7*, Manfred Schartl8,9,10*, Gen Hua Yue1,11*

Sex-determination mechanisms and their master regulators are diverse among vertebrates. Components of down-
stream regulatory pathways can sometimes be co-opted as new upstream triggers. Here, we report a notable find-
ing of cross-pathway recruitment: A gene from the female differentiation cascade was repurposed as a male master 
sex-determining (MSD) gene. We identify figlaY, a Y-linked truncated duplicate of the female-associated figla, as the 
MSD gene in Mozambique tilapia. figlaY originated through duplication and translocation in an ancestral cichlid 
lineage and subsequently introgressed into multiple lineages. Transposable elements facilitated figlaY’s emer-
gence by mediating duplication, truncation, and regulatory rewiring. Functionally, FIGLAY suppresses the zp2 pro-
moter activated by the FIGLA/E12 heterodimer, acting as a dominant-negative regulator that inhibits ovarian 
differentiation and promotes testis development. This discovery reveals an unprecedented evolutionary route 
from female to male sex determination, i.e., a “genetic defection” from an initially female pathway. This previously 
unknown mechanism expands the vertebrate sex-determination toolkit.

INTRODUCTION
Sex determination in vertebrates is governed by diverse mechanisms 
that involve the interplay of genetic, epigenetic, environmental, eco-
logical, and physiological factors (1). Among vertebrates, teleost fish-
es are particularly notable for their extraordinary variation, not only 
in the sexual systems that they exhibit (2) but also in the identity and 
evolutionary origins of their master sex-determining (MSD) genes, 
that can differ strongly even among closely related species (1–3). De-
spite this diversity, only around 20 different MSD genes have been 
identified across vertebrates, many of which have evolved indepen-
dently and repeatedly (4). Most of these MSD genes are linked to the 
transforming growth factor–β signaling pathway, while others repeat-
edly use transcription factors such as dmrt1 and sox3 or steroidogen-
ic enzyme genes such as hsd17b1 (4, 5). These findings support the 
prevailing notion that a limited set of “usual suspects” repeatedly 
emerge as evolutionary solutions in the establishment of genotypic 
sex determination.

However, growing evidence suggests that the evolution of MSD 
genes and the turnover of sex chromosomes may be even more flexible 

than previously thought. Several hypotheses propose that genes al-
ready integrated within regulatory networks of sex determination and 
differentiation may become MSD genes following genetic changes that 
rewire transcriptional regulation (6, 7). Gene duplication and subse-
quent specialization by neo- and subfunctionalization represent an-
other major molecular evolutionary mechanism for the origin of novel 
MSD genes (8). In addition, transposable elements (TEs) are increas-
ingly recognized as powerful drivers of MSD gene emergence. TEs can 
mediate gene duplication and truncation, promote neofunctionaliza-
tion, and generate allelic and expression diversity (9, 10). Through 
cis-regulatory modulation and epigenetic silencing, these activities ac-
celerate genomic changes underlying evolutionary innovations and 
create opportunities for the recruitment of novel MSD genes (11–15). 
Collectively, these mechanisms indicate that the pool of MSD candi-
dates may not be restricted to a handful of recurrent genes but instead 
reflects both the intrinsic plasticity of sex-determination networks and 
the dynamic activity of TEs. This implies that many MSD genes remain 
undiscovered, and their identification will be critical for advancing our 
understanding of sex chromosome evolution and the diversity of sex-
determination systems (16, 17).

Species commonly referred to as “tilapia,” encompassing nearly 
100 African and Middle Eastern cichlids (18), provide an exception-
al model for investigating these questions. They are also among the 
world’s most important aquaculture species. Four sex-determining 
loci have been identified in tilapia—on LG1 (XY), LG3 (ZW), LG14 
(XY), and LG23 (XY) (19). These loci have been extensively intro-
gressed across lineages due to both natural hybridization and artifi-
cial breeding practices (20–24). Despite intensive research, only one 
MSD gene, amhY on chromosome 23, has been identified and func-
tionally validated in Nile tilapia (Oreochromis niloticus) (25). Yet, 
the precise MSD genes controlling the LG1 and LG3 systems remain 
unknown. Recently, a figla-like gene was found to be male specific in 
tilapia species with the LG1 system (20), although whether it repre-
sents the true MSD gene at this locus or is merely functionally as-
sociated with male development remains unclear.
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Here, we report the identification and validation of figlaY as 
the MSD gene on LG1 in a Singapore strain of Mozambique tilapia 
(Oreochromis mossambicus), originally derived from South Africa. 
figlaY is a Y-specific paralog of the transcription factor figla (factor in 
the germline 1 alpha), a conserved gene that plays a key role in female 
germ cell development and is distinct from all previously known sex-
determining genes. We demonstrate that figlaY originated through 
gene duplication and translocation, followed by neofunctionaliza-
tion, in an ancestral cichlid lineage and was subsequently introgressed 
into multiple lineages, including tilapia and Lake Tanganyikan tribes. 
Furthermore, we provide evidence that TEs played a central role in 
the origin of this previously unidentified MSD gene and propose a 
mechanism by which a paralog of a typically female-associated gene 
was co-opted into the male sex-determination pathway.

RESULTS AND DISCUSSION
An additional gene in the Y-specific sex-determining 
region of LG1
Previous studies have shown that an MSD gene located on LG1 in the 
Nile tilapia (O. niloticus) operates within an XY sex-determination sys-
tem. Also, a Singapore strain of Mozambique tilapia (O. mossambicus), 
derived from a wild population in South Africa, follows the LG1 sex-
determination system (26). To identify the MSD gene, we sequenced 
and assembled the genomes of an XX female and a YY male of 
O. mossambicus, using Nanopore and PacBio technologies. The XX 
and YY genome assemblies have total lengths of 1026.9 and 1001.6 Mb, 

with contig N50 sizes of 2.073 and 2.491 Mb, and scaffold N50 sizes of 
40.585 and 40.730 Mb, respectively (table S1). Each genome contains 
22 haploid pseudochromosomes (fig. S1 and table S2). The Bench-
marking Universal Single-Copy Orthologs (BUSCO) completeness 
scores for the XX and YY assemblies are 98.3 and 98.7%, respectively, 
with 29,428 and 28,656 predicted protein coding genes (table S1). Re-
petitive sequences account for 38.1 and 37.1% of the XX and YY ge-
nomes, respectively (table S3). The genome size, repetitive content, and 
gene predictions are comparable to previously reported tilapia genome 
sequences (27). The slightly greater length (+2.5%) and gene content 
(+2.7%) in the XX assembly are likely attributable to the higher error 
rate of Nanopore sequencing, leading to increased haplotig divergence 
and incomplete purging.

To identify the sex-determining locus, we constructed a linkage 
map comprising 6779 single-nucleotide polymorphisms (SNPs), 
across 22 linkage groups (LGs) (table S4). Quantitative trait locus 
(QTL) mapping pinpoints the sex-determining locus to a ~3.5-Mb 
interval (LG1, 21.9 to 25.4 Mb) in the YY genome (Fig.  1A and 
fig. S2). SNPs within this QTL show fixed differences between sexes, 
with 124 homozygous and 119 heterozygous individuals in a map-
ping family of 243 individuals. Further fine mapping in a mass-cross 
population of 960 individuals using SNP and Insertion-deletion (In-
Del) markers refined the locus to a ~950-kb region (LG1, 23.3 to 
24.2 Mb) (fig. S3). An InDel sex marker developed within this re-
gion was used for genotyping both the mapping family and a brood-
stock population of 1169 individuals, showing tight linkage with 
phenotypic sex (Fig. 1, B and C). These data provide strong evidence 

Fig. 1. The SDR of the LG1 sex-determination system in tilapia contains an additional gene in the Y-specific region. (A) QTL mapping identifies the sex-determining 
locus on LG1 in Mozambique tilapia. The genome-wide significance threshold (LOD) is indicated by a dotted line. The LGs on the x axis are numbered according to the 
O. niloticus assembly. (B) Development of an InDel-based sex marker in the sex-determining region (SDR) for polymerase chain reaction (PCR)–based genetic sex identifi-
cation, which is tightly linked to the peak SNPs identified in the QTL analysis. (C) Genotypes at the sex marker are tightly linked with phenotypic sex across the entire 
mapping population. (D) Predicted protein-coding genes in the SDR of the X and Y chromosomes of Mozambique tilapia and the LG1 of Nile tilapia. The additional gene 
in the Y allele is embedded within a ~26-kb insertion, exhibiting hallmark features of a DNA retrotransposon, including core sequences flanked by an 8–base pair (bp) 
direct repeat and a 122-bp terminal inverted repeat. The position of the protein coding gene figlaY is indicated within the TE.
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for a single-locus sex-determination mechanism in the studied pop-
ulation. The candidate region harbors 18 predicted protein coding 
genes on the Y chromosome and 17 in the corresponding region on 
the X chromosome in both Mozambique and Nile tilapia (Fig. 1D). 
The sex-determining region (SDR) in Mozambique tilapia overlaps 
with but is slightly larger than the reported SDR in Nile tilapia, 
which contains 12 genes (28). Sequence comparisons between the X 
and Y corresponding regions revealed that the additional gene in 
the Y region resides within a 26-kb male-specific insertion consis-
tently present across our breeding population of Mozambique tila-
pia (fig. S4). This insertion exhibits features characteristic of a DNA 
retrotransposon, including flanking 122–base pair (bp) inverted and 
8-bp direct repeats (Fig. 1D). The Y-specific gene within this region 
was identified as a homolog of the factor in the germline alpha (figla) 
and was therefore named figlaY. In contrast, the original figla gene is 
located on autosomal region of LG12.

figlaY shows male-biased expression
To identify the MSD gene(s) on the Y, we first analyzed genetic vari-
ants in the SDR by comparing X and Y allele sequences. We identified 
12 nonsynonymous SNPs across seven genes, with five of these genes 
located in the SDR of Nile tilapia (Fig. 1D) (28). Among these, four 
genes show amino acid substitutions that alter biochemical properties, 
whereas one gene (elp4) contains a premature stop codon, retaining 
~81% of its wild-type open reading frame (ORF) (table S5). Function-
al annotation revealed that only WT1 transcription factor b (wt1b) is 
known to play a role in gonadal development, whereas the others, as 
far as extensive literature search revealed, showed little evidence of in-
volvement in sex determination or gonadal differentiation. However, 
knockout of wt1b in Nile tilapia did not affect sex phenotype (29).

Next, we examined the expression patterns of all 18 genes in the 
SDR. Histological analysis indicated that gonads in both XX and XY 
genotypes were at undifferentiated and differentiating stages at 20- 
and 30-days postfertilization (dpf), respectively (fig. S5). Transcrip-
tome analysis of pooled gonads from XX and XY individuals revealed 
that figlaY consistently displayed the clearest male-biased differential 
expression (Fig. 2, A and B), whereas the remaining 17 genes showed 
no clear or consistent male-biased expression at 20 dpf and 30 dpf or 
in mature gonads (fig. S6). Even at an earlier stage (15 dpf), quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR) anal-
ysis of pooled trunk samples showed that figlaY was the only gene 
among the 18 examined to exhibit notable male-biased expression 
(fig.  S7). In contrast, the autosomal figla gene, located on LG12, 
showed female-biased expression in gonads before sexual maturation, 
although it maintained a basal level of expression in XY gonads 
(fig. S8). Notably, figlaY expression was restricted to the testis, whereas 
figla was detected in both the testis and ovary (Fig. 2C). In situ hybrid-
ization (ISH) analysis further demonstrated that figlaY was exclusively 
expressed in the supporting somatic cells surrounding germ cells in 
XY gonads at 20 dpf (Fig. 2D). In comparison, figla was also expressed 
in the supporting somatic cells surrounding germ cells in both XX and 
XY gonads, with higher expression in XX individuals (Fig. 2E). Col-
lectively, the male-biased and gonad-specific expression patterns sug-
gest that figlaY is a strong candidate MSD gene in Mozambique tilapia 
with the LG1 sex-determination system.

figlaY knockout leads to ovarian development
To determine whether figlaY is necessary for triggering testicular 
development, we knocked out this gene in XY genotypes using the 

CRISPR-Cas9 system (fig. S9). Four mosaic G0 fish carrying mutant 
alleles were identified, all of which developed as phenotypic males. 
We then crossed each G0 males with XX females to produce the G1 
generation. We identified eight different mutant alleles from 87 XY 
individuals: six frameshift mutations and two nonframeshift muta-
tions (Fig. 3A). All individuals carrying frameshift mutations (n = 17) 
developed as females with normal ovaries (Fig. 3, B and C), whereas 
all individuals carrying nonframeshift mutations (n = 29) devel-
oped as males with normal testes (Fig. 3, D and E). Notably, the two 
nonframeshift mutant alleles, Hap7 and Hap8, which carry dele-
tions of one and three amino acid residues, respectively, within the 
basic DNA-binding domain, altered the structure of this domain with-
out affecting the protein’s function as a male determining factor (fig. 
S10). This suggests that the basic DNA binding domain of FIGLAY 
is dispensable, whereas the helix-loop-helix (HLH) domain is essential 
for its function as a candidate MSD gene. This loss-of-function anal-
ysis demonstrates that figlaY is essential for male development in 
Mozambique tilapia with the LG1 sex-determination system.

figlaY evolution is driven by TEs
We analyzed the ~26-kb insertion sequence in the Y chromosome by 
aligning it to the FishTEDB TE database and annotated an unclassi-
fied long terminal repeat (LTR)–type retrotransposon along with two 
inversely oriented non-LTR retrotransposons, both homologous to 
RNA-directed DNA polymerase from jockey-like mobile elements, 
flanking figlaY (fig. S11). This arrangement resembles the “jumping” 
sex-determining locus in salmonid fishes and Takifugu pufferfish, 
which has transposed or translocated to different ancestral autosomes 
through the action of TEs (11,  30,  31), suggesting that the figlaY-
containing sex-determining locus may have also been mobilized by 
TEs. Notably, more than 62% of the insertion sequence is derived 
from TEs, whereas most of the remaining regions consist of con-
served noncoding repetitive elements, making the entire sequence 
highly repetitive. TEs are known to disrupt genes (32, 33), drive the 
emergence of novel genes through transposon capture or exon fusion 
(34), and be exapted as regulatory units, introducing epigenetic mod-
ifications and functional elements such as enhancers, repressors, and 
promoters (13–15,  35). On the basis of these observations, we hy-
pothesized that TEs played a critical role in the evolution of figlaY 
into an MSD gene. Consistent with this hypothesis, we found that 
figlaY captured and incorporated highly repetitive TE-derived se-
quences from across the genome into its structure including its cod-
ing region, stop codon, and entire 3′ untranslated region (3′UTR) 
(Fig.  4A). Further analysis of five conserved noncoding elements 
(CNEs) and predicted promoter regions within this insertion (Fig. 4, 
B and C) revealed that the promoter (P6), located directly upstream 
of figlaY, presented substantial transcriptional activity in luciferase 
reporter assays in an Asian seabass epithelial-like cell line (Fig. 4D). 
This putative promoter consists of ~45% (141 bp) sequence derived 
from an unannotated TE family, whereas the remaining 171 bp is 
unique in the genome. Both elements exhibit significant, albeit re-
duced, promoter activity compared to the full-length promoter se-
quence (fig. S12). Notably, this sequence bears no homology with the 
upstream regulatory region of the autosomal figla gene, suggesting 
that figlaY has evolved a distinct promoter through TE-mediated se-
quence recruitment. Additionally, two of the five CNEs, CNE3 and 
CNE5, displayed enhancer activity (Fig. 4E). These CNEs were sur-
rounded by TE sequences derived from the LINE/L2 retrotranspo-
son superfamily. Further analysis of three additional upstream TEs 
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revealed that two, TE49 and TE51, originating from the LINE/L2 and 
DNA/hAT superfamilies, respectively, also exhibited enhancer activ-
ity (Fig. 4F).

Overall, these findings suggest that TEs played a critical role in 
the emergence and functional diversification of figlaY as an MSD 
gene in tilapia. TEs appear to have facilitated the duplication and 
translocation of the ancestral figla gene, providing the substrate for 

subsequent neofunctionalization (36). In addition, TE insertions 
likely influenced the structure of figlaY, including the introduction 
of a premature stop codon, a feature commonly associated with the 
functional divergence of duplicated genes (37). TE-derived regula-
tory sequences may also have contributed to shaping the temporal 
and tissue-specific expression of figlaY, a characteristic shared by 
several other MSD genes (15). Similar roles of TEs in modifying the 

Fig. 2. figlaY exhibits male-biased expression during critical stages of sex determination. (A) Differentially expressed genes in pooled gonad samples between XY 
and XX genotypes (one pool from 48 gonads per genotype) at 20 days postfertilization (dpf ). Only figlaY shows male-biased expression with log2 (fold change) > 1, 
whereas its autosomal homolog figla exhibits female-biased expression. The threshold for differential expression (log2 fold change) = 1 is indicated by dotted lines. Genes 
with higher expression in XX and XY samples are highlighted by red and blue dots, respectively. (B) Differentially expressed genes in pooled gonad samples between XY 
and XX genotypes (one pool from 48 gonads per genotype) at 30 dpf. figlaY remains the only gene with male-biased expression, whereas figla continues to show female-
biased expression. Three additional genes above the threshold line (log2 fold change = 1) show female-biased expression. (C) Expression of figlaY and figla in various tis-
sues of adult females (XX) and males (XY), detected by reverse transcription PCR (RT-PCR) using gene-specific primers. The housekeeping gene β-actin serves as a positive 
control. An equal amount of RNA from each of three individuals per genotype was pooled to create each sample. (D) and (E) In situ hybridization (ISH) analysis of figlaY 
and figla expression, respectively, in XX and XY gonads at 20 dpf. figlaY is detected exclusively in somatic cells surrounding germ cells in XY gonads, whereas figla is ex-
pressed in somatic cells surrounding germ cells in both XX and XY gonads but shows a weaker signal in XY gonads. G, germ cell; scale bars, 10 μm.
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regulation of sex-determining genes such as dmrt1 and gsdf have 
been reported in sablefish, fighting fish, and medaka, where TE in-
sertions alter gene expression through the introduction or co-option 
of regulatory elements (15). Given that TE integration sites are largely 
random across the genome (38), the evolution of figlaY into an MSD 
gene likely required a specific combination of several mutational 
events, which may explain why similar complex outcomes have not 
been repeatedly observed in other vertebrates.

FIGLAY antagonizes the effects of FIGLA in 
ovarian development
As a truncated homolog, figlaY evolved a novel exon 1 while retain-
ing exon 2 and part of exon 3, both of which are highly similar in 
sequence to the corresponding exons of figla (Fig. 5A). Protein se-
quence analysis revealed that FIGLAY preserves the HLH domain, 
which mediates protein heterodimerization with other HLH pro-
teins (39), but has lost the basic DNA binding domain contained in 
FIGLA (Fig. 5B and figs. S13 and S14). In human and mice, Figla 
heterodimerizes with transcription factor E12 and binds to E-box 
motifs in zona pellucida genes 1-3 (Zp1-3) to promote folliculogen-
esis (39,  40). In both zebrafish and Nile tilapia with LG23 sex-
determination system, FIGLA is essential for ovarian differentiation 
by antagonizing testis differentiation (41). Notably, figlaY expression 
overlaps with figla in both time and space during gonadal develop-
ment in XY genotypes of the Mozambique tilapia studied here, from 

undifferentiated to differentiated stages. This observation led us to 
hypothesize that FIGLAY functions as an MSD gene through a “domi-
nant negative” mechanism, similar to the W-linked sex-determining 
gene Dm-W in Xenopus laevis, which determines female sex by an-
tagonizing the male-promoting gene dmrt1 and thereby directing go-
nadal development toward ovaries (42). In the present case, FIGLAY 
is likely to compete with FIGLA for HLH protein binding, forming 
heterodimers with reduced DNA-binding capacity. This mechanism 
may inhibit ovarian differentiation, ultimately leading to testicular 
development (Fig. 5C).

To test this hypothesis, we cloned the predicted promoter region 
(~1.3 kb) of zp2 containing 12 E-box motifs (CANNTG) into a lucif-
erase reporter system. We found that Figla alone could not activate 
the zp2 promoter activity, whereas E12 alone did. Cotransfection of 
FIGLA and E12 further enhanced zp2 promoter activity compared 
to E12 alone, in agreement with previous observations in mouse 
(Fig. 5D) (39) and suggesting that the ZP2/E12 heterodimer func-
tion is conserved across vertebrates. Notably, FIGLAY significantly 
suppressed zp2 promoter activity induced by FIGLA and E12 (Fig. 5E) 
but had no effect on E12 alone (Fig. 5F). These findings support the 
hypothesis that FIGLAY antagonizes FIGLA’s function in regulating 
ovarian differentiation.

Functional antagonism between paralogs arising from gene du-
plication is a common phenomenon in regulatory networks, signal-
ing pathways, and developmental processes (43, 44). Our findings 
reveal a case in which a duplicate of a femaleness-associated gene 
evolved into a male MSD gene through antagonistic interaction, 
representing a previously unrecognized mechanism in vertebrate 
sex determination. Although ZP proteins have been implicated in 
folliculogenesis, their precise role in ovarian differentiation remains 
unclear (45, 46). While we cannot rule out the possibility that Figla 
heterodimerizes with HLH proteins other than E12 and activates 
downstream targets beyond ZP proteins in ovarian differentiation, 
the proposed antagonistic mechanism remains relevant and provides 
a compelling framework for future investigation. Further studies are 
therefore needed to elucidate the signaling pathway through which 
Figla regulates ovarian differentiation and to validate this hypothesis.

figlaY evolved into an MSD gene in an ancient lineage and 
introgressed into diverse cichlid lineages
Tracing the origin of MSD genes in vertebrates is crucial for under-
standing the diversity, plasticity, and evolutionary turnover of sex-
determination systems (1, 16). In our search of all available cichlid 
genome assemblies and published literature, we identified, in addi-
tion to the figla gene, a figla-like homolog present in specific lineages, 
including 11 tilapia species, 39 species from Lake Tanganyikan cich-
lid tribes, and the relatively ancient African cichlid Etia nguti (fig. S15). 
However, all these genome assemblies containing figla-like homolog 
were highly fragmented (table S6). Additionally, exon 1 of figla-like 
homolog appears to reside in a highly repetitive genomic region, as 
seen of figlaY in Mozambique tilapia, making it unassembled in these 
species. Moreover, exon 3 of figla-like homolog was fragmented or 
incomplete in three species, which were therefore excluded from 
further analysis (fig. S15).

Phylogenetic analysis based on the protein sequences correspond-
ing to exons 2 and 3 revealed that the FIGLA-like homolog is an 
ortholog of the Mozambique tilapia FIGLAY. The analysis also iden-
tified two major clades of FIGLA-like homologs: one comprising 
tilapia lineages and the other representing cichlid tribes from Lake 

Fig. 3. CRISPR-Cas9 knockout of figlaY induces female development in XY tila-
pia. (A) Eight mutant alleles were identified in G1 CRISPants with XY genotypes, in-
cluding six frameshift and two nonframeshift variants. The locations of the designed 
gRNA, exon 1, and intron 1 are indicated. WT, wild type. (B) The gonad of an XX 
wild-type tilapia develops into an ovary at 90 dpf. (C) The gonad of an XY CRISPant 
carrying a frameshift allele develops into an ovary at 90 dpf. (D) The gonad of an XY 
wild-type tilapia develops into a testis at 90 dpf. (E) The gonad of an XY CRISPant 
carrying a nonframeshift allele develops into a testis at 90 dpf. Oocyte and testis are 
indicated with arrows.
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Tanganyika. The FIGLA-like homolog of E. nguti, a relatively an-
cient lineage, occupied a basal position, suggesting it as the likely 
ancestral origin of the FIGLA-like group (fig. S16). However, phylo-
genetic relationships inferred from the highly conserved FIGLA 
sequences were poorly resolved because of a lack of informative 
variation in this region across studied species (fig. S16). To improve 
resolution, we reconstructed the phylogeny using coding sequences 
of both exons 2 and 3 corresponding to figlaY. This approach yield-
ed a clearer and more robust cichlid phylogeny (47, 48), revealing 
that the figla-like homolog in E. nguti diverged from the canonical 
figla gene of the same species (Fig. 6). Notably, we identified a figla-
like homolog in Coptodon bakossiorum, which, although incomplete 
(fig. S15), was phylogenetically positioned between E. nguti and the 
other tilapia and Tanganyikan cichlid species (fig. S17). These find-
ings support the hypothesis that figlaY originated through gene du-
plication in E. nguti or a closely related species belonging to a lineage 
more ancient than tilapia. In medaka (Oryzias latipes), gene duplica-
tion and translocation occurred simultaneously, without evidence of 
intermediate introgression (12). Similarly, it is likely that the trans-
location of figlaY closely followed its duplication from the autoso-
mal figla. However, due to the lack of chromosome-level genome 
assemblies, particularly for E. nguti and C. bakossiorum, it remains 

unclear whether figlaY was originally translocated to the chromo-
some homologous to Mozambique tilapia LG1 or whether it under-
went additional translocation events before lastly integrating into 
that chromosome.

Beyond Mozambique tilapia, the figla-like homolog has also been 
specifically identified in males of seven additional tilapia species or 
strains that possess an LG1 sex-determination system. These in-
clude species from relatively basal and geographically widespread 
cichlid tribes such as Coptodonini, Oreochromini, Pelmatolapiini, 
and Heterotilapiini (Fig. 6) (20, 49). Thus, figla-like homolog appears 
to be present in only a limited subset of tilapia lineages. In Lake 
Tanganyika, we detected figla-like homolog in 39 of more than 200 
species with available genome sequences (49). Of these, 35 species 
had genome data from both sexes (table S6). Notably, figla-like 
homolog was found exclusively in the male genome sequences of 32 
of the 35 species (91.4%) (Fig. 6 and table S6), strongly suggesting a 
male-specific role. These findings imply that figlaY may act as a sex-
determining gene in some Tanganyikan species as well.

Overall, the patchy taxonomic distribution, phylogenetic place-
ment, and strong male specificity of figlaY across African cichlids 
indicate that it represents an evolutionarily mobile male-determining 
factor rather than a neutral lineage marker. These patterns strongly 

Fig. 4. TEs drive the evolution of figlaY into a master sex-determining gene. (A) figlaY integrates TEs from the LINE and LTR superfamilies into its coding sequences in 
exon 3 and the 3′ untranslated region (3′UTR). (B) The schematic diagram shows the positions of five predicted conserved noncoding elements (CNEs) across teleost spe-
cies within the figlaY locus (pink). The y axis indicates copy numbers of repetitive genomic elements, estimated using 50-bp nonoverlapping windows (left y axis). (C) The 
schematic diagram illustrates the figlaY gene structure, highlighting the positions of five predicted promoter elements (orange) and three TEs selected for functional 
validation (blue). y axis as in (B). (D) The predicted promoter element closest to the 5′UTR exhibits significant promoter activity in reporter gene assays. (E) Two of the five 
predicted CNEs show significant enhancer activity in reporter gene assays. (F) Two of the three TEs, originating from the LINE/L2 and DNA/hAT superfamilies, exhibit sig-
nificant enhancer activity in reporter gene assays. (Triplicate transfections were performed for each sample; **P < 0.01 and ***P < 0.001, two-tailed Student’s t test.)
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support a model in which figlaY originated once via duplication and 
translocation in an ancient lineage, followed by lineage sorting and 
extensive introgression. In contrast, ancestral polymorphism and hor-
izontal gene transfer make sharply different predictions regarding 
gene age, sex specificity, and phylogenetic structure that are incon-
sistent with the observed data (50–52). The presence of figlaY in 
the phylogenetically basal cichlid E. nguti but only in subsets of 
the Tilapia and Lake Tanganyika lineages indicates an ancient origin 
coupled with differential retention. Its near-exclusive occurrence in 
male genomes further rules out ancestral polymorphism, as long-
persisting ancestral alleles would be expected to segregate in both 

sexes (51). The restricted yet phylogenetically dispersed distribution 
of figlaY is most parsimoniously explained by introgression. In particu-
lar, genomic evidence suggests that West-Central African riverine 
ancestors of tilapia lineage colonized Lake Tanganyika and hybridized 
with early resident tribes at the base of the radiation (48), potentially 
facilitating the introgression of figlaY. As a dominant male-determining 
gene, figlaY would have a transmission advantage, enabling the rap-
id replacement of resident sex-determination systems across spe-
cies. Under this model, the figla-like homolog evolved into the male 
sex-determining gene figlaY in an ancestor lineage of E. nguti or a 
closely related riverine species, behaving as a selfish, adaptive Y-linked 

Fig. 5. FIGLAY antagonizes FIGLA-mediated activation of the zp2 promoter by in the presence of E12. (A) Sequence similarity comparison between FIGLA and FI-
GLAY, showing homology (%) restricted to exon 2 and exon 3. The basic DNA binding domain and HLH domain of FIGLA are indicated. (B) Predicted 3D structures of exon 
1 of FIGLA and FIGLAY, highlighting the absence of the basic DNA binding domain in FIGLAY. (C) Proposed model of FIGLAY function. FIGLA forms a heterodimer with E12, 
enabling binding to and activation of the zp2 promoter. In contrast, FIGLAY can also bind to E12, but the resulting heterodimer lacks the basic DNA binding domain and 
therefore cannot interact with the zp2 promoter, preventing activation of its expression. (D) Luciferase assays showing that FIGLA and E12 synergistically enhance zp2 
promoter activity. FIGLA alone does not induce activation, while E12 alone elicits moderate activation. Assays were performed with varying concentrations of FIGLA 
plasmid (50 to 300 ng), E12 plasmid (50 to 300 ng), or 200 ng E12 combined with increasing FIGLA plasmid (50 to 300 ng). zp2 plasmid alone served as controls (n = 3 
independent transfections). (E) FIGLAY inhibits activation of the zp2 promoter by the FIGLA/E12 complex. Luciferase assays were performed with 200 ng each of E12 and 
FIGLA plasmids plus increasing FIGLAY plasmid (0 to 200 ng). Samples without FIGLAY plasmid served as controls (n = 6 independent transfections). (F) FIGLAY does not 
interfere with zp2 promoter activation by E12 alone. Luciferase assays were performed with 200 ng of E12 plasmid plus increasing FIGLAY plasmid (0 to 200 ng). Samples 
without FIGLAY plasmid served as controls (n = 4 independent transfections). Statistical significance was determined using an unpaired two-tailed Student’s t test. 
*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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Fig. 6. figlaY originated from a gene duplication event in a relatively ancient cichlid species. A phylogenetic tree was constructed using the coding sequences of 
figla and figla-like homologs, including Mozambique tilapia figlaY, corresponding to the exons 2 and 3 region of the figlaY gene. Species origins are indicated by solid 
colored dots. The presence of figlaY or figla-like homologs in male- or female-specific genome assemblies or populations of each species is indicated by colored triangles 
or squares. Branches representing figla-like homologs, including Mozambique figlaY and its closest ancestral figla, are highlighted in blue. Bootstrap values from 1000 
replicates are shown at the corresponding branches. Scale of sequence evolutionary rate is indicated. The scale bar represents substitutions per site. Branch lengths are 
proportional to the rate of sequence evolution.
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element capable of crossing species boundaries. Moreover, the co-
herent, lineage-resolved phylogeny and sex-linked genomic context 
of figlaY are incompatible with horizontal gene transfer, which, in 
vertebrates, is limited to short, unlinked DNA fragments and pro-
duces mosaic rather than syntenic, chromosome-based inheritance 
patterns (52, 53).

Together, these results support a scenario in which figlaY arose 
via duplication and translocation in a relatively ancient cichlid spe-
cies, likely in a common ancestor with the E. nguti lineage. It subse-
quently evolved into an MSD gene with the assistance of TEs and 
was later introgressed into several cichlid lineages, including tilapia 
and certain Lake Tanganyika species. This case provides a compel-
ling example of how gene duplication and introgression can drive 
the emergence and spread of novel sex-determining mechanisms 
in vertebrates. More broadly, introgression can facilitate the rapid 
spread of new MSD genes across species, promoting sex chromosome 

turnover, diversification of sex-determination systems, and repro-
ductive isolation. This process might be common throughout African 
cichlid radiations (54, 55). The figlaY system thus illustrates how 
introgression acts as a powerful force of convergence in sex determi-
nation, providing a pathway for adaptive solutions to cross species 
boundaries and shape hybridization outcomes.

In the case of MSD genes arising from gene duplication or other 
large structural variations, the lack of sequence homology between 
proto-sex chromosomes at the MSD gene region would result in the 
accumulation of sequence divergence over time (37, 56, 57). This di-
vergence allows us to estimate the relative timing of figlaY transloca-
tion. We analyzed the X and Y chromosome sequences and identified 
a highly differentiated region (HDR) of ~1.3 Mb upstream of the SDR 
on the Y chromosome, while no substantial differentiation was ob-
served in the SDR except for the 26-kb insertion (Fig. 7 and fig. S18). 
The SDR on the Y chromosome was inverted and translocated from 

Fig. 7. Elevated sequence divergence in the flanking region but not in the SDR between X and Y chromosomes. (A) Sequencing read coverage from XX and YY 
genotypes mapped to the Y chromosome, estimated using 50-kb nonoverlapping windows (left y axis). The ratio of Y-specific to X-specific read coverage is shown (right 
y axis). The SDR, MSD gene, and HDR are indicated by a shaded area, a vertical line, and a box, respectively. (B) An inverted relocation event is identified between the X 
and Y chromosomes. The translocated region overlaps with both the SDR and HDR, with the inversion specifically coinciding with the SDR. (C) Sequencing read coverage 
from XX and YY genotypes mapped to the X chromosome, estimated using 50-kb nonoverlapping windows (left y axis). The ratio of Y-specific to X-specific read coverage 
is shown (right y axis). The SDR, MSD, and HDR are highlighted as in (A).
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the upstream to the downstream of the HDR compared to its location 
on the X chromosome (Fig. 7B). This inverted relocation is known to 
disrupt sequence homology between sex chromosomes, suppress re-
combination, and drive genetic differentiation, which are processes 
commonly associated with sex chromosome divergence and degen-
eration (12, 14). Consistent with this, we observed extended recom-
bination suppression on both sex chromosomes, particularly the Y 
chromosome (fig. S19). Sequence annotation revealed that the HDR 
on the Y chromosome contained a higher proportion of TEs than the 
corresponding region on the X chromosome (32.3 versus 28.7%) 
(fig. S20), suggesting that TE expansion in Y chromosome also con-
tributed to sequence divergence in this region. In contrast, the TE 
content in the SDR was only slightly higher on the Y chromosome 
compared to the X chromosome (20.7 versus 19.0%) (fig. S20). This 
suggests that TE amplifications may have occurred simultaneously in 
the SDR of the Y chromosome and the corresponding region of the X 
chromosome, as reported in some other teleost species (58). Addi-
tionally, differences in methylation profiles or chromatin conforma-
tion resulting from TE expansions between the sex chromosomes 
may also contribute to recombination suppression in this region (21). 
Furthermore, the synonymous substitution rate (Ks) values of genes 
in the SDR showed no significant difference from those in the flank-
ing HDR or the remaining regions (fig. S21), indicating that sequence 
divergence primarily occurred in the HDR, while divergence in the 
SDR remains minimal, compatible with an early stage of differentia-
tion. This also suggests a recent turnover of the sex chromosome, 
as observed in some species, where MSD genes have emerged from 
recent sequence structural variations, accompanied incipient sex 
chromosome evolution (14, 59). Together, our findings provide a de-
tailed account of the evolutionary trajectory leading to the emergence 
of figlaY as an MSD gene in cichlids. Given the patterns of chromo-
some rearrangement and sequence differentiation, we cannot rule out 
the possibility that the MSD gene has recently translocated from the 
HDR to the SDR, likely due to TE activities.

MATERIALS AND METHODS
Genome sequencing of XX and YY fish
The Mozambique tilapia (O. mossambicus) used in this study were 
introduced into Singapore for selective breeding in 2010 from wild 
populations in the east-flowing river systems of South Africa that 
drain into the Indian Ocean. Previous study identified the presence 
of the MSD gene on LG1 in this population (26). To establish a breed-
ing cross, we first genotyped the broodstock using two microsatellite 
markers (Omo1314 and S154) linked to phenotypic sex (26). We 
selected one XX female and one XY male for mating. After hatching, 
~200 fry were raised in a 60-liter tank with recirculating fresh water 
in our fish facility. They were fed three times daily with a standard 
commercial fry diet (Nissin, Japan), supplemented with 17β-estradiol 
(60 mg/kg; Sigma-Aldrich, Germany). After 1 month, the F1 fry were 
transferred to a 1000-liter tank and fed with untreated feed. Once 
sexually mature, each fish’s phenotypic and genotypic sex was deter-
mined. A sex-reversed XY female was selected and crossed with an 
XY male to produce F2 YY fish. Upon reaching sexual maturity, we 
observed that all YY individuals developed as males, except for a few 
with abnormally developed genital pores.

One YY male from the F2 family and one XX female from a nor-
mal family were selected for genome sequencing using the PacBio 
Sequel II (Pacific Biosciences, USA) and Nanopore PromethION 

(Oxford Nanopore Technologies, UK) platforms, respectively. Se-
quencing was performed by NovogeneAIT Genomics, Singapore 
(table S7). Genomic DNA for long-read sequencing was extracted 
from fin tissues using the standard phenol-chloroform method. Ad-
ditionally, both samples, along with an XY male, were subjected to 
whole-genome sequencing on the Illumina NovaSeq 6000 platform 
(Illumina, USA) (table S7). To generate chromosome-level genome 
assemblies, Hi-C libraries were constructed for the XX and YY fish 
using blood samples, following a modified version of our previously 
published protocol (14). These libraries were sequenced on the Illu-
mina NovaSeq 6000 platform for 150-bp paired-end reads (table S7).

Genome assembly and annotation
Both PacBio and Nanopore reads were cleaned and assembled into con-
tigs using Flye v2.8.2b (60) with the following parameters: --pacbio- 
raw/--nano-raw --asm-coverage 50 -g 1 g -i 2. To reduce assembly 
redundancy, Purge_Haplotigs (61) was applied with default parameters. 
The assembled contigs were then polished with Pilon v1.24 (62) using 
corresponding Illumina short reads. Hi-C reads were used to anchor 
contigs to scaffolds using the Juicer v1.6 (63) and 3D-DNA v180922 
(64) pipelines. The scaffolds were then manually curated using Juicebox 
v2.16 (63), with a prior setting of 22 haploid chromosomes for this spe-
cies (26). Chromosome names were assigned following the Nile tilapia 
nomenclature. Genome assembly completeness was assessed using 
BUSCO v5.2.2 (65) against the actinopterygii_odb10 database.

Protein coding genes were predicted using the Maker2 pipeline 
(66). First, repetitive elements were soft masked using RepeatMasker 
v4.0.7 (67) based on the Repbase database (68), a custom library built 
with RepeatModeler v2.0 (69), and short tandem repeats identified by 
Tandem Repeat Finder v4.09 (70). Gene predictions were based on 
protein homology and Expressed sequence tag (EST) evidence from 
closely related species. Protein and transcript sequences were retrieved 
from GenBank for Nile tilapia (O. niloticus, GCA_001858045.3), Blue 
tilapia (Oreochromis aureus, GCA_013358895.1), Maylandia zebra 
(GCA_000238955.5), Haplochromis nyererei (GCA_000239375.1), 
and Haplochromis burtoni (GCA_018398535.1). Additionally, we se-
quenced the transcriptomes of one ovary and one testis from XX and 
XY fish, respectively. Transcripts were assembled de novo using Trin-
ity v2.15 (71) and incorporated as EST evidence. Gene models were 
iteratively trained over three rounds using SNAP v2013 (72) and 
Augustus v3.2.3 (73).

Mapping the sex-determining locus
A mapping family was generated by crossing an XX female with an 
XY male. Offspring were raised under normal laboratory conditions 
until sexual maturity. A total of 288 individuals were randomly se-
lected for sex phenotyping via histological analysis, revealing a 1:1 
female-to-male ratio (147 females and 141 males). Fin tissue was 
collected for DNA isolation using the DNeasy Blood & Tissue Kit 
(QIAGEN, Germany). The entire mapping family was genotyped 
using Restriction site-Associated DNA sequencing (RADseq) tech-
nology (74), following our previous study (27). RADseq libraries 
were sequenced on an Illumina NextSeq 500 platform, generating 
1 × 150-bp reads (table S7). Raw sequencing reads were processed 
using process_radtags from the Stacks v2.45 package (75) with the 
following parameters: -r -c -q -t 136. Cleaned reads were aligned to 
the YY genome using BWA-MEM v0.7.17 (76) with default settings, 
retaining only uniquely aligned reads for further analysis. SNP dis-
covery and genotyping were performed using Stacks v2.45 package, 
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keeping only one SNP per RADtag (75). After filtering, 244 samples 
with high sequence coverage and SNPs present in >200 individuals 
were retained for further analyses.

SNPs were further filtered for Mendelian segregation distortion 
using chi-square tests (significance threshold, 0.01), yielding 6850 
SNPs. A sex-averaged linkage map was constructed using Lep-MAP3 
(77) with a Logarithm of the Odds (LOD) cutoff of 10, resulting in 
22 LGs. Mapping of the sex-determining locus was performed using 
MapQTL6 (Kyazma, Wageningen, The Netherlands) under the mul-
tiple QTL model mapping algorithm. The LOD threshold for sig-
nificant QTL was determined by 1000 permutation tests. To further 
refine the sex-determining locus, a larger population (960 individu-
als) derived from the same broodstock as the mapping family was 
genotyped using SNPs and InDels located in the QTL region, which 
were fixed between females and males (table S8). Genotyping was 
performed using Sanger sequencing and PCR assays by running 
agarose gels or capillary electrophoresis. These genotypes were used 
to identify recombinants at the sex-determining locus.

Development of a sex marker for rapid PCR assays
To rapidly determine genotypic sex, we developed an InDel marker 
(Tila.sex.47k) for PCR-based assays. Briefly, whole-genome rese-
quencing datasets from XX, XY, and YY genotypes were aligned 
to the YY genome using BWA-MEM v0.7.17 (76). Genetic variants 
were identified using the GATK v4.2.2.0 pipeline (78). InDels lo-
cated within the nonrecombining SDR and of suitable length were 
selected for primer design. Sex diagnostic InDels were validated in 
broodstook using PCR assays, followed by 2.0% agarose gel electro-
phoresis. Some of these diagnostic InDels were also used for fine 
mapping the sex-determining locus, as described above.

Gene expression analysis by transcriptome sequencing
Gonadal sex differentiation between genotypes (n = 3) was exam-
ined histologically using serially cross-sectioned trunks (7 μm) stained 
with hematoxylin and eosin at different developmental stages, follow-
ing our previous study (14). To investigate gene expression patterns, 
both undifferentiated and differentiating gonads were dissected 
separately from 48× XX and 48× XY genotypes. For these fish, 
heads or tails were used for DNA extraction and genotyping. Gonad 
samples were pooled into four samples for RNA extraction using 
TRIzol reagent (Invitrogen, USA). These RNA samples were then 
used to construct mRNA sequencing libraries with the Illumina 
TruSeq RNA Library Prep Kit v2 (Illumina, USA). The mRNA li-
braries were sequenced on an Illumina NextSeq 500 platform, gen-
erating either 2× 150-bp or 1× 150-bp reads (table S7). Additionally, 
transcriptomes from one ovary and one testis of XX and XY adults, 
respectively, were sequenced using the same method for genome an-
notation. Raw sequencing reads were processed using process_
shortreads from the Stacks v2.45 package (75) with the parameters: 
-r -c -q -t 150. Cleaned reads were then mapped to the YY genome 
using STAR v2.5.2b (79) with default settings. Gene transcripts in 
each sample were quantified using HTSeq-count v0.9.1 (80), and 
transcript counts across samples were normalized by transcripts per 
kilobase million.

Gene expression analysis by RT-PCR
Gene expression patterns were analyzed using RT-PCR. Total RNA was 
extracted from tissues or embryos of the same genotype, as described 
above. Two micrograms of RNA were treated with deoxyribonuclease 

I (Roche, Switzerland) and reverse transcribed into cDNA using 
M-MLV Reverse Transcriptase (Promega, USA). Relative gene expres-
sion was assessed using RT-PCR and qRT-PCR with gene specific 
primers (table S8), following our previous study (14). For embryo/
truck samples, cDNA synthesized from 500 ng of total RNA (pooled 
from 12 individuals per genotype) was used. For independent tissue 
samples, cDNA synthesized from 20 ng of total RNA was used. β-Actin 
was used as the housekeeping gene for normalization. qRT-PCR was 
performed using KAPA SYBR FAST qPCR Kits (KapaBiosystems, 
USA) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, 
USA) under standard PCR conditions: 35 cycles with an annealing 
temperature of 60°C. Each sample was analyzed in three biological 
replicates, with three technical replicates per biological sample. Rela-
tive gene expression levels were calculated using the 2−ΔΔCT method.

Gene expression analysis by In-situ hybridization (ISH)
Embryos of different genotypes at early development stages were 
fixed in 4% paraformaldehyde. For ISH, cDNA fragments spanning 
the partial 5′UTR and first exon of figlaY, as well as the partial 3′UTR 
of figla, were amplified separately and cloned into the pGEM T-easy 
vector (Promega, USA). Antisense and sense digoxigenin (DIG)–
labeled RNA probes were synthesized via in vitro transcription 
using the DIG RNA Labeling Kit (Roche, Switzerland). ISH was per-
formed following a previous method (81) with some modifications. 
In brief, trunk sections were deparaffinized and hydrated. Sections 
were digested with proteinase K (2 mg/ml; Sigma-Aldrich, Germany) 
at 37°C for 20 min. Hybridization was carried out with DIG-labeled 
RNA probes at 57°C for more than 20 hours. Hybridization sig-
nals were detected using 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium via the DIG Nucleic Acid Detection Kit (Roche, 
Switzerland). Visualization was performed using a Zeiss Axioplan 2 
microscope system.

CRISPR-Cas9 knockout of figlaY
A guide RNA (gRNA) targeting the first exon of figlaY was designed 
using E-CRISP (82) and synthesized following our previous study 
(83). The gRNA was validated in vitro by digesting genomic DNA 
with the Cas9 Nuclease NLS enzyme [New England Biolabs (NEB), 
USA]. For microinjection, Cas9 Nuclease NLS protein (NEB, USA) 
and gRNA were prepared at final concentrations of 200 ng/μl each 
and coinjected into one-cell stage embryos produced from crosses 
between XX female and XY male parents. To screen for genetic 
modifications, site-specific primers flanking the targeted sequence 
were designed, and PCR products were sequenced using Sanger 
sequencing and Thymine-Adenine (TA) cloning. Four mosaic G0 
CRISPants with genetic modifications at and around the target site 
were obtained and raised to mature (all males). These G0 males were 
crossed with XX females to produce G1 fish. At 3 months postfertil-
ization, G1 individuals were screened for mutants using Sanger se-
quencing and TA cloning. G1 individuals carrying both frameshift 
and nonframeshift mutations were euthanized and dissected for his-
tological analysis of gonadal development, along with wild-type in-
dividuals of different genotypes.

Luciferase reporter assay
Putative promoter and enhancer sequences were predicted using the 
program Promoter v2.0 (84) and by mapping to the tilapia CNEs 
database (85). These sequences were cloned into the pGL3-basic and 
pGL3-promoter vectors (Promega, USA), respectively. Each construct 
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(200 ng) was cotransfected with 300 ng of pRL Renilla Luciferase Con-
trol Reporter Vector (Promega, USA) into an Asian seabass epithelial-
like cell line (86) cultured in 24-well plates at 70 to 90% confluence. 
Transfections were performed using Lipofectamine 3000 (Thermo 
Fisher Scientific, USA). After 48 hours, luciferase activity was mea-
sured using the Dual-Luciferase Reporter Assay System (Promega, 
USA) on a Tecan Spark microplate reader (Tecan, Switzerland). Three 
independent transfections were conducted for each sample.

Protein structure predictions were performed using AlphaFold2 
(87). The promoter sequences of Zp proteins, putative direct targets 
of Figla, were predicted on the basis of the CANNTG motif as Figla 
binding sites (88–90). A ~1.3-kb predicted promoter sequence up-
stream of the TATA box of one zp2 gene, containing 12 CANNTG 
motifs, was subcloned into the pGL3-basic vector. Transcriptome 
analysis revealed female biased expression of the zp2 gene in both 
undifferentiated and differentiating gonads between XX and XY 
genotypes, with fold changes of ~1.5 and 59.7, respectively. The ORFs of 
figla, figlaY, and e12 were separately cloned into the pcDNA3.1 vec-
tor (Invitrogen, USA). Plasmids were extracted using the PureLink 
HiPure Plasmid Midiprep Kit (Invitrogen, USA) and verified by Sanger 
sequencing. Human embryonic kidney 293T cells were cultured in 
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 
bovine serum in 24-well plates at 37°C with 5% CO2. Transfections 
were performed at 50 to 70% confluence using Lipofectamine 3000 
(Thermo Fisher Scientific, USA). For each well, 1000 ng of plasmid 
DNA were cotransfected, including 300 ng of pGL3-basic vector 
containing the zp2 promoter, 50 to 600 ng of pcDNA3.1 with figla, 
figlaY, and/or e12 ORFs, 0 to 600 ng of empty pcDNA3.1 vector, and 
20 ng of pRL-TK (Promega, USA) as a control reporter. Luciferase 
activity was measured after 48 hours as described above.

Evolutionary analyses
To study the suppression of recombination, sex-specific genetic maps 
were constructed using the mapping family described above. The ge-
netic positions of markers were plotted against their physical positions 
to visualize sex-specific differences in recombination (91). Sequence 
divergence between X and Y chromosomes was assessed by aligning 
whole-genome sequencing reads from XX, XY, and YY genotypes to 
the X and Y chromosomes, following our previously method (14).

For phylogenetic analysis, protein sequences and coding sequence 
of figla homologs from related species were separately aligned using 
MUSCLE v3.8 (92). Multiple sequence alignments were refined using 
trimAl v1.4 (93) to remove gaps and subsequently used to construct 
a phylogenetic tree using IQ-TREE v2.3.2 (94), using the K2P+G4 
and HIVb substitution models for protein and coding sequences, re-
spectively, as determined according to Bayesian Information Crite-
rion by ModelFinder (95) implemented in IQ-TREE. The Ks for figla 
was calculated between species of interest and Mozambique tilapia, 
as well as between figla and figlaY in Mozambique tilapia, using KaKs_
calculator v2.0 (96) with the Yang-Nielsen method (97). Pairwise 
coding sequence alignments were guided by their corresponding 
protein alignments using MACSE v2.0 (98).

Ethics declarations
All procedures for handling of fish were according to the instructions of 
the Institutional Animal Care and Use Committee of Temasek Life 
Sciences Laboratory, Singapore [approval no. TLL(F)-11-001 and 
TLL(F)-22-004].

Supplementary Materials
This PDF file includes:
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