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Teleosts are important models to study sex chromosomes and sex-
determining (SD) genes because they present a variety of sex determination
systems. Here, we used Nanopore and Hi-C technologies to generate a high-
contiguity chromosome-level genome assembly of a YY southern catfish
(Silurus meridionalis). The assembly is 750.0 Mb long, with contig N50 of
15.96 Mb and scaffold N50 of 27.22 Mb. We also sequenced and assembled
an XY male genome with a size of 727.2 Mb and contig N50 of 13.69 Mb.
We identified a candidate SD gene through comparisons to our previous
assembly of an XX individual. By resequencing male and female pools, we
characterized a 2.38 Mb sex-determining region (SDR) on Chr24. Analysis of
read coverage and comparison of the X and Y chromosome sequences
showed a Y specific insertion (approx. 500 kb) in the SDR which contained a
male-specific duplicate of amhr2 (named amhr2y). amhr2y and amhr2 shared
high-nucleotide identity (81.0%) in the coding region but extremely low iden-
tity in the promotor and intron regions. The exclusive expression in the male
gonadal primordium and loss-of-function inducing male to female sex rever-
sal confirmed the role of amhr2y inmale sex determination.Our study provides
a new example of amhr2 as the SD gene in fish and sheds light on the conver-
gent evolution of the duplication of AMH/AMHR2 pathway members
underlying the evolution of sex determination in different fish lineages.
1. Background
Sex chromosomes carry a sex-determining (SD) gene that initiates gonadal differ-
entiation in the earliest stages of development. Teleosts are important models to
study sex chromosomes and SD genes because they present a variety of sex-
determination systems. There are two main categories for the production of SD
genes, namely allelic diversification and gene duplication [1]. To date, teleosts
are the only group where both categories have been found [2–4]. Most of the
identified SD genes in teleosts belong to either the SOX or DMRT gene families,
or amember of the TGF-β signalling pathway (reviewed in [5]). This suggests that
only a limited group of factors/signalling pathways are prone to become top reg-
ulators. The TGF-β signalling pathway is particularly noteworthy since several
members of this pathway (amh, amhr2, gsdf, gdf6, bmpr1b) have been recruited
as SD genes in about 16 fish species. However, due to the relatively small
number of species with known/isolated SD genes, the role of TGF-β signalling
pathway members as SD genes in fish is likely underestimated.
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Highly differentiated Y or W chromosomes with conserved
SD genes have been found inmammals and birds [6,7]. By stark
contrast, most teleosts have homomorphic sex chromosomes
and display a high diversity of SD genes [8]. Only about 10%
of the teleosts that have been characterized possess hetero-
morphic sex chromosomes [9]. Although SD gene can be
mapped to a specific chromosomal region by genetic analysis,
identification of the SD gene in most teleosts is still a daunting
task. At present, the SD gene has been identified in fewer
than 25 species, just the tip of the iceberg in a sea of 20 000
teleosts [5].

Southern catfish (Silurus meridionalis) is an economically
important silurid fish which is widely distributed in the
Yangtze River basin of China. On the one hand, it has
emerged as an important fish species for ecology and conser-
vation because of its pivotal role as a top predator that shapes
the structure of local fish communities. On the other hand, it
is an excellent model for studying sexual dimorphism and sex
determination in fish as adult females grow as much as two-
fold bigger than the males [10]. Southern catfish has 2n = 58
chromosomes and the sex chromosome pair is homomorphic
[11]. Our previous study identified sex-linked DNA markers
and demonstrated an XX/XY sex-determination system in
this species [12]. We also generated a whole-genome assem-
bly anchored on chromosomes for an XX female individual
[13]. Yet, little is known about genetic sex determination in
southern catfish beyond males being the heterogametic sex,
and its sex locus and SD gene remain elusive.

As the SD gene is always located on the Y or W chromo-
some no matter how it is produced, generation and
sequencing of a YY/WW individual is undoubtedly a fast
and effective way to isolate SD gene. In this study, we
sequenced and assembled the genomes of an XY male and a
YY supermale by Nanopore and Hi-C. We then used the
whole-genome sequencing data of XX, XY and YY, together
with the pool resequencingdata from110males and 41 females,
to characterize a Y-specific insertion on Chr24 harbouring the
candidate SD gene amhr2y. The role of this gene in male sex
determination was demonstrated by substantial expression
analysis and by functional analysis of CRISPR knockouts.
2. Material and methods
(a) DNA sampling and genome sequencing
Adult southern catfish were obtained from the Jialing River and
were reared at the Key Laboratory of Freshwater Fish Reproduc-
tion and Development (Ministry of Education), Chongqing,
China. Progeny were obtained by artificial fertilization. Based
on our previous study, feeding Limnodilus spp., an annelid
found abundantly in organically polluted waters, from 1 to 30
dah (days after hatching) resulted in complete feminization of
fry in southern catfish, which has a 1 : 1 sex ratio in the wild
[14]. In this study, XY neofemales were crossed to normal XY
males, which produced offspring with a sex ratio of 3♂ : 1♀
(YY: XY: XX = 1 : 2 : 1) when fed commercial diets (Shengsuo,
China). An XY male and a YY supermale identified by
sex-linked markers [12] were used for DNA sequencing.

Two Illumina libraries with insert sizes of 350 bp were con-
structed and then sequenced on an MGISEQ-2000 instrument.
Raw reads were filtered using the Trimmomatic v. 0.33
(parameters: PE -threads 4 -phred33 ILLUMINACLIP:TruSeq3-
PE.fa:2:30:10 MINLEN:15) to remove adaptors and low-quality
reads [15]. Two Nanopore libraries were constructed and
sequenced on two different FlowCells using the PromethION
sequencer (ONT, UK). To anchor the contigs onto the chromo-
some, genomic DNA was extracted from the blood of YY
southern catfish for the Hi-C library as described previously
[16], and sequencing on HiSeq X Ten platform (Illumina, USA)
was performed using a PE-150 module.

(b) Pool resequencing
A female pool (F-pool, including 41 female individuals) and a
male pool (M-pool, including 110 male individuals) were used
for DNA resequencing. The phenotypic sex was identified by
gonad histological examination. Genomic DNA extracted from
fin clips was pooled in equimolar ratio according to sex and
pool-sequencing libraries were prepared according to Illumina’s
protocols. After quality inspection and concentration measure-
ment, the library was paired-end sequenced (2 × 150 bp) on
Illumina HiSeq X platform (Illumina, USA).

(c) Genome assembly
The Nanopore sequencing data were corrected and assembled
using Nextdenovo v. 2.5.0 (https://github.com/Nextomics/Next
Denovo) and polished using Nanopolish v. 0.13.0 and Pilon v.
1.22 [17,18]. ForHi-C assembly, the contigswere clustered, ordered
and oriented onto chromosomes using Juicer and 3D-DNA pipe-
line with default parameters [19,20]. Genome completeness was
estimated using BUSCO v. 3.0.1 [21] based on 4584 orthologues
derived from the Actinopterygii lineage.

(d) Identification of sex-determining region by single
nucleotide polymorphism (SNP) calling

The clean reads from F-pool and M-pool were aligned to the
southern catfish YY genome using the BWA mem [22]. The BAM
files were sorted using Samtools v. 1.3.1 [23] and PCR duplicates
removed using Picard v. 2.18.2 (http://broadinstitute.github.io/
picard/). Variants were called with the GATK pipeline [24].
Sex_SNP_finder_GA.pl (https://github.com/Gammerdinger/sex-
SNP-finder) was used to identify sex-patterned SNPs and to calcu-
late FST values. The sex-determining region (SDR) was defined by
identifying non-overlapping 10 kb windows containing at least 50
sex-patterned SNPs. The non-overlapping window did not include
positions with coverage less than 15 reads in both sexes.

(e) Identification of Y-specific region and candidate
sex-determining gene

XX, XY and YY ONT long reads were mapped to the YY genome
using Minimap2 v. 2.17-r941 [25] with default parameters, and
the Illumina reads from F-pool and M-pool were mapped to
the YY genome using BWA mem v. 0.7.12 [22]. SAMtools and
Deeptools were used to calculate the coverage information [26].
IGV v2.5.2 [27] was used to show the coverage differences of
reads from different sexes on the reference genome. Homology-
based prediction was conducted using GeMoMa v. 1.6.2 [28].
Genome fasta and gff files of channel catfish (Ictalurus punctatus,
GCA_001660625.1) was downloaded from NCBI. To validate the
sex-linkage of amhr2y in males, five pairs of amhr2y specific pri-
mers and one pair of common primer were designed based on
the alignment of amhr2 and amhr2y (electronic supplementary
material, table S1). The phenotypic sex was identified by histo-
logical examination. Genotyping was carried out on 75 gDNA
samples using a PCR approach.

( f ) Expression analyses
Total RNA was extracted from 12 tissues of pooled three XX and
three XY fish at 120 dah. After DNase I (RNase free) treatment,

https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
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http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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total RNA (1 µg) from each sample was reverse transcribed into
first-strand cDNA and RT-PCR was performed to reveal the
tissue distribution expression patterns of amhr2y and amhr2. Posi-
tive and negative controls were set up with plasmid DNA and
negative control cDNA, respectively. eef1a1a was used as an
internal control. Primer sequences used for RT-PCR are listed
in the electronic supplementary material, table S1.

Three pairs of RNA preparations from gonads of XX and XY
southern catfish at 120, 360 and 540 dah were sequenced using
Illumina HiSeq2000 platform. Clean reads from each library
were aligned to the reference genome using STAR v2.7.3a [29].
The FPKM (fragments per kilobase of exon per million reads
mapped) method was used to calculate the gene expression
level by RSEM [30].

The gonadal morphology between male and female was
distinguishable at 10 dah. The gonadal transverse section of
female was tubby and the male was spindly. In addition, the for-
mation of the ovarian cavity (OC) at 12 dah could be a reliable
criterion for identifying the gonad as an ovary [14]. To analyse
the expression and cellular localization of amhr2 and amhr2y in
early developmental stages ofmale and female gonads, fluorescent
in situ hybridization (FISH) was performed using southern catfish
gonads at 5, 10, 30 and 120 dah. Alignment of amhr2y and amhr2
revealed the highest sequence divergence at the 50-end (approx.
25%) of the two cDNAs (electronic supplementary material,
figure S2). Therefore, the 50-end approximately 500 bp sequences
of the two cDNAs were amplified with gene-specific primers to
prepare probes (electronic supplementary material, table S1).
Probes of sense and antisense digoxigenin labelled RNA strands
were transcribed in vitro using a RNA labelling kit (Roche,
Germany). Primers used in this section are listed in the electronic
supplementary material, table S1. The fixation, embedding,
sectioning of dissected gonads and FISH were performed as
described previously [31].

(g) Disruption of amhr2y by CRISPR/Cas9
CRISPR/Cas9was performed tomutation amhr2y in Southern cat-
fish as described previously [32]. The gRNA of amhr2y and Cas9
mRNAwere co-injected into one-cell stage embryos at a final con-
centration of 250 and 500 ng µl−1, respectively. In order to assess
the mutations, gDNA was extracted from pooled control and
injected embryos (20 embryos for each) at 72 h after injection.
DNA fragments spanning the target site were amplified. The
mutated sequences were analysed by TspRI digestion and Sanger
sequencing. Considering the high-sequence homology between
amhr2y and amhr2, the off-target effect was detected by PCR
and Sanger sequencing with amhr2-specific primers (electronic
supplementary material, table S1).

At 90 dah,mutated fisheswere identified by restriction enzyme
digestion and Sanger sequencing as described above. The DNA
samples extracted from tail fins of each fish were used for mutation
analysis. The percentage of uncleaved band was measured by
quantifying the band intensity of the TspRI digestionwithQuantity
One Software (Bio-Rad, USA). In addition, the percentage of the
frame shifts was assessed by counting the number of frame shift
mutations in 30 transformed recombinant clones per individual
fish. Gonads to be processed for histology were fixed immediately
after dissection in Bouin’s fixative solution for 24 h. Samples were
dehydrated and embedded in paraffin and then were cut serially
into slices of 5 μm using a Leica microtome (Leica Microsystems,
Germany) and stained with HE. Images were taken under
Olympus BX51 light microscope (Olympus, Japan).

(h) Phylogenetic and syntenic analyses
Phylogenetic tree of Amhr2/Amhr2y was constructed using the
maximum-likelihood method and Jones–Taylor–Thornton model
implemented in MEGA 6.0 [33]. Amhr2 protein sequences of 15
teleost species and spotted gar, which was used as an outgroup,
were retrieved from the NCBI protein database (electronic sup-
plementary material, table S2). For syntenic analysis, position
and orientation of amhr2/amhr2y and their adjacent genes on
chromosomes of different species were determined using NCBI
and Genomicus [34].
3. Results
(a) Sequencing and assembly of the XY and YY

genomes
From Nanopore sequencing, a total of 69.1 Gb and 77.1 Gb
clean data were collected after quality filtering for XY and
YY, respectively (electronic supplementary material, tables
S3–S4). After Nextdenovo assembly, Nanopolish calibration
and three rounds of Pilon assembly using 42.8 Gb XY and
39.2 Gb YY Illumina clean reads, the XY and YY genome
assemblies were approximately 727.2 Mb and 750.0 Mb with
a contigN50 of 13.81 Mb and 15.96 Mb, respectively (electronic
supplementary material, tables S5 and S6). The completeness
of the two assemblies was further evaluated by BUSCO.
Approximately, 90.7% and 92.3% of the complete BUSCO
(Actinopterygii set) were found in the XY and YY assemblies,
respectively (electronic supplementary material, table S7).

Hi-C data of the YY individual were further used for
chromosome assembly of YY genome. As a result, 739.1 Mb
(covering 98.54% of contigs on the base level) was anchored
and orientated onto 29 chromosomes with a scaffold N50 of
27.22 Mb (electronic supplementary material, table S8–S13),
which was consistent with the chromosome numbers from
karyotype analysis [11]. The heatmap of chromosome cross-
talk illustrated the completeness and robustness of the
genome assembly (figure 1a). Additionally, the assembled
29 chromosomes of YY genome and previously reported
XX female genome [13] showed a full correspondence in
the synteny analysis (figure 1b).
(b) Characterization of the sex chromosome and sex-
determining region

Previously, we identified eight sex-linked DNA markers in
southern catfish through bioinformatics analysis and PCR
verification [12]. In order to locate their positions on the chromo-
somes, we aligned the sequences generated by these markers to
the XX and YY genomes, respectively. All sex-linked sequences
are located on Chr24, which indicated this chromosome is the
southern catfish sex chromosome (electronic supplementary
material, table S14). We then conducted a pool-seq analysis to
characterize the SDR. After filtering and quality control,
51.2 Gb and 38.7 Gb of clean data were obtained for F-pool
and M-pool, respectively (electronic supplementary material,
table S15). The clean data of the two pools were mapped to
the YY genome with the mapping rates of 95.90% and 98.96%,
and the coverage depths of 68.29 × and 51.58 ×, respectively
(electronic supplementary material, table S16). Based on the
alignments, 2 421 301 and 2 468 613 SNPs were obtained in
F-pool and M-pool, respectively (electronic supplementary
material, table S17). When applying stringent criteria demand-
ing that gender-specific SNPs should be heterozygous in
M-pool and homozygous in F-pool, we identified a genomic
region of approximately 2.38 Mb (from 3.75–6.13 Mb) on
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Chr24 of the YY genome harbouring SNPs significantly associ-
atedwithphenotypic sex (figure 2a,b). This result confirmed that
Chr24 is the sex chromosome of the southern catfish. The
71 protein-coding genes located in this SDR are listed in the
electronic supplementary material, table S18.

(c) Identification of candidate sex-determining gene
The lengths of Chr24 in theXX female genome [13] andYYmale
genome are approximately 21.33 Mb and approximately
21.95 Mb, representing the sizes of ChrX and ChrY, respectively
(electronic supplementary material, table S12). Alignments of
the Nanopore long reads from XX, XY and YY individuals
and the Illumina short reads from F-pool and M-pool mapped
to the YY genome revealed a Y-specific insertion (from 4.67 to
5.22 Mb) in the SDR (figure 2c,d). The synteny analysis of X
and Y chromosomes confirmed this Y-specific insertion (elec-
tronic supplementary material, figure S1). Annotation results
showed that this insertion contained a single gene which is a
duplicate copy (amhr2y) (from 4 771130 bp to 4 780 169 bp) of
the autosomal amhr2 located onChr8 (electronic supplementary
material, table S18). Both amhr2y and amhr2 have 11 exons. The
lengths of amhr2y and amhr2 coding region are 9.04 kb and
5.84 kb, respectively (figure 2e). Alignment of amhr2y and
amhr2 genomic sequences revealed that the nucleotide identity
between exon sequences of the two genes ranges from
70.2% to 92.2% (average: 81.4%), while little sequence similarity
was found between the 5 kb upstream sequences and introns of
the two genes (figure 2f,g; electronic supplementary material,
figure S2). Predicted proteins contain 496 amino acids (aa) for
amhr2 and 492 aa for amhr2y, sharing 70.6% identity and
78.6% similarity. Both proteins have a complete transmembrane
domain, N-terminal intracellular protein kinase domain
and 10 conserved cysteines at the C-terminus (electronic
supplementary material, figure S3).

To confirm the male specificity of this Y-specific duplication,
wedesigned five pairs of primers specific foramhr2yandonepair
of primer common for amhr2y and amhr2 and genotyped 25
female (XX), 25 male (XY) and 25 supermale (YY) individuals.
The results showed that the bands of amhr2 were present in all
individuals, while the presence/absence of the bands of amhr2y
were perfectly correlated with the phenotypic sex. The amhr2y
fragment was observed in the 25 males and 25 supermales but
not in the 25 females (electronic supplementary material, figure
S4). These results indicated that amhr2y is a Y specific gene.
(d) Expression of amhr2y and amhr2 in gonads at
different developmental stages

To characterize the temporal and spatial expression of these
two duplicates, RT-PCR, RNA-seq and FISH were performed.
RT-PCR showed that among the 12 tissues examined, both
amhr2y and amhr2 were expressed exclusively in gonads.
Amhr2 was predominantly expressed in testis and expressed
at a low level in the ovary/Amhr2y was expressed only in the
testis, not in the ovary (figure 3a). Transcriptome analysis
from gonads at three developmental stages revealed that
amhr2was expressed in bothmale and female gonads,with sig-
nificantly higher expression in male than in female gonads at
all stages examined. By contrast, expression of amhr2y was
detected only in male gonads, with expression peaked at 120
dah, and decreased at 360 dah and to very low level at 540
dah (figure 3b; electronic supplementary material, table S19).
Early expressions and cellular localizations of amhr2 and
amhr2y were then characterized by FISH performed on male
and female gonads sampled at 5, 10, 30 and 120 dah
(figure 3c; electronic supplementary material, figure S5). The
results showed that amhr2y and amhr2 were expressed in
both somatic cells and germ cells of male gonads at all these
stages, and the expression of amhr2y was much stronger than
that of amhr2 at the early two stages (5 dah and 10 dah). By con-
trast, no expression of these two genes was detected in female
gonads at any of the stages.
(e) Disruption of amhr2y by CRISPR/Cas9 caused male-
to-female sex reversal

To gain functional support of amhr2y as an SDgene of southern
catfish, we examined the gonadal development of the XY
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(d ) Alignments of the ONT reads from XX, XY and YY individuals and the Illumina reads from F-pool and M-pool to the YY genome revealed a Y-specific insertion
(marked by a blue box) in the SDR which contained a male-specific duplicate of amhr2 (named amhr2y). ONT, Oxford Nanopore Technologies. (e–g) Gene structure
and sequence identity between amhr2 and amhr2y. Exons are represented by boxes with shared percentage identity indicated and introns are represented by black
lines. The start codon of each gene is positioned at 0 kb ( f,g). (Online version in colour.)
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loss-of-function mutants for amhr2y using CRISPR/Cas9
system in the F0 generation. The target was selected in the
exon 2 of amhr2y. The guide RNA (gRNA) contained TspRI
sites adjacent to the protospacer adjacent motif (PAM)
sequence for mutation analysis. Complete digestion with
TspRI produced two fragments (135 and 235 bp) in the control
group, whereas an intact DNA fragment (approx. 370 bp) was
observed in embryos injected with both Cas9 mRNA and
gRNA. The mutations, including in-frame and frame-shift del-
etions, were further confirmed by Sanger sequencing
(figure 4a). Off-target mutations in autosomal amhr2 were not
detected (electronic supplementary material, figure S6). Ferti-
lized eggs microinjected with amhr2y gRNA and Cas9
mRNAwere hatched, and larvae were cultured to 90 dah.

When screening amhr2ymutated fish,TspRI digestion of the
DNA fragments spanning the amhr2y target site from the 12
individuals indicated the mutation rate from 14% to 81% occur-
ring in the target region (figure 4b). Further, genetic sex was
confirmedbysex-specificmarkerandphenotypic sexwasdeter-
mined by histological observation of gonads. Amplification
results revealed that all of these amhr2y mutant individuals
were XY fish as expected (figure 4c). Histological examination
of gonads revealed that some of the mutated F0 fish with
high-rate amhr2y knockout (greater than 55%) showed male to
female sex reversal (figure 4d). The mutation types of the sex-
reversed individuals were analysed by Sanger sequencing of
the uncleaved bands after TspRI digestion, and 86% to 100%
of mutations were frame shifts (electronic supplementary
material, figure S7). Gonadal sex differentiation in the sex-
reversed XY fish was characterized by the formation of the
OC and the appearance of primary oocytes. These gonads
were topologically indistinguishable from the control XX
ovary, but obviously different from the control XY testis.
Additionally, the gonads of those mutant fish with low
knockout rates still developed normal testis (figure 4d).

A total of 124 injected F0 individuals survived and were
analysed. Sixty-three (51%) individuals were genetically male
(XY). Mutations by CRISPR/Cas9 were detected in 29 (46%)
of these genetic males. Nine (31%) of these individuals with
highmutation ratewere induced tomale-to-female sex reversal
(figure 4e; electronic supplementary material, figure S8).
( f ) Syntenic and phylogenetic analysis of amhr2 genes
Male-specific duplication of amhr2 has also been identified
in yellow perch [35], ayu [36], common seadragon and its
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closely related species alligator pipefish [37]. To obtain the
traces of Y-specific duplication of amhr2, a syntenic map was
generated for amhr2, amhr2y and their adjacent genes (elec-
tronic supplementary material, figure S9a). Fifteen teleost
species were used for syntenic analysis with spotted gar as
an outgroup. Genes located upstream (i.e. cdca7, sp1 and sp7)
and downstream (i.e. pcbp2, map3k12 and myg1) of amhr2 on
spotted gar LG4 showed conserved synteny in all teleosts
except for the four catfishes included in the analysis, indicating
that transposition of amhr2 occurred in the common ancestor of
these four catfishes. Genes located upstream (i.e. galcb) and
downstream (i.e. ak7b, vrk1 and bcl11b) of amhr2 on Chr8
showed conserved synteny in all four catfish species, indicating
that Chr8 is the conserved location of the southern catfish
ancestral amhr2. However, there is no obvious synteny between
amhr2-containing region in Chr8 and amhr2y-containing region
inChr24 of southern catfish. In addition, the amhr2y-containing
region in southern catfish Chr24, yellow perch Chr9, ayu
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scaffold C, common seadragon Chr4 and alligator pipefish
Chr21 did not show any syntenywith each other. These results
suggest that amhr2y evolved from independent transposition
events in each lineage.

Further phylogenetic analysis of teleost Amhr2, including
those species with male-specific amhr2 duplications, was per-
formed to test whether they have a shared origin (electronic
supplementary material, figure S9b). In the protein phylo-
genic tree, Amhr2y of common seadragon and alligator
pipefish clustered together as a sister clade to the two species’
canonical Amhr2 with significant bootstrap values, indicating
that a lineage-specific duplication event has taken place in the
common ancestor of these two species. However, the Amhr2y
of southern catfish, yellow perch and ayu clustered with their
own paralogue, suggesting independent lineage-specific
duplication events in these species.
4. Discussion
Teleost X and Y chromosomes are highly similar, making it
difficult to separately assemble the sequences of X and Y
chromosomes. The YY supermale provided sequencing tem-
plates of the Y chromosome without contamination by
homologous X chromosome sequences that could confound
assembly [38]. To date, whole Y chromosome sequences have
been generated for only two teleosts: the channel catfish [39]
and three-spine stickleback [40]. The sex chromosomes of
southern catfish are homomorphic [11]. We previously gener-
ated a well-assembled X chromosome from an XX female
[13]. In the present study, YY males were obtained by crossing
normal XY males with experimentally sex-reversed XY neofe-
males. Through a combination of Illumina, Nanopore and
Hi-C sequencing, we were able to assemble a highly accurate
and complete Y chromosome using the YYmale as the sequen-
cing template. In addition, sequencing of XY fish provided a
good control when analysing read coverage between the X
and Y chromosomes. Taken together, genome sequencing
and assembly of XX, XY and YY provided a unique system
for comparative genome analysis of the X and Y sequences.

The location of male-specific markers revealed that Chr24
is the sex chromosome of southern catfish. In this study, we
identified a small SDR of 2.38 Mb on this sex chromosome
using a male versus female pooled gDNA whole-genome
sequencing strategy which has been often used to explore
SDR in vertebrates [41–43]. The Y-specific region of approxi-
mately 500 kb was further determined by examining the
relative depth of coverage when aligning male versus female
resequencing reads and ONT reads against the YY genome.
This Y-specific region contains a duplicate (amhr2y) of the auto-
somal (Chr8) amhr2. Results from PCR-based genotyping in a
large number of individuals demonstrate a strong and signifi-
cant association of amhr2ywithmale phenotype. Therefore, the
PCR assay developed based on amhr2y has the potential to
improve fisheries management and conservation in southern
catfish, as it can be used as a universal marker for genetic sex
identification of individuals.

amhr2 has previously been characterized as an SD gene
in some pufferfishes (Takifugu rubripes, T. pardalis and
T. poecilonotus) [44,45]. However, in contrast with pufferfishes,
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in which the differentiation of X and Y chromosomes is extre-
mely limited and originated from an allelic diversification
process, the southern catfish amhr2y sequence is quite divergent
from its amhr2 autosomal counterpart. Specifically, amhr2y
shows only 81.0% identity with amhr2 in the coding region.
Moreover, the sequence identity of the promotor and intron
regions is extremely low. These results suggest that the dupli-
cation is likely to be ancient. The accumulation of their
sequence differences may contribute to functional divergence.

Except for its Y chromosome-specific location, amhr2y could
be considered a candidate SD gene of southern catfish also
because of its male-specific expression profile. According to
the RT-PCR and transcriptome data, amhr2y mRNA was
detected only in male gonads. Due to the difficulty in sampling
gonad tissues at early stages, the expression analysis of amhr2y
was only conducted in three pairs of gonadal transcriptomes
from 120, 360 and 540 dah. FISH was performed to analyse
its expression and cellular localization in early developmental
stages of male and female gonads. The results showed that
amhr2y was only expressed in male gonads, with high
expression at 5 dah, the critical sex-determination period,
clearly preceding the first signs ofmorphological differentiation
of ovaries and testes at approximately 10 dah [14].

The effectiveway to understand the function of a gene is to
perform gain/loss of function studies and to characterize the
resulting biological effects. In the present study, mutation of
amhr2y using CRISPR/Cas9 resulted in complete gonadal
sex reversal of XY mutants, demonstrating that amhr2y is
necessary for testicular differentiation. Together with
the Y-specific location and male-specific expression profile,
these independent lines of evidence provide strong support
for the idea that amhr2y is the SD gene in southern catfish.

Amh/Amhr2 signalling is critical for sex determination in
various species of teleosts [5]. However, little is known about
the difference in function between amhr2y and autosomal
amhr2. Basedongenetic evidenceandexpressionpatterns, several
models were proposed to explain how amhr2y determined the
genetic sex in ayu [36]. These models cover three aspects: (i)
Amhr2y and autosomal Amhr2 bind to the same ligand, but
the downstream signalling pathway may differ between them
because of the mutation in the kinase domain of Amhr2y; (ii)
Amhr2y and Amhr2 bind to different ligands, and testicular
development might be initiated by Amhr2y and the specific
ligand complex; (iii) Amhr2y and Amhr2 bind to the same
ligand and have exactly the same function, the gene dosage of
Amhr2 might be critical for sex determination. In southern cat-
fish, because of the relatively high level of divergence between
Amhr2 and Amhr2y sequences, it is tempting to hypothesize
that the two proteins could have diverged in their function. For
instance, due to divergence in the N-terminal extracellular
domain, they may have a different affinity for their canonical
Amh ligand or Amhr2y may even have the ability to bind other
ligands. One possible ligand is Gsdf which was demonstrated
to be critical for testicular differentiation in rainbow trout [46],
medaka [47] and tilapia [48]. The rates/patterns of downstream
phosphorylation may also differ due to divergence in the C-
terminal domain. On the other hand, although amhr2y and
amhr2 are expressed in the same cell types of the XY gonad, the
higher expression of amhr2y in the early stages (5 and 10 dah)
may also be the reasonwhy it becomes an SD gene. Further func-
tional studies would be required to unravel the upstream and
downstream signalling pathways of Amhr2 and Amhr2y in
southern catfish to better understand the mechanisms leading
to the novel function of amhr2y as the SD gene in this species.

Gene duplication/insertion is one of the most important
mechanisms for the origin of new SD genes, which could
suppress recombination more readily than allelic diversifica-
tion [49,50]. Male-specific duplication of amhr2 has been
identified in four species of teleosts, namely yellow perch
[35], ayu [36], common seadragon and alligator pipefish
[37]. Our present study provided a new example of an
amhr2 duplication event. Syntenic and phylogenetic analyses
revealed that these male-specific amhr2 duplications are inde-
pendent within each lineage. In addition, other members of
the TGF-β pathway, such as amh, gsdf, gdf6 and bmpr1b, are
recruited as SD genes in different fishes (reviewed in [5]).
The repeated, independent recruitment of the same gene for
sex-determination supports the ‘limited options’ hypothesis
for the evolution of genetic SD mechanisms and make TGF-
β, especially AMH/AMHR2, pathway members the most fre-
quently recruited SD genes identified in fishes so far [51].
However, the evolutionary pressures that lead to recurrent
convergent evolution toward using TGF-β signalling
pathways to control sex determination in fish remain elusive.
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