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Abstract

Background The blunt snout bream (Megalobrama amblycephala) is an important economic freshwater fish in

China with tender flesh and high nutritional value. With the cultivation of superior new varieties and the expansion

of breeding scale, it becomes imperative to employ sex-control technology to cultivate monosexual populations

of M. amblycephala, thereby preventing the deterioration of desirable traits. The development of specific markers
capable of accurately identifying the sex of M. amblycephala would facilitate the determination of the genetic sex of
the breeding population before gonad maturation, thereby expediting the processes of sex-controlled breeding of M.
amblycephala.

Results A whole-genome re-sequencing was performed for 116 females and 141 males M. amblycephala collected
from nine populations. Seven candidate male-specific sequences were identified through comparative analysis of
male and female genomes, which were further compared with the sequencing data of 257 individuals, and finally
three male-specific sequences were generated. These three sequences were further validated by PCR amplification

in 32 males and 32 females to confirm their potential as male-specific molecular markers for M. amblycephala. One of
these markers showed potential applicability in M. pellegrini as well, enabling males to be identified using this specific
molecular marker.

Conclusions The study provides a high-efficiency and cost-effective approach for the genetic sex identification in
two species of Megalobrama. The developed markers in this study have great potential in facilitating sex-controlled
breeding of M. amblycephala and M. pellegrini, while also contributing valuable insights into the underlying
mechanisms of fish sex determination.
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Background

Fish is a diverse group, playing a pivotal role in the evo-
lutionary history of vertebrates. Currently, over 32,000
species are known, accounting for more than half of all
vertebrate species [1]. Fish sex determination is complex
and diverse, covering almost all known sex determina-
tion types of vertebrates, and there are unique sex dif-
ferentiation methods such as natural sex reversal [2, 3].
Therefore, the study of fish sex is of great significance for
elucidating the sex-determination mechanism of verte-
brates. At the same time, numerous fish species exhibit
significant sexual dimorphism in important economic
traits such as growth and body size [4, 5], sex-control in
fish has emerged as a pivotal domain of genetic breeding
research, playing a crucial role in the breeding of supe-
rior fish species and the maintenance of superior traits.
Furthermore, the gonads or female gametes of certain
fish, such as sturgeon eggs, hold substantial economic
value. Therefore, the cultivation of faster-growing or
mono-sex aquaculture strains with specific gonadal char-
acteristics holds significant economic importance. For
some species facing the decline of germplasm resources,
as well as some fish, such as Nile tilapia (Oreochromis
niloticus) and Atlantic salmon (Salmo salar), before
reaching the market size, they often appear to mature
in advance and enter the breeding period, which in turn
affects growth. Cultured unisexual populations can effec-
tively avoid reproductive activities and protect germ-
plasm to a certain extent [6]. Some fish species, such as
orange spotted grouper (Epinephelus coioides) and Asian
swamp eel (Monopterus albus), are hermaphroditic and
capable of natural sex transformation, mono-sex aqua-
culture is essential for the management of their breeding
broodstock. However, the degree of sexual chromosome
differentiation is generally low in most fish species, mak-
ing it difficult to identify based solely on chromosomal
morphology [7]. The development of sex-specific molec-
ular markers and the advancements in sex-control bio-
technology provide an important technical approach to
increase fish yield and its economic value, and lay a foun-
dation for deciphering the molecular mechanism of fish
sex determination.

Sex-specific markers are effective molecular tools for
detecting genetic sex and illuminating the genetic struc-
ture of distinct sexes within species [8]. To date, a vari-
ety of techniques have been used to develop sex-specific
markers, such as randomly amplified polymorphic DNA
(RAPD) [9-11], amplified fragment length polymor-
phism (AFLP) [12, 13], simple sequence repeats (SSR)
[14-16], and single nucleotide polymorphisms (SNP)
[17-19]. In recent years, the development strategies of
molecular markers based on high-throughput sequencing
have gained popularity as a result of the ongoing matura-
tion of sequencing technology and the declining cost of
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sequencing [20]. Particularly with the rise in the number
of species with known genome sequences, whole-genome
re-sequencing is emerging as one of the key resources
for investigating the molecular breeding of plants and
animals [21, 22]. The utilization of high-throughput
sequencing technology has proven to be highly effective
in comparing the genomic differences between male and
female individuals, making it a powerful method for iden-
tifying molecular markers of sex in fish. Currently, this
method has successfully identified molecular markers of
sex in various fish species, including snakehead (Channa
argus) (23], grass carp (Ctenopharyngodon idella) [24],
large yellow croaker (Larimichthys crocea) [19], bighead
carp (Hypophthalmichthys molitrix) [25], redtail catfish
(Mystus wyckioides) [26], Pacific bluefin tuna (Thun-
nus orientalis) [27], Taiwan snakehead (Channa macu-
lata) [28], and mandarin fish (Siniperca chuatsi) [29].
The identification of these molecular markers provides a
fundamental basis for determining the genetic sex of fish
and facilitating the breeding of superior new varieties
through sex-control breeding techniques. Furthermore,
the utilization of whole-genome re-sequencing technol-
ogy has significantly improved the efficiency of sex-spe-
cific molecular markers development.

Blunt snout bream (Megalobrama amblycephala), nat-
urally distributed in the middle and lower reaches of the
Yangtze River and commonly known as Wuchang bream
in China, is a typical herbivorous Cyprinidae fish that
exhibits exceptional traits such as delicious meat, fast
growth and low breeding cost [30]. Its annual produc-
tion reached approximately 738,000 tons by 2023, rank-
ing the seventh among the major cultivated freshwater
fish in China [31]. Previously, researchers have devel-
oped excellent varieties of fast-growing, disease-resistant
M. amblycephala such as ‘Pujiang No. 1, ‘Huahai No. 1,
and ‘Pujiang No. 2’ [32]. However, the germplasm of M.
amblycephpara may decline due to precocious puberty
and differentiation of superior traits during long-term
culture and unplanned breeding [33]. One ideal solution
to these problems is to generate monosexual or sterile
populations with dominant traits through sex-control
technology [34, 35]. Nevertheless, most fish male and
female lack heterotypic sex chromosomes, and their
small morphological differences are insufficient for accu-
rate sex discrimination [36, 37].

M. amblycephala has a male heterogametic (XX/
XY) sex-determining system [38]. Although Wen et al.
have developed a male-specific molecular markers of
M. amblycephala [39], its sex-determining gene is still
unclear. Therefore, the development of additional sex
markers is imperative in order to enhance the discovery
of genome-wide sex determining genes. If we can develop
specific markers that can accurately identify the sex of
M. amblycephala, we will be able to identify the genetic
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sex of the cultured population before its gonads mature,
carry out unisexual culture, effectively eliminate exces-
sive hybridization within the population, and promote
the protection of its germplasm resources. Utilizing
genetic sex identification can assist farmers in promptly
identifying the genetic sex of fish at an early stage, main-
taining control over the sex ratio of the broodstock group
at any time, and adjusting the number of parent fish in
cultivation to reduce breeding costs.

In this study, three new male-specific markers were
identified by re-sequencing of M. amblycephala popu-
lation and a comparative analysis of male and female
genomes. The identified sex-specific makers were also
tested in other genus Megalobrama species. The findings
will provide a theoretical basis for understanding the sex
determination system of M. amblycephala, and contrib-
ute to its sex-controlled breeding.

Methods

Experimental fish, sample collection and DNA extraction
The experimental fish were sacrificed by anesthetized
with MS-222 at 100 mg/L before fin collection and dis-
section. Then we performed a dissection of the gonads
while the fish were still anesthetized to determine their
sex. In the processes of sex-specific molecular marker
screening, a total of 257 M. amblycephala (116 females
and 141 males), nine populations from Yuni Lake (YNL,
n=30), Poyang Lake (PYL, n=29), Liangzi Lake (LZL,
n=24), Hubei Zhenglong Aquatic Seed Industry Co., Ltd.
(ZL, n=29), ‘Huahai No. 1’ (HH1, n=29), ‘Pujiang No. I’
(PJ1, n=29), ‘Pujiang No. 2’ (P]2, n=28), Guangshui (GS,
n=29), and Qianjiang (QJ, n=30), were collected. Addi-
tionally, a total of 32 males and 32 females M. ambly-
cephala were collected from Ezhou (EZ) breeding base
for the verification of sex-specific markers. The species
in Megalobrama genus, including M. terminalis, M. hoff-
manni, and M. pellegrini were collected from Hangzhou,
Guangzhou, and Yibin, respectively. The fin tissues from
all samples were preserved in 95% ethanol and stored at
-80°C. The sex of M. amblycephala was primarily deter-
mined through anatomical observation of the gonads,
and individuals that could not be fully tested were iden-
tified by gonadal sections. Specifically, the gonads were
treated with Bouin’s solution, then embedded in paraf-
fin for sectioning, and finally stained with hematoxy-
lin and eosin (HE). Genomic DNA was isolated using
ammonium acetate extraction and determined by Nano-
Drop2000 (Thermo Scientific, USA) and 1% agarose gel
electrophoresis. The DNA was stored at -80 °C for subse-
quent experiments.

Whole-genome re-sequencing
DNA samples from YNL, PYL, LZL, ZL, HHI, PJi,
PJ2, GS, and QJ populations were used for libraries
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construction. Genome re-sequencing DNA libraries
were constructed using the YZSeq™ Tn5 Library Prep Kit
(YINGZI GENE, Wuhan, China) following the manufac-
turer’s instructions. Briefly, the libraries were first pre-
pared using Tn5 transposase, and with the processes of
DNA fragmentation, end-polishing, and adaptors liga-
tion. The linker self-ligated fragments were removed by
screening with magnetic beads. The libraries templates
were enriched by PCR amplification, and finally the PCR
product was recovered by magnetic beads to obtain the
final libraries. Finally, a total of 116 female and 141 male
individual libraries were sequenced on the MGISEQ-
T7 platform with PE150 mode. The raw reads obtained
by sequencing were quality-controlled using Fast QC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Clean reads were obtained after removing the
adaptor sequences. Trimmomatic v0.36 [40] was used to
remove paired reads containing more than 10% ambigu-
ous bases or more than 50% low-quality bases (Phred
Score<5).

Screening of sex-specific markers

To screen candidate Y-specific segments of M. ambly-
cephala, male-specific sequences were identified using
differential subtraction comparative analysis of male and
female genomes. Firstly, the clean data of 116 females and
141 males were aligned to the female reference genome
(GCF_018812025.1) of M. amblycephala using BWA
(v0.7.12) [41], and any sequences that did not match the
female reference genome were extracted. These extracted
sequences may include: shared sequences between
females and males that do not match the reference
genome; sequence variations among individual females;
sequence variations among individual males; and male-
specific sequences. Secondly, the sequences that could
not be aligned with the female reference genome were
extracted from the above 10 high-depth male samples,
and a fragment set containing male-specific fragments
was assembled using SPAdes (v3.13.0) [42]. Thirdly, the
re-sequencing reads of 20 female individuals were ran-
domly selected and bidirectional comparison was con-
ducted with the assembly results obtained in the second
step, and the corresponding sequences were removed.
Fourthly, re-sequencing reads from another set of 20
male individuals were randomly selected for bidirec-
tional comparison with filtered results from the third
step, to retain sequences that could be aligned by all male
individuals, thereby identifying candidate male-specific
sequences. Finally, the shorter fragments (<150bp) were
removed, and the remaining fragments were identified as
male-specific fragments for further verification.
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Validation of candidate sex-specific markers

Primer pairs were designed for each of the screened sex-
specific markers. Subsequently, the primer pairs were
validated by PCR in EZ breeding population, Hubei
Province. The fS-actin gene was used as a positive con-
trol (Forward primer: ACCCACACTGTGCCCATCTA;
Reverse primer: CGGACAATTTCCCTCTCAGCTG).
In addition, sex-specific marker and f3-actin primers were
added to the same reaction system for PCR amplification.
The PCR was performed in a total volume of 10 pL: 5
pL 2x Hieff PCR Master Mix (Yeasen, Shanghai, China),
0.25 pL forward and reverse primers mix of each pair
(10 mol/L each), 0.5 pL template DNA (100 ng/uL), and
3.5 uL ddH,0. The PCR amplification conditions were as
follows: 94°C for 5 min; 30 cycles of 94°C for 30 s, 56°C
for 30 s and 72°C for 30 s; then 72°C for 5 min. The PCR
products were analyzed by 1.5% agarose gel electropho-
resis and sequenced by Wuhan Tianyi Huayu Gene Tech-
nology Co., Ltd. (Wuhan, China).

Annotation of sex-specific molecular marker fragments
The sequencing depth of the re-sequencing ranging from
10X to 23X, is insufficient for the male reference genome
assembly. Consequently, accurate localization of above
male-specific marker fragments becomes unattainable.
To determine whether these molecular markers are situ-
ated in gene regions, we performed annotation based on
comparison with the NCBI database (https://www.ncbi.
nlm.nih.gov/).

Phylogenetic tree construction

All protein sequences were collected from genome
annotation of 10 species of Cyprinidae fish, includ-
ing M. amblycephala (Genome ID: GCF_018812025.1),
M.  hoffmanni, M. terminalis, M. pellegrini,

Female

Male
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Parabramis pekinensis (The genome of the four spe-
cies were sequenced and assembled by our lab, unpub-
lished data), Elopichthys bambusa (Genome ID:
GCA_037101425.1),  Ancherythroculter — nigrocauda
(Genome ID: GCA_036281575.1), Hypophthalmich-
thys nobilis (https://ftp.cngb.org/pub/CNSA/data3/
CNP0000974/CNS0209134/CNA0019189/HN.genomic.
fasta.gz), Hypophthalmichthys  molitrix  (Genome
ID: GCA_037950675.1), and C. idella (Genome ID:
GCA_019924925.1). OrthoFinder (v2.5.4) (https://github.
com/davidemms/OrthoFinder) was used to cluster gene
families of 10 species and obtain single-copy orthologous
gene families. Only genes with an amino acid length of
100 or greater were retained by filtering the shared sin-
gle-copy orthologous gene families. MUSCLE (v3.8.31)
[43] was used to perform multiple sequence alignment
for genes within each single-copy orthologous gene
family. Subsequently, the multiple sequence alignment
results were combined and converted into super-gene
alignment in PHYLIP format. Finally, RAXML (v8.2.12)
[44] was used to construct the evolutionary tree based on
the maximum likelihood method.

Results

Phenotypic sex identification

The sex of most individuals was identified through ana-
tomical observation of the gonads (Fig. 1A-B). Fur-
thermore, the histological section showed that ovarian
follicles were clearly visible in the ovaries of those female
individuals, while spermatozoa were clearly visible in the
testis of those male individuals (Fig. 1E-F). For individu-
als whose sex cannot be identified by the appearance of
the gonads, we employed paraffin-embedded gonads
and utilized HE staining to observe the cell structure to
identify the sex (Fig. 1C-D). The results of gonadal tissue

Female Male

Fig. 1 Identification of phenotypic sex in blunt snout bream. (A)-(D) Gonad morphology of female and male individuals. (A)-(B) Individuals whose sex
can be identified through anatomical observation; (C)-(D) Individuals whose sex cannot be identified through anatomical observation. (E)-(H) Sex identi-
fication of blunt snout bream by staining gonad tissue slices with hematoxylin and eosin. E, female, visible mature follicles can be observed in the ovary;
F, male, spermatozoa were clearly visible in the testis; G, oocytes; H, spermatocytes
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sections indicated that individuals with oocytes observed
in the sections were females, while individuals with
many spermatocytes observed in the sections were males
(Fig. 1G-H). This enables precise determination of their
phenotypic sex. After conducting anatomical observa-
tions and examining gonad tissue slices, it was confirmed
that there were 116 females and 141 males among the 257
individuals used for genome re-sequencing.

Re-sequencing data analysis and candidate sex-specific
tags screening

The raw reads obtained by re-sequencing of female
and male individuals in nine populations ranged from
67,271,000 to 272,520,042, and the clean reads ranged
from 67,270,910 to 272,519,954 were generated sub-
sequently (Table S1). In addition, Q20 and Q30 of the
re-sequencing data ranged from 90.12 to 98.52% and
80.22-95.07%, respectively. After aligning the clean data
of 116 females and 141 males to the female reference
genome of M. amblycephala (GCF_018812025.1), the
sequences aligned with reference genomes and differen-
tial sequences between female individuals were removed.
Then, 10 high-depth male samples were assembled based
on the remaining sequences, and 262,853 sequences
were obtained, including male-specific sequences and
sequences that exist in both males and females but not
aligned to the female reference genome. Subsequently,
163,710 sequences were obtained after removing both
male and female reference genome sequences. Finally,
45 candidate male-specific tag sequences were obtained
by filtering the male individual difference sequences, of
which seven tag sequences greater than 150 bp were used
as the final candidate male-specific tag sequences for
subsequent verification (Fig. 2).

Validation and annotation of sex-specific markers

The seven final candidate male-specific tag sequences
were compared with the sequencing data of 257 M.
amblycephala individuals and further screened to obtain
three candidate fragments, which were identified as
candidate sex-specific markers (Table 1). The amplifi-
cation results of the optimal primers for each fragment
in 12 female and 12 male M. amblycephala showed that
the optimal primers of M-marker 1, M-marker 2 and
M-marker 3 amplified bands of 173 bp, 275 bp, and
436 bp in male individuals, respectively (Table 2; Fig. 3),
while no bands were amplified in female individuals.
Following sequencing, it was discovered that the bands
amplified in males did not match the female reference
genome and shared the same nucleotide sequences as
the reference amplified sequences of the corresponding
primer pairs. To further verify the accuracy of the male-
specific markers, 32 males and 32 females were randomly
selected from the EZ breeding population for PCR. The
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results demonstrated that three molecular marker prim-
ers could only amplify bands in male individuals when
the positive controls verified that all male and female
individual DNA could be effectively used for PCR ampli-
fication (Fig. 4 and Fig. S1-S3), which strongly supports
the validity of the three sex-specific markers for accu-
rately identifying the genetic sex of M. amblycephala.
Annotation of three male-specific molecular marker
fragments showed that partial sequence of the M-marker
1 could be aligned with the LOC127516645, trim9 and
cacng6a genes of C. idella, and partial sequence could be
aligned with the trim9 gene of M. amblycephala (Table
S2). The partial sequence of M-marker 2 was aligned
with LOC125259710 gene of M. amblycephala, bglap
and LOC127499833 genes of C. idella, and the partial
sequence of M-marker 3 was aligned to the non-coding
RNA LOC131524810 of Onychostoma macrolepis and
the Imx1al gene of C. idella (Table S2).

The application of sex-specific markers in other closely
related species

M. amblycephala, M. terminalis, M. hoffmanni, and M.
pellegrini all belong to the Megalobrama genus. The max-
imum likelihood method was employed to construct phy-
logenetic tree from 2,915 single-copy orthologous gene
families (Table S3 and S4), revealing that the four species
were closely related (Fig. 5A). M-marker 1 and M-marker
2 could amplify 173 bp and 275 bp bands in some male
and female individuals of M. terminalis and M. hoff-
manni, but not in both male and female individuals of
M. pellegrini, which could not effectively distinguish the
male and female individuals of the three species (Fig. 5B
and Fig. S4). M-marker 3 amplified a 436 bp band only in
male individuals of M. pellegrini, but not in female indi-
viduals, and this was strongly verified by the expanded
population experiment (Fig. 5B-C and Fig. S4-S5).

Discussion

The discovery of sex-specific markers is crucial for elu-
cidating sex determination in fish. It aids in identifying
sex-determining regions, facilitates the identification of
sex-determining genes, and enhances our understand-
ing of the origin and evolution of sex chromosomes [45].
While most fish lack visually heteromorphic sex chromo-
somes, some have developed sex-determining regions or
possess sex-determining genes. Identifying sex-specific
markers serves as the initial step in discovering these
regions and genes, thereby aiding in the inference of
their sex-determining systems [24, 46, 47]. Before the
mature gonadal development of M. amblycephala, distin-
guishing the outward morphology of males and females
is challenging. Hence, the development of sex-specific
markers for M. amblycephala can assist in determining
the genetic sex of breeding populations before gonadal
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Male Male Female Female
1 141 1 116
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v

Align to the female reference genome, preserving unmatched sequences
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Sequences present in Male-specific DilTering sequences Differing sequences
both males and females sequences between female individuals | | between male individuals
¢ SPAdes
10 high-depth male samples were selected for assembly
Sequence Sequence Sequence Sequence
1 2 262852 262853
Y
Align with 20 females and remove the sequences present in both females and males
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1 2 3 163708 163709 163710
Y
Align with 20 males and remove the difference sequences between male individuals
Male-specific Male-specific Male-specific Male-specific
sequences 1 sequences 2 sequences 44 sequences 45
Y
Selected tag sequences larger than 150 bp
Male-specific Male-specific
sequences 1 sequences 7

Fig. 2 Screening processes for male-specific fragments

Table 1 Mean sequence depth statistics for seven contigs in male and female populations

Contig ID Mean sequence depth in males Mean sequence depth in females
NODE_15451_length_647_cov_37.393312 2.1563% 0.0177x
NODE_178500_length_195_cov_72.426136 7.2787% 0.0139%x
NODE_2507_length_1650_cov_40.518043 3.0348% 0.0037x
NODE_59997_length_321_cov_69.221854 46291 0.0146x
NODE_26104_length_488_cov_24.123667 1.8895x 0.0027x
NODE_49161_length_355_cov_45.377976 2.8404x 0.0019x

NODE_8326_length_900_cov_44.861521 4.1431x 0.0253x
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Table 2 Information of three male-specific candidate contigs and their sex-specific primers
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Contig ID

Length (bp) Marker name Primer sequences (5'-3") Tm (C)

Product length (bp)

NODE_178500_length_195_cov_72.426136 195 M-marker 1 F: GACGTCCATATGTTCAGCCA 56 173
R: CAAGTCAGAATTGATTACAATAAAT
NODE_59997_length_321_cov_69.221854 321 M-marker 2 F: ATCAGTAAATATGCAGAGCGAGA 56 275
R: AGTTTCTGTCAAGTCCTCGCA
NODE_26104_length_488_cov_24.123667 488 M-marker 3 F: AAGCAAATGCTGAAATGTTGTATA 56 436
R: TAAAAAGTTTAAGTTTTGGCCTG
A M-marker 1-F
GACGTCCATATGTTCAGCCAATCAAATTGGAATGTTTAGACACGTGCTTCAGACACTG 58
GTTCATGCGGAAGCATTCCCCATAGCGTCAATGTCGAGATCCACTCGAAAGGGAACTA 116
AGTTTAAATAGAAATAAGTTTGATTGTATATTATTTATTGTAATCAATTCTGACTTG 173
M-marker 1-R
B M-marker 2-F
ATCAGTAAATATGCAGAGCGAGAGCTGTAAAATAAGATATATTTTCATGAAATATATT 58
CATATTGTTAGAGCAAACATGTAACATTTACTTCCAGATATTCTCTTAATCTTCACAG 116
AAGGAACATGCTGTATGTCTGCTGATTTTCATTTGCTAGTTTCATCAGCAATTCTAAT 174
TTCTCTGATTTCAGTCTAGTGGTTCTGTCTTTAATTTAGCTATGGTGTGTTTTGTTAT 232
TCATAACGTAATAATATTACCCTGCGAGGACTTGACAGAAACT 275
M-marker 2-R
C M-marker 3-F
AAGCAAATGCTGAAATGTTGTATATCAGTAAATATCATTTACAGTATGTAAGGTACAA 58
AAAATGTTTTTGGGTAAACAAACATTTTTTGCTTGTTTTAAAACTGAGCCATTACTAA 116
ATCATAGACATACTGTGTATTTACAACTTACAATATTTACAAACCTTTTATACCATAA 174
ATATATTTCTATCATCACATTTTTACCATTTTGTTTATATATTTTAAATAAACTAAAT 232
GTAATGCAGGGTTATTATTAATGTTAACTGAAACTAAAACCATAAAGTTTTTTATTGC 290
CTGAAATAAACTAAATGTTAAACAGAATAACATGTAAAAACTACATAGATACATAAAC 348
TAAGAAAAAAAACCCCTAAAAATAACAAAAATCACACAACAAAATTAAAATTATTCTT 406
CAGAATGCAGGCCAAAACTTAAACTTTTTA 436

M-marker 3-R

Fig. 3 Sequences corresponding to the three sex-specific markers. The positions marked by black arrows are the forward and reverse primers. (A) Se-
quences amplified by M-marker 1; (B) Sequences amplified by M-marker 2; (C) Sequences amplified by M-marker 3

maturity for unisexual breeding. It also helps farmers
control the sex ratio of the reserved parental population
at any time and further regulates the number of parents
to be bred. In this study, we successfully developed three
PCR-based sex-specific molecular markers for M. ambly-
cephala through genome re-sequencing, and verified the
specificity and universality of these markers in breeding

populations, providing an important molecular tool for
the study of sex determination in fish.

This study presents a rapid and efficient method for
developing sex-specific molecular markers using next-
generation sequencing combined with bioinformatics
analysis. In recent years, although the restriction site
associated DNA sequencing (RAD-seq) method has been
successfully applied to the development of sex markers
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A C
M-marker 1 (173 bp) M-marker 2 (275 bp) M-marker 3 (436 bp)
P-actin (152 bp) P-actin (152 bp) p-actin (152 bp)
Male M Female Male Female Male M Female

Fig. 4 PCRamplification results of three sex-specific primer pairs in EZ breeding population of blunt snout bream. Sex-specific primers and -actin prim-
ers were incorporated into the same PCR reaction system, and the validity of the amplification results was verified by the presence or absence of control
bands (152 bp). (A) Amplification of M-marker 1 resulted in a male-specific band at 173 bp. (B) Amplification of M-marker 2 resulted in a male-specific
band at 275 bp. (C) Amplification of M-marker 3 resulted in a male-specific band at 436 bp. M, DL 2000 DNA marker

in species such as Lanzhou catfish (Silurus lanzhouen-
sis) [48], goldfish (Carassius auratus) [49], Ussuri catfish
(Pseudobagrus ussuriensis) [50], and Chinese longsnout
catfish (Leiocassis longirostris) [51], its sequencing frag-
ments are short and some restriction sites are often
missed. And subsequent analysis can be easily affected
by repeated sequences, leading to increased difficulty and
cost in identifying sex-specific markers [37, 52]. In con-
trast, this study utilized genome re-sequencing to obtain
high-throughput genomic data from multiple female and
male individuals, and employed bioinformatics analy-
sis to identify differential genomic regions between the
sexes. Compared to RAD-seq, this method offers exten-
sive coverage and can efficiently gather more compre-
hensive variation information, allowing for the accurate
identification of sex-specific molecular markers in fish
[25]. The sex-specific markers obtained by this method
can be used to identify the genetic sex through simple
PCR amplification and electrophoresis, which provides
a simple, efficient, and reliable genetic sex identification
technique for the breeding of M. amblycephala. Addi-
tionally, sex-controlled breeding technology combining
sex molecular marker identification and sex hormone-
induced reversal can quickly and effectively cultivate
mono-sex population [53, 54], which could contribute to
safeguarding the industrial autonomy of new germplasms
or varieties of M. amblycephala such as those without
intermuscular bones [55].

Wen et al. carried out the whole-genome re-sequenc-
ing of female and male individuals in two M. ambly-
cephala populations, and assembled the male reference
genome [39]. They aligned re-sequenced reads of females
and males to the male reference genome and a male-spe-
cific molecular marker of M. amblycephala was obtained.
The difference of our method is that, firstly, we carried
out re-sequencing of nine M. amblycephala populations,
covering all the new varieties and wild populations of
M. amblycephala in China, and the molecular markers
developed based on these populations are more univer-
sal. Secondly, the number of female and male individuals
used to develop sex markers is larger, which can effec-
tively remove the influence of individual pan-genomic
sequence differences. Finally, we did not rely on the male
reference genome in the processes of screening sex mark-
ers. We only extracted the sequences of 10 high-depth
male samples that did not match the female reference
genome, and assembled them into potential male spe-
cific fragments. Then, female and male individuals were
used to map to the potential male specific fragments
to remove the sequence variations among individuals.
Therefore, our method can effectively remove the effects
of individual difference sequences and quickly screen out
the real sex-specific fragments.

Moreover, M. amblycephala, M. terminalis, M. hoff-
manni, and M. pellegrini all belong to the Megalobrama
genus. The phylogenetic tree of several Megalobrama
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Fig. 5 Phylogenetic tree construction and PCR amplification results of three sex-specific primer pairs in other closely related species (M. terminalis, M.
hoffmanni, and M. pellegrini). (A) A phylogenetic tree generated using single-copy orthologous genes. (B) Correspond to the results amplified by primer
pairs of M-marker 1, M-marker 2 and M-marker 3. (C) Extended population verification of the sex-specific primer pair of M-marker 3 in M. pellegrini col-
lected from Yibin. The amplified fragment of B-actin was 152 bp for the positive control, confirming the effectiveness of the amplification. M, DL 2000
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species showed that the four species were closely related,
and the relationship between M. amblycephala and M.
hoffmanni was the closest. Therefore, it was speculated
that they may have similar sex-determination regions.
However, it appears that only one out of the three sex
markers (M-marker 3) was conserved and only in M. pel-
legrini. This may be because the marker sequence has
the highest similarity between M. amblycephala and M.
pellegrini.

Three male-specific molecular markers, M-marker
1, M-marker 2, and M-marker 3, were not annotated to
the well-known master sex determining genes such as
Dmrtl, Amh, Sox3, Gdf6, and Amhr2 [56]. They were
annotated to the LOC127516645 gene of C. idella, the
LOC125259710 gene of M. amblycephala, and the non-
coding RNA LOC131524810 of O. macrolepis, respec-
tively. The functions of these genes and non-coding
RNAs are unknown, and whether these genes and non-
coding RNAs play an important regulatory role in the
sex determination of M. amblycephala remains to be fur-
ther studied. It is often observed that sex-specific mark-
ers are developed, but sex-determining genes cannot
be identified [57]. For instance, the blotted snakehead
(Channa maculata), was found to have 23 male-specific
sequences, of which six male-specific markers were effec-
tively confirmed. Nevertheless, no potential sex-deter-
mining genes were identified [58]. A similar situation was
found in Atlantic cod (Gadus morhua) [59], clearhead
icefish (Protosalanx hyalocranius) [60], and largemouth
bass (Micropterus salmoides) [61]. Undoubtedly, sex-
specific markers continue to be an effective method for
understanding the fish sex-determination system and its
underlying mechanisms, as well as for contributing to
the understanding of sex determination development in
vertebrates.

Conclusions

In this study, three sex-specific markers for M. ambly-
cephala were successfully identified through genome re-
sequencing and biological information analysis. These
markers can be rapidly and effectively used to identify
the genetic sex of M. amblycephala using PCR amplifi-
cation and agarose gel electrophoresis. Their specificity
was confirmed in the breeding population. Additionally,
we also successfully applied one of the markers to iden-
tify the genetic sex of M. pellegrini. In summary, this
research is important for the ongoing study of the sex-
determination mechanism and unisexual breeding of M.
amblycephala. 1t also serves as a crucial resource and
foundation for future sex identification and related stud-
ies of Megalobrama species.
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