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Autotetraploid Carassius auratus is a stable hereditary autotetraploid fish resulting from the hybridization of Carassius auratus red var.
(RCC, ♀) × Megalobrama amblycephala (BSB, ♂), containing four sets of RCC chromosomes. However, the molecular mechanism underlying
the determination of sex in this species remains largely unknown. Currently, there lacks a full understanding of the molecular mechanisms
governing sex determination and specific molecular markers to differentiate sex in this species. In this study, 25,801,677 SNPs (Single-
nucleotide polymorphism) and 6,210,306 Indels (insertion-deletion) were obtained from whole-genome resequencing of 100 individuals
(including 50 female and 50 male). Further identification confirmed the candidate chromosomes as Chr46B, with the sex-determining
region located at Chr46B: 22,500,000‒22,800,000 bp. Based on the male-specific insertion (26 bp) within the candidate sex-determining
region, a pair of sex-specific molecular markers has been identified. In addition, based on the screening of candidate sex-determining region
genes and RT-qPCR validation analysis, ADAM10, AQP9 and tc1a were identified as candidate sex-determining genes. These findings provide
a robust foundation for investigating sex determination mechanisms in fish, the evolution of sex chromosomes, and the development of
monosex populations.
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INTRODUCTION

Sex determination (SD) is the biological mechanism responsible
for establishing the course of sexual development, and in aquatic
animals, sex is typically a significant attribute (Weng et al.,
2022). Aquaculture animals exhibit a remarkably diverse range
of sexual phenotypes and underlying mechanisms, making them
ideal for conducting sex-determination studies that are essential
to the life sciences (Li et al., 2022; Mei and Gui, 2015). Improved
understanding of the molecular mechanisms of sex determina-
tion can facilitate the application of reproductive and sex control
techniques in aquaculture practices (Devlin and Nagahama,
2002). Fish, as lower vertebrates, have sex chromosomes that
are at a primitive stage of evolution, leading to highly diverse and
complex sex determination systems (Li and Gui, 2018; Li et al.,
2022). Furthermore, fish models play a crucial role in advancing
our understanding of vertebrate sex determination mechanisms
and evolutionary history (Zhang et al., 2022). Therefore,
studying fish sex determination offers valuable opportunities for
gaining a deeper understanding about the origin and evolution of
vertebrate sex chromosomes (Ellegren, 2011; Mei and Gui, 2015;
Zhang et al., 2022). Most aquaculture fish species display sexual
dimorphism, encompassing differences in growth, body size, and
other economically significant characteristics (Leinonen et al.,
2011; Li et al., 2022; Liang et al., 2020). Therefore, cultivating
rapidly and robustly growing mono-sex populations allows for

better management and enhanced aquaculture profitability
(Wang et al., 2009). In many fish species, sexual chromosome
differentiation is minimal, which hinders the distinction of sexes
based on the morphology of the sex chromosomes (Nagahama et
al., 2020). Additionally, environmental factors such as pH,
temperature, density, and social interactions can easily influence
the sex of fish, resulting in differences between their genetic sex
(genotype) and physiological sex (ovary or testis) (Kobayashi et
al., 2012; Reddon and Hurd, 2013; Sandra and Norma, 2010;
Shen and Wang, 2014; Yamamoto et al., 2019). Sex-specific
DNA markers, which are closely linked to sex, are essential tools
for studying sex determination mechanisms and facilitating
marker-assisted sex control (Chen et al., 2008). Traditionally,
sex-specific DNA markers have been developed in some aquatic
species with molecular methods, including random amplified
polymorphic DNA (RAPD) (Vale et al., 2014), simple sequence
repeat (SSR) (Chen et al., 2012; Shikano et al., 2011), and
amplified restriction fragment polymorphism (AFLP) (Ezaz et al.,
2004; Lee et al., 2011). Whole-genome resequencing allows for
rapid and efficient analysis of base differences between males and
females, facilitating the development of more accurate sex-
specific molecular markers. Currently, some sex-specific mole-
cular markers developed based on SNPs have been applied to
Larimichthys crocea (Lin et al., 2018), Mystus wyckioides (Zhou et
al., 2019), Pseudobagrus ussuriensis (Zhu et al., 2021), Cynoglos-
sus semilaevis (Zhang et al., 2019), Litopenaeus vannamei (Perez-
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Enriquez et al., 2020) and so on (Gammerdinger et al., 2016; Gao
et al., 2020; Kamiya et al., 2012; Shi et al., 2018; Zhang et al.,
2022). By using insertions/deletions as sex-specific molecular
markers, the genetic sex of samples can be determined through
PCR and agarose gel electrophoresis (Chen et al., 2022; Lin et al.,
2017; Weng et al., 2022; Xiao et al., 2020; Zhang et al., 2017;
Zheng et al., 2020). Moreover, with the rapid progress in genome
sequencing technology and comparative genomics, it has become
increasingly feasible to delineate sex determination regions in
non-model species with complex genomes using genomic data
(Bachtrog et al., 2014). Furthermore, this presents an opportu-
nity to develop molecular markers for sex determination and sex-
specific markers in autotetraploid Carassius auratus.

Polyploidy played a significant role in the evolutionary history
of vertebrates and other eukaryotic organisms (Wood et al.,
2009). Polyploidy occurs when an uncommon event during
mitosis or meiosis results in the formation of gametes with
multiple sets of chromosomes (Otto, 2007). In our previous
study, the world’s first fertile autotetraploid Carassius auratus
(4n=200, RRRR, abbreviated as 4nRR) was produced through
distant hybridization from distant hybridization Carassius auratus
red var. (2n=100, abbreviated as RCC) (♀) X Megalobrama
amblycephala (2n=48, abbreviated as BSB) (♂) (Qin et al., 2014).
The 4nRR originates from a whole-genome duplication event of
the RCC, leading to the production of diploid eggs due to the
pairing of diploid-like chromosomes during female meiosis (Wang
et al., 2021). Thus, compared to diploid fish, developing sex-
specific molecular markers for 4nRR will be more challenging. A
variety of autotriploid or allotriploid fish with excellent traits can
be prepared using interspecific crosses between 4nRR lines and
RCC or other diploid fish. Typically, it is necessary to dissect fish
and conduct histological observations to further determine their
sex. The same procedures are required for sex identification in
4nRR. Moreover, progeny cross experiments necessitate exten-
sive random detection, which requires a lot of time and effort (Liu

et al., 2023). Therefore, there is an urgent need for a direct,
reliable, and non-invasive method to determine gender, facilitat-
ing the breeding management of 4nRR. The development of sex-
specific molecular markers and the identification of sex
determination have been facilitated by a chromosome-level
genome assembly of 4nRR (The genome of 4nRR is unpublished).
Therefore, developing a new genetic technique to screen sex-
specific DNA sequences in 4nRR is imperative, despite the
challenges posed by polyploid fish, as no sex-specific genetic
markers have been reported to date.

In this study, genome re-sequencing was applied to investigate
sex determination and genetic variations (SNPs and Indels) in
4nRR, aiming to effectively identify sex-specific molecular
markers and sex determination genes. In addition, based on
genome resequencing, the sex-determining region and candidate
genes for sex determination in 4nRR were identified. A rapid and
reliable molecular method based on specific insertion/deletion
sequences has been developed to identify the genetic sex of
individuals. Furthermore, the developed Indel molecular markers
were validated in many male and female individuals of 4nRR
using PCR. These research findings contribute to the controlled
breeding of 4nRR, enhancing breeding efficiency and providing
insights into the sex determination mechanism of 4nRR.

RESULTS

Re-sequencing data and SNP calling

A total of 5784.76 Gb of raw data was obtained through whole-
genome resequencing of both male and female populations.
Among them, the size of raw data for the female and male
populations was 2943.94 and 2840.82 Gb respectively (Table 1,
Table S1 in Supporting Information). After filtering the raw data,
we obtained a total of 5633.74 Gb of clean data, with 2866.81
Gb for the female population and 2766.93 Gb for the male

Table 1. Statistical results of quality control information of sequencing data

Sample Raw base (Gb) Clean base (Gb) Clean reads Q20 Clean reads Q30 Clean rate (%) GC content (%)

FJF1 58.78 58.57 97.11 90.30 99.81 38.17

FJF2 68.00 67.78 97.13 90.43 99.83 37.95

FJF3 67.33 67.10 97.56 91.99 99.82 38.11

FJF4 65.38 65.10 96.82 89.36 99.78 38.17

FJF5 71.79 71.63 97.51 91.63 99.87 37.80

FJF6 67.39 67.13 97.10 90.26 99.80 38.02

FJF7 66.97 66.69 97.80 93.49 99.80 38.05

FJF8 65.42 65.11 97.74 93.20 99.77 38.38

FJF9 70.67 70.30 95.96 88.59 99.70 37.95

FJF10 64.53 64.31 98.11 94.31 99.83 38.08

MJF1 71.62 71.30 97.80 93.48 99.79 38.37

MJF2 66.34 66.08 97.85 93.58 99.81 38.09

MJF3 69.06 68.77 97.86 93.60 99.80 38.10

MJF4 67.09 66.81 97.84 93.33 99.78 37.84

MJF5 66.63 66.35 97.96 93.73 99.77 37.52

MJF6 69.82 69.53 98.12 94.18 99.77 38.28

MJF7 67.35 67.07 98.02 93.91 99.77 38.08

MJF8 67.43 67.14 97.80 93.27 99.76 37.90

MJF9 66.05 65.77 97.84 93.36 99.76 38.31

MJF10 71.06 70.75 97.93 93.62 99.76 38.09
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population (Table 1, Table S1 in Supporting Information). The
proportion of clean reads with quality scores greater than or
equal to Q30 ranges from 88.59% to 96.46% and the proportion
of data GC was below 39%, indicating that the sequencing results
have good quality (Table 1, Table S1 in Supporting Information).
The size range of the mapping rate of the filtered clean data to the
reference genome by BWA is 99.79% to 99.96% (Table 2, Table
S2 in Supporting Information). Among them, the proportion of
reads correctly aligned (with suitable insertion fragments and
directions) to the reference genome ranges from 87.52% to
98.39% (Table 2, Table S2 in Supporting Information). After
alignment, the average coverage depth of the reference genome
per sample ranges from 11.34× to 22.64× (Table 2, Table S2 in
Supporting Information).

Using the aligned results, SNP calling was performed using
GATK, resulting in a total of 45,806,409 SNPs and 12,838,623
Indels. To enhance the quality of the SNPs, additional filtering
was applied to the extracted SNPs for subsequent GWAS analysis.
Finally, after further filtering, a total of 25,801,677 SNPs and
6,210,306 Indels were obtained. The distribution of SNPs and
Indels on each chromosome was shown in SNP and Indel density
map (Figure 1).

Genetic structure of population

Principal component analysis (PCA) can reveal information
about group clustering and outlier samples. Based on the SNPs
after screening, PCA analysis of two populations was performed
by using the VCF2PCACluster. After obtaining the PCA results,
the analyzed samples were exhibited using the values of the first

three PCs. The two-dimensional plots of the first three PCA are
presented in Figure 2A and B; however, genetic clustering
between male and female populations is not evident. Further-
more, genetic distances between populations were computed
using the VCF2Dis software, and an ML tree was constructed
based on these genetic distances. The results illustrated in Figure
2C also fail to differentiate genetic clustering between the two
populations.

Identification and location of sex-linked variants

In population genetics, the Fst index is widely recognized as a
standard measure for quantifying the degree of differentiation
among populations. It is generally considered that Fst with
greater than 0.15 indicates a significant genetic differentiation
between two populations. Therefore, the higher the Fst value, the
greater the degree of genetic differentiation between different
populations, and the differences are more pronounced. The
vcftools software was used to calculate the Fst between female and
male groups, the results were plotted across the entire genome as
shown in the Figure 3A. The results indicated that there are Fst

values greater than 0.25 on chromosomes 19A, 31A, 13B, 17B,
28B, 39B and 46B. Further analysis using ED values to assess the
frequency differences of SNPs between the two populations, with
the results shown in the Figure 3B. Then, the distribution of the
number of differentiating SNPs within intervals across the
genome was calculated, as shown in the Figure 3C. Combining
the results from the three methods mentioned above, Chr46B
were identified as candidate chromosomes for 4nRR. Further, the
regions Chr46B:22,500,000‒22,800,000 bp are identified as

Table 2. Statistics of quality-controlled data alignment to the reference genomea)

Sample MapRate (%) MapPERate (%) Properly rate (%) Coverage (%) MeanDepth (X)
Coverage(%)

Depth 1× Depth 5× Depth 10×

FJF1 99.95 99.92 97.54 100.00 18.50 96.21 92.51 88.06

FJF2 99.95 99.91 96.69 100.00 21.37 96.77 93.73 87.71

FJF3 99.95 99.92 97.53 100.00 21.19 96.76 93.80 88.52

FJF4 99.93 99.89 97.56 100.00 20.55 97.02 93.84 87.48

FJF5 99.96 99.94 98.39 100.00 22.64 96.38 93.62 86.58

FJF6 99.95 99.92 97.47 100.00 21.21 96.37 92.96 88.60

FJF7 99.93 99.88 97.53 100.00 21.04 96.66 93.63 87.99

FJF8 99.92 99.86 96.85 100.00 20.53 96.43 92.67 89.45

FJF9 99.92 99.88 98.06 100.00 22.17 96.69 93.46 88.55

FJF10 99.93 99.88 97.47 100.00 20.29 96.80 93.72 85.17

MJF1 99.92 99.87 96.92 100.00 22.48 96.95 93.88 88.57

MJF2 99.93 99.88 97.33 100.00 20.85 96.54 93.38 87.74

MJF3 99.92 99.86 96.95 100.00 21.68 97.00 93.96 88.26

MJF4 99.92 99.85 97.48 100.00 21.09 96.22 93.10 88.83

MJF5 99.92 99.86 97.26 100.00 20.93 96.84 93.89 88.04

MJF6 99.91 99.84 96.55 100.00 21.93 96.53 93.21 88.52

MJF7 99.92 99.86 96.91 100.00 21.16 96.82 93.79 87.39

MJF8 99.90 99.83 96.61 100.00 21.16 96.87 93.85 88.62

MJF9 99.92 99.85 96.67 100.00 20.75 96.80 93.39 87.39

MJF10 99.92 99.85 97.21 100.00 22.32 96.98 94.18 89.18

a) MapRate (%): All reads mapped to the reference genome sequence ratio; MapPERate (%): The percentage of reads that align in pairs to the reference genome
sequence; Properly rate (%): The percentage of reads correctly aligned (with appropriate insert size, orientation, etc.) to the reference genome sequence; Coverage (%):
Coverage of the reference genome sequence in sequencing data; MeanDepth (X): Average coverage depth of the reference sequence; Depth1×/5×/10× Coverage(%):
The coverage rate of reads with coverage depths greater than or equal to 1×/5×/10×, respectively.
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candidate regions for sex determination.

Application of the 4nRR sex detection PCR method

The re-sequencing alignment results were visualized with the
software of IGV. Subsequently, based on the identified candidate
chromosomes and the sex-determining region, we manually
examined the variations using the IGV software. As shown in
Figure 4, there was a 26 bp Indel (GGTTCAATAATGACTGAT-
CACAGGTT) sequence in all sample of male that was found
between 22,647,031 and 22,647,032 bp in genome of Chr46B.
We will used the faidx function of samtools to extract the
fragments in the upper and lower regions of the Indel, with the
extraction range being “Chr46B:22,646,967‒22,647,223”.
Designing primer pairs using Primer Premier v6.0 software,
where the forward primer was 5ʹ-GCTTACGGTTCAATAATGAC-
3ʹ, and the reverse primer was 5ʹ-TCCCTAAGCTCTATTGTTCTC-
3ʹ (Figure 5A). The primer was chosen to rapidly build a PCR-
based method for identification of the genetic sex of 4nRR. Using
the primer pair, PCR was performed, followed by 2% agarose gel
electrophoresis. As shown in the Figure 5B and Figure S1, a
single band was observed in all male individuals, while no bands

were detected in the female individuals. For both male and female
individuals, these primers can be used to differentiate their
genetic sex.

Functional annotation of candidate genes by GO and KEGG
pathway analysis

To further investigate the linkage disequilibrium (LD) among loci
in the sex-determining region, LD analysis was performed on the
SNPs in the genomic region where these six candidate genes were
located. These six candidate genes are located on Chr46B:
22,500,000‒22,800,000, and the SNP locus in these regions are
in linkage disequilibrium (Figure 6). We found that most SNPs in
this region are in a high level of linkage disequilibrium, with Fst

than 0.25. To further explore the main biochemical and
signaling pathways involved by candidate genes, we conducted
pathway enrichment analysis based on the GO and KEGG
databases. After comparing with the NR protein database, six
genes were further chosen for GO and KEGG functional
enrichment analysis (Table S3 in Supporting Information). As
displayed in the Figure 7A, a total of five different genes
(ADAM10, AQP9, pclaf, RPS17, and tc1a) were enriched in

Figure 2. The relationship between PCA (Principal Component Analysis) analysis results and ML (Maximum Likelihood) phylogenetic trees based on SNP from male and female
populations. A, The scatter plot of PC1 against PC2 in PCA. B, The scatter plot of PC1 against PC3 in PCA. Note: Circles represent sample group female, triangles represent sample
group male. C, The ML tree based on SNP data from male and female populations, note: Highlighted in red font are the male population, and in blue font are the female
population.
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various GO terms (Table S4 in Supporting Information). We
conducted enrichment analysis using KEGG, and selected all
enriched pathways to be displayed in a bubble chart (Figure 7B).
In this case, only three genes (ADAM10, AQP9, and RPS17) were
enriched in different pathways among the three KEGG enrich-
ment pathways (Table S5 in Supporting Information).

Expression of candidate genes in the gonads

To validate the differential expression of these candidate genes in
male and female gonadal tissues, nine genes were selected based
on their specificity for further validation through RT-qPCR (Real-
time quantitative PCR). The results indicated that the expression
levels of three genes (ADAM10, AQP9, and tc1a) were

Figure 3. The Manhattan plot showed the sex significantly associated loci identified by GWAS. A, The x-axis indicates the chromosome numbers that were labeled with different
colors. The y-axis is the Fst for each SNP. The horizontal dashed line is the position where the corresponding threshold Fst value is 0.25. B, The x-axis indicates the chromosome
numbers that were labeled with different colors. The y-axis represents the Euclidean distance (ED) of SNP frequencies between male and female populations. C, The x-axis
indicates the chromosome numbers that were labeled with different colors. The y-axis represents the total number of SNPs with abs (ΔSNP frequency) greater than 0.5 between
groups. The window size for analyzing all SNPs is 200 kb.
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consistently higher in testis tissues across different stages
compared to ovary tissues (P<0.05) (Figure 8A, 8B, and 8F).
Additionally, the expression levels of the pclaf gene were
consistently higher in ovary tissues across different stages
compared to testis tissues (P<0.0001) (Figure 8D).
LOC107574091 exhibited varying expression patterns in differ-
ent gonadal tissues across developmental stages; at 3 months of
age, there was no significant difference in its expression levels
between the gonadal tissues; at 5 months, its expression was
significantly higher in the testis compared to the ovary (P<0.05);
at 8 and 12 months, the expression levels were significantly
higher in the ovary compared to the testis (P<0.0001) (Figure
8C). Furthermore, at 3 and 5 months of age, the expression levels
of the RPS17 gene were higher in testis tissues compared to ovary
tissues (P<0.001). At 8 and 12 months of age, however, the
expression levels of this gene were higher in ovary tissues
compared to testis tissues (P<0.001) (Figure 8E). While, we
speculated that the differential expression observed in various
gonadal tissues may be associated with the mechanisms under-
lying sex determination.

DISCUSSION

Compared to higher vertebrates, plants and insects, fish have
more chromosomes and smaller chromosomes and morphology,
making fish karyotype analysis become challenging. Therefore,
identifying the sex of fish through chromosomal karyotyping
poses significant challenges. As in other fishes, the sex of 4nRR is
difficult to distinguish by chromosome karyotype. Additionally,
previous studies have revealed that the 4nRR genome originates
from a genome-wide replication of the RCC, thereby raising the
difficulty in developing sex-specific molecular markers for 4nRR.
Traditional techniques such as RFLP, AFLP, SSR, and RAPD have
been successfully employed in the development of sex-specific

markers in many fish species (Devlin et al., 1991; Griffiths et al.,
2000; Kovács et al., 2000; Shikano et al., 2011). However, these
methods require meticulous primer screening, and most of the
obtained markers are too short for effective primer design (Sun et
al., 2014). In recent years, advancements in sequencing
technologies have enabled second-generation high-throughput
sequencing methods to readily identify distinctions between X
and Y (or Z and W) chromosomes at low levels of differentiation.
Many sex-specific molecular markers have now been successfully
developed in some aquatic organisms based on high-throughput
sequencing. Whole-genome resequencing technology is a more
efficient genotyping strategy, especially in the detection of large
sex-linked regions. It can identify numerous polymorphic sites
distributed across the entire genome, as observed in species such
as Channa maculate (Han et al., 2021), Micropterus salmoides L.
(Du et al., 2021), Scatophagus tetracanthus (Peng et al., 2023),
and so on (MascaLi et al., 2022). However, these fish species are
all diploid organisms. In addition, the same methods have also
been applied to the development of sex-specific molecular
markers in the octoploid sturgeon (Ruan et al., 2021). Therefore,
these results indicated that whole-genome resequencing for gene
genotyping exhibits sufficient efficiency and accuracy, making it
applicable for the identification of sex-specific markers. Here, for
the first time, we utilized whole-genome re-sequencing to identify
efficient and accurate sex-specific markers in 4nRR. Interest-
ingly, the forward primer for this male-specific molecular marker
was precisely designed within the 26 bp sequence unique to
males, and this male-specific sequence was found to exist in all
male individuals. Additionally, by comparing and annotating the
reference genome of the female 4nRR, we found that the inserted
26 bp sequence unique to males is in a non-coding sequence.
However, whether the 26 bp sequence unique to the male-
specific insertion will affect the expression of genes upstream and
downstream of the male genome requires further exploration.

Figure 5. Primer amplification sequences and their specific molecular marker validation. A, Male-specific sequence and primer design, with red font indicating the 26 bp male-
specific insertion sequence, and the black box highlighting the primer design sequence. B, Application of the PCR-based genetic sex identification method in autotetraploid
Carassius auratus (female and male) population.
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The 4nRR, as an autotetraploid fish, can produce triploid fish
when crossed with other diploid fish. These triploids may exhibit
advantages in traits such as growth rate, disease resistance, or
other economic characteristics, which are important for fish
farming and enhance economic value. Nevertheless, significant
challenges persist in determining the genetic sex of individuals,
especially at an early stage, which hampers the successful
implementation of sex-controlled breeding and the understand-
ing of sex determination mechanisms in this species. In this
study, we performed whole-genome resequencing and conducted
genome-wide association studies (GWAS) analysis on ten
individuals each of female and male 4nRR. In this study, a total
of 25,801,677 SNPs (Figure 1A and B) and 6,210,306 Indels
were identified (Figure 1C and D). Subsequently, candidate sex
chromosomes and sex determination regions for 4nRR were
determined based on SNPs using three methods: Fst, ED, and
ΔSNP frequency. These identified candidate sex chromosomes for

4nRR were Chr46B, and the sex determination regions were
determined as follows: Chr46B: 22,500,000‒22,800,000 bp.
Based on the candidate sex determination regions and identified
sexually dimorphic SNP and Indel analyses, numerous sexually
dimorphic variations were screened, including both SNP and
Indel. Finally, a male-specific 26 bp insertion sequence was
identified between 22,647,031 and 22,647,032 bp on Chr46B
(Figure 4). Based on this male-specific insertion sequence, a pair
of sex-specific primers was designed, which can only amplify a
single specific band in male individuals (Figure 5B, Figure S1 in
Supporting Information). We successfully developed, for the first
time, sex-specific molecular markers for 4nRR, providing
essential molecular tools for assisted sex control breeding, as
well as elucidating the molecular mechanisms of sex determina-
tion and differentiation.

Genetic sex determination constitutes a fundamental biological
process and is widespread among vertebrates. The mechanisms

Figure 6. Linkage Disequilibrium (LD) analysis of Chromosomal positions of candidate sex determination genes. LD analysis spanning the physical position from 22.500 to
22.800 Mb of chromosome 46B. Top shows the P-values of SNPs in the genomic region of candidate sex determination genes, while bottom displays the LD heatmap of
chromosomal positions of candidate sex determination genes.
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governing sex determination exhibit diversity across various
taxonomic groups, especially in teleost fishes. However, the
candidate genes and specific mechanisms underlying sex
determination remain unclear for most teleost fishes. A key
sex-determining gene in a species must meet three essential
criteria: firstly, it must reside within the sex determining region
and exhibit a close linkage to the sex locus; secondly, it should
demonstrate distinct expression patterns during the critical
window of sex differentiation; and lastly, it must be indispensable
and fully capable of initiating testis development (Yano et al.,
2012). In this study, through the method of GWAS analysis
based on Fst, ED, and ΔSNP frequency, some genes associated
with sex selection have been identified. We identified six
candidate genes in the sex-determining candidate region,
suggesting that these genes may be associated with the sex
determination in 4nRR. GO and KEGG enrichment analyses give
insights into the functions and roles of genes, as well as their
involvement in specific biological processes, pathways, and
diseases. These tools are crucial for interpreting biological data
and guiding future research. In this study, GO and KEGG
functional enrichment analyses were conducted on the candidate
genes. It was observed that five genes (tc1a, ADAM10, AQP9,
pclaf, and RPS17) were enriched in various GO terms, and three
genes (ADAM10, AQP9, and RPS17) were enriched in different
KEGG pathways. The genes ADAM10, AQP9, and RPS17 were
simultaneously enriched in various GO terms and KEGG path-
ways. ADAMs (disintegrins and metalloproteinases) family is
crucial for sperm and egg fusion, development, inflammation,
cellular adhesion, and migration (Blobel, 1997; Blobel, 2005;
Huovila et al., 1996; Seals and Courtneidge, 2003). In this study,
we found that ADAM10 exhibited higher expression levels in
testis compared to ovary tissues at various stages of gonadal
development, with the highest expression observed in 5-month-
old gonadal tissues compared to other ages (Figure 8A).
Additionally, studies have shown high expression of ADAM10
in the gonadal tissues of Eriocheir sinensis, suggesting that this
gene may be involved in the reproductive development of its
gonadal tissues (Li et al., 2015). Therefore, based on the
expression levels of ADAM10 in the gonads, we speculate that
this gene plays an important role in the developmental process of
4nRR testis. Aquaporins (AQPs) are widely recognized as water
channels that function as integral membrane pore proteins

across all biological membranes, crucially facilitating water
transport between cells (Monsang et al., 2019). Research
indicates that in females, AQPs play crucial roles in fertilization,
embryo formation, and implantation. Similarly, in males, AQPs
are involved in sperm maturation, storage, transport, and
release, contributing to increased sperm concentration (Huang
et al., 2006). The AQP7 and AQP8 genes within the aquaporin
gene family are observed to appear in the testes of mice as
reproductive cells mature, and they participate in the process of
spermatogenesis (Kageyama et al., 2001). In this study, AQP9
showed consistently higher expression levels in testis tissues
compared to ovary tissues across different developmental stages,
with an increase observed as the gonads mature (Figure 8B).
Furthermore, we found that AQP9 exhibits expression patterns
like AQP3a within the AQP gene family in Cyprinus carpio, with
significantly higher expression levels observed in the testis
compared to the ovary (Monsang et al., 2019). As a gene within
the ribosomal proteins (RPs), RPS17 has been found to exhibit
changes at the cellular level in the transcription of RP transcripts
in response to variations in growth and development (Kuang et
al., 2020). In the zebrafish, the expression of RP genes was
observed to undergo a continuous, coordinated increase from the
initiation of mid-blastula transition until hatching in the model
(Small et al., 2009). Some researchers discovered that in Nile
Tilapia, the quantity and expression levels of differentially
expressed RP genes in the XY gonads were higher than those
in the XX gonads at 90 and 180 dah (Kuang et al., 2020). In this
study, it was observed that the expression levels of the RPS17
gene gradually decreased across different ages of testis tissues,
whereas in ovary tissues, the expression levels were lowest at
3 months and highest at 5 months of age. Additionally, at 8 and
12 months, the expression levels in the ovary were consistently
higher than those in the testis (Figure 8E). Therefore, we
speculate that the RPS17 may be involved in the development of
the 4nRR gonads. The PCNA-associated factor (pclaf, also known
as PAF15) gene is involved in several critical cellular processes
and plays a role in DNA repair during replication by interacting
with PCNA (proliferating cell nuclear antigen) (Simpson et al.,
2006). The expression level of the pclaf gene in ovarian tissues is
higher than in testicular tissues across different ages, and it
gradually increases with age in the ovaries, while the highest
expression level in the testis is observed at 5 months (Figure 8D).

Figure 7. Functional enrichment bubble plot of candidate sex determination genes. A, Gene Ontology functional enrichment bubble plot of candidate sex determination genes. B,
An overview of the KEGG pathways enriched in candidate sex determination genes. The y-axis represents the enriched pathways for candidate sex determination genes, while the
x-axis indicates the gene ratio.
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This phenomenon suggests that the pclaf gene may have different
regulatory mechanisms in different gonadal tissues, but whether
this is related to sex determination requires further research. The
tc1a (Transposable element Tc1 transposase) gene is transpo-
sable element that belongs to the Tc1/mariner superfamily of
transposon classes (Plasterk, 1996). Transposable elements (TEs)
are repetitive sequences of DNA that can move within chromo-
somes or transpose between different sites in the genome
(Ferreira et al., 2011). The insertion of TEs may lead to
chromosomal rearrangements or mutations, thereby affecting
the sex-determining function of sex chromosomes. Some studies
have found that TEs, as part of chromosomal rearrangements,
have significant effects on genome evolution (Harvey et al.,
2002; Ozouf-Costaz et al., 2004; Steinemann and Steinemann,
2005). In this study, we found that the expression level of the
gene in the testes was higher than in the ovaries, and it reached

its highest level in 5-month-old testicular tissue (Figure 8F). The
tc1a gene, which encodes the transposase for the transposable
element Tc1, plays a crucial role in the transposition process of
the Tc1 element. Previous studies have found that TEs had
undergone bursts and simple repetitive accumulations in early
sex determination regions (Chalopin et al., 2015). The gene
exhibits its highest expression level in testicular tissue at
5 months of age, potentially associated with the significant
increase in transposable elements (TEs), thereby further influen-
cing the sex determination of 4nRR. In this study, we validated
genes in the candidate sex-determining region across different
developmental stages in gonadal tissues, providing a basis for
further investigation into the sex determination of 4nRR. In the
future, we still need to further explore the roles of these genes in
the sex determination process of 4nRR using additional methods
and approaches.

Figure 8. Verification of the expression of selected candidate sex determination genes ADAM10 (A), AQP9 (B), LOC107574091 (C), pclaf (D), RPS17 (E) and tc1a (F) by RT-qPCR.
Error bars indicated the standard deviation of three biological replicates. The y-axis represents the expression level of these genes determined by RT-qPCR. * represents a
significant difference with a P-value less than 0.05, ns represents no significant difference.
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In summary, this study has yielded crucial insights and
established methodologies for uncovering the sex determination
mechanism of 4nRR (and potentially other related species) by
developing male-specific molecular marker and identifying
candidate sex determination genes through whole genome
resequencing analysis. These findings significantly advance our
understanding of the fundamental biology and provide critical
tools for deciphering sex determination mechanisms in 4nRR and
related species. The RT-qPCR validation further supports the
correlation of these candidate genes with the sex determination
process. These findings are significant not only in the field of
fundamental biology but also hold potential applications in the
aquaculture and genetic enhancement of 4nRR. Future research
endeavors could delve deeper into elucidating the functional
mechanisms of these candidate genes, along with exploring their
expression dynamics across various developmental stages and
environmental conditions. Moreover, in-depth investigation into
these sex determination mechanisms is essential for advancing
sex-controlled breeding strategies and fostering development in
related fields.

MATERIAL AND METHODS

Ethics statement

The animal care and experimental protocols were certified by a
professional training course for laboratory animal practitioners
held by the Institute of Experimental Animals, Hunan Province,
China. The experimental fish samples were deeply anesthetized
with 100 mg L‒1 MS-222 before collecting gonadal and muscle
tissues.

Sample collection and DNA extraction

Ten females (FJF1‒FJF50) and ten males (MJF1‒MJF50) of 4nRR
were collected from the State Key Laboratory of Developmental
Biology of Freshwater Fish, Hunan Normal University, China.
The phenotypic sex of individual was determined by anatomical
examination of gonads. Muscle tissue collected was preserved
using anhydrous ethanol and stored in ‒20 °C for genomic DNA
extraction. Total genomic DNA was extracted from the muscle of
4nRR by using DNA extraction kit (Tsingke, China) according to
the manufacturer’s instructions. The NanoDrop 2000&8000
microvolume spectrophotometer (Thermo Fisher Scientific, USA)
was used to measure the purity of the DNA. The Qubit 4.0
fluorometer (Thermo Fisher Scientific, USA) was used for DNA
concentration measurement. The integrity test of DNA integrity
was carried out through 1% agarose gel electrophoresis.

Genome re-sequencing and variants calling

The qualified DNA was utilized for constructing a genomic DNA
library, followed by sequencing on the Illumina platform
(NovaSeq 6000) using a paired-end 150 bp strategy according
to standard manufacturer’s protocols. The raw reads were
quality controlled and filtered with fastp v0.23.4 (Chen et al.,
2018). The clean reads were obtained after discarding the
following: (1) the adapter sequence; (2) the reads with unknown
nucleotides comprising more than 10%; (3) the low-quality reads
being of more than 50% base with quality lower than 5.

The chromosome-level genomes of 4nRR (unpublished) was

indexed and constructed using the index function of BWA
v0.7.17 (Jung and Han, 2022). The clean reads were aligned to
the reference genome of 4nRR by MEM algorithm of BWA and
the alignment results were subsequently analyzed. The resulting
alignments BAM files were sort and were converted into SAM
files using the software samtools v1.5 (Danecek et al., 2021). The
MarkDuplicates of Picard toolkit v3.0 (https://github.com/
broadinstitute/picard) was used to remove duplicate sequences
from the aligned clean reads and build index files of BAM files.
The AddOrReplaceReadGroups of Picard toolkit was used to add
or replace read groups information in SAM files. The Haploty-
peCaller of GATK v4.0.4.0 (McKenna et al., 2010) was used to
perform variant calling for each sample. VariantFiltration and
SelectVariants of GATK v4.0.4.0 tools were used to extract SNPs
and Indels from samples after variant detection. The filtering
conditions for SNPs and Indels were as follows: QD<2.0||
FS>200.0||MQ<40.0||MQRankSum<‒12.5||ReadPosRank-
Sum<‒8.0. The number of SNPs and Indels with sexual
dimorphism was counted per 1 Mb window, and visualized in a
genome-wide density plot by CMplot package (Yin et al., 2021).

Genome-wide association studies and identification of
sex-associated locus

VCF2PCACluster v1.38 (https://github.com/hewm2008/
VCF2PCACluster) was used to perform the PCA (principal
components analysis) based on filtered SNP. VCF2Dis was used
to analyze the genetic relationship between male and female
populations, and obtain a genetic relationship matrix between
the two populations. And then, the ML (Maximum Likelihood)
tree was constructed using IQ-TREE v2.2.5 (Nguyen et al.,
2015), and then visualized with iTOL v6.8 (Letunic and Bork,
2021). The Fst value between the two populations was calculated
using vcftools v4.0 (Danecek et al., 2011). Using the ‒freq of
vcftools software, calculate the SNP frequencies between groups
separately, quantify the differences in SNP frequencies between
groups, and employ the ED (Euclidean distance) calculation
commonly used in Bulk Segregant Analysis (BSA) to compute the
Euclidean distances between groups. Counting the total number
of SNPs between groups with vcftools, where the absolute
frequency difference is greater than 0.5 and the number of SNPs
exceeds 200. The above statistical results are visualized across
the entire genome using the R package ggplot2 (Wickham,
2011). Based on the above three results, further determination of
the sex chromosomes and sex-determining candidate regions in
4nRR were carried out.

Validation of male chromosome-specific fragments with
PCR amplification

Visualizing SNPs and Indels in deduplicated BAM files using IGV
(Integrative Genomic Viewer) v2.16.2 (Thorvaldsdóttir et al.,
2013) to inspect differences between male and female popula-
tions. And then, one Indel marker was selected to develop sex-
specific marker for 4nRR. The sex-specific marker was designed
base on Indel sequence with Primer Premier v6.0 (Singh et al.,
1998), and then synthesized by a service company (Tsingke,
Beijing, China). Ten male and ten female fish were verified by
PCR/gelelectrophoresis for the first time. For PCR amplification, a
total reaction volume of 25 μL was prepared, containing 12.5 μL
2× Rapid Taq Master Mix (Vazyme Biotech, Nanjing; containing
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electrophoresis buffer and green loading buffer); 1 μL of forward
and reverse primer mix (10 μmol L‒1); 1 μL of 20 ng μL‒1

template genomic DNA and 9.5 μL of ddH2O (double distilled
water). A 96-well thermal cycler (SimpliAmp, Thermofisher) was
used for PCR using the following program: pre-denaturation was
performed at 95°C for 3 min, followed by 35 cycles of
denaturation at 95°C for 15 s, annealing at 46°C for 15 s,
extension at 72°C for 15 s, and a final extension step at 72°C for
5 min. The PCR products are stored at 4°C for subsequent
agarose gel electrophoresis detection. The 5 μL amplified
products were separated by 2% agarose gel electrophoresis using
the 100 bp DNA Ladder marker (Takara, Japan) as the standard
DNA ladder. To further verify that this marker was truly sex-
specific and not just specific to a few individuals, all 100 sampled
fish of known sex were used to verify their detection efficiency.

Functional annotation of candidate genes for sex
determination

Based on the selected sex candidate regions determined from the
gene annotation information in the gff file, a total of six genes
that meet the criteria were identified. To further investigate the
linkage disequilibrium (LD) between loci within the sex-
determination region, LDBlockShow v1.4 (Dong et al., 2021)
software was employed to assess the non-random association
among different loci in the genome where these six candidate
genes are located. Next, extract the coding protein sequences of
these six genes from the genomic CDS (Coding DNA Sequence)
sequence file. The six candidate genes were aligned to
nonredundant protein sequences (NRs) using Diamond
v0.8.22.84 (Buchfink et al., 2021) with a cutoff e-value of
1×10–5. Extracted six protein sequences and used the eggNOG-
mapperb (Cantalapiedra et al., 2021) and UniProt online
annotation tool to convert them into Gene symbols. Utilize the
online gprofiler (Kolberg et al., 2023) tool for converting gene
symbols to Entrez Gene IDs, followed by using KOBAS (Bu et al.,
2021) for online gene functional annotation and functional
enrichment analysis. The R packages clusterProfiler (Yu et al.,
2012) was used for GO (Gene ontology) and KEGG (Kyoto
encyclopedia of genes and genomes) functional enrichment
analysis.

Validation of candidate genes by RT-qPCR

Three males and three females (3, 5, 8, and 12 month) were used
for RNA extraction to validate candidate genes. Total RNA was
extracted from ovary and testis samples using TaKaRa MiniBEST
Universal RNA Extraction Kit (Takara, Japan) according to the
manufacturer’s instructions. Extracted RNA was reverse tran-
scribed into cDNA using the Maxima H Minus First Strand cDNA
Synthesis Kit with dsDNase (Thermo Scientific, China) reagent
according to the manufacturer’s instructions. Utilizing the
chromosomal genomic coordinates of the gene, we employed
the faidx function in samtools v1.5 (Danecek et al., 2021) to
extract the gene sequence. To ensure primer specificity, we
conducted a comprehensive genome alignment using BLAST
v2.7.1+ (Ye et al., 2006) to identify repetitive sequences
associated with the gene. The RT-qPCR primers for these genes
were designed using Primer Premier v6.0 (Singh et al., 1998)
software and were listed in Table S6. The reaction system for RT-
qPCR is as follows: 2 μL of cDNA; 0.4 μL each of forward and

reverse primers; 2.2 μL of ddH2O; 5 μL of 2X ChamQ Universal
SYBR PCR Master Mix (Takara, Japan). The β-actin gene was
used as an internal control to normalize transcript levels.
Reactions were performed with the following conditions: 95 °C
for 30 s, 40 cycles of 95 °C for 10 s, 60 °C for 30 s and 72 °C for
30 s. All samples were analyzed in triplicate and the expression of
target genes was calculated as relative folds with the 2−△△CT

method. All data were expressed as mean±standard deviation.
Student t-test was used to analyze the statistical differences at
0.05.

Availability of data and materials

The raw genome sequencing data used in this study have been
were deposited in China National Center Bioinformation (CNCB)
Genome Sequence Archive (https://www.cncb.ac.cn/. Accession
number: CRX805054, CRX805053, CRX805052, CRX805051,
CRX805050, CRX805049, CRX805048, CRX805047,
CRX805046, CRX805045, CRX805044, CRX805043,
CRX805042, CRX805041, CRX805040, CRX805039,
CRX805038, CRX805037, CRX805036, and CRX805035).
The project number for the remaining eighty raw data entries
is PRJCA027165.
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