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Abstract
Spotted knifejaw (Oplegnathus punctatus) is a marine teleost species that is economically important for aquaculture and 
marine pasture proliferation and shows obvious bisexual growth dimorphism, but molecular sex markers are currently lack-
ing. A 290 bp (base pair) insertion with two fragments (230 bp and 60 bp) was identified in male individuals of O. punctatus 
based on whole-genome sequencing scanning and structural variation analyses. The gene annotation results showed that the 
insertion event occurred in the Igfn1 gene of male O. punctatus. The results of amino acid analysis further showed that the 
insertion event resulted in the functional variation of Igfn1 in male O. punctatus, and recombination caused the inactivation 
of Igfn1. According to the male-specific insertion information, we designed a PCR-based genetic amplification technique 
for rapid sex identification in O. punctatus. The results of agarose gel electrophoresis showed that two DNA fragments of 
635 bp and 925 bp were amplified in male O. punctatus, while only a single DNA fragment of 635 bp was amplified in female 
individuals. The sex of individuals identified by this method was consistent with their known phenotypic sex, which will 
improve sex identification efficiency. This method provides a new DNA marker for rapid sex identification in O. punctatus, 
which has great significance and application value in monosex breeding and provides new insights for the study of Igfn1 
gene recombination and inactivation in male O. punctatus.
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Introduction

Spotted knifejaw (Oplegnathus punctatus), a member of the 
Oplegnathidae family of the Perciformes Order, is mainly dis-
tributed in 10–100 m deep reefs, gravel, and shell-algae areas 
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in warm tropical waters of the Western Pacific Ocean. O. 
punctatus is a reef-loving benthic fish whose juveniles show 
the ecological habit of drifting with seaweed in summer and 
autumn. O. punctatus is carnivorous and has sharp beak-like 
teeth that can crush the hard shells of species such as shell-
fish or sea urchins (Kakizawa et al. 1980). O. punctatus has 
an aesthetically appealing appearance, with a combination 
of shiny silver lines and dark brown spots on the fish body. 
It is known as “dream fish” by some people. O. punctatus 
is a marine fish with high edible and ornamental value that 
is favoured by fishing enthusiasts and consumers. In 2014, 
the Institute of Oceanology, Chinese Academy of Sciences 
and Shandong Laizhou Mingbo Aquatic Products Co., Ltd. 
made the first breakthrough in the reproductive regulation 
and artificial breeding technology of O. punctatus broodstock 
in China. This made O. punctatus an important new spe-
cies reared in sea cage and factory culture in this country, 
and its current market price is relatively high. Furthermore, 
because of the characteristics of its shellfish-eating behav-
iour, O. punctatus can clean the net attachments of breeding 
cages, which could save human resources and cleaning costs. 
In addition, O. punctatus is a native natural species in China 
in which resource development and sustainable utilization 
will have long-term effects, and its breeding prospects are 
extremely broad.

Because of the growth differences between female and 
male O. punctatus, which are similar to most other aqua-
cultured fish (Gui and Zhou 2010; Piferrer et al. 2012), sex 
chromosome-linked markers are of great significance for 
the genetic improvement of economical traits in O. punc-
tatus aquaculture (Gui and Zhu 2012; Zheng et al. 2013). 
The chromosomal karyotype of female O. punctatus is 
2n = 48, including 46 telocentric chromosomes and 1 pair 
of subcentral centromeric chromosomes, and the genetic 
sex type is X1X1X2X2. However, the chromosomal karyo-
type of male O. punctatus is 2n = 47, including only 44 
telocentric chromosomes, 1 pair of subcentral centromeric 
chromosomes, and 1 giant heterochromatic chromosome, 
and the genetic sex type corresponds to the X1X2Y pattern 
(Xue et al. 2016). Based on karyotyping, in situ hybridi-
zation, and genome-wide analysis, it was revealed that a 
chromosomal fusion event occurred in the Neo-Y chromo-
some of O. punctatus. The Neo-Y chromosome presented 
significant chromosomal structural changes such as inver-
sion, insertion, and other events (Xiao et al. 2019, 2020; 
Li et al. 2021). During the breeding of O. punctatus, male 
fish grow faster than female fish. The preparation of whole 
male seed of O. punctatus will promote improvements in 
the quality and efficiency of its aquaculture industry. The 
development of rapid identification technology for the 
genetic sex identification of O. punctatus will be help-
ful for the preservation of its excellent male germplasm 
(Xiao 2014). In artificial breeding and artificial selection 

aimed at developing O. punctatus, it is necessary to select 
high-quality male and female broodstock and achieve 
accurate sex identification. However, it is difficult to accu-
rately identify the sex of O. punctatus through external 
morphological characteristics at the juvenile and adult 
stages. Therefore, the establishment of a rapid sex identi-
fication method for O. punctatus will promote the indus-
trialization process by allowing a high percentage of the 
male fry to be obtained and improve the genetic breeding 
of O. punctatus.

At present, the female or male genetic sex of O. punc-
tatus is assessed by adopting the “trisomy method” 
based on combined amplification with three primers 
(Li et al. 2020). The annealing temperatures of the three 
primers used in this method are different, which will 
result in an inconsistent PCR amplification efficiency. 
The size of the genetic male-specific target band obtained 
by this method is 222 bases (bp), and this band can be 
easily confused with primer-dimers (10–250 bp) gener-
ated during the PCR amplification process. Therefore, 
this is a technical problem that urgently needs to be 
solved in the artificial breeding and aquaculture industry 
to excavate new genetic sex-specific molecular markers 
of O. punctatus and establish molecular technology for 
the efficient and rapid identification of male and female 
genetic sex in O. punctatus.

Immunoglobulin-like and fibronectin type III domain-
containing 1 (Igfn1) is a novel eukaryotic translation elon-
gation factor 1A (eEF1A)-binding protein that is specifi-
cally expressed in skeletal muscle (Mansilla et al. 2008). 
Studies have shown that the Igfn1 gene is mainly involved 
in protein translation, skeletal muscle contraction, muscle 
development, the skeletal muscle cytoskeleton, and intra-
cellular calcium balance (Kilpinen et al. 2010). Compared 
with healthy children, the expression of the Igfn1 gene is sig-
nificantly downregulated in the skeletal muscle of children 
with congenital muscular dystrophy with selective deletion 
of the collagen sarcolemma, and the downregulation of this 
gene could affect the synthesis of skeletal muscle protein 
(Paco et al. 2013). Another study showed that in cultured 
myotubes from hypercatabolic trauma patients, Igfn1 gene 
expression inhibits apoptosis and promotes cell prolifera-
tion (Bosutti et al. 2007). It has been reported that the Igfn1 
gene is mainly involved in the stress-induced activation 
of muscle MAPK signalling (Hao et al. 2019; Panasyuk 
et al. 2008; Sanges et al. 2012). Furthermore, the transcrip-
tion of the Igfn1 gene is strongly positively correlated with 
MSTN signalling. It was shown that the inhibition of MSTN 
signalling leads to muscle hypertrophy and downregulation 
of the Igfn1 gene. Conversely, enhancement of the MSTN 
signalling pathway can lead to muscle atrophy and marked 
upregulation of Igfn1 expression (Rahimov et al. 2011; Chen 
et al. 2014).
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Materials and Methods

Ethics Statement

All experiments strictly abided by the experimental animal 
guidance policy of the experimental animal ethics commit-
tee of the Institute of Oceanology, Chinese Academy of Sci-
ences (Permit Number: IOCAS202206).

Experimental Materials

O. punctatus individuals were obtained from the Fish 
Breeding Base of the Institute of Oceanology, Chinese 
Academy of Sciences (Haihe Aquatic Seedling Co., Ltd., 
Weihai Wendeng). To verify the feasibility of male and 
female sex marking in O. punctatus, we anaesthetized 12 
males and 12 females of adult O. punctatus with MS-222, 
dissected and collected their muscle tissues, and pre-
served the tissue samples in liquid nitrogen for further 
analysis.

DNA Extraction

A Tiangen Marine Animal DNA Extraction Kit was used to 
extract DNA from the muscle tissue of O. punctatus with 
known biological sex based on histology, followed by 0.8% 
agarose gel electrophoresis to verify the integrity of genomic 
DNA. The DNA supernatant was subjected to the measure-
ment of OD value with a UV spectrophotometer and finally 
placed in a − 20 °C freezer for future use.

Comparative Genomic Analysis

Third-generation PacBio whole-genome sequencing technol-
ogy was used to complete the sequencing and assembly of 
the whole genomes of the female and male O. punctatus and 
to obtain high-quality chromosome-level genomes of female 
and male O. punctatus. The reference genome CNGB acces-
sion code used for analysis in this study is CNP0001488 (Li 
et al. 2021).

Male‑Specific Marker Exploitation

The genomes of O. punctatus females and males were 
aligned by genome-wide scanning with TBtools (Chen 
et al. 2020), and the sequencing depth of each genomic 
location was calculated. Subsequently, we extracted 
sequences showing male-specific sex differences. The 
ChX1F/M and ChYM chromosomes were compared 
by Mauve software to identify sites of chromosomal 
structural variation, such as sex-related insertions and 

deletions (Darling et al. 2004). Nucleotide differences 
in ChYM Igfn1 relative to ChX1F/M Igfn1 were visual-
ized with RStudio. The applied R language command was 
as follows: if(!require namespace("devtools")), install.
packages ("devtools"), devtools::install_github ("git@
github.com:YuLab-SMU/ggmsa.git"), library (ggmsa), 
fas = list.files (system.file("112.fas","GVariation", pack-
age = "ggmsa"), pattern = "fas", full.names = TRUE), 
x = seqdiff (fasta = "D:/ggmsa/112.fas"), plot (x). GSV 
hotspots, GC contents, gene densities, and chromosome 
position information were obtained from the O. puncta-
tus genome database; Igfn1 gene positions were marked 
on the chromosomes, and the collinear relationships 
between the genes on sex chromosomes were obtained 
from the genome database; and the results were visual-
ized using TBtools software. The nucleotide sequences 
of Igfn1 genes on ChX1F/M and ChYM of O. puncta-
tus were aligned using Jalview software (Waterhouse 
et al. 2009). The Igfn1 gene nucleotide sequence patterns 
on ChX1F/M and ChYM were visualized with IBS soft-
ware (Liu et al. 2015).

Genetic Sex Identification in O. punctatus

Compared with the female O. punctatus ChX1F/M, a 290 bp 
insertion occurred in the DNA sequence of male O. puncta-
tus ChYM. This fragment was a DNA marker unique to the 
Y chromosome of male O. punctatus, and its presence or 
absence could be used to identify the genetic sex of O. punc-
tatus. Therefore, we designed a pair of primers (ChXY_F:5′-
AAA CAG AGG ACA TTC AAG CCG-3′; ChXY_R: 5′-GTT 
GCT GCC CTT CTT GCG T-3′) targeting this fragment with 
Primer5 software. Sex-specific regions were amplified with 
the two primer pairs described above using genomic DNA 
samples from 12 male and 12 female O. punctatus. The 
25 µL PCR system had the following components: 5.0 µL 
10 × buffer, 4.0 µL dNTPs, 0.5 µL rTaq enzyme (5 U/µL), 
2 µL primers (ChXY_F:1 and ChXY_R:2 1 µL each), 2.0 
µL DNA template, and 11.5 µL  ddH2O. The touch-down 
PCR amplification program was as follows: 95 °C 3 min, 
61–59 °C (− 1 °C) 30 s, 72 °C 1 min 30 s, 3 cycles; 95 °C 
30 s, 59.5 °C 30 s, 72 °C 1 min 30 s, 28 cycles; 72 °C 
10 min; hold at 15 °C. Thereafter, 3.0 µL of 10 × loading 
buffer was added to each PCR sample; 1.5% agarose gel 
electrophoresis was performed at a 110 V constant voltage 
for 30 min, and the PCR products were analysed accord-
ing to the gel imaging bands. In addition, according to the 
expected band positions of male and female individuals, 
simulated images of the gel electrophoresis results were 
drawn with TBtools to compare their consistency with the 
actual gel electrophoresis bands.
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Fig. 1  Alignment of ChX1F/M and ChYM nucleotide sequences. a 
Alignment of ChX1F/M and ChYM nucleotide sequences. “ + ” indi-
cates that the sequences of Igfn1 on ChX1F/M are inconsistent with 
those of Igfn1 on ChYM; the male-specific 290  bp insert is shown 
in dark grey. The primer ChXY_F and the primer ChXY_R are 
indicated by in the red frame. b ChYM Igfn1 nucleotide differences 

relative to ChX1F/M Igfn1. The x-axis corresponds to the nucleotide 
position along the genome, and the y-axis is the numbers of nucleo-
tide differences between the genomes; bars indicate the number of 
base differences according to individual nucleotides (A, T, C, or G) 
and all four nucleotides (dark red bar)
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Results

Screening of Male‑Specific Markers of O. punctatus

The Neo-Y chromosome of O. punctatus males was homolo-
gous to the female X1 chromosome, and a large insertion 
region was observable through comparative genomic bio-
informatics analysis (Fig. 1). The male and female marker 
fragments were annotated as the Igfn1 gene through genome 
annotation (Fig. 2). As shown in Fig. 3, the target length of 
the Igfn1 gene on chromosome X1 was 635 bp, whereas 
the target length of the Igfn1 gene containing the inser-
tion fragment on chromosome Neo-Y was 925 bp. The 
sequences of Igfn1 genes on ChX1F/M and ChYM are 

shown in Supplementary file 1. The amino acid sequence 
encoded by the Igfn1 gene was also identified in males and 
females. In addition, amino acid sequence variants and 
recombination inactivation were found in the Igfn1 genes of 
males in which insertions occurred (Fig. 4). The CDS and 
amino acid sequence of the Igfn1 gene are shown in Sup-
plementary file 2. Two large fragment insertions were found 
between loci 164 and 221 of ChYM, with sizes of 230 bp 
and 60 bp, respectively (Fig. 5a). Compared with the female 
X1 chromosome (ChX1F/M), the DNA sequence of the male 
Neo-Y chromosome (ChYM) carried an insert with a DNA 
sequence of 290 bp, which was a unique DNA marker of the 
Y chromosome of O. punctatus. Moreover, ChX1F/M could 
serve a genetic marker of both sexes of O. punctatus.

Fig. 2  Gene collinearity circle diagram of sex chromosome asso-
ciations in male and female individuals. a  represents GSV (genetic 
structural variation) hotspots (500–5000); b  represents GC content; 
c represents gene density; d represents chromosomes. The blue lines 

represent the collinear relationships between ChX1 and ChY, the 
green lines represent the collinear relationships between ChX2 and 
ChY, the yellow box indicates where Igfn1 is located on ChY, and the 
red box indicates where Igfn1 is located on ChX1
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Verification of the Male‑Specific Marker O. 
punctatus

As shown in Fig. 5b, c, two DNA fragments of 635 bp and 925 bp 
were amplified in the 12 genetic male individuals of O. punctatus 
(X1X2Y), and the 925 bp fragment was a genetic male-specific 
marker fragment, while in the genetic 12 female (X1X1X2X2) 
individuals, only a single DNA fragment of 635 bp was ampli-
fied. Male individuals harboured a 290 bp Igfn1 gene insertion, 
while female individuals showed no DNA fragment insertion. 
The original agarose gel electrophoresis image is shown in Sup-
plementary file 3. The genetic sex of the PCR-validated indi-
viduals showed consistency with their phenotypic sex, further 
validating the applicability of male-specific markers.

Development of an Identification Technique 
for Genetic Sex

Based on the principles of this study, the sex of O. punctatus 
was identified in aquaculture by agarose gel electrophoresis. 

Male individuals had two bands while female individuals 
had only one band. The short band, approximately 635 bp, 
was present in both males and females. However, that long 
band that was approximately 925 bp existed only in male 
individuals. The genetic sex of O. punctatus detected by 
this method during the breeding period was consistent with 
the observed phenotypic sex. Therefore, the accuracy of the 
marker was further verified.

Discussion

In mammals (Ruckstuhl and Neuhaus  2002) and birds 
(Shaffer et al. 2001), it has been found that most males 
grow faster than females following birth. In reptiles (Cox 
et al. 2009) and fish, patterns of both females growing 
faster than males and males growing faster than females are 
observe. Tongue sole (Cynoglossus semilaevis Günther), 
Bastard halibut (Paralichthys olivaceus), and Argus fish 
(Scatophagus argus) exhibit greater growth in females 

Fig. 3  Genomic collinearity analysis of the Igfn1 gene on ChX1F/M 
and the Igfn1 gene on ChYM. The blue and green areas in the fig-
ure represent the positions of Igfn1 on ChX1F/M and ChYM, respec-
tively; ChX1F/M Igfn1-635  bp and ChYM Igfn1-925  bp represent 

enlarged images of ChX1F/M Igfn1 and ChYM Igfn1, respectively; 
PCR-ChX1F/M-Igfn1-635  bp and PCR-ChYM-Igfn1-925  bp repre-
sent PCR amplified fragments; the light green area in the figure repre-
sents the 290 bp insert in Igfn1 on ChYM
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than in males. In contrast, Nile tilapia (Oreochromis niloti-
cus) males grow approximately 40% faster than females 
(Zhu 2012), and Banded catfish (Pelteobagrus fulvidraco) 
also exhibit the phenomenon of males showing greater 
growth than females (Liu et al. 2007; Liu 1997). The growth 
of O. punctatus shows significant sex differences under both 
natural and aquaculture conditions, with male body weight 
exceeding female body weight. Many studies have shown 
that in populations with larger males, intraspecies competi-
tion, foraging, and protection of breeding sites for males to 
survive and obtain mating rights are more intense than in 
other populations (Ros et al. 2004). Therefore, the larger 
size of male O. punctatus than female O. punctatus may be 
directly related to reproduction and foraging.

Genetically and morphologically distinct X and Y 
chromosomes generally evolve independently in animals 
(Charlesworth 1996). Chromosomal structural variation is 

critical for maintaining the formation and evolution of sex 
chromosomes (Charlesworth and Charlesworth 2000). In 
this study, we designed male-specific DNA marker primers 
based on a Y chromosome insertion event identified in O. 
punctatus and observed the number of bands of products 
amplified by polymerase chain reaction and agarose gel 
electrophoresis to effectively identify males and females. 
Therefore, a PCR method for the rapid identification of the 
genetic sex of O. punctatus was established, and the method 
can be used to distinguish the genetic sex of O. puncta-
tus quickly, accurately, and efficiently. There are obvious 
sex differences in the growth rate of O. punctatus during 
the breeding process, and the growth rate of males is faster 
than that of females. Males generally take 2 to 2.5 years to 
reach sexual maturity, while females generally take more 
than 3 years. Therefore, according to the polymerase chain 
reaction method presented in this paper, the genetic sex of 

Fig. 4  The amino acid sequence of the Igfn1 gene located on ChX1F/M and ChYM
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an individual can be quickly and accurately identified by 
simply obtaining fin rays from juveniles during the early 
stages of O. punctatus growth. This finding guides the arti-
ficial genetic breeding of O. punctatus (Szekely et al. 2014; 
Gong et al. 2022).

At present, some progress has been made in research on 
the effect of Igfn1 on skeletal muscle, and these research 
results have enabled a deeper understanding of the role of 
Igfn1 in muscle cell proliferation, differentiation, and mus-
cle protein synthesis and decomposition. The Igfn1 gene 
produces various proteins through alternative splicing, 
which are mainly found in skeletal muscle and heart (Baker 
et al. 2010). To explore the potential role of Igfn1, Xiang Li 
et al. applied nonselective knockdown of shRNA and spe-
cific targeting of Igfn1 exon 13 by CRISPR/Cas9 mutagen-
esis in C2C12 cells. Reduced expression of the common 
3’-UTR in Igfn1 variants resulted in complete blunting of 
myoblast fusion but did not prevent the expression of dif-
ferentiation markers. These findings suggest that Igfn1_v1 
plays a role in the fusion and differentiation of myoblasts 
in vitro (Li et al. 2017). Therefore, the inactivation of the 

expression of Igfn1 after insertion in O. punctatus males may 
affect the function of male skeletal muscles and myoblasts.

Conclusion

In this paper, we performed screening and obtained the Igfn1 
gene as a sex marker from the whole-genome sequence of O. 
punctatus. The Igfn1 gene of male individuals has a 290 bp 
DNA insertion fragment compared with that of female indi-
viduals, and the Igfn1 marker gene was further used for 
genetic sex identification in O. punctatus. According to this 
method, a pair of primers were designed, and their products 
from males and females were separated by agarose gel elec-
trophoresis. Two DNA fragments of 635 bp and 925 bp were 
amplified in physiologically male individuals, but only a sin-
gle DNA fragment of 635 bp was amplified in physiologi-
cally female individuals. This method of male and female 
identification reduces the time required to accurately identify 
the genetic sex of O. punctatus and improves the efficiency 
of sex detection.

Fig. 5  Igfn1 gene insertion recombination mode and amplifica-
tion mode. a Pattern diagram of Igfn1 nucleotide sequence insertion 
events on ChX1F/M and ChYM. Primer positions are indicated by 
triangular arrows; regions with the same colour represent homolo-
gous regions, and different colours represent insertion site informa-
tion. Marker: DL 2000 DNA Maker; ♂: physiological male; ♀: 
physiological female; b image of the PCR product patterns of male 

and female O. punctatus following 1.5% agarose gel electrophoresis. 
c Image of the PCR products of male and female O. punctatus fol-
lowing agarose gel electrophoresis. Individuals showing two bands 
(635 bp and 925 bp) in the figure are genetic males that were also his-
tologically identified as males, and individuals showing a single band 
(635 bp) are genetic females that were also histologically identified as 
females
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10126- 022- 10160-w.
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