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A B S T R A C T   

The all-female mandarin fish (Dinggui I, Siniperca Chuatsi) was recently approved by Ministry of Agriculture and 
Rural Affairs of the People's Republic of China as a new strain of mandarin fish (GS-04-001-2021). Select 
breeding of fast-growing lines is an important goal of the mandarin fish industry. However, single nucleotide 
polymorphisms (SNPs) associated with growth of Dinggui I mandarin fish remains unclear. Therefore, a genome- 
wide association study (GWAS) was performed on 5 growth traits (body weight, body length, whole length, body 
height and body thickness) of 192 mandarin fish. A total of 49,940 SNPs were identified by ddRAD-seq. Among 
them, a total of 6 significant SNPs were detected on multiple chromosomes. The proportion of phenotypic 
variance explained for these SNPs ranged from 9.66% to 19.47% for growth traits. Specifically, 4 SNPs were 
associated with all traits. Several candidate genes (AKT2, CCNT2, EPB41L2 and CAMKMT) were identified based 
on these SNPs. The loci were verified in 100 individuals, indicating the reliability of candidate SNPs. Our results 
contribute to understanding of growth traits and the development of molecular marker-assisted selection in all- 
female mandarin fish.   

1. Introduction 

Mandarin fish (Siniperca chuatsi) belongs to Serranidae family, Per-
ciformes order (Han et al., 2021). It mainly distributes in east Asian 
countries including China, Vietnam and South Korea (Zhu et al., 2022). 
According to China fishery yearbook, the aquaculture production and 
output value of mandarin fish in China have exceeded 0.4 million tons 
and 4 billion US dollars in 2022, making it one of the most economically 
valuable and promising freshwater fish in China. Due to this great 
market demand, select breeding of fast-growing lines has always been 
the main goal of the mandarin fish industry. 

Growth performance is an extremely important trait for aquatic 

animal breeding (Guan et al., 2020) as it directly determines the pro-
duction and output (Ashton et al., 2019; Shiratsuchi et al., 2020). 
Mandarin fish has a special feature whereby females grow particularly 
faster than males before sexual maturity because of sexual dimorphism 
(Wang et al., 2006). Our lab managed to determine the critical period of 
sex development of mandarin fish (Zhu et al., 2022; Liu et al., 2023; Han 
et al., 2020) and consequently produce the all-female mandarin fish 
(Dinggui I, Siniperca chuatsi) (Fig. 1), making it feasible to conduct the 
first GWAS of growth traits on mandarin fish. 

Genome-wide association analysis (GWAS) can statistically analyze 
the relationship between quantitative trait loci (QTLs) and complex 
economic traits (Zhou et al., 2018), and has become the most effective 
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method to identify trait linked genetic markers in aquaculture species. 
The genetic markers obtained by GWAS can be directly used for genome- 
wide marker related selection (MAS) and genome selection (GS) 
(Matoba et al., 2020). The completion of mandarin fish genome (He 
et al., 2020) lays the foundation for GWAS, QTLs mapping and trait 
association candidate gene mining in genome-wide. Previous studies 
investigated the growth traits of mandarin fish based on transcriptome 
and non-reference genomic genetic map in recent years (Sun et al., 2017; 
Liu et al., 2020a, 2020b). However, the identification of candidate genes 
related to growth traits of mandarin fish is less advanced, given that 
there is only one published study on screening growth-related SNPs and 
candidate genes of mandarin fish by GWAS (Zhou et al., 2022). There-
fore, it is of great importance to study growth-related SNPs for mandarin 
fish. 

In this study, a genome-wide association study (GWAS) was per-
formed on 5 growth traits (body weight, body length, whole length, 
body height and body thickness) of 192 mandarin fish for identification 
of SNPs related to growth of all-female mandarin fish (Dinggui I, Sini-
perca chuatsi). These results contribute to the genetic basis of growth- 
related traits and the development of molecular marker-assisted selec-
tion in all-female mandarin fish. 

2. Materials and methods 

2.1. Fish and rearing conditions 

In total, 2000 fertilized Dinggui I mandarin fish fertilized eggs were 
obtained from Guangdong Liangshi Aquatic Seed Industry Co., Ltd., 
Foshan, China. These fertilized eggs were hatched and cultured in a 
concrete-walled ponds (15 × 15 × 2 m3) for 5 months. During the 
experiment, the water temperature, dissolved oxygen, pH value and 
total ammonia nitrogen were maintained at 28–32 ◦C, 6.0–7.5 mg/L, 
7.5–8.5, < 0.1 mg/L and < 0.05 mg/L, respectively. Commercial com-
pound feeds (Guangdong JieDa feed Co., Ltd., Guangzhou, China) were 
used to feed mandarin fish twice a day (6:00 am and 19:00 pm). 

2.2. Sample collection and trait measurement 

After the 5-month culture, 192 individuals were randomly selected 
and anesthetized with MS-222. Growth-related traits including body 
weight (BW), total length (TL), body length (BL), body height (BH) and 
body thickness (BT) were measured. The dorsal fins were then collected 
and kept in liquid nitrogen, then saved in the − 80 ◦C ultra-frozen 
refrigerator until DNA extraction. 

2.3. DNA extraction, library constructing and sequencing 

HiPure Tissue DNA Mini Kit (Magen, Guangdong, China) was used 
for extracting genomic DNA from dorsal fin tissues. Qubit 3.0 was used 
to quantify the concentration of genomic DNA. After detecting the 
integrity by running 1% agarose gel electrophoresis, the ddRAD-seq li-
braries were constructed according to the published protocol (Aguirre 
et al., 2023; Peterson et al., 2012). Illumina NovaSeq PE150 sequencing 

were then performed. 

2.4. SNP discovery and genotyping 

High quality clean data were obtained from raw reads after filtering 
and trimming. Three steps were conducted, (1) reads linked with bar-
code sequence were removed; (2) reads with unidentified nucleotides 
that is >10% were removed; (3) low quality reads with >50% bases 
harboring Phred quality scores of ≤20 were removed. Then, clean reads 
were mapped to the reference genome of mandarin fish 
(GCA_011952085.1) using Bowtie version 2.0 (Langmead and Salzberg, 
2012). BCFtools v1.8 (Li et al., 2009) was used to call SNPs with mini-
mum quality >30. VCFtools (Danecek et al., 2011) was used to get SNPs 
with the depth < 3, minor allele frequency (MAF) < 0.05, missing po-
sition <10%, and number of alleles >2. Finally, plink v1.9 (Purcell et al., 
2007) was used to conduct the linkage disequilibrium (LD). 

2.5. Genome-wide association study on growth-related traits 

TASSEL5.0 (http://www.maizegenetics.net/tassel) was used to 
analyze the genotypic and phenotypic data of the 192 individuals by 
using the general linear model (GLM) and calculate the phenotypic 
variances explained (PVE) and F values (degree of freedom). Kinship 
analysis and principal component analysis (PCA) were conducted to 
analyze the population structure by TASSEL5.0. Genome-wide signifi-
cant threshold of -log10(p value) for significant association was set as 
6.0 by calculating the formula p value = 0.05/N, where N represents the 
number of total markers used for association analysis (Wang et al., 
2023). 

2.6. Candidate gene annotation 

Candidate genes were obtained by searching 500 kb up- and down- 
stream of the SNPs. The coding sequences of candidate genes were an-
notated by BLAST 2.2.24+ (ftp://ftp.ncbi.nlm.nih.gov/blast/ex 
ecutables/blast+/LATEST/) against the Swiss-Prot database and Non- 
Redundant Protein Sequence Database (NR). 

2.7. Verification of SNP markers by sanger sequencing 

A total of 100 individuals with extreme phenotypes (the biggest 50 
individuals and the smallest 50 individuals) were used to verify the 
effectiveness of SNP 20:31934096. The primer pair was designed by 
Primer5 (Premier Biosoft International, Palo Alto, CA, USA). PCR was 
performed following the mix of a total reaction volume of 20 μL, 
including 3 μL 10 ng/μL genomic DNA, 5 μL pure water, 1 μL 10 μM 
forward and reverse primers and 10 uL 2 × PCR Master Mix (Thermo-
Fisher, USA). The PCR condition was set as follows: 95 ◦C for 3 min, 35 
cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s and 72 ◦C for 10 
min. The PCR products were then sequenced using an ABI 3730XL 
sequencer (Applied Biosystems, USA). Snapgene (http://snapgene.com) 
was used to analyze genotypes of the SNPs. 

2.8. Ethics statement 

All animal experiments were approved by the Committee of Animal 
Research and Ethics of Sun Yat-sen University. 

3. Results 

3.1. Statistics of growth-related traits 

Five growth traits of 192 individuals were analyzed. As shown in 
Table 1, the experiment group (192 individuals) has an average body 
weight of 192.99 ± 75.35 g, body length of 18.35 ± 2.94 cm, body 
height of 6.38 ± 0.86 cm, body thickness of 3.01 ± 0.60 cm and whole 

Fig. 1. The all-female mandarin fish (Dinggui I, Siniperca chuatsi).  
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length of 21.77 ± 3.06 cm (mean ± SD). As shown in Fig. 2, all five 
growth traits of the experiment group were in accordance with normal 
distribution. The complete trait data for all 192 individuals were shown 
in Supplementary Table S1. 

3.2. Sequencing data and characterization of SNPs 

As shown in Fig. 3, A total of 120 Gb of high-quality sequencing data 
with 43.27% GC contents were obtained. The average Q20 and Q30 
were 96.6% and 92.2%, respectively. The overall read alignment rate for 
each individual was 91.17 ± 0.89% (mean ± SD, n = 192). A total of 
49,940 SNPs were called after filtering. SNPs were unevenly distributed 
in all the 24 chromosomes. The average number of SNPs per chromo-
some was 2080, with the most SNP number located on the Chr5 and the 
least number located on the Chr22. 

3.3. Analysis of population structure 

Principal component analysis (PCA) and kinship analysis were con-
ducted to examine genetic relatedness among individuals. As shown in 
heatmap (Fig. 4A), individuals from the experiment group demonstrated 
a very weak relatedness with each other. All the values distributed 

within the scope of − 0.2– 0.01. The result of principal component 
analysis demonstrated that all the individuals distributed randomly 
(Fig. 4B). The result indicated that the experiment was ideal and suitable 
for the following GWAS analysis. 

3.4. Genome-wide association analysis of growth traits 

To reveal the relationship between candidate SNPs and growth traits, 
the GLM model was used for analysis. The genomic inflation factors (λ) 
of body weight, whole length, body length, body thickness and body 
height were 1.041, 1.072, 1.066, 1.071 and 1.024, respectively (Fig. 5). 
By applying Bonferroni correction method, the p values of 1.00 × 10e 
− 6 and 1.00 × 10e − 4 were regarded as the genome-wide significant 
and suggestive p-value threshold, respectively. 

Based on the siginificant threshold, a total of 6 SNPs were found to be 
significantly associated with growth traits (Fig. 6 and Table 2). For body 
weight, two significant associated SNPs were observed on chromosome 
14 and 20 (Fig. 6 and Table 2). One of them located on 13,719,188 bp on 
chromosome 14 (p value =2.45 × 10e − 08, F = 35.06, PVE = 19.47%). 
The other one located on 31,934,096 bp on chromosome 20 (p value =
8.11× 10e − 07, F = 15.58, PVE = 17.90%). Interestingly, except for 
body weight, the SNP 14:13719188 was both significantly associated 
with body length (p value =6.53× 10e − 08, F = 32.67, PVE = 17.86%), 
body height (p value =8.47× 10e − 08, F = 32.05, PVE = 18.00%), body 
thickness (p value =5.29× 10e − 07, F = 27.72, PVE = 16.16%) and 
whole length (p value =7.93× 10e − 08, F = 32.21, PVE = 17.64%). The 
SNP 20:31934096 was both suggestively associated with body length (p 
value = 8.03× 10e − 06, F = 12.81, PVE = 14.60%), body height (p 
value = 1.55× 10e − 05, F = 12.03, PVE = 14.49%), body thickness (p 
value = 1.48× 10e − 05, F = 12.08, PVE = 14.59%) and whole length (p 

Table 1 
Growth traits of experiment group.  

Traits WL/cm BL/cm BW/g BH/cm BT/cm 

Mean 21.77 18.35 192.99 6.38 3.01 
Standard deviation 3.06 2.94 75.35 0.86 0.60 

Note: WL stands for whole length; BL stands for body length; BW stands for body 
weight; BH stands for body height; BT stands for body thickness. 

Fig. 2. Histograms and fitting curves of five growth traits of all-female mandarin fish (Dinggui I, Siniperca chuatsi). Histogram and fitting curve of body length (A), 
body weight (B), body height (C), whole length (D) and body thickness (E). 
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value = 7.44× 10e − 06, F = 12.90, PVE = 14.67%). Four of these SNPs 
were associated with all five growth traits (Fig. 7 and Supplementary 
Fig. S1). Overall, the PVEs for these SNPs ranged from 9.66% to 19.47%. 

3.5. Verification of significant SNP markers 

SNP 20:31934096 was selected to verify the reliability of SNPs. 
Sanger sequencing was used to genotype the extreme group (the 50 
biggest individuals and the 50 smallest individuals). Two alleles (A/G) 

Fig. 3. Distribution of SNPs across chromosomes of all-female mandarin fish (Dinggui I, Siniperca chuatsi). Notes: Red bars and green bars indicate high density and 
low density in chromosomes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Analysis of population genetic relatedness. A. The heatmap of genetic relatedness. The blue box and red box indicate low kinship and high kinship, 
respectively. B. Principal component analysis of genetic structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and three genotypes (AA/AG/GG) in the locus were observed, in which 
‘A’ allele counted for 25% and the ‘G' allele counted for 75% of the 
genotypic data. The ‘A’ allele was superiorto the ‘G' allele. Analysis of 
the SNP genotyping data from the sanger sequencing and high- 
throughput sequencing showed that the SNP marker was significantly 
associated with the growth-related traits (p = 0.0151; p = 0.0134; Chi- 
square test) (Fig. 8 and Supplementary Table S3). The result of sanger 
sequencing was in accordance with high-throughput sequencing, 
demonstrating the reliability of the SNPs. 

3.6. Candidate genes related to growth-related traits 

Candidate genes within ±500 Kb windows of significant SNPs were 
obtained. In total, 39 genes were functionally annotated (Supplemen-
tary Table S2). Among which, multiple genes were annotated, including 
MGAT5, AKT2, CCNT2, INADL, WDR49, NWD1 and CAMKMT. Specif-
ically, several of the genes are known to be related to growth and muscle 
fiber development (AKT2, CCNT2, EPB41L2 and CAMKMT). 

GO and KEGG analysis on annotated genes showed that these genes 
were enriched to 37 different GO terms and 111 KEGG terms (Fig. 9). It 
is found that growth-related terms like cellular process, metabolic pro-
cess and development process were enriched by GO analysis. Similar 
results were observed in KEGG analysis as carbohydrate metabolism and 
amino acid metabolism were enriched by KEGG analysis. 

4. Discussion 

Mandarin fish (Siniperca Chuatsi) is an economically important 
freshwater fish (Shen et al., 2021) with the annual yield of mandarin fish 
staying above 300,000 tons since 2016. In 2021, the all-female man-
darin fish (Dinggui I, Siniperca chuatsi) was approved as a new strain of 
mandarin fish in China (GS-04-001-2021). However, thus far, there has 
only been one study on growth-related SNPs and candidate genes of 
mandarin fish (Zhou et al., 2022). In their study, obtained SNPs showed 
a relatively less significance and the phenotypic variation explained by 
the obtained SNP was not shown. In this study, the first GWAS analysis 
of growth traits on all-female mandarin fish (Dinggui I, Siniperca chuatsi) 
was conducted. The results contribute to the understanding of the 
complex genetic architecture of growth and breeding of all-female 
mandarin fish. 

4.1. Analysis of population structure 

The genetic relatedness among individuals was examined through 
the principal component analysis (PCA) and kinship analysis. The 
kinship values of all the individuals from the experiment group were 
<0.01, demonstrating a very weak relatedness among the group. In 
principal component analysis, the result showed that individuals 
distributed randomly, indicating a weak kinship as well. Thus, the 
experiment group was suitable for the following GWAS analysis. Similar 
results were shown in Brown-marbled grouper (Epinephelus 

Fig. 5. QQ plots of SNPs associated with different growth traits. A. The QQ plot of SNPs associated with whole length. B. The QQ plot of SNPs associated with body 
weight. C. The QQ plot of SNPs associated with body thickness. D. The QQ plot of SNPs associated with body length. E. The QQ plot of SNPs associated with body 
height. F. The QQ plot of SNPs associated with all traits. 
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fuscoguttatus) (Yang et al., 2020), leopard coral grouper (Plectropomus 
leopardus) (Wang et al., 2023), olive flounder (Paralichthys olivaceus) 
(Omeka et al., 2022), European seabass (Dicentrarchus labrax) (Oiko-
nomou et al., 2022), golden pompano (Trachinotus ovatus) (Zhu et al., 
2023) and Chinese longsnout catfish (Leiocassis longirostris) (Mou et al., 
2022). 

4.2. Detection of SNPs related to growth 

Growth is a complex trait regulated by multiple genes. The growth of 
mandarin fish can be altered by various SNPs. A previous GWAS analysis 
on growth-related SNPs in mandarin fish (Zhou et al., 2022) reported 
that the obtained SNPs showed a relatively less significance and the 
phenotypic variation was not explained. Therefore, it is of great 
importance to detect growth-related SNPs for mandarin fish. 

In current study, a total of 6 SNPs were found to be significantly 
associated with growth traits. Four of these SNPs were associated with 
all five growth traits. Overall, the PVEs for these SNPs ranged from 
9.96% to 19.47%. Thus, the obtained SNPs were able to explain the 
phenotypic variation well and are suitable for application in further 
investigation. 

In aquaculture industry, body weight has always been the most 
important growth trait because of its connection to economic benefits. 
Two significant SNPs related to body weight were obtained in this study, 
locating on chromosome 14 and chromosome 20 respectively. The PVE 
of these two markers was higher than grass carp (Ctenopharyngodon 
Idella; 10.4–12.3%) (Hao et al., 2023), bighead catfish (Clarias 

macrocephalus; 1.02–6.59%) (Chaivichoo et al., 2023) and Atlantic 
salmon (Salmo salar; 0.3– 12%) (Tsai et al., 2015). Interestingly, except 
for body weight, the SNP 14:13719188 was significantly associated with 
all growth traits, showing a great relationship with growth performance. 
By contrast, SNP 20:31934096 was suggestive of all growth traits. 

SNPs obtained in this study distributed on multiple different chro-
mosomes, suggesting that the growth of mandarin fish is controlled by 
multiple genes. To verify the credibility of SNP 20:31934096, the fast- 
growing group (n = 50) and the slow-growing group (n = 50) were 
selected for verification. The result showed that two alleles (A/G) and 
three genotypes (AA/AG/GG) were observed in the locus. The ‘A’ allele 
was superior while the ‘G’ allele was inferior allele for growth. Thus, 
individuals with AA genotype showed better growth performance. Pre-
vious studies have suggested potential regulatory effects of intergenic 
SNPs on gene expression (Lyu et al., 2021). Although SNP 20:31934096 
is located in the intergenic region of the INADL gene, further evidence is 
required to establish its specific influence on the expression of INADL. 
This gene is known to play a role in the proliferation, differentiation, and 
maturation of muscle cells, as well as in the regulation of their metabolic 
activity (Barbáchano et al., 2016). Given the importance of INADL in 
muscle growth and development in fish, it is crucial to investigate the 
potential regulatory impact of SNP 20:31934096 on the expression of 
this gene. 

Interestingly, similar results were observed in human, with a sig-
nificant relationship between SNP (rs1056513) in INADL and body 
weight (Comuzzie et al., 2012), which is consistent with our results. Our 
result showed that SNP 20:31934096 is a reliable growth-related genetic 

Fig. 6. Manhattan plot for (A) body height, (B) body length, (C) whole length, (D) body weight and (E) body thickness. 
Note: The red line denotes the genome-wide significance threshold and the black dashed line denotes the suggestive threshold. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. The relationship between SNPs and growth traits. 
Note: The left side represents for SNP markers (Marker names were shown as chromosome/position) and the right side represents for different growth traits. 

Table 2 
The identified SNPs associated with growth traits.  

Trait name SNP ID Chr p value F PVE% Location 

Whole Length SNP 14:13719188* 14 7.93e − 08 32.21 17.64 Intergenic  
SNP 20:31934096 20 7.44e − 06 12.90 14.67 Intergenic  
SNP 12:17111862 12 1.16e − 05 20.69 11.92 Intergenic  
SNP 20:31934125 20 1.51e − 05 12.04 13.66 Intergenic  
SNP 16:35988728 16 1.80e − 05 11.75 12.43 Intron 

Body Weight SNP 14:13719188* 14 2.45e − 08 35.06 19.47 Intergenic  
SNP 20:31934096* 20 8.11e − 07 15.58 17.90 Intergenic  
SNP 16:35988728 16 1.12e − 05 12.30 13.50 Intron  
SNP 12:17111862 12 1.14e − 05 20.73 12.36 Intergenic  
SNP 20:31934125 20 2.79e − 05 11.32 13.53 Intergenic 

Body Thickness SNP 14:13719188* 14 5.29e − 07 27.72 16.16 Intergenic  
SNP 16:35988728 16 3.01e − 06 13.84 14.99 Intron  
SNP 20:31934096 20 1.48e − 05 12.08 14.59 Intergenic  
SNP 12:17111862 12 1.63e − 05 19.95 12.00 Intergenic  
SNP 20:31934125 20 9.78e − 05 9.88 12.10 Intergenic 

Body Length SNP 14:13719188* 14 6.53e − 08 32.67 17.86 Intergenic  
SNP 20:31934096 20 8.03e − 06 12.81 14.60 Intergenic  
SNP 12:17111862 12 1.17e − 05 20.69 11.93 Intergenic  
SNP 20:31934125 20 1.74e − 05 11.88 13.51 Intergenic  
SNP 16:35988728 16 1.90e − 05 11.69 12.39 Intron 

Body Height SNP 14:13719188* 14 8.47e − 08 32.05 18.00 Intergenic  
SNP 16:35988728 16 2.20e − 06 14.21 15.27 Intron  
SNP 20:31934096 20 1.55e − 05 12.03 14.49 Intergenic  
SNP 12:17111862 12 2.41e − 05 19.10 11.52 Intergenic  
SNP 2:21350095 2 8.45e − 05 16.37 9.66 Intron 

Note: Chr: Chromosome; F: degree of freedom; PVE %: phenotypic variance explained; SNP ID was shown as chromosome/position; The ‘*’ denotes genome-wide 
significant level. 
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marker for mandarin fish and it is vital for the development and 
improvement of the select breeding in mandarin fish. 

4.3. Candidate genes related to growth-related traits 

In this study, a total of 39 candidate genes within ±500 kb windows 
of siginificant SNPs were annotated, several of which were related to 
growth and muscle fiber development (AKT2, CCNT2, EPB41L2 and 
CAMKMT). 

AKT2 encodes a protein kinase involved in insulin signaling and 
glucose metabolism (Vergadi et al., 2017). In fish growth, AKT2 pro-
motes body weight gain and organ development by regulating cell 
metabolism, protein synthesis and growth factor signaling (Zhang et al., 
2017). In muscle development, it regulates the proliferation and dif-
ferentiation of muscle cells and promoting muscle formation and 
development (Chen et al., 2020). 

CCNT2 encodes protein kinase subunit, is one of the components of 
P-TEFb, a transcriptional regulatory protein complex that participates in 
the regulation of gene transcription together with other proteins (Tian 
et al., 2021; Zhao and Hou, 2022), thereby increasing the transcription 
rate and expression level of genes, which in turn regulate cell prolifer-
ation and growth. CCNT2 also plays an important role in muscle 
development (Cottone et al., 2006). 

EPB41L2 encodes a muscle-specific structural protein involved in the 
morphological stability and function of muscle cells (Parra et al., 1998). 
It participates in the remodeling of cytoskeleton and regulation of cell 
morphology, and maintains the structural integrity and stability of 
muscle cells (Taylor-Harris et al., 2005; Yuan et al., 2021), which 
regulate cell proliferation and expression of growth-related genes, 
thereby promoting fish growth and development (Kelly and Reversade, 
1997). 

CAMKMT encodes a Ca2+/calmodulin-dependent protein kinase 
modifying enzyme involved in the regulation of calcium signaling 
pathways (Ma et al., 2016; Berridge, 2016). It mediates calcium signal 
through the phosphorylation and regulation of target protein activity, 
thus affecting muscle cell function and development (Zhang et al., 
2013). 

Thus, the result of this study indicated that obtained SNPs probably 
alter the growth of mandarin fish through growth-related genes AKT2, 
CCNT2, EPB41L2 and CAMKMT. Therefore, future work should inves-
tigate these genes and pathways in more detail. 

5. Conclusion 

In conclusion, this study identified 6 significant SNPs related to 
growth of all-female mandarin fish (Dinggui I, Siniperca Chuatsi). The 

Fig. 8. Verification of the SNP 20:31934096. A: Sanger sequencing; B: High-throughput sequencing. Note: BG represents biggest group and SG represents small-
est group. 

Fig. 9. Enriched GO and KEGG terms for the candidate genes for growth related SNPs. A: KEGG enriched analysis; B: GO enriched analysis.  
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proportion of phenotypic variance explained for these SNPs ranged from 
9.65% to 19.46% for growth traits. Specifically, 4 SNPs were associated 
with all traits. Several candidate growth-related genes (AKT2, CCNT2, 
EPB41L2 and CAMKMT) were identified. These results provide a theo-
retical basis for improving mandarin fish select breeding and can help 
improve the development of the mandarin fish industry. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aquaculture.2024.740778. 
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