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Golden pompano (Trachinotus blochii) is becoming increasingly popular and produces high yields, but the growth differences between males and females are a concern. In this study, the differences between the growth of males and females were compared, and the transcriptome analysis of muscle tissues was performed. A significant difference between the growth of males and females was observed; females were found to be 17% larger than males after reaching 7 months of age. Gonadal histological analysis revealed that the ovaries were arrested in 7- to 9-month-old golden pompano, whereas the testes continued to develop. The AMPK and adipocytokine signaling pathways were also found to be involved in the regulation of muscle growth and metabolism. After reaching 7 months of age, the expression levels of glut1, glut4, ldh, gys, acsl and cpt2 in the muscle of females were lower than those in males, but the hk gene, which is involved in glycolysis, was found to remain highly expressed in females. Additionally, in females, the synthesis of arginine and ornithine and the production of carnosine were found to be inhibited, but the breakdown of glutamine was found to be enhanced and OXPHOS ability was found to be stronger in females after reaching 7 months of age. These results support a certain negative correlation between gonadal development and muscle metabolism depending on differences in energy distribution. Clearly, the faster growth in females after reaching 7 months of age was found to be associated with the more active metabolism of glucose, and amino acids, as well as stronger oxidative phosphorylation levels.
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1 Introduction

Sexual dimorphism defines the differences between the growth and reproduction of female and male individuals (Mei and Gui, 2015), and can be extended to the differences in the size, shape, behavior, color, and physiology of males and females (Wang et al., 2018). Body size differences between males and females of the same species have been observed in many farmed fish, such as rainbow trout (Oncorhynchus mykiss) (Bye and Lincoln, 1986), yellow catfish (Pelteobagrus fulvidraco) (Mei and Gui, 2015), tilapia (Oreochromis niloticus) (Beardmore et al., 2001), European eel (Anguilla anguilla), half-smooth tongue sole (Cynoglossus semilaevis), and the common carp (Cyprinus carpio) (Degani et al., 2003; Kocour et al., 2005; Ma et al., 2012). For example, Chinese tongue sole (Cynoglossus semilaevis) females are between two and four times larger than males, and this significant growth difference also makes females more economically valuable (Chen et al., 2014).

Fish growth is a complex polygenic trait that is mainly regulated by the environment, nutrients, energy metabolism, energy allocation, gonadal development, and reproductive cycles. Increasing evidence suggests that the interaction between the somatotropic endocrine axis and the reproductive axis plays an important role in the regulation of growth (Holloway and Leatherland, 1998; Melamed et al., 1998; Gomez et al., 1999). Growth in some teleosts has been shown to be regulated by growth hormone-releasing hormone (GHRH), growth hormone (GH), the growth hormone receptor (GHR), and insulin-like growth factors (IGFs) (Saether et al., 2007; Ma et al., 2012; Wang et al., 2018). For example, igf1 mRNA expression levels have been found to be significantly higher in fast-growing individuals of European sea bass (Dicentrarchus labrax) and crucian carp (Carassius carassius) than in slow-growing individuals (Carnevali et al., 2006; Zhong et al., 2012). However, other studies have uncovered opposing results (Dean and Mank, 2014). For example, no differences in igf1 mRNA expression have been observed in channel catfish (Ictalurus punctatus) or zebrafish (Danio rerio), which exhibit differences in growth (Peterson et al., 2008; Opazo et al., 2017). These divergent results suggest that the relationship between the GH/IGF1 axis and fish growth is not fully understood, and that there may be other ways in which growth is regulated. In addition, it has been shown that genes on autosomes may be major players in the differential regulation of growth and sex, especially in species without sex chromosomes (Possiant et al., 2008; Ducrest et al., 2008). According to previous studies, the expression of many genes of males and females of the same species is significantly different in non-gonadal tissues, which fully demonstrates that non-gonadal organs (especially the liver, fat, and muscle) may play an important role in sexual dimorphism (Yang et al., 2006; Wang et al., 2021). Therefore, it is necessary to explain the growth differences between male and female fish via non-gonadal tissue transcriptome data. As transcriptomic techniques have been widely used to study non-model species in recent years, the use of non-gonadal tissue transcriptome data may aid in the further analysis of the physiological processes and molecular mechanisms of sexual size dimorphism (Wang et al., 2018; Wang et al., 2021; Zhou et al., 2022). Previous studies have shown that MAPK signaling, glycolysis/gluconeogenesis, and cholesterol-dependent steroid hormone pathways may participate in the regulation of body size dimorphism (Wang et al., 2018; Wang et al., 2021). However, there is little information available on the sexual size dimorphism in the muscle of a farmed teleost.

The golden pompano (Trachinotus blochii) is mainly distributed in the temperate and subtropical waters of the Indian and Pacific Oceans. Because of its delicious meat and rich nutrition, it is favored by Chinese consumers, and its annual output has exceeded 0.16 million tons (China Golden Pompano Industry Development Report, 2020). Previous studies by this research group have not reported significant sexual dimorphism in the growth or reproductive traits of golden pompano (Zhang et al., 2017; Sun et al., 2021). However, the present study found sexual dimorphism in the growth of golden pompano after reaching 7 months of age, and females were found to be larger than males. In the present study, muscle tissues from female and male golden pompano were subjected to transcriptomic analysis to identify differentially expressed genes (DEGs) and their functions.



2 Materials and methods


2.1 Ethics approval and consent to participate

All experiments were performed according to the Guidelines for the Care and Use of Laboratory Animals in China. All experimental procedures and sample collection were approved by the Institutional Animal Care and Use Committee (IACUC) of the College of Ocean of Hainan University, Hainan, China, under permit No. HNUAUCC-2022-00045.



2.2 Fish

The reproduction of golden pompano parents obtained from Hainan Blue Granary Technology Co., Ltd. (Sanya, China) in April 2021 was artificially induced. The offspring were transferred to seawater cages for culture at the fingerling stage. The stocking density and the cultivation management methods were the same as those used for commercial cultivation. The water quality parameters were ammonia-nitrogen and nitrite concentrations of <0.02 mg/L, a dissolved oxygen concentration of 7.0 ± 0.5 mg/L, a pH of 7.5 ± 0.5, a salinity of 20–35‰, and a natural photoperiod. The fish were fed commercial pellets (Tianma Company, Fujian, China) twice daily at 09:00 and 17:00 (3-5% of body weight).



2.3 Growth data and sample collection

After the experimental fish were transferred to seawater cages, their growth traits were continuously measured from 5 to 9 months of age. Fifty experimental fish were randomly selected every month, and their body weights were measured after anesthesia with MS-222. The fish were immediately dissected to collect their fin, muscle, and gonadal tissues. The fins were stored in absolute ethanol for DNA extraction to identify the genetic sex. The gonads were stored in Bouin’s solution and used to prepare paraffin sections to confirm the sex of the experimental fish and to analyze the gonadal developmental status. All muscle samples were immediately frozen in liquid nitrogen and stored at −80°C for RNA sequencing and mRNA quantification. Growth data of 15 males and 15 females at each stage (from 5 to 9 months of age) were randomly selected for differential growth analysis. The growth data were tabulated in an EXCEL file to set up the databases, and the data are presented as the mean ± standard error. Analysis of variance (ANOVA) was used to detect differences in the data with SPSS statistical software (SPSS Inc. Chicago, IL, USA, version 22.0). A p-value < 0.05 was considered to be statistically significant. The graphics were drawn using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA).



2.4 Genetic sex identification and gonad histological sectioning

In this study, the sex of golden pompano was identified by polymerase chain reaction (PCR) and gonadal sectioning. DNA was extracted from fin samples using the standard phenol-chloroform method. The quality and concentration of the DNA were assessed by 1% agarose electrophoresis and measured with an ultra-trace ultraviolet spectrophotometer (Nanodrop2000). Sex-specific molecular markers were used for PCR amplification to identify the sex of the experimental fish (Zhang et al., 2022). The reaction program for the 20-μL PCR system was 95°C for 20 s, 3 s at 95°C, 30 s at 60°C, and 60 s at 72°C for 35 cycles. The PCR products were detected by 1% agarose electrophoresis. If a specific band appeared, the sample was female (Figure S1). In addition, fixed gonad samples were dehydrated via an ethanol series, infiltrated with xylene, and embedded in paraffin wax. The gonad tissues were serially cut into 6-μm sections using a rotary microtome according to routine procedures, and were stained with hematoxylin and eosin (HE) for histological analysis. The sections were examined on microscope slides to confirm the sex of the experimental fish and analyze the gonadal development status.



2.5 Group design and RNA extraction

The significant differences between the body weights of males and females were determined to identify key time points (Figure 1A). The samples before 7 months of age were defined as the early stage (ES), and the individuals after 7 months of age were defined as the late stage (LS). According to the growth differences between males and females, three females (573.81 ± 23.14 g) and three males (534.33 ± 11.43 g) at the ES (5 months of age) and three females (1234.00 ± 141.63 g) and three males (1031.54 ± 31.29 g) at the LS (9 months of age) were selected for RNA-seq and mRNA expression analyses, respectively (Figure 1B). Total RNA was extracted from the muscle using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA samples were stored at −80°C.




Figure 1 | (A) The differences in weight between males and females at different growth stages and (B) the experimental design and technical approach. ns, indicates no significant difference. *indicates a significant difference (p < 0.05).





2.6 Transcriptome sequencing

Six RNA samples (RNA Integrity Number > 8.0, OD 260/280 and 260/230 > 1.8) per stage (three females and three males) were diluted to the same concentration (500 ng/μL). The RNA samples of six females (or males) at the same stage were mixed in pairs to prepare three mixed RNA samples to construct the RNA libraries, respectively. Twelve sequencing libraries were constructed using the TruSeq™ RNA Sample Preparation Kit (Illumina Inc., San Diego, CA, USA). The sequencing was performed by Novogene Co., Ltd. (Beijing, China), and the library was sequenced on an Illumina HiSeq 2500 with 125-bp paired-end reads (Grabherr et al., 2011). The annotation data for all transcribed sequences obtained in this study (including the gene ontology (GO) and KEGG annotation information) were used as background information for the subsequent data analysis (Gotz et al., 2008; Camacho et al., 2009; Sun et al., 2015; Sun et al., 2020).



2.7 Identification of DEGs and functional enrichment analysis

The read counts were normalized to FPKM. The differential expression analysis was performed using two methods. First, the edgeR software package (version 3.8.2) was used to perform one-way ANOVA (Robinson et al., 2010). Then, MultiExperiment Viewer (MeV v4.8.1) software was used to perform two-factor ANOVA (Saeed et al., 2003). Genes with |log2 (fold change)| > 1 and p < 0.05 were defined as significant DEGs. Based on the obtained background information, GO and KEGG comparisons were performed using the superstoichiometric test to analyze the potential functions of the DEGs. Integrate focal pathways were determined based on the pathway information in the KEGG database and the trend relationships of gene expression (Kanehisa et al., 2017; Sun et al., 2020).



2.8 Experimental validation by RT-qPCR

The DEGs were selected for RT-qPCR to determine the accuracy of the sequencing data. The gene primers were designed using Primer5 software based on the obtained sequences. A kit (TianGen® FastKing RT Kit) was used to synthesize cDNA with 1 μg total RNA as the template, and the SYBR Green PCR Master Mix (TaKaRa, Dalian, China) was used for RT-qPCR. The reaction program for the 20-μL PCR system was 95°C for 20 s, 3 s at 95°C, 30 s at TM, and 60 s at 72°C for 40 cycles. All samples were set up with three technical replicates. The 2-ΔΔCT method was used to analyze the gene expression levels (Livak and Schmittgen, 2001), and β-actin expression was used to determine the relative expression of genes. SPSS software (IBM Corp., Armonk, NY, USA, version 22.0) was used to detect differences, and a p-value < 0.05 was considered to be statistically significant.




3 Results


3.1 Growth differences between males and females

Female golden pompano specimens were found to be larger than males in the period of 5 to 9 months of age (Figure 1A). The growth difference was statistically significant (p < 0.05) in 8- and 9-month-old fish, yet insignificant in younger fish (5 to 7 months old) (p > 0.05).



3.2 Male and female gonadal development

The results of the gonadal tissue sections revealed differences in the developmental stages of the male and female gonads. The ovaries of 5-month-old female fish were developed to stage I, and the egg cells were oogonia with large nuclei (Figure 2A). The ovaries of 7-month-old female fish were developed to stage II, and the egg cells developed into early primary oocytes. This stage was characterized by an increase in cell volume and cytoplasmic contents, enhanced basophilic components, and a large nucleolus that was dyed dark blue (Figure 2B). The ovaries of 9-month-old fish remained in stage II, and the developmental status of the egg cells was not significantly different from that in 7-month-old fish (Figure 2C). In addition, the testes were developed to stage I in 5-month-old males, and a large number of primary spermatogonia were observed (Figure 2D). The testes of 7-month-old males were developed to stage II, secondary spermatogonia appeared, and primary spermatocytes were evident (Figure 2E). The testes of 9-month-old males were developed to stage III and spermatids were observed (Figure 2F).




Figure 2 | The histological changes of gonads in golden pompano between 5 and 9 months of age. (A) 5-month-old ovary; (B) 7-month-old ovary; (C) 9-month-old ovary; (D) 5-month-old testis; (E) 7-month-old testis; (F) 9-month-old testis; OG, oogonia; PO, primary oocytes; SG: spermatogonia; PSC, primary spermatocytes; SSC, secondary spermatocytes; ST, spermatocytes.





3.3 Sequencing results and Principal component analysis

A total of 563.75 (M) raw reads and 545.22 (M) clean reads were obtained from 12 samples, and 80.39% of the clean reads were mapped onto the transcriptome (Table S1). A total of 18,938 unigenes were obtained in this study (Supplementary_1), and the patterns were similar during the ES and LS (Figure 3A). The cluster analysis results showed that the M_Muscle_2_LS sample did not cluster with other corresponding groups. In addition, the PCA analysis results showed that different growth stages were the main factors affecting gene expression, and the M_Muscle_2_LS sample had a higher degree of dispersion (Figures 3B, C); thus, this sample was excluded from the subsequent data analysis.




Figure 3 | The cluster analysis of the transcript. (A) The analysis was performed based on the FPKM values of all genes in the muscle; the legend shows the row Z-score. (B) The inter-group correlation analysis. (C) The PCA results that distinguish the main factors affecting gene expression.





3.4 Gene ontology and classification analysis

The KEGG classification analysis of highly expressed genes (FPKM > 100) in female and male muscle samples at different growth stages was performed (Supplementary_1). The results classified 322- and 386-highly expressed genes in the muscle of the F_ES (female during ES) and M_ES (male during ES) samples into 13 and 15 different pathways, respectively (p < 0.05) (Figures 4A–C). The enriched pathways of the highly expressed genes in the muscle of females and males during the ES were similar (Figure 4D), and included two genetic information processing pathways (ribosome and RNA transport), eight metabolic pathways (metabolic pathways, carbon metabolism, glycolysis/gluconeogenesis, biosynthesis of amino acids, fructose and mannose metabolism, pentose phosphate pathway, pyruvate metabolism, and oxidative phosphorylation), and three organismal systems pathways (thermogenesis, retrograde endocannabinoid signaling, and cardiac muscle contraction) (Supplementary_2).




Figure 4 | The annotation and function analysis of highly expressed genes. (A) The numbers of highly expressed genes in males and females during the ES. (B) The enrichment pathway of highly expressed genes in females during the ES. (C) The enrichment pathway of highly expressed genes in males during the ES. (D) The Venn diagram of the pathways of highly expressed genes in males and females during the ES. (E) The number of highly expressed genes in males and females during the LS. (F) The enrichment pathway of highly expressed genes in females during the LS. (G) The enrichment pathway of highly expressed genes in males during the LS. (H) The Venn diagram of the pathways of highly expressed genes in males and females during the LS.



The results classified 344 and 275 highly expressed genes in the muscle of the F_LS (female during LS) and M_LS (male during LS) samples into 18 and 16 different pathways, respectively (p < 0.05) (Figures 4E–G). The enriched pathways of the highly expressed genes in the muscle of females and males during the LS were similar (Figure 4H), and included two genetic information processing pathways (ribosome and RNA transport), nine metabolic pathways (oxidative phosphorylation, metabolic pathways, glycolysis/gluconeogenesis, carbon metabolism, biosynthesis of amino acids, pentose phosphate pathway, pyruvate metabolism, starch and sucrose metabolism, and fructose and mannose metabolism), and three organismal systems pathways (thermogenesis, retrograde endocannabinoid signaling, and cardiac muscle contraction) (Supplementary_3).



3.5 DEGs in the muscle of males and females

First, 810 genes were differentially expressed in the muscle of the F_ES and M_ES samples (p < 0.05). Among them, compared with F_ES, 378 genes were up-regulated and 432 genes were down-regulated in M_ES (Figure 5A). This was the basal difference between males and females without growth differences. Second, 3,963 unigenes exhibited significantly different expressions in at least one comparison (F_LS vs. M_LS, F_ES vs. F_LS, and M_ES vs. M_LS) (Figures 5B–E). Two-factor ANOVA was performed (factor 1: the stage with the two levels of ES and LS; factor 2: the sex with the two levels of female and male). The results showed that 4,173 unigenes were affected by factor 1, 1,057 unigenes were affected by factor 2, and 1,171 unigenes were affected by the two-factor interaction (Figure 5F). A total of 4,998 unigenes were affected by at least one factor. In the analysis, to reduce false positives, the basal difference between males and females was excluded, and 2,132 unigenes were finally identified as DEGs (Figure 5G). The results presented in Figure 5H reveal that the males and females had different expression patterns of these DEGs at different stages (Supplementary_4).




Figure 5 | The DEGs between the different compared groups. (A, B) Volcano graphs based on the analysis of differential gene expression in the muscle of different sexes in the same period. (C, D) Volcano graphs based on the analysis of differential gene expression in the muscle of the same sex in different periods. (E) The Venn diagram of DEGs in different comparison groups. (F) The Venn diagram of the faltered DEGs in the muscle of the stage (ES and LS), sex (female and male), and interaction (main treatment and main period). (G) The Venn diagrams of the data, illustrating the overlap of three parts (two-factor affected unigenes, DEGs, and basal DEGs) in the muscle in the comparison of different libraries. The red box indicates DEGs that were significantly affected by the two factors (stage and sex). (H) The analysis performed based on the FPKM values of 2132 DEGs in the muscle that were significantly affected by the two factors; the legend shows the row Z-score.





3.6 Gene ontology classification of the DEGs

A total of 2,132 unigenes were annotated by GO analysis (Figure S2A). One hundred and twenty-six (126) significantly enriched GO terms were found in biological processes (p < 0.05), such as amide transport (GO:0042886), peptide biosynthetic processes (GO:0043043), peptide transport (GO:0015833), amide biosynthetic processes (GO:0043604), peptide metabolic processes (GO:0006518), cellular amide metabolic processes (GO:0043603), and nitrogen compound transport (GO:0071705). Genes involved in other important biological processes, such as the positive regulation of developmental processes, glutamine metabolic processes, metabolic processes, oxidative phosphorylation, ATP synthesis–coupled electron transport, and the positive regulation of multicellular organismal processes, were also identified (Figure S2B). There were 66 significantly enriched GO terms in the cellular components category (p < 0.05). The major categories represented were cell (GO:0005623), cell part (GO:0044464), intracellular (GO:0005622), intracellular part (GO:0044424), and organelle (GO:0043226) (Figure S2C). There were 39 significantly enriched GO terms for molecular functions (p < 0.05); structural constituents of the ribosome (GO:0003735), structural molecular activity (GO:0005198), oxidoreductase activity (GO:0016491), catalytic activity (GO:0003824), and ion binding (GO:0043167) were the most prominently represented GO terms (Figure S2D) (Supplementary_5).



3.7 DEG functional and enriched pathways

A total of 2,132 unigenes in the muscle were annotated by KEGG analysis, and 246 enriched pathways were revealed (Figure 6A and Supplementary_6). The results detected 33 enriched pathways (p < 0.05), including environmental information processing, organismal systems, cellular processes, genetic information processing, and metabolism. Among them, the metabolic pathways category contained the largest number of genes, which fell into three main categories: carbohydrate metabolism, lipid metabolism, and amino acid metabolism (Figure 6B). The 17 key pathways related to signaling and metabolism were further analyzed, and the expression patterns of the genes in the key pathways during different stages and in both sexes were compared. Overall, the data presented in Figure 6C show that the 54 unigenes in four signaling pathways (the AMPK, adipocytokine, insulin, and PPAR signaling pathways) had different expression patterns. The 16 unigenes involved in three lipid metabolic pathways, including fatty acid degradation, fatty acid biosynthesis, and the synthesis and degradation of ketone bodies, had different expression patterns (Figure 6C). The 28 unigenes were classified into five glucose metabolic pathways, including propanoate metabolism, glyoxylate and dicarboxylate metabolism, pyruvate metabolism, butanoate metabolism, and the citrate (TCA) cycle, and these genes had different expression patterns (Figure 6C). A total of 49 unigenes were classified into five amino acid metabolic processes, including valine, leucine, and isoleucine degradation, arginine and proline metabolism, arginine biosynthesis, glycine, serine, and threonine metabolism, and cysteine and methionine metabolism (Figure 6C).




Figure 6 | The KEGG enrichment analysis of DEGs. (A) All pathways enriched by the DEGs of the muscle in the different sexes at different stages. (B) The significantly enriched pathways (p < 0.05). (C) The identical DEGs and pathways participating in the muscle of T. blochii. (D) The gene expression patterns in the main pathways in the muscle of T. blochii.





3.8 Pathway comparison and integration analysis

The 18 key pathways, including 17 pathways related to nutrient metabolism and one energy metabolic pathway, were integrated. The same gene in the 17 metabolic pathways was used as a node to create a metabolic network of the 69 genes related to signal transduction, carbohydrate metabolism, lipid metabolism, and amino acid metabolism (Figure S3). There were 13 genes involved in the signaling pathways, including adipor, prkaa, prkab, lepr, nfkbia, lipe, ppp1r3, srebp1, pdpk1, jnk, rxra, and glpk. There were eight glucose metabolic genes (glut1, glut4, hk, gys, ldh, phdb, acss1_2, and ladh) and 13 lipid metabolic genes (slc27a1, fasn, acaca, apoa1, acsl, acsbg, acaa2, E2.3.3.10, acadm, acadvl, hadh, oxct, and cpt2) in the metabolic network. Additionally, the metabolic network revealed that amino acid metabolism involved 10 different amino acids, including three essential amino acids (leucine, valine, and isoleucine) and seven non-essential amino acids (serine, cysteine, glutamine, glycine, arginine, ornithine, and proline). The key genes involved in amino acid metabolism were acadm, acads, gatm, glna, glsa, dao, cps1, e3.5.3.1, got2, and cndp2. In addition, 24 genes were involved in oxidative phosphorylation, which was the only significantly enriched energy metabolic pathway (Figure 6D).



3.9 Validation of the RNA-seq profile

Twenty-two genes were selected for RT-qPCR, and the primers are reported in Table 1. The RT-qPCR results revealed a significant positive correlation with the RNA-seq results (p < 0.05; Figure S3), confirming the accuracy of the RNA-seq-based transcriptome expression analysis.


Table 1 | Primer information for RT-qPCR.




3.9.1 Expression of glucose metabolism-related genes in the muscle

The expressions of glut1 and glut4 were significantly up-regulated in males and females during the LS as compared to the ES (p < 0.05). No significant difference in glut1 or glut4 expression was observed between males and females during the ES (p > 0.05), but glut1 expression was significantly higher in males than in females during the LS (p < 0.01); however, no significant difference in glut4 expression was detected between males and females during the LS (p > 0.05). No significant difference in hk expression was observed between ES and LS males (p > 0.05). The expression of hk in females was significantly up-regulated during the LS (p < 0.05). However, while hk expression in females was significantly lower than that in males during the ES, the result was just the opposite during the LS (p < 0.05). The expression of gys in males was significantly higher during the LS than during the ES (p < 0.05), but no significant difference in gys expression was observed between females in the ES and LS, and no difference between males and females was detected at different stages (p > 0.05). Finally, ldh expression was significantly down-regulated during the LS (p < 0.05), and it was significantly higher in males during the ES than during the LS (p < 0.05) (Figure 7A).




Figure 7 | The expression of metabolism-related genes in the muscle. Different lowercase letters for the same sex in different stages and the different sexes in the same stage indicate significant differences (p < 0.05).





3.9.2 Expression of lipid metabolism-related genes in the muscle

The slc27a1 and fasn expression levels in males and females were up-regulated during the LS (p < 0.05). No significant differences in slc27a1 or fasn expression were observed between males and females during the ES (p > 0.05), but slc27a1 and fasn expression in males was higher than that in females during the LS (p < 0.01). The expression levels of acaca and e2.3.3.10 in females were up-regulated during the LS (p < 0.05), and they were higher in females than in males during the LS. However, the e2.3.3.10 expression levels in males in the ES and LS were not significantly different (p > 0.05). The acadm expression level in females was up-regulated during the LS (p < 0.05), and it was higher in females than in males during the LS. The acsl expression level in males was only up-regulated during the LS (p < 0.05). The cpt2 expression levels in males and females were up-regulated during the LS (p < 0.05), and the level was higher in males than in females during the LS (p < 0.01) (Figure 7B).



3.9.3 Expression of amino acid metabolism-related genes in the muscle

The expression of sds was higher in females than in males during the ES (p < 0.01), but the sds expression levels in males and females decreased significantly during the LS (p < 0.05), and no significant difference was observed between males and females (p > 0.05). No significant differences in dao or glna expression were observed between males and females during the ES or LS, but dao and glna expression in males and females was down-regulated during the LS (p < 0.05). The expression levels of e3.5.3.1 and cndp2 were lower in females than in males during the ES and LS, but they were decreased in males and females during the LS as compared with the ES (p < 0.05). No significant difference in gatm expression was observed between the sexes or during the different stages (p > 0.05). No significant difference in acads expression was observed between males and females during the ES or LS, but acads expression in females was up-regulated during the LS (p < 0.05). The cps1 expression level in males was up-regulated during the LS (p < 0.05). The glsa expression in females was higher than that in males during both the ES and LS (p > 0.05). No significant difference in got2 expression was observed between males and females during the ES or LS (p > 0.05), but the got2 expression levels in males and females increased during the LS (p < 0.05) (Figure 7C).





4 Discussion

Golden pompano is an economically important marine aquaculture species, and its growth rate has received attention as a core trait related to aquaculture production. In this study, the growth differences between male and female fish at different growth stages were compared, and the mRNA expression profiles of female and male golden pompano at two developmental stages were analyzed. This approach helps explain the possible roles that differences in muscle metabolism may play in the growth differences between male and female fish.


4.1 The relationship between growth and gonadal development

For the first time, it was found that the body weights of female golden pompano were 17% higher than those of males at 9 months of age (Figure 1A). Also, while ovarian development was found to stop after 7 months of age, the testes continued to develop (Figure 2). The correlation between gonadal development and growth is well known. Specifically, early gonadal development requires a significant investment of metabolic energy to sustain gametogenesis (Ladisa et al., 2021), and the arrest or regression of gonadal development corresponds with the period of maximum growth (Marchant and Peter, 1986; Mcbride et al., 2015). The transition from the gonadotropin phase to the growth-promoting phase involves a differential allocation of energy to support reproduction and growth (Schneider, 2004). Therefore, it is speculated that the difference between male and female growth in golden pompano after 7 months of age is related to the developmental status of male and female gonads; the continuous development of the testes may consume more energy, while the development of the ovaries is stagnant after 7 months of age, which allows more energy to be allocated to growth (Ladisa et al., 2021). Although the results are relatively simple, they support a negative correlation between gonadal development and muscle metabolism that depends on differences in energy distribution (Ladisa et al., 2021).



4.2 The key pathways in muscle at different developmental stages

According to previous studies, the expression of many genes in the non-gonadal tissues of males and females of the same species is significantly different, which fully demonstrates that non-gonadal organs (especially the liver, fat, and muscle) may play an important role in sexual dimorphism (Yang et al., 2006; Wang et al., 2021). Muscle is an indispensable organ that accounts for about 40% of the overall weight of an animal (Ma et al., 2015). Protein, carbohydrates, and lipid metabolism are vital for muscle growth (Zacharewicz et al., 2013; Huang et al., 2022). In this study, the difference in muscle growth at different growth stages was found to be greater than the difference between the sexes (Figure 3). Therefore, more attention was paid to the gene expression changes in muscle. The expression differences of the highly expressed genes in the muscle of males and females were first analyzed. The results showed that the pathways of highly expressed genes during the ES and LS in female and male muscle were similar and mainly focused on metabolic pathways (Figure 4), indicating that muscle plays an important role in metabolism (Hers, 1983; Muirhead and Watson, 1992; Zhao et al., 2020). The muscle mRNA expression profiles of 5- to 9-month-old males and females at different stages were somewhat similar (Figure 5H). The AMPK and adipocytokine signaling pathways were significantly up-regulated during the LS (Figure 6D). Previous research has revealed the importance of the AMPK pathway in cell proliferation (Coolican et al., 1997), as serine/threonine kinase extracellular regulated kinase (ERK) activates the substrate to regulate transcription/translation and control the cell cycle (Jones et al., 2001). In this study, the ERK gene was found to be significantly up-regulated during the LS, confirming the role of ERK in the regulation of muscle growth in golden pompano. A cell energy sensor of the regulation of the intracellular nutrition level (i.e., PRKAA) has displayed up-regulated patterns in the muscle during the LS (Gleason et al., 2007). A higher level of the leptin receptor (lepr) may be associated with weight gain during the LS. On the one hand, lepr has been shown to regulate feeding, growth, and energy allocation (El-Tarabany et al., 2020), On the other hand, a high expression of lepr can inhibit fatty acid mobilization (Mankiewicz et al., 2022). These data demonstrate the key role of leptin signaling in lipid and energy mobilization in teleost fish. In conclusion, the AMPK and adipocytokine signaling pathways play important regulatory roles in the muscle growth of golden pompano. In addition, this study also found an increase in the adipocytokine signaling pathway in females. Because the adipocytokine signaling pathway has been shown to control growth and energy metabolism (Lee, 2017), it is speculated that it plays an important role in the growth regulation of golden pompano.



4.3 Metabolic differences in the muscle of males and females

Muscle metabolic differences and energy allocation may be key factors in the growth differences between males and females. Glycolysis is a core metabolic pathway that provides energy for cellular activities, and the expression levels of key genes involved in this pathway (such as gpi, tpi, bpgm, pgk, pk, and ldh) are higher in female muscle tissue than in male muscle tissue (Hers, 1983; Muirhead and Watson, 1992). In the present study, the hk gene, which is involved in glycolysis, was found to remain highly expressed in females during the LS. However, the expression of the glut1, glut4, ldh, and gys genes was significantly lower in females than in males. These data suggest that glucose uptake and glycogen synthesis were inhibited, but that glucose metabolism was enhanced. The previously reported high expression levels of genes encoding glycolysis-related enzymes in female muscle tissues may contribute to sexual size dimorphism (Wang et al., 2021). Changes in glycogen metabolism may be associated with higher levels of GH circulating in fish during the gonadal involution and growth stages (Ma et al., 2020). Moreover, exogenous glucose promotes the transcription of gh and igf genes, indicating the close connection between carbohydrate metabolism and the GH-IGF axis (Riley et al., 2009; Bertucci et al., 2017). In fish, muscle growth is regulated by nutritional factors, particularly fat and amino acids (Bureau et al., 2000; Alami-durante et al., 2018; Canada et al., 2018; Zhao et al., 2019). In this study, the expression levels of several adipose-related genes, including acsl and cpt2, were found to be lower in females than in males during the LS. These adipose-related genes catalyze the rate-limiting steps of mitochondrial fatty acid β-oxidation (McAndrew et al., 2008; Houten and Wanders, 2010; Shua et al., 2018), and may contribute to intramuscular fat development by interacting with other muscle metabolism-related genes, resulting in fattier muscle in females than in 9-month-old males. Additionally, the metabolism of lipids produces more energy than other forms (Sun et al., 2020), and enhanced lipid catabolism in females favors the generation of more energy to allocate for growth. Amino acids are the basic building blocks for all proteins and polypeptides, and are crucial signal transducers. They are key factors for almost all metabolic processes in animals (Layman et al., 2015). The results of the present research show that the catabolism of seven non-essential amino acids and three essential amino acids was enhanced (Figure 8A). Notably, the synthesis of arginine and ornithine and the production of carnosine were inhibited, but the breakdown of glutamine was enhanced. Therefore, because glutamine provides nitrogen for the body, it promotes protein synthesis in muscle cells and promotes the growth and differentiation of muscle cells through cell expansion (Cruzat et al., 2014).




Figure 8 | The simplified diagram of the nutrient metabolism and oxidative phosphorylation pathways in the muscle of the females at the LS. (A) The simplified diagram of the nutrient metabolism; (B) oxidative phosphorylation pathways in the muscle. The data were compared with the males at the LS; blue indicates down-regulation and red indicates up-regulation.



In addition, the oxidative phosphorylation (OXPHOS) pathway was found to be significantly down-regulated in the muscle of 9-month-old males and females (Figure 6D), and a significant difference was observed between males and females (Figure 8B). Mitochondrial OXPHOS is a crucial process for energy homeostasis in all types of cells, including myofibers under various physiological conditions (Jarmuszkiewicz et al., 2015). Strikingly, 12 highly expressed genes in females (i.e., ndufs2, ndufv3, ndufa2, ndufa12, ndufb3, ndufb4, ndufb9, ndufb10, sdha, cox6a, cox15, and ATPeV1G) are members of the OXPHOS pathway. These genes increase proton yield and electron transfer efficiency, ultimately generating ATP through the ATPeV1G enzyme (Dietz et al., 2001). This suggests that females have higher rates of energy metabolism in certain pathways.




5 Conclusions

The results support a negative correlation between gonadal development and muscle metabolism that depends on differences in energy distribution. The AMPK and adipocytokine signaling pathways play an important regulatory role in the muscle growth and metabolism of golden pompano. Muscle metabolic differences and energy allocation may be the key factors in the growth differences between males and females. Specifically, the metabolism of glucose, and amino acids in females was found to be up-regulated, and OXPHOS ability was found to be stronger in females after reaching 7 months of age. This may be why golden pompano females displayed better growth performance after reaching 7 months of age. Most importantly, for the first time, sexual size dimorphism was detected in golden pompano. Although this study cannot completely account for all the metabolic pathways involved in the sexual size dimorphism of golden pompano, it provides a clear direction for future research.
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