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Studying the impact of genotype, tissue type, and their interaction on key sexual factor expression provides valuable insights into the spectrum and consequence of sex differences, particularly for maternal and paternal selection in the breeding of crustaceans. However, the interactions between genotype and tissue types, and their ability to distinguish the sexual differences of mud crab Scylla paramamosain remain unclear. Here we employed additive main effects and multiplicative interaction (AMMI), split-plot analysis (SP), and genotype main effects and genotype × environment interaction (GGE) biplot analysis to examine genotype × tissue interactions related to sexual factors expression of S. paramamosain. SP and AMMI analyses underscored genotype, tissue type, and their interaction can significantly affect sexual factor expression in both female and male crabs. AMMI analysis highlighted that genotype × tissue interactions exerted the most substantial influence on sexual factor expression in the females, while genotype alone played the most critical role in the males. GGE biplot analysis revealed positive correlations between gonad and other tissues, with the ovary and intestine showing the greatest discriminatory power for sexual factors in the females and the males, respectively. Moreover, gene fru2 exhibited relatively high and stable expression in both sexes which would be the preferred breeding index. This comprehensive statistical analysis sheds new light on the intricate relationship between genetics and phenotypes underlying sexual differences in S. paramamosain, offering valuable insights for developing tailored breeding strategies in mud crab parental selection.
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1 Introduction

Sexual dimorphism, the phenotypic differences between males and females of the same species, is a widespread phenomenon observed across the animal kingdoms (Cui et al., 2021a). Crustaceans, a diverse group of arthropods, exhibit a fascinating array of sexual dimorphism in various aspects, including morphology, behavior, and reproductive strategies (Zhang et al., 2021). One of the most noticeable manifestations of sexual dimorphism in crustaceans is the morphological distinctions between males and females (Farhadi et al., 2021a). These differences can include size, shape, and the development of specialized structures. For instance, male fiddler crabs often have an enlarged claw used in courtship displays and competitions, while female mantis shrimps may display different body shapes and coloration (Baeza et al., 2012). Additionally, male reproductive organs may include specialized appendages or gonopods for transferring sperm, while females may possess modified structures for egg production and release (Mantelatto and Martinelli, 2001). These adaptations reflect the evolutionary pressures associated with efficient reproduction. Courtship rituals, mating behaviors, and parental care duties can vary significantly between the sexes (Kobayashi and Archdale, 2020). In certain species, females may be responsible for protecting and caring for offspring, while males compete for mating opportunities through elaborate displays or aggressive behaviors (Spooner et al., 2007). Besides, varied reproductive strategies and behaviors contribute to the species’ adaptability and resilience in different environments. These different traits allow each sex to better adapt to the environment and occupy a favorable ecological niche (Bear and Monteiro, 2013).

Beyond the differences in appearance, sexual dimorphism is evident in the internal structure like the sexual organ origin from the tissue differentiation (Williams and Carroll, 2009). The cellular processes that drive sexual dimorphism are closely linked to tissue differentiation. In many species, the activation of specific signaling pathways, triggered by sex hormones, directs the development of primary and secondary sexual characteristics. This includes the differentiation of gonadal tissues, which produce hormones that further influence the development of non-reproductive tissues, such as muscle, bone, brain, and adipose tissue (Goossens et al., 2021; Uhl et al., 2022). In these non-reproductive tissues, therefore, a discernible functional dichotomy between sexes was evident. In the crustaceans, furthermore, sex-related genes of mud crab Scylla paramamosain such as Sp-Pol (Farhadi et al., 2021b), Sp-DMRT99B (Zhang et al., 2021), Sp-IAG (Jiang et al., 2020), Sp-Vih (Liao et al., 2020), and Sp-Wnt4 (Farhadi et al., 2021a) exhibited sex-biased expression. This observation suggests that certain tissues, including the gill, stomach, and hepatopancreas of S. paramamosain, display sexual dimorphism in some functions. These findings underscore the possibility that, apart from the gonads, internal tissues such as the gills, liver, and hepatopancreas of S. paramamosain may also manifest sexual dimorphism. Besides crustaceans often display secondary sexual characteristics that are associated with gender-specific genes. Nevertheless, a more in-depth meta-analysis based on these genes or molecular experimentation is imperative to conclusively establish the extent of sexual dimorphism in these organs. Studying the mechanism of this difference and clarifying the role of gene, tissue, and gene × tissue effects in the variation would be of great significance to analyze the genetic mechanism of sexual factors in depth. However, relevant research in this field has not been reported yet.

The mud crab, Scylla paramamosain, belonging to the genus Scylla, exhibits pronounced sexual dimorphism in growth rate, body size, cheliped size, and abdomen morphology (Shi et al., 2019). This sexual dimorphism extends beyond external characteristics to encompass various morphological, behavioral, and physiological traits, collectively known as secondary sexual traits. These traits, ranging from external genitalia to courtship behaviors, enable each sex to thrive in specific environmental conditions and occupy favorable ecological niches (Cui et al., 2021c). Moreover, investigations into gene expression have unveiled sex differences across organs and tissues (Cui et al., 2021b; Wan et al., 2022b; Wu et al., 2020). These findings underscore that the sexual disparities are not confined to external morphology but extend to internal organ and tissue structures. Moreover, the pronounced physiological divergence between male and female reproductive systems of S. paramamosain, particularly the distinct nutrient allocation strategies observed during gonadal maturation phase, presents a critical model for investigating evolutionary adaptations in sexual dimorphism. The elucidation of regulatory mechanisms controlling these sex-specific physiological adaptations - particularly the genotype × tissue interactions - remains fundamental to understanding reproductive fitness in ecologically significant crustacean species. In the context of aquaculture, mud crab females with mature ovaries command a premium in price and nutrition, presenting a lucrative opportunity for mono-sex culture (Waiho et al., 2020). Furthermore, given the conflict between female-biased vitellogenesis efficiency and male-specific spermatophore quality traits, the optimization of parental selection in mud crab aquaculture represents a critical bottleneck in sustainable crustacean domestication.

In this study, an additive main effects and multiplicative interaction (AMMI) (Gollob, 1968), genotype main effects and genotype × environment interaction (GGE) biplot analysis (Khan et al., 2021), and split-plot (SP) design (Jones and Nachtsheim, 2017) were used to analyze genotype × tissue interactions for sexual factors in S. paramamosain. The purpose of this study was to analyze the interactions between genotype and tissue types, and their ability to distinguish the sexual traits, and explore the intricate relationship between genetics and phenotypes underlying the sexual differentiation of S. paramamosain in-depth, and provide a reference for formulating a breeding plan for parental selection of mud crab.




2 Materials and methods



2.1 Experimental crabs and sample collection

The unmated male S. paramamosain weighing over 250g and female crabs prior to reproductive molting were procured for producing F1 generation following the methodology outlined by our published (Cui et al., 2021a). The offspring larvae were hatched and breed in concrete rearing tanks, they are transferred to isolated ponds to grow into adults when the larvae grow up to crablets. The F2 generation was cultured by the same process as F1 offspring. When F2 generation crablets matured into adults after approximately four months, individuals were randomly sampled. Culture conditions were ambient temperature (almost 30 °C), natural photoperiod, and salinity of approximately 30 ppt. The 30 female mud crabs Scylla paramamosain, with ovaries at stage IV weighing 250g to 300g, and 30 male crabs, with testis at stage II weighing around 200g, were selected. Meanwhile, the 30 wild female crabs and 30 male crabs with the same ovary developmental stages were captured from the inshore by the farmer. All male crabs are mixed into male crab groups and all female crabs are mixed into female crab groups.

The external abdomen morphology was obvious different between male and female S. paramamosain, while the male with narrow and straight abdomen and the female with wide and round abdomen (Shi et al., 2019). Besides, the male crab possesses the bigger cheliped than the female. Inner morphology of female S. paramamosain at stage IV (pre-maturation stage), the ovary increases in size compared to before (covering almost half of the posterolateral stomach) and changes from light yellow to bright orange (Wu et al., 2020). In the male crab, the testis at stage 2 with differentiated vas deferens, primary/secondary spermatocyte formation, but no spermatophores (Mhd et al., 2018). Upon arrival at the laboratory, they underwent an acclimation period at room temperature. The genetic gender was detected using the method we published to determine the consistency of genetic gender and morphological sex (Cui et al., 2021b). Subsequently, tissues including testes, ovaries, heart, hepatopancreas, muscle, gills, thoracic ganglion, intestines, and stomach were promptly dissected and preserved in RNA keeper solution (Vazyme Biotech Co., Ltd., Nanjing, China) at -80°C for RNA analysis.




2.2 RNA extraction and reverse transcription

Total RNA extraction from all samples was performed using the Animal Tissues Total RNA Extraction Kit (Tiangen Biotech Co., Ltd., Beijing, China). Subsequently, RNA integrity was assessed through 1% agarose electrophoresis. Quantification of RNA concentration and purity was conducted using a nucleic acid-protein analyzer (Eppendorf, Hamburg, Germany) and NanoDrop spectrophotometer (A260/A280 ratio ≥ 1.8; A260/A230 ratio ≥ 2.0). The extracted RNA was carefully sealed with a film and stored at -80°C for further use. For cDNA synthesis, the FastKing RT Kit (With gDNase) (TIANGEN Biotech, Beijing, China) was employed. A mixture comprising 1 μg of total RNA, 2 μL of gDNA buffer, and 8 μL RNase-free ddH2O was incubated at 42°C for 3 minutes. Subsequently, 2 μL of 5 × King RT reaction buffer, 1 μL of FastKing RT Enzyme Mix, 2 μL of FQ-RT Primer Mix, and 5 μL of RNase-free ddH2O were added to the reaction system, resulting in a total volume of 20 μL. The PCR conditions were as follows: 42°C for 15 minutes, 95°C for 3 minutes, followed by preservation at 4°C or for subsequent experiments.




2.3 Real time fluorescence quantitative PCR

Quantitative real-time polymerase chain reaction (qRT-PCR) was employed to assess mRNA expression levels across various tissues. The SYBR Green method (TIANGEN Biotech, Beijing, China) was adopted for qRT-PCR, following these conditions: initial denaturation at 95°C for 3 minutes; followed by 40 cycles of denaturation at 95°C for 5 seconds, annealing at 60°C for 10 seconds, and extension at 72°C for 15 seconds. Specific primers targeting sex-biased genes (fru1-b, fru2, fru1-a, IAG, IR1, and IR2), identified through previous research in our laboratory, along with a housekeeping gene (18S rRNA), are provided in Table 1. All data are expressed as the change with respect to the corresponding 18S Ct level. The 2–ΔΔCt method was used to analyze the expression of genes. Each sample underwent three replicates, and the gray value was expressed as mean ± standard deviation (Supplementary Table S1).


Table 1 | Specific primers for genes and housekeeping gene.






2.4 Data analysis



2.4.1 Split-plot analysis of variance

The experiment was structured as a split-plot design (Piepho and Edmondson, 2018), with wherein sex served as the main-plot factor distributed across two main plots within each of the three complete replicate blocks. A split-plot design is characterized by separate random assignments of levels of factors, where levels of some factors are assigned to larger experimental units called whole plots. Each whole plot is divided into smaller units, called split-plots, and levels of another factor are randomly assigned to split-plots (Wang et al., 2022a). Herein, tissue was designated as the sub-plot factor, with eight tissues (ganglion, gonad, stomach, heart, intestine, gill, muscle, and hepatopancreas) assigned to eight sub-plots within each main plot. Sex-related genes constituted the sub-plot factor, with six sexual genes (fru1-b, fru2, fru1-a, IAG, IR1, and IR2) allocated to individual sub-plots within each sub-plot. The split-plot analysis model is expressed as follows:

	

where: ymnp represents the expression of the m-th of sexual factor for the n-th tissue in the p-th complete block, μ denotes a general intercept, gmn represents the mn-th effect, ap signifies the effect of the p-th block; hmp is the main-plot error associated with the p-th block and m-th sex, assumed to be random with zero mean and variance σ2f, emp represents a residual sub-plot error with zero mean and variance σ2 (Wang et al., 2022b).




2.4.2 AMMI analysis

The main feature of the AMMI model combines analysis of variance with principal component analysis (Gollob, 1968; Wang et al., 2023). The AMMI model for the gth genotype (fru1-b, fru2, fru1-a, IAG, Dmrt99B, IR1, IR2, and wnt4) in the eth tissue (ganglion, ovary, stomach, heart, intestine, gill, muscle, testis, and hepatopancreas) defined as following:

	

where: yge indicates the expression of sexual factor genotype g in tissue e; μ is the grand mean; αg represents the average deviation of genotypes (the average value of each genotype minus the grand average value); βe signifies the average deviation of the tissue (the average of each tissue minus the grand average); λn denotes the eigenvalue of the nth interaction principal component axis (IPCA); γgn represents the genotype principal component score of the nth principal component; δen signifies the tissue principal component score of the nth principal component; N is the total number of principal component axes; θge denotes the residual.




2.4.3 GGE biplot analysis

GGE Biplot analysis serves to elucidate intricate interactions among various factors (Yan, 2002; Yan and Holland, 2010; Wang et al., 2023). In this study, the sex-related gene expression data from different tissue experiments were organized into a two-way table, encompassing sex factor and tissue, with each value representing the average expression of corresponding sexual factors in the respective tissue (that is, the phenotype value yge). Singular value decomposition of the first two principal components was utilized to fit the GGE Biplot model (Yan, 2002), expressed as follows:

	

where: yge denotes the mean expression for genotype g in tissue e; μ represents the grand mean; βe signifies the main effect of tissue e; with μ+βe representing the mean expression across all genotypes in tissue e; λ1 and λ2 denote the singular values (SV) for the first and second principal components (PC1 and PC2), respectively; γg1 and γg2 represent eigenvectors of genotype g for PC1 and PC2, respectively; δe1 and δe2 signify eigenvectors of tissue e for PC1 and PC2, respectively; θge denotes the residual associated with genotype g in tissue e.

The SP, AMMI, and GGE biplot analyses were conducted using the DPS data processing system (Tang and Feng, 2007; Wang et al., 2022a).






3 Results



3.1 SP analysis

The results of the split-plot analysis of variance were listed in Table 2 which showed that the p values of factors tissue, gene, and gene × tissue were 0.0018, 0, and 0 for female, and were 0.0031, 0, and 0 for male, indicating that significant (P < 0.01) impacts of gene, tissue, and gene × tissue interactions on the expression of sexual factors in both female and male crabs (Table 2). The analysis of variance in the SP framework highlighted differentiated F-values for gene, tissue, and tissue × gene effects in both male and female crabs, yet the F-value observed in female crabs surpassed that of male crabs.


Table 2 | SP analysis of sexual factors from different tissue trials.






3.2 AMMI analysis of variance

The AMMI analysis results demonstrated significant (P < 0.001) effects of gene, tissue, and gene × tissue interactions on the expression of sexual factors in both female and male crabs (Table 3). The analysis of variance revealed that 9.03% of the total sum of squares (SS) for sexual factor expression in females was accounted for by the genotype effect (G), while 39.77% and 50.89% of the total SS were attributed to tissue effects and genotype × tissue interactions, respectively. Additionally, PCA1 was obtained, contributing to 99.50% of the genotype × tissue interaction. For males, 56.76% of the total sum of squares (SS) for sexual factor expression was explained by the genotype effect (G), with 6.68% and 35.24% of the total SS attributed to tissue effects and genotype × tissue interactions, respectively. Similarly, PCA1 contributed to 69.36% of the genotype × tissue interaction.


Table 3 | AMMI analysis of sexual factors from different tissue trials.






3.3 GGE biplot analysis

GGE biplot analysis was conducted based on the mean expression of six sexual factors across eight tissues (Table 4 and Supplementary Table). The interpretation of various GGE biplot figures, including the “relationship among different tissues” (Figure 1), “which-won-where” (Figure 2), “High expression and expression stability” view (Figure 3), and “concentric circles” view (Figure 4), was derived from the conclusions drawn in Table 5. Due to the intrinsic regulatory network architecture, the convergence of expressional profiles was identified during GGE biplot analysis, where genes like IAG, IR1, and IR2 within co-expression modules exhibit synchronized dynamics. This functional coherence leads to indistinguishable clustering patterns in dimensionality-reduced visualizations, as evidenced by identical input expression value and yield mean.


Table 4 | Input expression value of six sexual factors in eight tissues.






Figure 1 | GGE-Biplot of the relationship among different tissues (F) and (M) indicate the GGE-Biplot of the relationship among different tissues for females and males, respectively. The ovary and testis are the crab gonads for females and males.






Figure 2 |     “Which-won-where” view of GGE-Biplot (F) and (M) indicate the “Which-won-where” view of GGE-Biplot for females and males, respectively. The ovary and testis are the crab gonads for females and males.






Figure 3 |     “High expression and expression stability” of sexual factors in GGE-Biplot (F) and (M) indicate the “High expression and expression stability” of sexual factors in GGE-Biplot for females and males, respectively.






Figure 4 |     GGE-Biplot with concentric circles (F) and (M) indicate the concentric circles for females and males, respectively. The ovary and testis are the crab gonads for females and males.




Table 5 | GGE biplot analysis of sexual factors in different tissue trials.



The “relationship among different tissues” plot (Figure 1) primarily assesses the similarity of sexual factor expression across different tissues. The cosine of the angle between two-line segments represents the correlation coefficient between the corresponding tissues. An angle less than 90° indicates a positive correlation, signifying similar expression patterns of sexual factors, while an angle greater than 90° indicates a negative correlation, suggesting opposite expression patterns. An angle equal to 90° indicates no correlation. The length of the line segment signifies the tissue’s ability to distinguish sexual factors, with longer segments indicating stronger discriminatory ability. The “relationship among different tissues” plot (Figure 1) highlights distinct patterns in sexual factor expression across various tissues in female and male crabs. In female crabs, the angles between ovary and intestine, muscle, stomach, heart, ganglion, and gill, were less than 90°, indicating a positive correlation among these tissues. Conversely, the angle involving ovary and hepatopancreas exceeded 90°, suggesting a negative correlation. This suggests two distinct expression patterns of sexual factors across the eight tissues in female crabs, with ovary demonstrating the strongest discriminatory ability. In male crabs, the “relationship among different tissues” plot displayed a contrasting pattern. The angles between testis and hepatopancreas, heart, ganglion, stomach, intestine, and gill were less than 90°, indicating a positive correlation. However, the angle between testis and muscle were more than 90°, also indicating negative correlations. Furthermore, intestine and muscle exhibited the strongest discriminatory ability among the eight tissues in male crabs.

In the “which-won-where” view of the GGE biplot (Figure 2), the experimental regions are delineated based on the interaction between sexual factors and tissues, aiming to elucidate the sexual factor with the highest expression level in each region. The sexual factor positioned at the top corner of the polygon within each region signifies the sexual factor with the highest expression in that specific region. In females, the “which-won-where” view revealed that the eight tested tissue locations were consolidated into three regions, hepatopancreas belonging to one area where IR1, IR2, and IAG exhibited the highest expression, and stomach and heart belonging to one area, and muscle, gill, ganglion, intestine, and ovary belonging to one area where fru2 had the highest expression. Similarly, in males, the tested tissue locations were categorized into three distinct regions. The muscle constituted one area, the hepatopancreas, heart, stomach, and ganglion comprised one region where IR1, IR2, and IAG exhibited the highest expression, while testis, gill, and intestine formed a third region where fru2 displayed the highest expression.

In the “High expression and expression stability” view of the GGE biplot (Figure 3), the determination of sexual factors with high and stable expression is facilitated. The transverse oblique line to the right represents the approximate average expression of sexual factors across all tissues. The perpendicular line to the transverse slash indicates the tendency of sexual factor × tissue interaction. Deviation from the transverse oblique line signifies instability in expression. For female crabs, the GGE biplot revealed that the average expression of fru2 was the highest, followed by IR2, IR1, IAG, fru1-a, and fru1-b in descending order. Among these, fru2 exhibited the most unstable expression. Conversely, fru1-a, and fru1-b demonstrated high stability, with fru1-a displaying the highest stability. In male crabs, the average expression of IAG, IR2, and IR1 ranked highest, followed by fru2, with fru1-a at the lowest. The most unstable expression was observed for fru2, while fru1-b exhibited the highest stability.

In the GGE biplot with concentric circles (Figure 4), high expression and expression stability are determined based on the distance of various sexual factors from the central point. Smaller distances indicate higher and more stable expression of sexual factors (Tang and Feng, 2007). The concentric circles biplot depicted that the sexual genes fru2 exhibited high expression and stability in females. Notably, IAG, IR2, and IR1 emerged as the best in terms of expression and stability in males, followed closely by fru2.





4 Discussion

The inheritance of the XX or XY set of sex chromosomes in humans largely determines the development of male or female sex-specific traits in adults. However, the mechanisms governing sex determination in lower invertebrates like crabs are still rudimentary compared to vertebrate mammals. Consequently, sex-biased gene expression, even in tissues not directly contributing to sexually dimorphic traits, assumes greater significance in the crab sex system (Oliva et al., 2020). Previous studies have identified several genes, including fru1-b, fru2, fru1-a, IAG, IR1, and IR2, as potential regulators of sex determination/differentiation, influenced by genetic and environmental factors. In our laboratory, fru1-a, fru1-b, and fru2 were identified and named by analyzing the transcriptome data of mud crab. It is speculated that fru1-a, fru1-b, and fru2 may significantly impact the ovary development and maturation of mud crabs, fru1-a may also participate in the development of nerve cells, and fru2 may also have a great impact on the testis development and maturation, fru1-b gene may be involved in the regulation of female crabs’ courtship behavior (Qiu, 2021). Insulin-like androgenic gland hormone (IAG) produced by androgenic gland (AG) in male crustaceans is regarded as a key regulator of sex differentiation (Huang et al., 2014). As a hormone, IAG interacts with its membrane receptor to initiate downstream signal pathways to exert its biological functions. In S. paramamosain, it suggests that the gene IR (insulin-like receptor) is involved in testicular development and plays a crucial role in transitioning from primary to secondary spermatocytes (Liu et al., 2023). Furthermore, our laboratory explored the different function of insulin-like receptor Sp-IR1 and Sp-IR2 gene in ovarian development.

Despite progress, challenges such as limited genome data, technological constraints, the complexity of the sex-determination system, and variability in master genes, hinder a comprehensive understanding of sex determination/differentiation mechanisms in crabs (Zhong et al., 2022). Given this primitive evolutionary state, internal tissues such as ganglion, gonad, stomach, heart, intestine, gill, muscle, and hepatopancreas likely exhibit sexual differences. Moreover, the same sexual factor may exhibit varied expressions across different tissues within the same organism. Therefore, analyzing the expression of key sexual factors across various internal tissues can provide insights into the sexual functions of crabs and aid in parental selection in the breeding.

A prerequisite for advancing sexual manipulation and maternal and paternal selection respectively is a comprehensive understanding of the genetic mechanisms governing sex determination and differentiation, processes that vary considerably across animal phyla (Fang et al., 2020). Studies on the genetic mechanism of crab sex determination or differentiation primarily concentrates on the genetic regulation of sex traits, including genetic interplay among these traits (Cui et al., 2021a, Cui et al., 2021b). Crabs represent prominent macro-fauna, inhabiting the transitional zones between land and sea, particularly in intertidal mangrove areas extending to shorelines (Kathiresan and Bingham, 2001). Within this diverse crab population, various crustacean species exhibit significant sexual dimorphism in growth rate, nutritional requirements, and economic importance (Wan et al., 2022a). Notably, the mud crab Scylla paramamosain has garnered substantial attention in maternal and paternal selection in the breeding process due to its economic significance and pronounced sexual dimorphism. As with most decapod crustaceans, the mud crab displays sexual dimorphism in structure, morphology, and physiology, resulting in considerable differences in economic value between females and males (Yang et al., 2017).

In this study, we employed AMMI and GGE biplot analyses to investigate genotype × tissue interactions concerning sexual factors in S. paramamosain. These analyses, namely SP, AMMI, and GGE biplots, amalgamate principal component analysis (PCA) with graphical representations to elucidate genotype × tissue interactions. The AMMI model, which integrates analysis of variance (ANOVA) and PCA, serves as an efficient tool for assessing genotype stability across multiple tissues, thereby aiding in the identification of genotypes exhibiting high expression levels tailored to specific tissues. Furthermore, the analysis of GGE biplots enhances our comprehension of genotype × tissue interactions, facilitating the identification of representative tissues, assessment of the discriminatory ability of test tissues, and identification of stable genotypes across multi-tissue trials (Shahriari et al., 2018).

The outcomes of the SP and AMMI analyses unveiled that the expression of sexual factors was significantly influenced by genotype, tissue, and genotype × tissue interactions across both female and male specimens. This underscores that the gene expressions of sex-related factors were impacted by sex as well as the specific tissues examined, highlighting sex disparities across tissues. AMMI analysis indicated that genotype × tissue interactions played a pivotal role in driving the total variation in sexual factor expression in comparison to tissue and genotype of females, while genotype is the predominant contribution to the total variation of males. Specifically, for females, 50.89% of the total sum of squares was attributed to the effect of genotype × tissue interactions, whereas for males, this figure stood at 35.24%. These results suggest that the gene expressions of sex-related factors were shaped by dynamic interplay between sexes and tissues for females, but genotype for males. The dominance of genotype × tissue interactions in female crustaceans stems from their reproductive physiology-driven evolutionary constraints, contrasting with male crabs’ behavioral selection pressures. This dichotomy arises from fundamental differences in sex-specific life history strategies and energy allocation patterns (Alava et al., 2007; Zeng et al., 2024). This report about the male crabs diverges from previous studies on traits in rice (Akter et al., 2014), Plantago species (Islam et al., 2014), and fish (Wang and Ma, 2021). In AMMI analysis of these traits, genotype predominantly accounted for 67.11%, 53.57%, and 86.11% of the total variation in grain yield, seed yield, and disease resistance, respectively. However, the female crab possesses the higher price compared to the males. Consequently, in the context of selection, the ranking of genotype × tissue interactions become crucial, as it is determined by both genotypes and tissues. In such scenarios, mitigating or eliminating the effects of tissue and genotype main effects becomes imperative. Therefore, it is imperative to consider the reciprocal interaction between sex and tissue when selecting sexual factors as a basis for breeding endeavors.

GGE biplot analysis revealed notable discrepancies in the ranking of the six sexual factors across the eight tissues both within and between sexes. These variations in tissue correlation between males and females underscore the importance of considering differences between male and female tissues when investigating gene expression patterns of sex-related factors. The GGE-Biplot of the relationship among different tissues illustrated a negative correlation between gonad and hepatopancreas in the female. This is consistent with the implications of lipid transfer from the hepatopancreas to ovaries, alongside lipid accumulation in ovaries, a concurrent decrease in total lipid content is observed in the hepatopancreas throughout vitellogenesis in mud crab and other crabs (Alava et al., 2007; Wouters et al., 2001; Zeng et al., 2024). The GGE-Biplot of the relationship among different tissues indicated a positive correlation between gonad and all tissues except for muscle in males, consistent with previous study in which the correlation between the taste component content and degree of gonad (testis) maturation was low (Chiou and Huang, 2010). Moreover, the ovary exhibited the highest discriminatory ability for the six sexual factors in female crabs, and other tissues suggested similar discriminatory ability, consistent with our knowledge of that crab ovary is the most important sexual organ (Aaqillah-Amr et al., 2018). The intestine and muscle whereas displayed the strongest discriminatory ability in male crabs, which is in accordance with that the male muscle as a major edible part has high nutritional value for amino acid composition with percentages changing differently from the gonad (Wu et al., 2019).

The “which-won-where” view indicated that the eight test tissue locations were consolidated into three regions in the both male and female, with fru2 exhibiting the highest expression in this gonad region. In the “high expression and expression stability” view, the fruitless (fru) gene exhibited both high expression and stability in both females and males. These findings is harmonious with previous study, in which the fruitless (fru) gene plays an important role in the sex determination pathway and courtship behavior of crabs (Li et al., 2017). Stable fru2 expression ensures the integrity of neural circuits governing species-specific mating rituals like claw-waving displays in crabs, and fru2 stabilizes the expression of vitellogenin (yolk protein) in females and spermatophore-binding proteins in males. Its instability may cause asynchronous gonad development or defective gametes (Kimura et al., 2005). The concentric circles biplot illustrated that these sexual genes exhibited comparable expression and stability, with exceptions noted for fru2 in females, where IAG, IR1, and IR2 showcased superior expression and stability in males. These findings are attributed to differences in the expression patterns of sex factors across various tissues, suggesting that the regulatory mechanisms governing sex differ among the eight organs examined. It is speculated that IR families, characterized by high expression and stable properties, play a pivotal role in distinguishing tissue and sex differences of the male crab (Cui et al., 2021d).




5 Conclusion

Studying the intricate relationship between genetics and phenotypes for sexual difference and clarifying the role of gene, tissue, and gene ×tissue effects in the variation would be of great significance to analyze the genetic mechanism of sexual factors in depth. AMMI, SP, and GGE were used in this study to analyze genotype × tissue interactions for sexual factors in S. paramamosain. The results of AMMI analysis revealed that genotype × tissue interaction was the major contributor to the total variation in sexual factor expression in the females while genotype alone played the most critical role in the males, which indicated that not only the sex factor but also the phenotype should be considered for the parental selection index in the breeding of mud crab. GGE biplot analysis revealed positive correlations between gonad and other tissues, with the ovary and intestine showing the greatest discriminatory power for sexual factors in the females and the males, respectively. This indicated that ovary and intestine should be preferred as the breeding indicators in maternal and paternal selection respectively. Moreover, gene fru2 exhibited relatively high and stable expression in both sexes according to the expression levels of six sexual factors in eight tissues, which indicated that, in general, fru2 would be the preferred breeding index. Therefore, this study provides new insight into the advances of the parental selection index in the breeding of mud crab.
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