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Abstract

:

This study evaluated the disparities in growth performance and nutritional composition between two common Chinese mitten crab varieties, “Jianghai 21” and “Changjiang 2”, cultured in Jiangxi Province. Over the breeding period, parameters such as body weight, height, carapace length and width, and lengths of the second and third legs exhibited increases. Growth indices of “Jianghai 21” surpassed those of “Changjiang 2” during the intermediate and late breeding phases. While “Changjiang 2” demonstrated significantly higher crude lipid content than “Jianghai 21”, the latter exhibited markedly higher levels of total amino acids (TAAs), essential amino acids (EAAs), and delectable amino acids. Although overall nutrient composition did not significantly differ, TAA and EAA contents in the hepatopancreas were notably greater in “Jianghai 21” than in “Changjiang 2”. Moreover, a total of 901 differentially expressed genes (DEGs) were identified between the two varieties, with 560 upregulated and 341 downregulated. These DEGs were primarily associated with pathways related to fatty acid degradation, metabolism, and growth regulation. The observed variances in growth performance and nutrient composition between “Jianghai 21” and “Changjiang 2” suggest potential regulation by relevant genes. In summary, the results showed that the growth performance of “Jianghai 21” is greater than that of “Changjiang 2”, offering valuable insights for the selection of aquaculture varieties in the region.
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Key Contribution: This study examined the differences in growth performance and nutritional composition between two varieties of Chinese mitten crabs cultivated in Jiangxi Province; namely, “Jianghai 21” and “Changjiang 2”. Through the analysis and comparison of transcriptome data, we aimed to provide a comprehensive understanding of the variations in growth performance and nutritional composition between these two varieties.










1. Introduction


Aquaculture serves as a vital protein source to meet the growing demand for this essential component of the human diet and stands as the fastest-growing sector in the global food industry [1,2]. Studies have highlighted the distinct growth performances and breeding benefits across various aquaculture species [3,4]. Moreover, different strains within the same species can exhibit varied growth performances, even under identical culture conditions [5]. For instance, the Steelhead strain of rainbow trout exhibits a relatively high ability to modulate fatty acid composition compared to other strains, resulting in lower EPA + DHA content [6]. Similarly, evaluation of three Macrobrachium rosenbergii strains in Vietnam revealed superior performance in the Hawaii strain among the pure strains [7]. Therefore, selecting suitable breeding species adapted to local environmental conditions is crucial to enhance breeding efficiency.



Within the Chinese aquaculture industry, the Chinese mitten crab (Eriocheir sinensis) holds substantial economic significance as a freshwater aquaculture crab, contributing significantly to production and economic value [8,9], with an annual production reaching 815,318 tons in 2022 [10].



Newly cultivated varieties of Chinese mitten crab include “Changjiang 1” [11], “Changjiang 2” [12], “Jianghai 21” [13], “Noah 1” [14], and “Guanghe 1” [15]. “Changjiang 1” demonstrates rapid growth and a high survival rate of ≤70% [11]. Conversely, “Changjiang 2” (MOA registration number: GS-01-004-2013) is a river crab variety within the Yangtze River system, exhibiting excellent economic traits and notable attributes such as rapid growth, large size, and stable genetic properties; specifically, “Changjiang 2” exhibits an average individual size increase of approximately 18.5% compared to wild populations. The adult crabs within the farming group display uniform sizes, with the coefficient of variation in body mass for both females and males being less than 10%, which suggests stable genetic characteristics [12,16]. “Jianghai 21” (MOA registration number: GS-02-003-2015), developed in 2015, represents a refined version of the top-quality river crab varieties in the Yangtze River Basin, boasting enhanced aesthetics, robust body shape, and a distinct flavor appealing to discerning consumers. “Jianghai 21” shows traits such as rapid growth, larger size, higher yield, and longer legs. Notably, over 50% of the female crabs exceed a weight of 150 g, and the males surpass 200 g [13,16,17]. “Noah 1” is characterized by rapid growth and high stress resistance [14]. Lastly, “Guanghe 1” is a significant variety cultured in the Liaohe River Basin, with adult crabs boasting an average size and survival rates surpassing those of wild counterparts by 25.98% and 48.59%, respectively [15].



Jiangxi Province plays a pivotal role in Chinese mitten crab cultivation, primarily focusing on “Changjiang 2” and “Jianghai 21”. To comprehensively assess and compare the advantages of these two varieties under aquaculture conditions, we conducted a comparative analysis targeting specific growth indices, nutrient composition, and muscle transcriptome. Our study endeavored to establish a robust scientific foundation for the sustainable aquaculture of Chinese mitten crabs in this region.




2. Materials and Methods


2.1. Experimental Protocol and Sample Collection


This study adhered to established guidelines and was conducted at the Jiangshui Hairy Crab Culture Base in Funagata Village, Pengze County, Jiujiang City, Jiangxi Province, with approval from the Animal Conservation and Utilization Committee of Nanchang University. The experimental ponds, ranging from 20,000 to 20,100 m2 in size, were earthen ponds equipped with ample water supply and maintained water quality conforming to fishery and aquaculture standards (Table 1). The two cultured crab varieties, “Changjiang 2” and “Jianghai 21”, were introduced on 28 February 2023, following the selection of robust, agile, uniformly sized, and trauma-free button crab seedlings. The conditions for seedling release are outlined in Table 2.




2.2. Aquaculture Water Quality Measurements


Pond water quality was analyzed at 30, 60, 90, 150, and 240 d after the initiation of the aquaculture trials summarized herein. Fixed monitoring points (sampling points) were established at the inlet, outlet, and center positions of each test pond. Three samples were withdrawn from each pond, totaling nine samples from the three ponds for each cultured variety. Water samples were collected directly from the preset positions in 250 mL brown glass bottles, sealed, and stored away from light for nitrite nitrogen (NO2−N, mg/L) analysis. A 1-L collector was used to collect water samples at the preset positions, and concentrated sulfuric acid was added at a ratio of 1:500. The samples were sealed and kept away from light for ammonia nitrogen (NH3−N, mg/L) analysis. Water temperature (°C), dissolved oxygen (mg/L), and pH were measured using a YSI portable multifunctional water quality analyzer (Professional Plus, YSI Incorporated, OH, USA). Ammonia nitrogen (NH3−N, mg/L), nitrite (NO2−N, mg/L), sulfide (S[−II], mg/L), and phosphate (PO43−, mg/L) were analyzed and measured using an Octane W-1 Aquatic Water Quality Analyzer and its companion kit.



As indicated in Table 1, all ponds maintained water quality indices within the standard limits throughout the culture period. This suggests that the water quality remained satisfactory throughout the experiment, allowing for the subsequent comparative experiments to be conducted.




2.3. Measurement of Growth Indicators


Thirty Chinese mitten crabs (E. sinensis) of the “Changjiang 2” and “Jianghai 21” varieties were randomly selected at 30, 60, 90, 150, and 240 d during the aquaculture experiment, and basic growth data were recorded. Body weight (BW) was measured using an electronic scale with a precision of 0.01 g, while carapace length (CL), carapace width (CW), body height (BH), second step foot length (SSL), and third step foot length (TSL) were measured using electronic Vernier calipers with a precision of 0.001 cm. The specific measurement method is as follows: CL was measured from the front edge of the cephalothorax (i.e., the front end between the eyes) to the rear edge of the cephalothorax (i.e., the back end of the center line); CW refers to the widest part of the carapace, that is, the lateral distance between the two edges is measured; BH was measured vertically from the highest point of the carapace (i.e., the center of the back) to the lowest point of the abdominal carapace; the length of SFL and TFL refers to the straight-line distance from the base of the leg of the second or third step (i.e., where the leg joins the carapace) to the tip of the leg.



Weight gain rate (WGR), specific growth rate (SGR), growth rate of CL (GRCL), growth rate of CW (GRCW), growth rate of BH (GRBH), growth rate of the second step foot (GRSSL), and growth rate of the third step foot (GRTSL) were calculated using the growth index on day 30 as the initial growth data and growth index on day 240 as the final growth data, employing the following equations:


WGR (%) = (Wf − Wi) × 100/Wi;










SGR (%/d) = (lnWf − lnWi) × 100/T;










GRCL (%) = (CLf − CLi) × 100/CLi;










GRCW (%) = (CWf − CWi) × 100/CWi;










GRBH (%) = (BHf − BHi) × 100/BHi;










GRSSL (%) = (SSLf − SSLi) × 100/SSLi;










GRTSL (%) = (TSLf − TSLi) × 100/TSLi;








where Wi is the mean initial BW (g); Wf is the mean final BW (g); T is the time interval of breeding; CLi and CLf are the means of initial and final CLs, respectively; CWi and CWf are the means of initial and final CWs, respectively; BHf and BHi are the means of initial and final BHs, respectively; SSLf and SSLi are the means of initial and final lengths of the second step foot, respectively; SSLf and SSLi are the means of initial and final lengths of the second step foot, respectively; TSLf and TSLi are the means of initial and final lengths of the third step foot, respectively.




2.4. Nutrient Component Measurements


At the conclusion of the cultivation trial, 10 E. sinensis individuals were randomly selected from each pond, and their muscle and hepatopancreatic tissues were collected and analyzed for nutrient composition, with the nutritional composition measurement of each crab performed with 3 technical replicates. Moisture content was assessed using the GB5009.3-2016 method of dry-weight loss at a constant temperature of 105 °C, measured with an electronic balance with a precision of 0.001 g. Crude lipid content was determined employing the Soxhlet extraction method (GB5009.6-2016) and Soxhlet extractor equipment. Crude protein content was assessed using the Kjeldahl method (GB5009.5-2016) with a Haineng K1160 (Hangzhou Haina Instrument Co., Ltd., Hangzhou, China) fully automatic nitrogen analyzer. Amino acid composition was analyzed using a Hitachi L8900 (Hitachi, Ltd., Tokyo, Japan) automatic amino acid analyzer.




2.5. Transcriptomics Analysis


2.5.1. Sample Collection, RNA Extraction, cDNA Library Construction, and Sequencing


On day 90 after initiating the breeding experiment, three healthy specimens of E. sinensis with comparable weights were randomly selected from each of the two cultured varieties, “Changjiang 2” and “Jianghai 21”. Muscle samples were extracted from their legs, immediately frozen, and stored in liquid nitrogen until RNA extraction. Total RNA was extracted using TRIzol reagent (Cat. No. 10296010CN) following the manufacturer’s instructions. Subsequently, isolated RNA was treated with RNase I (Omega Bio-tek, Inc., Norcross, GA, USA) to eliminate genomic DNA contamination. The quality and integrity of the mRNA fraction were verified using gel electrophoresis (1.5% agarose gel) and absorption spectroscopy. An Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and Qubit (Qubit, Waltham, MA, USA) were used to measure the RNA integrity and concentration in each sample. Equal amounts of RNA were collected from each group of three crabs for the subsequent phase of analysis.



The RNA utilized for library construction initially comprised total RNA. Subsequently, mRNA containing a poly(A) tail was extracted using Oligo(dT) magnetic beads and fragmented using divalent cations in fragmentation buffer through random interruption. The resulting fragmented mRNA acted as a template to synthesize the first cDNA strand in the M-MuLV reverse transcriptase system using random oligonucleotides as primers. The RNA strand was degraded using RNase H, and a second cDNA strand was synthesized via the DNA polymerase I system using dNTPs. The purified double-stranded cDNA was repaired, A-tailed, and connected to a sequencing adapter. AMPure XP beads were then used for cDNA fragment screening between 250 and 300 bp. A cDNA library was obtained using PCR amplification and AMPure XP bead purification. After successful quality control, the constructed paired-end libraries were sequenced on an Illumina HiSeq 2500 platform (Beijing Novozymes Technology Co, Beijing, China).




2.5.2. Transcriptome Sequencing Data Processing


High-quality clean reads were obtained by discarding reads with junctions, unidentifiable base information, and low-quality reads. Additionally, Q20, Q30, and GC content analyses were performed on clean data (Supplementary Table S1). All subsequent analyses were conducted on high-quality clean data. The reference genome was indexed using HISAT2 v2.0.5, and the paired-end scrubbed reads were aligned against the established E. sinensis reference genome (http://www.genedatabase.cn/esi_genome.html, accessed on 1 July 2023) using HISAT2 v2.0.5, and StringTie (1.3.3b) for ab initio assembly of splice transcripts (Supplementary Table S2).



Following transcript assembly, we performed differential expression analysis of the two comparative combinations using DESeq2 software (version 1.20.0) (Supplementary Figure S1). DESeq2 utilizes statistical procedures to identify differential expression in numerical gene expression data (FPKM) using models based on negative binomial distributions. Adjustments were made to the resulting p-values to control for false discovery rates using the Benjamini–Hochberg method. Genes with an adjusted p-value of ≤0.05, identified by DESeq2, were designated as exhibiting differential expression. Functional analysis of differentially expressed genes (DEGs) and transcripts was conducted using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG), providing further insight into the corresponding roles and pathways of the DEG patterns. After normalizing the FPKM values of DEGs, we performed cluster heatmap analysis of the genes related to growth and nutrition among screened DEGs using ChiPlot.




2.5.3. Quantitative RT-PCR (qPCR)


Quantitative qRT-PCR analysis was performed to ensure the accuracy of the transcript results. RNA extraction and cDNA synthesis were conducted as previously described. The QuantStudio™ 6 FLEX (Thermo Fisher Scientific, Waltham, MA, USA) was utilized for qRT-PCR, employing the SYBR ExScrip qRT-PCR kit (Takara, Beijing, China). Primers for qRT-PCR were designed using Premier 5.0 software (Premier Biosoft International, San Francisco, CA, USA) based on the compiled gene sequences (Table 3). Three biological replicates were included for each gene with three technical replicates each. Gene expression levels were normalized using the housekeeping gene β-actin as an internal control. Relative gene expression was calculated using the 2−ΔΔCt method, with CJ samples as calibration controls.





2.6. Statistical Analysis


Using SPSS software (version 26.0; IBM Corporation, Armonk, NY 10504, USA, 2019), we performed data analysis. Data are presented as means ± standard deviation. Percentage data underwent square root inverse-chord transformation to achieve chi-square variance before statistical analysis. The results were assessed for significance using one-way analysis of variance and the post-hoc Duncan’s multiple range test. Significance was considered at p < 0.05.





3. Results


3.1. Growth Performance


Both studied crab varieties exhibited enhanced growth performance to varying degrees over the culture period. As indicated in the data summarized in Table 4, after 240 d of stocking, E. sinensis “Jianghai 21” demonstrated significantly greater mean final BW, WGR, GRCL, GRCW, GRBH, GRSSL, and GRTSL than “Changjiang 2” (p < 0.001). Additionally, as depicted in Figure 1, there were no significant differences in BW, CL, CW, or BH between the two varieties during the 30–150 d of stocking (p > 0.05). However, after 240 d of stocking, all these indices were significantly higher for “Jianghai 21” than for “Changjiang 2” (p < 0.001). “Jianghai 21” displayed significantly higher values than “Changjiang 2” at 240 d of stocking (p < 0.001). Moreover, the mean SSL for “Jianghai 21” was significantly higher than that for “Changjiang 2” on days 90 and 150 of stocking, and after 240 d of stocking, the difference became highly significant (p < 0.001). Regarding TSL, no significant difference was observed between the two varieties during the 30–150 d (p > 0.05), but after 240 d of storage, the mean TSL value for “Jianghai 21” was significantly higher than that for “Changjiang 2” (p < 0.01).




3.2. Proximate Composition


There were no significant differences (p > 0.05) in muscle moisture or crude protein contents between “Changjiang 2” and “Jianghai 21”. However, the crude lipid content of “Changjiang 2” was significantly greater than that of “Jianghai 21” (p < 0.001). Conversely, there were no significant differences (p > 0.05) in hepatopancreas moisture, crude protein, or crude lipid contents between the two cultured varieties (Figure 2 and Figure 3).




3.3. Amino Acids


A total of 16 amino acids, including aspartic acid, threonine, and serine, were analyzed in muscle and hepatopancreas tissues (Table 5 and Table 6). In muscle tissue, alanine (Ala), cysteine, valine, phenylalanine, lysine, arginine (Arg), and essential amino acid (EAA) contents were significantly higher in specimens of “Jianghai 21” than in those of “Changjiang 2” (p < 0.05). Additionally, total amino acid (TAA) and umami amino acid (DAA) contents were significantly higher in specimens of “Jianghai 21” than in those of “Changjiang 2” (p < 0.001) (Table 5). Similarly, cysteine and EAA contents in the hepatopancreas tissue of “Jianghai 21” crabs were significantly higher than those in “Changjiang 2” crabs (p < 0.05), and TAA content in the hepatopancreas tissue of “Jianghai 21” specimens was highly significantly higher than that of “Changjiang 2” specimens (p < 0.001). However, hepatopancreas DAA content did not show a significant difference between the two cultured varieties of E. sinensis (p > 0.05) (Table 6).




3.4. DEG Analysis


The objective of the differential expression analysis was to identify DEGs between specimens of the two cultured varieties under study and further explore their functions. The screening criteria for DEGs were padj ≤ 0.05 and fold change ≥ 2. In the JH versus CJ comparison group, a total of 901 DEGs were identified, with 560 (62.2%) upregulated and 341 (37.8%) downregulated (Figure 4).




3.5. GO and KEGG Analysis of DEGs


We conducted GO analysis to annotate the biological roles of the identified DEGs. The GO annotation results showed that in the JH versus CJ comparison group, 901 DEGs obtained GO annotation information. These DEGs, comprising 560 upregulated and 341 downregulated genes, were classified into 30 subcategories of the three major GO ontologies: biological process (BP), cellular component (CC), and molecular function (MF). In the BP ontology, significant enrichments were observed in redox processes, proton transmembrane transport, and cation transmembrane transport. In the CC ontology, significant enrichments were found in extracellular regions, mitochondria, mitochondrial periplasm, and mitochondrial membrane fractions. In the MF ontology, significant enrichments were identified in oxidoreductase activity, cofactor binding, and structural components of the cuticle (Figure 5).



Additionally, KEGG annotation of the detected DEGs revealed that most DEGs were associated with 84 specific KEGG metabolic pathways, with a total of 347 DEGs involved. Major pathways that were significantly enriched included valine, leucine, and isoleucine degradation (25 DEGs); oxidative phosphorylation (20 DEGs); carbon metabolism (18 DEGs); fatty acid degradation (14 DEGs); fatty acid metabolism (14 DEGs); motor protein (14 DEGs); and extracellular matrix (ECM)—receptor interaction (five DEGs) pathways (Figure 6).




3.6. Clustering Heat Map Analysis of DEGs


DEGs related to growth performance and nutritional components, identified from transcriptome-annotated genes exhibiting significant expression differences, were subjected to clustering heatmap analysis (Figure 7 and Figure 8). As shown in Figure 7, several genes, including Ras-related and estrogen-regulated growth inhibitors (RERGs), growth arrest-specific protein 1 (GAS1), inhibitor of growth protein 1-like, growth arrest and DNA damage, inhibition of growth protein 3, and delta and Notch-like epidermal growth factor, were expressed at higher levels in the CJ group than in the JH group. Conversely, genes such as Activin receptor type-1, unconventional myosin-XV-like, delta and Notch-like epidermal growth factor, unconventional myosin-IE-like, and multiple epidermal growth factor-like domains protein 6 (EGFL6) exhibited higher expression levels in the JH group than in the CJ group.



As shown in Figure 8, genes including large neutral amino acid transporter small subunit 1-like (LAT1), STAR-related lipid transfer protein 7 (STARD7), intermembrane lipid transfer protein VPS13D (VPS13D), leukocyte cysteine proteinase inhibitor 1 (CST1), excitatory amino acid transporter 2-like (EAAT2), glycolipid transfer protein-like (GLTP), histone-lysine N-methyltransferase SMYD3 (SMYD3), and lysophospholipid acyltransferase 5-like (LPEAT5) showed a higher expression levels in the CJ group than in the JH group. Conversely, serine/Arg repetitive matrix protein 2-like (SRMP2) and serine/Arg-rich splicing factor 5 (SRSF5) exhibited higher expression levels in the JH group compared to the CJ group.




3.7. Validation of DEGs by qRT-PCR


Selection of growth- and nutrition-related genes from the JH vs. CJ comparison groups was based on transcriptomic DEGs information, with DEGs meeting the criteria of q value ≤ 0.01 and large multiplicity of differences being chosen (Table 7). Specifically, genes, such as bone morphogenetic protein 2 (BMP2), EGFL6, β-epidermal growth factor (EGF-β), low-density-lipoprotein-receptor-related protein 8 (LRP8), protein Wnt4-like (WNT4-like), protocadherin Fat 1 (FAT1), SRMP2, LAT1, SRSF5, transforming growth factor β-1 (TBRG1), RERG, GAS1, WNT and FGF inhibitory regulator (WFIR), EAAT2, STARD7, SMYD3, VPS13D, GLTP, CST1, and LPEAT5 were included.



The expression levels of these 10 DEGs were determined using qRT-PCR (Table 3). Figure 9 consistently depicts the correlation between RNA-seq and qPCR expression results. With the CJ group used as the control group, the expression trends of these 10 aligned genes in the JH group were consistent with the RNA-seq results, affirming the reliability of our transcriptome data.



To further demonstrate the reliability of the gene expression data obtained from transcriptome sequencing more intuitively, a correlation analysis was conducted between the results of RNA-seq and qPCR experiments. The analysis results indicated a strong correlation between the two datasets (R2 = 0.616, p < 0.01, Figure 10), suggesting the reliability of the conducted transcriptome sequencing.





4. Discussion


The growth of Chinese mitten crabs is influenced by multiple factors, including water quality and food availability [18]. Throughout our study, the water quality in all experimental ponds consistently met tertiary fishery and surface water standards (Table 1), with food supply remaining constant across the culture period (Table 2). Larger crabs typically yield higher economic returns, making the comparison of growth performance a critical aspect of crab farming evaluation [19]. Growth performance in Chinese mitten crab varieties is commonly assessed through indicators such as WGR, SGR, carapace dimensions, and appendage length [20,21].



In our investigation, growth performance of the two Chinese mitten crab varieties was assessed using BW, CL, CW, BH, SSL, and TSL. After 240 d of stocking, the final BW, WGR, GRCL, GRCW, GRBH, GRSSL, and GRTSL of E. sinensis “Jianghai 21” significantly exceeded those of “Changjiang 2” (Table 4 and Figure 1), indicating superior growth advantages in “Jianghai 21”. This aligns with findings from Wang et al., suggesting both varieties may offer high nutritional value, with final crab brood weights ranging from approximately 150 to 200 g [22].



The muscle and hepatopancreas are key edible parts of Chinese mitten crabs, significantly influencing consumer preferences and market prices [23]. Tang et al. conducted a comparative analysis of muscle flavor in wild Chinese mitten crabs sourced from different rivers, revealing that those from the Min River exhibited the highest meat yield (32.94 ± 2.93%) and greatest TAA content (1404.01 ± 2.83 mg/100 g), with sweet amino acids comprising 64.9% [24]. Herein, the muscle crude-lipid content of “Changjiang 2” was notably higher than that of “Jianghai 21” (Figure 2). This aligns with previous findings [25], indicating that “Changjiang 2” displayed lipid levels intermediate between wild and paddy crabs, whereas “Jianghai 21” exhibited lower lipid content than that exhibited by wild crabs, measuring only 0.42 ± 0.01 g/100 g. Additionally, the TAA and EAA levels in “Jianghai 21”, particularly in muscle tissue, exceeded those in “Changjiang 2”, with a notable elevation in diaminopimelic acid (DAA) in “Jianghai 21” (Table 5 and Table 6), suggesting superior flavor potential [26]. Previous research has indicated that glutamic acid, Ala, and Arg play significant roles in imparting the fresh and sweet flavor characteristic of crabs [27,28]. The muscle tissue of “Jianghai 21” exhibited significantly higher levels of Ala and Arg than that in “Changjiang 2”, hinting at a potentially enhanced flavor profile in “Jianghai 21”.



To explore the differences in growth and nutritional components between the two varieties of the Chinese mitten crab, this study conducted transcriptome analysis of muscle tissues from both varieties. The objective was to uncover the molecular mechanisms driving variations in growth and nutritional aspects between these crab varieties. Previous research has extensively investigated the culture of E. sinensis using transcriptomic approaches [29,30,31]. Herein, we focused on analyzing the muscle transcriptomes of the E. sinensis varieties “Changjiang 2” and “Jianghai 21”. Overall, 38.5 Gb of pure data were generated (Supplementary Table S1), with comparison efficiencies ranging from 68.31 to 86.8% when aligning sample reads to the reference genome of the Chinese mitten crab (Supplementary Table S2). A total of 901 DEGs were identified between “Jianghai 21” and “Changjiang 2”, with 560 DEGs upregulated and 341 DEGs downregulated in “Jianghai 21” (Figure 4). The results of GO enrichment and KEGG annotation of DEGs suggest that growth-related and KEGG annotation of these differential genes revealed enrichment in growth-related pathways such as redox processes, mitochondria, cofactor binding, cuticle structural components, ECM-receptor interactions, and motor proteins (Figure 5 and Figure 6). Among these pathways, the ECM-receptor interactions are essential for a variety of biological processes, including embryonic development, tissue morphogenesis, and wound healing. ECM plays a pivotal role in stimulating cell migration and differentiation [32]. Furthermore, myosin within the motor protein drives the movement of actin filaments and is involved in the spermatogenesis of Chinese mitten crab through the MAPK signaling pathway [33]. The notable upregulation and significant expression of ECM-receptor interaction and motor proteins, in the E. sinensis variety “Jianghai 21”, in these processes suggests that the regulation of growth-related biological processes may significantly impact the growth performance of E. sinensis. Valine, leucine, isoleucine, and fatty acid degradation pathways related to nutritional components were also identified and annotated, especially in crabs, where the fatty acid degradation pathway is associated with various life activities and metabolic processes [34]. Specifically, the process of fatty acid degradation in crabs exerts a regulatory effect on their growth, development, and nutritional status. The essential branched-chain amino acids valine, leucine, and isoleucine play pivotal roles in protein synthesis and energy metabolism in crustaceans [35]. Consistent with the results related to nutrient components, in the muscle composition of E. sinensis variety “Jianghai 21”, TAA, EAA, and DAA were significantly higher than in “Changjiang 2”, indicating that leucine, isoleucine, and valine may be important regulatory factors. Similarly, the significantly higher muscle fat content in “Changjiang 2” compared to that in “Jianghai 21” may be mainly regulated by the fatty acid degradation pathway. In line with the findings related to nutrient components, the muscle composition of E. sinensis variety “Jianghai 21” exhibited significantly higher levels of TAA, EAA, and DAA than those of “Changjiang 2”, indicating that leucine, isoleucine, and valine may serve as important regulatory factors. Similarly, the significantly higher muscle fat content in “Changjiang 2” compared to that in “Jianghai 21” may primarily be regulated by the fatty acid degradation pathway.



In this study, 20 DEGs related to growth performance and nutritional composition were identified. Clustered heat map analysis was conducted to identify potential factors influencing the growth and nutrition of the two cultured varieties of Chinese mitten crabs by identifying different key genes.



From the clustering heatmap results of growth-related DEGs (Figure 7), it was observed that genes negatively regulated growth and development, such as that of RERG, GAS1, and inhibitor of GAS1, exhibiting significantly higher expression levels in E. sinensis “Changjiang 2” compared to that in “Jianghai 21”. Among these, RERG inhibited growth by suppressing the Ras-mediated signaling pathway [36], while GAS1 and growth protein 1-like inhibitor played key roles in growth inhibition, acting as negative regulators of processes such as AMPK/mTOR/p70S6K, as well as inhibiting cell proliferation [37].



Conversely, genes promoting growth and development, including activin receptor type-1, unconventional myosin-Ie-like, unconventional myosin-XV-like, and EGFL6. EFFL6 exhibited higher expression levels in “Jianghai 21” compared to that in “Changjiang 2”. Specifically, activin receptor type-1 participates in the mediation of various biological processes in Chinese mitten crab, and in the production of new blood cells by activating JNK [38]; unconventional myosin-Ie-like and unconventional myosin-XV-like play important roles in fundamental cellular processes [39]. EGFL6 is associated with cell differentiation, proliferation, and apoptosis [40], and decreasing the gene transcription level of EGFL6 in grass carp affects its gluconeogenesis [41]. Large neutral amino acids transporter small subunit 1-like are involved in amino acid synthesis and transport processes, positively contributing to regulating protein synthesis and ensuring an adequate supply of amino acids to the cells [42,43]. Conversely, the excitatory amino acid transporter 2-like, primarily responsible for amino acid transport [43], is enriched to a higher degree in “Changjiang 2” than in “Jianghai 21” [44,45]. According to the aforementioned experiments, we deduced that the significantly higher expression of these lipid-transport-related proteins in the muscle tissue of “Changjiang 2” may be closely related to its markedly higher fat content. These results suggest that the differences in growth performance between the two strains of E. sinensis may be regulated by the aforementioned genes.



Judging from the clustered heatmap results of DEGs related to nutritional composition (Figure 8), SRMP2, SRSF5, and LAT1 are involved in amino acid synthesis and transport, positively contributing to regulating protein synthesis and ensuring an adequate supply of amino acids to the cells [42,43]. These genes are enriched to a higher degree in E. sinensis “Jianghai 21”.



Conversely, the EAAT2, primarily responsible for amino acid transport [43], is enriched to a higher degree in “Changjiang 2”. This corresponds with the experimental results where the TAA, EAA, and DAA contents were significantly higher in “Jianghai 21” than in “Changjiang 2”, suggesting the potential roles of these genes in amino acid synthesis and transport in E. sinensis.



Furthermore, STARD7 and VPS13D are proteins related to lipid transport [44,45], which are significantly upregulated in E. sinensis “Changjiang 2” than in “Jianghai 21”. According to the aforementioned experiments, we deduced that the significantly higher expression of these lipid transport-related proteins in the muscle tissue of “Changjiang 2” may be closely related to its markedly higher fat content.



To ensure the reliability of our transcriptomic results, we conducted qRT-PCR analysis on 10 randomly selected DEGs. These genes were chosen based on significant differences identified through qRT-PCR screening. Our RNA-seq findings showed the elevated expression levels of BMP2, EGFL6, EGF-β, LRP8, WNT4-like, and FAT1 genes in the muscle tissues of “Jianghai 21” when compared with those of “Changjiang 2”. Conversely, the expression of TBRG1, RERG, GAS1, and WFIR genes was lower in the muscle tissues of “Jianghai 21” than those of “Changjiang 2”. These results corroborated the trends observed in the RNA-seq data, confirming the reliability of our transcriptome sequencing.




5. Conclusions


We delineated the disparities in growth performance and nutritional composition between two varieties of Chinese mitten crabs, namely, “Jianghai 21” and “Changjiang 2”, cultured in Jiangxi Province. Our breeding test outcomes indicate that “Jianghai 21” outperforms “Changjiang 2” in terms of growth performance. Transcriptome analysis unveiled that in the pond ecological aquaculture system, DEGs in “Jianghai 21” and “Changjiang 2” were predominantly enriched in pathways related to fatty acid degradation, metabolism, and growth regulation. Judging from the results of this study findings, “Jianghai 21” emerged as the superior choice when compared to “Changjiang 2” in terms of growth performance. This conclusion lays a theoretical groundwork for selecting cultured varieties within the Chinese mitten crab industry in Jiangxi Province.
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Figure 1. Growth performance of Eriocheir sinensis “Changjiang 2” and “Jianghai 21”. (A) Body weight (BW); (B) carapace length (CL); (C) carapace width (CW); (D) body height (BH); (E) second step foot length (SSL); (F) third step foot length (TSL). Data are presented as mean ± standard deviation (n = 30). * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. Proximate composition in the muscle of Eriocheir sinensis “Changjiang 2” and “Jianghai 21”. (A) Moisture content; (B) crude protein content; (C) crude lipid content. Data are presented as mean ± standard deviation (n = 30). *** p < 0.001. 
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Figure 3. Proximate composition in the hepatopancreas of Eriocheir sinensis “Changjiang 2” and “Jianghai 21”. (A) Moisture content; (B) crude protein content; (C) crude lipid content. Data are presented as mean ± standard deviation (n = 30). 
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Figure 4. Volcano plot of DEGs between the JH and CJ groups. 
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Figure 5. GO annotation of DEGs between the JH group and CJ group. 
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Figure 6. KEGG annotation of DEGs between the JH and CJ groups. 
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Figure 7. Clustering heat map of growth-related differential genes. FPKM is a measurement unit of gene expression that analyzes differential gene expression between the CJ and JH groups. 
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Figure 8. Clustering heat map of nutritional-related differential genes. FPKM is a measurement unit of gene expression that analyzes differential gene expression between the CJ and JH groups. 
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Figure 9. Correlation between the expression profiles of 10 DEGs as determined by RNA-seq and qRT-PCR. The transcript expression levels of the selected genes were normalized to that of the β-actin gene using the 2−ΔΔCT method, with CJ samples as calibration controls. 
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Figure 10. Correlation between RT-qPCR and RNA sequencing of 10 DEGs. 
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Table 1. Standard limits for water quality indicators (Class III water) and water quality of Eriocheir sinensis “Changjiang 2” and “Jianghai 21” during the culture period.
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WT

(°C)

	
NH3−N

(mg/L)

	
NO2−N

(mg/L)

	
pH

	
DO

(mg/L)

	
S(−II)

(mg/L)

	
PO43−

(mg/L)






	
Standard limit

	
Weekly difference 1~2

	
≤1.0

	
≤0.10

	
6–9

	
≥5

	
≤0.20

	
≤0.05




	
E. sinensis “Changjiang 2”




	
30th

	
12.25 ± 0.01

	
0.07 ± 0.10

	
0.012 ± 0.005

	
7.46 ± 0.18

	
7.24 ± 0.11

	
0.008 ± 0.004

	
0.001 ± 0.005




	
60th

	
15.57 ± 0.03

	
0.04 ± 0.01

	
0.006 ± 0.002

	
7.21 ± 0.15

	
7.54 ± 0.07

	
0.015 ± 0.008

	
0.003 ± 0.001




	
90th

	
23.26 ± 0.01

	
0.01 ± 0.02

	
0.005 ± 0.003

	
6.32 ± 0.13

	
6.32 ± 0.04

	
0.007 ± 0.013

	
0.042 ± 0.006




	
150th

	
28.02 ± 0.05

	
0.02 ± 0.05

	
0.015 ± 0.010

	
8.02 ± 0.07

	
8.02 ± 0.16

	
0.011 ± 0.004

	
0.035 ± 0.012




	
240th

	
14.66 ± 0.02

	
0.05 ± 0.04

	
0.007 ± 0.007

	
7.02 ± 0.09

	
7.01 ± 0.26

	
0.003 ± 0.002

	
0.004 ± 0.001




	
E. sinensis “Jianghai 21”




	
30th

	
12.68 ± 0.05

	
0.01 ± 0.13

	
0.004 ± 0.005

	
8.07 ± 0.06

	
8.68 ± 0.15

	
0.008 ± 0.001

	
0.002 ± 0.004




	
60th

	
15.79 ± 0.08

	
0.05 ± 0.07

	
0.003 ± 0.006

	
8.54 ± 0.05

	
7.97 ± 0.13

	
0.009 ± 0.003

	
0.001 ± 0.001




	
90th

	
23.69 ± 0.03

	
0.08 ± 0.02

	
0.002 ± 0.004

	
8.64 ± 0.17

	
8.67 ± 0.24

	
0.004 ± 0.024

	
0.004 ± 0.003




	
150th

	
28.90 ± 0.02

	
0.01 ± 0.04

	
0.003 ± 0.015

	
8.25 ± 0.01

	
8.00 ± 0.04

	
0.002 ± 0.012

	
0.036 ± 0.018




	
240th

	
14.12 ± 0.01

	
0.10 ± 0.06

	
0.001 ± 0.009

	
7.64 ± 0.12

	
8.12 ± 0.03

	
0.001 ± 0.002

	
0.006 ± 0.002








Note: Standard limits for drinking water health standards GB579-2006, GB11607-89, and National Environmental Quality Standards for Surface Water GB-3838-2002 in the third level of water quality. Data are presented as mean ± standard deviation (n = 9).













 





Table 2. Stocking conditions for comparative pond ecological aquaculture production trials.
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	Programs
	
	





	Crab species
	“Changjiang 2”
	“Jianghai 21”



	Seeding time
	2023.2.28
	2023.2.28



	Crab specifications (g)
	6.25 ± 1.23
	6.86 g ± 1.04



	Stocking density (inds/m2)
	2.1
	2.1



	Types of aquatic plants
	Elodea, black algae
	Elodea, black algae










 





Table 3. Primer sequences used in this study.
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Primer Name

	
Primer Sequence/5′–3′

	
Product Length/bp

	
Genbank Accession






	
BMP2-F

	
ACGGACCAGAGGACAAAG

	
181

	
XM050832375.1




	
BMP2-R

	
GAACGGCGAGCATCAA




	
EGFL6-F

	
CCTGTGACCCTGAGACG

	
263

	
XM050832091.1




	
EGFL6-R

	
GTGGCAGATGGCTTCG




	
EGF-β-F

	
TTTGTCCCTGATGTGAATG

	
270

	
NC066537.1




	
EGF-β-R

	
CACGAAGGAGCCGAAC




	
LRP8-F

	
TCCGTCACCAGCACCA

	
164

	
XM050830481.1




	
LRP8-R

	
CCCGACTCCCATCTTTC




	
Wnt4-like-F

	
CGACGATGCCATTGAGG

	
285

	
XM050836949.1




	
Wnt4-like-R

	
GGCGAGGTGTTCTGATAGTG




	
FAT1-F

	
CGGCACAGCAAGGAT

	
170

	
XM050849542.1




	
FAT1-R

	
TCTGGGCAGGTGTAGGA




	
TBRG1-F

	
CAGCGGATTGGTGAGG

	
309

	
XM050858362.1




	
TBRG1-R

	
GCGGGTGATAGCGACA




	
RERG-F

	
GCGTGGCTGGTCGTGTA

	
297

	
XM050856896.1




	
RERG-R

	
CGAGGTCTGTCCCTTGTG




	
GAS1-F

	
CGGAGGAAGGACACGA

	
172

	
NC066514.1




	
GAS1-R

	
GCGGCACAGAGGGTAT




	
WFIR-F

	
CACTGCTCCTGCTGTCTGCT

	
100

	
XM050881384.1




	
WFIR-R

	
TGTTTGCCACACCCGA




	
β-actin-F

	
GCATCCACGAGACCACTTACA

	
266

	
NC066571.1




	
β-actin-R

	
CTCCTGCTTGCTGATCCACATC








Note: BMP2, bone morphogenetic protein 2; EGFL6, multiple epidermal growth factor-like domains protein 6; EGF-β, β-epidermal growth factor; LRP8, low-density lipoprotein receptor-related protein 8; Wnt4-like, protein Wnt4-like; FAT1, protocadherin Fat 1; TBRG1, transforming growth factor β-1; RERG, Ras-related and estrogen-regulated growth inhibitor; GAS1, growth arrest-specific protein 1; WFIR, WNT and FGF inhibitory regulator.













 





Table 4. Growth performance of Eriocheir sinensis varieties “Changjiang 2” and “Jianghai 21”.
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	Changjiang 2
	Jianghai 21





	Wi (g)
	12.42 ± 2.14
	11.96 ± 3.65



	Wf (g)
	148.10 ± 10.56
	180.82 ± 11.37 ***



	WGR (%)
	1081.03 ± 8.37
	1513.70 ± 9.26 ***



	SGR (%/day)
	3.80 ± 0.07
	4.08 ± 0.16



	GRCL (%)
	113.74 ± 0.36
	151.88 ± 0.54 ***



	GRCW (%)
	117.18 ± 0.43
	165.63 ± 0.59 ***



	GRBH (%)
	138.87 ± 0.24
	176.28 ± 0.44 ***



	GRSSL (%)
	112.99 ± 0.56
	155.39 ± 0.79 ***



	GRTSL (%)
	119.89 ± 0.32
	151.74 ± 1.36 ***







Note: Data are presented as mean ± standard deviation (n = 30). *** p < 0.001.













 





Table 5. Amino acid composition in the muscle of Eriocheir sinensis “Changjiang 2” and “Jianghai 21” (mg/g).






Table 5. Amino acid composition in the muscle of Eriocheir sinensis “Changjiang 2” and “Jianghai 21” (mg/g).





	Amino Acid Composition of the Muscle
	Changjiang 2
	Jianghai 21





	Aspartic acid
	18.37 ± 0.44
	19.37 ± 0.46



	Threonine
	9.78 ± 0.37
	9.87 ± 0.18



	Serine
	8.90 ± 0.26
	9.67 ± 0.16



	Glutamic acid
	25.10 ± 0.24
	27.17 ± 1.00



	Glycine
	10.90 ± 0.60
	12.47 ± 0.95



	Alanine
	9.66 ± 0.11
	10.27 ± 0.09 *



	Cysteine
	4.54 ± 0.13
	5.27 ± 0.12 *



	Valine
	7.55 ± 0.19
	8.23 ± 0.06 *



	Methionine
	4.66 ± 0.10
	4.87 ± 0.20



	Isoleucine
	6.20 ± 0.17
	6.57 ± 0.14



	Leucine
	12.70 ± 0.13
	13.27 ± 0.68



	Tyrosine
	9.53 ± 0.22
	9.87 ± 0.06



	Phenylalanine
	8.46 ± 0.15
	9.17 ± 0.15 *



	Histidine
	5.74 ± 0.08
	6.07 ± 0.12



	Lysine
	16.80 ± 0.30
	18.67 ± 0.39 *



	Arginine
	15.10 ± 0.46
	17.37 ± 0.56 *



	TAA
	173.00 ± 3.42
	188.07 ± 3.95 ***



	DAA
	81.80 ± 1.33
	88.27 ± 2.14 ***



	EAA
	72.0 ± 1.44
	76.67 ± 1.33 *



	DAA/TAA
	0.47 ± 0.00
	0.47 ± 0.00



	EAA/TAA
	0.41 ± 0.00
	0.47 ± 0.00







Note: Data are presented as mean ± standard deviation (n = 30). TAA, total amino acids; DAA, umami amino acids; EAA, essential amino acids. * p < 0.05, and *** p < 0.001.













 





Table 6. Amino acid composition in the hepatopancreas of Eriocheir sinensis “Changjiang 2” and “Jianghai 21” (mg/g).






Table 6. Amino acid composition in the hepatopancreas of Eriocheir sinensis “Changjiang 2” and “Jianghai 21” (mg/g).





	Amino Acid Composition of the Hepatopancreas
	Changjiang 2
	Jianghai 21





	Aspartic acid
	7.76 ± 0.85
	8.00 ± 0.17



	Threonine
	5.20 ± 0.45
	5.66 ± 0.26



	Serine
	3.83 ± 0.25
	4.18 ± 0.12



	Glutamic acid
	9.23 ± 0.55
	10.10 ± 0.29



	Glycine
	3.85 ± 0.35
	4.43 ± 0.16



	Alanine
	3.67 ± 0.25
	4.16 ± 0.20



	Cysteine
	4.29 ± 0.15
	5.10 ± 0.22 *



	Valine
	4.41 ± 0.35
	5.10 ± 0.13



	Methionine
	2.06 ± 0.05
	2.19 ± 0.17



	Isoleucine
	2.67 ± 0.35
	2.79 ± 0.04



	Leucine
	5.38 ± 0.25
	6.09 ± 0.13



	Tyrosine
	4.97 ± 0.45
	4.81 ± 0.15



	Phenylalanine
	4.22 ± 0.25
	4.73 ± 0.18



	Histidine
	3.08 ± 0.15
	3.52 ± 0.15



	Lysine
	6.65 ± 0.35
	7.11 ± 0.10



	Arginine
	5.06 ± 0.45
	5.61 ± 0.18



	TAA
	76.30 ± 4.45
	83.60 ± 0.19 ***



	DAA
	33.70 ± 2.25
	36.30 ± 0.30



	EAA
	33.70 ± 1.95
	37.20 ± 0.16 *



	DAA/TAA
	0.44 ± 0.05
	0.43 ± 0.00



	EAA/TAA
	0.44 ± 0.05
	0.44 ± 0.00







Note: Data are presented as mean ± standard deviation (n = 30). TAA, total amino acids; DAA, umami amino acids; EAA, essential amino acids. * p < 0.05, and *** p < 0.001.













 





Table 7. Screening of growth-related and nutrition-related genes in DEGs.






Table 7. Screening of growth-related and nutrition-related genes in DEGs.





	Gene Title
	p-Value
	log2FC
	Regulated





	BMP2
	0.002
	3.099
	Up



	EGFL6
	0.006
	4.13
	Up



	EGF-β
	1.03 × 106
	3.8
	Up



	LRP8
	0.007
	4.86
	Up



	WNT4-like
	0.006
	4.54
	Up



	FAT1
	0.004
	3.93
	Up



	SRMP2
	2.32 × 107
	1.34
	Up



	LAT1
	0.009
	1.68
	Up



	SRSF5
	0.002
	1.73
	Up



	TBRG1
	3.10 × 106
	−1.37
	Down



	RERG
	0.002
	−1.08
	Down



	GAS1
	5.03 × 105
	−2.001
	Down



	WFIR
	0.007
	−2.11
	Down



	EAAT2
	0.002
	−1.79
	Down



	STARD7
	1.52 × 105
	−1.00
	Down



	SMYD3
	3.13 × 109
	−1.49
	Down



	VPS13D
	0.004
	−1.31
	Down



	GLTP
	0.008
	−1.03
	Down



	CST1
	0.001
	−1.05
	Down



	LPEAT5
	0.004
	−1.004
	Down
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