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Abstract

:

The mud crab, Scylla paramamosain, has abundant nutrients in the ovary, where numerous lipids accumulate during ovarian maturation. However, the mechanism behind the accumulation of lipids in the ovary of mud crab during ovarian maturation is largely unknown. This study conducted a comparative transcriptome analysis of the ovaries of mud crabs at various stages of ovarian maturation. A total of 63.69 Gb of clean data was obtained, with a Q30 of 93.34%, and 81,893 unigenes were identified, including 10,996 differentially expressed genes (DEGs). After KEGG enrichment of these DEGs, MAPK signaling pathway was significantly enriched during vitellogenesis. Moreover, the expression levels of genes involved in carbohydrate, amino acid, and lipid metabolism were found to be higher during vitellogenesis. The two genes (Sp-Eip75B and Sp-Eip78C) that are homologous to the vertebrate gene PPARγ in the PPAR signaling pathway, were identified. Additionally, genes in MAPK signaling pathway might regulate lipid metabolism through PPAR signaling pathway based on Protein-Protein Interaction (PPI) network. These findings suggest that MAPK signaling pathway plays a critical role in lipid metabolism in the ovary during vitellogenesis, which provides new insights into the mechanism of lipid accumulation during ovarian maturation in mud crabs.
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Key Contribution: In this study, a comparative transcriptome analysis of the mud crab ovary during different ovarian maturation stages was performed. It is inferred that the MAPK signaling pathway should be associated with lipid metabolism regulation via the homologous gene of PPARγ (Sp-Eip75B and Sp-Eip78C) in the PPAR signaling pathway.










1. Introduction


The mud crab, Scylla paramamosain, is widely distributed in tropical and subtropical countries in the Indo-Pacific region and is important for commercial fishing [1,2]. Female mud crabs are typically more valuable due to the higher nutritional value of their matured ovaries [3,4]. However, overfishing of wild mud crabs has led to an increased demand for artificially bred mud crabs with mature ovaries [5]. Therefore, understanding the molecular mechanisms of ovarian development and oocyte maturation is crucial for both growing and breeding in mud crabs.



The two key biological events occur during the ovarian maturation period in mud crabs. The first is oocyte growth maturation, which refers to the completion of vitellogenesis in the oocyte and the cessation of oocyte volume increase. The second is oocyte physiological maturation, which refers to the detachment of the oocyte from the ovarian lobule and its entry into the first meiotic metaphase [6,7]. Both of these events are necessary for ovarian maturation and reproduction in aquatic invertebrates. Previous studies have identified five stages (stage I, II, III, IV, and V) during the first ovarian maturation period (FOMP) in mud crabs after mating based on morphological and histological observations, and on the gonadosomatic index (GSI) and the hepatopancreas index (HSI) [8,9]. During stage I, II, III, IV, and V, mud crab is able to undergo re-maturation after spawning, similar to the Chinese mitten crab (Eriocheir sinensis) [10] and swimming crab (Portunus trituberculatus) [11], with re-maturation occurring from Stage III to Stage V during the secondary ovarian maturation period (SOMP) in a short developmental period [12]. Ovarian stages III, IV, and V are collectively referred to as the vitellogenesis period [2], where vitellogenin (Vg) is synthesized by the ovary and hepatopancreas, undergoes a series of processes and modifications, accumulates in oocytes, and provides nutrients including lipid, protein, and carbohydrates to maturing oocytes for embryonic development [13,14]. Among these nutrients, lipids, specifically fatty acids, sterols, and phospholipids, are essential for various reproductive processes, including ovarian development, egg formation, spawning, and embryogenesis [15,16]. Previous research has shown that the hepatopancreas has a higher synthesis capacity for lipids during ovarian development than the ovary, as many lipids must be transported from the hepatopancreas to the ovary in the form of phospholipids [14,17]. Moreover, during ovarian maturation and spawning, the fatty acid composition of the ovary changes [18]. During ovary maturation and spawning, the fatty acid composition of the ovary changes, with C16:0 and C18:1n9c being the predominant fatty acids in the ovary and hepatopancreas [9,12,19], and there are dramatic changes in trends of HUFA and saturated fatty acids (SFA) during ovarian development [9,12]. The ovaries accumulate lipid content consisting of triacylglycerols (TAGs) and saturated fatty acids (SFAs) transferred from the hepatopancreas; this emphasizes the significance of SFAs as an important energy source for larval growth, embryonic development, and vitellogenesis [20,21]. The dynamic changes in lipid content are largely influenced by apolipocrustacein (apoCr), a protein involved in lipid transport, which is deposited in the hepatopancreas and transported to the ovary during ovarian maturation [22,23,24,25]. According to research by Zeng et al. [24], there are five types of large lipid transfer proteins that play a role in lipid transport during ovarian development in mud crabs. These proteins include apoCr1, apoCr2, a precursor of the large discoidal lipoprotein and high density lipoprotein/beta-glucan binding protein, microsomal triglyceride transfer protein, and clotting protein. These findings suggest that the accumulation of lipids in the ovary is largely dependent on supply from the hepatopancreas in mud crabs. In addition, a previous study [12] reported ovaries during SOMP could mature in a shorter time than that during FOMP with different ovarian developmental patterns. It suggested that lipids could rapidly accumulated in the ovary in a particularly shorter developmental period during SOMP than that during FOMP. However, there is a lack of research on the molecular mechanisms underlying ovarian lipid metabolism during ovarian maturation and the differences in the lipid metabolism mechanisms between the two ovarian maturation periods (FOMP and SOMP). Therefore, it is valuable to study the molecular mechanism in lipid metabolism during ovarian maturation for clarifying the ovarian developmental mechanism based on transcriptomic sequencing.



In this study, we conducted a comparative transcriptomic analysis of the different stages of ovarian development during two ovarian maturation periods (FOMP and SOMP) in the mud crab. Our analysis focused on identifying and analyzing key genes and signaling pathways involved in regulating ovarian lipid metabolism. The results of this study will provide new perspectives on the mechanism of lipid accumulation in mud crabs.




2. Materials and Methods


2.1. Animals and Sampling


This study obtained 100 individuals mud crab in ovarian stage I of the FOMP sourced from Ningbo City, Zhejiang province, China. The methods of crab cultivation and sampling used in this study were based on our previous report [12]. A total of 40 ovaries (eight groups of samples include five intact and similar individuals of each group with 0.5 ± 0.05 g per ovary) were collected during the different developmental stages (stage I to V in the first ovarian developmental period; stage III to V in the second ovarian developmental period) after ice anesthesia; these ovary samples were washed in 1 × PBS buffer and quick-frozen in liquid nitrogen for RNA extraction. The sample information is shown in Table 1. Ovarian stages were distinguished by histomorphology and color according to previous studies [2,9], as the pre-developmental stage (stage I, translucent), the pre-vitellogenesis stage (stage II, creamy white), the early vitellogenesis stage (stage III, light-yellow), the late vitellogenesis stage (stage IV, orange), and the mature stage (stage V, bright orange). To confirm the classification by histology, ovary tissues were selected for HE staining. Finally, ovaries of different ovarian stages were identified. All the ovaries of the same stage were pooled into one mixed sample, and a total of eight groups of ovaries were obtained.




2.2. Library Constructing and Sequencing


Total RNA was extracted from ovary samples using TRIzol Reagent (Invitrogen, Waltham, MA, USA). RNA quality was assessed by agarose gel electrophoresis (agarose: 2%; TBE: 0.4 M Tris base, 0.4 M boric acid, 0.5 M EDTA; 10× loading buffer: 0.25 M bromophenol blue, 0.4 M sucrose; Dye: Ethidium bromide, EtBr) and Nanodrop 2000 (Thermo Scientific, Carlsbad, CA, USA). According to previous studies [26,27], sequencing libraries were constructed using the Illumina TruseqTM RNA sample prep Kit (San Diego, CA, USA), and the libraries were polled and then sequenced on an Illumina Novaseq 6000 platform with 2 × 150 paired-end.




2.3. De Novo Assembly, Clustering Analysis, and Functional Annotation


High-quality raw data was obtained using the Illumina Novaseq 6000 platform. The quality of raw reads was visually evaluated by fastx_tookit software version 0.0.14. The sequence adapters and low-quality bases (Quality score < 20) were filtered out, and short length reads (<35 nt) were removed by fastp software version 0.19.5. Subsequent procedures, including assembly, clustering, and functional annotation, were performed based on previous reports [26,27]. The major procedures as following: the high-quality raw data were assembled into transcripts by Trinity software version 2.8.5, the assembled transcripts were filtered out and de-redundant using TransRate software version v1.0.3 and CD-HIT software version 4.5.7, and gene functional annotations were separately performed according to the following databases: NR (NCBI non-redundant proteins sequences), COG (Clusters of Orthologous Groups of proteins), Swiss-Prot (A manually annotated and reviewed protein sequence database), Pfam (Protein family), GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes).




2.4. Analysis of DEGs and Functional Enrichment


To measure expression levels, the raw data was aligned to unigenes using bowtie2 and RSEM software and reported as transcripts per kilobase of exon model per million mapped reads (TPM). The identification of DEGs between different groups was carried out using edgeR software with thresholds set at |Log2FC| ≥ 4.0 and p-adjust < 0.001. Functional enrichment analysis of DEGs (GO and KEGG) was performed using the Goatlools software version 0.6.5 with a Fisher exact test on the Majorbio platform (https://cloud.majorbio.com/ (accessed on 1 October 2022)), and the corrected p-adjust < 0.05 was considered as significant enrichment.




2.5. Analysis of Functional Genes and Signaling Pathways Related to Ovarian Lipid Metabolism


A heat map was generated to visualize expression levels of genes associated with KEGG pathways of metabolism (amino acid metabolism, carbohydrate metabolism, and lipid metabolism), lipid metabolism (fatty acid degradation [map00062]). Furthermore, expression analysis of DEGs related to GO functions including lipid metabolism (lipid metabolic process [GO:0006629], lipid binding [GO:0008289], and lipid biosynthetic process [GO:0008610]) was also performed.




2.6. Analysis of PPI Networks


Analysis of PPI between the DEGs from the candidate KEGG signaling pathways related to mediating lipid metabolism were performed using the Majorbio platform (https://cloud.majorbio.com/ (accessed on 10 October 2022)) with the parameters of high confidence (0.700). The PPI network was established using the String database (Version 11.5: https://cn.string-db.org/cgi/input?sessionId=SLJ4TpGaDoRC&input_page_show_search=on (accessed on 10 October 2022)). The parameters were set as follows: organism: Drosophila melanogaster; active interaction sources: texting mining, experiments, databased, co-expression, neighborhood, gene fusion, and co-occurrence; minimum required interaction score: high confidence (0.700).




2.7. Confirmation of DEGs from Transcriptome Data


To validate the expression of DEGs identified by transcriptomic sequencing, 6 DEGs were randomly selected for additional qRT-PCR evaluation. In addition, two genes related to ovary development include vitellogenin (Vg, Sp-Vg) and vitellogenin receptor (VgR, Sp-VgR) were selected for qRT-PCR evaluation. The remaining total RNA used for RNAseq of each sample (see Section 2.2.) was reverse transcribed into cDNA by ReverTra Ace® qPCR RT Master Mix with gDNA Remover (Code No. FSQ-301, Toyobo Life Science, Shanghai, China) according to the manufacturer’s instructions. All primers used for qRT-PCR are shown in Supplementary file Table S1. Sp-18S was used as an internal control. All samples were analyzed three times by qRT-PCR using the following cycling conditions: 4 °C for 30 s, 40 cycles of 94 °C for 5 s, 60 °C for 30 s; followed by a melting curve at 94 °C for 15 s, 60 °C for 1 min, and 94 °C for 15 s.




2.8. Data Transformation and Statistical Analysis


All qRT-PCR data are shown as geometric mean ± S.D. Statistical analysis was carried out using Microsoft Excel 2016MSO (version 2301 Build 16.0.16026.20002) and IBM SPSS Statistics software (version 26.0), and between-group comparisons were performed using one-way ANOVA. Pearson’s correlation test was conducted between the data from qRT-PCR and RNAseq using IBM SPSS software (version 26.0). A p-value of p < 0.05 was considered significantly significant.





3. Results


3.1. Assembly and Quality Control of Transcriptome Data


Eight groups of ovary samples from mud crabs were collected during the two ovarian maturation periods (stage I to stage V of the FOMP; stage III to stage V of the SOMP), and were subjected to RNA-seq. The total raw read counts of all samples were between 52,707,876 and 63,846,232; the Q30 base ratios and the GC contents ranged from 91.83% to 92.62% and 50.34% to 52.67%, respectively; while the average of GC contents was 51.78% (Supplementary File Table S2). After quality control, total clean read counts of all the samples ranged from 48,538,534 to 61,793,014; the Q30 and the GC content ranged from 48,538,534 to 61,793,014 and 50.23% to 52.56%; while the average GC content was 51.62% (Supplementary file Table S3).



The clean reads were assembled into transcripts, and the largest transcripts were identified as unigenes. A total of 132,744 transcripts and 81,893 unigenes were identified with average length of 1161.47 bp and 1133.65 bp, respectively; the N50 length of the transcripts and unigenes were 1986 bp and 2111 bp. In addition, to evaluate the assembly of transcripts and unigenes, three parameters including fragment mapped percent (84.346% and 71.497%), GC percent (46.75% and 46.62%), and BUSCO score (98.5% and 96.6%) were evaluated (Table 2). The length distribution of the transcripts (64%) and unigenes (66%) was generally less than 1000 bp (Figure 1A).




3.2. Overall Functional Annotation


In this study, 81,893 unigenes were annotated into six databases with an E-value of <10−5 to identify putative functions using Blastx. Among these, there were 18,402 (22.47%), 13,214 (16.14%), 20,078 (24.52%), 22,869 (27.93%), 17,238 (21.05%), and 22,239 (27.16%) unigenes were identified in the GO, KEGG, eggNOG, NR, Swiss-Prot, and Pfam databases, respectively (Figure 1B). A total of 10,509 unigenes were annotated into all six databases (Figure 2A).



GO function classification analysis identified 52 enriched GO terms; all the GO annotated unigenes (72,530 unigenes) were enriched in three major functional categories including molecular function (22,720 unigenes, 31.33%), biological process (22,433 unigenes, 30.93%), and cellular components (27,377 unigenes, 37.75%) (Figure 2B). The top three GO terms of these three major functional categories are as follows: Biological processes: cellular process (7910 unigenes), metabolic process (5501 unigenes), and biological regulation (3120 unigenes); Cellular components: cell part (7600 unigenes), membrane part (6618 unigenes), and organelle (3701 unigenes); Molecular function: binding (9726 unigenes), catalytic activity (8757 unigenes), and transporter activity (1372 unigenes). Based on the sequence homology, 10,446 unigenes were categorized into 23 functional categories in the eggNOG databases; the S group had the largest number of unigenes (10,996), followed by group O (1675 unigenes) and group U (1419 unigenes) (Figure 2C); all the information on the eggNOG functional categories is displayed in the Supplementary File Table S4. According to KEGG annotation analysis, 13,744 unigenes were highly enriched among 43 pathways, with the top three pathways including signal transduction (1559 unigenes), translation (1096 unigenes), and transport and catabolism (1034 unigenes) (Figure 2D).




3.3. qRT-PCR Validation of Transcriptomic Sequencing Data


The results of the transcriptomic sequencing were validated using qRT-PCR. Relative expression levels of select DEGs were evaluated by qRT-PCR with the correction value of 0.646 (p < 0.01) and revealed that the changes in expression of these genes were consistent with the results of the transcriptomic sequencing (Figure 3), confirming that the transcriptomic sequencing data were reliable. In addition, the expression of Sp-Vg and Sp-VgR in the ovary during ovarian maturation was analyzed by qRT-PCR. The expression level of Sp-Vg and Sp-VgR had an increasing trend in the ovary during FOMP; The expression level of Sp-VgR was higher in FOMP than in SOMP except in S_OV_4 (stage IV in SOMP); Sp-VgR was significantly expressed in stage IV during SOMP.




3.4. Identification and Function Analysis of DEGs


The DEGs were obtained from the pairwise comparison of different ovarian stages in mud crabs using parameters of |log2FC| ≥ 4.0 and p-adjust < 0.001. A total of 10,996 DEGs were acquired from the pairwise comparison of groups (F_OV_2_vs_F_OV_1(up-regulated: 3189; down-regulated: 2216), F_OV_3_vs_F_OV_2 (up-regulated: 3290; down-regulated 2586), F_OV_4_vs_F_OV_3 (up-regulated: 531; down-regulated: 306), F_OV_5_vs_F_OV_4 (up-regulated: 505; down-regulated: 671), S_OV_4_vs_S_OV_3 (up-regulated: 1166; down-regulated: 335), S_OV_5_vs_S_OV_4 (up-regulated: 1183; down-regulated: 355), S_OV_3_vs_F_OV_3 (up-regulated: 1569; down-regulated: 420), S_OV_4_vs_F_OV_4 (up-regulated: 1674; down-regulated: 706), and S_OV_5_vs_F_OV_5 (up-regulated: 1569; down-regulated: 557)) during the two ovarian maturation periods (Figure 4A,B).



All the DEGs from the nine comparison groups were annotated into GO and KEGG databases. The top 20 GO terms and KEGG pathways of the total DEGs are listed in Figure 4C,D, respectively. Subsequently, KEGG enrichment analysis were applied to identify DEGs with p-value less than 0.05.




3.5. Expression Analysis of Genes Related to Lipid Metabolism


Carbohydrate metabolism, amino acid metabolism, and lipid metabolism were the three metabolic signaling pathways most enriched among the KEGG pathways (p < 0.05). The three most enriched GO terms related to lipid metabolism (lipid metabolic process, lipid binding, and lipid biosynthetic process) were also identified at p < 0.05. The enrichment results (Figure 5A–F) demonstrate that most of genes related to metabolism were up-regulated in the SOMP (ovarian III, IV, and V stages), while fewer were upregulated in the FOMP. A pathway associated with lipid metabolism was identified from lipid metabolism gene set: fatty acid degradation (map00062). The heatmap indicates that the overwhelming majority of genes associated with lipid metabolism (fatty acid β oxidation) were upregulated in the SOMP and exhibited lower expression in the FOMP (Figure 5G).




3.6. Identification of Candidate Signaling Pathways and Genes Related to Regulation of Lipid Metabolism


During vitellogenesis, nutrients, consisting mainly of lipids, accumulate rapidly in oocytes [28,29] for use as energy for embryonic development [30]. Therefore, to reveal the mechanism underlying ovarian lipid metabolism, DEGs from vitellogenesis periods (ovarian III, IV, and V stages of FOMP and SOMP) were analyzed and KEGG signaling pathway enrichment analysis was performed. The MAPK signaling pathway (map04013) was significantly enriched from the DEGs in SOMP group (S_OV_4_vs_S_OV_3; S_OV_5_vs_S_OV_4) during vitellogenesis (Figure 6A,E); however, it was not enriched from the DEGs of vitellogenesis stages in FOMP group (F_OV_4_vs_F_OV_3; F_OV_5_vs_F_OV_4) (Figure 6B). Notably, the MAPK signaling pathway also was the dominant pathway enriched from the total DEGs of the SOMP vs. FOMP group (S_OV_3_vs_F_OV_3, S_OV_4_vs_F_OV_4, and S_OV_5_vs_F_OV_5) (Figure 6C,E). In addition, the DEGs in the three groups include FOMP group, SOMP group, and SOMP vs. FOMP group during vitellogenesis were all enriched into PPAR signaling pathway (map03320) which includes many candidate genes related to lipid metabolism (Figure 6A–D).




3.7. Identification of the Key Genes, Notably PPARγ-Homologous, Involved in Mediating Lipid Metabolism


The sequences of ecdysone-induced protein E75B (Eip75B) and ecdysone-induced protein E78C (Eip78C) in mud crabs, were acquired from the transcriptomic database, and homology analysis was conducted. The domain architectures of Eip75B and Eip78 in mud crabs share the same domains, including NR_LBD and NR_DBD, as those same proteins in Drosophila melanogaster (Figure 7). The sequences from Sp-Eip75B and Sp-Eip78C obtained in this study suggest that these proteins may have similar functions as the same proteins in Drosophila melanogaster.




3.8. Construction of a Protein-Protein Interaction Network


A PPI network was constructed involving the MAPK signaling pathway and the PPAR signaling pathway in the mud crab ovary transcriptome (Figure 8). A total of 28 MAPK signaling-related unigenes and 12 PPAR signaling-related unigenes were identified. Two central genes, including Raf homolog serine/threonine-protein kinase (Raf) and Carnitine o-palmitoyltransferase 1 (CPT1) play different roles in this PPI network; Raf is the central unigene connecting the MAPK and PPAR signaling pathways, and CPT1 is the central gene of the PPAR signaling pathway that regulates lipid metabolism.





4. Discussion


This study aimed to identify functional genes and signaling pathways involved in mediating ovarian lipid metabolism in mud crabs through comparative transcriptomic analysis of the ovaries at different stages of ovarian development, including the first and second ovarian maturation periods. By examining the transcriptional regulation changes that occur during different stages of ovarian development, this study aimed to uncover the potential mechanisms for regulating lipid metabolism in the ovaries of this species.



All clean reads were subjected to quality control analysis, including assessments of base quality, mean error, and base content, which showed that the transcriptome sequencing data was reliable and met the necessary requirements for sequence assembly. These transcriptome sequencing assemblies and evaluations were similar to those of previous studies [26,27]. Through functional enrichment analysis, this study identified multiple pathways and categories related to ovarian maturation. The predicted GO terms and KEGG pathways helped to reveal the relationships between genes and the regulatory mechanisms of ovarian development in mud crabs. During the two ovarian maturation periods, group F_OV_4_vs_F_OV_3 had the fewest DEGs (8,37), followed by F_OV_5_vs_F_OV_4 (1176), S_OV_4_vs_S_OV_3 (1501), S_OV_5_vs_S_OV_4 (1538), S_OV_3_vs_F_OV_3 (1989), S_OV_4_vs_F_OV_4 (2308), S_OV_5_vs_F_OV_5 (2217), F_OV_3_vs_F_OV_2 (5876), and F_OV_2_vs_F_OV_1 (5405), which suggested that groups in the vitellogenesis period of the FOMP (F_OV_4_vs_F_OV_3 and F_OV_5_vs_F_OV_4) had fewer differences between each other than during other stages of SOMP (S_OV_4_vs_S_OV_3, S_OV_5_vs_S_OV_4, S_OV_3_vs_F_OV_3, S_OV_4_vs_F_OV_4, and S_OV_5_vs_F_OV_5); Many differences existed between FOMP and SOMP; Ovarian stage Ⅰ, Ⅱ, and Ⅲ were different, which was similar to the results of a previous study [27]. The results indicated that the DEGs identified in the F_OV_2_vs_F_OV_1 and F_OV_3_vs_F_OV_2 may play a crucial role in ovarian early development of mud crab; in addition, the molecular mechanism of ovary maturation during SOMP may differ from that during FOMP.



The analysis of DEGs during various ovarian stages in mud crabs showed that more DEGs associated with lipid metabolism were upregulated during SOMP and fewer were upregulated during FOMP (Figure 5). This suggests that the vitellogenesis period is the major stage for lipid metabolism and requires more lipids for the developing ovaries during ovarian maturation. Genes involved in lipid metabolism, including those involved in β-oxidation (lipid metabolic process, GO:0006629; fatty acid degradation, map00062), lipid absorption (lipid binding, GO:0008289), and lipid biosynthesis (lipid biosynthetic process, GO:0008610), were mainly upregulated during SOMP and less so during FOMP, indicating that the metabolic level is higher during SOMP than during FOMP. In addition, few genes related to fatty acid biosynthesis were slightly up regulated during vitellogenesis of SOMP, which suggested that small quantities of fatty acids might be synthesized in the ovary during SOMP to support the requirements of ovarian maturation in a short interval [12]. One potential reason for this may be the need for more energy substances obtained from metabolism to support the rapid development of the ovary during SOMP. As demonstrated by our previous study [12], during SOMP, the ovary is able to maintain the status of FOMP for a short time. However, the ovary must rapidly accumulate nutrients, particularly lipids, to meet the demands of maturation as the hepatopancreas gradually degenerates during SOMP. Therefore, in addition to relying on the hepatopancreas for its energy supply, the capacity of the ovary to uptake and synthesize lipids must be increased during SOMP.



In crustaceans, lipids including fatty acids, phospholipids, and sterols are critical nutrients that are essential for many reproduction-related processes, including ovarian development, egg formation, spawning, and embryogenesis [15,16]. These lipids accumulated in the ovary during the vitellogenesis period [13,14,31]. It is generally known that lipids are transported from the hepatopancreas to the ovary during ovarian development in crabs [14,23,24]. For example, a possible mechanism for lipid transport in mud crabs [25] may involve microsomal triglyceride transfer protein transport of triacylglycerol to apolipocrustacein, then surfeit locus protein 4 conveyed apolipocrustacein is absorbed by the vitellogenin receptor of oocytes, leading to a higher gonadosomatic index and lipid accumulation regulated by lipid metabolism-related genes. In this study, the high expression level of Sp-Vg in FOMP and Sp-VgR in SOMP (S_OV_4) indicated that the capacity of nutritional synthesis in the ovary during FOMP was higher than that during SOMP; In S_OV_4, the capacity of nutritional absorption in the ovary was higher than other stages during ovarian maturation. These results may be supported by previous studies [6,12], mud crabs could re-mature occurring from Stage III to Stage V during SOMP due to oocyte physiological maturation completed before vitellogenesis during FOMP; The nutrients mainly include lipids required for ovarian maturation need to be rapidly accumulated in the ovary to complete ovarian maturation in a shorter time during SOMP. Therefore, Sp-VgR was significantly expressed during ovarian maturation, especially in S_OV_4, a large number of lipids could be absorbed in the ovary through VgRs during SOMP. However, there is a paucity of information on the signaling pathways that mediate lipid accumulation and lipid metabolism in the ovary during the vitellogenesis period. We have previously reported that [12] lipids are rapidly increased during vitellogenesis, indicating that numerous DEGs related to lipid metabolism could be upregulated, and suggesting that genes mediating lipid metabolism may be differentially expressed in the ovary during these periods.



The present study identified the MAPK signaling pathway (map04013) as a candidate pathway that may play an important role during the vitellogenesis period. MAPK signaling pathways are crucial transmitters of transduction signals from cell surface receptors to nuclear internal targets, are significant pathways involved in eukaryotic signal transmission networks [32], and are involved in the regulation of cell growth, differentiation, proliferation, migration, meiosis, fertilization, and metabolism [33,34,35]. Moreover, in crustaceans, the MAPK signaling pathway plays a crucial part in the testis development of E. sinensis [36] and ovarian development of mud crab [37] by participating in cell differentiation and meiosis [38], which might cause the mature cycle in SOMP was shorter than in FOMP [12] due to MAPK signaling pathway was significantly enriched from the DEGs of SOMP vs. FOMP group (Figure 6C). It indicates that MPAK signaling pathway might promote ovarian maturation in mud crabs. Additionally, the MAPK signaling pathway is involved in regulating lipid metabolism in many species, including mammals [39,40], fish [41,42], nematoda [43], and insects [44]. The MAPK signaling pathway regulates lipid metabolism in part through the peroxisome proliferator-activated receptors (PPAR) signaling pathway [45,46].



PPARs are transcription factors of the class of nuclear receptors that modulate target gene expression in response to endogenous and exogenous ligands [47,48,49,50]. The PPAR family consists of three members, PPARα, PPARβ/δ, and PPARγ, whose major physiological functions are involved in the regulation of lipid metabolism [51]. PPARs are nuclear in location, where they remain heterodimerized with 9-cis retinoic acid (RXR) [52,53] and bind to upstream cis-acting regulatory regions, so-called ‘peroxisome proliferator response elements’, (PPRE) of target genes [54,55] to drive transcription and mediate lipid metabolism in mammals [56,57]. However, the PPAR signaling pathway identified in this study only include some genes related to lipid metabolism, not the key genes PPARs and RXR. It indicated that the key genes, PPARs and RXR, in the PPAR signaling pathway in crustacean may be different from other species [58]. For example, in Drosophila, ecdysone-induced protein E75B (Eip75B) or ecdysone-induced protein E78C (Eip78C) are orthologs of mammalian PPARγ [58,59,60,61]. Furthermore, like mammals, ultraspiracle (USP), a Drosophila homolog of RXR, forms heterodimers with various family members, including ecdysone receptors (EcR) [62]. Interestingly, RXR is also able to successfully heterodimerize with EcR for DNA binding and transcriptional activation [63], and USP is involved in the response to nutrients and metabolites [64]. In crustaceans, EcR belongs to the superfamily of nuclear receptors and can form a heterodimer complex with RXR, which is an ortholog of USP in insects [65,66]. Moreover, the heterodimer complex of EcR-RXR in crustaceans has similar functions to that of EcR-USP in insects [67,68], for example, RXR can form a complex with EcR and ecdysone to activate the transcription of hormone response genes responsible for vitellogenesis, such as Eip75, Eip74, HR3, and Br-C [69]. Therefore, we speculate that Eip75B or Eip78C form heterodimer complexes with EcR-RXR in crustaceans; these complexes may have similar functions in regulating lipid metabolism as those in Drosophila, akin to the PPAR signaling pathway of vertebrate.



This study performed PPI network between the MAPK signaling pathway and the PPAR signaling pathway regulating lipid metabolism. We found that the Raf homolog serine/threonine-protein kinase (Raf) is the central gene connecting the MAPK and PPAR signaling pathway. The Ras/Raf/MEK/ERK cascade is one of the essential components of the ERK pathway [70,71], and previous studies have reported that Raf has multiple biological functions through the MAPK signaling pathway, including activating transcription factors involved in cell proliferation [72,73], regulating oocyte maturation [74], mediating lipid metabolism [75], and monitoring adipogenesis through PPARγ [76]. Accordingly, we speculated that the MAPK signaling pathway could regulate lipid metabolism through Raf, which mediates PPAR signaling pathway, subsequently regulating the expression of genes related to lipid metabolism (lipid degradation, lipid absorption, and lipid biosynthesis). Notably, genes related lipid biosynthesis, absorption, and degradation were found to be upregulated in SOMP, indicating more energy is required for ovarian maturation during a short time interval. In addition, all three members of the PPAR subfamily (PPARα, PPARβ/δ, and PPARγ) function as sensors for fatty acids and fatty acid derivatives and control metabolic pathways involved in energy homeostasis [52,53,77]. For example, PPARα is expressed in tissues with high fatty oxidation activities, including liver, kidney, small intestine, heart, and skeletal muscle, consistent with its predominant functional role in regulating lipid catabolism [52,78]. Activation of PPARβ/δ also induces expression of genes required for fatty acid oxidation and energy dissipation in skeletal muscle and adipose tissue, which in turn leads to improved lipid profiles and reduced adiposity [52,79]. PPARγ is expressed at relatively high levels in adipose tissue, serves as a vital regulator for adipocyte differentiation, and promotes lipid/energy storage in mature adipocytes by increasing the expression level of several key genes in the PPAR pathway [52,80]. Consequently, in crustaceans, various PPAR-homologous (including multiple isoforms of Eip75 and Eip78 or other nuclear receptors) may have functions similar to the PPARs in mammals (PPARα, PPARβ/δ, and PPARγ). This might be an important reason for the upregulation of genes related to lipid metabolism (including lipid biosynthesis, absorption, and degradation). This study also identified an additional KEGG signaling pathway associated with lipid metabolism, the canonical Wnt/β-catenin pathway (Wnt signaling pathway). Wnt signaling pathways may regulate lipid metabolism through PPAR signaling pathway, as previously suggested [81,82,83]. As a consequence, in mud crabs, this study proposes a hypothesis that MAPK could regulate lipid metabolism through PPAR during the vitellogenesis period. In addition, the Wnt signaling pathway might also have similar functions to the MAPK pathway in regulating lipid metabolism via other unknown mechanisms ways (Figure 9), which need be additional evaluations.




5. Conclusions


This study identified two genes (Sp-Eip75B and Sp-Eip78C) and the signaling pathway (MAPK signaling pathway: map04013) that may play crucial roles in ovarian development in mud crabs. As in Drosophila melanogaster, Sp-Eip75B and Sp-Eip78C are homologous to the vertebrate gene PPARγ in PPAR signaling pathway. The MAPK signaling pathway may regulate ovarian lipid metabolism through the central gene Raf, which mediates the PPAR signaling pathway during the vitellogenesis period. This study provides new insights into the mechanism of ovarian lipid metabolism regulation in mud crabs.
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Figure 1. (A) Distribution of the length of unigenes and transcripts. The abscissa represents different length ranges of transcripts and unigenes, and the ordinate represents the number of transcripts and unigenes in a certain length range. (B) Functional annotation of unigenes from six databases (GO, KEGG, eggNOG, NR, Swiss-Prot, and Pfam). 
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Figure 2. Annotation of the unigenes obtained from the transcriptome assembly of S. paramamosain. (A) Venn diagram of the total unigenes annotated into the six databases (NR, Siwss-Prot, Pfam, eggNOG, GO, and KEGG), the central white part is the number of common genes. (B) GO annotation results are summarized into three main categories (biological process, cellular component, and molecular function). (C) eggNOG annotation of the total unigenes; the results are classified into 23 categories. (D) KEGG annotation of the total unigenes are assigned into four main categories (metabolism, genetic information processing, environmental information processing, and cellular process). 
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Figure 3. qRT-PCR validation of the DEGs from the transcriptome sequencing. The sample information represented by abscissa (see Table 1) and the ordinate represents the gene relative expression level of qRT-PCR and transcriptome sequencing (TPM). A total of 6 genes were validated (A) gene 1, (B) gene 2, (C) gene 3, (D) gene 4, (E) gene 5, (F) gene 6, (G) Sp-Vg, and (H) Sp-VgR. All the information about the genes in the qRT-PCR are listed in the Supplementary File Table S1. Different superscript letters in the column of the figures indicate a significant difference (p < 0.05). 
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Figure 4. Annotation of the DEGs in the GO and KEGG databases. (A) The number of DEGs in the different comparison groups. (B) Venn diagram of the DEGs from different comparison groups. (C) GO annotation of total DEGs. (D) KEGG annotation of total DEGs. 
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Figure 5. Heatmap analysis of the expression of metabolism-related genes during different ovarian stages. KEGG analysis of three metabolic pathway unigenes of up- and down-regulated during different ovarian stages: (A) Carbohydrate metabolism; (B) Amino acid metabolism; (C) Lipid metabolism. GO analysis of lipid metabolism-related genes up- and down-regulated during different ovarian stages: (D) Lipid metabolic process (GO: 0006629); (E) Lipid binding (GO: 0008289); (F) Lipid biosynthetic process (GO: 0008610). KEGG analysis of three lipid metabolism pathway genes of up- and down-regulated during different ovarian stages: (G) Fatty acid degradation (map00071). 
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Figure 6. KEGG enrichment of DEGs in the different comparison groups. (A) Total number of DEGs in the vitellogenesis stages of SOMP (S_OV_4_vs_S_OV_3; S_OV_5_vs_S_OV_4); (B) Total number of DEGs in the vitellogenesis of FOMP (F_OV_4_vs_F_OV_3; F_OV_5_vs_F_OV_4); (C) Total number of DEGs in the comparison groups between the SOMP and FOMP during vitellogenesis (S_OV_3_vs_F_OV_3; S_OV_4_vs_F_OV_4; S_OV_5_vs_F_OV_5); (D) PPAR signaling pathway; (E) MAPK signaling pathway. 
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Figure 7. Domain architectures of the PPARγ-homologs, Eip75B and Eip 78C, in Drosophila melanogaster and S. paramamosain. Sp-Eip75B/78C: ecdysone-induced protein E75B/78C in S. paramamosain; Dm-Eip75B/78C: ecdysone-induced protein E75B/E78C in Drosophila melanogaster. NR_LBD: Ligand-binding domain (LBD) of nuclear receptor (NR); NR_DBD: DNA binding domain (DBD) of nuclear receptor (NR). 
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Figure 8. Protein-protein interaction network of MAPK and PPAR signaling pathways. All the information of the proteins in the network are listed in the Supplementary File Table S5. 
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Figure 9. Schematic diagram of hypothetical mechanism of several key signaling pathways regulating lipid metabolism in S. paramamosain. 
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Table 1. Information related to ovary (OV) tissue samples.
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	Sample ID
	Developmental Period (F/S)
	Developmental Stage





	F_OV_1
	First ovarian maturation period (FOMP)
	Stage I



	F_OV_2
	First ovarian maturation period (FOMP)
	Stage II



	F_OV_3
	First ovarian maturation period (FOMP)
	Stage III



	F_OV_4
	First ovarian maturation period (FOMP)
	Stage IV



	F_OV_5
	First ovarian maturation period (FOMP)
	Stage V



	S_OV_3
	Second ovarian maturation period (SOMP)
	Stage III



	S_OV_4
	Second ovarian maturation period (SOMP)
	Stage IV



	S_OV_5
	Second ovarian maturation period (SOMP)
	Stage V
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Table 2. Evaluation of the assembly results.
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	Type
	Unigene
	Transcript





	Total number
	81,893
	132,744



	Total base
	92,837,704
	154,178,017



	Largest length (bp)
	20,317
	20,317



	Smallest length (bp)
	201
	201



	Average length (bp)
	1133.65
	1161.47



	N50 length (bp)
	2111
	2758



	Fragment mapped percent (%)
	71.497
	83.346



	GC percent (%)
	46.62
	46.75



	BUSCO (%)
	96.6
	98.5
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