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Integrative Transcriptome Sequencing Reveals the Molecular Difference of Maturation Process of Ovary and Testis in Mud Crab Scylla paramamosain
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The mud crab Scylla paramamosain is a species with significant sexual dimorphism in growth rate and body size, of which the females are of higher economic and nutritional values than the males. Accordingly, there is an urgent need to explore the molecular mechanism underlying sex determination and gonadal differentiation. The single-molecule long-read technology combining with RNA sequencing was employed to construct a full-length transcriptome for gonads of S. paramamosain. In total, 1,562,819 FLNC reads were obtained from 1,813,758 reads of inserts (ROIs). Among them, the 10,739 fusion isoforms corresponded to 23,634 reads and were involved in 5,369 genes in the reference annotation. According to the criteria for new transcripts, a total of 213,809 isoforms were recognized as novel transcripts and then matched against Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), NR, Swissprot, and KOG databases. We also identified 22,313 SSRs, 169,559 lncRNAs, and 25,451 SNPs. Additionally, 349,854 alternative splicing (AS) events from 8,430 gene models were detected, and 5,129 polyadenylation sites were profiled from 3,090 genes. GO and KEGG annotation indicated that AS and APA probably play important roles in the gonadal development and maturation. Besides, the DEGs associated with gonadal development and maturation were identified and analyzed based on the RNA-Seq data.
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INTRODUCTION

The mud crab (Scylla paramamosain), which is widely distributed along the southeast Asia coasts, is one of the most prevalent aquaculture crustaceans in China due to its huge economic value and superior growth performance (Shi et al., 2019). In China, the artificial culture of mud crab can be traced back to more than 100 years ago (Shen and Lai, 1994), and the aquaculture production has reached 150,000 tons in the recent years (Wu et al., 2019b). As a species provided with significant sexual dimorphism in growth rate and body size, females are of higher economic and nutritional values than males (Ma et al., 2013). Accordingly, there is an urgent need to improve the artificial breeding and farming techniques of female crabs.

The molecular mechanism underlying sex determination and gonadal differentiation of the mud crab has received considerable attention due to the remarkable biological and economic differences between sexes (Yang et al., 2018). Consequently, multiple omics and sequencing technologies have recently focused on the understanding of sexual differentiation, gonadal maturation, and gametogenesis in mud crab. Restriction site-associated DNA sequencing (RAD-seq) was employed to isolate sex-specific single-nucleotide polymorphism (SNP) markers for S. paramamosain, which provided powerful genetic evidence for a WZ/ZZ sex determination system in mud crabs S. paramamosain, Scylla tranquebarica, and Scylla serrata (Shi et al., 2018). Comparative profiling of ovarian and testicular piRNAs in the S. paramamosain, which provided baseline information of mud crab piRNAs and their differential expression, suggested that piRNAs play an essential role in regulating gametogenesis and gonadal development (Waiho et al., 2019). The de novo gonad transcriptome sequencing was performed to identify differentially expressed genes (DEGs) and long non-coding RNAs (lncRNAs) between male and female S. paramamosain, in which homologous genes and lncRNAs involved in sex determination and gonadal development pathways (Sxl-Tra/Tra-2-Dsx/Fru, Wnt4, and thyroid hormone synthesis pathway) were identified (Yang et al., 2018). Although some achievements have been implemented, the understanding of gonadal development and sexual differentiation which facilitates monosexual crab breeding and culture, remains lacking.

The performance of single-molecule real-time (SMRT) sequencing provides a third-generation sequencing platform widely used in genome sequencing because of its long reads (Li et al., 2018). Isoform sequencing (Iso-Seq) for single-molecule long reads provides directly a considerable advantage in the transcriptome-wide comprehensive analysis of full-length splice isoforms and other forms of post-transcriptional regulatory events such as alternative splicing (AS) and alternative polyadenylation (APA) (Thomas et al., 2014; Tilgner et al., 2015). Using Iso-Seq, novel alternative post-transcriptional events were identified in primates at the whole-transcript level, and the combination of these events, which has contributed to complex isoform evolution, is largely independent along with the transcript (Zhang et al., 2017). Other eukaryotes from plants to animals, such as bamboo (Wang T. et al., 2017), sorghum (Abdel-Ghany et al., 2016), mouse (Gupta et al., 2018), and pig (Tang et al., 2018), showed high diversity during the transcriptome-wide identification of AS or APA events. However, little information about alternative mRNA processing events is available in crustaceans, even though they might push forward an immense influence on studying genes associated with sexual differentiation and gonadal development.

In this study, PacBio single-molecule long-read technology was conducted to construct and sequence full-length transcriptome for gonads of S. paramamosain. Meanwhile, Illumina RNA-Seq was performed to correct PacBio long reads and calculate the gene expression levels. We aim to establish a comprehensive profile of gonad transcriptome in S. paramamosain, and provide insights into post-transcriptional processing events in the regulatory mechanism of sexual differentiation and gonadal maturation.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were performed according to recommendations in the Guide for the Care and Use of Laboratory Animals of Shantou University and with the approval of the Institutional Animal Care and Use Ethics Committee of Shantou University. All crabs were anesthetized on ice before dissection.



Animal Collection and RNA Extraction

Healthy sexually mature and juvenile crabs were purchased from a local market in Shantou City, China. The mature testis at stage 2 (Te 2) and ovary at stage 4 (Ov 4) were obtained from 12 individuals (six individuals of each sex), and immature testis (Te 0) and ovary (Ov 0) from 12 juvenile crabs (six individuals of each sex) were excised for SMRT sequencing and RNA-Seq. At stage 2, testes are swollen, opaque, and white; vas deferens are swollen and pink, contains spermatophore, which is ready for mating (Mhd et al., 2018). As for the stage 4 ovary, which is in the late-maturing or secondary vitellogenic (stage 4) stage, the oocyte grows rapidly, and the nucleus reached the maximum at this stage or the end of primary vitellogenesis (Islam et al., 2010).

Total RNA from 24 individuals including four different groups (Te2, Ov4, Te0, and Ov0) was extracted using Qiagen Kit (QIAGEN GmbH, Germany). In total, 12 samples were obtained by mixing two individuals in each sample for sufficient specimen on the transcriptome sequence, given that the immature testis or ovary is small. The quality of the RNA was examined by quantifying concentration and integrity analysis. Agilent 2100 Bioanalyzer (Agilent Technologies, United States) was used to analyze RNA integrity, and total RNA with a 28S/18S value ≥ 1.5 and RNA Integrity Number (RIN) ≥8 were used for library construction.



PacBio Sequel Library Construction and Single-Molecule Real-Time (SMRT) Sequencing

Each three RNA samples for a single group were mixed to prepare a hybrid cDNA library for the PacBio Sequel platform using SMARTer PCR cDNA Synthesis Kit (Takara, Japan). PCR amplification with an optimal number of PCR cycles, testing by the PCR cycle optimization, was performed on the first-strand cDNA. The amplified cDNA products were carried out for size selection. Then, a large-scale cDNA was generated by PCR amplification for the PacBio Sequel library. Using the SMRTbell template prep kit, four single-group constructed libraries were prepared and then sequenced on the PacBio Sequel platform by Nextomics Biosciences Co., Ltd. (Wuhan, China).



RNA-Seq Library Construction and Sequencing

In total, 12 RNA-Seq libraries (three libraries for each group) for gonads of S. paramamosain were prepared. PCR amplification of cDNA fragments was performed, and the purified PCR products were sequenced by Nextomics Biosciences Co., Ltd. (Wuhan, China). More than 10 G raw reads were yielded from each library during sequencing.



Transcriptome Analysis Pipeline for Iso-Seq

To get full-length consensus reads for further analysis, raw data generated by single molecular sequencing were processed using SMRT Analysis Software v2.3 Suite1. First, removing the invalid raw reads with adapters, chimeric, and low-quality bases, post-filter polymerase reads from each movie can be obtained. Next, quality control was performed on the reads of insert (ROI). With a minimum full pass of 1 and a minimum of 80% read accuracy, high-quality ROIs were obtained in polymerase reads. ROIs were then categorized into full-length non-chimeric (FLNC) reads, non-full-length reads, full-length chimeric reads, and filtered short reads based on primer and poly (A) tail detection. FLNC reads were clustered by the ICE algorithm module to get unpolished consensus sequence for the alignment of non-full-length reads, then the polished consensus sequences were yielded by arrow correcting. To avoid and correct high error rates of the long-read sequencing, all the polished consensus sequences were compared with RNA-Seq Illumina platform paired-end reads using LoRDEC software with parameter: -k 19 -s 3. Finally, the corrected consensus reads, which can be recognized as unique isoforms, were obtained.

The mud crab whole-genome sequences and any gene model annotations (data unpublished) were used as a reference genome. The corrected isoforms were mapped to a reference genome using the Genome Mapping and Alignment Program (GMAP) with option: -f samse -n 1 (Wu and Watanabe, 2005). Following error correction and alignment, a software fusion_finder.py in cDNA Cupcake2 was used to extract candidate fusion transcript through four criteria as follows: (a) read map to two or more isolated loci; (b) transcript coverage for each locus should be at least 5%; (c) comparative region coverage ≥99%; (d) the mapped locus must be at least 10 kb apart. Apart from the fusion transcripts, isoform mapping to the genome with a low identity and coverage were discarded. By using another program, collapse_isoforms_by_sam.py, collapsed isoforms were obtained and matched to the gene model using MatchAnnot3.



Novel Isoform

The gene structure annotation results were compared with those of reference annotation to determine the new gene following these criteria: (1) the exon length between the isoform and the reference gene is differential; (2) the part or little of exons were one-to-one overlaps; (3) exon showed no overlap; (4) and the isoform was annotated on the reference genome but no gene found. Then, open reading frame (ORFs) prediction and function annotation were performed on novel transcripts. The coding potential was estimated using the ANGEL (Shimizu et al., 2006). To run this program, genome sequences with any annotations are needed to set up a training dataset for novel transcripts. The ORF prediction was then processed after model training. Databases Non-redundant Protein Sequence Database (NR), Swissprot, clusters of orthologous groups (COG/KOG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) were used for functional annotation of all novel transcripts using the BLASTX program with E-Value < 10–5. From the reads representing a novel transcript with overall annotation, we characterized those overlap no annotated gene loci as read cluster for novel gene identification.



Identification of Long Non-coding RNAs

The most widely used methods Predictor of LncRNAs and Messenger RNAs based on an improved K-mer scheme (PLEK) (Li et al., 2014), Coding Potential Calculator (CPC) (Kong et al., 2007), Coding-Non-coding Index (CNCI)4, and Coding Potential Assessment Tool (CPAT) (Deng et al., 2006) were conducted to predict coding capacity on the unannotated transcripts and those classified to likely-NA and suspicious-NA, which show low reliability of coding sequences (CDs) when running ANGEL (Shimizu et al., 2006). Meanwhile, Swissprot protein database annotations also supported the reliability of non-coding RNA. As a result of non-coding from prediction and database annotations, candidate non-coding RNA was screened out with a length longer than 200 bp.



Identification of Molecular Markers

The identification and location of simple sequence repeat (SSR) maker in all unique isoform sequences were implemented using MISA software with the default parameters (Thiel et al., 2003). Microsatellites (mononucleotide repeats ≥16, dinucleotide repeats ≥6, and trinucleotide to hexanucleotide repeats ≥5) and compound microsatellites consisting of two individual SSR interrupted by a certain number of bases (≤100) were allowed to identify. SNPs and short indel sequence variation identification were conducted with samtools/bcftools5.



Analyses of Alternative Splicing and Alternative Polyadenylation

Alternative splicing analysis was conducted using the Python script alternative_splice.py6 by aligning full-length consensus reads to gene model in the existing genome (Wang M. et al., 2017). The unique isoforms mapped to the same gene model were considered undergoing AS events. The AS events including alternative donor site (AD), alternative acceptor site (AA), alternative position (AP), exon skipping (ES), and intron retention (IR) were identified by the TAPIS pipelines (Abdel-Ghany et al., 2016). KEGG and GO enrichments were conducted on the genes undergoing AS events to analyze the potential functions.

The full-length consensus reads generated by SMRT sequencing were used to identify multiple poly (A) positions. An analysis of APA was carried out using TAPIS (Arefeen et al., 2018). All reads associated with the gene model were processed to distinguish variant poly (A) sites in the reference genome sequence. By aligning reads to annotated gene, reliable alternative poly (A) sites supported by at least two trusted reads were then characterized by candidates with a minimum distance of 20 nucleotides (nt) between two poly (A) sites. The nucleotide composition profile of poly (A) sites was analyzed, and MEME was conducted on 50 nucleotides upstream of multiple poly (A) sites to search for polyadenylation signal motif.



Quality Control and Analysis of Illumina RNA-Seq Data

RNA-Seq with the Illumina HiSeq X ten platform was used to generate paired-end (PE) short reads to correct PacBio long reads. Libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina. The resulting libraries were finally sequenced on a HiSeq X ten sequencing system as 150-nt paired-end reads. All the clean reads were then aligned to the reference genome (unpublished) using HISAT2 (Pertea et al., 2016). DEGs were identified using DESeq2 package with an adjusted p-value (Padj) ≤ 0.05 and fold change value (FC) > 2. Furthermore, GO classification and KEGG pathway analyses were performed on DEGs.



Validation of Isoforms by qPCR, RT-PCR, and Nest-PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen), and its quality and integrity were checked using NanoDrop spectrophotometers and 1% agarose gel, respectively. First-strand cDNA was synthesized using TranScript First-Stand cDNA Synthesis SuperMix kit (Beijing TransGen Biotech, Beijing, China) for PCR and quantitative real-time PCR (qPCR). Primers (Supplementary Table 1) were designed using Primer Premier 5.0 software. PCR amplification was performed to validated AS events using EasyTaq DNA Polymerase (TransGen) and monitored on one agarose gel, which was followed by Sanger sequencing. The 3′-RACE (Rapid Amplification of cDNA ends) was performed to research APA using 3′-RACE Kit (Sangon, Shanghai, China). cDNA was prepared using 3′-RACE adaptor primer, and nest-PCR was carried out using 3′-RACE (R) primer and gene-specific forward (F) primer. We performed qPCR on 10 randomly selected DEGs using Talent qPCR Premix (SYBR Green) kit (TIANGEN Biotech, Beijing, China) following the manufacturer’s instructions to investigate the expression profiles on LightCycler® 480 System (Roche Applied Science, Germany). Each experiment was performed in three biological replicates. Normalization of the expression level of transcripts to that of 18S rRNA was conducted using the optimized comparative Ct (2–ΔΔCt) value method, respectively. Results are expressed as mean values with the standard error mean (SEM) of three replicates. All qPCR data were analyzed by Student’s t-test (two-tailed) for the determination of significant statistical changes in pair with p < 0.05.




RESULTS


Single-Molecule Real-Time Technology Sequencing and Read Mapping

To establish a full-length transcriptome of gonads in male and female S. paramamosain, four hybrid libraries of 0.5–6 k were constructed for single-molecule long-read sequencing. In total, 417,594, 492,228, 481,038, and 422,898 ROIs were yielded from four SMRT cells (Supplementary Table 2). By identifying 5′ primer and 3′ primer as well as poly (A) tail, the Iso-Seq analysis pipeline classified ROIs in terms of FLNC reads, non-full-length reads leaving out full-length chimeric reads, and filtered short reads (Table 1 and Figure 1). After classification and clustering, a total of 777,438 consensus sequences were then received by arrow polishing. Among them, 126,761 high-quality quivered reads with the length of 291,728,132 bp (2,301 bp per reads) were characterized by a minimum 99% accuracy and at least two consensus reads supporting (Supplementary Table 3). All consensus sequences were corrected using paired-end reads generated by the RNA-Seq Illumina X ten platform to avoid high error rates of single-molecule long-read sequencing. Finally, 777,438 corrected consensus reads with an average length of 2,358 bp were obtained.


TABLE 1. Classification of reads of insert (ROIs).
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FIGURE 1. Classification of reads of insert (ROIs).




Characterization of Transcripts and Novel Gene Identification

Blasted with the gene model in the reference genome with the condition mentioned above in the “Materials and Methods” section, we identified 10,739 isoforms, and they could simultaneously cover two or more annotated genes. The 10,739 fusion isoforms corresponded to 23,634 reads and were involved in 5,369 genes in the reference annotation. Most of the fusion transcripts were a combination of genes with other genes or no-genes (Supplementary Figure 1). After filtering out the putative fusion transcripts and the collapse isoforms (539,442 isoforms), the remaining 214,361 isoforms were then matched with gene annotation of the reference genome. After aligning with the reference genome, 114,062 isoforms mapped to 9,513 known gene covering more than half of the total annotated gene, while 100,299 isoforms were not found in the gene region (Supplementary Table 4).

According to the criteria for new transcripts mentioned in the “Method and Materials” section, a total of 213,809 isoforms were recognized as unannotated production of full-length transcriptome sequencing. The ANGEL software was used to predict CDS of novel transcripts, which were categorized into nine types (Supplementary Table 5). The majority of novel transcripts with initiation or termination codons showed high confidence in coding capacity. Nevertheless, 17,460 (likely-NA) and 69,236 (suspicious-NA) CD sequences had lower reliability, and a total of 1,146 sequences with little coding potential were left out when running ANGEL. The novel transcripts were then matched against GO, KEGG, NR, Swissprot, and KOG databases. A total of 152,151 isoforms (71.16%) were overall annotated in five databases (Figure 2). It showed that 106,312 (49.72%), 83,210 (38.92%), 148,677 (69.54%), 118,823 (55.57%), and 73,374 (34.32%) of 213,809 new genes could be found in KOG, KEGG, NR, SwissProt, and GO databases, respectively. The annotations on GO and KOG showed that all of these isoforms were classified into 42 and 26 functional categories, respectively. KEGG analysis indicated that the cluster of “signal transduction” represented the major group, followed by “Folding, sorting and degradation.” According to the results of NR database annotation, novel transcripts matched to known non-redundant sequences from up to 427 species. Most of them belong to the invertebrates including Penaeus vannamei, S. paramamosain, Eriocheir sinensis, Procambarus clarkia, and Zootermopsis nevadensis.
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FIGURE 2. Functional classification of novel transcripts of Scylla paramamosain. (A) Gene ontology (GO) annotation; (B) KEGG pathway classification; (C) KOG classification; (D) Species distribution of NR annotation; and (E) overall results of annotation on GO, KEGG, NR, Swissprot, and KOG databases. The number represents novel genes identified in NR, KOG, KO, Swissprot, and GO databases.


Rarefaction analysis was performed to detect the connection between the PacBio reads and the gene number and the gene-discovery rate was further observed. As the saturation curves show (Supplementary Figure 2), the number of genes has a trend of slow growth with the rising number of sequenced reads, which indicated that sequencing depth had not reached saturation of gene and isoform discovery within those size ranges.



LncRNAs

All the unpredictable and lower-reliable sequences were used to identified non-coding RNA. The results showed that 36,584 candidates were identified with PLEK, 34,176 with CPC, and 36,388 with CNCI. Based on the Swissprot database, a total of 45,137 candidate sequences with the annotated result of non-coding were identified. According to the common results of four predicting methods, a total of 22,313 candidate non-coding RNAs with the shortest length of 268 bp were identified (Figure 3). Therefore, all 22,313 candidates could be characterized as lncRNA.
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FIGURE 3. The identification and length distribution of long non-coding RNA (LncRNA). (A) Overlapping results of LncRNA from the different method, (B) Length distribution of LncRNA.




Identification of Molecular Marker

A total of 169,559 SSRs were generated from our transcriptome dataset, which contained 44,884 (42,815 and 2,069), 42,125, 39,427, 39,574, 2,932, 478, and 139 for complex repeats type (c and c∗), mononucleotide repeats (p1), dinucleotide repeats (p2), trinucleotide repeats (p3), tetra nucleotides repeats (p4), penta-nucleotides repeats (p5), and hexa-nucleotides repeats (p6), respectively (Figure 4). SNP loci were predicted based on the variation bases at one position in the reference from a unique isoform sequence. In total, 25,451 SNPs and 45 indels were identified.
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FIGURE 4. Identification of simple sequence repeats (SSR).




Alternative mRNA Processing Events

By aligning the full-length isoforms with the reference genome, optimization on the gene models can be conducted. We extended the 5′ or 3′ ends of 8,411 annotated genes based on 84,346 reads, which would make a great improvement on the genome annotation. Furthermore, long-read data can be used to predict the mRNA processing events, which lead to transcriptome diversity.

As a result of AS, mRNA with different structures were generated from a single gene. In the present study, a total of 349,854 AS events from 8,430 gene models were detected (Table 2). According to the description for AS analysis programs, AS events were divided into five major types including ES, IR, AD, AA, and AP (Figure 5). As a result, AP, which refers to introns overlapping but with both different 5′ end and 3′ end, was the most common AS pattern in gonad transcriptome of mud crabs. We also found that some splice isoforms are differentially expressed between the testis and ovary or their different stages of development in mud crab (Figure 6). For instance, one of the transcripts from the gene.Scaffold17_g66 has presented only in control gonadal differentiation while another only in testis development. Apart from that, the overwhelming majority of the alternative spliceosomes had not been annotated, which also function in the sex determination and gonadal differentiation (Figure 6).


TABLE 2. Classification of alternative splicing (AS) events.
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FIGURE 5. Schematic diagram of Alternative Splicing (AS). (A) Structure of AS types classified using alternative splice. (B) Schematic illustration of alternative isoforms within the PacBio transcriptome.
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FIGURE 6. PCR validation of AS events identified by Iso-Seq. The green box represents the gene model; the exons in transcripts are represented by red boxes. Gene ID is shown at the left for each panel. (A) AS events of annotated genes, (B) AS events of unannotated genes.


To understand the roles of genes with AS, GO function enrichment and KEGG pathway classification were conducted. GO annotation analysis indicated that these genes act mainly on the variant physiological processes related to binding function. Additionally, the GO term “protein folding” and “unfold protein binding” possess the high enrichment factor. KEGG enrichment showed that these genes were significantly enriched in “cell cycle–yeast” and “RNA transport” followed by “meiosis–yeast” (Figure 7).


[image: image]

FIGURE 7. Functional annotation of the genes with AS events. (A) GO term enrichment, (B) KEGG pathway enrichment.


As for APA, a total of 5,129 polyadenylation sites were profiled from 3,090 genes. By polyadenylation analysis, we detected 1,265 genes containing two or more polyadenylation sites (Figure 8). The nucleotide composition around poly (A) sites (+50 nts and −50 nts) was analyzed for nucleotide bias, in which the clear bias of nucleotides upstream and downstream of the cleavage site in the 3′ UTRs was represented by the low content of GC confirming that our identified poly (A) sites are reliable (Figure 8). We searched for the polyadenylation signal motif on the sequences 50 nucleotides upstream and downstream of all 5,129 poly (A) sites using MEME. The 2,061 sites were contributed to the construction of an AAUAAA motif, which is known as the canonical poly (A) signal in eukaryotes (Figure 8; Tian et al., 2005). Additionally, another conserved motif UGUA was found, and the following two nucleotides (C and A) appeared with a high possibility in our study (Figure 8). Based on the 3′ RACE, we have observed differential APA because of sex difference (Figure 8).
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FIGURE 8. Alternative polyadenylation analysis. (A) Result of poly (A) sites analysis using TAPIS. (B) Nucleotide bias analysis on 50 nt up- and down-stream of poly (A) sites. (C) MEME analysis identified a conserved poly (A) signal. (D) Another overrepresented motif (UGUA) is found. (E) Validation of polyadenylation sites by nest-PCR. R, 3′ RACE reverse primer; F, gene-specific primer; consensus and specific sequence of isoforms were represented by open boxes and colored boxes, respectively.




Identification and Validation of DEGs

The expression level of genes in each group was analyzed to screen the DEGs using fragments per kilobase of exons per million fragments mapped (FPKM). The principal component analysis (PCA) was performed to determine that there was no separation or outliers in the sample set (Supplementary Figure 3). The comparative analyses of DEGs among groups were performed. The results showed that the 302 and 5,606 DEGs were identified from the development process of testis and ovary, respectively (Figure 9). Furthermore, 14,619 and 18,175 DEGs were screened in the developmental initiation and maturation stages of the ovary compared with the testis. Among these genes, the 64 common DEGs acted on the maturation both of the testis and ovary, and the 29 genes showed different expression profiles during all stages of ovarian and testicular development and maturation (Figure 9).
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FIGURE 9. Comparative analyses of differentially expressed genes (DEGs) among groups. Volcano plot (A) and Venn diagram (B) of DEGs.


The GO and KEGG annotation showed that the DEGs identified from Ov0 vs. Ov4 were significantly enriched in “ribosome” and “ion binding” (Figure 10). The GO and KEGG annotation analysis for the DEGs identified from Te0 vs. Te2 indicated that the physiological activities related with ferrous ion involving “heme metabolic process,” “heme biosynthetic process,” and “ferrochelatase activity” were inhibited, while the “cytokine-cytokine receptor interaction” and “cytokine receptors” were enhanced during the testis development and maturation (Figure 10). In addition, for Ov0 vs. Ov4, a total of 65 DEGs were enriched in the KEGG pathway “Spliceosome.”
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FIGURE 10. The GO and KEGG annotation of DEGs. The GO (A) and KEGG (B) annotation of DEGs from Ov0 vs. Ov4, and the GO (C) and KEGG (D) annotation of DEGs from Te0 vs. Te2.


Combined with the published literature and the gene annotation in the KEGG term “oocyte meiosis,” the several genes contributing to sex determination and gonad development were identified (Figure 11). In the present study, a large number of unique isoform sequences that annotated to SXL were found, and the numbers of splice isoforms generated by AS were predicted from them, which showed the complexity of post-transcriptional processing events for SXL (Supplementary Table 6). In our data, variant isoforms (dmrt1, DMRT3, and dmrta2) with the annotated result of dmrt can be found and identified, in which the dmrta2 with AS events were expressed only in the testis. Additionally, qPCR indicated that the dmrt1 and dmrt3 genes were higher expressed in testis development with sharp fluctuation (Figure 11). Furthermore, several genes contributed to oocyte meiosis such as cell division cycle 20 (CDC20), cell division cycle (CDC23), serine/threonine-protein kinase MOS-like (mox), structural maintenance of chromosomes protein 1A (Smc1a), structural maintenance of chromosomes protein 1A (Smc3), separin (Espl1), and F-box only protein 43 (FBXO43) can be found in the top 5% of the genes with the highest frequency of AS events. Also, genes annotated to cell division cycle-associated protein 3-like (cdca3), cell division control protein 45 homolog (CDC45), and cyclin-dependent kinase 14-like (CDC14) could be identified during polyadenylation site analysis with variant transcripts. From DEG cluster, as defined in our study, mitotic interactor and substrate of PLK1-like (PLK1) were found.
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FIGURE 11. The DEGs associated with sex determination and gonad development in the transcriptome. SXL, sex-lethal homolog; DMRT3, doublesex and mab-3-related transcription factor 3; dmrta2, doublesex- and mab-3-related transcription factor A2; Cdc20, cell division cycle protein 20 homolog; mos, serine/threonine-protein kinase mos; CDC45, cell division control protein 45 homolog; CDK14, cyclin-dependent kinase 14; FBXO43, F-box only protein 43; Espl1, separin; Smc1a, structural maintenance of chromosomes protein 1A; Smc3, structural maintenance of chromosomes protein 3; dmrt1, doublesex- and mab-3-related transcription factor 1; Cdc23, cell division cycle protein 23; cdca3, cell division cycle-associated protein 3-like; PLK1, mitotic interactor and substrate of PLK1-like isoform X1-like. (A) Heatmap of DEGs, (B) The expression of DEGs in the different stages of the gonad. Different letters represent significant differences (p < 0.05).


For validation, qPCR was performed on 10 randomly selected sequences. Their gene relative expression, depicted in Figure 12, shows the similarity of the expression profiles by qPCR to those by bioinformatic analysis.
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FIGURE 12. Validation of 10 randomly selected sequences. *p < 0.05, **p < 0.01. (K) The qPCR results were achieved by log2 (Fold Change) and bioinformatic results by that based on FPKM. (A–J) The relative expression of 10 randomly selected sequences.





DISCUSSION

Although SMRT sequencing has been widely used to generate full-length transcriptome in crustaceans (Zeng et al., 2018; Lin et al., 2019; Wan et al., 2019), little full-length transcriptome resources are available for gonads of mud crab. In this study, unique isoform sequences were obtained from the gonad transcriptome by using single molecular long-read sequencing with the PacBio Sequel platform. The high annotation rate of transcripts indicated several advantages of SMRT sequencing over RNA-Seq (Zeng et al., 2018; Wan et al., 2019). Additionally, we identified fusion transcripts based on alignment to gene model annotation; prediction of coding potential is needed to be conducted, and the function of fusion transcripts should be analyzed in a further study. In our findings, a total of 22,313 lncRNAs were characterized. Interestingly, the number of lncRNAs was similar to the recent report of full-length transcriptome sequencing for S. paramamosain (Wan et al., 2019), but less remarkably than previous research on lncRNAs from the gonad transcriptome using RNA-Seq (Yang et al., 2018).

Alternative splicing, contributing to the high level of mRNA complexity, plays important roles in the development, differentiation, or other physiological processes in a variety of organisms (Kalsotra and Cooper, 2011). Full-length sequences with alternative mRNA event identification set the stage for detailed research on the post-transcriptional mechanism involved in gonadal development for S. paramamosain. As the saturation curves show, the number of isoforms is still increasing with the rising number of sequenced reads, which indicates that alternative post-transcriptional events generate various isoforms leading to higher transcriptome diversity of gonads (Wang et al., 2016). Behind such a huge number of AS events, S. paramamosain transcriptome also shows extreme diversity during AS event identification. The GO annotation analysis demonstrated that AS regulates probably the developmental initiation and maturation of the gonad by mediating the post-translational protein modification or folding. The result was consistent with the previous study: AS promotes dynamic remodeling of the transcriptome to promote physiological changes by binding to proteins or a motif (Kalsotra and Cooper, 2011). The KEGG annotation suggested that most alternative spliced isoforms in gonadal function affect the regulation of gametogenesis, especially in female crabs. These results were confirmed by the founding in which AS in the testes may be involved in the control of the mitotic and meiotic cell cycles in spermatocytes (Venables, 2002). Consistent with the previous study (Chen et al., 2017), the results of mRNA-processing events indicated that genes undergoing AS events were remarkably more than those with APA. Nevertheless, recent discoveries have revealed that APA is a widespread phenomenon, which contributes to the complexity of the transcriptome by generating isoforms that differ either in their CD, thereby potentially regulating the spermatogenesis (Liu et al., 2007; Giammartino et al., 2011). In the present study, the UGUACA sequence, which is frequent in testis-specific mRNAs, was found in addition to the canonical AAUAAA sequence (McMahon et al., 2006). This finding verified the importance of APA events in the regulation of gametogenesis as well.

In the present study, SMRT-seq data also yielded many novel findings including the uncovering of molecular markers (169,559 SSRs and 25,451 SNPs) and identification of over 213,800 novel genes that were not previously annotated. Among these novel genes, many are putative long non-coding transcripts. These data are useful for the development of polymorphic genetic markers in S. paramamosain and other crab species.

The regulatory mechanisms involved in sex determination, gametogenesis, and gonadal differentiation and maturation of the crustacean were modulated by multiple genes and pathways (Zhang et al., 2018). Combination with Illumina RNA-seq data, the DEGs associated with sex differential and gonad maturation among different tissues and developmental stages were identified and analyzed in the present study. DEGs between adults and juveniles of the same sex were less than those between males and females, while the number of DEGs (Ov0 vs. Ov4) functioning in the maturation of the ovary was more than that of the testis. This phenomenon can be explained by the reality that ovary development goes through more developmental stages, which is more complicated than the testis (Mhd et al., 2018; Wu et al., 2019a). The functional classifications in GO and KEGG of DEGs between testis (Te0 vs. Te2) and ovary (Ov0 vs. Ov4) maturation demonstrated the differences in the gonadal developmental regulatory pathways. In the female mud crab, the DEGs were enriched in the KEGG pathway “ribosome,” “ion binding,” and “spliceosome,” which are in conformity with the previous study (Wahl et al., 2009), indicating that genes that function in catalyzing pre-mRNA splicing were found in the present dataset. This result supports the role of AS in the regulatory network of gonadal development in female crabs (Deloffre et al., 2009). In the male, the upregulated DEGs were enriched significantly in “cytokine-cytokine receptor interaction” and “cytokine receptors,” which suggested that the cytokines and their pathways were implicated in the gonad axis, especially in the testis development (Stratone et al., 2001). The inhibition of DEGs enriched in “heme metabolic process,” “heme biosynthetic process,” and “ferrochelatase activity” may be due to the increased requirement of male crabs of non-heme iron protein to synthesize steroid hormones in the process of testis development (Ford, 1969).

Identification of DEGs between sexes and during developmental stages helps to uncover the molecular mechanism underlying sexual differentiation and gonadal development. Contrary to the research of the well-studied model species Drosophila melanogaster (Cline et al., 2010), Sxl (sex-lethal) controlling sex determination in early embryogenesis and resulting in feminization was higher expressed in the testis, which provided insights into a WZ/ZZ sex determination system in mud crabs S. paramamosain (Shi et al., 2018). In the female drosophila, Sxl protein regulates the AS events of the downstream genes tra and dsx, which are key to maintain sex differential pathway (Salz and Erickson, 2010). The same as previous transcriptome sequencing for crabs S. paramamosain (Yang et al., 2018) and E. sinensis (Liu et al., 2015), tra-2, which interacts with tra to regulate the downstream gene dmrt (same family of dsx) was identified. In both male and female mud crab S. paramamosain, there may be some specific spliceosome or RNA-binding proteins for dmrt, resulting in sex-specific isoforms, which are similar to the published articles (Zheng et al., 2019). The genes contributing to oocyte meiosis with a high frequency of AS and APA events were screened in the present study as well, such as mos, Cdc23, FBXO43, Espl1, Smc1a, and Smc3. It implies that the regulatory mechanism of germ cell maturation relies on AS events, which are extensively used to regulate gene expression (Venables, 2002; Wolgemuth et al., 2002).

As previously discussed, germ cell development and maturation are controlled by cell cycle regulators in a wide variety of animals (Wolgemuth et al., 2002). Consistent with this, the DEGs (Cdc20, CDC45, and CDK14) related to the cell cycle were identified in the present study, which meets the need for faster-proliferating cells to produce more proteins (Giammartino et al., 2011). Some studies suggested that Polo-like kinase 1 (PLK1) may play an essential role in protein phosphorylation of CDC25C, which is required for activating of the Cyclin B–CDC2 complex (Qian et al., 2001; Toyoshima et al., 2002). The variant transcripts of PLK1-like generated by AS were more abundant in adult female mud crabs, which demonstrated that target genes of PLK1 may have a sexually dimorphic expression pattern as well. Alternative post-transcriptional events were identified on these genes to show their potential functions on the gonadal development and maturation in crustaceans. It has been reported that isoforms undergoing AS and APA might contribute to cell cycle and transition to meiosis in both vertebrates and invertebrates (Liu et al., 2015, 2017). However, little information is available in crustaceans, and further studies are required to confirm whether it is common in crustaceans or not.

In summary, the present study demonstrated the long-read sequencing corrected by short-read sequencing for cataloging and quantifying gonadal transcripts in mud crabs. We reported that the large-scale comprehensive profiling of full-length splice isoforms and novel genes, lncRNA, molecular marker (SSR and SNP), alternative mRNA-processing events (AS and APA), and DEGs act on gonadal development and maturation by full-length transcriptome sequencing. These findings not only improve the understanding of the molecular mechanism underlying sex determination and gonadal differentiation of the mud crab but also revealed important rules and generated novel resource and information with positive implications for the monosexual crab-breeding techniques.
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