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Mytilus coruscus is a significant economic species in China’s eastern coastal areas. As a dioecious species, it lacks secondary sexual characteristics, which makes it difficult for selective breeding. However, limited research is carried out on the genetic data regarding reproductive development and gender differentiation. In the current study, de novo transcriptome sequencing analyses were used to detect gonad-specific genes and miRNAs in M. coruscus. By comparing testis and ovary, 159,970 unigenes and 300 miRNAs were obtained totally, of which differentially expressed genes and miRNAs were 9,566 and 25, respectively. Analysis of qRT-PCR showed that cyp26a, dmrt4, foxl2, gdf9, 17β-hsd14, sc6a9, zar1, and zp4 were highly expressed in the ovary as compared to the testis, while sox2 showed lower expression in the ovary. Expression of miR-750-3p, novel 1, and miR-193 was higher in the ovary than that in the testis, whereas the expression of miR-9-5p, miR-9-3p, miR-317, novel 124, miR-2d and miR-263b were lower in the ovary. Furthermore, analysis of miR-317 by Targetscan and MiRanda predicted to target dmrt4 and the luciferase reporter was performed to confirm it. Our research provides a molecular basis for understanding sexual development and reproductive regulation. Further research is needed on the mechanism of gonadal maturation and differentiation in M. coruscus.




Keywords: mytilus coruscus, transcriptome, gonad, mRNA, miRNA, miRNA-mRNA interaction, DMRT4, miR-317



Highlights:

	Transcriptome sequencing was used to analyze the mRNA and miRNA in gonads of Mytilus coruscus.

	In total, 9,566 DEGs and 25 DEMs were identified from the gonad of Mytilus coruscus.

	Dual-luciferase reporter assay proved that a testis biased expressed miRNA-133 targeting 5-HT1.





Introduction

In the field of life science, the concept of sex is among the most intriguing. In most animals, once the sex is established, it is typically retained for life. The gonad, which includes the testis and ovary, is a necessary reproductive organ. Gonadal development and sex determination are regulated by several genes that express themselves differently in testes and ovaries (Li et al., 2022a). The process of sex determination involves different sex-determining genes, and several conserved sex-determining genes have been identified and systematically studied in vertebrates. Previous study showed that sex-related genes DMY (Matsuda et al., 2002), HMG box (SOX) (Sutton et al., 2011), and forkhead box L3 (FOXL3) (Nishimura et al., 2015) are identified. These genes were also found as sex-determining genes in invertebrates, especially in economically important bivalve mollusks (Zhang et al., 2014; Ning et al., 2021). Recent studies have identified vg as a gonadal-associated gene and highly expressed in the ovary in the Pacific White Shrimp Litopenaeus vannamei (Li et al., 2022b). The genes foxl2, dmrt, soxE, soxH, and wnt4 all have been recently reported in shellfish (Naimi et al., 2009; Shi et al., 2015; Li et al., 2016; Shi et al., 2018), which are identified to be associated with gonadal development and gender differentiation.

MicroRNA is a non-coding single-stranded RNA molecule in eukaryotes, consisting of approximately 22 nucleotides. It is generally believed that miRNA binds to specific sequences of a target gene, the so-called “seed sequences”, which can cause degradation of target mRNA or inhibit its translation (Ambros, 2004; Bartel, 2007). Previous studies found that miRNAs participated in regulating many biogenesis processes, such as cell growth, cell proliferation, cell apoptosis, tissue differentiation, and embryo development (Mitchell et al., 2008; Miao et al., 2017; Saliminejad et al., 2019). The research on the expression of miRNA has been intensively studied in gonads of different aquatic species such as yellow catfish (Jing et al., 2014), Eriocheir sinensis (He et al., 2015) and Oryzias latipes (Qiu et al., 2018), Macrobrachium rosenbergii (Xia et al., 2022).

As a dioecious species, Mytilus coruscus (M. coruscus) is one of the most popular economic shellfish in China’s eastern coastal areas (Ye et al., 2012; Yang et al., 2021), which has the advantage of fast growth, immense reproductive ability, strong disease resistance, strong adaptability and easy artificial breeding. So far, studies have been conducted on pharmacological (Yang et al., 2013a) and molecular microbiology levels (Yang et al., 2013b; Yang et al., 2014). However, little research is conducted on genes and miRNAs related to gonadal development and differentiation. A comprehensive study of the mussel developmental mechanisms, including gonad-related genes and miRNAs, is currently required.

This study aims to identify important differentially expressed genes and miRNAs controlling sex determination and gonadal development in mussels and their potential biological functions. This research might help us to understand the mechanism of sex differentiation of mussels at the molecular level and provide data for the follow-up study of sexual dimorphism of economic shellfish.



Materials and methods


Sample collection

Three healthy male mussels and three healthy female mussels were collected from Gouqi Island in Zhejiang province. At the time of sampling, M. coruscus were one year old and had reached the stage of sexual differentiation. After dissection, samples of the ovary, testis, mantle, muscle, labial flap, and foot from mussels were obtained and frozen in liquid nitrogen at once and stored at −80°C. All the experiments about M. coruscus were conducted under the Declaration of Helsinki and approved by the Shanghai Ocean University Animal Care and Use Committee with approval number SHOU-2021-118.2.2.



Gonadal histology

To investigate the gonadal developmental stages of mussels, histological analysis was performed. The tissues were fixed in 4% polyformaldehyde (PFA) for 24 hours, and the fixed tissues were dehydrated in a gradient of 70-100% ethanol gradient, embedded in paraffin, sectioned, and stained with hematoxylin-eosin (H.E). Gender and period of gonadal development were determined by mounting sections of each sample on glass slides and examining them under a microscope.



Construction of mRNA and small RNA library

By using Trizol® (Invitrogen, Carlsbad, CA), the total gonadal RNA was extracted. The RNA integrity was evaluated by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). To obtain cDNA, 1 μg of the above RNA was taken, and then reversed transcribed. The cDNA was further amplified by the PCR method. After that, cDNA constructs were purified. Following the instructions of the TruSeq Small RNA Sample Preparation Kit (Illumina, San Diego, USA), the libraries were conducted using 1 μg total RNA. Then the RNA-seq was conducted on the Illumina sequencing platform (HiSeq 2500) at OE Biotech. Co., Ltd. (Shanghai, China).



Bioinformatics analysis of mRNA and miRNA

Trimmomatic was used to process raw data (raw reads). To get clean reads, the ploy-N-containing reads and the poor-quality sequences were removed. Then the clean reads were assembled into expressed sequence tag clusters (contigs). And de novo assembled into the transcript via the usage of Trinity (version 2.4) within the paired-end strategy. Based on the size and similarity of sequences, the longest transcript was selected as a unigene for subsequent investigation.

For the miRNA transcriptome, cutadapt was used to remove the linker sequence. The sequence was subjected to Q20 quality control using a fast toolkit (version 0.0.13), and those sequences with Q20 of at least 80% were retained. Afterward, using NGSQCToolkit to filter out reads containing N bases (version 2.3.2) Finally, high-quality clean reads were evaluated to analyze the subsequent study. Novel miRNAs were predicted by analyzing the unannotated small RNAs using mirdeep2. The corresponding miRNA star sequences were also determined by analyzing the hairpin structure of pre-miRNAs and aligning with the miRBase database.

The DEG difference algorithm in the R package was used to evaluate the p-value, and the miRNA and mRNA were screened out. TargetScan and MiRanda were used for targeting the prediction of differentially expressed mRNAs (DEGs) and miRNAs (DEMs). TargetScan and MiRanda were used for targeting the prediction of differentially expressed mRNAs and miRNAs.



mRNA/miRNA extraction and QRT-PCR

To validate the DEGs and DEMs in mussels, 9 mRNAs and 9 miRNAs were randomly selected. Total RNA extracted from 7 different tissues of mussel (ovary, testis, mantle, muscle, labial flap, foot) were collected and extracted into total RNA using TRizol® reagent. Then 1 μg total RNA was taken out and reverse transcribed into cDNA with M-MLV reverse transcriptase (Takara, Japan). miRNAs were obtained using TruSeq Small RNA Sample Preparation Kit (Illumina, San Diego, USA). miRNA primers were designed by the stem-loop method and verified by qRT-PCR. miRNA extraction kit was used to extract miRNA from the above 7 tissues. Then miRNAs were transcribed into cDNA using PrimerScript® RT reagent kit with gDNA Eraser kit (Takara, Japan). qRT-PCR was conducted using ABI 7500 real-time fluorescent PCR system and SYBR® premix Ex Taq™ II (Tli RNaseH Plus), and ROX plus (Takara, Japan). The procedure followed the guidelines described in the previous study (Zhang et al., 2021). Using the 2−ΔΔCt method to determine the relative expression of genes, the samples were normalized with 18S rRNA. Three parallel experiments were performed for each reaction. Using Student’s t-test to perform the comparative analysis of ovary and testis. P < 0.05 was considered significant difference. The specific primers for each mRNA and miRNA are shown in Table S1.



Molecular cloning of Dmrt4 gene and plasmid construction

Using the above cDNA, according to the database sequence obtained by sequencing, The primer dmrt4-F/R amplified the dmrt4 coding region by PCR, and the amino acid sequence was compared with the Vector NTI. Bioinformatics analysis showed that miR-317 has a binding site on dmrt4. To validate the targeting relationship between miR-317 and the 3’-UTR of dmrt4, the 3’-UTR of dmrt4 consisting of the miR-317 binding site was cloned into the pmirGLO vector to construct a non-mutant plasmid (WT-pGLO). The seed region where miR-317 binds to the 3’-UTR of dmrt4 was mutated by the primer mutation method and inserted into the pmirGLO vector to complete the mutant plasmid construction (MT-pGLO). For MT-pGLO, the binding sequence (TATACATCACAAAATGTGTGTTCC) was replaced by TATACATCACAAAATGACCAGAGC using the primers, which were conducted into the pmirGLO vector through XbaI and SalI sites. All recombinant plasmids have been sequenced by Sanger to confirm their accuracy. All primers mentioned in this part can be found in Table S1.



Dual-luciferase reporter assay

The culture and transfection methods of human embryonic kidney 293 (HEK293) cells used in the experiment were as previously described (Sun et al., 2020). Using FuGENE@HD (Promega, USA), WT-pGLO and MT-pGLO were co-transfected with miR-317 mimics to HEK293 cells respectively. After 36 hours of transfection, a luciferase activity reporter was conducted using the Dual-Glo® Luciferase Assay System, Promega, USA. To ensure the credibility of the results, each of the experiments was conducted at least three times.




Results


M. coruscus sex and gonad developmental stages

After dissection, gonadal sections of M. coruscus were examined under the microscope. The structure of the ovary and testis could be easily distinguished (Figure 1).oogonia and mature oocytes can be visible in the ovary section of M. coruscus (Figures 1A, B). In the mussel nest sections, spermatogonia and spermatocytes could be seen (Figures 1C, D). According to the histological results, the testicles and ovaries of M. coruscus were at stage III of gonadal maturation. These tissues were then used for RNA sequencing and qRT-PCR.




Figure 1 | Mytilus coruscus gonad sections. (A) and (B) ovary tissue at stage III, (C) and (D) testis tissue at stage III. OO, oogonia; MO, mature oocyte; SG, spermatogonia; SPC, spermatocytes. Scale bars, 100 µm.





Assembly, annotation, and bioinformatical analysis

Six gonadal tissues (3 ovaries and 3 testes) were sequenced by Illumina HiSeq 2500. In this analysis, 159,970 unigenes were assembled with a length of 150,935,287 bp totally and an average length of 943 bp. Annotating the Unigene database, there were 32,460 (20.29%) annotated genes in the NR library, 17,903 (11.19%) annotated genes in the Swissprot library, and 14,631 (9.15%) annotated genes in the KOG library, 20,651 (12.91%) annotated genes in the eggNOG library, 11293 (7.06%) annotated genes in the KEGG library, and 16,359 (10.23%) annotated genes in the GO library. These reads were aligned to unigenes with an alignment rate of 79.11-81.46% (Table 1).


Table 1 | Annotation statistics of the Mytilus coruscus.





DEGs and DEMs in gonad

In this research, 9,566 DEGs were found when comparing the transcriptional data of the ovary and testis. As compared to the ovary, 2,575 DEGs were in higher expression and 6991 DEGs were in lower expression (Figure 2A). A total of 300 miRNAs between 15-26 nt in length were screened from miRNA sequencing data of 6 gonad tissues (3 ovaries and 3 testes), of which 206 were novel and 94 were known miRNAs. After further comparing the miRNA expression of the ovary and testis, 25 DEMs were obtained. As compared to the ovary, 11 DEMs were expressed highly and 14 DEMs were expressed lowly (Figure 2C). Clear differences in miRNAs expression between the male and female were shown in the volcano plot (Figures 2B, D).




Figure 2 | Statistics of DEGs and DEMs in the gonad of Mytilus coruscus. (A) and (C) Statistic of differently expressed mRNA and miRNA. (B) and (D) Volcanic map of male and female Mytilus coruscus differently expressed mRNA and miRNA in the gonad.





GO and KEGG analysis of DEMs

According to Gene Ontology (Mitchell et al., 2008) analysis, the functions of DEGs were described, and a total of 3,138 terms were enriched, including 2,076 biological processes, 390 cellular components, and 672 molecular functions. The most prevalent ones in the three comparison groups were the innate immune response, defense response to the virus, collagen trimer, and nuclear RNA-directed RNA polymerase complex. cysteine-type endopeptidase inhibitor activity (Figure 3A). In the KEGG database, all controls had 262 enriched pathways. The bubble chart stated the top 20 enrichment pathways of the KEGG analysis (Figure 3B). The main enrichment pathways of these differentially expressed genes were Apoptosis−multiple species, Toxoplasmosis, TNF signaling pathway, NF−kappa B signaling pathway, and Ubiquitin mediated proteolysis.




Figure 3 | GO terms and KEGG pathway enrichments in DEGs. (A) Distribution of DE miRNAs among the top 30 GO terms. The GO terms are related to sex determination. (B) The top 20 enriched pathways in the gonad. Gonadal-related pathways are marked in red.





Validation of DEGs and DEMs by qRT-PCR

To evaluate the accuracy of transcriptomics data, qRT-PCR was further used to validate the expression levels of the randomly selected 9 mRNAs (cyp26a, dmrt4, foxl2, gdf9,17β-hsd14, sc6a9, sox2, zar1, zp4) and 9 miRNAs (miR-193, miR-317, miR-750-3p, miR-2d, miR-9-5p, miR-9-3p, miR-263b, novel 1, novel 124). The qRT-PCR results of the above genes and miRNAs were consistent with the results of RNA-seq. Meanwhile, their expressions in different tissues were detected.

Among the differentially expressed genes selected above, the expression levels of cyp26a, dmrt4, foxl2, gdf9, 17β-hsd14, sc6a9, zar1, and zp4 in the ovary were remarkably higher than those in the testis. However, sox2 was in high expression in the testis (Figure 4). Among the above-mentioned DEMs, the expression level of miR-193, novel 1, and miR-750-3p in the ovary was significantly higher than in the testis, whereas miR-9-5p, miR-9-3p, miR-317, novel 124, miR-2d, and miR-263b expressed lowly in the ovary. (Figure 5).




Figure 4 | The relative expression of DEGs in mussels. The relative expression of each DEGs was determined by comparative CT (ΔΔCT) methods using 18s rRNA as the internal reference gene. *0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001.






Figure 5 | The relative expression of DEMs in mussels. The relative expression of each DEMs was determined by comparative CT (ΔΔCT) methods using 18s rRNA as the internal reference gene. *0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001.





Analysis of the miRNA–mRNA interaction

The interaction between miRNA and mRNA is one of the important regulatory roles of miRNA in biological processes. To understand the miRNA-mRNA interaction, we explored differentially expressed genes and their miRNAs with targeting relationships. A DEM could target one or more DEGs, which could also be predicted by one or more DEMs. This means that a complex regulatory network exists in miRNAs and mRNAs (Figure 6). For example, lgi-miR-92 and mle-miR-92b-3p can target dmrt4 and vasa.




Figure 6 | A proposed network of interactions between miRNAs and mRNAs. DEMs and DEGs regulatory networks are illustrated by Cytoscape. Blue indicates miRNA, green represents its target gene.





Cloning and characterization of Dmrt4

The dmrt4 sequence contains a 1050 bp open reading frame (ORF) encoding 349 amino acids (Figure S1). The results of multiple sequence alignment validated that dmrt4 had high homology with other organisms, among which Crassostrea gigas was 63.9%, Pinctada fucata was 62.1%, and Azumapecten farreri was 60.1% (Figure S2).



Dmrt4 is regulated by miR-317

By screening the target genes with Targetscgan threshold > 50 and Miranda energy value < -10, it was found that the miR-317 of the differentially expressed gene completely matched the 3’UTR of dmrt4. Sequence analysis revealed that the binding site miR-317 predicted on 3’UTR of dmrt4 was highly conserved in mussels (Figure 7A). To verify whether miR-317 and dmrt4 had a targeting relationship, two vectors (miR-dmrt4 3’-UTR WT and miR-dmrt4 3’-UTR MT) were co-transfected with miR-317 mimics into HEK293 cells respectively. The results indicated that miR-317 significantly reduced luciferase activity reported by dmrt4-3’-UTR-WT while there have no significance in the negative control (pmirGLO+ miR-317 mimics) and blank control (pmirGLO+ NC). Furthermore, there has no inhibitory effect on the luciferase activity reported by miR-dmrt4 RT 3’UTR MT (Figure 7B). The results strongly suggest that dmrt4 is regulated by miR-317 in the gonad and potentially involves in the gonadal development of mussel.




Figure 7 | Dual-luciferase reporter assay of miR-317 and dmrt4. (A) Targeted sites of miR-317 and dmrt4 3’UTR, and mutated bases. (B) and (C) The relative luciferase activity in HEK293 cells. GraphPad Prism 7 draws a histogram. The means ± standard deviations of the three independent experiments are shown in the data. *p < 0.05.






Discussion

In the current investigation, high-throughput sequencing was performed in the gonad of mussels. After data was analyzed, the DEGs and DEMs were investigated in the ovary and testis of mussels. Additionally, the cloned dmrt4, which is differentially expressed in the gonad was predicted to be the target of miRNA-317. By luciferase reporter gene analysis, it was confirmed that miRNA-317 indeed inhibited the expression of dmrt4.

In this study, specific genes and miRNAs of mussel gonad were identified by transcriptome sequencing analysis. 159,970 unigenes were identified, of which 9,566 were expressed differently in the gonad. Compare to these DEGs in the ovary, of which 2,575 DEGs were highly expressed, while 6,991 DEGs were in low expression. Cyp26a is an important gene in the cytochrome P450 family, which is expressed highly in the ovary of Yellow catfish (Xiong et al., 2015). Foxl2, a central player in the ovary, elaborates on the functional divergence in gibel carp. Furthermore, Foxl2a-b deficiency led to ovary development arrest or complete sex reversal, while complete disruption of foxl2b-A and foxl2b-B result in the depletion of germ cells in gibel carp (Gan et al., 2021). Gdf9, as the transforming growth factor beta (TGF-β) superfamily, regulates steroidogenesis in granulosa cells (Yu et al., 2020). Sc6a9b is a glycine transporter gene whose expression is higher in the ovary and affects ovarian development by affecting neurotransmitters (Li et al., 2016). Using de novo transcriptome analysis, it is revealed that zp4 was differentially expressed in Opsariichthys bidens (Tang et al., 2022). Zar1 plays a role in the early zebrafish ovary by inhibiting ZP gene translation (Miao et al., 2017). The above DEGs have similar biological roles during sex gonadal development in diverse species, implying that these DEGs might involve in the gonadal development of mussels.

The method of studying the mechanism of sex determination by DEMs has been widely used as the high-throughput sequencing technology develops. In this research, compared with the ovary and testis, a total of 25 DEMs were found, of which 11 DEMs were expressed highly and 14 DEMs were in low expression. A great number of miRNAs have been studied that involve gonadal development and other biological processes. Studies have shown that miR-9 is expressed highly in the ovary of Mud Crab (Scylla paramamosain) (Meng et al., 2018) and swimming crab (Portunus trituberculatus) (Waiho et al., 2019). Furthermore, miR-9 can negatively regulate the expression of the ERK pathway genes Rap-1b in the ovary of Mud Crab (Scylla paramamosain) (Zhou et al., 2020). In Monopterus albus, the relationship between Foxl3 and miR-9 has been found, which could promote ovarian apoptosis and spermatogenesis (Gao et al., 2016). In Drosophila, miR-317 is one of the DEMs which are involved in early embryonic development and larval ovarian morphogenesis (Pushpavalli et al., 2014; Yang et al., 2016; Li et al., 2019). However, in our research, the results of qRT-PCR indicated that miR-9-3p, miR-9-5p, and miR-317 expressed highly in the testis. miR-193 involves the downregulation of c-kit protein, which regulates the development of ovarian follicles in Wistar rats. This is consistent with the expression pattern of miR-193 studied in M. coruscus.

By analyzing multiple amino acid sequences, we identified the dmrt4 and identify the DM domain of this gene. It is a cysteine-rich DNA-binding domain shared by the dmrt gene family, characterized by the intertwining of CCHC and HCCC which is the binding site for Zn2+ (Naimi et al., 2009). In the dmrt gene family, genes with different names have different expression patterns in different species (Hong et al., 2007). Currently, members of the dmrt gene family dmrt1 to dmrt5 have been cloned in a variety of fish particularly zebrafish, medaka, and tilapia (Winkler et al., 2004; Cao et al., 2007; Webster et al., 2017). A member of the dmrt gene family, specifically dmrt4, has expressed differently in various species, and these variations may be related to gonad developmental and other processes. In tilapia, the expression level of dmo (dmrt4 in other species) is substantially higher in the ovary than in the testes, thus suggesting that dmo may be a key regulator of gonadal development (Cao et al., 2007).In Oryzias latipes, dmrt4 is identified as maternal transcripts and expressed in gonads until the early larval stages (Kondo et al., 2002; Winkler et al., 2004). By conducting the qRT-PCR experiment, the pattern of the dmrt4 was verified in different tissues of mussels. The result showed that dmrt4 may participate in mussels’ gonadal differentiation. Furthermore, the high expression of dmrt4 in adductor and foot suggests that the gene has other biological functions besides gonadal differentiation. With the in-depth study of miRNAs, more and more miRNAs have been found to participate in regulation through the miRNA-mRNA regulatory network (Jing et al., 2014; Zhang et al., 2016). In this study, we focused on the relationship between miR-317 and dmrt4. The results of qRT-PCR indicated the opposite expression pattern of miR-317 and dmrt4 in the ovary and testis and the results of bioinformatics analysis indicated that dmrt4 may be the target gene of miR-317. Then, the targeting relationship between dmrt4 and miR-317 was confirmed by a luciferase reporter assay. The above experimental results indicate that miR-317-dmrt4 is essential for the gonadal development of mussels.

In conclusion, mRNA and miRNA from the ovary and testis of mussels were sequenced by transcriptome sequencing and then analyzed using bioinformatics. A total of 159,970 unigenes and 300 miRNAs were identified. qRT-PCR technology was performed to validate the accuracy of RNA-seq results, and also explore the expression patterns of DEGs and DEMs. Then, the structural network of mRNA-miRNA interaction was constructed. Moreover, Bioinformatics analysis and luciferase reporter analysis confirmed a targeting relationship between miR-317 and dmrt4. These results are of great significance to our further study of the gonad-related mechanism of mussels and provide valuable data for future research on mussel gonadal development.
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