

  fishes-07-00399




fishes-07-00399







Fishes 2022, 7(6), 399; doi:10.3390/fishes7060399




Article



Predicting Sex-Related Transcripts in the Chinese Giant Salamander (Andrias davidianus): A Transcriptomics Study, Selection Gender for Preservation, Breeding and Reintroduction



Hu Zhao 1, Jiqin Huang 1, Cheng Fang 1, Hongying Ma 1[image: Orcid], Han Zhang 1, Jie Deng 1[image: Orcid], Wei Jiang 1, Fei Kong 1, Hongxing Zhang 1, Hong Liu 2[image: Orcid] and Qijun Wang 1,2,*





1



Shaanxi Key Laboratory for Animal Conservation, Shaanxi Institute of Zoology, Xi’an 710032, China






2



Key Lab of Agricultural Animal Genetics, Breeding and Reproduction of Ministry of Education, College of Fisheries, Huazhong Agricultural University, Wuhan 430070, China









*



Correspondence: wangqijun@xab.ac.cn or wqjab1@126.com







Academic Editor: Kenji Saitoh



Received: 30 October 2022 / Revised: 16 December 2022 / Accepted: 16 December 2022 / Published: 19 December 2022



Abstract

:

The Chinese giant salamander (Andrias davidianus) is the biggest extant and endangered amphibian, which has an incongruous sex ratio during the artificial breeding process and is sex indistinguishable in appearance. The sex development mechanism of this rare species thus needs to be explored. We therefore conducted this study to explore the molecular mechanisms of sex hallmarks or gonad maintenance genes for CGS. In this study, we sequenced and analyzed the sexually mature male and female gonads of Chinese giant salamanders (CGSs) using RNA-seq technology and found a total of 15,063 differentially expressed genes (DEGs) in the testicular and ovarian tissues, of which 7973 (52.93%) were expressed in testicular and 7090 (47.07%) in ovarian tissues. Thirteen gonad DEGs were selected based on gene expression abundance and quantified in the muscle and skin tissues of both male and female CGSs. The results showed that these 13 DEGS, out of the 20 analyzed DEGs, were expressed in both the muscle and skin tissues and only two of them (Bmp15 and ZP3) were consistent in the muscle and skin compared to the gonads of CGSs of the two sexes. Overall, our study should provide an important reference for the sex-characteristics-related genes in this type of species, shedding new light on future research on this topic.
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1. Introduction


Releasing endangered species is an important way to protect the ecological environment, restore species resources, protect biodiversity and promote sustainable development. In recent years, captive breeding, domestication and the release of endangered wildlife have been successful for birds [1] and fishes [2,3] and have also provided new insights into the conservation of other endangered species. Hence, a consensus has been reached on the restoration of endangered wildlife resources by captive breeding and subsequent release or reintroduction into the wild.



However, this is not always easy as some problems need to be solved due to the diversity of life. One such case is the giant salamander (Andrias davidianus), which belongs to the class Amphibia and is the largest of the three extant amphibians in the family Cryptobranchidae, also known as “living fossils” as their earliest found record was more than 350 million years ago [4,5]. Salamanders represent a transitional form between aquatic and terrestrial life and are considered a valuable model for the study of vertebrate evolution and biodiversity [6]. Due to over-exploitation, illegal hunting and habitat loss, the occurrence and population of Chinese giant salamanders (CGSs) in the wild have declined significantly [7]. They now belong to the China National Class II of key protected aquatic wildlife. During artificial culture, the male giant salamander population is much higher than the female population, which makes it difficult to reintroduce this kind of species into the wild, especially as the sex ratio must be 1:1. Moreover, the secondary sexual characteristics of CGSs are difficult to distinguish visually. Thus, the sex development mechanism and sex-specific hallmarks remain to be explored. Sex development mainly includes sex determination and differentiation [8,9] and sex determination induces sex differentiation and sex maintance. During these processes, huge amounts of genes respond to the changes in the phenotype of the sexes [10,11]. With advances in technology, obtaining transcriptomes without reference genomes opens up the possibility of further studies of species without genomic information [12]. Comparative transcriptomic analysis can be used to screen for genes associated with growth, sex determination and differentiation and sex maintenance in a toad specifying genes and pathways involved in sex characteristics [13], sex hormone biosynthesis and other sex-specific gene expressions [14]. In addition, in mammals, sex can lead to differential expression of some genes in the skin or muscle [15,16,17]. Previous research has explored the transcripts of different sexes of Andrias davidianus, using 1-year-old specimens [18]. However, the Andrias davidianus undergoes metamorphosis and sexual differentiation at approximately 8 months of age and reaches sexual maturity at 6 years of age [19,20]. Thus, more detailed information should be provided for the sex-biased genes in sexually mature individuals to fully understand the mechanisms of sex development/characteristics in these curious and precious animals.



In this study, three six-year-old male and three female sexually matured CGSs were selected for gonad transcriptome analysis and the uni-genes obtained were screened for differentially expressed genes (DEGs) to obtain definite sex-specific genes, providing reference to the sex determination, captive breeding and reintroduction of CGSs.




2. Materials and Methods


2.1. Experimental Sample Collection


All of the CGSs used in the experiments were six-year-old healthy individuals purchased from a salamander farm in Chenggu County, Hanzhong City, Shaanxi Province and were temporarily housed in two temporary ponds separated by sex, under routine growth conditions. Six sexually mature and well-developed CGSs (three ♂ and three ♀) were selected from the temporary ponds and numbered M-1, M-2 and M-3 for the males and F-1, F-2 and F-3 for the females. After anesthesia with M222, the salamanders were dissected and three pea-sized samples of the gonads (testes/ovaries), muscles and skin were collected from each individual, quickly loaded into cryotubes and transferred to a liquid nitrogen tank for flash freezing. They were then transferred to a –80 °C refrigerator for storage. The experimental animals were dissected according to the protocols and methods of the Ethical Committee of Shaanxi Institute of Zoology for Care and Use of Laboratory Animals.




2.2. RNA Extraction, Transcriptome Library Preparation and Illumina Sequencing


The testes of three males and the ovaries of three females were used for RNA extraction according to the manufacturer’s instructions for TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The RNA was examined for degradation by 1% agarose gel electrophoresis and the purity of the RNA was examined by Nanodrop (OD260/280 ratio ≥ 1.8 and ≤2.0) to ensure that the qualified samples were used for transcriptome sequencing.



Gonad transcriptome sequencing was outsourced to Biomarker Technologies. First, the total mRNA was enriched and extracted using magnetic beads with Oligo (dT). Subsequently, the mRNA was randomly fragmented by adding a fragmentation buffer. First-strand cDNA was synthesized with random hexamer primers. Second-strand cDNA was synthesized by adding buffer, dNTPs, RNase H and DNA polymerase I and the cDNA was purified using AMPure XP beads. Purified double-stranded cDNA underwent terminal repair and ligation of an A tail followed by a sequencing adapter. Fragment size selection was performed using AMPure XP beads and cDNA libraries were obtained by PCR enrichment. After library construction, the library concentration and insert size were examined using a Qubit2.0 Fluorometer and Agilent 2100 Bioanalyzer, respectively and qPCR was used to accurately cross-check the effective library concentration to ensure the libraries’ quality. Qualified cDNA libraries were sequenced using the Illumina HiSeq X ten high-throughput sequencing platform (BioMarker Technologies, Beijing, China).




2.3. Transcriptome Assembly and Quality Evaluation


Raw data from sequencing cDNA libraries using Illumina HiSeq X Ten were filtered to obtain high-quality clean data. Sequencing reads were first processed into shorter fragments (K-mer) using Trinity software and then these small fragments were extended into Contigs and Components based on the overlapping sequences among these fragments. Finally, the transcript sequences were identified separately using a De Bruijn graph. Clean data underwent sequence assembly to obtain a UniGene library for the CGS.



To ensure the quality of the sequencing libraries, quality assessment of transcriptome sequencing libraries was performed from three aspects: (1) evaluating the randomness of the mRNA fragmentation and mRNA degradation by examining the distribution of the inserted fragments on the uni-genes; (2) evaluating the dispersion of the inserted fragment length by plotting the length distribution; (3) assessing the library capacity and the adequacy of the mapped reads compared to the UniGene library by saturation plotting.




2.4. Identification and Annotation of Differentially Expressed Genes (DEGs)


The reads obtained from sequencing were compared to the UniGene library using Bowtie and the expression level was estimated based on the alignment results in combination with RSEM. The fragments per kilobase of transcript per million mapped reads (FPKM) values were used to denote the expression abundance of the corresponding UniGene. The Benjamini–Hochberg-corrected p-value, i.e., the false-discovery rate (FDR), was used as a key indicator for DEG screening. In the screening process, an FDR ˂ 0.01 and an FC (fold change) ≥ 2 were used as the screening criteria, where FC denotes the ratio of expression between two samples (groups).



The obtained DEGs were annotated against the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) networks using BLAST with a cut-off e-value of 0.00001. GO and KEGG enrichment analysis of DEGs was performed using the cluster Profiler R package.




2.5. qPCR Analysis


Muscle and skin tissue from three female and three male CGSs were sampled for qPCR analysis. Total RNA extraction was performed based on the method described above and used for reverse transcription according to the manufacturer’s instructions for the SYBR® Prime-Script TM RT-PCR Reverse Transcription Kit (TaKaRa, Dalian, China). Primers were designed with Primer Premier 6.0 software and synthesized by Tsingke Biotechnology Co., Ltd. (Beijing, China). Specific primers for PCR and 1% agarose gel electrophoresis were used to validate the expected band size. Refer to Table 1 for the primer sequences. β-actin was used as the internal reference gene and qPCR was carried out according to the instructions of the kit. The reaction system was as follows: 10 μL of 2 × SYBR® Green Realtime PCR Master Mix, 0.5 μL of the forward primer (2.5 µM), 0.5 μL or the reverse primer (2.5 µM), 8 μL of ddH2O and 1 μL of the diluted first-strand cDNA product (0.1 µg/µL). The reaction procedure was: 95 °C, 5 min and 40 cycles (95 °C, 30 s; 60 °C, 30 s; fluorescence signal acquisition). Melting curve analysis was performed to ensure primer specificity and single-size amplicons. Triplicates were set up for each sample, while a no-template control was used for amplification as the negative control. At the end of amplification, the collected fluorescence data were converted into Ct values. The relative expression of the selected genes was calculated from the Ct values of qPCR using the 2−ΔΔCt method. All quantitative data are presented as the mean ± standard error (mean ± SEM) for data analysis. Statistical analysis was performed using a t-test (p < 0.05).





3. Results


3.1. Quality of Sequencing, Transcriptome Assembly and Matching


In this study, cDNA libraries were generated and sequenced for three male and three female mature CGS gonad tissues (numbered M-1, M-2 and M-3 for the males and F-1, F-2 and F-3 for the females, respectively) and a total of six individual transcriptomes were obtained. After sequencing quality control, the Q30 of each sample was greater than 90.76% and a total of 47.26 Gb of clean data was obtained for the six samples. The quantitative and qualitative statistics of the transcriptome sequencing are shown in Table S1.



The sequences of the above samples were assembled using Trinity assembly and a total of 81,671 uni-genes were obtained. The lengths of the uni-genes were mainly concentrated in the range of 200–2000 nt, with an average length of 1178.22 nt, of which 22,110 (27.07%) were 200–300 nt. In addition, 14,362 (17.59%) identified uni-genes were longer than 2000 nt with high assembly integrity. The details are shown in Figure 1 and Table S2. The clean data of each sample were compared to the assembled UniGene library and the results are shown in Table S3. The minimum and maximum alignment ratios to the UniGene library were 74.12% and 84.03%, respectively, both of which satisfied the requirements of subsequent analyses.




3.2. Identification of DEGs


Based on the gene FKPM values, the uni-genes in the testes and ovaries of the CGSs were analyzed and a total of 15,063 DEGs were found in the testicular and ovarian tissues, of which 7090 (47.07%) DEGs were upregulated in the ovaries and 7973 (52.93%) genes were upregulated in the testes (Figure 2). The relatively high DEGs in the ovaries had higher significance and were more dispersed (red dots), indicating that these genes are extremely specific to the ovary. The relatively high expression of DEGs is relatively more concentrated in the testes (blue dots). However, the total number of relatively highly expressed DEGs in the ovaries did not differ significantly from the number of relatively highly expressed DEGs in the testes (Figure 2).




3.3. GO Annotation of DEGs


To explore the functions of the DEGs, GO functional enrichment analysis was performed on these DEGs. The annotation results of the DEGs at GO secondary nodes between sample groups are shown in Figure 3. The results showed that the DEGs were enriched to a total of 376 GO entries covering three major categories, i.e., biological processes, cellular components and molecular functions. A total of 263 entries were enriched for biological processes, involving GO secondary nodes such as developmental processes, biological regulation, response to stimuli and localization (Figure 3). Twenty-five entries were enriched for cellular components and include GO secondary nodes such as cells, membranes and organelles (Figure 3). Eighty-eight entries were enriched for molecular functions, including binding, structural molecule activity, protein tag, catalytic activity, transporter activity and other GO secondary nodes (Figure 3).



The DEGs of the female and male CGSs were analyzed for the biological process GO functional significance enrichment and the results of the biological process entries in the GO annotation are shown in Table S4 (only those with p < 0.01 are shown). This mainly involves translation, embryonic viscero-cranium morphogenesis, the BMP signaling pathway, the triglyceride biosynthetic process and spindle assembly. The DEGs from the female and male CGSs were analyzed for significant enrichment of GO functions in cellular components. The results of the GO cellular component entries are shown in Table S5 (only those with p < 0.01 are shown). The DEGs of the female and male CGSs were subjected to GO functional enrichment analysis in molecular functions. Significant enrichment analysis was performed and the results of GO molecular function entries are shown in Table S6 (only those with p < 0.01 are shown). This includes phospholipid binding, transforming growth factor beta receptor binding, DNA binding and phosphoprotein phosphatase activity.




3.4. KEGG Annotation of DEGs


To further explore the sex-related pathways involving DEGs, a KEGG enrichment analysis was performed. As shown in Table 2, the DEGs between the males and females were significantly enriched in 18 signaling pathways, including inositol phosphate metabolism, the MAPK signaling pathway, endocytosis, glycosaminoglycan degradation, the phosphatidylinositol signaling system, osteoclast differentiation and the starch and sucrose metabolism pathway (p ≤ 0.05).




3.5. Validation of DEGs with qPCR


Twenty typical gonad-specific DEGs were selected for quantitative validation based on the principle of |FPKM value in male—FPKM value in female| ≥ 3, the transcript length was nearly the CDS and all of the genes’ Ct values were ≤35 (Figure 4). This included five female highly expressed genes, i.e., Foxl2, Bmp15, P450, Dmrt2 and ZP3 and 15 male highly expressed genes, i.e., HspB1, Dmrt1, Amhr II, Msp, Prnd, Nmur1, Proto-fps, Akr1c1, Rtl1, Fet1, Napb, AR, Piwil, DmrtB1 and Amh. Furthermore, qPCR was performed to validate 20 gonadal DEGs. As shown in Figure 5a, the relative expression of the Akr1c1, Msp, Prnd, Proto-fps, Nmur1, Rtl1, Fet1, Napb, AR, Piwil, HspB1, DmrtB1, AmhrII, Dmrt1 and Amh genes was significantly higher in the testes than in the ovaries of the CGSs (p < 0.05). The Foxl2, Bmp15, P450, Dmrt2 and ZP3 genes were significantly more abundantly expressed in the ovaries than in the testes (p < 0.05). Our study shows that the qPCR expression levels of the genes were consistent with the trend of the RNA sequencing results, validating the accuracy of the RNA sequencing.




3.6. Relative Expression of the mRNA Expression of the Identified DGEs in the Skin and Muscle


To verify whether these gonadal DEGs were also differentially expressed in the muscles and skin of the CGSs, 13 genes from the 20 DEGs in the gonads were selected for detection by qPCR in the muscle and skin tissues. As shown in Figure 5a,b, all genes tested were expressed in both the muscles and skin: Akr1c1 and P450 had significantly lower expression in the muscles of the females than in those of the males (p < 0.05; Figure 5b), while Msp, Rtl1, Amh, Piwil, Bmp15 and ZP3 had significantly higher expression in the muscles of the females than in those of the males (p < 0.05; Figure 5b). The relative expression of Nmur1, Rtl1, Amh, Bmp15, P450 and ZP3 was significantly higher in the skin of the females than in that of the males (p < 0.05; Figure 5c). In the muscles, Msp, Amh and ZP3 had higher expression ratios in both sexes, ranging from 2.5 to 15. However, in the skin, 13 genes had lower differential expression ratios between the males and females, ranging from 1.6 to 2.2. Therefore, the muscles were selected rather than the skin for sex identification assays by DEGs. Msp was expressed in the male CGS muscles with a Ct of approximately 35, a low relative expression and significantly different expression from the female CGS muscles with a ratio of 15 (to calculate the ratio with females, the male Msp was set at the actual Ct value), indicating that Msp could be a potential marker gene for sex identification in CGSs.





4. Discussion


In this study, RNA-seq was used to analyze the gonadal transcriptomes of sexually mature male and female CGSs. A total of 47.26 Gb of clean data was obtained from the transcriptome library, which passed quality assessment for subsequent analyses. The number of clean reads was nearly twice that of a previous study in the one-year-old CGSs [18]. Subsequent differential analysis of testicular and ovarian genes resulted in a total of 15,063 DEGs that met the condition of |log2(FC)| > 2 and p < 0.01, including 7090 female-biased DEGs and 7973 male-biased DEGs. The number of DEGs was less than that in previously published papers, which may be due to the one-year-old samples in a previous study (undergoing gonadal development) and the six-year-old samples in this study (mature gonads) [18]. Functional enrichment analysis was performed to better understand the potential role of DEGs. A total of 20 sexual DEGs involved in different signaling pathways, such as the male-biased genes Dmrt1, Amh, HspB1 and Akr1c1 highly expressed in the testes, were selected by alignment with information in the database and other species. Among them, the genes Dmrt1, Amh, Bmp15, ZP3, AR and Piwil were identified in a previous study [18] and the genes Foxl2, P450, Dmrt2, HspB1, AmhrII, Msp, Prnd, Nmur1, Proto-fps, Akr1c1, Rtl1, Fet1, Napb and DmrtB1 were newly explored. Interestingly, we first showed that most genes that were differentially expressed in the gonads were not reflected on the muscles and skin. Only the expressions of Bmp15 and ZP3 were consistent in the muscles and skin compared to the gonads of A. davidianus.



Genes associated with sex development can be better screened by the transcriptomic method. For example, in a comparative transcriptomic analysis of the testes and ovaries in the yellow pond turtle (Mauremys mutica) to screen for genes that differ between males and females, DEGs were found to be mainly enriched in the signaling pathways related to sex differentiation and gonadal development [21]. In this study, we analyzed the functions of DEGs by GO annotation and found a large number of functional genes related to sex, including sex differentiation, sexual reproduction, gamete formation, gonadal development, steroid hormone receptor activity, Sertoli cell differentiation and the retinoic acid catabolic process (retinoic acid in mouse embryos can induce germ cell maturation and division and its expression in the ovaries is higher than that in the testes) [22]. It is not clear whether these DEGs play important roles in sex determination, differentiation or maintenance, gamete formation, spermatoogenesis and embryonic development in CGSs, but this should provide a basic reference for the sex hallmarks. Analysis of the KEGG pathway showed that, compared to the male gonads, the female gonads were mainly enriched in the GnRH signaling pathway, the TGF-β signaling pathway, the MAPK signaling pathway, the insulin signaling pathway, oocyte meiosis, the GnRH signaling pathway, the TGF-β signaling pathway and the other signaling pathways related to female gonadal development. Among them, MAPK has an important role in oocyte meiosis and its phosphorylation induces germinal vesicle rupture and promotes oocyte development and maturation [23,24].



Previous studies have confirmed that Dmrt1 is a key gene in male sex determination in most animals, including amphibians [25]. This gene and its homologs have been shown to play a role in sexual differentiation in various species [26,27]. Dmrt1 has been suggested to play different roles in sex determination and gonad differentiation, because different expression patterns have been reported among different vertebrates [28]. In this study, Dmrt1 gene expression was found to be significantly higher in the gonads of male rather than female salamanders based on transcriptomic data and qPCR results, consistent with previous studies [18,25,26,27], suggesting that the sex determination gene continues to sexual maturity. Moreover, another two DEGs, Amh and AmhrII, were also shown to be sex-determining genes [29,30]. Amh is involved in the differentiation of cells during gonadal development by suppressing Müllerian ducts and regulating steroid production while regulating germ cell proliferation [31]. It has been found that mutations in the Amh gene in male vertebrates result in testicular hypertrophy and increase the proportion of female individuals [32]. The AmhrII mutation also causes sex reversal and germ cell hyper-proliferation in half of the vertebrates males [33,34]. Some studies have shown that the Amh plays a role in male sex development and sperm maintenance [35] and it is also expressed in the ovary, suggesting the Amh works in the ovary [36]. By annotating Amh and AmhrII as TGF-β family members and receptors [37], we confirmed that Amh and Amhr II are more highly expressed in male than female CGSs. Amh was also confirmed in a previous study [18], suggesting that these two genes may be representative markers to distinguish males and females. The Piwil gene is important for cell maturation and differentiation and has been proven to have functional duality in different stages of reproduction [38].



In the present study, typical female highly expressed genes, such as Foxl2, Bmp15 and ZP3, were detected in the ovaries of the CGSs. The Foxl2 gene, which is highly expressed in the ovaries, is mainly involved in the TGF-β, MAPK and insulin/IGF signaling pathways [37] and has an important conserved function in ovarian development [38]. Mechaincally, Foxl2 is involved in the transcriptional regulation of P450 arom, a key enzyme for estradiol biosynthesis in vertebrates [39]. Bmp15 is an essential transcription factor in normal follicle formation and has been shown to be essential for the maintenance of the female sex [40,41]. Overall, we found that Foxl2, Bmp15 and ZP3 were expressed at significantly higher levels in the ovaries than in the testes, which is consistent with their expression in the gonads, indicating a significant role for these genes in maintaining sex characteristics in CGSs.



Sex DEGs were amplified from the muscle and skin tissues of CGSs, following which 13 sex-specific genes were found to be expressed in said muscle and skin tissues. However, there were differences in the expression ratios between males and females. In particular, Akr1c1 was expressed significantly more in the males than females, whereas Msp, Amh and Rtl1 were expressed significantly more in the females than males in the muscle tissue, showing different expression patterns than the gonads. Of these three genes, Msp is a non-glycosylated small molecule hydrophilic protein. Originally found in human semen, it is a secreted protein that has emerged as a potential marker for prostate cancer [42,43]. A previous study has confirmed that it is also expressed in the skin tissues of female and male stream salamanders [44]. Consistent with previous studies, we found that Msp was expressed in the muscles of CGSs. Overall, it is not clear whether the differently expressed pattern of these sex-biased genes are related to the indistinguishable secondary sex characteristic of CGSs. The mechanism of this phenomenon should be further confirmed.




5. Conclusions


In this study, we deployed RNA-seq for gonad tissue transcriptome analysis to identify 15,063 DEGs specific to the testes and ovaries of CGSs in sexually mature individuals. We also identified 13 DEGs in the muscles and skin and surprisingly found that most genes showed different expression patterns in the muscles and skin in comparison to the gonads. Our study should provide a reference for the mechanism analysis of sex development/hallmarks in CGSs.
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Figure 1. UniGene length distribution of Andrias davidianus. 
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Figure 2. Volcano plot of the DEGs in the gonadal tissues of male and female Andrias davidianus. DEGs in females compared to males. Blue dots indicate upregulated DEGs in males compared to females. Red dots indicate upregulated DEGs in females compared to males. The cut-off of the ordinate indicates a fold change (FC) of 2 and the cut-off of the abscissa indicates an FDR of 0.01. 
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Figure 3. GO classification of the DEGs in the gonadal tissues of male and female Andrias davidianus. 
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Figure 4. Heatmap of 20 typical DEGs in the gonadal tissues of male (M01–03) and female (F01–03) Andrias davidianus. 
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Figure 5. qPCR analysis of the DEGs in various tissues. (a) qPCR verification of the DEGs in the gonadal tissues of male and female Andrias davidianus. The y-axis is the log2 (relative expression of ovarian genes/relative expression of testicular genes). (b) The expression of the selected DEGs in the muscles of male and female CGSs (n = 3; * p < 0.05). (c) The expression of the selected DEGs in the skin of male and female CGSs (n = 3; * p < 0.05). 
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Table 1. Primers used in real-time quantitative PCR.
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	Gene
	Primer Sequences (5′-3′) Forward
	Primer Sequences (5′-3′) Reverse





	Akr1c1
	CAATACCAACGAGTACCCAGAA
	GGAGAGCAGTCATCATAAATAAGG



	Fet1
	GGCTGAATCTCAACCGACTC
	CCTGCTTGGAAACTATATGTATGC



	Nmur1
	ACCATCGTTACTGTCCTCTACC
	GTCTCCTTCTTCCTGTCTCCAA



	Prnd
	CTGGCGGTTCTCCTTCTCAT
	AGTTGCTTGCGTAGTAGATGTC



	Proto-fps
	TGGTGGACAGTGGTGAAGTT
	GCTCTCAATTACGGCAGATATACA



	Rtl1
	GAATGAGAGGAAGAGGATAACGATT
	TGGACATACATAGACGACAACCT



	Msp
	TCAGTGTTGGTCTAAGCGGG
	AGGCGTGTGTGGACATTTTC



	Amh
	TCCGCTCAACAGTCTCTTCC
	GGCAACAACTCGCACCAAT



	Amhr II
	CAGGCAGTGAACAAGAGATAGAG
	AGTTCTCCTTCTGGTGTCAGG



	AR
	GTAACTATACCTCCTTCCAACACTC
	ATGCTGCCACATAAGACTGATG



	Bmp15
	GCGAGTGACTTCAGATGAGATG
	CAGCACCAAGACCAGCATTC



	Dmrt B1
	ACAGCCAGTCACCTTCTCAG
	TTGGTTGCCTTGTGGATTGC



	Dmrt1
	CTGCTGCTGCCTCCTACAT
	ATCTTGACTACTCGGTGGTGAA



	Dmrt2
	AGGCTGGAAGACATCATACACT
	GCAAGGCACTGAGGTCATATC



	Foxl2
	GGTCCACGGTCCAGTAGTTG
	CCAGTACATCATCGGCAAGTTC



	P450
	GGATGCTGTGCGATGAGTATC
	TGACTGAGGAGAATGTGAACCA



	Piwil
	TGCGGTATGTGCGGTTGT
	CTGATGGCGGTCTCTTCCTAT



	HspB1
	GGCAAACACGAGGAGAAG
	GGGCAGTGTGTATTTCCT



	ZP3
	CCACGTCCCTTAATGCT
	ATCTGGTGTCACCTGTAAG



	Napb
	CCACTGATCCAAACGAGATAC
	TTCTTCAAAGCAGCCCTATG



	β-actin
	TGAACCCAAAAGCCAACCGAGAAAAGAT
	TACGACCAGAGGCATACAGGGACAGGAC
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Table 2. KEGG pathway enrichment analysis of the DEGs in the gonadal tissues of male and female Andrias davidianus.
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	Pathway
	ko_id
	Significant Genes
	Annotated Genes
	p-Value





	Inositol phosphate metabolism
	ko00562
	40
	70
	0.003642



	MAPK signaling pathway
	ko04010
	125
	256
	0.003936



	Mucin-type O-glycan biosynthesis
	ko00512
	19
	29
	0.005815



	Endocytosis
	ko04144
	119
	245
	0.006011



	Glycosaminoglycan degradation
	ko00531
	14
	20
	0.007509



	Phosphatidylinositol signaling system
	ko04070
	45
	83
	0.008032



	Adipocytokine signaling pathway
	ko04920
	41
	77
	0.01627



	Insulin signaling pathway
	ko04910
	75
	152
	0.016859



	Osteoclast differentiation
	ko04380
	10
	14
	0.019613



	Starch and sucrose metabolism
	ko00500
	24
	42
	0.022051



	Neurotrophin signaling pathway
	ko04722
	14
	22
	0.024577



	Oocyte meiosis
	ko04114
	57
	115
	0.030965



	Prolactin signaling pathway
	ko04917
	9
	13
	0.035474



	Regulation of actin cytoskeleton
	ko04810
	102
	219
	0.039699



	Histidine metabolism
	ko00340
	13
	21
	0.039838



	GnRH signaling pathway
	ko04912
	42
	83
	0.040708



	Type II diabetes mellitus
	ko04930
	5
	6
	0.04383



	TGF-beta signaling pathway
	ko04350
	40
	79
	0.044602
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