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Abstract

:

Sexual growth dimorphism is a common phenomenon in teleost fish. However, the mechanism of this complex phenomenon remains unclear. The fine-patterned puffer (Takifugu poecilonotus; Temminck and Schlegel, 1850) exhibits female-biased sexual size dimorphism similar to other pufferfish. In this study, the transcriptomes of female and male T. poecilonotus were sequenced, 285.95 million raw read pairs were generated from sequence libraries. After identification and assembly, a total of 149,814 nonredundant unigenes were obtained with an N50 length of 3538 bp. Of these candidates, 122,719 unigenes (81.91% of the total) were successfully annotated with multiple public databases. The comparison analysis revealed 10,385 unigenes (2034 in females and 8351 in males) were differentially expressed between different sexes of T. poecilonotus. Then, we identified many candidate growth- and sex-related genes, including Dmrt1, Sox3, Spatas, Prl/Prlr, fabps, Ghr, and Igf1r. In addition to these well-known genes, Fabp4 was identified for the first time in fish. Furthermore, 68,281 simple sequence repeats (SSRs) loci were screened and identified in the transcriptome sequence of T. poecilonotus. The results of our study could provide valuable information on growth- and sex-associated genes and facilitate further exploration of the molecular mechanism of sexual growth dimorphism.
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1. Introduction


Sexual growth dimorphism, growth rate differing between the genders, is common among animals, e.g., in mammals, birds, insects and fish [1,2,3]. In teleost fish, sexual growth dimorphism is widely encountered, and many species display different growth rates between the sexes. For some species, males grow faster than females to adult size, such as many tilapia species [4]; catfish such as channel catfish Ictalurus punctatus [5] and wels catfish Silurus glanis [6]; and salmonids, such as Oncorhynchus nerka [7] and Salmo trutta [8]. However, in most other fish species, females outgrow males. For instance, flatfish [9], sea bass [10], eel [11], cyprinids [12] and other fish [13,14]. The mechanism of sexual growth dimorphism is complex, and numerous factors are involved in gender growth differences [15].



Fish growth is a complex polygenic trait regulated by numerous factors, including nutrients, environment, reproductive activity and energy metabolism [16]. Fortunately, sexually dimorphic growth can be used to explore candidate networks and genes for enhancing body size or growth speed, which may offer rapid and significant economic gains [13]. An increasing number of growth-related genes were identified based on the analysis of differentially expressed genes between females and males [16,17,18]. Sex is one of the most intriguing propositions in life science. Its mechanisms in many animals (e.g., mammals and birds) are high conserved [19,20]. Facilitated by the conservation, sex-related genes seem to be also conserved (e.g., Sry for mammals and Dmrt1 for birds) [21]. However, the sex-related genes are highly variable in fish species. Previous researches have announced many genes related to sex in the teleost, including amhy in Odontesthes hatcheri [22], sdY in Oncorhynchus mykiss [23], pfpdz1 in Pelteobagrus fulvidraco [24]. Research on sex-related genes in teleost has aroused widespread interest in an increasing number of investigators. As teleost is an important protein resource for humans, it is important to understand the growth and sex of teleost to enable the prediction of potential impacts and effective management. Members of the genus Takifugu are mainly distributed in the north-western Pacific Ocean; they are extremely similar in external morphology, and natural hybrids within the genus have frequently been found in the natural environment [25,26]. Due to their excellent taste, abundant nutrients, and ability to serve as senior food ingredients in some cultures, these fish are important aquaculture species in East Asia [27,28]. Although the fine-patterned puffer (Takifugu poecilonotus Temminck and Schlegel, 1850) has not been developed as an aquaculture species, this species is commercially viable and highly traded [29]. Fine-patterned puffer exhibits sexual growth dimorphism; similar to other pufferfish; the female fish tend to be stronger and larger than the male fish [30,31,32]. These biological features make T. poecilonotus an ideal non-model marine fish species for growth-related and sex-related gene studies. In addition, as a result of taste and fast growth rate, particularly the sexual differences in growth, T. poecilonotus has tremendous future potential for future aquaculture and the gene breeding industry. However, genetic and molecular data of T. poecilonotus are limited. Thus, identifying growth- and sex-related genes and their functions may not only be valuable information of growth- and sex-associated genes but may also lead to an expanded genome database for T. poecilonotus and facilitate future study about molecular biology.



Comparative transcriptome analysis is useful for studying gene expression in many samples simultaneously [33,34]. This methodology is ideal for investigating the molecular mechanisms of gene or pathway responses to an experimental hypothesis [35]. Furthermore, for species whose genome is not yet available, comparing complex genomes is an attractive option to sequence the transcriptome for detecting genes. In addition, transcriptomics allows simultaneous analyses of multiple processes (metabolism, protein homeostasis and other bioprocesses) [36,37]. In this study, the muscle, liver, gonads and heart of females and males were used for transcriptome analysis. Then, the genes expression profiles of different T. poecilonotus individuals were generated, differentially expressed genes (DEGs) between T. poecilonotus males and females were detected. Subsequently, candidate important genes and pathways involved in growth-related and sex-related genes were identified. Moreover, abundant SSRs markers were detected in deep coverage sequence region reads. The present study’s objective was to detect the growth-related and sex-related genes and provide a foundation for discovering sexual growth dimorphism mechanisms of teleost fish. Furthermore, the transcriptomic resource in this study would support the future study of molecular regulatory mechanisms in teleost fish.




2. Materials and Methods


2.1. Ethics Statement


The procedures involving animals in this study were conducted in accordance with the Laboratory Animal Management Principles of China. All samples were anaesthetised and killed by severing the spinal cord. All the experimental procedures in the present study were approved by the ethics committee of Laboratory Animal Welfare and Ethics of South China Sea Fisheries Research Institute (project identification code: nhdf 2021-05, date of approval: 15 January 2021).




2.2. Sample Collection


Three males and three females T. poecilonotus were captured by using gill-net from the Beibu Gulf of China. Then, the six specimens were temporarily acclimated in aerated seawater for three days. After eliminating confounding effects, tissues (heart, liver, muscle and gonad) of each T. poecilonotus were collected and stored in liquid nitrogen. Age, standard size, body weight and maturation stage of gonad of the specimen were measured and shown in Table S1, gonadal maturation stages were measured according to Chen (2008) [38].




2.3. RNA Extraction, cDNA Library Building, and Transcriptome Sequencing


Total RNA of each tissue was extracted. Then, assessment of RNA integrity was performed using TRIzol reagent. RNA integrity was assessed by using an Agilent 2100 Bioanalyser (Agilent Technologies, Palo Alto, CA, USA), and samples with RNA integrity number ≥7 were used for subsequent cDNA library preparation [39]. We pooled each tissue RNA from every individual in equal amounts, and 3 μg mixed RNA of each individual was used for constructing the cDNA libraries.



Then, mRNA (RNA with a poly-A tail) was extracted from the total RNA using magnetic beads with Oligo (dT) probes and purified. Fragmentation buffer was applied to break the mRNA into fragments of suitable size, and the fragmented mRNA was reverse-transcribed into double-stranded cDNA with the N6 random primer. Then, the cDNA fragments were repaired with phosphate at the 5′end, and an “A” base was added to the 3′ end, after which adapters were ligated to the cDNA fragments. PCR was performed to amplify the ligation products. After heat denaturation, the single-stranded DNA was cyclised with a splint oligo and DNA ligase. Then, the six cDNA libraries were sequenced on the BGISEQ-500 platform.




2.4. Assembly and Annotation


Raw read quality control was performed using SOAPnuke v 1.6.0 (https://github.com/BGI-flexlab/SOAPnuke, accessed on 8 December 2016). Trimmomatic v0.35 [40] was used for raw read trimming. Clean data were obtained after removing low-quality reads and adaptors. Subsequently, the Trinity-v2.11.0 software package [41] was applied to assemble the high-quality clean reads de novo (-min_kmer_cov: 3). During this period, we set the k-mer value as 25. TGICL [42] was applied to remove the redundancy and acquire non-redundant unigenes with a minimum 70% similarity. Then, we generated two classed of unigenes: clusters (prefix CL) and singletons (prefix unigene). Then, the Benchmarking Universal Single-Copy Orthologs (BUSCO v5.0.0) was used to assess completeness of the assembled transcriptome [43]. All unigenes were then searched against the eukaryotic orthologous group (KOG) database, Kyoto Encyclopedia of Genes and Genomes (KEGG) database, NCBI nonredundant protein (NR) database, NCBI nucleotide database (NT), Gene Ontology (GO) and Swiss-Prot protein database.




2.5. Analysis of Potential Candidate Genes


To characterise gene expression variation between different sex, clean reads of the female and male T. poecilonotus were mapped back separately on the de novo assembled transcriptome by using Bowtie2 [44]. Then, unigenes expression levels were calculated by RSEM software [45]. The DEG-seq package was used to identify differentially expressed genes (DEGs) for each sample based on a Poisson distribution [46]. The thresholds of differentially expressed genes were defined as |log2 fold change| ≥ 2 and a Q-value ≤ 0.01. Then, DEGs were used for subsequent Go and KEGG pathways enrichment analyses under the threshold of p-value ≤ 0.05 with GOSeq [47] and KOBAS v2.0 based on over-representation analysis (ORA) [48].




2.6. Simple Sequence Repeat (SSR) Loci Detection


The MISA was used to identify the SSR loci in the assembled T. poecilonotus transcript reference. The threshold of the minimum repeat number for various unit types was twelve for mononucleotide microsatellites, six for dinucleotides, five for trinucleotide and tetranucleotide microsatellites, and four for pentanucleotide and hexanucleotide microsatellites. Then, SSR-containing unigenes were selected to design primers on flanking sequences of these loci with Primer 3 software [49].




2.7. Quantitative Real-Time PCR Validation


To validate the transcriptome data in this study, we selected 10 DEGs and analysed their expression level based on quantitative real-time PCR. These 10 randomly selected DEGs showed significantly different expressions between different sex (5 male-biased and 5 female-biased). Then, we used Primer Premier 6.0 to design the primers of 10 selected unigenes. In addition, β-actin gene and 18S gene were chosen to standardise the concentration of PCR products. Furthermore, standard curves were constructed to identify the ideal dilution times of cDNA samples and were used as calibrator. All cDNA samples were diluted 20-fold used nuclease-free water and were used as templates for PCR. Furthermore, the qRT-PCR analysis was designed following the manufacturer’s instructions for SYBR® Premix Ex Taq™ (Tli RNaseH Plus) RR420A. A reaction system of 25 μL was amplified using ABI PRISM 7300 Real-Time PCR System, including 2.5 μL of diluted cDNA template, 12.5 μL of SYBR Premix Ex Taq (2×), 0.5 μL of each of the forward and reverse primers, 0.5 μL of ROX Reference Dye (50×) and 8.5 μL of nuclease-free water. The amplification processes consisted of a holding stage of 2 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 30 s at 56 °C. Three parallel experiments of every cDNA template were performed to increase the veracity of the result. Then, ABI 7500 system software was applied to analyse the expression data. The relative transcript fold changes were calculated using 2−ΔΔCt method.





3. Results


3.1. Sequencing and Assembly


In the present study, 285.95 million raw read pairs were generated, and after preprocessing the raw data, 264.02 million clean paired-end sequence reads with a Q30 percentage of 86.46% were obtained. Statistical data of six T. poecilonotus cDNA libraries are shown in Table 1. Transcriptome assembly was completed after clustering by removing redundancy with Trinity and TGICL. A total of 149,814 unigenes were identified with an N50 length of 3538 bp and a mean length of 2066 bp (Table 2). The length distribution of the unigenes revealed that 23,132 (15.44%) were between 200 and 300 bp, and 38,528 (25.72%) were 3000 bp and longer (Figure S1).



The result of BUSCO revealed that 99.67% of the genome (30.36% as single genes and 69.31% as duplicated genes) was complete, and 0.03% of the genome was missing. In summary, the de novo assembly in this study was relatively successful (Figure S2). The Raw reads in this study are archived in the NCBI Short Read Archive (SRA) databases under BioProject PRJNA683736, with accession numbers SRR13236436-SRR13236441. This Transcriptome Shotgun Assembly project was deposited at DDBJ/EMBL/GenBank under the accession GIXS00000000. The version described in this paper is the first version, GIXS01000000.




3.2. Annotation of T. poecilonotus Transcriptome


The unigenes were functionally characterised based on the description of their similar sequences as obtained from databases. The results showed that 122,719 unigenes matched to various databases (Table 3). From the annotated information of six databases, 63,250 unigenes had significant hits in the NR database, and most unigenes were matched with genes from Takifugu rubripes (74.38%) (Figure S3). In summary, 110,737 unigenes (73.92%) were annotated with at least one of the five protein databases used in this study, while 52,989 unigenes (35.37%) were annotated with all five protein databases that were searched in this study, namely, KEGG, KOG, GO, NR and Swiss-Prot databases (Figure 1).



The results showed 63,518 unigenes were annotated to the three GO categories in total. The terms “binding” (31,409 unigenes), “catalytic activity” (24,082 unigenes) and “cellular process” (14,736 unigenes) were dominant in these GO categories, respectively (Figure S4). In addition, 90,961 unigenes were annotated with the KOG database and classified into 25 subcategories, and “general function prediction only” (15,183 unigenes) and “signal transduction mechanisms” (14,975 unigenes) were the top two subcategories (Figure 2). In total, blast search against the KEGG database showed 100,035 unigenes were assigned (Figure 3); the top three pathways were “human diseases” (51,859 unigenes), “organism system” (40,564 unigenes) and “metabolism” (29,797 unigenes). Furthermore, the predominant subcategories were “signal transduction” (16,907 unigenes), “global and overview maps” (11,183 unigenes), “immune system” (10,598 unigenes) and “cancers: overview” (10,177 unigenes).




3.3. Potential Candidate Genes and Pathways


To identify the potential growth-related genes, unigenes meeting the differential expression criteria, |log2 fold change| ≥ 2 and Q-values < 0.01, were determined to be DEGs between female T. poecilonotus and male T. poecilonotus. After filtering, 10,385 DEGs were obtained between the two sex samples; these genes might be associated with sex determination or be growth-related genes (Figure 4). Among these unigenes, 8351 were male-biased DEGs, and 2034 were female-biased DEGs.



The 10,385 DEGs were then used as input to perform KEGG and GO enrichment analyses. A total of 3942 unigenes were assigned to 2146 GO terms. Figure 5 showed the top 20 statistically significant KEGG classifications. The results suggested that the three most-enriched KEGG classifications were “neuroactive ligand-receptor interaction” (ko04080), “PI3K-Akt signalling pathway” (ko04151) and “cellular senescence” (ko04218). The results of GO enrichment analyses showed that sex-biased genes were predominantly associated with “nucleus” (GO:0005634), “ATP binding” (GO:0005524), “integral component of membrane” (GO:0016021) and other terms (Table S2).



The results of the sequence annotation showed that numerous differentially expressed genes were well-known as sex control and gonadal development genes, including the zona pellucida sperm-binding protein gene (Zps), sperm acrosome membrane-associated protein gene (Spacas), cytochrome P450 aromatase (Cyp19a), androgen-induced gene 1 protein, stAR-related lipid transfer protein gene (Start), double-sex and mab-3-related transcription factor 1 gene (Dmrt1) and other potential candidate protein-encoding genes (Table 4). As a complex trait, growth is controlled by numerous genes. In the present study, we identified multiple genes involved in regulating growth, such as genes related to controlling growth at the muscle tissue level, somatotropic axis growth and others (Table 5).




3.4. Discovery of Molecular Markers


In the present study, we detected a large number of transcripts within which 68,281 potential SSRs were discovered. Dinucleotide SSRs represented the largest fraction (30,255 SSRs, 44.31%), followed by mononucleotide (20,211 SSRs, 29.60%) and trinucleotide (13,570 SSRs, 19.87%), as shown in Figure 6. Only a small fraction of quad-nucleotide (2382), penta-nucleotide (924) and hexa-nucleotide (936) SSR loci were screened. Furthermore, SSRs with six tandem repeats were the most common, followed by SSRs with five, twelve, seven, thirteen, fourteen and eight tandem repeats, whereas the remaining tandem repeats each accounted for fewer than 5% of the SSRs.




3.5. Transcriptome Data Validation


We validated the expression patterns of 10 DEGs using qRT-PCR. Of these genes, five genes were predicted to be overexpressed in female specimens, and five genes were predicted to be overexpressed in male specimens. The specific primers for each gene are shown in Table S3. Similar expression patterns of these randomly selected genes were observed in the results of RNA-seq and qRT-PCR (Figure 7). Thus, the similar tendency in the expression patterns between qRT-PCR and RNA-seq data indicated the reliability and accuracy of the transcriptome expression analysis.





4. Discussion


As a valuable commercial fish, Takifugu poecilonotus has high exploitability and aquaculture prospects. However, there were few studies regarding growth-related and sex-related genes of T. poecilonotus. In order to explore the mechanisms of sexual growth dimorphism and sex determination, we identified sex-related and growth-related genes and their biological pathways. It is the first time that the transcriptome data of fine-patterned puffer (Takifugu poecilonotus) have been reported. The result of annotation revealed that numerous sequences of fine-patterned puffer could be annotated to well-known genes and biological pathways regarding growth and sex. In the present study, 149,814 unigenes were sequenced and assembled. In total, 110,737 (73.92%) unigenes were significantly matched to protein databases. In the present study, 10,385 DEGs were identified between different sexes of T. poecilonotus. Some of these DEGs play important roles in sex growth and determination. Our results may provide fundamental resources for further exploration of the molecular mechanism of the biological processes of T. poecilonotus.



In the present study, numerous growth- and sex-related genes were detected from the transcriptome data of T. poecilonotus. Obviously, it is widely accepted that genes encoding components of the somatotropic axis play critical roles in regulating the formation of skeletal muscles in finfish, including the growth hormone gene (Gh), insulin-like growth factors (Igf), somatostatin and their carrier proteins and receptors [50]. Jia et al. [51,52] showed that specific growth rate, body weight and plasma growth hormone of female tiger puffers (Takifugu rubripes) reared in an offshore sea cage aquaculture system (OSCS) were significantly higher than those of fish reared in other aquaculture systems. The mRNA expression results indicated that female individuals reared in the OSCS showed higher somatic growth axis-related genes (Igf1, Igf2, Igf1r, Igf2r, Ghr1, and Ghr2) expression levels. In the present study, compared to male T. poecilonotus, female T. poecilonotus showed significantly higher Igf1r, Igfbp1, Igfbp3 and Ghr expression levels.



Fatty acid-binding proteins (FABPs) belong to the protein superfamily of lipid-binding proteins [53]. It was reported that the length of FABPs usually ranged from 126 to 137 amino acids, and the average molecular mass was 14–16 kDa [54,55,56]. Fabps have been well studied for decades [53,57]. The first teleost FABPs were identified in the hearts of sea ravens (Hemitripterus americanus) and ocean pouts (Macrozoarces americanus) [58]. Subsequently, teleost FABPs/Fabps were identified in different tissues of many teleosts, including striped bass (Morone saxatilis) [59], rainbow trout (Oncorhynchus mykiss) [60], Atlantic salmon (Salmo salar L.) [61]. Fatty acid-binding protein genes are involved in several processes of cell physiology, including development, growth, and cell differentiation [62]. In many respects, Fabps participates in the binding, sequestration and metabolism of long-chain fatty acids, eicosanoids, bile salts, and other hydrophobic ligands [63,64,65]. Fabps may also be possible carriers of certain hydrophobic reactants in their passage from the cytosol to chromatin, and thus, they may have a direct or indirect effect on cell growth [66]. Previous studies identified and characterised the Fabps genes of pufferfish (Tetraodon nigroviridis), including Fabp1–3, Fabp6, Fabp7, Fabp10, and Fabp11 [67,68]. In the present study, compared to female T. poecilonotus, male T. poecilonotus exhibited higher Fabp1, Fabp6 and Fabp7 expression levels, indicating that these genes may play important roles in reproduction and growth.



More importantly, we also found Fabp4 in the transcriptome of T. poecilonotus. This is the first time that the expression of Fabp4 was found in fish. It was reported that Fabp4 could affect the esterification, transportation, b-oxidation and uptake of fatty acids, with binding with long-chain fatty acids, and regulate the energy balance and lipid signalling within cells [69,70]. In mammals, fabp4 was also found to be associated with carcass traits, fat deposition and growth. It was reported that Fabp4 is a potential candidate gene for obesity, as it is located within a quantitative trait locus (QTL) region for serum leptin levels in mice [71]. In addition, FABP4 protein content may be a marker of intramuscular fat accretion in the longissimus thoracis muscle in pigs [72,73]. Obviously, Fabp4 may be a strong candidate gene for fat metabolism. However, the biological function of the Fabp4 gene in fish is unknown, and further work is required to fully characterise the Fabp4 gene in fish.



Prolactin (PRL) plays a critical role in multiple biological functions by binding to its receptor (PRLR) in fish [74]. In adult fish, the major action of PRL is freshwater osmoregulation. In addition, it was also reported that PRL is associated with reproduction, behaviour, growth, and immunoregulation [74,75,76]. Prolactin and PRLR are also present in embryos and exhibit widespread tissue distribution in fish larvae. Yang et al. [77] identified transcripts of PRL and PRLR in the early embryo of rainbow trout (O. mykiss) and indicated PRL and PRLR were associated with the post-hatching development of larvae. In the early development and metamorphosis of amphibians and mammals, the role of PRL has been well understood. The potential roles of PRL in fish embryos and larvae are considered in relation to their physiological status, and the spectrum of activities differs by species [74]. Furthermore, researchers have detected the expression of the PRL gene in the pituitary but also in the intestine, gill, liver, ovary and testes in teleost [78,79]. However, the role of PRL in fish is not clearly established. Some researchers indicated that PRL influences the growth of Mozambique tilapia by stimulating liver IGF-I production [80]; however, it is still unclear that the way in which PRL stimulates IGF-I production. In the present study, the expression level of PRL was significantly higher in females than that in males. The possible source of PRL transcripts may be the liver or ovary. There is relatively little information about the gene for PRL and its regulation in teleost. Hence, further work is required to fully characterise the biological function of PRL and PRLR in fish. Sex determination is the process of establishing individual gender and regulating the differentiation of sex characteristics [19,20]. In contrast to other vertebrates (birds or humans), the sex determination of teleost fish is diverse [36,81,82]. According to the annotations, many sex-related genes were identified in the T. poecilonotus transcriptome. As a sex-determining gene, doublesex and mab-3-related transcription factor 1 (Dmrt1) is highly conserved and was identified in many teleost fish [81,83,84]. The dmrt1 gene plays an important role in the testis differentiation and maintenance of male-specified germ cells by encoding a transcription factor [85]. In the present study, Dmrt1 showed higher expression levels in male T. poecilonotus than in female T. poecilonotus, indicating that Dmrt1 may be crucial for the development and maturation of gonads in male T. poecilonotus.



The sex-determining region Y (SRY) box, or SOX, is characterised as a conserved signature sequence in the high-mobility group (HMG) DNA-binding domain. SOX genes were identified in most vertebrates (mammals, birds and fish) [86]. In teleost fish, the sox superfamily plays crucial roles in many biological processes, including gonad development [87]. The sox3 plays a significant role in gametogenesis, sex determination, and gonad differentiation in vertebrates [88]. Yao et al. (2007) found that the expression of sox3 was dynamic along with the process of sex reversal in protogynous hermaphroditic grouper [89]. Li et al. (2020) detected sox3 was mainly expressed in the ovary of yellowfin seabream [90]. Nevertheless, Takehana et al. (2014) announced sox3 was the male-determining factor on the Y chromosome in the fish Oryzias dancena [88]. In the present study, the sox3 showed significantly higher expression in male T. poecilonotus than that in females, indicating the gene may play critical roles in sex differentiation in T. poecilonotus.



As an extracellular matrix surrounding oocytes, zona pellucida plays a protective role in fish oocytes, and it is important in sperm binding [91]. Zona pellucida comprises four kinds of glycoproteins (ZP1–4), they are incorporated into long filaments [92,93]. The zona pellucida proteins were originally detected in the egg envelope of mammals and were also found in the inner layer of the fish chorion [94]. A previous study has shown that Zp2 plays an important role in the early formation of oocyte envelope, and Zp3 could be treated as a major class of female-specific reproductive molecules [95]. In the present study, Zp1, Zp2, and Zp3 showed higher expression levels in females than that in males, indicating these genes may also play critical roles in folliculogenesis and reproduction in T. poecilonotus.




5. Conclusions


In the present study, we sequenced the transcriptome of T. poecilonotus. Through comparison of female and male T. poecilonotus transcriptome, we detected numerous candidate genes associated with growth and sex differentiation. Furthermore, amount of SSR loci were detected in the transcriptome of T. poecilonotus. This informative transcriptome analysis provides valuable data to increase the genomic resources of T. poecilonotus. The results could provide valuable information on growth- and sex-associated genes and facilitate further exploration of the molecular mechanism of sexual growth dimorphism in teleost.
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Figure 1. Venn diagram of the functional annotations. 
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Figure 2. Clusters of KOG functional classifications. 
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Figure 3. KEGG pathway classifications of the unigenes. 
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Figure 4. Scatter plots showing gene expression profiles in female T. poecilonotus and male T. poecilonotus. Thresholds for inclusion were defined by Q-values < 0.01 and |log2 fold change| ≥ 2. 
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Figure 5. KEGG pathway enrichment analyses of the DEGs. 
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Figure 6. The distribution of different SSRs. 
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Figure 7. The expression levels of 10 selected unigenes by RNA-seq and qRT-PCR. 
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Table 1. Summary statistics of clean transcriptome sequencing data from each sample.
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	Sample
	Raw Reads (M)
	Clean Reads (M)
	Clean Bases (Gb)
	Clean Reads Q30 (%)
	Clean Reads Ratio (%)





	Female-1
	52.59
	48.33
	7.25
	87.49
	91.90



	Female-2
	44.04
	40.55
	6.08
	86.17
	92.06



	Female-3
	47.33
	44.00
	6.60
	86.04
	92.98



	Male-1
	47.33
	43.93
	6.59
	86.37
	92.81



	Male-2
	47.33
	43.63
	6.54
	86.48
	92.19



	Male-3
	47.33
	43.58
	6.54
	86.18
	92.09
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Table 2. Statistics for the assembled unigenes.
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	Sample
	Total Number
	Total Length
	Mean Length
	N50
	GC (%)





	Female-1
	81,249
	145,145,039
	1786
	3128
	48.91



	Female-2
	72,625
	118,111,439
	1626
	2823
	49.00



	Female-3
	72,194
	120,065,634
	1663
	2836
	49.06



	Male-1
	93,484
	144,668,988
	1547
	2725
	48.62



	Male-2
	95,350
	142,802,517
	1497
	2627
	48.55



	Male-3
	84,292
	131,779,534
	1563
	2735
	48.81



	All-Unigene
	149,814
	309,566,984
	2066
	3538
	48.64
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Table 3. Summary of unigene annotations.
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	Database
	Number of Unigenes
	Percentage (%)





	Total
	122,719
	81.91%



	NT
	70,243
	46.89%



	NR
	63,250
	42.22%



	SwissProt
	67,197
	44.85%



	KEGG
	100,035
	66.77%



	KOG
	90,961
	60.72%



	GO
	63,518
	42.40%
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Table 4. Genes related to the sex determination of Takifugu poecilonotus.
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	Gene
	Unigene
	Annotation
	Log2(♂/♀)
	Q-Value





	Dmtr1
	Unigene1322
	doublesex and mab-3-related transcription factor 1
	6.66
	2.34 × 10−07



	Sox3
	Unigene1791
	SRY-box containing transcription factor 3
	5.72
	8.44 × 10−04



	Dnali1
	Unigene12399
	axonemal dynein light intermediate polypeptide 1
	7.63
	3.40 × 10−07



	Ropn1l
	CL4645.Contig3
	ropporin-1-like protein
	9.37
	1.32 × 10−18



	Cyp19a
	CL5324.Contig8
	cytochrome P450 aromatase
	−7.54
	2.15 × 10−07



	Zp1
	CL6076.Contig3
	zona pellucida sperm-binding protein 1
	−12.66
	1.43 × 10−110



	Zp2
	CL8003.Contig1
	zona pellucida sperm-binding protein 2
	−7.70
	1.84 × 10−20



	Zp3
	CL7875.Contig2
	zona pellucida sperm-binding protein 3
	−7.93
	4.04 × 10−16



	Start-7
	CL3580.Contig10
	stAR-related lipid transfer protein 7
	7.57
	2.66 × 10−06



	Gdf3
	CL9083.Contig1
	growth differentiation factor 3
	−8.90
	3.99 × 10−14



	Gdf9
	CL6347.Contig1
	growth differentiation factor 9
	−9.23
	1.61 × 10−12



	Gtf3a
	Unigene10317
	Transcription factor IIIA-like
	−2.42
	2.11 × 10−08



	42sp43
	Unigene8014
	P43 5S RNA-binding protein-like
	−7.38
	6.57 × 10−24



	Mnd1
	Unigene817
	meiotic nuclear division protein 1 homolog
	3.25
	8.39 × 10−03



	Star
	Unigene31813
	steroidogenic acute regulatory protein
	−2.49
	3.42 × 10−04



	Wee1
	CL12054.Contig1
	wee1-like protein kinase
	2.05
	6.42 × 10−03



	Spaca6
	CL4045.Contig1
	sperm acrosome membrane-associated protein 6
	5.97
	4.05 × 10−04



	Spaca4
	CL12530.Contig2
	sperm acrosome membrane-associated protein 4
	3.53
	2.18 × 10−15



	Spata5
	CL8799.Contig2
	spermatogenesis-associated protein5
	6.47
	7.85 × 10−05



	Spata7
	CL4586.Contig1
	spermatogenesis-associated protein 7
	2.93
	1.40 × 10−03



	Spata17
	CL4320.Contig15
	spermatogenesis-associated protein 17
	8.17
	2.09 × 10−08



	Spata32
	Unigene13081
	spermatogenesis-associated protein 32
	4.78
	1.72 × 10−06
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Table 5. Growth-related genes in Takifugu poecilonotus.






Table 5. Growth-related genes in Takifugu poecilonotus.





	Gene
	Unigene
	Annotation
	Log2(♂/♀)
	Q-Value





	Igfbp1
	CL6482.Contig4
	insulin-like growth factor-binding protein 1
	−8.52
	2.51 × 10−09



	Igfbp3
	Unigene7287
	Insulin-like growth factor-binding protein 3
	−3.36
	9.25 × 10−06



	Igf1r
	Unigene24558
	Insulin-like growth factor 1 receptor
	−1.06
	1.75 × 10−02



	Ghr
	CL9297.Contig1
	Growth hormone receptor
	−4.79
	3.10 × 10−03



	Sstr2
	Unigene6248
	Somatostatin receptor 2
	7.45
	5.93 × 10−07



	Fabp1
	CL7463.Contig1
	fatty acid-binding protein 1
	3.85
	8.11 × 10−12



	Fabp4
	CL10654.Contig1
	fatty acid-binding protein 4
	−8.28
	6.17 × 10−56



	Fabp6
	CL6561.Contig1
	fatty acid-binding protein 6
	6.70
	2.41 × 10−04



	Fabp7
	Unigene40265
	fatty acid-binding protein 7
	5.45
	2.86 × 10−05



	Grb1
	CL5906.Contig1
	Growth factor receptor-bound proteins 1
	2.16
	6.38 × 10−03



	Grb7
	Unigene6338
	Growth factor receptor-bound proteins 7
	−2.98
	8.15 × 10−03



	Grb10
	CL11116.Contig1
	Growth factor receptor-bound proteins 10
	3.07
	1.43 × 10−04



	Htr1
	Unigene31616
	5-hydroxytryptamine receptor 1D-like
	4.59
	1.31 × 10−04



	Htr2
	Unigene28993
	5-hydroxytryptamine receptor 2C-like
	5.27
	3.86 × 10−03



	Htr3
	CL1712.Contig2
	5-hydroxytryptamine receptor 3
	5.61
	1.44 × 10−03



	Htr6
	Unigene18275_
	5-hydroxytryptamine receptor 6
	4.33
	7.54 × 10−03



	Prlr
	CL1256.Contig1
	Prolactin receptor
	−8.19
	3.29 × 10−11



	Prl
	CL12326.Contig4
	Prolactin
	−5.65
	4.17 × 10−06



	Myhc
	Unigene12897
	myosin heavy chain
	6.29
	5.15 × 10−05
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