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Abstract

:

Trichiurus japonicus is an economically important fish that ranks 11th in global marine fish capture production. However, the reproductive characteristics of this fish have undergone notable changes in recent decades, potentially affecting the quality of offspring and sustainable utilization. To improve our understanding of the physiological regulation of maturation in T. japonicus, untargeted liquid chromatography mass spectrometry was utilized to identify the small molecules that characterize the comprehensive metabolic profiles of ovaries during ovary development from stage II to stage IV. According to the results of OPLS-DA, the ovarian metabolite profiles of the three developmental stages were separated. The concentrations of 124 and 100 metabolites were significantly altered between stage II vs. III and III vs. IV, respectively. Lipids and lipid-like molecules accounted for the largest proportion of the altered metabolites, followed by amino acids, peptides, and analogues. The significantly altered metabolites-enriched pathways differed slightly between stages II and III and stages III and IV. Steroid-related pathways were heavily affected during stages II to III, while significantly altered metabolites from stages III to IV were involved in oocyte-maturation-related pathways. Through metabonomics analysis, potentially important metabolic pathways and metabolites between different ovarian stages were detected, providing basic information for further investigation of maturation mechanisms in wild fish.
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Key Contribution: The potentially important metabolic pathways and metabolites during ovary development from stage II to stage IV in largehead hairtail (Trichiurus japonicus) were identified and will pave the way for further investigation of maturation mechanisms in wild fish.










1. Introduction


The largehead hairtail (Trichiurus japonicus) is a member of the Trichiuridae family, within the order Scombriformes. It is a warm-temperature demersal species and is distributed in the tropical and temperate continental shelves and slopes worldwide [1]. According to the FAO report [2], the hairtail production worldwide in 2020 was 1.144 million tons, ranking it 11th in global marine fish capture production. It is also one of China’s most important economic fish, with its yield ranking first in China’s marine fish capture production for many years [3]. T. japonicus is the dominant species among the hairtail yield in China [4]. However, due to fishing pressure and various environmental factors, hairtail resources have declined in recent decades. In 2019, hairtail capture was only 70% of what it was in 1999 [3]. Additionally, various reproductive characteristics have changed, including mature anal length and egg diameter. The East China Sea (ECS) is the primary spawning ground for T. japonicus in China; T. japonicus spawns almost year-round with multiple batches and two dominant spawning periods in the ECS [5,6,7]. It has been reported that T. japonicus follows a group-synchronous oocyte development pattern [8]. In the 1960s, the first sexually mature age of T. japonicus in the ECS was one year, and the minimum anal length of the mature individual was 200–210 mm. However, in the 1990s, the minimum anal length of mature individuals decreased to 140–150 mm. The 50% mature anal length (L50) of the female population decreased to 164.65 mm, and the L50 of the male population decreased to 171.65 mm. When the anal length reached about 210 mm, it was almost 100% mature. Not only did the anal length of maturation decrease, but the diameter of mature eggs also significantly reduced. It decreased from 1.525–1.825 mm in 1963–1964 to 0.9–1.5 mm in 1993–1994 [9,10]. Apart from T. japonicus, early maturation is also common in other major economic fish species in the ECS. This phenomenon is accompanied by a series of problems such as the miniaturization of parent fish, the reduction of egg diameter, and the decline of germplasm of larvae and juvenile, which seriously affects the sustainable utilization of fishery resources and food security [11,12]. Therefore, it is urgent to understand why gonadal development is accelerated in wild fish.



Numerous studies have investigated the potentially possible factors and their fluctuations that affect the development of gonads in wild fish, including temperature [13,14,15], salinity [16,17], photoperiod [18,19], baits [20,21], and fishing [22]. In addition to external environmental factors, the timing and process of gonadal development are also regulated by the internal hypothalamic–pituitary–gonad axis, which involves the balance of various central neurotransmitters and hormones [23]. Gonadotropin-releasing hormone (GnRH) secreted by the hypothalamus is a key factor in initiating gonadal development [24,25]. GnRH promotes the pituitary to release gonadotropin (GTH), which stimulates the synthesis and secretion of steroid hormones in the gonad, such as estradiol and progesterone, ultimately promoting the development of gonads [26]. Additionally, numerous signaling pathways and metabolites related to the metabolism of hormones, amino acids, lipids, and energy play important roles in this process [27,28,29].



To better understand gonadal development, metabolomics has been introduced to the reproduction research of aquatic animals [27,28,29]. Metabolomics is a powerful tool that can comprehensively analyze endogenous metabolites in biological systems, providing a better understanding of their metabolic functional states [30]. This approach is characterized by high sensitivity, high throughput, and rapidity [31]. Untargeted liquid chromatography (LC)–mass spectrometry (MS)-based metabolomics has successfully investigated the metabolic differences between sexes and maturation states of aquatic animals, including blunt snout bream (Megalobrama amblycephala) [27], Chinese sturgeon (Acipenser sinensis) [28], and sea lamprey (Petromyzon marinus) [29].



To improve our understanding of the physiological regulation of fish maturation, untargeted LC-MS was used to identify the small molecules that characterize the comprehensive metabolic profiles of ovaries in T. japonicus during ovary development from stage II to stage V in the present study. The results may provide valuable basic information regarding the reasons for the early maturity of this economically important fish.




2. Materials and Methods


2.1. Sample Collection and Preparation


As the spawning peak period of T. japonicus in the southern offshore area of Zhejiang, China, is from May to July [32], the T. japonicus young-of-the year during May 2021 in the Wentai fishing ground (27°00′~28°00′ N and the west of 125°00′ E) was sampled. The T. japonicus was frozen and transported back to the laboratory. Based on the growth curve of the T. japonicus fitted by the Walford growth transformation method, which showed that the anal length of the one-year-old fish was less than 190 mm [33], the T. japonicus with an anal length of less than 190 mm was chosen for the later analysis. The basic biological information including anal length (AL), body weight, sex, gonad developmental stage, and gonad–somatic index (GSI [34]) was measured and calculated for each T. japonicus. The ovaries were immediately frozen and stored after weighing. The ovarian developmental stages of the T. japonicus were determined based mainly on macroscopic examination with six development classes, which were defined as follows: I = immature, II = developing, III = maturing, IV = mature, V = ripe, and VI = spent [5,35].



Six fish ovaries were randomly selected in each developmental stage from II, III, and IV for LC-MS analysis. An amount of 50 mg ovary was accurately weighed for each sample for subsequent processing [36], which is described in the Supplementary Information. To ensure the stability of the analysis and the metabolomic data quality, pooled quality control (QC) samples were prepared by mixing portions of all the samples. The five QC samples were tested similarly to the analytic samples.




2.2. LC-MS Analysis and Data Processing


Untargeted LC-MS was conducted with the UHPLC-Q Exactive system of Thermo Fisher Scientific. Detailed formation on metabolome analysis conditions is presented in the Supplementary Materials. After the mass spectrometry detection was completed, the raw data of LC/MS were preprocessed by Progenesis QI (Waters Corporation, Milford, CT, USA) software to generate a data matrix that consisted of the retention time (RT), mass-to-charge ratio (m/z) values, and peak intensity. Metabolic features detected at least 80% in any set of samples were retained. At the same time, variables with relative standard deviation (RSD) > 30% of QC samples were removed, and log10 logarithmization was performed to obtain the final data matrix for subsequent analysis [37]. The normalized data were matched against available databases to identify metabolites, especially the HMDB (http://www.hmdb.ca/ (accessed on 1 January 2021)) and KEGG (http://www.kegg.com (accessed on 2 January 2021)) public databases [31,38]. The chemical classification of metabolites in the HMDB can provide better insights into the biological significance of metabolites.




2.3. Statistics


The significance of AL, body weight, and GSI among three developmental stages were detected by one-way ANOVA with Duncan’s multiple range tests [39] in SPSS (Version 21.0, SPSS Inc., Chicago, IL, USA). The data were presented as mean ± SEM, and p < 0.05 was considered as significant [40].



The obtained positive and negative data in the LC-MS analysis were analyzed using the free online platform Majorbio Cloud Platform, https://cloud.majorbio.com (accessed on 1 January 2021) (Shanghai Majorbio Bio-pharm Technology Co., Ltd.). The principal component analysis (PCA) and orthogonal least partial squares discriminant analysis (OPLS-DA) were used for statistical analysis to determine global metabolic changes between II vs. III and III vs. IV [40]. The selection of significantly different metabolites was determined based on the variable importance in the projection (VIP) obtained by the OPLS-DA model and the p-value of the Student’s t-test, and the metabolites with VIP > 1, p < 0.05 were selected as significantly different metabolites [37]. To compare the variation of metabolites among different groups, a Venn plot and heat maps plot were generated. Differential metabolites among the two groups were summarized and mapped into their biochemical pathways through metabolic enrichment and pathway analysis based on KEGG. Statistically significantly enriched pathways were identified using Fisher’s exact test with a p-value of less than 0.05, using the Python package scipy.stats (https://docs.scipy.org/doc/scipy/ (accessed on 1 January 2020)) [36,37].





3. Results


3.1. Basic Information about T. japonicus


As shown in Figure 1, the body weight and anal length of T. japonicus in stage II were significantly lower than those of T. japonicus in stages III and IV, but there were no significant differences in body weight and anal length between stages III and IV. The GSI of different stages had obvious differences, which was consistent with ovarian development.




3.2. Metabolite Profiles of the Ovaries at Different Developmental Stages


In total, 6042 variables (3395 peaks in ESI+ mode, and 2647 peaks in ESI− mode) were identified in ovaries from stages II, III, and IV for subsequent analyses. Under positive mode, a total of 745, 721, and 595 annotated metabolites were identified in II, III, and IV, respectively. Under negative mode, a total of 756, 668, and 524 annotated metabolites were identified in II, III, and IV, respectively. The three stages shared 558 and 503 metabolites under positive and negative modes, respectively (Figure 2a,b).



The PCA performed on the whole samples revealed that the QC samples were tightly clustered in PCA score plots (Figure 3a,b), which indicated that the system stability was accommodative for this metabonomic study. PCA results showed that the first components accounted for 44.30% and 34.40% in positive and negative ion modes, respectively, but the discriminations of the three groups were not very distinct. Furthermore, OPLS-DA was performed to maximize the distinction between groups and obtain a global overview of the differences in metabolites between III vs. II and IV vs. III. Positive and negative data revealed clear separation and discrimination between the different developmental stages, indicating the significantly different metabolomic profiles of the three stages (Figure 3c–f). According to the results of OPLS-DA, a total of 124 potential biomarkers between III vs. II and 100 potential biomarkers between IV vs. III were finally screened out based on VIP > 1 and p < 0.05. Heat maps (Figure 4) showed clear differences in the ovarian metabolic profiles of the three developmental stages. Compared with stage II, 20 metabolites were upregulated and 104 metabolites were down-regulated in stage III, while 29 metabolites were upregulated and 71 metabolites were down-regulated in stage IV compared with stage III (Figure 4). The significantly changed metabolites were classified into different classes according to HMDB. The lipids and lipid-like molecules accounted for the largest proportion of the total, in which glycerophospholipid, steroids and steroid derivatives, prenol lipids, and fatty acyls formed the majority of the metabolites. The second largest group comprised amino acids, peptides, and analogues (Figure 5).




3.3. Metabolic Pathways Analysis


The potentially important metabolic pathways during the ovarian quick developmental period were identified using the KEGG database. KEGG enrichment analysis indicated that significantly altered metabolites from stages II to III were enriched in the neurotrophin signaling pathway, adipocytokine signaling pathway, sphingolipid signaling pathway, tryptophan metabolism, steroid hormone biosynthesis, riboflavin metabolism, etc. (Figure 6a), while the most heavily affected pathway (p < 0.05) was the neurotrophin signaling pathway. The significantly altered metabolites from stages III to IV were involved in growth hormone synthesis, oocyte meiosis, progesterone-mediated oocyte maturation, neurotrophin signaling pathway, MAPK signaling pathway, GnRH signaling pathway, adipocytokine signaling pathway, etc. (Figure 6b); the most heavily affected pathways (p < 0.05) were progesterone-mediated oocyte maturation, oocyte meiosis, neurotrophin signaling pathway, and growth hormone synthesis. The pathways that always played roles in ovarian development from stages II to IV were the sphingolipid signaling pathway, adipocytokine signaling pathway, neurotrophin signaling pathway, etc.





4. Discussion


Fish gonad development is a critical biological process that directly affects fish reproduction and population sustainability. The metabolic profiles of T. japonicus’s ovaries at different developmental stages (II–IV) reflect the physiological status of the ovaries before spawning. Metabonomics analysis was performed to detect the potentially important metabolic pathways and metabolites between different ovarian stages, providing fundamental information for further investigations into early maturation mechanisms in wild fish. In the present study, the ovarian metabolites profile of the three stages were separated. The metabolites significantly alerted in each stage were principally lipids and lipid-like molecules and amino acid metabolites.



The lipids and lipid-like molecules formed the majority of significantly altered metabolites during ovarian developmental stages from II to IV in T. japonicus (Figure 5). This result is consistent with other aquatic animal studies that also used metabonomics analysis to investigate ovarian development [30,38,41]. In teleosts, ovarian development is a process of nutrient storage, where all material deposited in an oocyte serves as nutrients for the embryo, primarily consisting of lipoproteins, phosphoproteins, and discrete lipids [42]. The biochemical composition in aquatic animals showed that during maturation process, the fat content in gonads decreased, while the percentage of MUFA acids increased, and fats were actively transferred from muscles and incorporated in gonads [43]. Evidence also implied that part of the deposited fatty acids in the ovary might come from diet, as the effect of dietary fatty acids on reproductive performance and egg quality has been reported in several fishes, such as Siberian sturgeon (Acipenser baeri) [44], tongue sole (Cynoglossus semilaevis) [45], and Atlantic halibut (Hippoglossus hippoglossus) [46]. However, the specific changed metabolites during the ovarian developmental period are stages- and species-specific. For example, significantly changed metabolites during ovarian development from stages III to IV in Coilia nasus were related to the synthesis pathways of steroids, steroid hormones, and arachidonic acid [41]. Serum metabolites of female Chinese sturgeon also indicated that the metabolic pathways related to linoleic acid, α-linolenic acid, and ARAs significantly changed during ovarian development from stages II to IV [30]. In the present study, dominant altered metabolites belonged to glycerophospholipid, steroids and steroid derivatives, prenol lipids, and fatty acyls. As the ovarian samples were used, the ovarian stromal tissue, follicle cells, and non-vitellogenic follicles would contribute some portion of the lipid composition. The quantitative significance of this would vary depending on the degree of maturity of the dominant oocytes [8,47].



The second largest group in significantly altered metabolites comprised amino acids, peptides, and analogues (Figure 5). The study on the changes in serum metabolites during stages II to IV of female Chinese sturgeon also found significant changes in the metabolites related to a large number of different amino acid metabolic pathways [30]. Protein has an important effect on the reproductive performance of aquatic animals, promoting the growth and maturation of ovarian cells, affecting precocious puberty, and benefiting the gonad index, fertility, and larval production (for details, see the review by Shi [48]). Several amino acids such as tryptophan (Try), phenylalanine (Phe), lysine (Lys), leucine (Leu), Valine (Val), alanine (Ala), serine (Ser), glutamic acid (Glu), Arginine (Arg), and aspartic acid (Asp) have been predicted to be important in the reproductive performance of fish [29,38,49,50,51,52]. In the present study, a large number of different incomplete breakdown products of protein catabolism were found in the ovaries of T. japonicus, including oligopeptides, dipeptides, etc. These metabolites consisted of Arg, Val, Glu, Try, Phe, Lys, etc. (Figure 4). Some dipeptides are known to have physiological or cell-signaling effects, although most are simply short-lived intermediates on their way to specific amino acid degradation pathways following further proteolysis [53], which may reveal the important role of amino acids and their related metabolites in ovarian development. The exact functions of these amino acids in species-specific reproduction deserve further investigation. For example, arginine is one of the most versatile amino acids in animal cells and plays a variety of physiological functions, which serves as a precursor for the synthesis not only of proteins but also of nitric oxide, polyamines, proline, glutamate, creatine, and agmatine [54]. It has been shown in mammals that arginine has a strong relationship with reproductive performance [55], but the studies on the effects of arginine on gonad development and reproduction of aquatic animals are still limited; only in crustaceans was it reported that arginine could affect the synthesis and secretion of the vitellogenin-inhibiting hormone, and also could increase the expression of vitellogenin receptor gene in the ovary and promote the deposition of vitellogenin in ootids [56].



Different hormonal signaling initiated by hormones as well as environmental factors plays crucial roles in the various reproductive processes by modulating different signaling pathways [57]. In the present study, a significant decrease was observed in the concentration of estrone during ovarian development from stages II to III (Figure 4). Estrone is a major estrogen and can be converted to estradiol with potent estrogenic properties. In teleosts, estradiol is a key hormone in oocyte growth [58], and in female trout, the process of exogenous vitellogenesis is primarily regulated by estradiol [59]. The cytochrome P450 family, including cholesterol side chain cleavage (P450scc), 17α-hydroxylase/lyase (P450c17), and aromatase (P450arom), is expressed in many tissues, including the ovary, and is the key enzyme in the synthesis of estradiol [60,61,62]. Studies on channel catfish (Ictalurus punctatus) have shown that the transcript abundance for P450c17, P450scc, and P450arom was increased during early vitellogenic growth of the oocytes, and decreased precipitously with the completion of vitellogenesis [60]. In the present study, the cytopigment P450 metabolic pathway was affected during ovarian development from stages Ⅲ to Ⅳ (Figure 6), which was consistent with the observation of fish oocyte growth by transmission electron microscopy [63].



In teleosts, cyclic adenosine monophosphate (cAMP) is considered an important second messenger for estradiol [64]. However, in the present study, the concentration of decreased significantly from stages III to IV (Figure 4). cAMP is a key regulator of oocyte maturation and plays paradoxical roles within the oocyte and cumulus cells to orchestrate oocyte meiotic arrest and resumption [65]. cAMP is acutely and transiently upregulated in the oocyte in response to the luteinizing hormone (LH) surge [66], initiating signaling events that promote oocyte meiotic resumption. cAMP elevation alters adenine nucleotide metabolism and is hydrolyzed to AMP by phosphodiesterases, which increases the AMP/ATP ratio [67]. As 5′AMP-activated protein kinase (AMPK) is sensitive to the AMP-to-ATP ratio, its activation is triggered by an increasing AMP level. This, in turn, leads to the activation of several pathways involved in gonadal steroidogenesis, the proliferation and survival of gonadal cells, and the maturation of oocytes [68].



In addition to hormonal signaling, neuronal signaling has been shown to play a role in oocyte maturation in several aquatic animals [69]. The present study identified the involvement of the tryptophan–serotonin metabolic pathway in ovarian development in in T. japonicus (Figure 6). Specifically, the concentration of 5-methoxytryptamine (5-MT), a nonselective serotonin (5-HT) receptor agonist [70,71], significantly increased from stages II to III (Figure 4). In the hypothalamus, the binding of 5-HT to its receptor stimulates the secretion of gonadotropin-releasing hormone (GnRH), follicle-stimulating hormone (FSH), and LH, which regulate the onset of puberty [72,73]. 5-HT has also been detected in the ovaries [74] and is associated with steroidogenesis, oocyte meiosis, oocyte maturation, and ovulation [75,76,77].



Additionally, the concentration of ceramide increased gradually during gonadal development from stages II to IV (Figure 4). Ceramides are a large family of lipid-signaling molecules that are associated with several biological processes, including cell growth, differentiation, and apoptosis [78,79]. Recent studies have shown that ceramides have prominent metabolic roles as transmitters for the central actions of leptin and ghrelin [80,81], which could regulate puberty onset. An increment in hypothalamic ceramide content could advance puberty [82]. Ceramide has also been detected in the ovary and is speculated to play roles in ovarian development [83]. Considering the existing precocious puberty of T. japonicus, further investigation is needed to explore the relationship between precocious puberty and the activation of ceramide-related metabolic pathways.




5. Conclusions


To better understand the physiological status of the ovary before spawning in T. japonicus, untargeted LC-MS was introduced to analyze the metabolic profiles of ovaries at different developmental stages (II–IV). The findings suggest that the ovarian metabolic profiles are maturation-dependent and reflect the special metabolic demands at each developmental stage. The significantly altered metabolites-enriched pathways showed that the steroid-related pathways were heavily affected during stages II to III, while oocyte-maturation-related pathways played roles from stage III to IV. The results provided basic information on the aspect of metabolomics for further investigation of maturation mechanisms in wild fish.
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Figure 1. Basic information of sampled T. japonicus (n = 18), including body weight (a), anal length (b), and GSI (c). GSI = 100 × ovary weight(g)/body weight(g). II = developing, III = maturing, IV = mature. Different letters indicate significant differences using one-way ANOVA followed by Duncan’s multiple range tests (p < 0.05). 






Figure 1. Basic information of sampled T. japonicus (n = 18), including body weight (a), anal length (b), and GSI (c). GSI = 100 × ovary weight(g)/body weight(g). II = developing, III = maturing, IV = mature. Different letters indicate significant differences using one-way ANOVA followed by Duncan’s multiple range tests (p < 0.05).



[image: Fishes 08 00262 g001]







[image: Fishes 08 00262 g002 550] 





Figure 2. Venn diagram for the number of annotated metabolites in the ovaries of T. japonicus from developmental stages II, III and IV using both positive (a), and negative (b) ion modes. II = developing, III = maturing, IV = mature. 
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Figure 3. Global metabolomics profile analysis. PCA score plot of ovaries of T. japonicus at different developmental stages based on the metabolomics data in positive ion mode (a), and negative ion mode (b). QC samples (purple triangle) clustered together tightly in both modes, indicating great QC repeatability and analysis system stability. OPLS−DA score plots of ovaries at different development stages based on the metabolomics data in positive ion mode: (c) II vs. III, R2 = 0.996, Q2 = 0.613; (e) III vs. IV, R2 = 0.91, Q2 = 0.177); and negative ion mode: (d) II vs. III, R2 = 0.977, Q2 = 0.44; (f): III vs. IV, R2 = 0.967, Q2 = 0.268). II = developing, III = maturing, IV = mature. 






Figure 3. Global metabolomics profile analysis. PCA score plot of ovaries of T. japonicus at different developmental stages based on the metabolomics data in positive ion mode (a), and negative ion mode (b). QC samples (purple triangle) clustered together tightly in both modes, indicating great QC repeatability and analysis system stability. OPLS−DA score plots of ovaries at different development stages based on the metabolomics data in positive ion mode: (c) II vs. III, R2 = 0.996, Q2 = 0.613; (e) III vs. IV, R2 = 0.91, Q2 = 0.177); and negative ion mode: (d) II vs. III, R2 = 0.977, Q2 = 0.44; (f): III vs. IV, R2 = 0.967, Q2 = 0.268). II = developing, III = maturing, IV = mature.



[image: Fishes 08 00262 g003]







[image: Fishes 08 00262 g004 550] 





Figure 4. Heat map of the differential metabolites in the ovaries of T. japonicus. (a,b) Heat map visualization of differential metabolites in stage III relative to II, and IV relative to III combined positive and negative ion modes, respectively. II = developing, III = maturing, IV = mature. The color scale (right) illustrates the relative expression levels of metabolites across all samples: red represents an expression level above the mean, and blue represents an expression lower than the mean. 
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Figure 5. Classification analysis of significantly altered metabolites in the ovaries of T. japonicus combined positive ion mode and negative ion mode between stage III vs. II (a), and stage IV vs. III (b), respectively. II = developing, III = maturing, IV = mature. 
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Figure 6. Pathway enrichment analysis of significantly altered metabolites in the ovaries of T. japonicus among different developmental stages according to the KEGG pathway: (a) III vs. II, and (b) IV vs. III. II = developing, III = maturing, IV = mature. The pathways are plotted according to p-values from pathway enrichment analysis and pathway impact values from pathway topology analysis. Color gradient and circle size indicate the significance of the pathway ranked by p-values (blue: higher p-values and red: lower p-values) and the number of altered metabolites in the pathway. 
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