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Acipenser schrenckii is an economically important aquatic species whose gonads require particularly long times to reach sexual maturity. Luteinizing hormone plays important roles in gonad development, and luteinizing hormone releasing hormone A2 (LH-A2) is used as an oxytocin to promote ovulation in aquaculture of A. schrenckii. In this study, we aimed to determine the effects of LH-A2 on gonad development in juvenile A. schrenckii through transcriptome profiling analysis of the pituitary and gonads after LH-A2 treatment at a dose of 3 μg/kg. The 17β-estradiol (E2) levels gradually increased with LH-A2 treatment time, and significantly differed from those of the control group on days 5 and 7 (p < 0.01). However, the content of testosterone (Testo) gradually decreased with LH-A2 treatment time and showed significant differences on day 3 (p < 0.05), and on days 5 and 7 (p < 0.01), compared to those in the control group. Thus, LH-A2 promotes the secretion of E2 and inhibits the secretion of Testo. Transcriptome profiling analysis revealed a total of 2,883 and 8,476 differentially expressed genes (DEGs) in the pituitary and gonads, respectively, thus indicating that LH-A2 has more regulatory effects on the gonads than the pituitary in A. schrenckii. Signal transduction, global and overview maps, immune system, endocrine system and lipid metabolism were the main enriched metabolic pathways in both the pituitary and gonads. Sixteen important genes were selected from these metabolic pathways. Seven genes were co-DEGs enriched in both signal transduction and endocrine system metabolic pathways. The other co-DEGs were selected from the immune system and lipid metabolism metabolic pathways, and showed mRNA expression changes of >7.0. The expression of five DEGs throughout LH-A2 treatment was verified to show the same patterns of change as those observed with RNA-seq, indicating the accuracy of the RNA-seq in this study. Our findings provide valuable evidence of the regulation of gonad development of juvenile A. schrenckii by LH-A2 and may enable the establishment of artificial techniques to regulate gonad development in this species.
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INTRODUCTION
The Amur sturgeon (Acipenser schrenckii) is an important aquatic species providing substantial economic benefits in China. In 2019, the annual production of A. schrenckii reached 15,317 tons, accounting for approximately 15% of the total sturgeon aquaculture production (Zhang et al., 2020). The optimum aquaculture temperature of A. schrenckii is 18–22°C. The main distributed regions of A. schrenckii are in the Amur, Songhua and Heilongjiang Rivers (Li et al., 2012; Li et al., 2020), while the main aquaculture regions include Yunnan, Guizhou, Shandong and Hebei Provinces (Zhang et al., 2020). Sturgeon eggs are highly valuable and consequently are sometimes called “black gold.” Female sturgeons are therefore preferred in the sturgeon aquaculture industry. However, the long period required for A. schrenckii to reach sexual maturity poses a severe problem in the sustainable development of the artificial aquaculture industry for this species. The gonadal primordia of A. schrenckii are first observed at 60 days after hatching, and the gonads begin to differentiate at 170 days after hatching, on the basis of histological observations (Zhang et al., 2012). However, the time required for gonad maturity in A. schrenckii is 5–7 years for testis development and 9–12 years for ovary development under artificial aquaculture conditions (Qu et al., 2010). Therefore, the mechanisms of sex determination and reproduction of A. schrenckii must urgently be fully understood to establish artificial techniques to regulate ovarian development. Previous studies have identified many reproductive genes in A. schrenckii, and determined their potential functions in the sex-determination and reproduction mechanisms (Jin et al., 2016; Lv et al., 2021). However, more studies must be performed.
The hypothalamus–pituitary–gonad (HPG) axis in vertebrates regulates gonad maturity (Nagahama 2005; Kim et al., 2014). Gonadotropin-releasing hormone (GnRH) is secreted by the hypothalamus under normal conditions. GnRH promotes ovarian development through stimulating the secretion of follicle stimulating hormone and luteinizing hormone (LH) (Coccia and Rizzello 2008; Gründker and Emons 2021). LH is secreted by the anterior pituitary gonadotrophs and is classified as a gonadotropin promoting gonad development. LH binds specific transmembrane receptors localized primarily in the ovarian cells and subsequently promotes ovarian development. In the ovaries, LH is required to promote and mediate ovulation through regulating the synthesis of androgens in follicular theca cells. LH then helps maintain the secretion of progesterone after ovulation and is required for blastocyst implantation in the uterus (Paoli et al., 2020; Guo et al., 2021). LH is also used in infertility treatment in women (Soleimanifar et al., 2016; Orlova et al., 2017). LH was reported to be involved in the process of ovarian development in salmonid fish (Josep et al., 2000) and Ictalurus punctatus (Kristanto et al., 2009), while caused the sex reversal in Monopterus albus (Tang et al., 1974). The cDNA sequences of luteinizing hormone β were cloned from Kryptolebias marmoratus (Rhee et al., 2009), Anguilla dieffenbachia (Saito et al., 2003), and Engraulis japonicus (Ohkubo et al., 2010), and proven to be involved in the ovarian development. In sturgeon artificial aquaculture, luteinizing hormone releasing hormone A2 (LH-A2) is used as an oxytocin to promote ovulation in sturgeons. Previous studies have identified the essential regulatory roles of KiSS1 and gonadotropin-releasing hormone analogue (GnRH-a) in the regulation of the HPG axis, thus affecting ovarian development in A. schrenckii (Jin et al., 2016; Lv et al., 2021). However, the effects of LH-A2 in promoting ovarian development and ovulation remain unclear. The genes regulated by LH-A2 treatment must be determined. Understanding the effects of LH-A2 is essential for establishing artificial techniques to shorten ovarian development in A. schrenckii.
In this study, LH-A2 was injected into juvenile A. schrenckii at 60 days after hatching. The important metabolic pathways and genes regulated by treatment with LH-A2 at 3 μg/kg were identified through transcriptome profiling analysis of the gonads and pituitary. To assess the effects of LH-A2 on gonad development, we analysed the crucial differentially expressed genes (DEGs) throughout LH-A2 treatment by using quantitative real-time PCR (qPCR). The combined results provide valuable evidence for regulating gonad development in juvenile A. schrenckii.
MATERIALS AND METHODS
Ethics Approval
All fish handling and experimental procedures involved in this study were approved by the Animal Care and Use Committee of the Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Harbin, on the basis of the relevant guidelines and regulations.
Sample Collection
The A. schrenckii in this study were hatched from a full-sibling population, and fed at the Amur Sturgeon Breeding and Engineering Centre, Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences. The new hatching fishes were maintained in the aerated water at 16°C with a dissolved oxygen content of ≥6 mg/L, and were fed sturgeon commercial fodder purchased from Shandong Shengsuo Feed Technology Co., Ltd. Each day, fish were fed twice with 2% of their total weight. A total of 200 fishes with body weights of 41.29–44.19 g were collected from the full-sibling population at 60 days after hatching and randomly divided into two groups. The gonad differentiation and development sensitive period has been shown to begin 60 days after hatching (Zhang et al., 2012). LH-A2 was purchased from Ningbo Sansheng Pharmaceutical Co., Ltd. The control group was injected with the 0.9% physiological saline; the experimental group was injected with LH-A2 at a dose of 3 μg/kg, which is commonly used in our A. schrenckii aquaculture program to promote ovulation (Gao et al., 2020). LH-A2 was dissolved to 3 μg/μL in 0.9% physiological saline, then injected into the muscle through the first dorsal bone plate, according to the body weight of each fish. The amount of injected 0.9% physiological saline was also determined, on the basis of the body weight of each fish. Blood samples from 15 individuals of A. schrenckii were collected from the control group and LH-A2 group at 0, 1, 3, 5 and 7 days after injection for the measurement of testosterone (Testo) and 17β-estradiol (E2) content. A blood sample was drawn from the tail vein of each A. schrenckii. The blood samples from five individual A. schrenckii were pooled to form a biological replicate, and three replicates were examined. The pituitaries and gonads sample (n = 15) were collected from the control group and LH-A2 group at day 7 after injection, and transcriptome profiling analysis of the pituitary and gonads was performed between the control group and LH-A2 group. Five tissue samples were pooled to form one biological replicate, and three biological replicates were examined. Gonads and pituitaries of another 15 individuals were collected from the control group and LH-A2 group at 0, 1, 3, 5 and 7 days after injection, then subjected to qPCR analysis. Pituitary and gonads from five different A. schrenckii were pooled to form a biological replicate, and three biological replicates were analysed. The collected tissues were immediately frozen in liquid nitrogen until RNA extraction, to prevent RNA degradation.
Measurement of Steroid Hormone
The pooled blood samples of A. schrenckii from days 1, 3, 5 and 7 after LH-A2 and 0.9% physiological saline injection were kept at 4°C for 4 h, and then centrifuged at 3,000 rpm/min for 5 min to extract serum. E2 and Testo were then extracted from the serum with 5 ml 100% methyl alcohol. The content of E2 and Testo was measured with a BECKMAN ACESS II T Kit on a Beckman Coulter Access two instrument (Kraemer Boulevard Brea, CA, United States), according to the manufacturer’s protocol (Jin et al., 2019; Lv et al., 2021). All samples were run in triplicate.
Transcriptome Profiling Analysis
The DEGs regulated by LH-A2 treatment were identified through transcriptome profiling analysis of the pituitary and gonads in A. schrenckii. The Illumina High-seq 2500 sequencing platform, which is widely used in transcriptome studies, was used to perform transcriptome profiling analysis. Previous studies have described the detailed procedures for RNA-seq and analysis (Jin et al., 2013; Jin et al., 2021). The Trinity program (version: trinityrnaseq_r20131110) was used to assemble the clean data into non-redundant transcripts (Grabherr et al., 2011). Gene annotation was then performed in the non-redundant (Nr) database, and the Gene Ontology (GO) (Ashburner et al., 2000), Cluster of Orthologous Groups (COG) (Tatusov et al., 2003) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) databases (Minoru et al., 2008), with an E-value of 10–5 (Jin et al., 2013). The EB-seq algorithm was used to filter the differentially expressed genes, according to the criterion of false discovery rate <0.05 (Benjamini et al., 2001). The transcriptome raw reads were annotated in the Acipenser ruthenus genome by using Cufflinks (Trapnell et al., 2010).
qPCR Analysis
qPCR analysis was used to verify the reliability of the RNA-seq data of selected DEGs, regulated by LH-A2. Previously published studies have described the detailed procedures of qPCR analysis (Zhang et al., 2013; Jin et al., 2019). Briefly, total RNA was extracted from each tissue, using the UNlQ-10 Column Trizol Total RNA Isolation Kit (Sangon, Shanghai, China) following the manufacturer’s protocol. A total of 1 μg total RNA from each tissue was used to synthesize the cDNA template by using the PrimeScript™ RT reagent Kit (Takara Bio Inc., Japan). The expression level of each tissue was determined using the UltraSYBR Mixture (CWBIO, Beijing, China). The qPCR analysis was performed on a Bio-Rad iCycler iQ5 Real-Time PCR System (Bio-Rad), and SYBR Green RT-qPCR assays were used. The primers for qPCR analysis are listed in Table 1 β-actin was used as the reference gene in this study (Shi et al., 2010; Wu et al., 2020). The qPCR reaction was 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. DEPC-water was used as a negative control instead of the template. The relative expression levels were measured with the 2−ΔΔCT method (Livak and Schmittgen 2001).
TABLE 1 | Primers used in this study.
[image: Table 1]Statistical Analysis
All statistics were measured in SPSS Statistics 23.0. Quantitative data are expressed as the mean ± SD. Statistical differences were estimated by one-way ANOVA followed by LSD and Duncan’s multiple range test for qPCR analysis in different mature tissues. The statistical significance of differences in Testo and E2 on the same day between the control group and experimental group, and verification of RNA-seq data were determined with paired t-tests. A probability level of 0.05 was considered to indicate significance (p < 0.05).
RESULTS
Measurement of Steroid Hormone
The effects of LH-A2 on the secretion of E2 and Testo in the serum in juvenile A. schrenckii are shown in Figure 1. The content of E2 gradually increased with LH-A2 treatment time at a dose of 3 μg/kg. The content of E2 reached a peak at 7 days after LH-A2 treatment, and was different from that at the other tested time points except 5 days (p < 0.05). The contents of E2 at days 5 and 7 after LH-A2 treatment showed significant difference with those of the control group on the same day (p < 0.01) (Figures 1A). However, the changes in Testo showed an opposite secretion pattern from that of E2, revealing a gradual decrease with LH-A2 treatment time. The highest content of Testo was observed at 0 days. The content of Testo was different from that in the control group at 3, 5 and 7 days after LH-A2 treatment (p < 0.05) (Figures 1B).
[image: Figure 1]FIGURE 1 | The content of E2 and Testo level at different time points after the treatment of LH-A2 at the dose of 3 μg/kg. Lowercases indicated the signifcant difference between different time points in the same treated group, and capital letters indicated the significant difference between control group and LH-A2 group on the same day (p < 0.05). (A) The content of E2; (B) The content of Testo.
Length Distribution
Illumina Hiseq2500 was used to produce reads for clustering and de novo assembly. A total of 66.5 Gb raw reads were generated. Approximately 63.4 Gb clean reads remained after elimination of adapter sequences and filtering out low-quality reads (the number of bases in each read was less than 25 bp). The De novo program was used to assemble the A. schrenckii transcriptome. A total of 140,769 unigenes were assembled with a mean length of 967 bp. Most unigenes (34.2%) were 300–400 bp in length, followed by 400–500 bp (12.6%) and >3,000 bp (8.8%).
Functional Annotation
All assembled unigenes were compared with the non-redundant protein database and nucleotide sequences in NCBI to identify their putative functions, by using Blastp and Blastx at an E-value of <10–5. A total of 140,769 unigenes were assembled in this study, 54,590 of which were annotated in the Nr database. Approximate 70% of the raw reads were highly matched with the A. ruthenus genome. A total of 13,736 unigenes were finally annotated in the A. ruthenus genome. The other unannotated unigenes maybe caused by the analysis without reference genome whose functions have not yet been identified. The functions of these unannotated transcripts require further investigation.
Additional functional analysis of these unigenes was performed with the GO, COG and KEGG pathway databases. GO and COG provide a structured, controlled vocabulary for describing the functions of gene products. A total of 29,622 unigenes (Figure 2) and 44,515 unigenes (Figure 3) matched known proteins in the GO database and COG database, respectively. A total of 50,177 unigenes matched known proteins in the KEGG database and were divided into 258 metabolic pathways.
[image: Figure 2]FIGURE 2 | Gene ontology (GO) analysis of all unigenes identified by the transcriptome analysis. The left y-axis indicates the percentage of a specific category of proteins existed in the main category, whereas the right y-axis indicates the number of a specific category of proteins existed in main category. The matched unigenes were divided into three categories, including biological process (62,493), cellular component (67,146), and molecular function (32,643). The matched unigenes were comprised of 61 functional groups, in which the number of unigenes in each functional group ranged from 1 to 14,996. Binding; Cellular process, Cell, Cell part and membrane represent the top five functional groups.
[image: Figure 3]FIGURE 3 | Cluster of orthologous groups (COG) classification of all unigenes identified by the transcriptome analysis. The matched unigenes were classified functionally into 25 functional categories in the COG database. The number of unigenes in each functional category ranged from 257 to 11782.
Identification of Differentially Expressed Genes
Transcriptome profiling analysis of the gonads and pituitary was performed between 0.9% physiological saline treated A. schrenckii and LH-A2 treated A. schrenckii, to select the genes and metabolic pathways involved in gonad development in juvenile A. schrenckii. A total of 2,883 genes were differentially expressed in the pituitary, including 1,612 upregulated genes and 1,271 downregulated genes in LH-A2 treated A. schrenckii (criteria of >2.0 for upregulation and <0.50 for downregulation, and p-value < 0.01) (Supplementary Table S1). The DEGs were then blasted against the GO and KEGG database. A total of 1,005 DEGs were assigned to the GO database, comprising 49 functional groups. Binding, cellular process, cell, cell part and membrane represented the main functional groups, in which the number of DEGs exceeded 350. A total of 1,009 DEGs matched the known proteins in the KEGG database and were divided into 44 metabolic pathways. Signal transduction, global and overview maps, infectious diseases: viral, immune system and endocrine system were the most enriched metabolic pathways in the gonad.
A total of 8,476 DEGs were identified in the gonads, including 3,748 that were upregulated and 4,728 that were downregulated in LH-A2 treated A. schrenckii, according to the same criteria as those for the pituitary (Supplementary Table S2). Among these 8,476 DEGs, 2,417 were assigned to the GO database. These DEGs comprised 55 functional groups, and the number of DEGs in each functional group ranged from 1 to 1,115. Binding, cellular process, catalytic activity, membrane, cell and cell part were the main functional groups, in which the number of DEGs exceeded 850. A total of 2,540 DEGs matched the known protein in KEGG database and were divided into 43 metabolic pathways. Signal transduction, global and overview maps, immune system, endocrine system and lipid metabolism were the main enriched metabolic pathways in the pituitary.
Identification of Genes for Gonad Development
The strong candidate genes potentially involved in gonad development of A. schrenckii are listed in Table 2. These genes were selected from the main enriched metabolic pathways of DEGs in both pituitary and gonad. The co-DEGs were identified as the genes differentially expressed in both the pituitary and gonads. Seven co-DEGs were enriched in both signal transduction and endocrine system metabolic pathways, four of which were upregulated and three of which were downregulated after LH-A2 treatment. The other co-DEGs were identified from the immune system and lipid metabolism metabolic pathways, and the upregulated expression changes were >7.0.
TABLE 2 | Selected DEGs involved in the gonad development of A. schrenckii.
[image: Table 2]qPCR Analysis
Five DEGs were selected for qPCR analysis throughout LH-A2 treatment: Protein kinase C (PKC), Proto-oncogene tyrosine-protein kinase Src (Src), Thioredoxin (Trx), Claudin-4 and Alcohol dehydrogenase class-3 (ADH-3). The expression of these five tested DEGs generally remained stable at various time points after the treatment with 0.9% saline in the pituitary, as compared with the changes under LH-A2 treatment. The expression of As-Src and As-Claudin4 gradually increased with LH-A2 treatment time. The expression of As-PKC and As-ADH3 slightly decreased 1 day after LH-A2 treatment, then significantly increased and reached a peak after 7 days of LH-A2 treatment. However, the expression of As-Trx significantly increased from 0 to 3 days after LH-A2 treatment, and then gradually decreased by 7 days. The expressions of these five tested DEGs at day 5 and day 7 were significantly lower in the 0.9% saline group than the LH-A2 group (p < 0.05), in agreement with the RNA-seq results (Figure 4).
[image: Figure 4]FIGURE 4 | Expression characterization of five DEGs in pituitary at different time points after the LH-A2 treatment. The amount of five DEGs mRNA was normalized to the β-actin transcript level. Data are shown as mean ± SD (standard deviation) of tissues from three biological replicates. Lowercases indicated the signifcant difference between different time points in the same treated group, and capital letters indicated the significant difference between control group and LH-A2 group on the same day (p < 0.05). (A) Expression characterization of As-PKC; (B) Expression characterization of As-Src; (C) Expression characterization of As-Trx; (D) Expression characterization of As-Claudin4; (E) Expression characterization of As-ADH3.
In gonads, the expression of As-PKC, As-Src, As-Trx and As-Claudin4 gradually increased with LH-A2 treatment time, whereas the expression of As-ADH3 slightly decreased at 1 day after LH-A2 treatment, then significantly increased and reached a peak at 7 days after LH-A2 treatment. The expression changes in these five DEGs in the gonads were similar to those in the pituitary, showing significantly lower expression in the 0.9% saline group than the LH-A2 group at days 5 and 7 (p < 0.05), in agreement with the RNA-seq results (Figure 5).
[image: Figure 5]FIGURE 5 | Expression characterization of five DEGs in gonad at different time points after the LH-A2 treatment. The amount of five DEGs mRNA was normalized to the β-actin transcript level. Data are shown as mean ± SD (standard deviation) of tissues from three biological replicates. Lowercases indicated the signifcant difference between different time points in the same treated group, and capital letters indicated the significant difference between control group and LH-A2 group on the same day (p < 0.05). (A) Expression characterization of As-PKC; (B) Expression characterization of As-Src; (C) Expression characterization of As-Trx; (D) Expression characterization of As-Claudin4; (E) Expression characterization of As-ADH3.
DISCUSSION
In the present study, through transcriptome profiling analysis, we aimed to select the important genes and metabolic pathways in the gonads and pituitary regulated by LH-A2, which is widely used in sturgeon aquaculture to promote ovulation. LH has been proven to be involved in the process of gonad development and ovulation in many aquaculture species (Tang et al., 1974; Josep et al., 2000; Kristanto et al., 2009). Our previous study identified the important regulatory roles of KiSS1 in the HPG axis (Jin et al., 2016; Lv et al., 2021). However, the regulatory roles of LH-A2 in A. schrenckii remained unclear. The biological functions of genes regulated by LH-A2 treatment must be further investigated, especially those of the up-regulated genes. There genes may play essential roles in the ovarian maturity and development of A. schrenckii and thus may support the development of artificial techniques to regulate gonad development in this species.
In the present study, the content of E2 increased with LH-A2 treatment time at a dose of 3 μg/kg, whereas the content of Testo decreased. LH is required for ovarian maturity and ovulation in vertebrates. LH-A2 is widely used as an oxytocin to promote ovulation in sturgeon aquaculture programs. E2, which is produced and secreted by the granulosa cells of the ovarian follicles, promotes female differentiation and sexual development (Hodgin et al., 2001; Maggiolini et al., 2004). Testosterone is a major sex differentiation hormone in vertebrates, and is commonly detected in the haemolymph and testis. Testosterone is essential for sexual development in males (Shalender and Stuart 2019; Huang et al., 2021). The dose of LH-A2 at 3 μg/kg stimulated the secretion of E2 in A. schrenckii and inhibited the secretion of Testo, thus indicating that LH-A2 is involved in ovarian maturity in A. schrenckii.
A total of 140,769 unigenes were assembled, substantially more than in previous studies; therefore, this study provides valuable information for the analysis of gonad development in A. schrenckii (Jin et al., 2016; Lv et al., 2021). Approximate 70% raw reads were highly matched with the Acipenser ruthenus genome, and a total of 13,736 unigenes were finally annotated in the A. ruthenus genome, indicating A. schrenckii has close evolutionary relationship with A. ruthenus (Cheng et al., 2019). A total of 2,883 DEGs and 8,476 DEGs were identified in the pituitary and gonads, respectively, after the injection of LH-A2. Therefore, LH-A2 has more regulatory roles in the gonads than the pituitary. GO analysis of DEGs revealed that binding, cellular process, catalytic activity, membrane, cell and cell part were the main functional groups regulated by LH-A2, according to transcriptome profiling analysis of both the pituitary and gonads. Consequently, the genes involved in gonad development in A. schrenckii were mainly enriched in these functional groups.
KEGG analysis of DEGs revealed a total of 187 and 74 DEGs in the gonads and pituitary, respectively, which were involved in the most enriched metabolic pathways in the transcriptome profiling analysis of the pituitary and gonads. Thus, signal transduction and endocrine system metabolic pathways may play essential roles in gonad development in juvenile A. schrenckii, as well as the DEGs in these metabolic pathways. The endocrine system includes various endocrine glands, including the hypothalamus, pituitary, pineal, thyroid, parathyroid, adrenal, pancreas, ovaries and testes. These glands can secrete nitrogen-containing hormones and steroid hormones (Garcia-Reyero 2018; Yuan et al., 2021). The bloodstream carries hormones from the organs where they are produced to the organs that they affect. Each hormone influences an organ or a type of cells within an organ, which is known as the target organ or target cell (Garcia-Reyero 2018). Signal transduction involves numerous elements, all playing essential roles in target cells in the recognition of their specific hormones (McIlwraith and Belsham 2020). Organs transfer chemical signals through blood-borne transmission. The target cells have receptors that specifically bind the corresponding hormones and exert effects after hormones binding. A reasonable explanation for this is that the metabolic pathways work together to recognise the specific hormone, in order to promote the ovarian development and ovulation in A. schrenckii. We selected seven co-DEGs enriched in the signal transduction and endocrine system metabolic pathways in both the gonads and pituitary. Among these DEGs, four were upregulated in the gonads and pituitary, whereas the other three were downregulated. The expressions of PKC and Src were up-regulated after LH-A2 treatment, which may affect the ovarian development and ovulation in A. schrenckii. PKC activation plays an important role in controlling the functions of other proteins in multiple signal transduction cascades. PKC was initially defined as a participant in the regulation of hyperglycaemia (Gopalakrishna and Jaken 2000; Inoguchi et al., 2000). PKC activation was further identified to regulate several biological processes, including the inhibition of eNOS expression in endothelial cells (Kuboki et al., 2000), the stimulation of VEGF expression in vascular smooth muscle cells (Williams et al., 1997), a decrease in NO production in smooth muscle cells (Ganz and Seftel 2000) and the activation of NF-κB (Ha et al., 2002). Src has been identified to be an important factor with a wide range of biological functions, including cell proliferation, adhesion, angiogenesis, organisation of the cell skeleton, cell division and cell death (Dunant and Ballmer-Hofer 1997; Parsons and Parsons 2004; Ingley 2008; Tegtmeyer and Backert 2011; Kinsey 2014). Src has also been reported to participate in the treatment of ILT herpesvirus (Li et al., 2016) and macrophage-myofibroblast transition-driven fibrotic diseases (Tang et al., 2018).
The immune system and lipid metabolism were two major metabolic pathways enriched in both the pituitary and gonads. The immune system involves complex mechanisms of defence responses, and is found in humans and other advanced vertebrates, in which it promotes stress resistance. The nonspecific defence system (innate immunity) and specific defence system (acquired immunity) work together in organisms to prevent microorganisms from entering and proliferating within the body. Nonspecific protective mechanisms target all microorganisms equally, whereas specific immune responses are tailored to particular types of invaders. These immune mechanisms also help eliminate abnormal cells in the body (Ader et al., 1995; Estrada et al., 2021). A reasonable explanation for the enrichment of the immune system is that LH-A2 treatment might be involved in gonad development. Thus, aged or abnormal cells must be digested, to adapt the LH-A2 treatment. A total of 24 co-DEGs were selected, five of which were upregulated in the LH-A2 treated group, with an expression change >7.0. Tight junctions, the main apical component of intercellular junctional complexes, play essential roles in establishing cell polarity and paracellular permeability (Tsukita and Furuse 2000). The Claudin family forms integral constituents of tight junctions (Morita et al., 1999), consisting of at least 20 transmembrane proteins, and are a major factor in establishing the intercellular barrier (Heiskala et al., 2001). Claudin-4 is an integral constituent of tight junctions and is overexpressed in pancreatic cancer (Michl et al., 2001; Michl et al., 2003) and ovarian cancer (Rangel et al., 2003). Overexpression of Claudin-4 has also been reported to regulate the levels of Claudin-1, -2, or -3, occludin or ZO-1 (Itallie et al., 2001). Trx is a ubiquitous disulfide reductase responsible for maintaining proteins in their reduced state (Holmgren 1985). Trx is a negative regulator of Apoptosis signal-regulating kinase 1 (Saitoh et al., 1998). In addition, thioredoxin-interacting protein is associated with oxidative stress and participates in the pathogenesis of type 2 diabetes (Zhou et al., 2010).
Lipid metabolism is another important metabolic pathway enriched in both the pituitary and gonads. Lipid metabolism is a complicated process regulating lipid synthesis and degradation. It is controlled by many bioregulators from the pituitary, liver, endocrine pancreas, adipose tissue and the gut microbiome. Lipid metabolism is regulated by several hormones, as well as the presence of cancer or pregnancy. Leptin affects lipid metabolism through regulating the mRNA levels and concentrations of enzymes such as acetyl-CoA carboxylase in adipocytes (Dahl et al., 2019; Markevich et al., 2021). A reasonable explanation for this is that lipid metabolism provided energy for ovarian development after the treatment of LH-A2 in A. schrenckii. A total of co-13 DEGs were selected, four of which were upregulated in the LH-A2 treated group, with an expression change >7.0. Alcohol dehydrogenase (ADH) is a principal enzyme participating in the oxidation of ingested ethanol in humans (Cañestro et al., 2010). ADH3 has been found to be involved in the synthesis of retinoic acid in chordates (Dong et al., 1996).
Five DEGs from these main enriched metabolic pathways were selected for qPCR verification throughout LH-A2 treatment. This study reports the first analysis of the expression of these five genes under regulation by LH-A2 treatment. qPCR analysis revealed that the expression of As-Src and As-Claudin4 gradually increased with LH-A2 treatment time in the pituitary, whereas As-PKC and As-ADH3 required several days to respond to the regulation by LH-A2. Interestingly, LH-A2 upregulated the expression of As-Trx for only several days. In gonads, only As-ADH3 required several days to respond to regulation by LH-A2, whereas the expression of the other four DEGs gradually increased with LH-A2 treatment time. This finding also indicated that LH-A2 has more essential regulatory roles in the gonads than the pituitary in A. schrenckii.
In conclusion, the measurements of the content of E2 and Testo after LH-A2 treatment revealed that LH-A2 stimulates the secretion of E2 while inhibiting the secretion of Testo in A. schrenckii. These results are consistent with findings from aquaculture indicating that LH-A2 promotes ovulation in A. schrenckii. Transcriptome profiling analysis revealed a total of 2,883 and 8,476 in the pituitary and gonads, respectively, indicating that LH-A2 has more regulatory effects on the gonads than the pituitary. Transcriptome profiling analysis also revealed that the metabolic pathways of signal transduction, global and overview maps, immune system, endocrine system and lipid metabolism, and their enriched upregulated co-DEGs, may play essential roles in ovarian development in A. schrenckii. qPCR analysis revealed that LH-A2 stimulated the expression of these tested co-DEGs at 7 days after treatment in the pituitary and gonads, findings consistent with those of RNA-seq, whereas differences were observed in the regulatory processes. The genes, which were rapidly responded to the LH-A2 treatment, may play essential regulatory roles in gonad development in A. schrenckii. The biological functions of these genes need further investigation in A. schrenckii. The artificial technique to regulate the process of ovarian development maybe established in A. schrenckii through affecting the expressions of these selected genes. This study identified the effects of LH-A2 in A. schrenckii, thus providing valuable evidence for establishing artificial techniques to regulate gonad development in A. schrenckii.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Care and Use Committee of the Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Harbin. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
WL measured the steroid hormone. SJ wrote the manuscript. DC provided the experimental fish. NW performed the qPCR analysis. XJ analysed the transcriptome. YZ supervised the experiment.
FUNDING
This research was supported by grants from the Natural fund of Heilongjiang Province (YQ 2020C026); the China Agriculture Research System of MOF and MARA (CARS-46).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2022.859965/full#supplementary-material
REFERENCES
 Ader, R., Cohen, N., and Felten, D. (1995). Psychoneuroimmunology: Interactions between the Nervous System and the Immune System. Lancet 345, 99–103. doi:10.1016/s0140-6736(95)90066-7
 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene Ontology: Tool for the Unification of Biology. Nat. Genet. 25 (1), 25–29. doi:10.1038/75556
 Benjamini, Y., Drai, D., Elmer, G., KafkafiGolani, N. L., and Golani, I. (2001). Controlling the False Discovery Rate in Behavior Genetics Research. Behav. Brain Res. 125 (1-2), 279–284. doi:10.1016/s0166-4328(01)00297-2
 Cañestro, C., Albalat, R., and Postlethwait, J. H. (2010). Oikopleura D Alcohol Dehydrogenase Class 3 Provides New Insights into the Evolution of Retinoic Acid Synthesis in Chordates. Zoolog. Sci. 27 (2), 128–133. doi:10.2108/zsj.27.128
 Cheng, P., Huang, Y., Du, H., Li, C., Lv, Y., Ruan, R., et al. (2019). Draft Genome and Complete Hox-Cluster Characterization of the Sterlet (Acipenser Ruthenus). Front. Genet. 10 (10), 776. doi:10.3389/fgene.2019.00776
 Coccia, M. E., and Rizzello, F. (2008). Ovarian Reserve. Ann. NY Acad. Sci. 1127 (1), 27–30. doi:10.1196/annals.1434.011
 Dahl, K., Blundell, J., Gibbons, C., Brooks, A., Almazedi, F., Hoff, S. T., et al. (2019). Oral Semaglutide Improves Postprandial Glucose and Lipid Metabolism and Delays First-Hour Gastric Emptying in Subjects with Type 2 Diabetes. Diabetologia 62, 26–27. doi:10.1016/j.jcjd.2016.08.101
 Dong, Y.-J., Peng, T.-K., and Yin, S.-J. (1996). Expression and Activities of Class IV Alcohol Dehydrogenase and Class III Aldehyde Dehydrogenase in Human Mouth. Alcohol 13 (3), 257–262. doi:10.1016/0741-8329(95)02052-7
 Dunant, N., and Ballmer-Hofer, K. (1997). Signalling by Src Family Kinases: Lessons Learnt from DNA Tumour Viruses. Cell Signal. 9, 385–393. doi:10.1016/s0898-6568(97)00040-5
 Estrada, N., Núñez-Vázquez, E. J., Palacios, A., Ascencio, F., Guzmán-Villanueva, L., and Contreras, R. G. (2021). In Vitro Evaluation of Programmed Cell Death in the Immune System of Pacific Oyster Crassostrea G by the Effect of Marine Toxins. Front. Immunol. 12, 634497. doi:10.3389/fimmu.2021.634497
 Ganz, M. B., and Seftel, A. (2000). Glucose-Induced Changes in Protein Kinase C and Nitric Oxide Are Prevented by Vitamin E. Am. J. Physiol. Endocrinol. Metab. 278, E146–E152. doi:10.1152/ajpendo.2000.278.1.E146
 Gao, X., Lv, W. H., Ma, B., Wang, N. M., Han, S. C., and Zhang, Y. (2020). Cloning, Sequence Analysis, and Expression Regulation of Gonadotropin Hormone α Gene Submit in Amur sturgeon Acipenser Schrenckii. Chin. J. Fish. 33 (5), 12–19. 
 Garcia-Reyero, N. (2018). The Clandestine Organs of the Endocrine System. Gen. Comp. Endocrinol. 257 (1), 264–271. doi:10.1016/j.ygcen.2017.08.017
 Gopalakrishna, R., and Jaken, S. (2000). Protein Kinase C Signaling and Oxidative Stress. Free Radic. Biol. Med. 28, 1349–1361. doi:10.1016/s0891-5849(00)00221-5
 Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., et al. (2011). Trinity: Reconstructing a Full-Length Transcriptome without a Genome from RNA-Seq Data. Nat. Biotechnol. 29 (7), 644–652. doi:10.1038/nbt.1883
 Gründker, C., and Emons, G. (2021). Role of Gonadotropin-Releasing Hormone (GnRH) in Ovarian Cancer. Cells 10 (2), 437. doi:10.3390/cells10020437
 Guo, Y., Wu, Y., Shi, J., Zhuang, H., Ci, L., Huang, Q., et al. (2021). miR-29a/b1 Regulates the Luteinizing Hormone Secretion and Affects Mouse Ovulation. Front. Endocrinol. 12, 636220. doi:10.3389/fendo.2021.636220
 Ha, H., Yu, M. R., Choi, Y. J., Kitamura, M., and Lee, H. B. (2002). Role of High Glucose-Induced Nuclear Factor-κB Activation in Monocyte Chemoattractant Protein-1 Expression by Mesangial Cells. J. Am. Soc. Nephrol. 13, 894–902. doi:10.1681/asn.v134894
 Heiskala, M., Peterson, P. A., and Yang, Y. (2001). The Roles of Claudin Superfamily Proteins in Paracellular Transport. Traffic 2, 93–98. doi:10.1034/j.1600-0854.2001.020203.x
 Hodgin, J. B., Krege, J. H., Reddick, R. L., Korach, K. S., Smithies, O., and Maeda, N. (2001). Estrogen Receptor α Is a Major Mediator of 17β-Estradiol's Atheroprotective Effects on Lesion Size in Apoe-/- Mice. J. Clin. Invest. 107 (3), 333–340. doi:10.1172/jci11320
 Holmgren, A. (1985). Thioredoxin. Annu. Rev. Biochem. 54, 237–271. doi:10.1146/annurev.bi.54.070185.001321
 Huang, W., Li, Y.-H., Huang, S.-Q., Chen, H., Li, Z.-F., Li, X.-X., et al. (2021). Serum Progesterone and Testosterone Levels in Schizophrenia Patients at Different Stages of Treatment. J. Mol. Neurosci. 71, 1168–1173. doi:10.1007/s12031-020-01739-w
 Ingley, E. (2008). Src Family Kinases: Regulation of Their Activities, Levels and Identification of New Pathways. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1784, 56–65. doi:10.1016/j.bbapap.2007.08.012
 Inoguchi, T., Li, P., Umeda, F., Yu, H. Y., Kakimoto, M., Imamura, M., et al. (2000). High Glucose Level and Free Fatty Acid Stimulate Reactive Oxygen Species Production through Protein Kinase C--dependent Activation of NAD(P)H Oxidase in Cultured Vascular Cells. Diabetes 49, 1939–1945. doi:10.2337/diabetes.49.11.1939
 Itallie, C. V., Rahner, C., and Anderson, J. M. (2001). Regulated Expression of Claudin-4 Decreases Paracellular Conductance through a Selective Decrease in Sodium Permeability. J. Clin. Invest. 107 (10), 1319–1327. doi:10.1172/jci12464
 Jin, S. B., Fu, Y., Hu, Y. N., Fu, H. T., Jiang, S. F., Xiong, Y. W., et al. (2021). Identification of Candidate Genes from Androgenic Gland in Macrobrachium Nipponense Regulated by Eyestalk Ablation. Sci. Rep. 11, 19855. doi:10.1038/s41598-021-99022-4
 Jin, S., Fu, H., Zhou, Q., Sun, S., Jiang, S., Xiong, Y., et al. (2013). Transcriptome Analysis of Androgenic Gland for Discovery of Novel Genes from the oriental River Prawn, Macrobrachium Nipponense, Using Illumina Hiseq 2000. PLOS ONE 8, e76840. doi:10.1371/journal.pone.0076840
 Jin, S., Hu, Y., Fu, H., Jiang, S., Xiong, Y., Qiao, H., et al. (2019). Potential Functions of Gem-Associated Protein 2-like Isoform X1 in the oriental River Prawn Macrobrachium Nipponense: Cloning, qPCR, In Situ Hybridization, and RNAi Analysis. Int. J. Mol. Sci. 20, 3995. doi:10.3390/ijms20163995
 Jin, S., Sun, D., Xi, Q., Dong, X., Song, D., Fu, H., et al. (2016). Identification of Genes in the Hypothalamus-Pituitary-Gonad axis in the Brain of Amur Sturgeons (Acipenser Schrenckii) by Comparative Transcriptome Analysis in Relation to Kisspeptin Treatment. Gene 595 (1), 53–61. doi:10.1016/j.gene.2016.09.026
 Josep, V. P., Jaime, A., Frederick, W. G., and Penny, S. (2000). Regulation of Ovarian Steroidogenesis In Vitro by Follicle-Stimulating Hormone and Luteinizing Hormone During Sexual Maturation in Salmonid Fish. Biol. Reprod. 62 (5), 1262–1269. doi:10.1095/biolreprod62.5.1262
 Kim, N. N., Shin, H. S., Choi, Y. J., and Choi, C. Y. (2014). Kisspeptin Regulates the Hypothalamus-Pituitary-Gonad Axis Gene Expression during Sexual Maturation in the Cinnamon Clownfish, Amphiprion M. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 168, 19–32. doi:10.1016/j.cbpb.2013.11.002
 Kinsey, W. H. (2014). SRC-Family Tyrosine Kinases in Oogenesis, Oocyte Maturation and Fertilization: An Evolutionary Perspective. Adv. Exp. Med. Biol. 759, 33–56. doi:10.1007/978-1-4939-0817-2_3
 Kristanto, A. H., Umali, G., Beam, R., and Dunham, R. A. (2009). Effect of Postmanufacturing Processing and Shipping of Luteinizing Hormone Releasing Hormone Analog on Induced Ovulation for Production of Channel Catfish Female × Blue Catfish Male Hybrid Fry. North Am. J. Aquacult. 71 (4), 307–311. doi:10.1577/a07-099.1
 Kuboki, K., Jiang, Z. Y., Takahara, N., Ha, S. W., Igarashi, M., Yamauchi, T., et al. (2000). Regulation of Endothelial Constitutive Nitric Oxide Synthase Gene Expression in Endothelial Cells and In Vivo: A Specific Vascular Action of Insulin. Circulation 101, 676–681. doi:10.1161/01.cir.101.6.676
 Li, D., Liu, Z., and Xie, C. (2012). Effect of Stocking Density on Growth and Serum Concentrations of Thyroid Hormones and Cortisol in Amur sturgeon, Acipenser Schrenckii. Fish. Physiol. Biochem. 38 (2), 511–520. doi:10.1007/s10695-011-9531-y
 Li, H., Wang, F., Han, Z., Gao, Q., Li, H., Shao, Y., et al. (2016). Genome-Wide Gene Expression Analysis Identifies the Proto-Oncogene Tyrosine-Protein Kinase Src as a Crucial Virulence Determinant of Infectious Laryngotracheitis Virus in Chicken Cells. J. Virol. 90 (1), 9–21. doi:10.1128/jvi.01817-15
 Li, L., Zhang, Y., Zhang, J., and Ma, B. (2020). Seasonal Variation in Diet of Juvenile Amur sturgeon Acipenser Schrenckii in the Lower Reaches of the Songhua River, Northeast China. J. Appl. Ichthyol. 36 (3), 275–281. doi:10.1111/jai.14041
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 Lv, W., Jin, S., Wang, N., Cao, D., Jin, X., and Zhang, Y. (2021). Identification of Important Proteins from the Gonads and Pituitary Involved in the Gonad Development of Amur sturgeon, Acipenser Schrenckii, Regulated by GnRH-A Treatment by iTRAQ-Based Analysis. Comp. Biochem. Physiol. D: Genomics Proteomics 39, 100831. doi:10.1016/j.cbd.2021.100831
 Maggiolini, M., Vivacqua, A., Fasanella, G., Recchia, A. G., Sisci, D., Pezzi, V., et al. (2004). The G Protein-Coupled Receptor GPR30 Mediates C-Fos Up-Regulation by 17beta-Estradiol and Phytoestrogens in Breast Cancer Cells. J. Biol. Chem. 279 (26), 27008–27016. doi:10.1074/jbc.M403588200
 Markevich, L. N., Bykova, O. V., Lakhina, A. A., and Kolomiytseva, I. K. (2021). The Effect of Hibernation on Lipid Metabolism in the Neocortex of the Long-Tailed Ground Squirrel Spermophilus Undulatus. Biophysics 66, 828–833. doi:10.1134/s0006350921050122
 McIlwraith, E. K., and Belsham, D. D. (2020). Hypothalamic Reproductive Neurons Communicate through Signal Transduction to Control Reproduction. Mol. Cell Endocrinol. 518, 110971. doi:10.1016/j.mce.2020.110971
 Michl, P., Barth, C., Buchholz, M., Lerch, M. M., Rolke, M., Holzmann, K. H., et al. (2003). Claudin-4 Expression Decreases Invasiveness and Metastatic Potential of Pancreatic Cancer. Cancer Res. 63 (19), 6265–6271. doi:10.1097/00002820-200310000-00012
 Michl, P., Buchholz, M., Rolke, M., Kunsch, S., Löhr, M., McClane, B., et al. (2001). Claudin-4: A New Target for Pancreatic Cancer Treatment Using Clostridium perfringens Enterotoxin. Gastroenterology 121 (3), 678–684. doi:10.1053/gast.2001.27124
 Minoru, K., Michihiro, A., Susumu, G., Masahiro, H., Mika, H., Masumi, I., et al. (2008). KEGG for Linking Genomes to Life and the Environment. Nucleic Acids Res. 36, 480–484. doi:10.1093/nar/gkm882
 Morita, K., Furuse, M., Fujimoto, K., and Tsukita, S. (1999). Claudin Multigene Family Encoding Four-Transmembrane Domain Protein Components of Tight junction Strands. Proc. Natl. Acad. Sci. 96, 511–516. doi:10.1073/pnas.96.2.511
 Nagahama, Y. (2005). Molecular Mechanisms of Sex Determination and Gonadal Sex Differentiation in Fish. Fish. Physiol. Biochem. 31, 105–109. doi:10.1007/s10695-006-7590-2
 Ohkubo, M., Katayama, S., and Shimizu, A. (2010). Molecular Cloning and Localization of the Luteinizing Hormone β Subunit and Glycoprotein Hormone α Subunit from Japanese Anchovy Engraulis J. Fish. Biol. 77 (2), 372–387. doi:10.1111/j.1095-8649.2010.02683.x
 Orlova, N. A., Kovnir, S. V., Khodak, Y. A., Polzikov, M. A., and Vorobiev, I. I. (2017). Recombinant Human Luteinizing Hormone for the Treatment of Infertility: The Generation of Producer Cell Lines. Akušerstvo, ginekologiâ i reprodukciâ 11 (3), 33–42. doi:10.17749/2313-7347.2017.11.3.033-042
 Paoli, A., Mancin, L., Giacona, M. C., Bianco, A., and Caprio, M. (2020). Effects of a Ketogenic Diet in Overweight Women with Polycystic Ovary Syndrome. J. Transl. Med. 18, 104. doi:10.1186/s12967-020-02277-0
 Parsons, S. J., and Parsons, J. T. (2004). Src Family Kinases, Key Regulators of Signal Transduction. Oncogene 23, 7906–7909. doi:10.1038/sj.onc.1208160
 Qu, Q.-Z., Sun, D.-J., Wan, B.-Q., and Ma, G.-J. (2010). The Relationships between Gonad Development and Sex Steroid Levels at Different Ages inAcipenser Schrenckii. J. Appl. Ichthyol. 26 (1), 1–5. doi:10.1111/j.1439-0426.2009.01377.x
 Rangel, L. B., Agarwal, R., D'Souza, T., Pizer, E. S., Alò, P. L., Lancaster, W. D., et al. (2003). Tight junction Proteins Claudin-3 and Claudin-4 Are Frequently Overexpressed in Ovarian Cancer but Not in Ovarian Cystadenomas. Clin. Cancer Res. 9 (7), 2567–2575. doi:10.1159/000071148
 Rhee, J.-S., Lee, Y.-M., Seo, J. S., Han, J., and Lee, J.-S. (2009). Expression of Gonadotropin α, Follicle-Stimulating Hormone β, and Luteinizing Hormone β Genes of the Hermaphroditic Fish Kryptolebias Marmoratus Exposed to Octylphenol, 17β Estradiol, and Tamoxifen. Ann. NY Acad. Sci. 1163, 508–511. doi:10.1111/j.1749-6632.2009.04450.x
 Saito, K., Lokman, P. M., Young, G., Ozaki, Y., Matsubara, H., Okumura, H., et al. (2003). Follicle-Stimulating Hormone Beta, Luteinizing Hormone Beta and Glycoprotein Hormone Alpha Subunit mRNA Levels in Artificially Maturing Japanese Eel Anguilla Japonica and Naturally Maturing New Zealand Longfinned Eel Anguilla Dieffenbachii. Fish. Sci. 69 (1), 146–153. doi:10.1046/j.1444-2906.2003.00599.x
 Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., et al. (1998). Mammalian Thioredoxin Is a Direct Inhibitor of Apoptosis Signal-Regulating Kinase (ASK) 1. EMBO J. 17, 2596–2606. doi:10.1093/emboj/17.9.2596
 Shalender, B., and Stuart, S. (2019). Testosterone Treatment of Depressive Disorders in MenToo Much Smoke, Not Enough High-Quality Evidence. JAMA Psychiatry 76 (1), 9–10. doi:10.1001/jamapsychiatry.2018.2661
 Shi, Z. Y., Chen, Q. Q., and Song, J. K. (2010). Cloning and Sequence Analysis of Siberian sturgeon Full-Length β-actin Gene cDNA and Application of Genes as an Internal Reference. J. Fish. Sci. China 17 (6), 1173–1182. 
 Soleimanifar, Z., Bandehpour, M., and Kazemi, B. (2016). Cloning and Expression of Luteinizing Hormone Subunits in Chinese Hamster Ovary Cell Line. Novelty Biomed. 4, 142–146. doi:10.22037/nbm.v4i4.11305
 Tang, F., Chan, S. T. H., and Lofts, B. (1974). Effect of Mammalian Luteinizing Hormone on the Natural Sex Reversal of the rice-field Eel, Monopterus Albus (Zuiew). Gen. Comp. Endocrinol. 24 (3), 242–248. doi:10.1016/0016-6480(74)90178-6
 Tang, P. M.-K., Zhou, S., Li, C.-J., Liao, J., Xiao, J., Wang, Q.-M., et al. (2018). The Proto-Oncogene Tyrosine Protein Kinase Src Is Essential for Macrophage-Myofibroblast Transition during Renal Scarring. Kidney Int. 93 (1), 173–187. doi:10.1016/j.kint.2017.07.026
 Tatusov, R. L., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Kiryutin, B., Koonin, E. V., et al. (2003). The COG Database: An Updated Version Includes Eukaryotes. BMC. Bioinformatics 4 (1), 41. doi:10.1186/1471-2105-4-41
 Tegtmeyer, N., and Backert, S. (2011). Role of Abl and Src Family Kinases in Actin-Cytoskeletal Rearrangements Induced by the Helicobacter P CagA Protein. Eur. J. Cel Biol. 90, 880–890. doi:10.1016/j.ejcb.2010.11.006
 Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript Assembly and Quantification by RNA-Seq Reveals Unannotated Transcripts and Isoform Switching during Cell Differentiation. Nat. Biotechnol. 28, 511–515. doi:10.1038/nbt.1621
 Tsukita, S., and Furuse, M. (2000). Pores in the wall: Claudins Constitute Tight junction Strands Containing Aqueous Pores. J. Cel. Biol. 149, 13–16. doi:10.1083/jcb.149.1.13
 Williams, B., Gallacher, B., Patel, H., and Orme, C. (1997). Glucose-induced Protein Kinase C Activation Regulates Vascular Permeability Factor mRNA Expression and Peptide Production by Human Vascular Smooth Muscle Cells In Vitro. Diabetes 46, 1497–1503. doi:10.2337/diabetes.46.9.1497
 Wu, M. B., Ye, H., Yue, H. M., Ruan, R., Du, H., Zhou, C. L., et al. (2020). Identification of Reference Genes for qRT-PCR in Dabry's sturgeon, Acipenser Dabryanus. J. Fish. Sci. 27 (7), 759–770. doi:10.3724/SP.J.1118.2020.19295
 Yuan, Z., Shen, X., Yan, H., Jiang, J., Liu, B., Zhang, L., et al. (2021). Effects of the Thyroid Endocrine System on Gonadal Sex Ratios and Sex-Related Gene Expression in the Pufferfish Takifugu Rubripes. Front. Endocrinol. 12, 674954. doi:10.3389/fendo.2021.674954
 Zhang, X. L., Cui, L. F., Li, S. M., Liu, X. Z., Han, X., Jiang, K. Y., et al. (2020). “Bureau of Fisheries, Ministry of Agriculture, P.R.C. Fisheries Economic Statistics,” in China Fishery Yearbook (Beijing: China Agricultural Press), 25. 
 Zhang, Y., Fu, H., Qiao, H., Jin, S., Jiang, S., Xiong, Y., et al. (2013). Molecular Cloning and Expression Analysis of Transformer-2 Gene During Development in Macrobrachium nipponense (de Haan 1849). J. World Aquacult. Soc. 44 (3), 338–349. doi:10.1111/jwas.12039
 Zhang, Y., Sun, H. W., Liu, X. Y., Sun, D. J., and Qu, Q. Z. (2012). Histological Observation of Gonadal Differentiation and Effect of Rearing Temperature on Sex Differentiation in Amur sturgeon Acipenser Schrenckii. J. Fish. China 6, 1008–1017. doi:10.3724/SP.J.1118.2012.01008
 Zhou, R., Tardivel, A., Thorens, B., Choi, I., and Tschopp, J. (2010). Thioredoxin-interacting Protein Links Oxidative Stress to Inflammasome Activation. Nat. Immunol. 11, 136–140. doi:10.1038/ni.1831
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Lv, Jin, Cao, Wang, Jin and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-13-859965-g005.gif





OPS/images/fgene-13-859965-t001.jpg
Gene

PKC

Sro

Trx
Claudin 4
ADH3

p-actin

Sequence

F: GGAGAACATCATCCTGGCCA
R: TCCTTGAGGCTGTCGTTGTG
F: AGTACCACAGCAAGGTCAGC
R: AGAACCAATGTCGCTCTGGG
F: AACAAGATCAAGACGGGCGA
R: AACCGCTCCATGTCGATCAA
F: TGTGACAGTGGCTGTACGTT
R: AACCGCCTGGATGATGAACA
F: ATGAATCACTACTGGCGCGA
R: CAGGTTGTCTTGGAAACGCA
F: ATCGCCGCACTGGTTGTTGA
R: ATGCCGTGCTCGATGGGATA

Melt temperature ('C)

60
60
60
60
60

60

Efficiency (%)
97.9
98.2
9.1
9.8
985

97.6





OPS/images/fgene-13-859965-g003.gif
s|||
i
i

IIIi* !
[ &
§

i &

&

M

¥ g

i ; §
[

By

H

§
H





OPS/images/fgene-13-859965-g004.gif





OPS/images/fgene-13-859965-t002.jpg
Gene

Proto-oncogene tyrosine-protein kinase Src
Protein kinase C

Nuclear receptor subfamily 4
HRAS-like suppressor 3
Collagen alpha-1

Transcription factor 7

Ficolin-1

Alcohol dehydrogenase class-3
Prostaglandin f synthase

Beta domain protein

Pol protein

Thioredoxin

Foldase protein
Microtubuie-associated protein
DNA-directed RNA polymerase
Claudin-4

p-value

3.65E-12
1.74E-05
2.47E-42
6.43E-202
3.57E-05
4.56E-30
1.71E-05
5.51E-25
2.06E-08
2.46E-05
1.55E-05
4.10E-07
2.46E-05
1.48E-16
4.39E-29
5.46E-12

Accession number

XP_014023654.1
XP_006633404.1
XP_018616202.1
XP_015218238.1
EMP35428.1
XP_006630833.1
EMP28399.1
XP_006629873.1
ORC86208.1
KHJ90263.1
AAC16764.1
XP_012248332.1
XP_017036539.1
XP_016837448.1
CDW59665.1
XP_006640934.1

Metabolic pathway

Signal transduction; Endocrine system
Signal transduction; Endocrine system
Signal transduction; Endocrine system
Signal transduction; Endocrine system
Signal transduction; Endocrine system
Signal transduction; Endocrine system
Signal transduction; Endocrine system
Lipid metabolism

Lipid metabolism

Lipid metabolism

Lipid metabolism

Immune system

Immune system

Immune system

Immune system

Immune system

Folder change (LH-A2

vs Control)
Pituitary Gonad
7.16 632
431 6.32
236 352
369 279
-2.36 -2.11
=215 -2.83
-2.13 279
8.12 10.15
7.08 7.56
7.04 851
8.37 10.82
934 821
1.37 =2
7.21 7.89
11.36 8.69
8.31 11.42





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of Luteinizing Hormone Releasing Hormone A2 on Gonad Development in Juvenile Amur Sturgeon, Acipenser schrenckii, Revealed by Transcriptome Profiling Analysis		Introduction

		Materials and Methods		Ethics Approval

		Sample Collection

		Measurement of Steroid Hormone

		Transcriptome Profiling Analysis

		qPCR Analysis

		Statistical Analysis





		Results		Measurement of Steroid Hormone

		Length Distribution

		Functional Annotation

		Identification of Differentially Expressed Genes

		Identification of Genes for Gonad Development

		qPCR Analysis





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Genetics

Effects of Luteinizing Hormone
Releasing Hormone A2 on Gonad
Development in Juvenile Amur
Sturgeon, Acipenser schrenckii,
Revealed by Transcriptome
Profiling Analysis






OPS/images/fgene-13-859965-g001.gif





OPS/images/fgene-13-859965-g002.gif
Number T Genes” "










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
1N Genetics





