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Abstract

:

Sexual maturation in goats is a dynamic process regulated precisely by the hypothalamic–pituitary–gonadal axis and is essential for reproduction. The hypothalamus plays a crucial role in this process and is the control center of the reproductive activity. It is significant to study the molecular mechanisms in the hypothalamus regulating sexual maturation in goats. We analyzed the serum hormone profiles and hypothalamic mRNA expression profiles of female goats during sexual development (1 day old (neonatal, D1, n = 5), 2 months old (prepuberty, M2, n = 5), 4 months old (sexual maturity, M4, n = 5), and 6 months old (breeding period, M6, n = 5)). The results indicated that from D1 to M6, serum hormone levels, including FSH, LH, progesterone, estradiol, IGF1, and leptin, exhibited an initial increase followed by a decline, peaking at M4. Furthermore, we identified a total of 508 differentially expressed genes in the hypothalamus, with a total of four distinct expression patterns. Nuclear receptor subfamily 1, group D, member 1 (NR1D1), glucagon-like peptide 1 receptor (GLP1R), and gonadotropin-releasing hormone 1 (GnRH-1) may contribute to hormone secretion, energy metabolism, and signal transduction during goat sexual maturation via circadian rhythm regulation, ECM receptor interactions, neuroactive ligand–receptor interactions, and Wnt signaling pathways. This investigation offers novel insights into the molecular mechanisms governing the hypothalamic regulation of goat sexual maturation.
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1. Introduction


Goats are one of the most important domestic animals in the world that provide people with products such as meat, milk, skin, and cashmere [1,2,3]. Reproductive traits are economically important traits in livestock, and the onset of puberty is a critical transition period for animals to achieve sexual maturity and acquire reproductive capacity [4,5]. Elucidating the physiological and molecular mechanisms behind development and sexual maturation in goats is an important guide for breeding practices.



The hypothalamic–pituitary–gonadal (HPG) axis regulates reproductive activity in female mammals. Sexual maturation and other reproductive processes are induced by a complex cascade of neuronal and glial interaction events within the hypothalamus, which are controlled by metabolic as well as genetic and environmental influences (feedback from sex steroids, nutritional status, seasonal/photoperiodic cycles, etc.) [6]. The hypothalamus, located upstream of the HPG axis, is an important neuroendocrine center [7]. It can initiate puberty by modulating endocrine, circadian rhythms, feeding, and gonadal development [8]. Gonadotropin-releasing hormones (GnRHs) released from the hypothalamus act on the pituitary gland to regulate the release of pituitary follicle-stimulating hormones (FSHs) and luteinizing hormones (LHs), which act on the ovaries and regulate the production of gonadal steroid hormones, and GnRH release is also regulated by negative feedback from sex hormones [9]. Thus, the hypothalamus plays an important role in mammalian sexual development [10].



In recent years, researchers have extensively investigated the regulation of reproductive capacity within the hypothalamus of domestic animals [11,12,13]. Transcriptomic techniques effectively delineate gene expression patterns within the hypothalamus and other tissues, elucidating the underlying mechanisms governing reproductive and sexual development. A study examining hypothalamic tissue from goats with high and low fertility levels yields novel insights into the molecular pathways through which the hypothalamus modulates fecundity [14]. Alterations in hypothalamic gene expression pre- and post-puberty in sheep impact the onset of puberty [15]. Furthermore, the expression of E2F Transcription Factor 8 (E2F8), Nuclear Factor of Activated T Cells 5 (NFAT5), and SIX Homeobox 5 (SIX5) in the hypothalamus of Brahman heifers may exert regulatory effects on puberty [16]. Investigations in sows have also identified key genes potentially implicated in puberty regulation, including Estrogen Receptor 1 (ESR1), Neurofibromin 1 (NF1), and Amyloid Beta Precursor Protein (APP) [17]. These findings underscore the intricate changes in hypothalamic transcriptomic profiles during sexual development in livestock.



The Jining grey goat is a prominent local goat breed in China, renowned for its early sexual maturity, strong fecundity, and year-round estrus [18,19]. The female Jining grey goat can attain puberty as early as 2 months of age and can reach sexual maturity at 3–4 months, with an estrous cycle of approximately 18 days [20,21]. These characteristics make it an ideal model for investigating the reproductive physiology of domestic animals. However, most studies on the hypothalamus of goats have focused on pre- and post-pubertal comparisons, which fail to fully characterize the complete sexual maturation process of goats after birth [22,23,24]. Additionally, these studies often employed a limited number of biological replicates. Therefore, to address these gaps, we investigated the hypothalamic tissue expression profile of the female Jining grey goat at 1 day old (neonatal, D1, n = 5), 2 months old (pre-puberty, M2, n = 5), 4 months old (sexual maturity, M4, n = 5), and 6 months old (breeding period, M6, n = 5) to identify key genes and pathways regulating sexual development from birth to sexual maturity in goats. These findings offer a more comprehensive understanding of the dynamic changes in mRNA during sexual maturation, thereby revealing the molecular regulatory mechanisms underlying goat sexual maturation.




2. Results


2.1. Analysis of Serum Hormone Index


This study investigated the dynamic changes in endocrine hormones during goat sexual development by measuring the levels of FSH, LH, progesterone (P), estradiol (E2), insulin-like growth factor 1 (IGF-1), and Leptin (LEP) in goat serum from the D1 to M6 period (Figure 1A–F). The results revealed varied expression patterns of hormone levels in the serum of Jining grey goats. Specifically, the serum levels of FSH, LH, E2, and LEP were significantly higher at M2 and M4 compared to D1 (p < 0.05). Additionally, there were no significant differences in the levels of FSH, LH, E2, and LEP among the M2, M4, and M6 periods (p > 0.05). Notably, all hormone levels were lowest during the D1 and peaked during the M4. Furthermore, correlation analysis between body weight and hormone levels revealed significant positive correlations between FSH, LH, and P (p < 0.05) (Figure S1). Similarly, E2, IGF-1, and LEP exhibited significant positive correlations with LH (p < 0.05).




2.2. Overview of RNA-Seq


To study the transcriptome dynamics during sexual maturation in goats, RNA-seq sequencing was performed on hypothalamic tissues from goats of different ages (D1, M2, M4, M6); a total of 264.61 G clean reads were obtained, with an effective data volume of 12.35–14.14 G per sample, and the percentage of Q30 ranged from 90.4% to 93.56%, with an average GC content of 44.98% (Table S1). The sequence alignment of clean reads to the goat reference genome using HISAT2 showed alignment rates of 86.05–95.99% (Table S2), indicating the better quality and splicing results of the sequencing data. The fragments per kilobase of exon model per million mapped fragments (FPKM) obtained after matching with the reference genome were subjected to principal component analysis (PCA) and cluster analysis to observe the correlation between samples and the reliability of the experimental data. The PCA results indicate that D1 is distinctly separated from the other three sample groups, while the distance between M4 and M6 is closer (Figure 2A), suggesting that as goat sexual development matures, the physiological differences in goat hypothalamic tissue gradually decrease.




2.3. Identification of the DEGs


By comparing the hypothalamic tissue of the four developmental stages in pairs, in the six comparison groups (M2 vs. D1, M4 vs. D1, M6 vs. D1, M4 vs. M2, M6 vs. M2, M6 vs. M4), a total of 508 differentially expressed genes (DEGs) were identified (Figure 2B, Tables S3–S9). Among these, the largest number of DEGs was observed between M2 and D1, with a total count of 276 (227 upregulated, 49 downregulated). In the M4 vs. M2 comparison group, there were twenty-one DEGs (six upregulated, five downregulated). The M6 vs. M4 group exhibited a total of six DEGs (four upregulated, four downregulated). For the M4 vs. D1 group, we identified one hundred and thirty-eight DEGs (three upregulated, ninety-five downregulated). There were 184 DEGs in the M6 vs. D1 group (100 upregulated, 95 downregulated). Finally, only six DEGs (three upregulated, three downregulated) were found in the M6 vs. D1.



UpSet plots showed (Figure 2C) that there were two hundred and twelve independently expressed differential genes in M2 vs. D1, four independently expressed differential genes in M6 vs. M4, and eleven independently expressed differential genes in M4 vs. M2. Furthermore, a total of 13 DEGs were identified across the comparison groups M2 vs. D1, M4 vs. D1, and M6 vs. D1. The results of the clustering analysis of DEGs indicated that the three groups of M2, M4, and M6 had similar expression patterns, while the goats in D1 were more different from the other three age groups (Figure 2D). There were obvious differences in the expression patterns of differential genes at different developmental stages.




2.4. Functional Enrichment Analysis of DEGs


To gain deeper insights into the functional roles of DEGs during the sexual maturation process of goats, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses on DEGs identified across various comparative groups (M2 vs. D1, M4 vs. D1, M6 vs. D1, M4 vs. M2, M6 vs. M2, M6 vs. M4) (Figure 3A–F and Figure 4A–F).



The results revealed the significant enrichment of GO terms in the comparison of M2 vs. D1, including cellular ion homeostasis, mitotic cell cycle, transmembrane transport, and G protein-coupled receptor binding (p < 0.05). In M4 vs. D1, GO terms such as the cell cycle process, the cellular lipid metabolic process, and hormone activity were significantly enriched (p < 0.05). In M6 vs. D1, enriched GO terms included antigen processing and presentation, lipid biosynthetic processes, oxidation-reduction processes, and immune system processes (p < 0.05). In the M4 vs. M2 comparison, significantly enriched GO terms comprised hormone activity, signaling receptor binding, and lipid binding (p < 0.05). However, in M6 vs. M2, no significant enrichment was observed in GO terms; in M6 vs. M4, protein kinase activity and kinase activity GO terms were significantly enriched (p < 0.05).



Based on the KEGG enrichment analysis, in the comparison of M2 vs. D1, a total of 15 pathways were identified, which included terpenoid backbone biosynthesis, basal cell carcinoma, the IL-17 signaling pathway, the Wnt signaling pathway, the PPAR signaling pathway, and the TGF-beta signaling pathway (p < 0.05). In the comparison of M4 vs. D1, pathways such as neutrophil extracellular trap formation, cell cycle, and protein digestion and absorption were significantly enriched (p < 0.05). Similarly, in the comparison of M6 vs. D1, a total of 29 significantly enriched KEGG pathways were identified, which included antigen processing and presentation, the intestinal immune network for IgA production, steroid biosynthesis, glutathione metabolism, and the serotonergic synapse (p < 0.05). In comparisons between M4 and M2, as well as M6 and M2, the KEGG pathways were less enriched. Only four pathways were significantly enriched in M4 vs. M2, including neuroactive ligand–receptor interaction and vascular smooth muscle contraction (p < 0.05). In M6 vs. M2, the Alanine, aspartate and glutamate metabolism, Vasopressin-regulated water reabsorption, vascular smooth muscle contraction, and Phospholipase D signaling pathways were significantly enriched (p < 0.05). Although KEGG pathways are enriched in all of these comparison groups, the number of significantly enriched pathways and the number of genes enriched in the pathways are relatively low, which may mask critical information concerning the dynamic changes in gene expression during the developmental process of goats.




2.5. Expression Patterns and Functional Analysis of DEGs Identified during Sexual Maturation


In order to further investigate the functional roles of the 508 DEGs identified in the hypothalamus during the sexual maturation process of goats, we first conducted an analysis of their expression patterns. The results show (Figure 5A, Table S10) that these 508 genes can be classified into four different expression patterns. Cluster 1 contained 82 DEGs, which had the lowest expression level in the D1 stage and gradually increased with age, reaching a peak in the M6 stage. The expression level of 108 DEGs in cluster 2 was still the lowest in the D1 stage and showed an obvious increasing trend in the M2 stage, then decreased gradually from M2 to M6. Cluster 3 contained the highest number of DEGs, totaling 164, with a marked increase in expression levels from D1 to M2, followed by a clear decrease from M2 to M4. The expression level of 154 DEGs in cluster 4 was the highest at the D1 stage, followed by a distinct decrease at M2, and a slight additional decrease from M2 to M6 stages.



DEGs with different expression patterns may play a similar role during sexual maturation in goats. Furthermore, we performed GO and KEGG enrichment analyses on these four clusters of DEGs with different expression patterns, respectively (Figure 5B,C, Tables S11–S18). GO analysis showed that DEGs in cluster 1 were significantly enriched in the positive regulation of leukocyte activation, bile acid biosynthesis, and steroid biosynthesis (p < 0.05). KEGG results showed that these DEGs were significantly enriched in immune, reproductive, and energy metabolism-related pathways, such as Th17 cell differentiation, Th1 and Th2 cell differentiation, circadian rhythm, and the estrogen signaling pathway (p < 0.05). DEGs in cluster 2 were significantly enriched in GO items related to neural signal transduction, such as axonal transport, complement receptor-mediated signaling pathways, and neuronal neurite cytoplasm (p < 0.05). The results of KEGG enrichment analysis showed that the Wnt signaling pathway, the signaling pathway regulating stem cell pluripotency, and the drug metabolism-cytochrome P450 pathway were significantly enriched in cluster 2 (p < 0.05). GO analysis showed that DEGs in cluster 3 were significantly enriched in GO entries, such as the positive regulation of vascular endothelial growth factor production and neuroblast stratification (p < 0.05). KEGG analysis showed that the ECM–receptor interaction, protein digestion and absorption, neuroactive ligand–receptor interaction, hedgehog signaling, cell adhesion molecule, and lysine degradation pathways were significantly enriched in cluster 3 (p < 0.05). DEGs in cluster 4 were significantly enriched in steroid biosynthesis, lipid biosynthesis, skeletal muscle tissue growth, and calcium ion binding (p < 0.05). These DEGs were significantly enriched in pathways related to immunity, substance synthesis and metabolism, signal transduction, and cell fate, such as the IL-17 signaling pathway, glutathione metabolism, the relaxin signaling pathway, steroid biosynthesis, apoptosis, cell cycle, and the p53 signaling pathway in cluster 4 (p < 0.05).



To identify key genes involved in sexual maturation in goats, we conducted a correlation analysis between DEGs significantly enriched in the reproduction-associated KEGG pathway and serum hormone levels (Figure S2). Among the 47 DEGs analyzed, glucagon-like peptide 1 receptor (GLP1R), catenin delta 2 (CTNND2), and gonadotropin-releasing hormone 1 (GnRH1) showed significant positive correlations with FSH levels (p < 0.05). In addition, CTNND2 and peroxisome proliferator-activated receptor delta (PPARD) were significantly positively correlated with various hormones such as FSH, LH, P, and LEP (p < 0.05).




2.6. PPI Network Analysis


To identify key genes involved in sexual maturation in goats, we mapped the protein–protein interaction (PPI) network of 508 DEGs identified in the hypothalamus of goats at different developmental stages. The network consists of 267 nodes and 620 edges. Different colors indicate DEGs with different expression patterns. We used five different algorithms in the cytoHubba plugin to filter out the top ten DEGs from the PPI network. We intersected the key genes obtained from these five results and obtained a total of six key genes (Figure S3, Table S19), including BUB1 Mitotic Checkpoint Serine/Threonine Kinase (BUB1), Centromere Protein E (CENPE), Baculoviral IAP Repeat Containing 5 (BIRC5), Kinesin Family Member 11 (KIF11), and DLG-Associated Protein 5 (DLGAP5). In addition, by MCODE, we constructed four modules in the PPI network, and KEGG enrichment analysis was performed on the genes within the module (Figure 6A–D). Module 1 comprised 19 significantly enriched DEGs associated with the cell cycle, oocyte meiosis, and the p53 signaling pathway (p< 0.05). Module 2 consisted of 10 genes significantly enriched in terpenoid backbone biosynthesis, metabolic pathways, ketone body synthesis and degradation, and steroid biosynthesis (p < 0.05). In Module 3, the 10 DEGs were significantly enriched in the IL-17, MAPK, and TNF signaling pathways (p < 0.05). Module 4 contained only four genes, which were significantly enriched in the Wnt signaling pathway (p < 0.05).




2.7. qRT-PCR Validation of DEGs


To verify RNA-seq results, we have selected 13 DEGs for qRT-PCR validation. The log2(FoldChange) of RNA-Seq and qRT-PCR was consistent, and there was a strong correlation between the two sets of data (Figure 7), indicating that the transcriptome sequencing results were reliable.





3. Discussion


The hypothalamus plays a crucial role in regulating energy metabolism and reproductive function, significantly influencing sexual maturation and growth in mammals [25]. Precocious puberty leads to a more rapid generational turnover, reduces feeding costs, and shortens the reproductive cycle [26,27]. Studying the dynamic changes in hypothalamic transcriptome expression profiles during postnatal sexual development in goats is essential for understanding the molecular mechanisms of sexual maturation and reproductive physiology, and it provides valuable insights for goat breeding. Based on this, we analyzed the dynamic changes in serum hormone levels and hypothalamic transcriptome expression profiles across four postnatal developmental stages (D1, M2, M4, and M6) in female Jining grey goats.



The results indicated that the serum hormone levels in Jining grey goats exhibited distinct variations. Specifically, the levels of FSH, LH, and E2 were lowest during the D1 stage and significantly increased during the M2 stage. Previous studies have shown that lambs have the lowest serum levels of sex hormones, FSH, and LH immediately after birth [28]. Prior to puberty, as follicular development occurs, the levels of gonadal steroid hormones, luteinizing hormones, and follicle-stimulating hormones increase [29]. These findings align with our results. Furthermore, serum levels of LEP and IGF1 in goats during the M4 stage were significantly higher than in the D1 stage. This increase may be associated with the role of these hormones in sexual maturation and energy metabolism in animals [30].



Transcriptome analysis revealed that a total of 508 DEGs were identified at various stages of sexual development following birth in Jining grey goats. These DEGs can be distinctly categorized into four different expression patterns. We further compared the functional enrichment analysis results of DEGs across different comparison groups and expression patterns. Cluster 1 and the comparisons between M2 vs. D1, M4 vs. D1, and M6 vs. D1 exhibited significant enrichment in immune-related pathways, including the IL-17 signaling pathway, TGF-β signaling pathway, and antigen processing and presentation, among others. Following birth, goats acquire immunoglobulins through colostrum consumption, thus establishing their passive immunity [31]. As they mature, goats transition from passive to active immunity, a process that is implicated in sexual development postnatally [32,33]. Furthermore, the HPG axis and associated hormones play a role in regulating immune function [34,35]. In mammals, GnRH stimulates the expression of cytokines such as interleukin-2 (IL-2) and interferon gamma (IFN-γ), thereby promoting immune cell activation [36]. This study aligns with these findings, suggesting that postnatal sexual development and the immune system interact to regulate the growth and development of goats [37,38].



Additionally, circadian rhythms, neuroactive ligand receptor interaction pathways, and ECM receptor interaction pathways were significantly enriched. Research has demonstrated that these pathways are involved in regulating puberty in goats, sheep, pigs, and Brahman cattle [23,39,40]. NR1D1 has been identified as a key DEG within the circadian pathway and is implicated in regulating circadian balance and endocrine changes in goats and sheep [41,42,43]. NR1D1 can interact with the GnRH signaling pathway, contributing to the regulation of reproductive hormone synthesis and secretion [44], whereas the knockdown of NR1D1 reduces reproductive capability in mice [45]. In our study, NR1D1 expression in goat hypothalamic tissue increased progressively from D1 to M6, and showed a significant positive correlation with serum E2 levels. Additionally, genes like GnRH1 and the glucagon-like peptide 1 receptor (GLP1R) were significantly enriched in the neuroactive ligand–receptor interaction pathway. Research indicates that GnRH1 regulates sexual development by controlling the synthesis of pituitary LH and FSH [46,47,48], which in turn influences the release of gonadal steroid hormones. Furthermore, expression levels of GnRH1 in the hypothalamus significantly increased with the sexual maturity of goats [49]. This aligns with our findings, which revealed that GnRH1 expression rose considerably from D1 to M2 and was positively correlated with serum FSH and E2 levels. GLP1R, a G protein-coupled receptor present in various organs, including components of the gonadal axis [50], has also been studied for its role in reproduction. Research has shown that the deletion of GLP1R is associated with reproductive aging and fertility impairment in mice [51]. Moreover, GLP1 promotes GnRH secretion by binding to GLP1R in hypothalamic GnRH neurons in sheep [52]. GLP1R is also implicated in the regulation of food intake, insulin secretion, and energy homeostasis [53]. Changes in the body’s energy status feed back to the hypothalamus through signals from peripheral metabolic hormones such as leptin and insulin, thereby regulating growth and sexual development [54]. In this study, GLP1R levels in goats significantly increased from D1 to M4 and were positively correlated with serum IGF-1 levels, suggesting that GLP1R may play a crucial role in the sexual maturation of goats by promoting GnRH secretion or participating in energy metabolism. These findings indicate that differentially expressed genes across various developmental stages post-birth may significantly influence hormone secretion and energy metabolism during sexual development through these pathways.



Furthermore, the PPI analysis identified six key genes: BUB1, BUB1B, CENPE, BIRC5, KIF11, and DLGAP5. These genes are closely associated with cell proliferation and differentiation [55,56] and may influence the proliferation of goat hypothalamic cells by regulating the cell cycle pathway, thereby impacting the process of sexual maturity in goats.



This study provides important insights into the dynamic changes in hypothalamic tissue during the sexual maturation process in goats, but it still has certain limitations. First, a larger sample size and additional molecular biology experiments are needed to enhance the reliability and persuasiveness of the results. Then, since our analysis was conducted on Jining grey goats, it is necessary to verify the applicability of these findings to other goat breeds.




4. Materials and Methods


4.1. Sample Collection


A total of 20 female Jining grey goats were selected for this experiment from the Jining Grey Goat Breeding Farm (Jiaxiang County, Jining City, Shandong Province, China). The goats were divided into four age groups: 1-day-old group (neonatal, D1, n = 5), 2-month-old group (pre-puberty, M2, n = 5), 4-month-old group (sexual maturity, M4, n = 5), and 6-month-old group (breeding period, M6, n = 5). The selected goats were healthy, with no diseases. Within each group, their body condition was consistent, and none were in the estrus period. They were raised under identical conditions with ad libitum access to food and water. All goats were slaughtered on the same day. Following stunning via electric shock, the goats were promptly slaughtered. Serum and hypothalamic tissue samples were collected on the same day.



All hypothalamic samples were stored at −80 °C until further RNA extraction and analysis. Five milliliters of blood were collected from the jugular vein, left to stand for 1 h, and centrifuged at 3000× g for 10 min. The supernatant was placed in a centrifuge tube and stored at −80 °C for serum hormone index determination.




4.2. Serum Hormone Concentration Test


Serum concentrations of GnRH, FSH, LH, E2, P, LEP, and IGF-1 were measured using an enzyme-linked immunosorbent assay (ELISA). The ELISA kits used were goat-specific kits (MDBio, Qingdao, China).




4.3. RNA Extraction, Library Construction and Sequencing


Total RNA was extracted from 20 hypothalamic tissues using TRIzol reagent (Takara Bio, Dalian, China) according to the manufacturer’s protocol. The quality and concentration of RNA were assessed using Nanodrop 2000 (Thermo Scientific, Wilmington, DE, USA) and agarose gel electrophoresis. Subsequently, eligible RNA samples were selected for library construction. The removal of rRNA from the total RNA was accomplished using the Ribo-Zero™ kit (Illumina, San Diego, CA, USA). rRNA was fragmented into small fragments by adding a fragmentation buffer to the enriched RNA. The fragmented RNA was used as a template to synthesize the first cDNA by reverse transcription with 6 bp random hexamers. Buffer, dNTPs, DNA polymerase I, and RNase H were added to synthesize the second cDNA. The synthesized double-stranded cDNAs were subjected to PCR enrichment and finally purified by using AMPure XP microbeads (Beckman Coulter, Brea, CA, USA) to purify the PCR products to obtain a total of 20 libraries, which were subjected to paired-end 150 sequencing (PE150) using a NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA).




4.4. Transcriptomic Sequencing Analysis


The quality evaluation of raw reads was performed using FastQC (v0.11.8). The filtering of reads containing adapters, poly-N sequences, or low quality was performed using Trimmomatic (v0.39), and the Q20, Q30, and GC contents of clean reads were calculated. Filtered high-quality clean reads were used for all subsequent analyses. A reference genome index was constructed using HISAT2 (v2.0.5), and clean reads were aligned to the goat reference genome (GCF_001704415.2_ARS1.2_genomic.fna.gz) using StringTie (v1.3.3b) to assemble the data.




4.5. Identification and Functional Analysis of DEGs


The calculation of mapped reads for each gene was conducted, and gene expression was quantified as the number of fragments per kilobase per million localized fragment transcripts (FPKM). Identifying differentially expressed genes among different comparison groups (M2 vs. D1, M4 vs. D1, M6 vs. D1, M4 vs. M2, M6 vs. M4, M6 vs. M2) was performed using the R software package DESeq2 (v1.20.0). The p-value was adjusted using the Benjamini and Hochberg method, and genes with a p.adj < 0.05 and|log2 Foldchange (FC)| > 1 were identified as DEGs. To gain deeper insights into the expression pattern of DEGs of six comparison groups, temporal clustering analysis was performed using the Mfuzz package [57]. The clusterProfiler software package (v3.10.1) was used for the GO enrichment analysis of DEGs with different expression modes [58], and KOBAS was used for the KEGG enrichment analysis of these DEGs [59]. p < 0.05 for GO terms and KEGG pathways were considered to be significantly enriched. Bubble and bar graphs were plotted using R software’s “ggplot2” package.




4.6. Protein–Protein Interaction Network Analysis


The PPI networks were obtained using the Search Tool for the Retrieval of Interacting Genes (STRING) database. DEGs are represented as nodes in the network, while the edges represent interactions between two DEGs. In this PPI network, interactions with a combined score exceeding 0.4 were considered reliable. A visual of the PPI networks involving DEGs was accomplished using Cytoscape. To visualize the PPI network, we employed the CytoHubba tool in Cytoscape and utilized various methods such as Degree, EPC, EcCentricity, MCC, and MNC to analyze key genes [60]. The MCODE plugin was used to analyze key modules within the PPI network, and the KEGG enrichment analysis of the genes in these modules was performed using KOBAS.




4.7. Validation of Differentially Expressed Genes


Fourteen DEGs were randomly selected for quantitative real-time PCR (qRT–PCR) validation. cDNA was synthesized from RNA extracted from the same batch as RNA-seq, employing a reverse transcription kit (Takara, Dalian, China). Subsequently, qRT-PCR was conducted on an LC96 instrument, utilizing primers designed using Primer Premier 5.0. The primers used are shown in Table S20. The reaction volume was 20 μL, comprising 2 μL of cDNA, 0.5 μL each of upstream and downstream primers (200 nM), 10 μL of SYBR (Takara, Dalian, China), and 7 μL of RNA-free water. The reaction was conducted employing a two-step method with the following conditions: 95 °C for 30 s, 95 °C for 10 s, 60 °C for 60 s, and 40 cycles. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was employed as an internal reference gene to normalize the gene expression levels [61,62]. Relative expression levels were determined using the 2−ΔΔCT method. There were 5 (n = 5) biological replicates.




4.8. Statistical Analysis


Data analysis was conducted using SPSS 22.0 (IBM Corp., Armonk, NY, USA). Intergroup variability for body weight, hypothalamic weight, and serum hormone levels was assessed using one-way ANOVA. Pearson correlations were employed to evaluate phenotypic data and the correlation between genes and phenotypic data. All experimental results are presented as mean ± standard error (mean ± SEM), with five biological replicates (n = 5). Statistical significance was set at p < 0.05. Graphs were plotted using GraphPad Prism 8.3 and R software (v4.2.1).





5. Conclusions


In this study, we explored the molecular regulatory mechanisms governing sexual maturation in goats through the integration of transcriptome data derived from the hypothalamus and serum hormone levels. The identified DEGs are predominantly associated with biological processes pertinent to reproduction, including circadian rhythm, the Wnt signaling pathway, and neuroactive ligand–receptor interactions. Furthermore, NR1D1, GnRH1, and GLP1R are likely to modulate sexual maturation via the regulation of hormonal secretion and energy metabolism in goats.
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Figure 1. Changes in serum hormone levels in Jining grey goats during sexual maturation. (A). Follicle-stimulating hormone, FSH. (B). Luteinizing hormones, LH. (C). Progesterone, P. (D). Estradiol, E2. (E). Insulin-like growth factor 1, IGF-1. (F). Leptin, LEP. Different lowercase letters indicate significant differences in phenotypic indicators between different days of age (p < 0.05). All data are presented as mean ± standard error. D1, M2, M4, and M6 represent 1-day-old, 2-month-old, 4-month-old, and 6-month-old goats, respectively. 
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Figure 2. Overview of transcriptome analysis based on FPKM values at four stages of goat hypothalamus development. (A). PCA of 20 hypothalamic transcriptome data at four developmental stages of goats. (B). Histogram of the number of DEGs. (C). UpSet plots of the DEG. (D). The clustering heatmap of the DEGs in the 20 samples. 
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Figure 3. Go enrichment analysis of DEGs in different comparison groups during sexual maturation in Jining grey goats. The results of GO enrichment analysis for M2 vs. D1 (A), M4 vs. D1 (B), M4 vs. M2 (C), M6 vs. D1 (D), M6 vs. M4 (E), and M6 vs. M2 (F) are presented respectively. BP, biological process; CC, cellular component; MF, molecular function. 
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Figure 4. KEGG enrichment analysis of DEGs in different comparison groups during sexual maturation in Jining grey goats. (A) M2 vs. D1, (B) M4 vs. M2, (C) M6 vs. M4, (D) M4 vs. D1, and (E,F) M6 vs. D1. 
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Figure 5. Expression pattern cluster analysis based on DEGs. (A): (a–d) Four different expression patterns of DEGs identified using Mfuzz. (B): (a–d) Results of GO analysis in the 4 clusters. (C): (a–d) Results of KEGG enrichment of the top 20 DEGs in the 4 clusters. 
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Figure 6. PPI network modules within the hypothalamus. Four significant modules were constructed using the PPI network of DEGs. (A): Module 1 (MCODE score = 17.89) (B): Module 2 (MCODE score = 9.56) (C): Module 2 (MCODE score = 4) (D): Module 4 (MCODE score = 4). Different colors represent DEGs with different modes of expression. 
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Figure 7. Quantitative validation of goat hypothalamus transcriptome data. (A–M): The X-axis represents different comparison groups, and the Y-axis represents log2(FoldChange) of qRT-PCR and RNA-seq. (N): The Correlation between qRT-PCR and RNA-seq (log2(FoldChange)). 
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