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Whole transcriptome sequencing reveals the functional regulation of chicken reproduction by lncRNAs, miRNAs, and mRNAs across the hypothalamus-pituitary-ovary axis
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The hypothalamic–pituitary-ovarian (HPO) axis serves as the pivotal regulatory system governing reproduction in chickens. This study performed whole transcriptome sequencing on hypothalamus, pituitary, and ovarian tissues of Bian chickens to identify differentially expressed (DE) lncRNAs, miRNAs, and mRNAs (p < 0.05, FC > 2) between low- and high-laying groups. The hypothalamus exhibited 57 DE lncRNAs, 86 DE miRNAs, and 36 DE mRNAs; the pituitary showed the highest numbers with 206 DE lncRNAs, 234 DE miRNAs, and 528 DE mRNAs; while the ovary contained 111 lncRNAs, 230 miRNAs, and 62 mRNAs. GO functional enrichment analysis indicated that trans-target genes of hypothalamic and pituitary DE lncRNAs were enriched in cell proliferation Biological process (BP) terms (e.g., cell cycle, mitotic cell cycle). Hypothalamic miRNA targets clustered in metabolic regulation (cellular metabolic process), whereas pituitary miRNAs governed transport processes (nitrogen compound transport, intracellular transport). DE mRNAs showed BP terms enrichment in serotonin biosynthesis process, pituitary gland development, and DNA integration. KEGG pathway enrichment analysis revealed that lncRNA targets were significantly enriched in Progesterone-mediated oocyte maturation and Oocyte meiosis pathways in both hypothalamus and pituitary, with additional enrichment in Cell cycle and DNA replication. Notably, miRNA target genes showed conserved enrichment in metabolic regulation-related pathways (Metabolic pathways, Cysteine and methionine metabolism) across all three tissues. Key enriched pathways for DE mRNAs included Steroid biosynthesis, Cortisol synthesis and secretion, and Hippo signaling pathway. Finally, we constructed lncRNA-mRNA and miRNA-mRNA pairwise interaction networks, as well as ceRNA regulatory networks, through which we identified key regulatory networks targeting critical DE mRNAs, including GATA4, SMAD3, FOXL2, INHBA, POU1F1, LHX3, SPP1, SNAP25, COLQ, and AMPH. These results elucidate the multi-tissue molecular mechanisms underlying egg-laying performance in chickens, providing novel targets for improving poultry reproductive efficiency through marker-assisted breeding.
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1 Introduction

The hypothalamic–pituitary-ovarian (HPO) axis is a critical neuroendocrine network that regulates reproductive function in chickens (1, 2). The hypothalamus integrates environmental and internal signals, secreting gonadotropin-releasing hormone (GnRH), which then stimulates the anterior pituitary gland to synthesize and release luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (3, 4). These gonadotropins subsequently act on the ovary, stimulating gametogenesis and the secretion of sex steroid hormones (5). Estradiol (E2), a key sex steroid produced by the ovaries, is essential for oocyte development, follicle maturation, and ovulation (6). Studies have shown that modern laying hens exhibit sustained pituitary sensitivity to GnRH, recurrent elevations in FSH mRNA levels, and cyclical rises in E2 levels, all of which support extended laying periods (7).

Beyond the core components of the HPO axis (GnRH, FSH, LH, steroid hormones), a complex interplay among other genes significantly influences reproductive function. One key player is KiSS-1 metastasis-suppressor (KISS1), which encodes kisspeptin, a neuropeptide crucial for GnRH secretion and puberty onset (8). Mutations in KISS1 or its receptor, KISS1R (also known as GPR54), can lead to hypogonadotropic hypogonadism. Furthermore, genes involved in neurokinin B (NKB) and dynorphin signaling, such as tachykinin precursor 3 (TAC3) and prodynorphin (PDYN), respectively, interact with kisspeptin-expressing neurons in the arcuate nucleus, thus modulating GnRH pulsatility (9). Additionally, genes related to steroidogenesis, such as cytochrome P450 family 19 subfamily A member 1 (CYP19A1) and hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 2 (HSD3B2), which encode enzymes involved in estrogen and progesterone biosynthesis, are essential for follicular development and ovulation (10, 11). Li et al. (12) found that 7-dehydrocholesterol reductase (DHCR7) plays a crucial role in chicken follicular development and selection downstream of estrogen signaling, influencing granulosa cell proliferation, apoptosis, and differentiation and thereby advancing follicle maturation. These studies highlight the intricate genetic network beyond the classical HPO axis hormones that contributes to reproductive health and fertility.

The HPO axis is also influenced by factors such as metabolic and nutritional status and environmental conditions at the organism level, and endocrine and metabolic regulation, cytokines, signaling pathways, and epigenetic modifications at the cellular and molecular levels (13). Furthermore, accumulating evidence suggests that non-coding RNAs are critically involved in this sophisticated regulatory network, potentially exerting significant influence on the HPO axis and its control of reproductive processes (14, 15). For instance, He et al. (16) found that miR-7 selectively inhibits gonadotropin expression, synthesis, and secretion by targeting Raf1, and acts as a feedback switch regulated by GnRH (inhibitory) and estrogen (enhancing). In sheep, Leng et al. (1) found that lncRNA SM2, which is highly expressed in the pituitary, regulates cell proliferation and gonadotropin (FSH/LH) secretion by sponging oar-miR-16b and modulating TGF-β/SMAD2 signaling. Another lncRNA, MSTRG 4701.7, was also reported to competitively regulate proliferation and apoptosis in chicken follicular granulosa cells by targeting the miR-1786/RORα pathway (17).

While traditional methods such as microarray analysis and Northern blotting are widely used for identifying genes or ncRNAs, their application has significant limitations, including low throughput, the inability to detect novel transcripts, and their time-consuming nature. Moreover, they cannot provide comprehensive insights into complex ncRNA regulatory networks (18–20). RNA-seq offers high sensitivity and specificity, enabling the identification of novel transcripts and the quantification of gene expression levels across different conditions. Employing RNA-seq analysis of pituitary transcriptomes in sheep with high and low prolificacy, Zheng et al. (14) identified 57 lncRNAs and 298 mRNAs showing differential expression between the two conditions. These RNAs were found to be functionally enriched in pituitary hormone-related pathways and reproductive processes. Chen et al. (21) conducted a genome-wide analysis of pituitary-derived circRNAs in pigs at pre-, peri-, and post-puberty stages, and identified 5,148 circRNAs whose expression levels peaked during puberty onset and whose parental genes were enriched in pituitary-related pathways. Additionally, 17 differentially regulated circRNAs were found to be linked to miRNA-gene networks. These results provided insights into circRNA-mediated regulation of puberty timing in gilts. Fan et al. (22) analyzed expression profiles in Wuding chickens’ hypothalamus, pituitary, and ovary during laying and brooding, finding 590, 423, and 5,371 DE genes in these tissues, respectively. Li et al. (23) sequenced the pituitary transcriptome of Hy-Line Brown hens at 15, 20, 30, and 68 weeks of age, identifying 470 DE-lncRNAs, 38 DE-miRNAs, and 2,449 DE-mRNAs.

However, research on the ncRNA-mediated regulation of reproduction and egg production in the HPO axis of chickens remains limited. In this study, we sought to elucidate the involvement of HPO axis-linked ncRNAs in modulating reproductive performance in layer hens. Using Chinese indigenous Bian chickens as the experimental model, we collected hypothalamic, pituitary, and ovarian tissues from hens exhibiting extremely high and extremely low egg production phenotypes. Through whole-transcriptome sequencing and bioinformatic analysis, we aimed to systematically identify and characterize reproduction-related lncRNAs, miRNAs, and mRNAs within the HPO axis, thereby providing molecular insights into the regulatory mechanisms underlying avian reproduction.



2 Materials and methods


2.1 Animals

The Bian chicken is a prominent local breed in China, classified as a dual-purpose type for both meat and egg production. Originating from northern Shanxi Province and southern Inner Mongolia, the Bian chicken is characterized by its large egg weight, high-quality meat, and strong stress resistance. In 2011, the breed was included in the Animal Genetic Resources in China: Poultry. Bian chickens typically begin egg laying in September and reach peak production by early November. The total egg output per bird was recorded from September to November (228 days of age), a period encompassing the onset of laying, the increase to peak production, and one month of sustained peak lay. From this population, 15 healthy hens with the highest egg production and 15 with the lowest egg production were selected as the high-yield group (mean ± SD: 45.33 ± 2.75 eggs) and the low-yield group (mean ± SD: 26.80 ± 3.08 eggs) (p < 0.01, Supplementary Table S1). Within each group, hens were randomly allocated to three biological replicates, with five birds per replicate. Hypothalamic, pituitary, and ovarian tissues were collected from each bird, with pooled samples prepared for each replicate group. This resulted in six experimental sample sets: hypothalamus (HH), pituitary (HP), and ovary (HO) from high-yield birds, paired with the corresponding tissues (LH, LP, LO) from their low-yield counterparts. All chickens were obtained from the Bian Chicken Breeding Farm of Shanxi Agricultural University. The study protocol received ethical approval from the Institutional Animal Care and Use Committee of Shanxi Agricultural University (Approval No. SXAU-EAW-2023C. WW.011023199).



2.2 Sampling

All the chickens were euthanized via cervical dislocation. Subsequently, the head was removed, and an incision was made through the skull along the midline, exposing the brain. The hypothalamus was identified based on anatomical landmarks and then dissected using fine scissors and forceps. Immediately after the hypothalamus was collected, the pituitary gland was accessed by gently lifting it from the sella turcica at the base of the skull, and fine forceps were used to detach it from surrounding structures. For ovarian tissue collection, the abdominal cavity was opened to expose the left ovary. Cortical tissue was then isolated after carefully excising larger follicular structures, ensuring the purity of the collected samples.



2.3 RNA processing and sequencing

Total RNA was extracted from pooled tissue samples using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s protocol for animal tissues. RNA quality was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies), yielding RNA Integrity Numbers (RINs) ≥ 8.0, and further confirmed by 1.5% denaturing agarose gel electrophoresis. RNA concentrations were quantified via NanoDrop spectrophotometry. For lncRNA and mRNA sequencing library construction, ribosomal RNA (rRNA) was depleted using the Ribo-off rRNA Depletion Kit (Vazyme, Nanjing, China). Subsequent strand-specific library preparation for lncRNA sequencing was performed with the VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina (Vazyme), following the manufacturer’s guidelines.

Small RNA library construction was performed using the NEBNext Small RNA Library Prep Set for Illumina (NEB, MA, United States). Following total RNA extraction, small RNA fragments (18–30 nt) were isolated via polyacrylamide gel electrophoresis (PAGE) gel excision and recovery. Adaptors were sequentially ligated to the 3′ and 5′ ends, followed by reverse transcription and PCR amplification. The final library was purified by PAGE gel excision to recover ~140-bp fragments, which were dissolved in EB solution.

Quality control for library integrity and yield for both the lncRNA and small RNA libraries was conducted using the Agilent 2100 Bioanalyzer and the ABI StepOnePlus Real-Time PCR System (Life Technologies). Sequencing was performed on the Illumina HiSeq 4000 platform (Illumina, Inc., CA, United States) by Gene Denovo Biotechnology Co. (Guangzhou, Guangdong, China).



2.4 Sequencing data collection and analysis

Raw reads were filtered using fastp (24) to remove adapter sequences and low-quality bases, generating high-quality clean reads for downstream transcriptomic analyses. Bowtie2 (25) was used to map the clean reads obtained from the lncRNA sequencing library to the ribosomal RNA (rRNA) database, following which rRNA-aligned reads were removed. The remaining unmapped clean reads were subsequently aligned to the reference genome (GRCg6a) using HISAT2 (v2.1.0) (26) and assembled into transcripts with StringTie (v1.3.1) (27). These procedures enabled the identification of both annotated and novel transcripts. Novel transcripts were evaluated for coding potential using CNCI (28) and CPC (29), and those predicted to be non-coding by both tools were retained as novel lncRNAs. Finally, the trans-target genes of lncRNAs were predicted using a rigorous screening criterion established based on correlation coefficients ≥0.98 between lncRNA and mRNA co-expression.

Blastall (v2.2.25) was first used to align small RNA clean tags to the GenBank (Release 209.0) and Rfam (Release 11.0) databases to exclude rRNA/scRNA/snoRNA/snRNA/tRNA contamination. Then, the clean reads were mapped to the reference genome using Bowtie (30) to remove exonic/intronic (potential mRNA degradation fragments) and repetitive sequences. The remaining clean tags were annotated against miRBase (release 22) to identify conserved miRNAs. Mirdeep2 software (31) was used to predict novel miRNAs by exploring the secondary structure, the Dicer cleavage site, and the minimum free energy of the unannotated small RNA tags. Candidate mRNA target genes were predicted with both Miranda (v3.3a) and TargetScan (v7.0), with only the intersecting hits commonly predicted by both tools selected for subsequent analysis. Differential expression analysis for mRNAs and lncRNAs was separately conducted using DESeq2 (32), while differential miRNA expression was analyzed with edgeR (33). Finally, Gene Ontology (GO) function and KEGG pathway enrichment analyses of target genes corresponding to the differentially expressed (DE) lncRNAs, miRNAs, and mRNAs were performed using the clusterProfiler R package.




3 Results


3.1 Quality control of sequencing data

A total of 1,639,957,796 raw reads were generated through lncRNA sequencing (Supplementary Table S2). After quality filtering, 1,635,297,404 clean reads were retained, corresponding to an overall clean read rate of 99.71%. Each sample achieved a clean data ratio exceeding 99.63%. Sequencing quality metrics showed Q30 values above 91.51%, and GC contents ranging between 44.00 and 46.15%, consistent with RNA sequencing expectations. These results indicated that the lncRNA sequencing data were of good quality and suitable for downstream analyses.

For miRNA sequencing, a total of 645,744,492 raw reads were generated, yielding 642,197,641 high-quality reads (99.45% of raw reads) after the removal of low-quality sequences (Supplementary Table S3). Following stringent filtering to remove reads lacking 3′ adapters, empty reads without detectable small RNA inserts, reads contaminated with 5′ adapters, and polyA-tailed reads (>70% adenine content), 629,596,293 clean reads were retained, corresponding to 98.03% of the high-quality reads. Sample-specific clean tags retention rates ranged from 94.58 to 98.60%, demonstrating that data processing was efficient and reliable.



3.2 Sequencing alignment results

Analysis of lncRNA sequencing alignment results demonstrated that rRNA contamination control was effective, with mapped rRNA reads accounting for less than 1.07% across all samples, while unmapped rRNA reads (valid reads) exceeded 99.16% (Supplementary Table S4). Among the valid reads, 94.37–95.67% were successfully mapped to the reference genome, indicative of high alignment efficiency. Regarding annotation regions, reads were predominantly enriched in exons (48.49–69.93%), with partial distribution in introns (25.46–43.99%) and intergenic regions (4.48–8.92%), consistent with the transcriptional characteristics of lncRNAs.

For miRNA, sequencing alignment results showed an average total clean tag count (Total_Abundance) of 629.60 million (Supplementary Table S5), with tags in miRBase of chicken accounting for 51.99–74.93% (Exist_miRNA_Abundance). Tags aligned to other vertebrates’ miRBase constitute 4.51–10.20% (Known_miRNA_Abundance) of the total clean tag count, and novel miRNAs represent 0.05–0.09% (Novel_miRNA_Abundance). Base-edited miRNAs (Exist_miRNA_Edit_Abundance) comprised 13.59–23.65% (average 18.22%) of the total miRNAs, indicating that editing events were prevalent.



3.3 Differential expression analysis

DE lncRNAs, miRNAs, and mRNAs between the low-yield and high-yield groups in hypothalamic, pituitary, and ovarian tissues of Bian chicken were identified using the criteria of p < 0.05 and fold change (FC) > 2 (Figures 1A–C). Compared to the low-yield group, the high-yield group exhibited 57 DE lncRNAs in the hypothalamus (33 upregulated, 24 downregulated), along with 86 DE miRNAs (26 upregulated, 60 downregulated), and 36 DE mRNAs (19 upregulated, 17 downregulated). The pituitary displayed the most pronounced changes, with 206 DE lncRNAs (33 upregulated, 173 downregulated), 234 DE miRNAs (18 upregulated, 216 downregulated), and 528 DE mRNAs (35 upregulated, 493 downregulated), which showed a strong bias toward downregulation. In the ovary, we identified 111 DE lncRNAs (59 upregulated, 52 downregulated), 230 DE miRNAs (30 upregulated, 200 downregulated), and 62 DE mRNAs (49 upregulated, 13 downregulated). Notably, this tissue featured the highest number of upregulated lncRNAs and mRNAs.
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FIGURE 1
 Results of lncRNA, miRNA, and mRNA differential expression analysis. (A) The number of differentially expressed (DE) lncRNAs in hypothalamus, pituitary and ovary; (B) The number of DE miRNAs in hypothalamus, pituitary and ovary; (C) The number of DE mRNAs in hypothalamus, pituitary and ovary; (D) Venn diagram of DE lncRNAs; (E) Venn diagram of DE miRNAs; (F) Venn diagram of DE mRNAs.


Venn diagrams were used to visualize the distribution of DE RNAs between low- and high-yield groups across the hypothalamus (LH vs. HH), pituitary (LP vs. HP), and ovary (LO vs. HO). For lncRNAs, the pituitary featured the highest unique transcript count (202 lncRNAs), followed by the ovary with 109 and the hypothalamus with 51 (Figure 1D). Four lncRNAs were shared between the hypothalamus and the pituitary, and two were shared between the hypothalamus and the ovary. None was shared between the pituitary and the ovary or across all three tissues. Regarding miRNAs, the pituitary contained the highest number of unique miRNAs (132 miRNAs), followed by the ovary (111 miRNAs) and the hypothalamus (34 miRNAs) (Figure 1E). Thirty-one miRNAs were common to all tissues. Additionally, two miRNAs were common to the hypothalamus and the pituitary, 19 were common to the hypothalamus and the ovary, and 69 were shared between the pituitary and the ovary. For mRNAs, the pituitary exhibited the greatest unique transcript count (520 mRNAs), while the hypothalamus had 31 and the ovary 55 (Figure 1F). The pairwise overlaps included 3 mRNAs shared between the hypothalamus and the pituitary, 2 shared between the hypothalamus and the ovary (2 mRNAs), and 5 shared between the pituitary and the ovary; no mRNAs were common to all tissues.



3.4 GO functional enrichment analysis

A total of 545 lncRNA trans-target genes were identified in the hypothalamus, 2,783 in the pituitary gland, and 97 in the ovaries. Meanwhile, across the whole genome, a total of 8,199, 7,438, and 8,936 miRNA target genes were predicted in the hypothalamus, pituitary gland, and ovaries, respectively. To further elucidate their functional roles, GO enrichment analysis was performed on the trans-target genes of the DE lncRNAs, the target genes of the DE miRNAs, and the DE mRNAs. The top 20 GO terms are shown in Figure 2 as both circle and bubble charts.
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FIGURE 2
 GO functional enrichment analysis results. (A–C) Circular plot of top 20 GO results for trans-target genes of DE lncRNAs in the hypothalamus, pituitary and ovary; (D–F) Circular plot of top 20 GO results for target genes of DE miRNAs in the hypothalamus, pituitary and ovary; (G–I) Bubble plot of top 20 GO results for DE mRNAs in the hypothalamus, pituitary and ovary.


GO enrichment analysis of the DE lncRNA target genes across the hypothalamus, pituitary, and ovary revealed distinct tissue-specific patterns (Figures 2A–C; Supplementary Table S6). In both the hypothalamus and the pituitary gland, lncRNA target genes were significantly enriched in cell cycle-related terms within the GO Biological Process (BP) category, such as cell cycle, cell cycle process, mitotic cell cycle process, and mitotic cell cycle, indicating that lncRNAs in these tissues play a crucial role in the regulation of cell proliferation and division. In contrast, lncRNA target genes in the ovary were enriched in processes related to sensory perception, such as detection of chemical stimulus involved in sensory perception and detection of chemical stimulus, implying that they function in sensory signal transduction.

GO enrichment analysis of the DE miRNA target genes revealed tissue-specific functions (Supplementary Table S7). In the hypothalamus (Figure 2D), the miRNA targets were primarily associated with metabolic processes (cellular metabolic process and cellular protein metabolic process), suggesting that they play regulatory roles in cellular metabolism. The miRNA target genes in the pituitary gland were enriched in transport and localization processes, including nitrogen compound transport, intracellular transport, and regulation of localization, indicating that they are involved in nutrient and protein trafficking (Figure 2E). In the ovary (Figure 2F), meanwhile, the miRNA target genes showed enrichment in protein localization, metabolic processes, and cellular responses to chemical stimuli, with terms such as protein localization, small molecule metabolic process, and cellular response to chemical stimulus being highly represented.

GO enrichment analysis of the DE mRNAs across the hypothalamus, pituitary, and ovary revealed that they participated in a diverse range of biological processes (Supplementary Table S8). In the hypothalamus (Figure 2G), the DE mRNAs were found to be involved in RNA processing and neurotransmitter synthesis, as evidenced by their enrichment in RNA phosphodiester bond hydrolysis, endonucleolytic, and serotonin biosynthetic process. The DE mRNAs in the pituitary gland were enriched in developmental processes, including pituitary gland development, endocrine system development, and tissue development (Figure 2H). In the ovary (Figure 2I), the DE mRNAs were predominantly linked to processes such as DNA integration, RNA phosphodiester bond hydrolysis, endonucleolytic, and regulation of neurotransmitter levels. These results suggested that ovarian mRNAs are involved in complex interactions with pathogens and may also contribute to genetic information processing and neurological function.

In summary, a systematic analysis of GO enrichment results across the hypothalamus, pituitary, and ovary revealed that lncRNAs, miRNAs, and mRNAs exhibit tissue-specific enrichment profiles, reflecting their diverse biological functions and regulatory mechanisms. These findings provide valuable insights into the molecular underpinnings of tissue-specific physiological processes.



3.5 KEGG pathway enrichment analysis

In the hypothalamus and pituitary, DE lncRNA target genes were significantly enriched in direct reproduction-associated pathways (Figures 3A,B; Supplementary Table S9). In both the hypothalamus and the pituitary, these genes exhibited strong enrichment in Progesterone-mediated oocyte maturation and oocyte meiosis, processes that are critical for follicular development and ovulation. LncRNA target genes in the hypothalamus and pituitary were also prominently associated with other pathways, such as Cell cycle, DNA replication, and Adherens junction, suggesting that they play roles in cellular proliferation and signal transduction during reproduction. In contrast, ovarian DE lncRNA target genes were predominantly linked to immune/inflammatory pathways, reflecting their involvement in tissue-specific immune regulation of follicle integrity (Figure 3C).
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FIGURE 3
 KEGG pathway enrichment analysis results. (A–C) Top 20 KEGG results for trans-target genes of DE lncRNAs in the hypothalamus, pituitary and ovary; (D–F) Top 20 KEGG results for target genes of DE miRNAs in the hypothalamus, pituitary, and ovary; (G–I) Top 20 KEGG results for DE mRNAs in the hypothalamus, pituitary, and ovary.


In the hypothalamus, pituitary, and ovary, DE miRNA target pathways were found to be involved in both shared and tissue-specific regulation of reproductive processes (Figures 3D–F; Supplementary Table S10). Four pathways showed enrichment across all three tissues, namely, Metabolic pathways, Peroxisome, Endocytosis, and Cysteine and methionine metabolism. The universal enrichment of these pathways reflected fundamental requirements for energy metabolism, redox balance, signal transduction, and amino acid homeostasis across reproductive tissues. The hypothalamus and the pituitary exhibited unique co-enrichment in autophagy-animal, reflecting shared mechanisms for the maintenance of proteostasis in neuroendocrine cells under metabolic stress. The hypothalamus and the ovary exhibited exclusive convergence on reproductive-regulatory pathways, including Apoptosis, Circadian rhythm, and p53 signaling. The miRNA target pathways in the pituitary and the ovary showed unique co-enrichment in Chemical carcinogenesis-DNA adducts, emphasizing their mutual vulnerability to DNA damage and shared repair mechanisms in rapidly dividing secretory and follicular cells. For tissue-specific pathways, the hypothalamus featured neuroendocrine-specific regulators, including MAPK signaling pathway-fly, Apelin signaling, and FoxO signaling. The pituitary was distinguished by carbohydrate metabolism (Carbon metabolism, Glycolysis/Gluconeogenesis) and cytoskeletal organization (Regulation of actin cytoskeleton), aligning with its high energy demands for hormone secretion and exocytotic machinery. The ovary uniquely engaged Ferroptosis, Cell cycle, and Protein processing in endoplasmic reticulum, complemented by cellular senescence pathways relevant to reproductive aging.

A comparative analysis of differential mRNA-enriched KEGG pathways in the hypothalamus, pituitary, and ovary revealed both distinct and overlapping associations with reproduction (Figures 3G–I; Supplementary Table S11). DE mRNAs in the hypothalamus and the ovary were enriched in several shared pathways, including the direct reproduction-related Serotonergic synapse, which modulates neuroendocrine signals in the hypothalamus and influences ovarian function. Additional shared enrichment included pathways such as Alcoholism, Systemic lupus erythematosus, and Fat digestion and absorption, which can indirectly affect reproduction through metabolic and immune dysfunction. The DE mRNAs in the pituitary and the ovary shared enrichment in two pathways, namely, ECM-receptor interaction (indirectly related via cell-matrix interactions) and the directly relevant Neuroactive ligand-receptor interaction, which is critical for hormone signaling in both tissues. In the hypothalamus, meanwhile, specific enrichment was observed for steroid biosynthesis and Parathyroid hormone synthesis, secretion, and action. Pituitary-specific DE mRNAs were enriched in Cortisol synthesis and secretion, a pathway that directly modulates the hypothalamic–pituitary-gonadal (HPG) axis by fine-tuning reproductive hormone release. In the ovary, DE mRNAs showed exclusive enrichment in signaling pathways regulating pluripotency of stem cells and the Hippo signaling pathway, highlighting their importance in gametogenesis.



3.6 Interaction network analysis of the differentially expressed RNAs

To further understand the interactions among the DE RNAs, we constructed interaction networks between DE lncRNAs and trans-DE mRNAs, as well as between DE miRNAs and DE mRNAs. In these networks, lncRNA and miRNA node sizes represented their connectivity degree, while mRNA node sizes represented their expression abundance. In the hypothalamic network (Figures 4A,B), the GATA4 gene exhibited the highest abundance. Furthermore, it connected to the lncRNAs ENSGALT00000093830 and MSTRG.8413.3, both sharing the highest degree of connectivity (Figure 4A). GATA4 also interacted with 13 miRNAs, including miR-136-x, miR-1983-z, and miR-1843-x (Figure 4B).
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FIGURE 4
 Differentially expressed (DE) RNA interaction network diagram. (A,C,E) Network of DE lncRNA-DE mRNA in the hypothalamus, pituitary, and ovary; (B,D,F) Network of DE miRNA-DE mRNA in the hypothalamus, pituitary, and ovary.


A substantial number of DE lncRNA-DE mRNA and DE miRNA-DE mRNA pairs were generated in the pituitary, and the top 10 lncRNAs and miRNAs with the highest connectivity were selected for visualization. Figure 4C shows that among the highly abundant genes, SMAD family member 3 (SMAD3), family with sequence similarity 189 member A2 (FAM189A2), LIM homeobox 3 (LHX3) and phospholipase B domain containing 1 (PLBD1) were potentially associated with pituitary-regulated reproduction. Further analysis revealed that they all interacted with the top 10 most abundant DE lncRNAs. Within the miRNA-mRNA interaction network (Figure 4D), Y-box binding protein 3 (YBX3) showed the highest expression abundance as a target of novel-m0091-3p. Additionally, the highly expressed genes lysosomal protein transmembrane 4 beta (LAPTM4B) and forkhead box L2 (FOXL2), potentially implicated in pituitary function regulation, were identified as targets of gga-miR-1664-3p and novel-m0316-5p, respectively. Notably, novel-m0316-5p ranked among the miRNAs with the highest connectivity in the network.

Finally, in the DE lncRNA-DE mRNA interaction network in ovarian tissue, the most abundant mRNA was similarity 135 member B (FAM135B), followed by secreted phosphoprotein 1 (SPP1) and collagen like tail subunit of asymmetric acetylcholinesterase (COLQ) (Figure 4E). All three genes are potentially involved in ovarian development and reproduction. In the DE miRNA-DE mRNA network in the same tissue, we identified synaptosome associated protein 25 (SNAP25) as the most abundant gene, and it was targeted by miR-497-x, miR-457-x, and miR-672-y, with the latter exhibiting the highest connectivity (Figure 4F). Additionally, the AMPH gene, potentially involved in the regulation of ovarian reproduction, was identified as a target of several miRNAs, including miR-653-x and miR-200-y.



3.7 Competing endogenous RNA regulatory network analysis

The competing endogenous RNA (ceRNA) regulatory mechanism represents a key interaction framework among lncRNAs, miRNAs, and mRNAs, serving as an important pathway through which miRNAs and lncRNAs exert their functional roles. Consequently, we undertook a comprehensive ceRNA regulatory network analysis involving DE lncRNAs, DE miRNAs, and DE mRNAs in hypothalamic, pituitary, and ovarian tissues, and constructed corresponding Sankey diagrams to visualize these regulatory relationships. In those figures, lncRNA, miRNA and mRNA sizes represented their connectivity degree. In the hypothalamus, we identified 30 ceRNA regulatory relationship pairs (Figure 5A), involving 19 DE lncRNAs, 14 DE miRNAs, and 6 DE mRNAs. GATA4 exhibited the highest degree of connectivity among the mRNAs within the regulatory network, suggesting that it may play a potentially critical role in hypothalamic function. It was modulated upstream by gga-miR-1746, which showed the greatest connectivity among the miRNAs. This miRNA interacts with multiple lncRNAs, including ENSGALT00000092809 and MSTRG.3494.2. Additionally, we found that lncRNAs targeting the miR-448-y-PMCH axis may also influence ovarian development and function by modulating hypothalamic activity.
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FIGURE 5
 CeRNA interaction network diagram of DE lncRNAs, DE miRNAs, and DE mRNAs. (A) Sankey diagram of ceRNA relationship for hypothalamus; (B) Sankey diagram of ceRNA relationship for Pituitary; (C) Sankey diagram of ceRNA relationship for ovary.


In the pituitary tissue, a total of 14,935 ceRNA regulatory relationship pairs were predicted based on the targeting relationships among DE lncRNAs, DE miRNAs, and DE mRNAs. Subsequently, we selected the top 100 pairs based on lncRNA-mRNA expression correlation for visualization, as shown in Figure 5B. The genes POU class 1 homeobox 1 (POU1F1) and inhibin beta A subunit (INHBA) are closely associated with pituitary regulatory function, and they were predicted to be targeted by the miRNAs novel-m0316-5p and miR-193-x, respectively. Novel-m0316-5p exhibited targeting relationships with the lncRNAs exhibiting the highest connectivity, namely, MSTRG.12676.1 and MSTRG.13102.1, while miR-193-x was only predicted to target lncRNA MSTRG.13102.1. Additionally, three genes MSTRG.1296, MSTRG.10849, and MSTRG.21391, which displayed the greatest degree of connectivity, may also influence pituitary function, suggesting that ceRNA-targeted lncRNA-miRNA pairs that regulate the expression of these three genes may play significant roles in this process.

In ovarian tissue, we similarly constructed a ceRNA regulatory network comprising the top 100 DE lncRNA-DE mRNA pairs showing the strongest expression correlation (Figure 5C). This network included 36 DE lncRNAs, 40 DE miRNAs, and 13 DE mRNAs. The gene synaptosome associated protein 25 (SNAP25) directly influences ovarian function, making the ENSGALT00000104049/ENSGALT00000097653-miR-457-x-SNAP25 and ENSGALT00000097653-miR-9343-z-SNAP25 ceRNA regulatory axes particularly significant. MiR-195-x exhibited the highest degree of connectivity among the miRNAs, targeting the mitochondrial enolase superfamily member 1 (ENOSF1), TNF receptor superfamily member 13B (TNFRSF13B), and dopa decarboxylase (DDC) genes, all of which may participate in ovarian function regulation. Upstream, miR-195-x showed targeting relationships with 14 highly connected lncRNAs, including MSTRG.4534.1, MSTRG.18452.1, and ENSGALT00000100739.




4 Discussion

Eggs are a globally significant food source, providing high-quality protein, essential vitamins (e.g., A, D, E, and B), and minerals (e.g., iron and selenium) crucial for human health and development (34–36). Their nutritional value makes them particularly important in combating malnutrition, especially in developing countries (37, 38). However, egg production in poultry is a complex process influenced by numerous factors, including genetics, nutrition (feed quality and availability), environmental conditions (temperature, light, and housing), the bird’s overall health, and management practices (34, 39–41). These factors collectively impact the physiological mechanisms that regulate reproduction in hens. At the core of these mechanisms is the intricate interplay between hormones and neural signals, which govern egg development and release (42). Central to this process is the HPO axis, a neuroendocrine system that orchestrates reproductive function (13).

To further unravel the molecular mechanisms by which the HPO axis regulates egg production, we employed whole-transcriptome sequencing of hypothalamic, pituitary, and ovarian tissues collected from high-yield and low-yield Bian chickens, systematically profiling the expression patterns of lncRNAs, miRNAs, and mRNAs. In this study, tissues from five hens were pooled, forming one biological replicate. While this approach may reduce statistical power and obscure individual variations, rigorous quality control and standardized protocols ensured that the pooled samples reliably reflected population-level characteristics. Differential expression analysis across hypothalamic, pituitary, and ovarian tissues revealed distinct regulatory patterns for lncRNAs, miRNAs, and mRNAs between low- and high-yield groups. The pituitary exhibited the highest total number of DE RNAs (206 lncRNAs, 234 miRNAs, and 528 mRNAs), with downregulated molecules predominating in the high-yield group. In contrast, the ovary showed the most upregulated RNA species (59 lncRNAs, 30 miRNAs, and 49 mRNAs). The hypothalamus had the lowest number of DE molecules (57 lncRNAs, 86 miRNAs, and 36 mRNAs).

Analysis of the top 20 GO terms showed that lncRNA functions exhibit profound tissue-specific specialization. In neuroendocrine tissues (hypothalamus, pituitary), lncRNAs uniformly regulated cell proliferation, as indicated by their observed enrichment in the BP terms cell cycle, cell cycle process, mitotic cell cycle process, and mitotic cell cycle. Cell proliferation and mitosis are indispensable for the development, functional integration, and homeostasis of the hypothalamus and pituitary gland, which support both the precise differentiation of endocrine cell types and the dynamic adaptation to physiological demands required for proper regulation of critical neuroendocrine functions (43, 44). In the hypothalamus, miRNAs showed the broadest metabolic control, specifically in cellular metabolic process and cellular protein metabolic process. This is consistent with the role of the hypothalamus as a metabolic integrator crucial for physiological functions such as reproduction, energy balance, and thermoregulation (45, 46). DE Pituitary miRNAs were uniquely enriched in transport-related processes, including nitrogen compound transport and intracellular transport. These processes are closely linked to pituitary endocrine secretion via the regulation of hormone synthesis, vesicle trafficking, and calcium-dependent exocytosis, which are essential for the proper release of hormones such as LH and GH (47–49). In the hypothalamus, DE mRNAs were predominantly enriched in neurodevelopmental processes (serotonin biosynthesis process) and nucleic acid metabolism (RNA phosphodiester bond hydrolysis, endonucleolytic), aligning with its neuromodulatory functions (50, 51). In the pituitary, meanwhile, the DE mRNAs were mainly associated with developmental morphogenesis (pituitary gland development, endocrine system development, and tissue development). In the ovary, enrichment analysis of DE lncRNA target genes, DE miRNA target genes, and DE mRNAs also highlighted several important BP terms, such as detection of chemical stimulus, protein localization, nitrogen compound transport, and RNA phosphodiester bond hydrolysis, endonucleolytic. The interplay among these processes reflects the ovary’s capacity for dynamic adaptation to environmental signals and precise metabolic regulation (52).

KEGG pathway enrichment analysis revealed that the trans-target genes of the DE lncRNAs were enriched in the Progesterone-mediated oocyte maturation and oocyte meiosis pathways in both the hypothalamus and the pituitary. Progesterone-mediated oocyte maturation is a key step in the reproductive cycle, ensuring that the oocyte reaches a state of readiness for fertilization. Progesterone plays a dual role in this process through both genomic and non-genomic signaling pathways (53, 54). Oocyte meiosis is a highly regulated process essential for the production of haploid gametes, which safeguards genetic diversity and enables successful fertilization (54, 55). Additional pathways enriched in both the hypothalamus and the pituitary included Cell cycle, DNA replication, and Adherens junctions. Cell cycle and DNA replication pathways are related to cell proliferation, analogous to the previously mentioned enriched GO BP terms. Adherens junctions are cell structures crucial for cell–cell adhesion, tissue organization, and signal transduction (56). They likely contribute to the proper functioning of the hypothalamus and the pituitary by maintaining tissue integrity, influencing signaling pathways, and regulating cell polarity (57), all of which are essential for hormone production and the regulation of the HPO axis.

In the hypothalamus, the pituitary, and the ovary, KEGG enrichment analysis relating to DE miRNA target genes revealed several key overlapping pathways, such as Metabolic pathways, Endocytosis, Peroxisome, and Cysteine and methionine metabolism. Metabolic pathways are fundamental for cellular energy and biosynthetic processes, supporting the high energy demands of reproductive processes (58, 59). Endocytosis is important for receptor-mediated signaling, which is involved in hormone regulation (60, 61). Peroxisome pathways contribute to both lipid and reactive oxygen species metabolism, processes important for steroidogenesis and follicular development (62, 63). Cysteine and methionine metabolism, a component of amino acid metabolism, influences antioxidant capacity and methylation processes, thereby affecting reproductive functions (64–66). Shared enrichment between the hypothalamus and the ovary was also observed for Apoptosis, p53 signaling pathway, and Circadian rhythm. Apoptosis and p53 signaling are key regulators of follicular atresia and germ cell quality control (67–69), while the circadian rhythm pathway influences the timing of reproductive events (70, 71). We also identified unique enrichment patterns in individual tissues, such as the FoxO signaling pathway in the hypothalamus, Carbon metabolism in the pituitary, and Ferroptosis in the ovary.

In the KEGG enrichment results for DE mRNAs, pathways co-enriched across all three tissues were limited, while pairwise overlaps uncovered integrated communication axes. Notably, DE mRNAs in the hypothalamus and ovary were both enriched in pathways with dual relevance, most notably Serotonergic synapse, which directly regulates neuroendocrine signaling in the hypothalamus, while potentially also influencing ovarian steroidogenesis (72). The DE mRNAs in the hypothalamus exhibited unique enrichment in steroid biosynthesis and Parathyroid hormone synthesis, secretion, and action pathways, emphasizing its dual function in neurotransmitter production and calcium homeostasis regulation. The pituitary-ovary axis demonstrated functional synergy through two key pathways: Neuroactive ligand-receptor interaction, which directly mediates hormone signaling in both tissues (73), and ECM-receptor interaction, which indirectly supports tissue remodeling during folliculogenesis by regulating cell-matrix interactions (74). The DE mRNAs in the pituitary were specifically enriched in Cortisol synthesis and secretion, which emerged as a critical regulator of the HPG axis, fine-tuning reproductive hormone release through stress feedback mechanisms (75). In the ovary, DE mRNAs were exclusively enriched in the Hippo signaling pathway and signaling pathways regulating pluripotency of stem cells, underscoring their central role in gametogenesis and follicular reserve maintenance, with Hippo-mediated follicular atresia ensuring oocyte quality control (76, 77).

To further clarify the interaction relationships among the DE RNAs, we constructed pairwise interaction networks for lncRNAs-mRNAs and for miRNAs-mRNAs, along with a ceRNA regulatory network involving all three types of RNA. In the hypothalamus, we identified the GATA4 gene as a significant node appearing in both the lncRNA-mRNA and miRNA-mRNA interaction networks, as well as in the ceRNA regulatory network. The GATA4 gene, encoding a key hypothalamic transcription factor, regulates basal GnRH expression by binding to its enhancer region and coordinating transcription in synergy with OCT1/CEBPB (78). In mice, the conditional knockout of GATA4 in hypothalamic neurons and glia leads to reproductive abnormalities, mimicking conditions such as polycystic ovary syndrome (PCOS) (79). Additionally, we found that the lncRNAs-miR-448-y-PMCH ceRNA axis may also be a key regulator of hypothalamic function. The PMCH gene encodes the precursor for melanin-concentrating hormone (MCH), a hypothalamus-derived neuropeptide that functions as a key regulator of energy homeostasis, sleep architecture, and reward-related behaviors (80, 81). Studies have revealed that E2 reduces hypothalamic MCH neuron counts and serum MCH levels, while progesterone receptor blockade elevates MCH expression (82), indicating that reproductive hormones tightly regulate MCH expression to coordinate energy balance with reproductive demands.

In the pituitary gland, analysis of the lncRNA-mRNA interaction network revealed that SMAD3 and LHX3 are directly associated with pituitary function, that of the miRNA-mRNA interaction network identified FOXL2 as functionally relevant, and that of the ceRNA regulatory network implicated POU1F1 and INHBA in pituitary regulation. SMAD3 mediates activin-induced transcription of the gene encoding the FSHβ subunit, which is essential for gonadal development and function (83). Additionally, SMAD3 regulates follistatin gene transcription in cooperation with FOXL2, further influencing activin bioavailability and FSH synthesis (84). INHBA encodes the inhibin βA subunit, which forms activin A, a key regulator of FSH synthesis in pituitary gonadotropes. Activin A stimulates Fshb (follicle stimulating hormone beta) transcription through SMAD3 and FOXL2 (85), while also regulating follistatin expression, thereby creating a feedback loop that modulates activin bioavailability (86). PRL, regulated by POU1F1, is essential for lactation and has inhibitory effects on GnRH secretion, which can impact reproductive cycles (87). In mice, LHX3 mutations lead to significant decreases in LH and FSH expression, resulting in hypogonadotropic hypogonadism (88). Within the ovarian lncRNA-mRNA interaction network, we identified SPP1 and COLQ as genes associated with ovarian function. Concurrently, SNAP25 and AMPH emerged as key components in the miRNA-mRNA regulatory axis. Notably, SNAP25 was also detected as a target gene in the ceRNA network, suggesting that it has a multifaceted role in ovarian regulatory processes. In PCOS, SPP1 is highly expressed in granulosa cells and is associated with monocyte activation, which can lead to ovarian fibrosis (89). Additionally, SPP1, a target of SOX3, acts as a key signaling node that activates the PI3K/AKT pathway, thereby promoting granulosa cell proliferation and inhibiting apoptosis. This suggests that SPP1 may exert a promotive effect on female reproductive capacity (90). In PCOS, reduced expression of SNAP25 is associated with impaired exocytosis in granulosa cells, which may contribute to the pathophysiology of the disease (91). COLQ is primarily associated with the assembly of acetylcholinesterase tetramers, and its involvement in protein assembly and cellular processes suggests that it may potentially indirectly affect ovarian health (92). AMPH is expressed in endocrine cells and is involved in synaptic vesicle dynamics. While AMPH was not shown to directly affect ovarian function, its expression in endocrine tissues suggests that it may be involved in hormonal regulation, which could indirectly impact ovarian function (93).

All the genes discussed above, along with their interacting DE lncRNAs and DE miRNAs, play essential roles in the HPO axis. Notably, additional genes that were noted to be highly expressed or highly connected in this axis, including FAM189A2, FAM135B, YBX3, and TNFRSF13B, along with their regulatory networks, demonstrate potential for modulating HPO axis activity.



5 Conclusion

This study systematically elucidated the molecular regulatory landscape of the HPO axis in Bian chickens, identifying tissue-specific differential expression patterns for lncRNAs, miRNAs, and mRNAs between the low-yield and high-yield groups. GO function and KEGG pathway analyses revealed key biological processes (cell proliferation, metabolic regulation, transport) and signaling cascades (progesterone-mediated oocyte maturation, steroid biosynthesis, Hippo signaling) underlying reproductive performance in the chicken. The integration of lncRNA, miRNA, and mRNA networks highlighted critical regulatory interactions targeting reproduction-related genes (e.g., GATA4, SMAD3, FOXL2), providing novel molecular markers for improving poultry egg-laying efficiency via targeted breeding strategies. These findings advance our understanding of chicken reproductive regulation and offer actionable targets for breeding.



Data availability statement

The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics and Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA029275 and GSA: CRA029278) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.



Ethics statement

The animal study was approved by The Institutional Animal Care and Use Committee of Shanxi Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

PL: Investigation, Writing – original draft, Formal analysis. CC: Writing – original draft, Investigation. LH: Investigation, Writing – original draft. GZ: Writing – review & editing. PW: Writing – original draft, Writing – review & editing, Formal analysis. QZ: Writing – original draft, Formal analysis, Investigation.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study was jointly supported by the Shanxi Provincial Science and Technology Major Special Plan “The Open Competition Mechanism to Select the Best Candidates” Project (202201140601026), the Central Government Guides Local Science and Technology Development Fund Projects (YDZJSX20231A041).



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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/fvets.2025.1687863/full#supplementary-material



References
	 1. Leng,D, Zeng,B, Wang,T, Chen,BL, Li,DY, and Li,ZJ. Single nucleus/cell RNA-Seq of the chicken hypothalamic-pituitary-ovarian axis offers new insights into the molecular regulatory mechanisms of ovarian development. Zool Res. (2024) 45:1088–107. doi: 10.24272/j.issn.2095-8137.2024.037 
	 2. Brady,K, Porter,TE, Liu,HC, and Long,JA. Characterization of the Hypothalamo-pituitary-gonadal Axis in low and high egg producing Turkey hens. Poult Sci. (2020) 99:1163–73. doi: 10.1016/j.psj.2019.12.028 
	 3. Bosch,E, Alviggi,C, Lispi,M, Conforti,A, Hanyaloglu,AC, Chuderland,D , et al. Reduced Fsh and Lh action: implications for medically assisted reproduction. Hum Reprod. (2021) 36:1469–80. doi: 10.1093/humrep/deab065 
	 4. Pratama,G, Wiweko,B, Asmarinah, Widyahening,IS, Andraini,T, Bayuaji,H , et al. Mechanism of elevated Lh/Fsh ratio in lean Pcos revisited: a path analysis. Sci Rep. (2024) 14:8229. doi: 10.1038/s41598-024-58064-0
	 5. Shokrollahi,B, and Sharifi,F. Dose- and time-dependent effects of intravenous Irisin administration on Gnrh, Lh, Fsh, and estrogen in Kurdish ewes during the breeding season. Res Vet Sci. (2025) 193:105737. doi: 10.1016/j.rvsc.2025.105737 
	 6. Mishra,SK, Chen,B, Zhu,Q, Xu,Z, Ning,C, Yin,H , et al. Transcriptome analysis reveals differentially expressed genes associated with high rates of egg production in chicken hypothalamic-pituitary-ovarian Axis. Sci Rep. (2020) 10:5976. doi: 10.1038/s41598-020-62886-z 
	 7. Hanlon,C, Takeshima,K, and Bédécarrats,GY. Changes in the control of the hypothalamic-pituitary gonadal Axis across three differentially selected strains of laying hens (Gallus Gallus Domesticus). Front Physiol. (2021) 12:651491. doi: 10.3389/fphys.2021.651491 
	 8. Acevedo-Rodriguez,A, Kauffman,AS, Cherrington,BD, Borges,CS, Roepke,TA, and Laconi,M. Emerging insights into hypothalamic-pituitary-gonadal Axis regulation and interaction with stress Signalling. J Neuroendocrinol. (2018) 30:e12590. doi: 10.1111/jne.12590 
	 9. Wu,X, Zhang,Z, Li,Y, Zhao,Y, Ren,Y, Tian,Y , et al. Estrogen promotes gonadotropin-releasing hormone expression by regulating tachykinin 3 and Prodynorphin Systems in Chicken. Poult Sci. (2024) 103:103820. doi: 10.1016/j.psj.2024.103820 
	 10. Li,J, Li,C, Li,Q, Li,G, Li,W, Li,H , et al. Novel regulatory factors in the hypothalamic-pituitary-ovarian Axis of hens at four developmental stages. Front Genet. (2020) 11:591672. doi: 10.3389/fgene.2020.591672 
	 11. He,Z, Ouyang,Q, Chen,Q, Song,Y, Hu,J, Hu,S , et al. Molecular mechanisms of hypothalamic-pituitary-ovarian/thyroid Axis regulating age at first egg in geese. Poult Sci. (2024) 103:103478. doi: 10.1016/j.psj.2024.103478 
	 12. Li,D, Wei,Q, Kang,L, Sun,Y, and Jiang,Y. Dhcr7 expression, function and estrogen-induced promoter histone modification changes in chicken granulosa cells of pre-hierarchical follicles. Poult Sci. (2025) 104:105837. doi: 10.1016/j.psj.2025.105837 
	 13. Zhao,J, Pan,H, Liu,Y, He,Y, Shi,H, and Ge,C. Interacting networks of the hypothalamic-pituitary-ovarian Axis regulate layer hens performance. Genes (Basel). (2023) 14:141. doi: 10.3390/genes14010141 
	 14. Zheng,J, Wang,Z, Yang,H, Yao,X, Yang,P, Ren,C , et al. Pituitary transcriptomic study reveals the differential regulation of Lncrnas and Mrnas related to prolificacy in different Fecb genotyping sheep. Genes. (2019) 10:157. doi: 10.3390/genes10020157 
	 15. Wan,Z, Yang,H, Chen,P, Wang,Z, Cai,Y, Yao,X , et al. The novel competing endogenous Long noncoding Rna Sm2 regulates gonadotropin secretion in the Hu sheep anterior pituitary by targeting the oar-Mir-16b/Tgf-Β/Smad2 signaling pathway. Cells. (2022) 11:985. doi: 10.3390/cells11060985 
	 16. He,J, Xu,S, Ji,Z, Sun,Y, Cai,B, Zhang,S , et al. The role of Mir-7 as a potential switch in the mouse hypothalamus-pituitary-ovary Axis through regulation of gonadotropins. Mol Cell Endocrinol. (2020) 518:110969. doi: 10.1016/j.mce.2020.110969 
	 17. Ma,C, Wu,H, Yan,C, Liswaniso,S, Sun,X, Qin,N , et al. Lnc Mstrg 4701.7 targets Mir-1786/Rora to competitively regulate proliferation and apoptosis in chicken follicular granulosa cells. Front Vet Sci. (2025) 12:1583287. doi: 10.3389/fvets.2025.1583287 
	 18. Ahmad,W, Gull,B, Baby,J, and Mustafa,F. A comprehensive analysis of northern versus liquid hybridization assays for Mrnas, small Rnas, and Mirnas using a non-radiolabeled approach. Curr Issues Mol Biol. (2021) 43:457–84. doi: 10.3390/cimb43020036 
	 19. Nie,Z, Gao,M, Jin,X, Rao,Y, and Zhang,X. Mfpinc: prediction of plant Ncrnas based on multi-source feature fusion. BMC Genomics. (2024) 25:531. doi: 10.1186/s12864-024-10439-3 
	 20. Wang,Z, Gerstein,M, and Snyder,M. Rna-Seq: a revolutionary tool for Transcriptomics. Nat Rev Genet. (2009) 10:57–63. doi: 10.1038/nrg2484 
	 21. Chen,Z, Pan,X, Kong,Y, Jiang,Y, Zhong,Y, Zhang,H , et al. Pituitary-derived circular Rnas expression and regulatory network prediction during the onset of puberty in landrace × Yorkshire crossbred pigs. Front Genet. (2020) 11:135. doi: 10.3389/fgene.2020.00135 
	 22. Fan,X, Zhu,W, Qiu,L, Han,C, and Miao,Y. Comprehensive transcriptomic analysis of the hypothalamic-pituitary-ovarian Axis reveals the role of Aurora kinase B in regulating follicular granulosa cell development and steroid hormone synthesis in Wuding chickens. Int J Biol Macromol. (2025) 322:147024. doi: 10.1016/j.ijbiomac.2025.147024 
	 23. Li,Y, Zhai,B, Song,H, Zhang,X, Tian,Y, Li,D , et al. Pituitary whole transcriptome analysis reveals key genes regulating reproduction in Hy-line Brown hens and the construction of their Cerna molecular regulatory network. BMC Genomics. (2024) 25:1100. doi: 10.1186/s12864-024-11035-1 
	 24. Chen,S, Zhou,Y, Chen,Y, and Gu,J. Fastp: an ultra-fast all-in-one Fastq preprocessor. Bioinformatics. (2018) 34:i884–90. doi: 10.1093/bioinformatics/bty560 
	 25. Langmead,B, and Salzberg,SL. Fast gapped-read alignment with bowtie 2. Nat Methods. (2012) 9:357–9. doi: 10.1038/nmeth.1923
	 26. Kim,D, Langmead,B, and Salzberg,SL. Hisat: a fast spliced aligner with low memory requirements. Nat Methods. (2015) 12:357–60. doi: 10.1038/nmeth.3317 
	 27. Pertea,M, Pertea,GM, Antonescu,CM, Chang,TC, Mendell,JT, and Salzberg,SL. Stringtie enables improved reconstruction of a transcriptome from Rna-Seq reads. Nat Biotechnol. (2015) 33:290–5. doi: 10.1038/nbt.3122 
	 28. Sun,L, Luo,H, Bu,D, Zhao,G, Yu,K, Zhang,C , et al. Utilizing sequence intrinsic composition to classify protein-coding and Long non-coding transcripts. Nucleic Acids Res. (2013) 41:e166. doi: 10.1093/nar/gkt646 
	 29. Kang,YJ, Yang,DC, Kong,L, Hou,M, Meng,YQ, Wei,L , et al. Cpc2: a fast and accurate coding potential calculator based on sequence intrinsic features. Nucleic Acids Res. (2017) 45:W12–6. doi: 10.1093/nar/gkx428 
	 30. Langmead,B, Trapnell,C, Pop,M, and Salzberg,SL. Ultrafast and memory-efficient alignment of Short DNA sequences to the human genome. Genome Biol. (2009) 10:R25. doi: 10.1186/gb-2009-10-3-r25 
	 31. Friedländer,MR, Mackowiak,SD, Li,N, Chen,W, and Rajewsky,N. Mirdeep2 accurately identifies known and hundreds of novel Microrna genes in seven animal clades. Nucleic Acids Res. (2012) 40:37–52. doi: 10.1093/nar/gkr688 
	 32. Love,MI, Huber,W, and Anders,S. Moderated estimation of fold change and dispersion for Rna-Seq data with Deseq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8 
	 33. Robinson,MD, McCarthy,DJ, and Smyth,GK. Edger: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616 
	 34. El-Sabrout,K, Aggag,S, and Mishra,B. Advanced practical strategies to enhance table egg production. Scientifica (Cairo). (2022) 2022:1. Epub 2022/11/10–17. doi: 10.1155/2022/1393392 
	 35. Lei,S. The role of chicken eggs in human nutrition. J Food Nutr Metab. (2021) 3:1–3. doi: 10.31487/j.JFNM.2020.03.02
	 36. Zaheer,K. An updated review on chicken eggs: production, consumption, management aspects and nutritional benefits to human health. Food Nutr Sci. (2015) 6:1208–20. doi: 10.4236/fns.2015.613127
	 37. Iannotti,LL, Lutter,CK, Bunn,DA, and Stewart,CP. Eggs: the Uncracked potential for improving maternal and young child nutrition among the world's poor. Nutr Rev. (2014) 72:355–68. doi: 10.1111/nure.12107 
	 38. Otekunrin,OA, Flachowsky,G, Tinsley,D, Yakasai,RA, and Yahouza,A. Eggs: harnessing their Power for the fight against hunger and malnutrition global forum on food security and nutrition (Fsn forum). FAO 2019 (2019).
	 39. Scanes,CG. Biology of stress in poultry with emphasis on glucocorticoids and the Heterophil to lymphocyte ratio. Poult Sci. (2016) 95:2208–15. doi: 10.3382/ps/pew137 
	 40. Wang,J, Yue,H, Wu,S, Zhang,H, and Qi,G. Nutritional modulation of health, egg quality and environmental pollution of the layers. Anim Nutr. (2017) 3:91–6. doi: 10.1016/j.aninu.2017.03.001 
	 41. Sárkány,P, Bagi,Z, Süli,Á, and Kusza,S. Challenges of Dermanyssus Gallinae in poultry: biological insights, economic impact and management strategies. Insects. (2025) 16:89. doi: 10.3390/insects16010089 
	 42. Ncho,CM, Berdos,JI, Gupta,V, Rahman,A, Mekonnen,KT, and Bakhsh,A. Abiotic stressors in poultry production: a comprehensive review. J Anim Physiol Anim Nutr (Berl). (2025) 109:30–50. doi: 10.1111/jpn.14032 
	 43. Kiss,DS, Toth,I, Jocsak,G, Bartha,T, Frenyo,LV, Barany,Z , et al. Metabolic lateralization in the hypothalamus of male rats related to reproductive and satiety states. Reprod Sci. (2020) 27:1197–205. doi: 10.1007/s43032-019-00131-3 
	 44. Huang,QH, Zhao,GK, Wang,HQ, Wei,FH, Zhang,JY, Zhang,JB , et al. Single-cell transcriptional profile construction of rat pituitary glands before and after sexual maturation and identification of novel marker Spp1 in Gonadotropes. Int J Mol Sci. (2024) 25:4694. doi: 10.3390/ijms25094694 
	 45. Zhang,XH, Tang,LY, Wang,XY, Shen,CL, Xiong,WF, Shen,Y , et al. Adgra1 negatively regulates energy expenditure and thermogenesis through both sympathetic nervous system and hypothalamus-pituitary-thyroid Axis in male mice. Cell Death Dis. (2021) 12:362. doi: 10.1038/s41419-021-03634-7 
	 46. Challet,E, and Pévet,P. Melatonin in energy control: circadian time-giver and homeostatic monitor. J Pineal Res. (2024) 76:e12961. doi: 10.1111/jpi.12961 
	 47. Trothen,SM, Teplitsky,JE, Armstong,RE, Zang,RX, Lurie,A, Mumby,MJ , et al. Pacs-1 interacts with Trpc3 and Esyt1 to mediate protein trafficking while promoting Soce and cooperatively regulating hormone secretion. ACS Omega. (2024) 9:35014–27. doi: 10.1021/acsomega.4c04998 
	 48. Kumar,TR. Rerouting of follicle-stimulating hormone secretion and gonadal function. Fertil Steril. (2023) 119:180–3. doi: 10.1016/j.fertnstert.2022.12.005 
	 49. Anderson,LL. Insights into the nanobiology of growth hormone secretion. Discoveries (Craiova). (2014) 2:e22. doi: 10.15190/d.2014.14 
	 50. Bertollo,AG, Santos,CF, Bagatini,MD, and Ignácio,ZM. Hypothalamus-pituitary-adrenal and gut-brain axes in biological interaction pathway of the depression. Front Neurosci. (2025) 19:1541075. doi: 10.3389/fnins.2025.1541075 
	 51. Haack,F, Trakooljul,N, Gley,K, Murani,E, Hadlich,F, Wimmers,K , et al. Deep sequencing of small non-coding Rna highlights brain-specific expression patterns and Rna cleavage. RNA Biol. (2019) 16:1764–74. doi: 10.1080/15476286.2019.1657743 
	 52. Nawaz,MY, Jimenez-Krassel,F, Steibel,JP, Lu,Y, Baktula,A, Vukasinovic,N , et al. Genomic heritability and genome-wide association analysis of anti-Müllerian hormone in Holstein dairy heifers. J Dairy Sci. (2018) 101:8063–75. doi: 10.3168/jds.2018-14798 
	 53. Nader,N, Assaf,L, Zarif,L, Halama,A, Yadav,S, Dib,M , et al. Progesterone induces meiosis through two obligate co-receptors with Pla2 activity. eLife. (2025) 13:13. doi: 10.7554/eLife.92635 
	 54. Zhu,Y, Liu,D, Shaner,ZC, Chen,S, Hong,W, and Stellwag,EJ. Nuclear progestin receptor (Pgr) knockouts in zebrafish demonstrate role for Pgr in ovulation but not in rapid non-genomic steroid mediated meiosis resumption. Front Endocrinol (Lausanne). (2015) 6:37. doi: 10.3389/fendo.2015.00037 
	 55. He,M, Zhang,T, Yang,Y, and Wang,C. Mechanisms of oocyte maturation and related epigenetic regulation. Front Cell Dev Biol. (2021) 9:654028. doi: 10.3389/fcell.2021.654028 
	 56. Lewis,JE, Wahl,JK 3rd, Sass,KM, Jensen,PJ, Johnson,KR, and Wheelock,MJ. Cross-talk between adherens junctions and desmosomes depends on plakoglobin. J Cell Biol. (1997) 136:919–34. doi: 10.1083/jcb.136.4.919 
	 57. Hartsock,A, and Nelson,WJ. Adherens and tight junctions: structure, function and connections to the actin cytoskeleton. Biochim Biophys Acta. (2008) 1778:660–9. doi: 10.1016/j.bbamem.2007.07.012 
	 58. Schneider,JE. Energy balance and reproduction. Physiol Behav. (2004) 81:289–317. doi: 10.1016/j.physbeh.2004.02.007 
	 59. Seli,E, Babayev,E, Collins,SC, Nemeth,G, and Horvath,TL. Minireview: metabolism of female reproduction: regulatory mechanisms and clinical implications. Mol Endocrinol. (2014) 28:790–804. doi: 10.1210/me.2013-1413 
	 60. Antonescu,CN, McGraw,TE, and Klip,A. Reciprocal regulation of endocytosis and metabolism. Cold Spring Harb Perspect Biol. (2014) 6:a016964. doi: 10.1101/cshperspect.a016964 
	 61. Irannejad,R, Tsvetanova,NG, Lobingier,BT, and von Zastrow,M. Effects of endocytosis on receptor-mediated signaling. Curr Opin Cell Biol. (2015) 35:137–43. doi: 10.1016/j.ceb.2015.05.005 
	 62. Clare,K, Dillon,JF, and Brennan,PN. Reactive oxygen species and oxidative stress in the pathogenesis of Mafld. J Clin Transl Hepatol. (2022) 10:939–46. doi: 10.14218/jcth.2022.00067 
	 63. Yang,XF, and Shang,DJ. The role of peroxisome proliferator-activated receptor Γ in lipid metabolism and inflammation in atherosclerosis. Cell Biol Int. (2023) 47:1469–87. doi: 10.1002/cbin.12065 
	 64. Sammad,A, Ahmed,T, Ullah,K, Hu,L, Luo,H, Alphayo Kambey,P , et al. Vitamin C alleviates the negative effects of heat stress on reproductive processes by regulating amino acid metabolism in granulosa cells. Antioxidants. (2024) 13:653. doi: 10.3390/antiox13060653 
	 65. Xia,M, Peng,J, Cui,C, Gu,Q, Zhou,L, Wang,C , et al. Effect of gestation dietary methionine-to-lysine ratio on methionine metabolism and antioxidant ability of high-prolific sows. Anim Nutr. (2021) 7:849–58. doi: 10.1016/j.aninu.2021.02.006 
	 66. Chiang,YF, Chen,YT, Huang,KC, Hung,WL, Chung,CP, Shieh,TM , et al. Protective effects of L-cysteine against cisplatin-induced oxidative stress-mediated reproductive damage. Antioxidants (Basel). (2024) 13:1443. doi: 10.3390/antiox13121443 
	 67. Zwain,IH, and Amato,P. Camp-induced apoptosis in granulosa cells is associated with up-regulation of P53 and Bax and down-regulation of clusterin. Endocr Res. (2001) 27:233–49. doi: 10.1081/erc-100107184 
	 68. Park,SA, Joo,NR, Park,JH, and Oh,SM. Role of the Sirt1/P53 regulatory Axis in oxidative stress-mediated granulosa cell apoptosis. Mol Med Rep. (2021) 23:20. doi: 10.3892/mmr.2020.11658
	 69. Zhou,S, Zhao,A, Wu,Y, Bao,T, Mi,Y, and Zhang,C. Protective effect of follicle-stimulating hormone on DNA damage of chicken follicular granulosa cells by inhibiting Chk2/P53. Cells. (2022) 11:1291. doi: 10.3390/cells11081291 
	 70. Fu,C, Li,F, Wang,L, Wang,A, Yu,J, and Wang,H. Comparative Transcriptology reveals effects of circadian rhythm in the nervous system on precocious puberty of the female Chinese mitten crab. Comp Biochem Physiol Part D Genomics Proteomics. (2019) 29:67–73. doi: 10.1016/j.cbd.2018.11.004 
	 71. Zhao,Y, and Fent,K. Progestins Alter photo-transduction Cascade and circadian rhythm network in eyes of zebrafish (Danio Rerio). Sci Rep. (2016) 6:21559. doi: 10.1038/srep21559 
	 72. Li,YF, Lin,YT, Wang,YQ, Ni,JY, and Power,DM. Ioxynil and diethylstilbestrol impair cardiac performance and shell growth in the mussel Mytilus coruscus. Sci Total Environ. (2023) 905:166834. doi: 10.1016/j.scitotenv.2023.166834 
	 73. Jia,YY, Chi,ML, Jiang,WP, Liu,SL, Cheng,S, Zheng,JB , et al. Identification of reproduction-related genes and pathways in the Culter Alburnus H-P-G Axis and characterization of their expression differences in malformed and Normal Gynogenetic ovaries. Fish Physiol Biochem. (2021) 47:1–20. doi: 10.1007/s10695-020-00859-9 
	 74. Hu,S, Liang,X, Ren,X, Shi,Y, Su,H, Li,Y , et al. Integrated analysis of Mrna and Mirna expression profiles in the ovary of Oryctolagus Cuniculus in response to gonadotrophic stimulation. Front Endocrinol (Lausanne). (2019) 10:744. doi: 10.3389/fendo.2019.00744 
	 75. Mbiydzenyuy,NE, and Qulu,LA. Stress, hypothalamic-pituitary-adrenal Axis, hypothalamic-pituitary-gonadal Axis, and aggression. Metab Brain Dis. (2024) 39:1613–36. doi: 10.1007/s11011-024-01393-w 
	 76. Li,C, Kan,L, Chen,Y, Zheng,X, Li,W, Zhang,W , et al. Ci antagonizes hippo signaling in the somatic cells of the ovary to drive germline stem cell differentiation. Cell Res. (2015) 25:1152–70. doi: 10.1038/cr.2015.114 
	 77. Yin,M, and Zhang,L. Hippo signaling: a hub of growth control, tumor suppression and pluripotency maintenance. J Genet Genomics. (2011) 38:471–81. doi: 10.1016/j.jgg.2011.09.009 
	 78. Nkechika,V, Zhang,N, and Belsham,DD. The involvement of the microRNAs Mir-466c and Mir-340 in the palmitate-mediated dysregulation of gonadotropin-releasing hormone gene expression. Genes (Basel). (2024) 15:397. doi: 10.3390/genes15040397 
	 79. Nawaito,SA, Esmael,M, Souchkova,O, Cardinal,T, Bernas,G, Bergeron,KF , et al. Brain-specific Gata4 downregulation in Greywick female mice models the metabolic subtype of polycystic ovary syndrome. FASEB J. (2025) 39:e70717. doi: 10.1096/fj.202401718RR 
	 80. Noble,EE, Wang,Z, Liu,CM, Davis,EA, Suarez,AN, Stein,LM , et al. Hypothalamus-Hippocampus circuitry regulates impulsivity via melanin-concentrating hormone. Nat Commun. (2019) 10:4923. doi: 10.1038/s41467-019-12895-y 
	 81. Al-Massadi,O, Dieguez,C, Schneeberger,M, López,M, Schwaninger,M, Prevot,V , et al. Multifaceted actions of melanin-concentrating hormone on mammalian energy homeostasis. Nat Rev Endocrinol. (2021) 17:745–55. doi: 10.1038/s41574-021-00559-1 
	 82. Duarte,JCG, Ferreira,JGP, and Bittencourt,JC. Melanin-concentrating hormone regulation by estradiol and progesterone in the Incerto-hypothalamic area. Peptides. (2023) 163:170975. doi: 10.1016/j.peptides.2023.170975 
	 83. Suszko,MI, Balkin,DM, Chen,Y, and Woodruff,TK. Smad3 mediates activin-induced transcription of follicle-stimulating hormone beta-subunit gene. Mol Endocrinol. (2005) 19:1849–58. doi: 10.1210/me.2004-0475 
	 84. Blount,AL, Schmidt,K, Justice,NJ, Vale,WW, Fischer,WH, and Bilezikjian,LM. Foxl2 and Smad3 coordinately regulate Follistatin gene transcription. J Biol Chem. (2009) 284:7631–45. doi: 10.1074/jbc.M806676200 
	 85. Lamba,P, Wang,Y, Tran,S, Ouspenskaia,T, Libasci,V, Hébert,TE , et al. Activin a regulates porcine follicle-stimulating hormone Beta-subunit transcription via cooperative actions of Smads and Foxl2. Endocrinology. (2010) 151:5456–67. doi: 10.1210/en.2010-0605 
	 86. McTavish,KJ, Nonis,D, Hoang,YD, and Shimasaki,S. Granulosa cell tumor mutant Foxl2c134w suppresses Gdf-9 and Activin a-induced follistatin transcription in primary granulosa cells. Mol Cell Endocrinol. (2013) 372:57–64. doi: 10.1016/j.mce.2013.03.021 
	 87. Lacerte,A, Lee,EH, Reynaud,R, Canaff,L, De Guise,C, Devost,D , et al. Activin inhibits pituitary prolactin expression and cell growth through Smads, Pit-1 and Menin. Mol Endocrinol. (2004) 18:1558–69. doi: 10.1210/me.2003-0470 
	 88. Jung,DO, Jasurda,JS, Egashira,N, and Ellsworth,BS. The forkhead transcription factor, Foxp3, is required for normal pituitary gonadotropin expression in mice. Biol Reprod. (2012) 86:144:1–9. doi: 10.1095/biolreprod.111.094904
	 89. Xiao,B, Dai,Z, Li,Z, Xu,D, Yin,H, Yang,F , et al. Single-cell transcriptomic profiling unveils insights into ovarian fibrosis in obese mice. Biol Direct. (2024) 19:52. doi: 10.1186/s13062-024-00496-9 
	 90. Cai,R, Li,C, Shi,W, Xie,F, Fan,M, Zhang,H , et al. Sox3 facilitates granulosa cell proliferation and suppresses cell apoptosis through modulating Pi3k/Akt pathway by targeting Spp1. Cell Mol Life Sci. (2025) 82:266. doi: 10.1007/s00018-025-05797-4 
	 91. Erol,S, Zırh,S, Bozdag,G, Sokmensuer,LK, and Muftuoglu,SF. In vitro evaluation of exocytosis-associated snare molecules in human granulosa cells in polycystic ovary syndrome. J Assist Reprod Genet. (2024) 41:49–61. doi: 10.1007/s10815-023-02967-w 
	 92. Duysen,EG, Bartels,CF, and Lockridge,O. Wild-type and A328w mutant human Butyrylcholinesterase tetramers expressed in Chinese Hamster ovary cells have a 16-hour half-life in the circulation and protect mice from cocaine toxicity. J Pharmacol Exp Ther. (2002) 302:751–8. doi: 10.1124/jpet.102.033746 
	 93. Yamamoto,R, Li,X, Winter,S, Francke,U, and Kilimann,MW. Primary structure of human Amphiphysin, the dominant autoantigen of paraneoplastic stiff-man syndrome, and mapping of its gene (Amph) to chromosome 7p13-P14. Hum Mol Genet. (1995) 4:265–8. doi: 10.1093/hmg/4.2.265 


Copyright
 © 2025 Li, Chu, Hu, Zhang, Wu 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/fvets-12-1687863-g005.jpg
W ENSGATOMOMs 23

- —
= J
B ENSGALTO0000081623. -

=

iR 1746 e I

'mn.mu W
[T e

- =
.snmauwl%ﬁlp 4 Powrns A N

e
= asrs . -
[ p
Ji— ¢
y -
weason
e
mmeaar 5 s
s : ey =
0 MSTRG#9572 - s
nGRNA RNA mRNA
e izion
=i

e
B NN
| o

/ i

i
PoUIFL =

st B

e

Shemn e
“HEmy - E
- =R

IncRNA

IncRNA





OPS/images/fvets-12-1687863-g003.jpg





OPS/images/fvets-12-1687863-g004.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Whole transcriptome sequencing reveals the functional regulation of chicken reproduction by lncRNAs, miRNAs, and mRNAs across the hypothalamus-pituitary-ovary axis



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Sampling



		2.3 RNA processing and sequencing



		2.4 Sequencing data collection and analysis









		3 Results



		3.1 Quality control of sequencing data



		3.2 Sequencing alignment results



		3.3 Differential expression analysis



		3.4 GO functional enrichment analysis



		3.5 KEGG pathway enrichment analysis



		3.6 Interaction network analysis of the differentially expressed RNAs



		3.7 Competing endogenous RNA regulatory network analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fvets-12-1687863-g001.jpg
[ 0
LHvs.HH LPvs.HP LOvs. HO LHvs.HH LPvs.HP LOvs.HO LHvs.HH LPvsHP LOvs.HO

D F

el





OPS/images/fvets-12-1687863-g002.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Whole transcriptome sequencing
reveals the functional regulation
of chicken reproduction by
IncRNAs, miRNAs, and mRNAs
across the
hypothalamus-pituitary-ovary
axis












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






