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Abstract

:

Simple Summary


The laying hen industry plays an important role in the production value of the Chinese poultry industry, and the laying performance of hens is usually closely related to their follicle development. Studying the changes in the physicochemical state of the granulosa cells of laying hens during follicle development is helpful to better understand the order of development, which is of great significance in guiding laying hen breeding and production. In this study, transcriptome sequencing technology was used to reveal key regulatory genes in the follicular development of laying hens, and several potential target genes were screened. At the same time, we found that granulosa cell proliferation occurs mainly in the pre-hierarchical follicular period, whereas in the preovulatory period, granulosa cells complete their differentiation and begin to take on complex biological cell functions, including the synthesis of steroid hormones. Furthermore, as pre-hierarchical follicle granulosa cells progress to preovulatory follicle granulosa cells, the genes associated with steroid hormone synthesis increase dramatically, suggesting that steroid hormones play a critical role in follicle development.




Abstract


In this study, we aimed to better understand the difference between the functions of the two types of granulosa cells and sought to discover more key genes involved in follicle development and follicle selection. Herein, we separately collected pre-hierarchical follicle granulosa cells (PHGCs) and preovulatory follicle granulosa cells (POGCs) for RNA extraction; the transcriptomes of the two groups were compared via RNA-seq. A total of 5273 differentially expressed genes (DEGs) were identified between the PHGCs and POGCs; 2797 genes were up-regulated and 2476 were down-regulated in the PHGCs compared with the POGCs. A qPCR analysis confirmed that the expression patterns of 16 randomly selected DEGs were highly consistent with the RNA-seq results. In the POGCs, many of the genes with the most significant increase in expression were related to steroid hormone synthesis. In addition, the genes with the most significant decline in expression, including AMH and WT1, were related to the inhibition of steroid hormone synthesis. These results suggest that steroid hormones play a key role in follicle development. Furthermore, a Gene Ontology (GO) analysis revealed that these DEGs were mainly involved in the primary metabolic process, the carbohydrate metabolic process, the cellular process, ribosomes, the cytoplasm, and intracellular processes. A Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that the DEGs were mainly enriched in steroid biosynthesis, the cell cycle, ribosomes, the TGF-beta signaling pathway, focal adhesion, and so on. We also observed the morphology of the follicles at different developmental stages, and the results showed that the thickness of the granular layer of the small yellow follicles (SYFs) decreased significantly with further development. In addition, we also found that the thickness of the granulosa layer of hens over 300 days old was significantly lower than that of 200-day-old hens. In short, these data indicate that the tissue morphology and function of granulosa cells change throughout follicle development.
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1. Introduction


The egg production performance of poultry depends upon the follicle development of their ovaries: hens with poor egg production usually show poor follicle development [1]. Therefore, understanding the characteristics and molecular mechanisms of follicle development is of great importance for improving egg production performance. Compared with mammals, the follicle development, maturation, and ovulation of the poultry ovary is a continuous process [2]. There are follicles of different sizes in sexually mature chicken ovaries [3], and earlier researchers defined the developmental stages of chicken follicles according to their appearance and diameter [4], which is now widely accepted and used [4,5,6]. When hens lay eggs, the functionally mature ovary contains hundreds of pre-hierarchical follicles, including small white follicles and large white follicles (SWFs and LWFs), small yellow follicles and large yellow follicles (SYFs and LYFs), 5–6 growing preovulatory follicles (sequentially referred to by volume as F6 or F5, F4, F3, F2, and F1), and 2–4 postovulatory follicles (POFs), which are devoid of oocytes [3]. This is due to the atresia of most follicles during the early developmental stage; only after a follicle is selected as a preovulatory follicle can it continue to develop with almost no apoptosis [7]. Each day, one SYF (6–8 mm) is selected to develop into a preovulatory follicle [4].



Granulosa cells and theca cells are the main functional tissues in the follicle wall and play an important role in regulating follicle growth, development, selection, and ovulation [5,6,8,9]. Follicle development and selection are closely related to the function of the follicle-stimulating hormone (FSH) and follicle-stimulating hormone receptor (FSHR) [10,11]. The FSHR is selectively expressed in ovarian tissues (granulosa, theca, and stromal), and the highest expression level is found in 6–8 mm follicles [12]. Although the cells within the theca layer express FSHRs early and promote steroid hormone synthesis, no changes after follicle selection have been observed [13]. However, at the follicle selection stage, granulosa cells begin to express FSHR due to FSH stimulation [14]. All of this suggests that granulosa cells play a crucial role in follicle selection. In addition, there are many factors that influence follicular atresia, but the most direct is granulosa cell apoptosis [15]. Clearly, granulosa cells in the follicle selection phase are a key point in the study of follicle development.



With the development of technology, many new methods have been improved upon and applied to the study of follicle development in poultry [16], especially RNA-seq technology [17,18]. Therefore, in this study, we collected the granulosa cells of pre-hierarchical follicles, and preovulatory follicles were taken as research objects. A transcriptome analysis was carried out to explore the key genes and regulatory mechanisms involved in follicle development and regulation.




2. Materials and Methods


2.1. Animals, Samples, and Ethics Statement


All laying hens (HY-LINE VARIETY BROWN) in this study were randomly selected from the Qinglongshan Chicken Farm in Nanjing. The hens were reared under the same conditions, kept in separate cages, and had free access to water and feed. They received 14 h of light per day. The vaccination and management procedures were based on the production process of commercial layers. Six healthy hens with similar egg production were randomly selected and killed by cervical dislocation. The peritoneal cavity was then rapidly dissected, and the follicles were removed and placed in 4 °C saline. The granulosa cells of all PHGCs (sequentially demarcated by volume as SWFs, LWFs, SYFs, and LYFs) and POGCs (sequentially identified by volume as F6 or F5, F4, F3, F2, and F1) were collected and stored separately at −80 °C for RNA extraction [19,20], as described by Gilbert et al. [21]. All animal experiments were approved by the Animal Care and Use Committee of Nanjing Agricultural University (Nanjing, China, SYXK-2019-00085).




2.2. Paraffin HE Staining


Healthy laying hens at 200, 300, 400, and 500 days old were selected for slaughter. Their SYFs and F6s were separated immediately after the complete removal of the ovaries [21]. All collected follicle samples were fixed directly in 10% (v/v) neutral formaldehyde. Tissue sections were prepared, deparaffinized, stained with HE, and observed and photographed using light microscopy.




2.3. RNA Extraction, cDNA Synthesis and Sequencing


In this study, three samples contained PHGCs from two hens, and three samples contained POGCs from two hens. Total RNA was extracted from each sample using the RNAiso Plus (TaKaRa, Kyoto, Japan), and the RNA was recovered into a 15 μL elution volume using ddH2O containing 0.1% DEPC. In addition, a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the concentration of the RNA, and the Agilent Bioanalyzer 2100 system (Agilent Technologies, Palo Alto, CA, USA) was used to assess the quality of the RNA. The qualified samples were sent to Beijing Allwegene Co., Ltd. (Beijing, China), where the six samples were used to construct a cDNA library following the standard Illumina protocols. In addition, mRNA was enriched from the total RNA using poly-A oligo-attached magnetic beads with an integrity value > 8.0. Double-stranded complementary DNA was synthesized with random hexamer primers and purified using AMPure XP beads. After assessing the quality of the library using the Agilent Bioanalyzer 2100 system, the six libraries were sequenced via pair-end sequencing on the Illumina HiSeq™ 2000 from Beijing Allwegene Co., Ltd. (Beijing, China). To improve the accuracy of the results, each library was sequenced twice.




2.4. Identification of Differentially Expressed Genes


First, the quality of the cDNA fragments obtained after sequencing (raw reads) was assessed using the FastQC program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 27 February 2023)). A quality control of the raw data was then performed, including the removal of low-quality reads with a quality value (Q) of <20 bases greater than 50% and more than 10% unknown nucleotides. In addition, the Trimmomatic software (version 0.33) was used to remove the raw data, including the adapter, after which the clean reads were mapped to the chicken genome (Gallus_gallus–4.0, ensemble database) using the TopHat2 splice junction mapper. Based on the clean data, differentially expressed genes (DEGs) were measured as the number of fragments per kilobase of the exon model per million mapped reads (FPKM) using the HTSeq software (version 2.0.2). In the subsequent analysis, only genes with FPKM > 1 were analyzed. The DEGs were detected using the R package DEGseq software (version 1.38.0). A corrected p-value of 0.05 and a log2 (fold change) of 1 were used as the thresholds for statistically significant differential expression.




2.5. Analysis of GO Category and KEGG Pathway


To gain insight into the functional significance of the DEGs in the granulosa cells between the two groups in our study, we arranged their known biological functions and analyzed their pathway enrichment. GO annotation information for all genes was extracted from the Gene Ontology database (http://www.geneontology.org/ (accessed on 2 March 2023)). A GO term enrichment analysis was then performed using the GOseq software (version 1.22), and the DEGs’ GO terms with corrected p-values less than 0.05 were selected as being significantly enriched. The association of the DEGs with different pathways was computed with the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg (accessed on 6 March 2023)) using KOBAS (version 2.0), and a corrected p-value of 0.05 was used as the threshold for identifying significantly different pathways.




2.6. PPI Network


The STRING online website was used for the PPI network interaction analysis in this experiment (version 12.0, https://cn.string-db.org/ (accessed on 4 November 2023)). A total of 200 DEG (|log2(fold change)| > 5) gene sequences were uploaded to STRING for homologous sequence comparison, and the highest-scoring sequences were used for a STRING analysis. The minimum interaction score was set to 0.400 (medium confidence), and the other parameters were left at the default setting. PPI network mapping using Cytoscape software (version 3.10.0).




2.7. Quantitative Real-Time PCR (qRT-PCR) Validation


To validate the RNA-seq results, the expression level of several selected up- and down-regulated genes was confirmed via quantitative real-time PCR (qRT-PCR). Total RNA was extracted from the granulosa cells of the PHGCs and POGCs using RNAiso Plus (TaKaRa, Tyoto, Japan). A NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the concentration of the RNA. The total RNA (2 µg) was reverse-transcribed using the Primescript RT Master Mix (TaKaRa, Tyoto, Japan). The primers were designed online using Primer3 Input (version 0.4.0, http://bioinfo.ut.ee/primer3-0.4.0/ (accessed on 10 May 2023)) and synthesized by Shanghai Sangon Co., Ltd. (Shanghai, China). The sequences of the primers are listed in Table 1. The RT-PCR reactions were performed using the QuantStudioTM Design and Analysis software V1.4 with the SYBR Green Master Mix. Each reaction was prepared in a total volume of 20 μL, containing 10 μL of the SYBR Green mix, 2 μL of diluted cDNA, and 0.2 μM of each primer. Amplification was carried out with the following cycling parameters: heating at 95 °C for 10 s, 40 cycles of denaturation at 95 °C for 5 s, annealing at 58 °C for 30 s, and extension at 72 °C for 10 s. Each sample was analyzed in triplicate, and negative controls were included in all qPCR runs. The relative expression of each mRNA was calculated using the 2−ΔΔ Ct method [22]. In addition, β-actin was used to normalize the abundance of the target mRNA.




2.8. Statistical Analysis


All data are presented as the mean ± SEM. Differences between the groups were determined via a one-way ANOVA followed by Duncan’s test using the SPSS software (SPSS Inc., Chicago, IL, USA) and were considered significant if p < 0.05.





3. Results


3.1. Analysis of the Granulosa Layer Thickness


As shown in Figure 1, we measured the thickness of the granulosa layer of SYFs and F6s. The results showed that, as the follicles developed, the tissue morphology of the granulosa layer of the oocyte also changed, and the thickness of the granulosa layer of the F6s was significantly lower than that of the SYFs. We also tested and compared the thickness of the granulosa layer of SYFs at 200 d, 300 d, 400 d, and 500 d (Figure 2). The results showed that the granulosa layer thickness of SYFs at 200 d was significantly higher than that of other periods.




3.2. Summary of Sequencing Results


RNA-seq was used to compare the transcriptomes of three PHGCs and three POGCs, and each sample was sequenced twice to improve the accuracy. A total of 320,048,824 raw reads with a length of 150 bp were obtained from the six samples, and 292,079,676 “clean reads” were gained after eliminating low-quality data via quality control (Table 2). Furthermore, for the six samples, 74.59–76.82% of the clean reads could be mapped to the chicken genome, and more than 93.8% of these reads were uniquely mapped (Table 3).




3.3. Identification of Differentially Expressed Genes


We first examined the global gene expression levels. Based on the FPKM value, it was found that the PHGCs and POGCs had an average of 55.55% and 58.23% genes with a very low expression level (i.e., 0 < FPKM value < 1), respectively. Furthermore, 5.076% and 4.473% of the genes were expressed at a high abundance (i.e., 60 < FPKM value) in the two groups (Table 4). A total of 5273 genes were differentially expressed in the PHGCs and POGCs (Supplementary Table S1). In the PHGCs, the expression level of 2797 genes was significantly up-regulated, and the expression level of 2476 genes was significantly down-regulated (p < 0.05) compared with the POGCs (Figure 3). We can observe that, in POGCs, genes involved in the synthesis of steroid hormones, such as HSD11B2 and NR5A2, have the highest fold increase. On the other hand, genes with the highest fold reduction in POGCs, such as AMH and WT1, have the function of inhibiting the synthesis of steroid hormones.




3.4. GO Annotation and Significantly Enriched Analysis of DEGs


The DEGs between the PHGCs and POGCs were annotated, and the functional classification of the top 30 GO terms (including the biological process, cellular component, and molecular function) for all DEGs is shown in Figure 4 and Supplementary Table S2. The DEGs of the PHGCs vs. the POGCs were mainly enriched in the biological process. In the biological process category, the DEGs’ enriched GO terms were classified into the primary metabolic process, carbohydrate metabolic process, etc. In the cellular component category, the enriched GO terms of interest included the ribonucleoprotein complex, ribosome, and cytoplasmic parts. In the molecular function category, the DEGs were enriched in GO terms centered on the structural constituent of ribosomes and mannosidase activity.




3.5. KEGG Pathway Enrichment Analysis


The DEGs between the PHGCs and POGCs were assigned to one or more KEGG annotations and were mapped to 152 KEGG pathways. These enriched pathways included steroid biosynthesis, the TGF-beta signaling pathway, steroid biosynthesis, and focal adhesion (Supplementary Table S3). The top 20 data outputs for significant KEGG pathway enrichment are shown in Figure 5. A significant KEGG pathway enrichment of the POGCs compared with the PHGCs was the steroid biosynthesis pathway, with 14 DEGs; however, the largest number of DEGs was in the metabolic pathway (Table 5). Genes in the cell cycle and glycosaminoglycan biosynthesis pathways had higher expression levels in the PHGCs, whereas genes related to the ribosome and steroid biosynthesis pathways were abundantly expressed in the POGCs.




3.6. Analysis of PPI Network Results


A STRING analysis was performed to investigate the potential interaction network of the DEGs (Figure 6). The results showed that ESR1, WT1, AMH, etc., interacted significantly with each other and connected with many other DEGs, suggesting their role in follicle development. In addition, not all DEGs showed an association with other DEGs because their functions were either unclear or unrelated to each other; these were not included in the analysis.




3.7. Confirmation of Selected Genes’ Expression via qPCR


Based on the sequencing data and functional analysis, 16 DEGs were randomly selected for validation via qPCR. The results showed that the mRNA levels of these genes were similar to the sequencing data (Figure 7).





4. Discussion


The granulosa layer has a different tissue morphology at different stages of development. In this study, we found that the granulosa layer of the SYFs was significantly thicker than that of the F6s. As the primordial follicle recruited from the resting pool grows and differentiates, the flat granulosa cells surrounding the oocyte become square granulosa cells and support the formation of the primary follicle. At this stage, the granulosa cells proliferate and form several layers of somatic cells surrounding the oocyte, allowing the primary follicle to form a pre-hierarchical follicle [23,24,25]. Previous studies have also observed that SWFs have only one layer of cuboidal granulosa cells, whereas the granulosa-layer cells in LWFs, SYFs, and LYFs increase to two to three layers, and the thickness of the granulosa layer and the number of granulosa cells increase significantly with follicle development [26]. In this study, the decrease in F6-thickness GCs may be related to their functional changes; existing research shows that, prior to ovulation, single granulosa cells in a chicken’s follicle within the membrane can be easily transported through the adjacent capillaries alongside nutrients and oxygen, and can act as a systemic hormone to the oocyte [27]. All of this evidence indicates that the morphology of the granulosa layer changes continuously with the stage of follicle development, and these morphological changes may be related to changes in their functions [26]. The low egg production rate of aging laying hens may be related to the decrease in their granulosa layer thickness; studies have shown that the granulosa layer thickness of follicles from 35-week-old hens is significantly higher than that of 75-week-old hens [26]. Our further study compared the granulosa layer thickness of follicles from 200 d to 500 d hens and found that there was no significant difference in the granulosa layer thickness of follicles from 300 d, 400 d, and 500 d hens, whereas the granulosa layer thickness of follicles from 200 d hens was significantly higher than that after 300 d.



The function of chicken granulosa cells changes during follicle development. In this study, we found more than 5000 DEGs between the PHGCs and POGCs. These DEGs are enriched in 150 KEGG pathways. This directly demonstrates that the regulatory network of follicle development is very complex, involving a large number of genes and pathways. It also illustrates the huge difference in function between pre-hierarchical and preovulatory follicles. First, the transcriptome results show that the expression of many genes involved in the cell cycle and DNA replication pathways is significantly higher in PHGCs than in POGCs, indicating that the proliferative capacity of PHGCs is higher than that of POGCs. Previous studies have shown that, in pre-hierarchical follicles, granulosa cells are undifferentiated and have mitotic activity [14]. The multiplication capacity of pre-hierarchical follicle granulosa cells increases as the follicle develops [28]. It has been shown that pre-hierarchical follicles maintain an increasing but undifferentiated growth state, and the MAPK pathway plays an important role in this process [4]. After follicle selection, MAPK signaling is suppressed, and granulosa cells begin to differentiate and undertake various complex biological functions.



There have been many studies on the role of ovarian steroid hormones in follicle development. Steroid hormones play an important role in many processes of follicle development, which requires an appropriate concentration of androgens [29,30,31]. Androgens can either promote [29,32,33] or inhibit [32,34] follicle development by regulating the expression of other genes and also affect follicle activation [35], development [36], and ovulation [37,38]. Estrogen mainly promotes follicle development by inhibiting the apoptosis of granulosa cells [39,40,41,42]. DHCR7, DHCR24, HSD3B2, HSD11B2, HSD17B7, CYP2R1, CYP51A1, LSS, SQLE, MSMO, and NSDHL, as well as other genes directly involved in the synthesis and transport of steroid hormones, all increase significantly in expression after the development from pre-hierarchical to hierarchical follicles. In particular, HSD11B2 and NR5A2 have a higher up-regulation factor. Obviously, these data show that the biggest change in follicles after development from pre-hierarchical follicles to hierarchical follicles is the acquisition of the ability to synthesize steroid hormones. It also demonstrates that ovarian steroid hormones play an important role in regulating follicle development.



Cholesterol is a precursor of steroid hormones, and its deficiency can lead to steroid hormone deficiency [43]. Studies have shown that cholesterol is necessary to activate the classic WNT signaling pathway [44]. DHCR7 and DHCR24 are the key enzymes that convert zymosterol into cholesterol and were significantly up-regulated in this study [45]. A lack of DHCR7 can lead to a reduction in steroid hormones, the depletion of intermediate products, and the accumulation of hydrogen cholesterol (7DHC) [46]. Compared with cholesterol, 7DHC is more prone to oxidation and produces a variety of oxidation products [47,48]. The accumulated 7DHC is not conducive to WNT signaling [49]. Coincidentally, some studies in recent years have found that the WNT signaling pathway plays an important role in the regulation of follicle development [49]. Therefore, in addition to promoting the synthesis of steroid hormones in graded follicles, the influence of DHCR7 and DHCR24 on the development of follicles through the WNT signaling pathway is also worth considering.



In this experiment, we also found that the genes with the most up-regulation in pre-hierarchical follicle granulosa cells are still related to steroid synthesis, although not directly. For example, AMH and WT1 are abundantly expressed in pre-hierarchical follicle granulosa cells, where they inhibit the production of steroid hormones in various ways before they develop into hierarchical follicles. WT1 has also been shown to inhibit progesterone synthesis in chicken granulosa cells by inhibiting the ERK1/2 signaling pathway and down-regulating the expression of FSHR, STAR, and CYP11A1 [50]. AMH can inhibit the initial recruitment of primordial follicles and inhibit steroid hormone synthesis and follicle development by reducing follicular sensitivity to FSH [7,51,52]. These data suggest that there is a complex regulatory network at the pre-hierarchical follicle stage that regulates the development of pre-hierarchical follicles into hierarchical follicles from many aspects and also inhibits the synthesis of steroid hormones. They strictly regulate the process of follicle development and maintain the regularity of laying hens.




5. Conclusions


The proliferation of granulosa cells mainly occurs prior to follicle selection, and there are multiple mechanisms that inhibit the differentiation of granulosa cells at this stage. After follicle selection, granulosa cells complete differentiation and begin to undertake complex cellular biological functions, including the synthesis of steroid hormones. In short, these data indicate that the tissue morphology and function of granulosa cells change with follicle development.
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Figure 1. Comparison of SYFs and F6 granulosa layer thickness. (a) HE morphology of small yellow follicle. (b) HE morphology of F6 follicle. (c) Comparison of granulosa layer thickness between small yellow follicle and F6 follicle. Scale bars: 20 μm (40×). G: granulosa layer, n = 5, mean ± SEM, ** means the difference is extremely significant (p < 0.01). 
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Figure 2. Comparison of granulosa layer thickness of small yellow follicles in hens of different ages. (a) HE morphology of small yellow follicle of 200 d layer. (b) HE morphology of small yellow follicle of 300 d layer. (c) HE morphology of small yellow follicle of 400 d layer. (d) HE morphology of small yellow follicle of 500 d layer. (e) Comparison of granulosa layer thickness in layers of different ages. Scale bars: 20 μm (40×). G: granulosa layer, n = 5, mean ± SEM, ** means the difference is extremely significant (p < 0.01). 
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Figure 3. Differently expressed genes between PHGCs and POGCs (PHGCs vs. POGCs). The threshold for DEGs is |log2(fold change)| > 1 and q value < 0.005. 
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Figure 4. Histogram of GO enrichment. Top 30 GO enrichment terms for DEGs between PHGCs and POGCs. The x-axis presents the number of DEGs (both up-regulated and down-regulated). The y-axis shows the specific GO term. 
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Figure 5. Histogram of GO enrichment. Top 20 GO enrichment terms for DEGs between PHGCs and POGCs. The x-axis represents the number of DEGs (both up-regulated and down-regulated). The y-axis shows the specific GO term. 
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Figure 6. PPI network. Each node represents a gene, and the number of edges between genes represents the number of interacting relationships. 
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Figure 7. qPCR verifies the results of RNA-seq. There were three samples in total, with three replicates per sample. 
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Table 1. Sequences of primers used for qPCR.
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	Target Genes
	Forward/Reversed Primer (5′-3′)
	Sequence No.
	Product Size





	β-actin
	F: AGTACCCCATTGAACACGGT

R: ATACATGGCTGGGGTGTTGA
	NM_001206359
	196



	CYP11A1
	F: GCTTTGCCTTGGAGTCTGTG

R: CGCCATGTCTTGGTGTTGA
	NM_001001756.1
	181



	SMAD6
	F: CCGATGCCGTGAAGAGGA

R: TGTAAGCCCACACACCGTC
	NM_204248.2
	243



	SMAD5
	F: CAGAAAAGGCCTTCCCCATG

R: GAGGTAGAACTGGGCTCTCC
	NM_001014968.1
	173



	INHBB
	F: AGGGAACCAGAACTTGTTTGTC

R: AGCCCTCACATTGAACATCCA
	NM_205206.1
	266



	ESPL1
	F: CGTTTAACTTTTCCGGGCCA

R: CGTTCAAATCTCTCCCGCAG
	XM_015273047.2
	188



	CXCL12
	F: TTTGCCCTGGCAGTCATCTC

R: CACACTTGCTTGCTGTTGCT
	NM_001389249.1
	182



	CDCA7
	F: TTGCTAACACGAAGCGCAAG

R: CGAGGTGGAAACTTCATGGC
	XM_025152572.1
	232



	PRPH
	F: TTCGCCGCTTTCCTGGAG

R: ACGCTTCTGCATCTCATCCT
	XM_015272596.2
	243



	LHFPL5
	F: GATCGGCGACAGCATCGAC

R: GGCACACACTTTGTAGACGG
	NM_204398.1
	247



	TGFB2
	F: TCATGCGCAAGAGGATCGAG

R: TCGGGGTAAAAAGGCTGCAT
	NM_001031045.3
	237



	STAR
	F: CAACGGAGACAAAGTGCTGA

R: AGTGTCCTTCCCAACCCTCT
	NM_204686.2
	184



	GPR17
	F: TGGCAAAGAGACACACCTCG

R: AGTGTCCTTCCCAACCCTCT
	XM_001231869.4
	247



	KIF15
	F: TTCAAAGCCTGAGCCGAAGA

R: AAGCTCCGTGGAATTACACCT
	XM_015281734.2
	234



	FUT8
	F: CTGGTACGAGACAGTGAGCA

R: GTCTTTTCCAAGGCCATCTCC
	NM_001004766.1
	249



	GDF9
	F: GAAGTGCTGTCTGACCAGGG

R: GTCTTTTCCAAGGCCATCTCC
	NM_206988.2
	185



	AMH
	F: CTGTACCCATCCCTGAGTCC

R: AATGGGATCTGCTGTGCTCT
	NM_205030.1
	174



	WNT6
	F: CAGCCTTCGTGTATGCCATC

R: AATGGGATCTGCTGTGCTCT
	NM_001007594.2
	209







Abbreviations: F: forward primer. R: reversed primer.













 





Table 2. Summary of the RNA-seq results of granulosa cells from pre-hierarchical follicles and preovulatory follicles.
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	Sample Name
	Raw Reads
	Clean Reads
	Q20
	Q30
	GC Content





	HLPHGC1_1
	26,635,294
	24,435,125
	98.55%
	96.13%
	51.06%



	HLPHGC1_2
	26,635,294
	24,435,125
	96.83%
	92.34%
	51.07%



	HLPHGC2_1
	26,842,105
	24,329,041
	98.61%
	96.26%
	52.45%



	HLPHGC2_2
	26,842,105
	24,329,041
	96.85%
	92.42%
	52.46%



	HLPHGC3_1
	26,655,462
	24,230,687
	98.68%
	96.40%
	51.73%



	HLPHGC3_2
	26,655,462
	24,230,687
	96.84%
	92.36%
	51.76%



	HLPOGC1_1
	26,830,769
	24,385,501
	98.70%
	96.40%
	53.12%



	HLPOGC1_2
	26,830,769
	24,385,501
	96.64%
	92.00%
	53.11%



	HLPOGC2_1
	26,665,454
	24,434,195
	98.58%
	96.16%
	52.33%



	HLPOGC2_2
	26,665,454
	24,434,195
	96.33%
	91.39%
	52.31%



	HLPOGC3_1
	26,395,328
	24,225,289
	98.63%
	96.24%
	53.53%



	HLPOGC3_2
	26,395,328
	24,225,289
	96.46%
	91.59%
	53.51%







Q20, Q30: the ratio of the number of bases with a Phred quality value greater than 20, 30 to the total number of bases (clean data).













 





Table 3. Result of clean data from six samples mapped to chicken genome.
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	Sample Name
	HLPHGC1
	HLPHGC2
	HLPHGC3
	HLPOGC1
	HLPOGC2
	HLPOGC3





	Total reads
	48,870,250
	48,658,082
	48,461,374
	48,771,002
	48,868,390
	48,450,578



	Total mapped
	37,543,114 (76.82%)
	36,410,695 (74.83%)
	36,916,694 (76.18%)
	36,378,862 (74.59%)
	36,622,466 (74.94%)
	36,757,705 (75.87%)



	Multiple mapped
	1,561,032

(3.19%)
	1,461,733

(3%)
	1,354,669

(2.8%)
	1,570,786

(3.22%)
	2,103,784

(4.3%)
	2,258,216

(4.66%)



	Uniquely mapped
	35,982,082 (73.63%)
	34,948,962 (71.83%)
	35,562,025 (73.38%)
	34,808,076 (71.37%)
	34,518,682 (70.64%)
	34,499,489 (71.21%)



	Read-1
	18,312,504 (37.47%)
	17,792,882 (36.57%)
	18,115,458 (37.38%)
	17,853,621 (36.61%)
	17,744,076 (36.31%)
	17,721,519 (36.58%)



	Read-2
	17,669,578 (36.16%)
	17,156,080 (35.26%)
	17,446,567

(36%)
	16,954,455 (34.76%)
	16,774,606 (34.33%)
	16,777,970 (34.63%)



	Reads map to ‘+’
	17,989,629 (36.81%)
	17,499,538 (35.96%)
	17,798,932 (36.73%)
	17,444,307 (35.77%)
	17,299,654

(35.4%)
	17,313,664 (35.73%)



	Reads map to ‘−’
	17,992,453 (36.82%)
	17,449,424 (35.86%)
	17,763,093 (36.65%)
	17,363,769 (35.6%)
	17,219,028 (35.24%)
	17,185,825 (35.47%)



	Non-splice reads
	27,727,871 (56.74%)
	24,589,545 (50.54%)
	24,942,750 (51.47%)
	21,371,923 (43.82%)
	23,455,697

(48%)
	21,225,380 (43.81%)



	Splice reads
	8,254,211 (16.89%)
	10,359,417 (21.29%)
	10,619,275 (21.91%)
	13,436,153 (27.55%)
	11,062,985 (22.64%)
	13,274,109 (27.4%)







Total reads: the total number of reads after quality control (i.e., the number of clean reads). Total mapped: the total number of reads that can be compared to the reference sequence. Multiple mapped: the number of reads that are compared to multiple positions in the reference sequence. Uniquely mapped: the number of reads at a unique position of the reference sequence. Reads map to ‘+’, Reads map to ‘−’: align the number of reads to the positive and negative strands of the sequence, respectively. Splice reads: align the same read segment to different outside reads. Non-splice reads: the total number of the same read only aligned to one exon.













 





Table 4. Statistics on the number of genes in different expression level intervals.
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	FPKM

Interval
	HLPHGC1
	HLPHGC2
	HLPHGC3
	HLPOGC1
	HLPOGC2
	HLPOGC3





	0~1
	16,449 (57.60%)
	15,603 (54.64%)
	15,539 (54.41%)
	16,330 (57.18%)
	16,288 (57.04%)
	17,271 (60.48%)



	1~3
	2739 (9.59%)
	2859 (10.01%)
	2703 (9.47%)
	2494 (8.73%)
	2439 (8.54%)
	2683 (9.40%)



	3~15
	5058 (17.71%)
	5043 (17.66%)
	5097 (17.85%)
	5216 (18.27%)
	5010 (17.54%)
	4872 (17.06%)



	15~60
	3108 (10.88%)
	3492 (12.23%)
	3630 (12.71%)
	3230 (11.31%)
	3431 (12.01%)
	2574 (9.01%)



	>60
	1203 (4.21%)
	1560 (5.46%)
	1588 (5.56%)
	1287 (4.51%)
	1389 (4.86%)
	1157 (4.05%)










 





Table 5. Trend of mainly enriched KEGG pathway (PHGCs vs. POGCs).
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	ID
	Description
	Count
	BgRatio
	Gene Name
	PHGCs vs. POGCs





	gga03010
	Ribosome
	31
	120
	RPL23/RPS10/RPL27/RPL6/RPS4X/RPS24/RPS13/RPL4/MRPS10/RPS3A/RPS8/RPL15/RPL37A/RPL37/RPS6/RPL31/RPS11/RPLP0/RPS16/RPL21/MRPS6/RPL30/MRPS14/RPL34/RPLP2/RPL7/FAU/RPL35/RPS27A/RPL18A/RPS15A
	UP



	gga00100
	Steroid biosynthesis
	14
	17
	DHCR7/SOAT1/CYP2R1/LSS/NSDHL/CYP51A1/MSMO1/DHCR24/LIPML5/SQLE/SC5D/HSD17B7/CYP24A1/EBP
	UP



	gga04350
	TGF-beta signaling pathway
	32
	90
	NEO1/SMURF1/SMAD5/BMPR2/TGFB2/GREM1/ZFYVE9/TGFBR2/AMHR2/BMPR1B/BMP6/TGIF1/FST/RGMB/SMAD6/CHRD/SMAD7B/TGFB1/MYC/FMOD/INHBA/ID1/ID2/ID3/SMAD3/SMAD2Z/AMH/ID4/NBL1/BAMBI/LOC107051468/LOC112530287
	UP



	gga04510
	Focal adhesion
	54
	189
	ITGB3/MYLKSML/RAP1A/PIK3CD/VAV2/FN1/PTEN/RAPGEF1/COL6A3/MYLK3/TNR/TNN/PPP1CC/SHC4/LAMA5/COL9A3/FLNB/FLT4/PXN/PAK5/CAPN2/PPP1CB/VEGFA/PIK3R3/VEGFC/ITGB8/SPP1/AKT1/PDGFB/LAMA1/PIK3R1/THBS4/ITGA2/GSK3A/LAMA4/BIRC2/VWF/PRKCA/COL9A2/HRAS/ITGA9/ITGB5/PDGFRB/COL2A1/PTK2/MET/PRKCB/EGFR/TNC/IGF1R/ACTN1/BCAR1/PPP1R12C/PGF
	UP



	gga00533
	Glycosaminoglycan biosynthesis
	9
	16
	B4GALT1/B3GNT7/B3GNT2/B4GALT4/B4GALT3/CHST2/FUT8/ST3GAL1/ST3GAL2L
	DOWN



	gga04110
	Cell cycle
	28
	114
	PTTG2/CDC45/E2F1/SKP2/CCNB2/CDC7/TGFB2/CDC20/MAD2L1/WEE2/GSK3A/TTK/CCNA1/YWHAG/GADD45A/CDKN1A/GADD45B/ANAPC13/TGFB1/CDK2/MYC/SMAD3/SMAD2Z/BUB1B/CDC25A/ESPL1/CHEK1/CDC6
	DOWN
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