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			Follicle development is characterized by the recruitment, growth, selection, and dominance of follicles, and follicle selection determines the lifetime reproductive performance. However, in birds, the molecular mechanisms underlying follicle selection still remain elusive. This study analyzed genome-wide changes in the mRNA and miRNA expression profiles in both the granulosa and theca layers of geese ovarian follicles before selection (4–6- and 8–10-mm follicles) and after selection (F5). The sequencing results showed that a higher number of both differentially expressed (DE) mRNAs and DE miRNAs were identified between 8–10-mm and F5 follicles compared with those between the 4–6- and 8–10-mm follicles, especially in the granulosa layer. Moreover, a Short Time-series Expression Miner analysis identified a large number of DE mRNAs and DE miRNAs that are associated with follicle selection. The functional enrichment analysis showed that DE genes in the granulosa layer during follicle selection were mainly enriched in five pathways related to junctional adhesion and two pathways associated with lipid metabolism. Additionally, an interaction network was constructed to visualize interactions among protein-coding genes, which identified 53 junctional adhesion- and 15 lipid regulation-related protein-coding genes. Then, a co-expression network between mRNAs and miRNAs in relation to junctional adhesion was also visualized and mainly included acy-miR-2954, acy-miR-218, acy-miR-2970, acy-miR-100, acy-miR-1329, acy-miR-199, acy-miR-425, acy-miR-181, and acy-miR-147. Furthermore, miRNA–mRNA interaction pairs related to lipid regulation were constructed including acy-miR-107, acy-miR-138, acy-miR-130, acy-miR-128, and acy-miR-101 during follicular selection. In summary, these data highlight the key roles of junctional adhesion and lipid metabolism during follicular selection and contribute to a better understanding of the mechanisms underlying follicle selection in birds.
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Introduction

			The annual egg production of most domestic geese breeds is approximately 20–40, which is far less compared with that of other poultry such as chickens and ducks (>300) (Buckland and Guy, 2002). This comparatively low egg production performance constitutes a substantial hindrance for the development of the goose industry. In birds, the number of produced eggs depends on the maturation of ovarian follicles, which is a complex process that consists of follicular recruitment, growth, selection, and dominance (Johnson, 2015a; Zhao et al., 2017). In laying hens, follicle selection is defined as the process through which a single follicle within a cohort of small yellow follicles (SYF; measuring 6–8 mm in diameter) is selected into the preovulatory hierarchy (Johnson and Woods, 2009; Johnson, 2015b). After selection, the follicle undergoes a rapid growth phase during which both the cell number and the surface area increase and large amounts of yolk precursors are deposited (Johnson, 2015b). The process of follicle selection has been widely recognized as the rate-limiting step of the reproductive potential of birds (Johnson, 2015b). Hence, it is of great theoretic and practical importance to clarify the underlying mechanisms.

			It is well accepted that follicle-stimulating hormone (FSH) plays a pivotal role in the control of avian follicular development and that associated differentiation following follicular selection depends on both FSH stimulation and intrafollicular factors (Kim and Johnson, 2018). The importance of various members of the transforming growth factor (TGF) β superfamily has been demonstrated. Among them, growth differentiation factor 9 (GDF9) promotes FSH-induced progesterone production and steroidogenic acute regulatory protein (STAR) expression in ovarian granulosa cells of chickens (Li et al., 2019). Bone morphogenetic protein (BMP)-4, BMP-6, and BMP-15 enhance FSH receptor (FSHR) mRNA expression in granulosa cells from prehierarchical follicles of hens (Ocon-Grove et al., 2012; Dongwon et al., 2013; Stephens and Johnson, 2016). Subsequently, enhanced FSH signaling facilitates the process of follicle selection (Johnson, 2015b). Since ovarian follicles are composed of a central oocyte and surrounding somatic cells (i.e., granulosa and theca cells), it is generally accepted that, in avian species, follicle selection is the result of coordinated interactions between oocyte and somatic cells in response to a variety of endocrine, paracrine, and/or autocrine factors (Johnson, 2015b; Li et al., 2019). In birds, several types of interactions have been suggested in the germinal-somatic regulatory loop, including paracrine signaling pathways, gap junctions, and other junctional contacts, which play a substantial role for the control of cell communication and oocyte maturation (Schuster et al., 2004; Stephens and Johnson, 2017; Li et al., 2019). In mammals, through intercellular contacts, granulosa cells, theca cells, and oocyte form a functional syncytium by which small molecules (up to 1 kDa in mass) are exchanged to meet the metabolic and regulatory demands of the oocyte (Coticchio et al., 2015). However, most previous studies in birds mainly focused on the role of granulosa cells during follicle selection, with a particular focus on ovarian cell differentiation and steroidogenesis capacity (Johnson, 2015b). This research has certain restrictions because these data present the consequence of follicular selection but not a proximal cause (Johnson and Woods, 2009). Furthermore, information on the actions of other properties of granulosa cells and their interactions with theca cells during the process of follicular selection as well as the underlying mechanisms remains limited. During the last 5 years, high-throughput sequencing technology has been employed to investigate the epigenetic and genetic mechanisms that control avian follicle development (Li et al., 2013; Xu et al., 2013; Wang et al., 2017). However, most of these studies were conducted on either the whole ovary (Li et al., 2013; Xu et al., 2013) or intact follicles (Liu et al., 2015; Wang et al., 2017) and were mainly aimed to explain the differences in egg-producing performance among different breeds of poultry or to identify the mechanisms that initiate egg production and broodiness (Xu et al., 2013). So far, neither the mRNA nor miRNA transcriptome profiling has been reported in either avian granulosa or theca layers. Therefore, a comprehensive understanding of the mRNA–miRNA interaction network in both granulosa and theca layers during follicle selection is required.

			The present study investigated mRNA and miRNA transcriptome profiling in both granulosa and theca layers from geese follicles prior to selection (4–6 and 8–10 mm in diameter prehierarchical follicles) and after selection (F5 hierarchical follicles) through high-throughput RNA sequencing (RNA-seq). With the utilization of the Short Time-series Expression Miner (STEM) method, a number of protein-coding genes and miRNAs with similar expression patterns during follicle selection were identified and visualized. This was followed by Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of both these differentially expressed (DE) mRNAs and predicated target genes of miRNAs. Then, co-expression networks were built using Cytoscape to explore the interactions among either the node mRNAs alone or the mRNA:miRNA pairs associated with adhesion and junctions as well as lipid metabolism during follicle selection. These results provide a better understanding of the mechanisms underlying the process of follicle selection and aid the ultimate goal toward improving the reproductive capacity of poultry.

			


Materials and Methods

			

Experimental Animals and Sample Collection

			The healthy maternal line of Tianfu meat geese (Anser cygnoides, 35–45 weeks) from the Experimental Farm for Waterfowl Breeding at Sichuan Agricultural University (Ya’an, Sichuan, China) was used in the present study. Detailed information on animals, laying cycles, and the classification criteria of ovarian follicles has been previously described (Hu et al., 2014). Granulosa and theca layers were separated from three cohorts of healthy follicles of three individual geese (including the 4–6-mm, 8–10-mm, and F5 follicles, with average follicle numbers per individual of 18 ± 3, 8 ± 2, and 1, respectively) according to previously described methods (Gilbert et al., 1977). All separated granulosa and theca layers (n = 18) were then subjected to both RNA isolation and sequencing, followed by a series of bioinformatic analyses (see detailed information in Figure 1). All experimental procedures that involved animal manipulation were approved by the Faculty Animal Care and Use Committee of Sichuan Agricultural University (Ya’an, Sichuan, China) under permit no. DKY-S20143204.
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			Figure 1 | Experimental design (A) and sampling of geese ovarian follicles (B). Cohorts of follicles include pre-hierarchical (follicles with diameters of 4–6 and 8–10 mm, marked by the red arrowheads and white arrows, respectively) and hierarchical follicles (F5 follicles, marked by red arrows) collected from three individual geese. Both granulosa and theca layers, separated from these follicles, were used for mRNA and small RNA sequencing, followed by a series of bioinformatics analyses. GP4, GP8, and GHF5 represent granulosa layers isolated from 4–6-mm, 8–10-mm, and F5 follicles, respectively. TP4, TP8, and THF5 represent theca layers isolated from the 4–6-mm, 8–10-mm, and F5 follicles, respectively.

		

			


RNA Isolation, Library Construction, and Sequencing

			The total RNA was extracted from all collected samples using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. The RNA concentration was determined using the Qubit RNA Assay Kit (Life Technologies, Carlsbad, CA, USA). RNA integrity was analyzed on the Agilent 2100 Bioanalyzer System (Agilent Technologies, Palo Alto, CA, USA). Eighteen RNA samples were used for library construction in accordance with previously described procedures (Sun et al., 2015). The mRNA and small RNA libraries were sequenced by Shanghai OE Biotech Co., Ltd. (Shanghai, China) using Illumina HiSeq X10 and HiSeq 4000 (Illumina, San Diego, CA, USA), respectively.

			


Quality Control, Mapping, and Annotation of RNA-Seq Reads

			Raw data of RNA-seq were processed using the NGS QC Toolkit (Patel and Jain, 2012). Reads that contained poly-N and low-quality reads were removed to obtain clean reads. Then, these clean reads were mapped to the geese (A. cygnoides) reference genome (assembly Ans Cyg_PRJNA183603_ v1.0, https://www.ncbi.nlm.nih.gov/genome/31397?genome_assembly_id=229313) using Tophat 2 (Kim et al., 2013). The annotation of genes was obtained from AnsCyg_PRJNA183603_v1.0_genomic annotations files.

			


PCA, Identification of DE Genes, and Clustering Analysis

			Principal component analysis (PCA) was performed in the R package using ggplot2. The fragments per kilobase million (FPKM) and transcripts per million (TPM) values were used to quantify the mRNA and miRNA expression levels, respectively. A DE analysis between groups was conducted using DESeq (2012), which estimates both size factors and Nbinom test (Varet et al., 2016). P value < 0.05 and fold change (FC) > 2 or <0.5 were set as thresholds to identify significantly DE mRNAs, while a P value < 0.05 was used as threshold to identify DE miRNAs. Additionally, Venn diagrams were depicted for both DE mRNAs and miRNAs using the Limma package in R. Hierarchical clustering and STEM analyses were conducted to explore the expression profiles of both DE mRNAs and miRNAs during different stages of follicle development.

			


Functional Enrichment and Interaction Network Analysis

			KEGG enrichment analyses of DE genes were performed using the R package, based on the hypergeometric distribution. Co-expression networks were built to investigate interactions among either DE genes alone or among miRNA:mRNA pairs. Cytoscape (http://www.cytoscape.org/) was used to visualize potential mRNA–miRNA interaction networks.

			


Identification, Renaming, and Target Gene Prediction of miRNAs

			To categorize small RNAs and to identify novel miRNAs, the following trimming and identifying processes were performed: (1) reads with 5′ and 3′ sequencing adapters were eliminated with Cutadapt software; (2) small RNA libraries were further filtered to a minimum length of 18 nt and a maximum length of 41 nt; (3) clean tags were mapped to the goose genome (A. cygnoides) using MegaBLAST, and rRNA, tRNA, snoRNA, and snRNA were removed from small RNA sequences; (4) the remaining reads were used to identify known miRNAs via alignment against the miRNA sequence using miRBase v.21 database; and (5) unannotated small RNAs were analyzed by mirdeep2 to predict novel miRNAs. Since a multi-species miRNA database was adopted to identify miRNAs, to unify the name of miRNAs, merging and renaming of miRNA were conducted, as follows: (1) all predicted miRNAs were renamed according to A. cygnoides, such as “acy-novel-miR-1” or “acy-novel-miR-1*”; (2) all chicken miRNAs retained the original name; (3) the remaining known miRNAs of other species were merged and renamed according to their respective miRNA family, for example, “acy-miR-.” The highest expressed sequence was a representative sequence of the miRNA. Target genes of DE miRNAs were predicted with the software package Miranda.

			


Quantitative Real-Time PCR

			A total of 12 genes were selected for quantitative real-time polymerase chain reaction (qRT-PCR) to validate the obtained RNA-seq results. Reactions of qRT-PCR were performed with the SYBR PrimerScript™ real-time PCR kit (TaKaRa, Dalian, China) using the CFX96™ Real-Time system (Bio-Rad, Hercules, CA, USA). The specificity of each primer was verified with its standard curve (Svec et al., 2015). Each sample was run in triplicate, and the relative mRNA expression level was normalized using GAPDH and β-actin as housekeeping genes according to the 2-ΔΔCt method (Livak and Schmittgen, 2001). The correlation between qRT-PCR and RNA-seq results was calculated with Microsoft Excel 2013. Both forward and reverse primers are listed in Table S1.

			


Statistical Analysis

			Analyses of the mRNA expression levels of related genes were subjected to analysis of variance (ANOVA), and the means were assessed for significant differences using the Student t-test. All results were expressed as means ± SD, and P-values below 0.05 were considered to indicate statistically significant differences. All statistical analyses were performed using SPSS software (version 21).

			



Results

			

Overview of the mRNA and miRNA Transcriptome of Geese Granulosa and Theca Layers

			A total of approximately 1.07 Gb of mRNA raw reads were generated from 18 cDNA libraries through Illumina HiSeq X10 sequencing. After stringent filtering, an average of 57.8 million clean reads were generated per sample, and an average 70.06% of these clean reads were mapped to the Anser cygnoides 1.0 genome (Table S2). Under a cutoff of FPKM > 0.5, expression of 13,282 annotated genes (covering 63.90% of 20,787 gene set) was identified in at least one individual. The length distribution of mRNAs is illustrated in Figure S1A. After quality filtering of 258 million raw reads, 228 million clean miRNA reads from 18 samples remained for subsequent analyses. Of these reads, 83.86% had a length of 18–26 nt, with an average size of 22.84 nt (Figure S1B), and an average of 89.71% of the reads were mapped to the goose genome (A. cygnoides 1.0) (Table S3). The majority of small RNAs were known miRNA (approximately 66.55%), followed by unannotated RNA (approximately 20.51%) (Figure S1C and Table S4).

			To ensure accurate comparisons between follicles from prehierarchical (4–6 and 8–10 mm) and hierarchical (F5), expression levels of FSHR, CYP11A1, STAR, 3β-HSD, and AMH in the granulosa layer were detected by qRT-PCR. Their expression levels presented a significant up- or down-regulation in F5 follicle compared with follicles with diameters of 4–6 and 8–10 mm and were similar to that observed using transcriptome sequencing (Figure S2). This suggests that the F5 follicle entered the hierarchical system on the basis of the fact that these genes are well-known markers for differentiation of granulosa cells after follicular selection (Johnson, 2012; Johnson, 2015b). Since CYP17A1 and CYP19A1 are almost exclusively expressed in avian theca cells (Kato et al., 1995; Gan et al., 2017), and FSHR is mainly present in avian granulosa cells (Woods and Johnson, 2005), expression of CYP17A1, CYP19A1, and FSHR was used to identify theca and granulosa cells. In the present study, we found that no more than 1% and 7% of cyp17a1 and cyp19a1 gene expression but more than 80% of FSHR were present in the granulosa layer (Figure S2). This indicates that granulosa and theca layers had been successfully separated in this study. In addition, another seven protein-coding genes, that is, a total of 12 protein-coding genes, were randomly selected for qRT-PCR to confirm the RNA-seq results. A high correlation in log2FC (R2 = 0.91) between RNA-seq and qRT-PCR was observed (Figure S3). Thus, these results confirm the high credibility of RNA-seq data in the present study.

			


Larger Transcriptome Diversification in the Granulosa Layer During Follicle Selection

			PCA results showed the two main characteristics (Figures 2A, B): (1) the three repeating samples were tightly clustered regardless of whether these were mRNAs or miRNAs, especially in the granulosa layer, indicating high experimental confidence in the obtained results; (2) both the granulosa layer and theca layer were distinctly separated by the first eigenvector for both mRNAs and miRNAs, showing varying degrees of divergence in both tissues. To further explore the transcriptome difference of both the mRNA and miRNA transcriptomes between granulosa and theca layers, their Pearson’s correlation coefficients between granulosa and theca layers were calculated (Figures 2C, D). The results showed that compared with the theca layer, the granulosa layer showed a wider range of Pearson’s correlation coefficient for both mRNAs (0.52 to 0.98) and miRNAs (0.87 to 0.99). This indicates that the granulosa layer presented smaller transcriptome consistency.
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			Figure 2 | mRNA and miRNA transcriptome sequencing and identification of differentially expressed (DE) mRNAs and miRNAs in either granulosa or theca layers. (A, B): Principal component analysis of the mRNA and miRNA transcriptomes among 18 libraries. (C, D) Pearson correlation analysis of the mRNA and miRNA transcriptome among nine granulosa or theca layers. (E, F) Number of DE mRNAs and miRNAs in either granulosa or theca layers. (G–J) Heatmap analysis of DE mRNAs (G, H) and miRNAs (I, J) in granulosa or theca layers. 4–6: follicles with 4–6 mm in diameter; 8–10: follicles with 8–10 mm in diameter; F5: hierarchical F5 follicle. GP4_1, GP4_2, and GP4_3 represent three replicates of GP4, and similar definitions have been used for GP8, GHF5, TP4, TP8, and THF5.

		


			DE mRNAs and miRNAs were further screened during different stages of follicle development. A total of 2,782 DE mRNAs and 117 DE miRNAs were identified in the granulosa layer during follicle selection (i.e., F5 vs. 8–10-mm group), which is approximately twice the number of the DE genes (1,524 mRNAs and 60 miRNAs) that had been identified prior to follicle selection (i.e., 8–10-mm vs. 4–6-mm group). Similarly, for the theca layer, the number of DE genes in the F5 vs. 8–10-mm group (415 mRNAs and 54 miRNAs) exceeded that of DE genes in 8–10- vs. 4–6-mm group (20 mRNAs and 8 miRNAs) (Figures 2E, F). Clearly, more DE genes (mRNAs or miRNAs) were found in the granulosa layer than in the theca layer by observing the number of DE genes at any stage. Furthermore, a similar result was acquired by observing the number of uniquely up-regulated or down-regulated DE mRNAs and miRNAs during follicle selection using a Venn diagram (Figure S4). In addition, a hierarchical analysis indicated that the DE genes (both in the granulosa or theca layer) were firstly clustered between the follicles with 8–10 mm in diameter and those with 4–6 mm in diameter, followed by F5 follicles (Figures 2G–J). In conclusion, these results demonstrate that a higher transcriptome diversification is presented during follicle selection than prior to follicle selection, especially in the granulosa layer.

			Based on log2FC, which ranged from -7.92 to 11.24, the top 20 up- and down-regulated mRNAs for the granulosa layer between F5 and 8–10 mm in diameter follicles were screened (Table S5). Among these, up-regulated genes included apolipoprotein B (APOB), fatty acid binding protein, liver and adipocyte (FABP1 and LOC106030656, respectively), ATP-binding cassette 5 (ABCB5), and perilipin 1 (PLIN1), all of which were reported to be involved in lipid regulation (Beilstein et al., 2016). Furthermore, STAR, G protein-coupled receptor (GPR68), and progesterone receptor (PGR), which have been widely accepted as markers of steroidogenesis capability within granulosa cells after follicular selection (Walsh et al., 2012; Bishop et al., 2016), were also profoundly up-regulated in the granulosa layer. Among the top 20 down-regulated genes, collagens including type XXII alpha 1 (COL22A1) and alpha-1(I) chain-like (LOC106046014) were used as the basic composition of the extracellular matrix (ECM) (Woodruff and Shea, 2007). In contrast, log2FC of the top 20 up- and down-regulated genes from the theca layer in the F5 vs. 8–10-mm group only varied from -4.70 to 3.28 (Table S6). Among these genes, up-regulated genes of sushi-repeat protein X-linked 2 (SRPX2), neuron-derived neurotrophic factor (NDNF), and thrombospondin 1 (THBS1) were reportedly involved in endothelial cell migration and angiogenesis (Marijana et al., 2009; Koji et al., 2014; De Palma et al., 2017).

			The miRNAs varied from -4.97 to 3.62 on the basis of log2FC, and 29 up-regulated and 33 down-regulated miRNAs from the granulosa layer in the F5 vs. 8–10-mm group were identified. Among the up-regulated miRNAs, gga-miR-29b-1-5p increased about 12-fold; gga-let-7c-3p, gga-miR-199-5p, and acy-miR-2954 increased >4.55-fold; and acy-miR-340 and acy-miR-378 decreased about fivefold and threefold in F5 follicles compared with 8–10-mm follicles, respectively (Table S7). In addition, nine up-regulated and 25 down-regulated DE miRNAs from the theca layer were identified between follicles F5 and 8–10 mm in diameter on the basis of the log2FC ranging from -2.15 to 1.36 (Table S8).

			


Involvement of Junctional Adhesions and Lipid Metabolism During Follicle Selection

			To further narrow down the list of genes that might be involved in follicle selection, a STEM analysis was performed with the DE mRNAs screened by RNA-seq. As shown in Figure 3, seven significant profiles for mRNAs (profiles 1–4 in the granulosa layer and profiles 5–7 in the theca layer) and four significant profiles for miRNAs (profile i and ii in the granulosa layer and profile iii and iv in the theca layer) were identified according to the P-values. Among mRNAs, four significant profiles clustered during follicle selection; thus, a functional analysis mainly focused on the expression patterns for profiles 2 and 3 of the granulosa layer (Figure 3A), as well as profiles 5 and 7 of the theca layer (Figure 3C), whose expression levels remained unchanged prior to follicle selection and then either increased or decreased during follicle selection (Figure S5). For profile 3, five of the top 20 significant KEGG pathways were involved with biological processes of junctional adhesions such as “tight junction” (TJ), “adherens junction,” “cell adhesion molecules” (CAMs), “ECM–receptor interaction,” and “focal adhesion” (Figure 4A). For profile 2, two of the top 20 pathways were related to the processes of “fat digestion and absorption” and “glycerolipid metabolism” (Figure 4B). Moreover, pathways of “ovarian steroidogenesis” and “steroid biosynthesis” were also significantly enriched during the process of follicular selection (Figures 4A, B). Profile ii of miRNAs showed the opposite trend with profile 3 of mRNAs in the granulosa layer and so did profile iv of miRNAs and profile 5 of mRNAs in the theca layer during follicle selection (see Figures 3B, D). Functional enrichment analyses of predicted target genes of miRNAs from profiles ii and iv were performed. Interestingly, “ECM–receptor interaction” and “focal adhesion” were identified during follicle selection (Figure S6). Combing these results suggests that pathways of junctional adhesion, lipid metabolism, and ovarian steroidogenesis in the granulosa layer play an important role for the regulation of follicular selection. For the theca layer, functional enrichment of down-regulated DE genes from profile 5 indicated that pathways of “neuroactive ligand-receptor interaction,” “complement and coagulation cascades,” and “cytokine-cytokine receptor interaction” were mainly included in the top 20 pathways (Figure 4C). However, up-regulated DE genes from profile 7 were enriched in two significant pathways of “adrenergic signaling in cardiomyocytes” and “cardiac muscle contraction” during follicle selection (Figure 4D).
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			Figure 3 | Screening of significantly differentially expressed (DE) mRNAs and miRNAs among either in granulosa or theca layers of geese follicles at different developmental stages. Time-series cluster analysis for the expression profiling of DE mRNAs and miRNAs in the granulosa layer (A, B) and theca layer (C, D). Note that the transition period for follicles from 8–10 mm in diameter to F5 was used for follicle selection. Profiles 2, 3, 5, 7, ii, and iv indicated those DE mRNAs or miRNAs with unchanged expression before follicle selection, following significant fluctuation during follicle selection. Profiles 1, 4, 6, i, and iii represent DE mRNAs or miRNAs with significantly changed expression throughout follicle development.
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			Figure 4 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differentially expressed (DE) mRNAs from different time-series modules in either granulosa or theca layers. (A, B) Top 20 KEGG pathways of DE mRNAs from profile 3 (A) and profile 2 (B) in the granulosa layer. Five pathways of tight junction, adherens junction, cell adhesion molecules, ECM–receptor interaction, and focal adhesion were identified in profile 3 (A). The two pathways of fat digestion and absorption and glycerolipid metabolism were contained in profile 2 (B). (C, D) Top 20 KEGG pathways of DE genes of profile 5 (C) and profile 7 (D) in the theca layer.

		

			


Network Analysis of DE mRNAs and miRNAs Related to Adhesion and Lipid Metabolism During Follicle Selection

			To further explore the interactions among DE genes, a novel interaction network was constructed using Cytoscape software. Genes were selected that were enriched in the top 20 KEGG pathways from profiles 2 and 3 for the granulosa layer, as well as from profiles 5 and 7 for the theca layer (see Figure 4). While significant changes were found in their expression levels during follicle selection, levels remained unchanged before follicle selection. In the granulosa layer, this network showed that interactions mainly occurred among either 53 junctional adhesion-related or 15 lipid regulation-related genes (Figure 5A). The 53 genes in the network related to junctional adhesion mainly included fibronectin 1 (FN1), collagen type IV alpha 1 (COL4A1), collagen type IV alpha 2 (COL4A2), integrin beta 3 (ITGB3), laminin alpha 1 (LAMA1), agrin (AGRN), and claudins (CLDNs) (CLDN5, CLDN11, and CLDN23), whose expression levels presented a concurrent down-regulation during follicle selection. In addition, 14 hub genes involved in lipid regulation, such as APOB, microsomal triglyceride transfer protein (MTTP), 1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT2), elongation of very long chain fatty acids (ELOVL1, ELOVL4, and ELOVL5), aldehyde dehydrogenase 5 family member A1 (ALDH5A1), and glycerol kinase (GK) were present in this network. Furthermore, up-regulated genes in the network such as insulin-like growth factor 1 receptor (IGF1R), FSHR, STAR, and luteinizing hormone/choriogonadotropin receptor (LHCGR). The down-regulated genes that belong to the TGF-β superfamily such as anti-Mullerian hormone (AMH), BMPS (BMP-2, BMP-7, and BMP-15), and GDF-9 (Figure 5A) were proved to exert an essential role in the regulation of differentiation and steroidogenesis within granulosa cells following follicular selection (Baumgarten et al., 2014; Johnson, 2015b; Chang et al., 2019; Li et al., 2019). Therefore, via further screening, DE mRNAs involved in adhesion, lipid regulation, and steroidogenesis based on the pool of differential expressed protein-coding genes were identified and visualized by heatmap clustering (Figure S7). This result indicated that an apparent dynamic change in expression level was present in the transition stage from 8–10 mm in diameter to F5 follicle. However, this retained an almost constant level in transitional follicles from 4–6 mm to 8–10 mm in diameter, suggesting that these genes participate in modulating follicular selection.
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			Figure 5 | Network analysis of differentially expressed (DE) mRNAs in granulosa and theca layers. (A, B) Co-expression network of DE mRNAs from top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of profiles 2 and 3 in the granulosa layer (A), as well as of profiles 5 and 7 in the theca layer (B). This interaction network includes 53 junctional adhesion-related genes (marked in yellow), 15 lipid metabolism-related genes (marked in red), and 13 genes that are involved in ovarian steroidogenesis (marked in blue) (A). Genes marked with triangles were down-regulated, and those marked with circles were up-regulated during follicle selection. Solid lines indicated direct interactions. Dark grey genes had interactions of activation or inhibition, while light grey lines had interactions without activation or inhibition. Activation →; Inhibition.

		


			Furthermore, the interactions among those genes enriched in the top 20 KEGG pathways from profile 5 and 7 of the theca layer were also predicted. Most of them were down-regulated during follicle selection. Of these, three hub genes involving angiotensin II receptor, type 2 (AGTR2), fibroblast growth factor 13 (FGF13), and lysophosphatidic acid (LPA) receptor 3 (LPAR3) (Figure 5B, marked by red color) have been reported to participate in cell migration and angiogenesis in bladder cancer or lactotroph tumors (Pei et al., 2017; Wierinckx et al., 2018; Chen et al., 2019).

			Co-expression networks were established to investigate the association between the expression of DE mRNAs and miRNAs in the granulosa layer related with junctional adhesion and lipid metabolism (Figure 6) during follicle selection. Interaction networks between DE miRNAs and mRNAs were constructed using Cytoscape software. Co-expression networks containing 31 miRNAs and 53 protein-coding genes related with junctional adhesion were identified in the granulosa layer during follicle selection, among which 25 were known miRNAs and six were novel miRNAs (Figure 6A). Of all known miRNAs, expression of nine miRNAs (acy-miR-2954, acy-miR-218, acy-miR-2970, acy-miR-100, acy-miR-1329, acy-miR-199, acy-miR-425, acy-miR-147, and acy-miR-181) increased by about twofold during follicle selection (Table S7, marked by yellow colors). These presented an inverse relationship with adhesion-related mRNAs; thus, nine miRNA–mRNA interaction pairs related with junctional adhesion were constructed (Figure 6B). In addition, a network with seven known miRNAs and 13 protein-coding genes related with lipid metabolism were also identified (Figure 6C). Of these, the expressions of acy-miR-107, acy-miR-138, acy-miR-128, acy-miR-130, and acy-miR-101 (Table S7, marked by blue colors) changed inversely with most lipid regulation-related protein-coding genes wherein the five miRNA–mRNA interaction pairs were built (Figure 6D).
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			Figure 6 | Co-expression network analysis of differentially expressed (DE) miRNAs and mRNAs in relation to junctional adhesion (A, B) and lipid metabolism (C, D) in the granulosa layer. The interaction networks among 31 miRNAs and 53 mRNAs associated with junctional adhesion (A), and among these miRNAs, acy-miR-2954, acy-miR-2970, acy-miR-1329, acy-miR-218, acy-miR-199, acy-miR-100, acy-miR-181, acy-miR-147, and acy-miR-425 contained 23, 12, 12,11, 6, 6, 5, 5, and 3 protein-coding genes related to junctional adhesion, respectively (B). Seven miRNAs and 13 mRNAs were related to lipid metabolisml (C), and among these miRNAs,: acy-miR-107, acy-miR-138, acy-miR-128, acy-miR-130, and acy-miR-101 interacted with 11, 10, 9, 7, and 7 protein-coding genes implication in lipid regulation, respectively (D).

		

			



Discussion

			The present study is the first to systematically investigate the expression profiling of mRNA and miRNA transcriptomes in both granulosa and theca layers from follicles before and after selection in birds. Particular attention was focused on the identification of central candidate genes, signaling pathways, and hub genes of either the mRNA-mRNA or miRNA–mRNA interaction network for follicle selection regulation. PCA and qRT-PCR analyses demonstrated the high credibility of transcriptome sequencing achieved in this study. Additionally, PCA also indicated that the granulosa or theca layers were clustered separately. Furthermore, far more DE genes were identified in the granulosa layer than in the theca layer, which was similar to the results for horses and bovines, where more DE genes were observed in the granulosa layer than in the theca layer via transcriptome profiling (Donadeu et al., 2014; Hatzirodos et al., 2015). This study identified approximately twice the number of DE mRNAs and miRNAs during follicle selection compared with their number prior to follicle selection. Furthermore, hierarchical clustering showed higher transcriptome divergence in both granulosa and theca layers during follicle selection than before follicular selection. Similarly, increased transcriptome diversity was observed in granulosa cells from dominant follicles compared with those from subordinate follicles in bovines and horses (Donadeu et al., 2014; Gebremedhn et al., 2015). Hence, in combination with previously published results, the obtained results indicate that compared with the theca layer, the granulosa layer may play a more important role in the regulation of follicle development, especially during follicle selection.

			The STEM analysis of all DE genes further screened for genes with uniquely changed expression during follicle selection. A downstream functional analysis of genes that originated from the granulosa layer indicated that they were involved in biological processes of junctional adhesion including “ECM–receptor interaction,” “cell adhesion molecules”, “tight junction”, “adherens junction,” and “focal adhesion.” Furthermore, pathways involving “ECM–receptor interaction” and “focal adhesion” were also enriched in the predicted target genes of miRNAs that presented changes contrasted with those of mRNAs in the granulosa layer during follicle selection. Construction of a co-expression network identified 53 hub genes related with the five pathways of junctional adhesions (e.g., FN1, COL4As, ITGB3, LAMA1, and CLDNs). Interestingly, they all were consequently down-regulated. In short, the obtained data suggest that protein-coding genes associated with junctional adhesions play an important role in the regulation of follicular selection. Consistently, Donadeu et al. reported in a transcriptome profiling study that a large number of down-regulated DE genes in granulosa cells from horse ovarian follicles were enriched in the ECM during follicle dominance (Donadeu et al., 2014). Ożegowska et al. also reported genes enriched in cell adhesion as new potential markers by analyzing the transcriptome of porcine granulosa cells (Ożegowska et al., 2019). The ECM and ECM protein form a complex scaffold of protein that provides the architectural support for cells. ECM is mainly composed of FN, laminins (LAMA), and collagens such as COL4As and perlecan (Rodgers et al., 2003). FN, laminin, and collagens (COL4A1 and COL4A4) have been suggested to increase cellular attachment, expression of FSHR, and progesterone production in cultured porcine granulosa cells (Sites et al., 1996). Furthermore, these genes also regulate the survival, proliferation, and steroidogenesis of granulosa cells during follicle development (Woodruff and Shea, 2007). Cells are able to adhere to the ECM via different types of receptors such as integrins (ITGBs). For instance, laminin-α6β1 and integrin interaction enhances both the survival and proliferation to modulate steroidogenesis of ovine granulosa cells (Le et al., 2002). The FN-integrin pathway initiates the induction of granulosa cell luteinization and cumulus expansion during the ovulation process in mice (Kitasaka et al., 2018). TJs, including occludin (OCLN) and CLDNs, control the transport of water, ions, and macromolecules across cell layers (Suzuki, 2013). Thus, a model is proposed suggesting that hormonal down-regulation of TJ proteins during follicle development could decrease the selective permeability of molecules between follicular cells, thus resulting in an increase in the volume of follicular fluid into the oocyte, which may directly impact the functions of follicle maturation (Zhang et al., 2018). In hens, TJ protein (occludin) presents a stage-dependent decreasing expression pattern with follicle growth, thus suggesting that occludin forms a diffusion barrier between granulosa cells and oocytes. Immediately after follicle selection, the rapid and high capacity transport of yolk components into the oocyte can be found through a paracellular pathway (Stephens and Johnson, 2017). More intriguingly, the abundance and characteristics of gap junctions and adherens can vary under different phases and conditions during follicle development, especially during follicle selection. For example, human gap junctions and adherens are particularly numerous and form deep invaginations at the points of contact with the oolemma at the pre-antral stage; however, during the following antral stages, their number and complexity of contact at the oocyte surface decrease (Chang et al., 2016). Thus, interaction and communication between granulosa cells and oocytes depend on the composition of ECM with which it is implemented. These can differ over time in response to challenges of the developing follicle (Coticchio et al., 2015). Consistent with the existing results, the present data also indicated that genes in relation to ECM and junctional adherens in granulosa layer were also decreased in response to follicle selection, suggesting that down-regulation of these genes may contribute to a reduced selective permeability of molecules between somatic-oocyte and enable several molecules such as vitellogenin derived from hepar-synthesized to diffuse though the granulosa cells and act on the oocyte via paracrine regulation, thus ultimately promoting rapid oocyte growth as soon as the follicle is selected.

			Moreover, the pathways that involve fat digestion and absorption, as well as glycerolipid metabolism, were found to be more active in hierarchical follicles, and genes such as APOB, FABP1, FLIN1, ABCB5, AGPAT2, ELOVLs, ALDH5A1, and GK associated with fatty acid synthase, lipid transportation, fatty acid elongation, lipid droplet formation, and triglyceride synthesis (Beilstein et al., 2016) were substantially up-regulated during follicle selection. In bovine granulosa cells, it has been demonstrated that lipid metabolism could affect both cell proliferation and progesterone synthesis (Elis et al., 2015). Moreover, several genes that are involved in fatty acid synthesis, lipoproteins degradation, de novo lipogenesis (DNL), and lipid accumulation were identified in bovine granulosa and theca cells using transcriptomic sequencing (Bertevello et al., 2018). In chickens or ducks, expression of acetyl-CoA dehydrogenase long chain (ACADL, which is involved in beta-oxidation of fatty acids), lecithin-cholesterol acyltransferase (LCAT, which is related to lipid catalysis), and apolipoprotein A-1 (APOA1, which is associated with lipid transport) were found to be elevated in birds with higher egg production rate than those with lower egg production rate (Yang et al., 2008; Wu et al., 2016). Furthermore, several genes that involve DNL, such as FAS, ACC, and PPARγ (in the present study, PPARγ was also expressed in granulosa layer of geese follicles and was significantly up-regulated during follicle selection according to qRT-PCR and RNA-seq results, see Figure S2), are expressed in geese ovarian follicles at different stages of development. This demonstrates the involvement of DNL during avian follicle development, especially during follicle selection (Wen et al., 2018). These findings further support the suggestion for mammals, where lipid metabolism is assumed to be essential for follicle development and oocyte energy supply (Dunning et al., 2014; Prates et al., 2014). Therefore, this study showed that in geese, those genes related to lipid regulation may play a significant role in the regulation of lipid deposition of yolk during follicle selection. Since the transfer of lipid-rich egg yolk into ovarian follicles is directly related to the egg production rate in birds (Barber et al., 1991; Stephens and Johnson, 2017), genes related to lipid regulation granulosa cells are proposed to be associated with low annual egg production in geese compared with chickens and ducks where egg formation required less lipid deposition.

			In addition to the granulosa layer, many DE genes in the theca layer were also found during follicular selection. All of the up-regulated genes were enriched in the biological process of “cardiac muscle contraction” and “adrenergic signaling in cardiomyocytes.” It has been reported that typical smooth muscle cells are present in sow theca externa, which could be responsible for the contraction of ovarian theca cells, eventually assisting in ovulation or causing follicular collapse (O’Shea, 1970; Richards et al., 2018). Then, further screening DE genes in theca layer identified hub genes such as SRPX2, NDNF, THBS1, FGF13, AGTR2, and LPAR during follicular selection. SRPX2 reportedly acts as a regulator of angiogenesis (Marijana et al., 2009); NDNF functions as a modulator that enhances endothelial cell function and revascularization processes (Koji et al., 2014); THBS1 mediates IGF-I-induced steroidogenesis and proliferation in cultured porcine granulosa cells (Grado-Ahuir et al., 2009), inhibits angiogenesis, and promotes follicular atresia in rats (Garside et al., 2010); the FGF/FGF receptor contributes to tumor vascularization and adult angiogenesis (Presta et al., 2005); and lysophosphatidic acid plays a role in angiogenesis and enhances the angiogenic capability by the LPA1/3 receptor (Chen et al., 2019). Follicular steroidogenesis and survivability primarily depend on ovarian blood supply, and in mammals, vascularization has been reported to be an essential step in the modulation of follicle and corpus luteum development and function (Young and McNeilly, 2010; Berisha et al., 2016; Mishra et al., 2016). In summary, based on existing research results, changes in expression level of SRPX2, NDNF, THBS1, FGF13, AGTR2, and LPAR3 in the theca layer during follicular selection may be important for a concurrent regulation in vasculature following follicular selection. Thus, this ultimately results in selected follicles consuming large amounts of lipid- and xanthophyll-rich yolk via an extensive vasculature (Johnson, 2015b).

			In the current research, PGR, IGF1R, FSHR, and STAR were also found to be substantially up-regulated in the granulosa layer during follicular selection. It is worth noting that these genes are well-known markers for differentiation of granulosa cells and are closely involved with steroidogenesis after follicular selection (Baumgarten et al., 2014; Johnson, 2015b). For instance, IGF1R signaling is necessary for the FSH-induced activation of AKT and differentiation of human cumulus granulosa cells (Baumgarten et al., 2014). Additionally, the present data indicated that TGF-β superfamily members such as AMH, BMP-2, BMP-7, BMP-15, and GDF-9 were down-regulated in granulosa layer after follicular selection. AMH was shown to regulate follicle selection by decreasing FSH sensitivity and inhibiting FSH-induced aromatase activity (Dewailly et al., 2016). BMP-2 and BMP-4 contribute toward maintaining granulosa cells of prehierarchical follicles in an undifferentiated state, and inhibiting FSH responsiveness in hen granulosa cells (Haugen and Johnson, 2010; Dongwon et al., 2013). GDF-9 and BMP-15 regulate growth, differentiation, and function of both granulosa and thecal cells during follicular development, inhibit FSH-stimulated progesterone secretion, and attenuate FSH-induced LH receptor formation in rat follicles (Vitt et al., 2000; Sanfins et al., 2018). However, GDF-9 promotes FSH-induced progesterone production in chicken follicular granulosa cells (Li et al., 2019). In summary, in the present study, the reduced expression level of TGF-β superfamily members after follicle selection appears to exert an inhibiting effect imposed by the undifferentiated granulosa cells of prehierarchal follicles. This results in FSH-induced expression of downstream target genes such as LHR, PGR, and STAR, which ultimately promotes the conversion from undifferentiated prehierarchal to differentiated hierarchal follicles.

			Since interactions between protein-coding genes and miRNAs are necessary to maintain normal ovarian activity (Maalouf et al., 2016), this study attempted to construct a co-expression network among mRNA:miRNA pairs, associated with junctional adhesion and lipid metabolism in the granulosa layer during follicle selection. A network analysis indicated that expression profiling of several node miRNAs (such as acy-miR-2954, acy-miR-2970, acy-miR-218, acy-miR-100, acy-miR-1329, acy-miR-199, acy-miR-425, acy-miR-181, and acy-miR-147) was closely related to junctional adhesion. Previous studies have shown that these miRNAs play a vital role in the regulation of cell migration and invasion by targeting adhesion-related genes (Yamamoto et al., 2013; He et al., 2016; Koshizuka et al., 2017). For instance, miR-218 can inhibit cancer cell metastasis and invasion by targeting LAMB3 in cervical squamous cells (Yamamoto et al., 2013). miR-199 has been reported to regulate FN expression (Lee et al., 2009) and to inhibit cell migration and invasion in head and neck cancer by regulating ITGA3 (Koshizuka et al., 2017). Moreover, miR-425 can inhibit hepatocellular carcinomas by targeting the cell–cell adhesion gene of CTNNA3 (He et al., 2016). Furthermore, the present study showed that five miRNAs (acy-miR-107, acy-miR-138, acy-miR-130, acy-miR-128, and acy-miR-101) could be involved in regulating lipid metabolism. For instance, miR-107 is up-regulated in obese mice, and silencing of miR-107 leads to improved glucose homeostasis and insulin sensitivity (Trajkovski et al., 2011). miR-138 has been shown to negatively influence the adipogenic differentiation (Yang et al., 2011). miR-130 suppresses adipogenesis by inhibiting PPARγ expression (Lee et al., 2011). Thus, changes in the expression levels of the miRNAs related to either junctional adhesion (acy-miR-2954, acy-miR-2970, acy-miR-218, acy-miR-100, acy-miR-1329, acy-miR-199, acy-miR-425, acy-miR-181, and acy-miR-147) or lipid metabolism (acy-miR-107, acy-miR-138, acy-miR-130, acy-miR-128, and acy-miR-101) may exert an important regulatory function in the process of follicle selection. In addition, several novel miRNAs that interacted with adhesions- and lipid metabolism-related mRNAs during follicle selection were also identified in this study. Their physiological functions will be further investigated in the future.

			


Conclusions

			The present study examined the mRNA and miRNA transcriptome profiling in both granulosa and theca layers from geese ovarian follicles before and after selection. A large number of DE protein-coding genes and miRNAs associated with follicle selection were identified, especially in the granulosa layer. A functional enrichment analysis indicated that most of these DE genes that originated from granulosa layer were enriched in two groups of pathways: junctional adhesion and lipid metabolism. Additionally, a co-expression network was constructed to visualize interactions among protein-coding genes that are related to junctional adhesion and lipid metabolism, and an interaction network between relevant central mRNAs and miRNAs was also visualized. These data provide novel insights into the mechanisms underlying avian follicle selection. These newly identified candidate protein-coding genes and miRNAs associated with junctional adhesion and lipid metabolism, as well as the established miRNA–mRNA interaction network, lay a useful foundation for the improvement of the reproductive capacity of domestic poultry such as geese.
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			Figure S1 | Basic information of RNA-seq and small RNA-seq. (A) Read length distribution of mRNAs; (B) read length distribution of miRNAs; (C) count distribution of total reads (left) and unique small RNAs (right). GP4_1, GP4_2, and GP4_3 represent three replicates of GP4, respectively, and similar definitions were used for GP8, GHF5, TP4, TP8, and THF5.

			Figure S2 | Confirmation of differentially expressed (DE) genes of RNA-seq by qRT-PCR. Mean ± SEM expression of FSHR, CYP11A1, STAR, 3β-HSD, AMH, and PPARγ were quantified in the granulosa layer by RNA-seq and qRT-PCR (A); CYP17A1, CYP19A1, and FSHR were identified in both the granulosa and theca layers by RNA-seq (B) isolated from 4-6-mm (n = 18 ± 3), 8-10-mm (8 ± 2), and F5 (n = 1) follicles. a and b represent significant differences among granulosa layers from three different stages based on the expression of these genes by RT-PCR (Student’s t-test, P < 0.05). ** indicates significant differences between granulosa and theca layer of three different stages (Student’s t-test, P < 0.01). SPSS software was used for statistical analysis.

			Figure S3 | Correlation between the results of RNA-seq and qRT-PCR.

			Figure S4 | DE mRNAs and miRNAs in the granulosa and theca layers. (A-C): The uniquely up- and down-regulated DE mRNAs between in the GHF5 vs GP8 group and GP8 vs GP4 group (A), and in the THF5 vs TP8 group and TP8 vs TP4 group (C). (B-D): The uniquely up- and down-regulated DE miRNAs between in the GHF5 vs GP8 group and GP8 vs GP4 group (A), and in the THF5 vs TP8 group and TP8 vs TP4 group.

			Figure S5 | Significant time-series modules of DE mRNAs in the granulosa and theca layers. Four significant time-series clusters were identified, including profiles 2 and 3 in the granulosa layer (A-B), as well as profiles 5 and 7 in the theca layer (C-D).

			Figure S6 | KEGG pathway enrichment for predicted target genes of DE miRNAs. KEGG pathway enrichment for predicted target genes of miRNAs from profile II in the granulosa layer (A) and from profile iv in the theca layer (B). Notably, pathways that involve both ECM-receptor interaction and focal adhesion were identified in both granulosa and theca layers.

			Figure S7 | Expression levels of protein-coding genes in relation to steroidogenesis (A), lipid regulation (B), and junctional adhesion (C) during follicle development.

			

References

			Barber, D. L., Sanders, E., Aebersold, R., and Schneider, W. (1991). The receptor for yolk lipoprotein deposition in the chicken oocyte. J. Biol. Chem. 266, 18761–18770.

			Baumgarten, S. C., Convissar, S. M., Fierro, M. A., Winston, N. J., Bert, S., and Carlos, S. (2014). IGF1R signaling is necessary for FSH-induced activation of AKT and differentiation of human Cumulus granulosa cells. J. Clin. Endocrinol. Metab. 99, 2995–3004. doi: 10.1210/jc.2014-1139

			Beilstein, F., Carriere, V., Leturque, A., and Demignot, S. (2016). Characteristics and functions of lipid droplets and associated proteins in enterocytes. Exp. Cell Res. 340, 172–179. doi: 10.1016/j.yexcr.2015.09.018

			Berisha, B., Schams, D., Rodler, D., and Pfaffl, M. W. (2016). Angiogenesis in the ovary—the most important regulatory event for follicle and corpus luteum development and function in cow—an overview. Anat. Histol. Embryol. 45, 124–130. doi: 10.1111/ahe.12180

			Bertevello, P., Teixeira-Gomes, A.-P., Seyer, A., Vitorino Carvalho, A., Labas, V., Blache, M.-C., et al. (2018). Lipid identification and transcriptional analysis of controlling enzymes in bovine ovarian follicle. Int. J. Mol. Sci. 19, 3261. doi: 10.3390/ijms19103261

			Bishop, C. V., Hennebold, J. D., Kahl, C. A., and Stouffer, R. L. (2016). Knockdown of progesterone receptor (PGR) in Macaque granulosa cells disrupts ovulation and progesterone production. Biol. Reprod. 94, 109. doi: 10.1095/biolreprod.115.134981

			Buckland, R., and Guy, G. (2002). “Goose production systems,” in Goose production. Eds. R. Buckland, and G. Guy (Roma, Italy: FAO Animal Production and Health Paper), 3–10.

			Chang, H.-M., Zhu, Y.-M., and Leung, P. C. (2019). “Cell—cell interactions in ovarian follicles: role of TGF-β superfamily members,” in The ovary. C. K. Leung, and Y. Adashi (London, Elsevier: Academic Press), 107–125. doi: 10.1016/B978-0-12-813209-8.00007-8

			Chang, H. M., Qiao, J., and Leung, P. C. (2016). Oocyte—somatic cell interactions in the human ovary—-novel role of bone morphogenetic proteins and growth differentiation factors. Hum. Reprod. Update 23, 1–18. doi: 10.1093/humupd/dmw039

			Chen, X. D., Song, Z. J., Chen, R., Tan, S. Y., Huang, C. H., Liu, Y. H., et al. (2019). Lysophosphatidic acid enhanced the osteogenic and angiogenic capability of osteoblasts via LPA1/3 receptor. Connect Tissue Res. 60, 85–94. doi: 10.1080/03008207.2018.1439485

			Coticchio, G., Dal Canto, M., Renzini, M. M., Guglielmo, M. C., Brambillasca, F., Turchi, D., et al. (2015). Oocyte maturation: gamete—somatic cells interactions, meiotic resumption, cytoskeletal dynamics and cytoplasmic reorganization. Hum. Reprod. Update 21, 427–454. doi: 10.1093/humupd/dmv011

			De Palma, M., Biziato, D., and Petrova, T. V. (2017). Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Cancer. 17, 457–474. doi: 10.1038/nrc.2017.51

			Dewailly, D., Robin, G., Peigne, M., Decanter, C., Pigny, P., and Catteaujonard, S. (2016). Interactions between androgens, FSH, anti-Müllerian hormone and estradiol during folliculogenesis in the human normal and polycystic ovary. Hum. Reprod. Update 22, 709. doi: 10.1093/humupd/dmw027

			Donadeu, F. X., Fahiminiya, S., Esteves, C. L., Nadaf, J., Miedzinska, K., Mcneilly, A. S., et al. (2014). Transcriptome profiling of granulosa and theca cells during dominant follicle development in the horse. Biol. Reprod. 91, 1–12. doi: 10.1095/biolreprod.114.118943

			Dongwon, K., Olga, O. G., and Johnson, A. L. (2013). Bone morphogenetic protein 4 supports the initial differentiation of hen (Gallus gallus) granulosa cells. Biol. Reprod. 88, 161. doi: 10.1095/biolreprod.113.109694

			Dunning, K. R., Russell, D. L., and Robker, R. L. (2014). Lipids and oocyte developmental competence: the role of fatty acids and β-oxidation. Reproduction 148, R15–R27. doi: 10.1530/REP-13-0251

			Elis, S., Desmarchais, A., Maillard, V., Uzbekova, S., Monget, P., and Dupont, J. (2015). Cell proliferation and progesterone synthesis depend on lipid metabolism in bovine granulosa cells. Theriogenology 83, 840–853. doi: 10.1016/j.theriogenology.2014.11.019

			Gan, X., Chen, D., Deng, Y., Yuan, J. S., Kang, B., Qiu, J. M., et al. (2017). Establishment of an in vitro culture model of theca cells from hierarchical follicles in ducks. Biosci. Rep. 37, BSR20160491. doi: 10.1042/BSR20160491

			Garside, S. A., Harlow, C. R., Hillier, S. G., Fraser, H. M., and Thomas, F. H. (2010). Thrombospondin-1 inhibits angiogenesis and promotes follicular atresia in a novel in vitro angiogenesis assay. Endocrinology 151, 1280–1289. doi: 10.1210/en.2009-0686

			Gebremedhn, S., Salilew-Wondim, D., Ahmad, I., Sahadevan, S., Hossain, M. M., Hoelker, M., et al. (2015). MicroRNA expression profile in bovine granulosa cells of preovulatory dominant and subordinate follicles during the late follicular phase of the estrous cycle. PLoS One 10, e0125912. doi: 10.1371/journal.pone.0125912

			Gilbert, A. B., Evans, A. J., Perry, M. M., and Davidson, M. H. (1977). A method for separating the granulosa cells, the basal lamina and the theca of the preovulatory ovarian follicle of the domestic fowl (Gallus domesticus). J. Reprod. Fertil. 50, 179–181. doi: 10.1530/jrf.0.0500179

			Grado-Ahuir, J., Aad, P., Ranzenigo, G., Caloni, F., Cremonesi, F., and Spicer, L. (2009). Microarray analysis of insulin-like growth factor-I-induced changes in messenger ribonucleic acid expression in cultured porcine granulosa cells: possible role of insulin-like growth factor-I in angiogenesis. J. Anim. Sci. 87, 1921–1933. doi: 10.2527/jas.2008-1222

			Hatzirodos, N., Hummitzsch, K., Irvingrodgers, H. F., and Rodgers, R. J. (2015). Transcriptome comparisons identify new cell markers for theca interna and granulosa cells from small and large antral ovarian follicles. PLoS One 10, e0119800. doi: 10.1371/journal.pone.0119800

			Haugen, M. J., and Johnson, A. L. (2010). Bone morphogenetic protein 2 inhibits FSH responsiveness in hen granulosa cells. Reproduction 140, 551. doi: 10.1530/REP-10-0211

			He, B., Li, T., Guan, L., Liu, F. E., Chen, X. M., Zhao, J., et al. (2016). CTNNA3 is a tumor suppressor in hepatocellular carcinomas and is inhibited by miR-425. Oncotarget 7, 8078–8089. doi: 10.18632/oncotarget.6978

			Hu, S., Gan, C., Wen, R., Xiao, Q., Gou, H., Liu, H., et al. (2014). Role of leptin in the regulation of sterol/steroid biosynthesis in goose granulosa cells. Theriogenology 82, 677–685. doi: 10.1016/j.theriogenology.2014.05.025

			Johnson, A. L. (2015a). The avian ovary and follicle development: some comparative and practical insights. Turk. J. Vet. Anim. Sci. 38, 660–669. doi: 10.3906/vet-1405-6

			Johnson, A. L. (2015b). Ovarian follicle selection and granulosa cell differentiation. Poultr. Sci. 94, 1–5. doi: 10.3382/ps/peu008

			Johnson, A. L., and Woods, D. C. (2009). Dynamics of avian ovarian follicle development: cellular mechanisms of granulosa cell differentiation. Gen. Comp. Endocrinol. 163, 12–17. doi: 10.1016/j.ygcen.2008.11.012

			Johnson, P. A. (2012). Follicle selection in the avian ovary. Reprod. Domest. Anim. 47, 283–287. doi: 10.1111/j.1439-0531.2012.02087.x

			Kato, M., Shimada, K., Saito, N., Noda, K., and Ohta, M. (1995). Expression of P45017α-hydroxylase and P450 aromatase genes in isolated granulosa, theca interna, and theca externa layers of chicken ovarian follicles during follicular growth. Biol. Reprod. 52, 405–410. doi: 10.1095/biolreprod52.2.405

			Kim, D., and Johnson, A. L. (2018). Differentiation of the granulosa layer from hen prehierarchal follicles associated with follicle-stimulating hormone receptor signaling. Mol. Reprod. Dev. 85, 729–737. doi: 10.1002/mrd.23042

			Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. (2013). TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14, R36. doi: 10.1186/gb-2013-14-4-r36

			Kitasaka, H., Kawai, T., Hoque, S. A. M., Umehara, T., Fujita, Y., and Shimada, M. (2018). Inductions of granulosa cell luteinization and cumulus expansion are dependent on the fibronectin-integrin pathway during ovulation process in mice. PLoS One 13, e0192458. doi: 10.1371/journal.pone.0192458

			Koji, O., Takashi, E., Yusuke, J., Rei, S., Yasuhiro, O., Yoshiyuki, K., et al. (2014). Neuron-derived neurotrophic factor functions as a novel modulator that enhances endothelial cell function and revascularization processes. J. Biol. Chem. 289, 14132–14144. doi: 10.1074/jbc.M114.555789

			Koshizuka, K., Hanazawa, T., Kikkawa, N., Arai, T., Okato, A., Kurozumi, A., et al. (2017). Regulation of ITGA3 by the anti-tumor miR-199 family inhibits cancer cell migration and invasion in head and neck cancer. Cancer Sci. 108, 1681–1692. doi: 10.1111/cas.13298

			Le, B. F., Pisselet, C., Huet, C., Monget, P., and Monniaux, D. (2002). Laminin-alpha6beta1 integrin interaction enhances survival and proliferation and modulates steroidogenesis of ovine granulosa cells. J. Endocrinol. 172, 45–49. doi: 10.1677/joe.0.1720045

			Lee, D. Y., Shatseva, T., Jeyapalan, Z., Du, W. W., Deng, Z. Q., and Yang, B. B. (2009). A 3′ '-untranslated region (3′ ' UTR) induces organ adhesion by regulating miR-199a* functions. PLoS One 4, e4527. doi: 10.1371/journal.pone.0004527

			Lee, E. K., Lee, M. J., Abdelmohsen, K., Kim, W., Kim, M. M., Srikantan, S., et al. (2011). miR-130 suppresses adipogenesis by inhibiting peroxisome proliferator-activated receptor gamma expression. Mol. Cell Biol. 31, 626–638. doi: 10.1128/MCB.00894-10

			Li, J. Q., Luo, W., Huang, T., and Gong, Y. Z. (2019). ). Growth differentiation factor 9 promotes follicle-stimulating hormone-induced progesterone production in chicken follicular granulosa cells. Gen. Comp. Endocrinol. 276, 69–76. doi: 10.1016/j.ygcen.2019.03.005

			Li, K., Cui, X., Zhang, Y., Yang, C., and Jiang, Y. (2013). Identification of miRNAs associated with sexual maturity in chicken ovary by Illumina small RNA deep sequencing. BMC Genomics 14, 352–352. doi: 10.1186/1471-2164-14-352

			Liu, H., Zhang, W., Li, Q., Liu, J., Tao, Z., Zhou, T., et al. (2015). The comprehensive mechanisms underlying nonhierarchical follicular development in geese (Anser cygnoides). Anim. Reprod. Sci. 159, 131–140. doi: 10.1016/j.anireprosci.2015.06.007

			Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2– ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

			Maalouf, S. W., Liu, W. S., and Pate, J. L. (2016). MicroRNA in ovarian function. Cell Tissue Res. 363, 7–18. doi: 10.1007/s00441-015-2307-4

			Marijana, M. L., Philippe, H., Sarah, G. U., Bradfield, P. F., Pierre, S., and Imhof, B. A. (2009). Sushi repeat protein X-linked 2, a novel mediator of angiogenesis. FASEB J. 23, 4105–4116. doi: 10.1096/fj.09-135202

			Mishra, S., Parmar, M., Yadav, V., Reshma, R., Bharati, J., Bharti, M., et al. (2016). Expression and localization of angiopoietin family in corpus luteum during different stages of oestrous cycle and modulatory role of angiopoietins on steroidogenesis, angiogenesis and survivability of cultured buffalo luteal cells. Reprod. Domest. Anim. 51, 855–869. doi: 10.1111/rda.12739

			O'Shea, J. D. (1970). An ultrastructural study of smooth muscle-like cells in the theca externa of ovarian follicles in the rat. Anat. Rec. 167, 127–131. doi: 10.1002/ar.1091670202

			Ocon-Grove, O. M., Poole, D. H., and Johnson, A. L. (2012). Bone morphogenetic protein 6 promotes FSH receptor and anti-Mullerian hormone mRNA expression in granulosa cells from hen prehierarchal follicles. Reproduction 143, 825–833. doi: 10.1530/REP-11-0271

			Ożegowska, K., Brązert, M., Ciesiółka, S., Nawrocki, M. J., Kranc, W., et al. (2019). Genes involved in the processes of cell proliferation, migration, adhesion, and tissue development as new potential markers of porcine granulosa cellular processes in vitro: a microarray approach. DNA Cell Biol. 38, 549–560. doi: 10.1089/dna.2018.4467

			Patel, R. K., and Jain, M. (2012). NGS QC Toolkit: a toolkit for quality control of next generation sequencing data. PLoS One 7, e30619. doi: 10.1371/journal.pone.0030619

			Pei, N. N., Mao, Y. Y., Wan, P. F., Chen, X. L., Li, A., Chen, H. Y., et al. (2017). Angiotensin II type 2 receptor promotes apoptosis and inhibits angiogenesis in bladder cancer. J. Exp. Clin. Cancer Res. 36, 77. doi: 10.1186/s13046-017-0542-0

			Prates, E. G., Nunes, J. T., and Pereira, R. M. (2014). A role of lipid metabolism during cumulus—oocyte complex maturation: impact of lipid modulators to improve embryo production. Mediators Inflammation 2014, 692067. doi: 10.1155/2014/692067

			Presta, M., Dell'Era, P., Mitola, S., Moroni, E., Ronca, R., and Rusnati, M. (2005). Fibroblast growth factor/fibroblast growth factor receptor system in angiogenesis. Cytokine Growth Factor Rev. 16, 159–178. doi: 10.1016/j.cytogfr.2005.01.004

			Richards, J. S., Ren, Y. A., Candelaria, N., Adams, J. E., and Rajkovic, A. (2018). Ovarian follicular theca cell recruitment, differentiation, and impact on fertility: 2017 update. Endocr. Rev. 39, 387–387. doi: 10.1210/er.2018-00085

			Rodgers, R. J., Irving-Rodgers, H. F., and Russell, D. L. (2003). Extracellular matrix of the developing ovarian follicle. Reproduction 126, 415–424. doi: 10.1530/rep.0.1260415

			Sanfins, A., Rodrigues, P., and Albertini, D. F. (2018). GDF-9 and BMP-15 direct the follicle symphony. J. Assist Reprod. Genet. 35, 1741–1750. doi: 10.1007/s10815-018-1268-4

			Schuster, M. K., Schmierer, B., Shkumatava, A., and Kuchler, K. (2004). Activin A and follicle-stimulating hormone control tight junctions in avian granulosa cells by regulating occludin expression. Biol. Reprod. 70, 1493–1499. doi: 10.1095/biolreprod.103.024331

			Sites, C. K., Kessel, B., and Labarbera, A. R. (1996). Adhesion proteins increase cellular attachment, follicle-stimulating hormone receptors, and progesterone production in cultured porcine granulosa cells. Proc. Soc. Exp. Biol. Med. 212, 78–83. doi: 10.3181/00379727-212-43994

			Stephens, C. S., and Johnson, P. A. (2016). Bone morphogenetic protein 15 may promote follicle selection in the hen. Gen. Comp. Endocrinol. 235, 170–176. doi: 10.1016/j.ygcen.2016.06.027

			Stephens, C. S., and Johnson, P. A. (2017). Occludin expression and regulation in small follicles of the layer and broiler breeder hen. Gen. Comp. Endocrinol. 248, 106–113. doi: 10.1016/j.ygcen.2017.02.010

			Sun, H., Liu, P., Nolan, L. K., and Lamont, S. J. (2015). Avian pathogenic Escherichia coli (APEC) infection alters bone marrow transcriptome in chickens. BMC Genomics 16, 690. doi: 10.1186/s12864-015-1850-4

			Suzuki, T. (2013). Regulation of intestinal epithelial permeability by tight junctions. Cell Mol. Life Sci. 70, 631–659. doi: 10.1007/s00018-012-1070-x

			Svec, D., Tichopad, A., Novosadova, V., Pfaffl, M. W., and Kubista, M. (2015). How good is a PCR efficiency estimate: recommendations for precise and robust qPCR efficiency assessments. Biomol. Detect. Quantif. 3, 9–16. doi: 10.1016/j.bdq.2015.01.005

			Trajkovski, M., Hausser, J., Soutschek, J., Bhat, B., Akin, A., Zavolan, M., et al. (2011). MicroRNAs 103 and 107 regulate insulin sensitivity. Nature 474, 649–653. doi: 10.1038/nature10112

			Varet, H., Brillet-Gueguen, L., Coppee, J. Y., and Dillies, M. A. (2016). SARTools: a DESeq2- and EdgeR-based R pipeline for comprehensive differential analysis of RNA-Seq data. PLoS One 11, e0157022. doi: 10.1371/journal.pone.0157022

			Vitt, U. A., Hayashi, M., Klein, C., and Hsueh, A. J. (2000). Growth differentiation factor-9 stimulates proliferation but suppresses the follicle-stimulating hormone-induced differentiation of cultured granulosa cells from small antral and preovulatory rat follicles. Biol. Reprod. 62, 370–377. doi: 10.1095/biolreprod62.2.370

			Walsh, S. W., Mehta, J. P., McGettigan, P. A., Browne, J. A., Forde, N., Alibrahim, R. M., et al. (2012). Effect of the metabolic environment at key stages of follicle development in cattle: focus on steroid biosynthesis. Physiol. Genomics 44, 504–517. doi: 10.1152/physiolgenomics.00178.2011

			Wang, Y., Chen, Q., Liu, Z., Guo, X., Du, Y., Yuan, Z., et al. (2017). Transcriptome analysis on single small yellow follicles reveals that Wnt4 is involved in chicken follicle selection. Front. Endocrinol. 8, 317. doi: 10.3389/fendo.2017.00317

			Wen, R., Gan, X., Hu, S., Gao, S., Deng, Y., Qiu, J., et al. (2018). Evidence for the existence of de novo lipogenesis in goose granulosa cells. Poultr. Sci. 98, 1023–1030. doi: 10.3382/ps/pey400

			Wierinckx, A., Delgrange, E., Bertolino, P., Francois, P., Chanson, P., Jouanneau, E., et al. (2018). Sex-related differences in lactotroph tumor aggressiveness are associated with a specific gene-expression signature and genome instability. Front. Endocrinol. 9, 706. doi: 10.3389/fendo.2018.00706

			Woodruff, T. K., and Shea, L. D. (2007). The role of the extracellular matrix in ovarian follicle development. Reprod. Sci. 14, 6–10. doi: 10.1177/1933719107309818

			Woods, D. C., and Johnson, A. L. (2005). Regulation of follicle-stimulating hormone-receptor messenger RNA in hen granulosa cells relative to follicle selection. Biol. Reprod. 72, 643–650. doi: 10.1095/biolreprod.104.033902

			Wu, S. J., Cheng, Y. S., Liu, H. L., Wang, H. H., and Huang, H. L. (2016). Global transcriptional expression in ovarian follicles from Tsaiya ducks (Anas platyrhynchos) with a high-fertilization rate. Theriogenology 85, 1439–1445. doi: 10.1016/j.theriogenology.2016.01.005

			Xu, Q., Zhao, W., Chen, Y., Tong, Y., Rong, G., Huang, Z., et al. (2013). Transcriptome profiling of the goose (Anser cygnoides) ovaries identify laying and broodiness phenotypes. PLoS One 8, e55496. doi: 10.1371/journal.pone.0055496

			Yamamoto, N., Kinoshita, T., Nohata, N., Itesako, T., Yoshino, H., Enokida, H., et al. (2013). Tumor suppressive microRNA-218 inhibits cancer cell migration and invasion by targeting focal adhesion pathways in cervical squamous cell carcinoma. Int. J. Oncol. 42, 1523–1532. doi: 10.3892/ijo.2013.1851

			Yang, K., Lin, C., Huang, H., Liou, J., Chien, C., Wu, C., et al. (2008). Expressed transcripts associated with high rates of egg production in chicken ovarian follicles. Mol. Cell Probes 22, 47–54. doi: 10.1016/j.mcp.2007.06.001

			Yang, Z., Bian, C. J., Zhou, H., Huang, S., Wang, S. H., Liao, L. M., et al. (2011). MicroRNA hsa-miR-138 inhibits adipogenic differentiation of human adipose tissue-derived mesenchymal stem cells through adenovirus EID-1. Stem Cells Dev. 20, 259–267. doi: 10.1089/scd.2010.0072

			Young, J. M., and McNeilly, A. S. (2010). Theca: the forgotten cell of the ovarian follicle. Reproduction 140, 489–504. doi: 10.1530/REP-10-0094.

			Zhang, L., Feng, T., and Spicer, L. (2018). The role of tight junction proteins in ovarian follicular development and ovarian cancer. Reproduction 155, R183–R198. doi: 10.1530/REP-17-0503

			Zhao, D., Lv, C., Liu, G., Mi, Y., and Zhang, C. (2017). Effect of estrogen on chick primordial follicle development and activation. Cell Biol. Int. 41, 630–638. doi: 10.1002/cbin.10766

			Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Li, Hu, Wang, Deng, Yang, Hu, Li and Wang. 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.

		


OEBPS/Images/fgene.2019.00988_cover.jpg
’ frontiers

in Genetics

mRNA and miRNA Transcriptome
Profiling of Granulosa and Theca
Layers From Geese Ovarian Follicles
Reveals the Crucial Pathways and
Interaction Networks for Regulation
of Follicle Selection





OEBPS/Images/Figure_3.png
mRNA

miRNA

pralue:3 3e-163

Genes:969 o

pralue32e:54

Follicle

oo

GP4  GPB  GHFS

5
pralue:8.9e:68

TPa P8 THFS

o2 N
GP4  GPB  GHFS

iii
prabe 405






OEBPS/Images/Figure_1.png
Prehierarchical Hierarchical

follicle follicle
4-6mm 8-10mm s
Granulosa layer ‘ ‘Theca layer
¥ l 3 ¥ 1 2
Gp4 || Grs | | GHFs Tp4 | | TP8 | | THES
®=3 || (=3 (n=3) ®=3) | | =3
L | - I I — —

RNA isolation and ¢DNA library construction

1

mRNA, Hlumina Hiseq X10, 150bp pair-sequence
miRNA, lllumina Hiseq 4000, 150bp p:

|

Data filtering, quality control, genome mapping

mRNA and miRNA differential expression

|

Functional annotation and network






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        mRNA and miRNA Transcriptome Profiling of Granulosa and Theca Layers From Geese Ovarian Follicles Reveals the Crucial Pathways and Interaction Networks for Regulation of Follicle Selection

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experimental Animals and Sample Collection

          



          		

            RNA Isolation, Library Construction, and Sequencing

          



          		

            Quality Control, Mapping, and Annotation of RNA-Seq Reads

          



          		

            PCA, Identification of DE Genes, and Clustering Analysis

          



          		

            Functional Enrichment and Interaction Network Analysis

          



          		

            Identification, Renaming, and Target Gene Prediction of miRNAs

          



          		

            Quantitative Real-Time PCR

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Overview of the mRNA and miRNA Transcriptome of Geese Granulosa and Theca Layers

          



          		

            Larger Transcriptome Diversification in the Granulosa Layer During Follicle Selection

          



          		

            Involvement of Junctional Adhesions and Lipid Metabolism During Follicle Selection

          



          		

            Network Analysis of DE mRNAs and miRNAs Related to Adhesion and Lipid Metabolism During Follicle Selection

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Materials

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_6.png
A s SONLTAPOSRO CHSTe
v leeet e,
gk AGRN acynovelimiR:245 an
come._rut- eynovebmin: i otons
o BIOS7 L ools ™
My i T —
- 2oy 425 sy o100 e
.g,...my.,,
- RS @eo @ Coun
e T g ST
et o yoizs GO
seyminaze o e T e
Lootosounsse seymiRiizs = .
oy 2
Looraln ecpinas’™ P aoynin 2 o

PAsBoA SVTIRZE o0 in gy cy-miR10)

VAVZ W NTNGT FNI | COLaA? wpoz ""“::c oo
Lociomezment - suln omz

c afu Ao

acy-miR-1329
B ey mifi00
e

ATy i 000012

@
e 13

It

as
LoC10an20568
miR-101
s acy-miR-128— ALOBSAT
LOC10@045763
LOC10@6290 MEP

ges
a9 s R e
. cout ok e “:u &r“
B 2
otz gy ez Ny
s = aae
S e o T e
sy o ot
Loctosoassss wan e e e s
e cuons ™
. wains
Locrasoissos oo o ™ A - e
T o) st
Pl P WL e Cnae UG
roes counz
] e cOL4A2  cLDNza
Loty cuown B e acy-@R-425
sun e e b Loctadsesen
agu
D aeu @ n.uﬂ.t @E‘H
- 28 Ao
2
- T g [, S
LociomEes) HSO@B12 LOC 108046290
VO pomon P
20 g0 a0 g L 2
aau o o e
cu@on
acy-miR-128 ot oz acymiR:130 l.zacwﬁ»m
Lo T2 @ ry ALOBSAT
LOC10845763,5 o1 - Loc10@4s763





OEBPS/Images/Figure_2.png
A mRNA B Cluster Group

1 ® o
an
200 2 ® aws
o ™
100 : B o
M N Tors
g va T0
100 0
o1
200
0 %0 0 50 100 G %0 %@
pc1 Pc2
¢ mRNA b miRNA Theca ayer
ot Granuosa layer
P<00L P<001
210
= 03
]
o
Cog0
08
E Theca layer Granulosa layer Theca layer Granulosa layer
3951 1
5 3 O
Z oz £,
5 H
ot ) g
5 H
£ ws [l s :
z 20 » N z
810 /54 F5 13 610 Fovnde 510 % 45 75 2810 F5 a6

Granulosa layer WM Theca layer





OEBPS/Images/Figure_4.jpg
Bl et e st I - Top 20 KEGG pathways of DE mRNAs from profile 2

Vasaprevinregulted water resbsorpton . =

Progeserane-mediaed ooyte maturaion -+ it 4
Ovarian Steroidogencss i aheorion .

Tasuln screion Protin digestion and absorption .

b juncion © aebohydratedieston nd b -
aTiifen BESE Gty dson sl st
moecles CAM) vy secrcion * ©
2 Prosima b bicarbonate rechmaton
& Endocrin nd thr factor-egubted cakum eaor
. Tayroid hormone suihss .
PR AR sgnslig pathy Adocroneeglaedsdium resborpion
Calyde -y . OvrianSeroldogenss * ©
NEkappa Bignaingpathway
K signlingpathvay Ribosome .
NAPK sgmlng pathway - © Propancatc metsbolom -
he pd mctabotsn . Givceralpid meabolm
Giycossminotycan sy et e 3 Trpiophan mcisbolin
! Giycn,scrne and theanie mctbolis .
I Ao, spartc and goamtc mcabolisn -+
5 Strad bosyniess .
2 3 a4 s 2 3 4 5 6 7
Top 20 KEGG pathways of DE mRNAS from profile 5 D Top 20 KEGG pathways of DE mRNAs from profile 7
Bl seretion S
Prosima ubae icarbonatereclamaton
P — 2
‘Ndoterone synheis nd scretion .
Osytoci sgnaing iy
Adpocyakine sgnalin pai: - rencrgi signaling n cardiomyocytes - ©
wents oty ry » " Adrenergie signaing in cardiomyocyt
ol secretion . ..
Retrograde cnducannsbinoid sgaling . =
" B reeptr ieracion . o
Hedgehog sgnalig pathw . B
Longevt egulain pthvay - mamnal- . 2
PIKAK sgnaling pthay & 3
Newroctve lgand-receporntrscion - & i e i .
Phospholpue D sigalivgpaibway o
Cacumsgnaliog pathway
Other typesaf O-iean oyt d
2 8 4 5 & 75 100 125 150

Envichment o Enrichment Score





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_5.png
IL0RA

R
STe@ALY

s ; 8 Looigfatszi
i [y 2 : stagnz o
A

b 0 J Y cho
et S, L ST
Loch \ 3 \\

S et

L0C 10836047 O

ALz CONA
agusSiE3 T “Gw‘
POYLGO 1 . Nm/

g (ChMB4. !
10829 el s
b O 180 ol ogarerz OB Av/

D17
E%“qmunsg/’:jﬁﬂ'm AL g4 LOC10A046290
1 SIS e g1 GASTY AT@E
i0C1omasass e
ANBRCT G2 ‘&C‘omn//‘,." Kc(:» " e
T suic2 sLagers
- cu,z DHGhes

&

NgbfiL LOC10842084

LOC104033086

.
“Mm watne 2

LOC 108045196
Luct‘sngSiLomqhumz





