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The mammalian oviduct is functionally highly diverse during the estrus cycle. It provides a suitable milieu for oocyte maturation, sperm capacitation, fertilization, early embryo development and transportation. While there have been many studies of molecular mechanisms on the kidding number of goats, a systematic analysis by which the underlying circular RNAs (circRNAs) changes in the oviduct related to prolificacy traits is lacking. Herein, we present a comprehensive circRNA atlas of the oviduct among high- and low-fecundity goats in the follicular phase (FH vs. FL), luteal phase (LH vs. LL), and estrus cycle (FH vs. LH; FL vs. LL) to unravel their potential regulatory mechanisms in improving kidding number. We generated RNA sequencing data, and identified 4,078 circRNAs from twenty sampled Yunshang black goats. Many of these circRNAs are exon-derived and differentially expressed between each comparison group. Subsequently, eight differentially expressed (DE) circRNAs were validated by RT‒qPCR, which was consistent with the RNA-seq data. GO and KEGG enrichment analyses suggested that numerous host genes of DE circRNAs were involved in the hormone secretion, gamete production, fertilization, and embryo development processes. The competing endogenous RNA (ceRNA) interaction network analysis revealed that 2,673 circRNA–miRNA–mRNA axes (including 15 DE circRNAs, 14 miRNAs, and 1,699 mRNAs) were formed, and several target genes derived from the ceRNA network were associated with oviduct functions and reproduction, including SMAD1, BMPR1B, IGF1, REV1, and BMP2K. Furthermore, miR-15a-5p, miR-181b-5p, miR-23b-5p, miR-204-3p, and miR-145-5p might play important roles in reproduction. Finally, a novel circRNA, circIQCG, was identified as potentially involved in embryo development. Overall, our study provides a resource of circRNAs to understand the oviductal function and its connection to prolificacy trait of goats in the differentiation estrus cycle.
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INTRODUCTION
The kidding number is an important reproduction trait in goats and has a significant impact on the profitability of livestock animals. Understanding the reproductive physiology of a species is a necessary condition to improve animal yield (Sharma, 2000). For a long time, ovulation number and ovarian development have been considered the main factors affecting the number of lambs produced by sheep and goats (Notter, 2012). Therefore, the studies on fecundity in goats mainly focus on the ovaries, while the research on the molecular mechanism by which the oviduct regulates fertility is limited. Until now, some candidate genes have been found to regulate goat fertility, such as genes BMP15 (Silva et al., 2005), GDF9 and KISS1 (Pramod et al., 2013; Lima et al., 2020), and CDC25C (Wang et al., 2021), are widely identified in the ovary, uterus, and other reproductive organs of goats. The oviduct, the channel connecting the ovary and uterus (Abe and Oikawa, 1992, 1993), is an active organ that provides a suitable environment for oocyte maturation, sperm capacitation, fertilization, and early embryo development and transportation (Hunter, 2003). It acts as a conduit for gamete during the periovulatory phase and nurtures and promotes the transportation of developing early embryos for implantation during the luteal phase (Hess et al., 2013). As noted above, these factors can affect the fecundity of goats. This highlights the necessity for further investigate the potential molecular mechanisms in the prolificacy trait of goat oviducts in different estrus cycles.
Several potential regulatory factors for regulating mammalian reproduction have been researched in recent years, including noncoding RNAs (ncRNAs) (e.g., long noncoding RNAs, micro RNAs) (Zhao et al., 2020; Ma et al., 2022). CircRNAs are a new type of regulatory ncRNA that have been rediscovered to regulate gene expression in eukaryote cells and are characterized by covalently closed-loop and splice connection sites formed by the covalent connection of the 3' and 5' ends (Memczak et al., 2013; Liang and Wilusz, 2014; Wilusz, 2018). Their special circular structure makes it more stable than mRNAs (Jeck and Sharpless, 2014), and they usually act as the sponges of microRNAs (miRNAs) (Zheng et al., 2016), interacting with the U1 snRNP to regulate gene expression (Li et al., 2015), which affects biological processes. In particular, it is worth mentioning that large amounts of circRNAs have been identified in various species (Salzman et al., 2013; You et al., 2015). Recently, RNA-seq of circRNA was performed in endometrium of dairy goats, during the estrus cycle showing that Nipped-B-like (NIPBL) and calcium-responsive transcription factor (CARF) may be involved in endometrial development by reducing the levels of their circRNA-transcriptional forms (Liu X. R. et al., 2021). However, their effects on the regulation of fecundity in the oviducts of animals have not been well elucidated. CircRNAs usually interact with RNA-binding proteins (RBPs) to perform their functions of translation, transcriptional regulation of target genes, and extracellular transport (Abdelmohsen et al., 2017; Zang et al., 2020). More recently, many studies have shown that circRNAs regulate gene expression in the biological processes and participate in the occurrence and development of various vital activities. For example, circRNA generated from circSF1 and the protein it encodes have been shown to extend the lifespan of flies (Baumann, 2020). CircUSP13 promotes goat myogenic cell differentiation and inhibits apoptosis by targeting IGF1 through sponging miR-29c (Zhang et al., 2022c), whereas some other circRNAs are involved in the regulation of cashmere fineness (Zheng et al., 2020). Numerous studies have indicated that circRNA-derived specific miRNA regulates the reproductive process. Specifically, chi_circ_0008219 has been reported to regulate follicular development after sponging miRNA in ovarian follicles of preovulation of goats (Tao et al., 2017), and circ_026259 has been proven to promote the expression of IGF1 by inhibiting oar-miR-29b in sheep Sertoli cells, which affected testicular development (Li et al., 2021). Meanwhile, in a study of the uterus, circ-8073 regulated CEP55 by sponging miR-449a and promoting the proliferation of goat endometrial epithelial cells via the PI3K/AKT/mTOR pathway (Liu X. R. et al., 2018). Furthermore, in the endometrial epithelial cells (EECs) of dairy goats, the circRNA3175–miR182–TES (testin) pathway is a potential target of prereceptive endometrial development (Zhang L. et al., 2018). Previous reports have presented evidence that the development of preimplantation embryos is also regulated by circRNA (Dang et al., 2016). Nevertheless, whether circRNA expression in the oviduct can affect goat fecundity is not yet clear. To answer this question, we used the oviduct tissues of Yunshang black goats at the follicular and luteal phases to analyse the circRNA expression profiles and related ceRNA regulatory network, to explore the factors related to the kidding number.
Yunshang black goat (Capra hircus), is the first black mutton goat breed in China, with high reproductive performance, such as three kiddings per birth, and is an important genetic resource. It is an ideal model for studying high fecundity caused by its prolificacy performance. Here, to elucidate the molecular regulatory mechanisms of high fecundity in Yunshang black goats, we applied RNA-seq to systematically profile the oviduct transcriptomes of twenty goat individuals in different estrous cycles. A total of 4,078 circRNAs were identified from the high- and low-fecundity goat groups in the follicular and luteal phases. In the oviduct tissues, 174 circRNAs were differentially expressed between the FL and FH groups (97 were upregulated and 77 were downregulated), and 286 (167 were upregulated and 119 were downregulated), 558 (275 were upregulated and 283 were downregulated) and 467 (223 were upregulated and 244 were downregulated) DE circRNAs were identified in the LL vs. LH, LH vs. FH, and LL vs. FL comparison groups, respectively. Among these circRNAs, 4,020 were derived from 2,027 host genes. Furthermore, we explored the GO terms, and pathways of host genes connected to reproduction in the oviduct. Subsequently, we predicted the miRNAs that could be sponged by circRNAs, and circRNA−miRNA networks were constructed. A ceRNA network also constructed to elucidate the regulatory mechanisms of the prolificacy trait. Additionally, functional enrichment analyses of target genes further identified crucial correlated circRNA–miRNA–mRNA axes related to embryonic development and oviduct functions. We further performed an RT‒qPCR and observed that the expression level of miR-145-5p was opposite to the expression trends of circ_0001504 and SMAD1, while the expression trend of circ_0001504 and SMAD1 were consistent, which might be associated with embryo development. Our findings will provide a better understanding of circRNAs in regulating prolificacy traits from the oviduct and may offer new insight into the kidding number of goats.
MATERIALS AND METHODS
Animals and ethics
Yunshang black goats, a new variety of domestic goats in China, were used in this study. Twenty healthy nonpregnant female goats (3 years old) were provided by the original breeding farm of Yixingheng Animal Husbandry Technology Co., Ltd. in Kunming city (Yunnan, China). The goats were free to eat and drink, with no significant differences in weight or body size. All animal procedures were approved by the Science Research Department (in charge of animal welfare issues) of the Institute Animal Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS), Beijing, China. Ethical approval was given by the Animal Ethics Committee of the IAS-CAAS (No. IAS 2021-23).
Sample acquisition and tissue processing
Twenty oviduct tissues were collected at two timepoints covering the follicular and luteal phases from high-fecundity (n = 10, average kidding number 3.4 ± 0.42) and low-fecundity (n = 10, average kidding number 1.8 ± 0.27) Yunshang black goats and were divided into FH, FL, LH, and LF groups (n = 5 per group). In brief, all goats were treated with a controlled internal drug-releasing device (CIDR, progesterone 300 mg, Inter Ag Co., Ltd. New Zealand) to synchronize estrus. The CIDRs were removed after Day 16, and the time was set to 0 h. Next, five low-fecundity and five high-fecundity nanny goats were euthanized at 48 h (follicular phase; the average ovulation number of FH and FL groups was 5.4 ± 0.24 and 2.8 ± 0.37, respectively), and the remaining ten goats were euthanized at 168 h (luteal phase; the average corpus luteum number of LH and LL groups was 3.6 ± 0.40 and 1.6 ± 0.24, respectively) (Figure 1A). Oviduct samples were separated from reproductive organs after being slaughtered and were washed with ice-cold phosphate-buffered saline (PBS), quick-frozen in liquid nitrogen, and then stored at −80°C for RNA extraction.
[image: Figure 1]FIGURE 1 | Genomic features of circRNAs in goat oviduct tissues. (A) Schematic representation of oviduct samples collected designed in this study. Twenty unique goats with high fecundity or low fecundity undergoing follicular phase oviduct samples (n = 10) or luteal phase oviduct samples (n = 10) were harvested for analysis. (B) The length distribution of circRNAs. (C) Function region of the detected circRNAs in terms of genomic origin. (D) The number of circRNAs produced from one gene (4,064 circRNAs from 2,027 host genes). (E) Statistics of DE circRNAs in the four comparisons; Red and blue represented upregulated and downregulated DE circRNAs, respectively.
RNA library construction, sequencing, and data processing
The total RNA was isolated from each powdered oviduct tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. RNA samples were monitored for degradation and the extent of contamination by 1% agarose gel electrophoresis. The purity (OD 260/280 between 1.8 and 2.2) of the isolated RNA were quantified using a NanoPhotometer® spectrophotometer (IMPLEN, CA, United States), and RNA integrity number (RIN) values were determined by an Agilent2100. An RIN of more than 8.0 for each sample was considered acceptable for RNA-seq. A Qubit® 2.0 fluorometer (Life Technologies, CA, United States) with a Qubit® RNA Assay Kit was used to measure the RNA concentration, and the integrity of the RNA was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 System (Agilent Technologies, CA, United States).
The total RNA of per sample (3 mg, concentrations more than 300 ng/μL) was treated with the Ribo-Zero™ Eukaryote Kit (Epicentre, United States) to remove rRNA and before constructing the RNA-seq libraries. Sequencing libraries were prepared using the NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB, United States) following the manufacturer’s instructions. Briefly, divalent cations in NEB Fragmentation Buffer were used for segmentation at high temperature. Random hexamers were used as primers to synthesize the first strand of complementary DNA (cDNA) in the M-MuLV reverse transcriptase system. Then, the RNA strand was degraded by RNaseH, and the second strand of cDNA was synthesized from dNTPs in the DNA polymerase I system, in which dTTP in the dNTPs was replaced by dUTP. The adenylated 3' ends of the DNA fragment prepared for hybridization were ligated to an NEB Next Adaptor with a hairpin loop structure. The library fragments were purified, and cDNA fragments with different lengths (250–300 bp) were screened by the AMPure XP system (Beckman Coulter, Beverly, United States). After that, PCR amplification was performed by adding 3 μL USER enzyme (NEB, United States) and screening the cDNA for aptamer ligation at 37°C for 15°min, followed by 95°C for 5 min (Liu et al., 2022). PCR was then performed with Phusion High–Fidelity DNA polymerase, Index (X), and primer universal PCR primers. Finally, the quality of the libraries were assessed using an Agilent Bioanalyzer 2100 system, and the products were purified using the AMPure XP system and subjected to high-throughput RNA sequencing (RNA-Seq) using the Illumina® HiSeq 2,500.
The sequenced raw data were first cleaned to filter out the adaptor sequence reads. Second, the adapter-containing reads were removed, as were reads forming paired-end pairs with them when the content of N in the single-ended sequencing read exceeded 1% of the length that in the read. Finally, low-quality reads with more than 50% of the bases having a quality value ≤20 were deleted together with the reads constituting the paired-end pair. Then, the Q20, Q30, and GC contents of the clean data were calculated.
Identification and quantification of oviduct circRNAs
High-quality reads were mapped to the reference genome using HISAT2 (v2.1.0) (Kim et al., 2015). The 20 nt anchors from the two ends for each unmapped read were religned to the reference genome using the Bowtie2 aligner, and subsequently submitted to Find_Circ software (v.1.1) (Memczak et al., 2013). CIRI2 software (v.2.0.5) (Gao et al., 2018) with default parameters was also used to identify circRNAs. Briefly, the PCC (paired chiastic clipping) signal, PEM (paired-end mapping) signal, and GT-AG shear site information were searched according to the BWA (Li and Durbin, 2009) comparison results, and junction reads were preliminarily determined. Then, based on the results of dynamic programming alignment and the read support number of circRNAs, the candidate circRNAs were compared with the genome annotation information. Briefly, the unmapped reads were processed to 20 nt anchors from both ends of the read. Finally, we combined the results of circRNAs identified by the two software programs and intersected the results according to the position of circRNAs on the chromosomes. To estimate estimating the relative expression of circRNAs, we calculated the total number of reads mapped across the circularized junctions and normalized the number of reads spanning the back-spliced junction to the total number of mapped reads (units in billionS) and read length using SRPBM (spliced reads per billion mapping) (Zheng et al., 2016). The R package DESeq2 was used to analyse the differential expression of circRNAs. circRNAs with p value ≤0.05 and fold change >1.2 or <0.83 were set as the threshold of differential expression.
Bioinformatics analysis of differentially expressed circRNA host genes
The enrichment of the host genes of ED circRNAs was analysed by gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) to interpret the potential biological roles of the circRNAs. GO enrichment was based on the GO web resource (http://www.geneontology.org/) and KEGG annotation was performed using KOBAS 3.0 software (Mao et al., 2005).
Protein‒protein Interaction analysis of host genes
The goat database was used as a reference. The PPI analysis of the host gene of DE circRNAs was carried out using the STRING database (organism: Capra hircus), the PPI analysis of the host gene of DE circRNAs was carried out. By extracting a series of host genes from the goat database, we constructed a PPI network with a score of >0.900 as the significant interaction.
Validation of differentially expressed circRNAs
Eight coexpressed DE circRNAs were randomly screened from each group and quantified. Real-time quantitative polymerase chain reaction (RT‒qPCR) analyses were performed using QuantStudio® 3 (ABI, Foster City, CA, United States). CircRNA primers were designed by Primer Premier six software, and GAPDH was used as an internal reference gene for circRNA and mRNA, and U6 was used as a referencr gene for miRNA. The primer information is listed in Table 1. All primers were synthesized by Sangon Biotech (Shanghai, China). Three replicates of each sample were analysed, and standard curves were established using a Roche Light Cycler® 480 Ⅱ system (Roche Applied Science, Mannheim, Germany). RT‒qPCR was performed under the following conditions: 95°C for 5 min, then 40 cycles of amplification at 95°C for 5 s and annealing at 60°C for the 30 s (Liu et al., 2022). Relative quantification of circRNA expression was compared to the internal control and analysed using the 2−ΔΔCt method dependent on the t test. The expression levels relative to the internal reference gene were computed by the 2−ΔΔCt approach. Reverse transcription PCR (RT‒PCR) was carried out using 2 × Taq PCR Mix according to the manufacturer’s instructions. The PCR products of DE circRNAs were confirmed via 1.5% agarose gel electrophoresis, and the bands were extracted and subjected to Sanger sequencing.
TABLE 1 | Information on RT-qPCR primers and amplification product sizes of DE circRNAs.
[image: Table 1]Network construction of circRNA-miRNA and competing endogenous RNA
Studies in recent years have shown that circRNA molecules are rich in miRNA binding sites, and act as miRNA sponges in cells, thus relieving the inhibition of miRNA on its target genes and increasing the expression level of target genes. miRanda (John et al., 2005) of miRNA target prediction software was used to predict the interactions between circRNAs and miRNAs in this study, and the circRNA-miRNA interaction network was constructed using Cytoscape software (v.3.9.0, Cytoscape Consortium, San Diego, CA, United States). Then, the gene-miRNA pairs were estimated using TargetScan (http://www.targetscan.org), and the ceRNA network of circRNA–miRNA–mRNA was visualized by Cytoscape v.3.9.0. In the ceRNA network, negatively coexpressed circRNA–miRNA or mRNA–miRNA pairs were selected by assessing a Pearson correlation coefficient < −0.4, and a p value of <0.05 as final ceRNA pairs. Functional analysis of the target genes, in the network, was mainly based on the GO and KEGG databases to further elucidate the regulatory functions of circRNAs.
Statistical analysis
Statistical analyses were calculated by Student’s t test using SPSS 25.0, and GraphPad Prism v.9.3.1 was used to visualize the data. All data are expressed as the Means ± SEM. p values of <0.05 indicate statistical significance and are presented as *p < 0.05, **p < 0.01, and ***p < 0.001. We also calculated the expression levels of circRNAs, miRNA, and mRNA using RT‒qPCR.
RESULTS
Transcriptome sequencing analysis of circRNAs in yunshang black goat oviducts
To characterize the role of circRNAs in goat prolificacy, we performed RNA-seq analyses of twenty oviduct samples in the follicular and luteal phases from high- and low-fecundity goats (Figure 1). The twenty oviduct tissues were divided into four groups: the follicular phase of high and low fecundity goats (FH:1–5; FL:1–5), and the luteal phase of high- and low-fecundity goats (LH:1–5; LL:1–5). Each sample was sequenced on an Illumina HiSeq 2500 sequencer yielding ∼100 million reads, which were mapped to the Capra hircus reference genome, and the average total mapping ratios of clean reads were 96.92%, 96.93%, 97.26%, and 96.69% in the FL, FH, LL, and LH groups (Supplementary Data Sheet S1). The percentages of GC content were 41.85%–51.45%, the Q30 was 91.90%–95.40% in the four groups, respectively (Supplementary Data Sheet S1), which represents the high quality of the sequencing data. In total, there were 4,078 distinct circRNA candidates from all tissues (Supplementary Data Sheet S1), and the length distribution of most circRNAs differed, with most lengths primarily in the range from 100 to 20,000 nucleotides (Figure 1B). We further analysed the compositions of the significantly expressed circRNAs in terms of genome origin. They were mainly derived from exons, intergenic regions, and introns, most of which were identified in the exon regions, followed by introns (Figure 1C). In addition, a Circos plot displayed the distribution and expression of detected and significantly expressed circRNAs on Capra hircus of the top ten chromosomes, and the chromosomes 1, 2, and 3 had the highest proportion, as shown in Supplementary Figure S1. Notably, these circRNAs were present on any chromosome commonly stained with No. 1 to 29 autosomes and X chromosomes, indicating the diversity of circRNA functions.
Differential expression analysis of circRNAs
In total, 4,078 distinct circRNA candidates were identified and the expression levels per group were normalized to SRPBM, as presented in Supplementary Figure S2. The SRPBM interval of the majority of circRNAs ranged from 500 to 2,000 (Supplementary Data Sheet S1), with percentages exceeding 35%. Of these, 4,020 were derived from 2,027 host genes, indicating that one gene can produce one or multiple circRNAs. As shown in Figure 1D, more than 50% of these host genes (1173) were generated to one circRNA, 418 host genes produced two circRNAs, and only 12 host genes produced more than 11 circRNAs. These circRNAs were named after the host genes (Supplementary Data Sheet S1). For example, mitogen-activated protein kinase 1 (MAPK1) produces two subtypes of circRNAs (chi_circ_0030657 and chi_circ_0030657). The expression analysis of these host genes of circRNA transcripts found that various circRNAs may play key roles in regulating reproduction and embryonic development, such as PIK3CA (host gene of circPIK3CA), SMAD1 (host gene of circSMAD1), ESR1 (host gene of circESR1), DNMT3A (host gene of circDNMT3A), and IGFBP5 (host gene of circIGFBP5).
Subsequently, DE circRNAs were identified according to the normalized expression with fold change >1.2 or <0.83 and p < 0.05. Of the four comparison groups, that is, FL vs. FH, LL vs. LH, LH vs. FH, and LL vs. FL. The LH vs. FH group exhibited the largest number of DE circRNAs (558, including 275 upregulated and 283 downregulated), as show in Figure 1E. There were 174 (97 upregulated and 77 downregulated) DE circRNAs identified in FL vs. FH, 286 DE circRNAs (167 upregulated and 119 downregulated) characterized in the LL vs. LH, and 467 DE circRNAs (223 upregulated and 244 downregulated) identified in LL vs. FL (Figure 1E). An interesting finding that is the process of oviduct transition from follicular phase to luteal phase showed more host genes as well as more types of DE circRNAs transcripts (558), reaching the highest levels in the high fecundity groups (Figure 1E; Supplementary Data Sheet S1). This indicates that more genes and circRNAs played roles in the transformation of the oviduct from the follicular phase to the luteal phase, and these altered genes and circRNAs might be the reason for the difference of fecundity in goats. In particular, we found that were 97 overlapping DE circRNAs were identified in both LH vs. FH and LL vs. FL groups; of the 14 DE circRNAs also coexpressed upon comparing the FL vs. FH and LL vs. LH groups; there were no DE circRNAs coregulated in the four comparison groups (Supplementary Figure S3). In addition, K-means and SOM cluster analyses were used to cluster the genes of the four groups, and the potential relationship between them was observed more intuitively (Supplementary Figure S4).
Validation of circRNAs by sanger sequencing and RT‒qPCR
To ensure the accuracy of the RNA-seq strategy, eight DE circRNAs were randomly selected, and specific qPCR primers were designed within the junction regions of the circRNAs (Figure 2A). The expression levels of DE circRNAs indicated that the differences observed in our RNA-seq results were well validated well when assessed by RT‒qPCR assessment on independent samples (Figure 2B). These results collectively suggested the reliability of the DE circRNAs identified using RNA-seq. Additionally, the log10(SRPBM) values obtained based on the RNA-seq data showed a significant positive correlation with the 2−ΔΔCt values obtained from RT‒qPCR (Pearson correlation coefficient, R = 0.44, p-value < 0.05; Figure 2C). Electrophoresis in a 1.5% agarose gel electrophoresis showed the expected sizes of the individual bands for each selected DE circRNA (Figure 2D). Sanger sequencing was then performed on the generated fragments, and the results showed that the sequence information of the circular junction of these circRNAs were the same as that of circRNAs sequencing, which proved that circRNAs were looped (Figure 2E).
[image: Figure 2]FIGURE 2 | Verification of eight DE circRNAs. (A) Divergent primers were designed for circRNA validation. (B) Relative expression of circRNAs in goat oviducts were determined by RT‒qPCR and compared with the results of DE circRNAs in RNA-seq of the four groups. Data are the means ± SEM of three experiments of five biological repeats. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Scatter plots show the correlation of circRNA expression between RNA-Seq and RT-qPCR. Pearson correlation coefficient (R) and the p value is shown in the top left corner. (D) RT‒PCR products of DE circRNAs were electrophoresed on a 1.5% agarose gel. (E) Sanger sequencing-based validation of the circular junctions of circRNA.
Functional enrichment for host genes of differentially expressed circRNAs
Analysing the functions of host genes can better reflect the roles of circRNAs. Based on the DE circRNA–derived genes, we used online tools for GO analysis and KOBAS 3.0 for KEGG enrichment analysis to predict their potential functions in gamete maturation, fertilization and embryonic development, and the results are shown in Supplementary Data Sheet S3, respectively. The GO annotation analysis of host genes from each group revealed that circRNAs might be involved in multiple processes that are crucial for reproduction and oviduct function. There were 447, 797, 754, and 607 terms significantly enriched (p value <0.05) in the FL vs. FH, LL vs. LH, LH vs. FH, and LL vs. FL comparison groups, respectively (Supplementary Data Sheet S3). Among the four comparison groups, the top ten terms of biological process (BP), cell components (CC), and molecular functions (MF) are shown in the circular diagrams in Figure 3 (Supplementary Data Sheet S3). Interestingly, in the comparison groups of LL vs. LH, LH vs. FH, and LL vs. FL, the top GO terms all contained cell part (GO: 0044464), intracellular (GO: 0005622), and binding (GO: 0005488), etc., However, the FL vs. FH comparison group differed from the other three comparison groups, which the most enriched items were protein metabolic process (GO: 0005623) and cellular protein metabolic process (GO: 0005622). In addition, we also found that GO terms related to gamete activity, such as gamete generation (GO: 0071902), positive regulation of oogenesis (GO: 1905881), flagellated sperm motility (GO: 0043266), and positive regulation of oocyte development (GO: 0070862) were mainly annotated in the follicular phase (LL vs. LH). Moreover, cell migration (GO: 0016477) was specifically enriched in the luteal phase of the oviduct (LL vs. LH). Nevertheless, the terms of developmental process (GO: 0032502), regulation of cell development (GO: 0060284), growth hormone secretion (GO: 0030252), embryonic placenta development (GO: 0001892), thyroid hormone receptor binding (GO: 0046966), the developmental process involved in reproduction (GO: 0003006), and reproductive process (GO: 0022414) were associated with cell development, transport, and hormone secretion, of which were annotated in the regulatory mechanism of the follicular to luteal transition (LH vs. FH and LL vs. FL). The host genes BMPK8, STK39, MAP4, AP5M1, PALMD, GTF3C3, CDK13, EV15, MAPK3, NF1, and PIK3CA of the DE circRNAs that are involved in the regulation of cell proliferation, migration, apoptosis, embryonic development, and reproduction associated with the oviduct. These results suggest that the oviduct may play a key role in the estrus cycles, thus affecting the kidding numbers of goats.
[image: Figure 3]FIGURE 3 | GO analysis of the host genes with differentially expressed circRNAs (DE circRNAs). The GO annotation analysis results of (A) FL vs. FH, (B) LL vs. LH, (C) LH vs. FH, and (D) LL vs. FL groups.
Worthy to note, the KEGG pathway showed that the host genes of DE circRNA were most enriched in the reproductive signalling pathways, including progesterone–mediated oocyte maturation (ko04914), insulin signalling pathway (ko04910), prolactin signalling pathway (ko04917), estrogen signalling pathway (ko04915), oocyte meiosis (ko04114), thyroid hormone signalling pathway (ko04919), and glucagon signalling pathway (ko04922). in the FL vs. FH, LL vs. LH, LH vs. FH, and LL vs. FL groups (Figure 4, Supplementary Data Sheet S3). Notably, the above-enriched pathways were mainly related to ITPR1, MAPK1, ADCY9, CUL1, ADCY9, ITPR1, PRKCE, MYH11, and GAM2 and were involved in regulating embryo development and oviduct function, indicating the potential role of these DE circRNAs in Yunshang black goat prolificacy.
[image: Figure 4]FIGURE 4 | KEGG enrichment analysis of the host genes with differentially expressed circRNAs (DE circRNAs). The KEGG enrichment analysis results of (A) FL vs. FH, (B) LL vs. LH, (C) LH vs. FH, and (D) LL vs. FL groups. The top 20 KEGG pathways of each comparison group were visualized.
PPI network analysis of host genes
Furthermore, the host genes of all DE circRNAs in the four comparison groups were analysed using the STRING database, and the PPI network of host genes (Figure 5A) was constructed, which contained 68 protein‒protein pairs. Notably, analysing the protein nodes in the network, it was found that RAP1B had five nodes, including RAPGEF4, DOCK4, BRAF, PIK3CA, and MAPK8. Accumulating data indicate that RAP1B is involved in cell proliferation, development, differentiation, and adhesion (Chen et al., 2008; Liu M. et al., 2018). PIK3CA and MAPK8 are associated with female fertility and cell development, respectively (Chang et al., 2018).
[image: Figure 5]FIGURE 5 | Interaction network analysis. (A) PPI network analysis for host genes of DE circRNAs, a score of >0.900. (B) The predicted targeting pairs of circRNA and miRNA. Orange circles represent circRNAs, the blue square represents miRNAs, p-value < 0.05, Pearson correlation coefficient < −0.4.
Analysis of the targeting relationships of circRNA-miRNA pairs
The binding sites of 4,078 circRNAs combined with miRNAs were predicted by miRanda software to further identify the key roles of circRNAs that affect the fertility traits of goats. A total of 2,657 circRNA–miRNA pairs were confirmed (Supplementary Data Sheet S4), and 61 circRNA-miRNA pairs (Figure 5B, Supplementary Data Sheet S4) were ultimately determined according to p value <0.05, and a Pearson correlation coefficient < −0.4, which covered 14 known miRNAs, 36 novel miRNAs and 59 circRNAs (Supplementary Data Sheet S4). And then, we found that 5 DE circRNAs were bound with five miRNAs in the LL vs. LH comparison group, 11 DE circRNAs were bound with 10 miRNAs in the LH vs. FH comparison group, and 8 DE circRNAs were bound with eight miRNAs in the LL vs. FL comparison group (Supplementary Data Sheet S4).
CeRNA network construction and functional annotation of target genes
Recently, circRNAs have been proven to be rich in miRNA binding sites and to act as miRNA sponges in cells, thereby releasing the inhibitory effect of miRNAs on their target genes and increasing their expression levels (Liu et al., 2019). This regulatory mechanism is referred to as ceRNA. To further investigate the regulatory role of circRNAs on the biological function of the oviduct, circRNA–miRNA–mRNA regulatory networks based on circRNA-miRNA pairs and the target genes of miRNAs were constructed as a ceRNA network. After removing novel miRNAs and novel mRNAs, 2,673 circRNA–miRNA–mRNA axes were formed, including 1,699 mRNAs (Supplementary Figure S5, Supplementary Data Sheet S4). Notably, GO annotation analysis revealed that mRNAs were derived from genes in the ceRNA network; in BP, and were mainly involved in reproduction, such as the negative regulation of cell proliferation, flagellated sperm motility, microtubule-based movement, transforming growth factor-beta receptor signalling pathway, DNA methylation involved in embryo development, biological adhesion, and protein modification (Figure 6A; Supplement Data Sheet S4); in CC, they mainly included cytosol, nucleoplasm, and cell junction (Figure 6A); in MF, they mainly clustered with binding (e.g., androgen receptor binding), enzymatic activity, and transcription factor activity (Figure 6A). Subsequently, KEGG enrichment showed that mRNAs were most involved in the reproductive signalling pathways, such as MAPK, PI3K-Akt, cGMP-PKG, Wnt, thyroid hormone, oxytocin, insulin, ECM-receptor interaction, and growth hormone synthesis, secretion, and action, and so on (Figure 6B; Supplement Data Sheet S4). These GO annotation and KEGG enrichment results suggest that DE circRNAs may have key roles in regulating fecundity in Yunshang black goats by participating in embryonic development, gamete viability, and cell proliferation.
[image: Figure 6]FIGURE 6 | The circRNA–miRNA–mRNA (ceRNA) interaction network, and function analysis of target genes. (A) GO classification and (B) KEGG enrichment analysis of the target genes. (C) Sankey plot of the circRNA-miRNA-mRNA regulatory network enriched for reproduction-related genes.
In the ceRNA network, no genes were regulated by circRNA–miRNA pairs in the FL vs. FH group; 105 genes were regulated by circ_0009933–miR-15a-5p pairs in the LL vs. LH group; 811 genes were regulated by six circRNA–miRNA pairs (circ_0001504–miR-145-5p, circ_0000342–miR-181b-5p, circ_0009933–miR-15a-5p, circ_0014427–miR-23b-5p, circ_0022452–miR-363-5p, circ_0021923–miR-204-3p) in the LH vs. FH group; and 296 genes were potentially regulated by circ_0022452–miR-363-5p and circ_0001504–miR-145-5p pairs in the LL vs. FL group. Interestingly, there were more circRNA–miRNA–mRNA regulatory relationships during the transition from the follicular phase to the luteal phase in the high-fecundity group (LH vs. FH), and in the ceRNA network, the chi_circ_0000342-chi-miR-181b-5p axis targets 38 genes, including the embryonic development-associated gene YAP1; the chi_circ_0009933-chi-miR-15a-5p axis was identified, which targets 122 genes, including the reproductive-associated genes BMPR1B and IGF1; chi-miR-23b-5p regulates WNT11 expression and is sponged by chi_circ_0014427; and miR-204-3p was predicted to target chi_circ_0021923 and regulate ACVRL1, FGFR1 and HGS. In addition, the target genes SMAD1, SMURF2, ACVRL1, HGS, BMPR1B, and IGF1 were involved in the transforming growth factor-beta receptor signalling pathway or signalling pathways regulating the pluripotency of stem cells. Furthermore, target genes related to embryonic development were selected, and a circRNA–miRNA–mRNA regulatory network was constructed, which consisted of 4 DE circRNAs, four miRNAs, and eight mRNAs (Figure 6C).
CircIQCG serves as a miRNA sponge of miR-145-5p to regulate SMAD1 expression
We focused on the DE circRNAs during the transition from the follicular phase to the luteal phase in high-fecundity goat oviducts; of these, an upregulated circRNA in the luteal phase, chi_circ_0001504, was predicted to be adsorbed miR-145-5p. Therefore, we investigated the biofunction of chi_circ_0001504 in the oviduct, which originated from the IQCG gene of chromosome 1 (chr1:69,947,232–69,966,120), and finally consisted of head-to-tail splicing of exons 2 and 6 (Figure 7A), named circIQCG. Stability has long been considered one of the most important features of circRNA (Vo et al., 2019). Consequently, we confirmed the circIQCG head-to-tail splicing by Sanger sequencing and validated it using circBase data (Figure 7A). As a potential target gene of miR-145-5p, SMAD1 might be regulated by the circIQCG–miR-145-5p axis, which is a known regulator of the TGF-β signalling pathway and affects embryonic development. Subsequently, RT‒qPCR results indicated that SMAD1 and circIQCG were the same expression trends (Figure 7B), while circIQCG/SMAD1 and miR-145-5p showed opposite expression trends (Figure 7B). The primers information is listed in Supplementary Data Sheet S5. These results preliminarily confirmed the direct interaction between circIQCG/SMAD1 and miR-145-5P.
[image: Figure 7]FIGURE 7 | Characterization and expression of circIQCG. (A) The genome size and sequence reported in the circBase database were determined, and the head-to-tail splicing site of circIQCG in that RT-PCR product was confirmed by Sanger sequencing. (B) RT-qPCR analysis for the relative RNA expression.
DISCUSSION
Reproduction is a complex process in which transcriptional regulation is one of the important factors affecting reproductive traits (Luo et al., 2019). The improvement in mammalian fecundity might be enhanced by the identification and development of various regulatory factors, including circRNAs, using molecular breeding techniques. As the most abundant noncoding RNAs in the eukaryotic transcriptome, circRNAs are important regulators of gene expression at the transcriptional, posttranscriptional, and translational levels and miRNA function (Patop et al., 2019). Numerous studies have demonstrated the role of circRNAs in regulating mammalian fecundity (Zou et al., 2020; Liu Y. F. et al., 2021; Liu et al., 2022). Tao et al. detected 13,950 circRNAs in goat preovulatory follicles, of which 37 circRNAs were differentially expressed (Tao et al., 2017). Liu et al. analysed 2,331 DE circRNAs in goat uterine membranes (Liu X. R. et al., 2021). Similarly, previous studies have analysed circRNAs in goat ovaries (Liu et al., 2022) and pituitary glands (Liu Y. F. et al., 2021), and some DE circRNA as miRNA sponges were identified, which have the potential to regulate fertility in goats. Although circRNAs have been identified in different reproductive organs of goats, however, their biological role in the oviduct remains unclear. Herein, we identified and characterized the expression patterns of circRNAs in the oviduct in the follicular and luteal phases by RNA-seq as well as bioinformatics analysis in goats. Further analysis showed that the circRNAs identified were mainly generated by cyclization of gene exons (Zhang M. L. et al., 2018), in the sheep (Lv et al., 2020) and cattle (Liu et al., 2020), indicating similar origins of circRNAs in different species. In our present study, we found that the majority of circRNAs are less than 10,000 nt in length, which is consistent with the results of a previous study in goat ovary (Liu et al., 2022), but longer than circRNAs identified in goat endometrial (Li et al., 2022), indicating that the longer the sequence, the greater the corresponding increase in the difficulty of circRNA loop formation. Moreover, most of the identified circRNAs were typically distributed on chromosomes 1-11, and the expression of circRNAs in the luteal phase was more abundant than that in the follicular phase of the oviduct, indicating that the functions of circRNAs in the oviduct are diverse.
The function of circRNAs in the tissues of animals is correlated with host genes. Therefore, the functions of the DE circRNAs identified in this study were mainly predicted analysing host genes GO annotation and KEGG enrichment. Most of the GO terms and KEGG pathways related to cell development, migration, hormone secretion, and reproductive processes were enriched. Notably, the host genes PLCB4, FKBP5, and ESR1 of chi_circ_0017802, chi_circ_0026680, and chi_circ_0013463 were enriched in the estrogen-related signalling pathways. Previous study has shown that estrogenic changes during the different oestrus stages caused the oviductal epithelial cells (OECs) to change from ciliated cells in the follicular phase to secretory cells in the luteal phase, which are important for embryonic development and transportation (Abe, 1996; Lyons et al., 2006). It is noteworthy that abundant biological adhesions were enriched in the follicular and luteal phases of the oviduct. As the most important location of origin of life activity, the oviduct play an important role on gamete viability, fertilization, and early embryo transport, which critically depend on adhesion (Budna-Tukan et al., 2019), which is also essential for intercellular communication, signal transduction, proliferation and apoptosis (Cal et al., 2000). Oocytes form tight junctions with cumulus cells (CCs) in cumulus-oocyte complexes (COCs), allowing the flow of stimulatory factors required for oocyte maturation (Kempisty et al., 2014), and the oviduct has a similar role as gametes and embryos. Interestingly, a few DE circRNAs potentially regulating the viability and differentiation of sperm were enriched in biological processes, such as spermatogenesis and the exchange of chromosomal proteins, spermatid differentiation, and sperm motility. Before the sperm flow in the oviduct in the opposite direction and eventually combine with the egg, the oviduct activates sperm function to ensure that the egg can be fertilized, and most sperm adhere to the OEC before ovulation and are capacitated when ovulation occurs (Coy et al., 2012). Meanwhile, reproduction-related pathways were also enriched, including GnRH, insulin, progesterone-mediated oocyte maturation, and oocyte meiosis. Zhang et al. emphasized that the different levels of GnRH were among the reasons for the different number of lambs (Zhang et al., 2019). Insulin signaling pathway are an important KEGG terms, which has been suggested to participate in the regulation of reproduction (Burcelin et al., 2003). Oocyte meiosis is a crucial process involved in oocyte migration and fertilization, which are the primary activities of the oviduct, and related to the production and development of oocytes (Luvoni et al., 2003; Jang et al., 2022).
In this study, we found that DE circRNAs associated with reproduction were specifically enriched in different comparison groups. In the follicular phase (FL vs. FH), the host genes SMAD1, MAPK8, IQCG, UBE2J1, and ATP9B of chi_circ_0021996, chi_circ_0029140, chi_circ_0001504, chi_circ_0012952, and chi_circ_0027408 were involved in reproductive processes. SMAD1 belongs to a family of receptor-activated proteins that mediate TGF-β superfamily ligand signalling, including TGF–beta and BMPs. In terms of embryonic haematopoiesis, SMAD1 can act as a receptor for SMADs to regulate multiple steps of haematopoiesis, and SMAD1-depleted embryos will produce higher numbers of primitive erythrocytes, but the inability to produce mature embryonic macrophages will ultimately lead to failure of haematopoiesis progenitor cell production (McReynolds et al., 2007). MAPK8 has been proven to be involved in germ cell apoptosis and redistribution of BCL2-modifying factor (BMF) (Show et al., 2008). In mice, UBE2J1 deficiency significantly reduces sperm viability, which may have implications for fertilization and is responsible for a large kidding number (Koenig et al., 2014). In the luteal phase (LL vs. LH), the host genes of chi_circ_0000475, chi_circ_0013463, chi_circ_0000659, and chi_circ_0010484 were RYK, ESR1, EVA1C, and SMAD5, respectively. RTK is a member of the WNT signalling pathway receptor, and WNT has multiple biological functions and is highly correlated with female fertility (Habara et al., 2021). The estrogen receptor alpha gene (ESR1) is involved in hormonal regulation, whereas luteal phase OECs are predominantly secretory cells and are involved in estrogen secretion (Abe, 1996), and estrogen is an important regulator of reproduction (Oh et al., 2017). Furthermore, ESR1 is an important transcriptional regulator in the mammalian oviduct and identified it as an important potential future regulator of fertility (Cerny et al., 2016). To better understand the molecular mechanisms of the goat prolificacy trait, understanding the function of DE circRNAs in the follicular-luteal phase transition is important. In the comparison group of the follicular–luteal phase transition (LH vs. FH and LL vs. FL group), chi_circ_0006485, chi_circ_002772, chi_circ_0020422, chi_circ_0022766, chi_circ_0001866, chi_circ_0027916, chi_circ_0030655, chi_circ_0025501, chi_circ_0013210, and chi_circ_0023024 were expressed, and their host genes CUL1, ADCY9, PGR, GYS1, JAM2, FGFR2, MAPK1, MAPK3, MAP3K5, and FN1 were involved in the regulation of reproduction. Cullin1 (CUL1) is a scaffold protein in cullin-based ubiquitin ligase, which plays important role in early embryonic development and in promoting the invasion of trophoblast into the maternal-fetal interface (Zhang et al., 2013). In mice, CUL1 deficiency causes early embryonic lethality and dysregulates cell cycle regulatory protein (cyclin E) (Wang et al., 1999), which has a direct impact on fertility. Furthermore, endothelial cells expressing adenylate cyclase 9 (ADCY9) were found to regulate endothelial cell signalling (Rautureau et al., 2022), and signalling is critical for gamete/embryo-maternal communication, which determines the success of early reproductive events (Alminana et al., 2018). Muscle-specific GYS1 deficiency in adult mice results in poor glucose tolerance and reduced muscle glucose uptake due to insulin resistance as well as reduced exercise capacity and endurance, which is detrimental to cellular transport (Xirouchaki et al., 2016). The combined results of this study and those reported previously suggest that reproductive traits and embryonic development are a complex process that includes many oviductal events, where circRNAs distributed in the two estrous phases of high- and low-fecundity goats are mainly involved in embryonic development, hormonal regulation, reproductive events, and other biological processes.
It is well established that some circRNAs usually act as miRNA sponges, regulating the expression of target genes and affecting biological processes (Piwecka et al., 2017; Patop et al., 2019). To date, studies involving high-throughput sequencing in the oviduct have been limited, and few studies have included competitive endogenous RNAs. In this study, the circRNA-binding miRNAs were predicted as candidates using miRanda software. A total of 50 miRNAs might be sponged by 59 circRNAs, including 14 known miRNAs (Figure 5B). Notably, the high expression levels of miR-15a-5p inhibit granulosa cell proliferation by regulating the PI3K–AKT–mTOR signal pathway, promote apoptosis through BCL2 and BAD, and are involved in the regulation of embryo quality (Zhang et al., 2017; Abu-Halima et al., 2020). MiR-181b-5p, an extraembryonic source of miRNA, might regulate embryo culture in vitro (Sanchez-Ribas et al., 2019). MiR-23b-5p plays a role in the regulation of brown adipogenesis and thermogenesis (You et al., 2020). MiR-204-3p may play a protective role in high-glucose-induced proapoptosis and dysfunction through the downregulation of Bdkrb2 (Han et al., 2019). Therefore, a ceRNA (circRNA–miRNA–mRNA) regulatory network were constructed based on embryonic development and reproduction-related signalling pathways. Interestingly, the embryonic development-related genes SMAD1, TGFBR3, REV1, and BMP2K were targeted by miR-145-5p, therefore, we focused on the chi_circ_0001504–chi-miR-145-5p–SMAD1 axis (Figure 6C). Furthermore, we found that circIQCG is mainly localized in the cell and cytoplasm, and its host gene IQCG may control haematopoitetic stem cell (HSC) proliferation by interacting with calmodulin, and the final haematopoitetic function of IQCG-deficient embryos is severely impaired (Chen et al., 2012). Emerging evidence suggests that miR-145-5p can target CD40 to regulate inflammatory responses and cardiomyocyte apoptosis and can inhibit goat myogenic cell differentiation by targeting USP13 (Yuan et al., 2017; Zhang et al., 2022b). Hence, we hypothesize that circIQCG may acts as an mi145-5P sponge to promote embryonic development. Next, we demonstrate that the expression levels of chi_circ_0001504/SMAD1 and miR-145-5p were opposite, suggesting that chi_circ_0001504 may act as miR-145-5p sponge to promote embryonic development by regulating the expression of SMAD1. Our findings provide data for further investigation of the mechanisms by which circRNAs regulate oviduct function and the interaction of embryonic development in goats. In conclusion, these DE circRNAs identified may regulate oviductal function by regulating miRNAs to accommodate the effect of different oestrus stages of the oviduct on kidding number; however, these regulatory mechanisms, however, need to be further validated at a later stage.
CONCLUSION
In this study, the circRNA expression profiles of low- and high-fecundity Yunshang black goats were established, and numerous DE circRNAs, corresponding to varying amounts in oviducts with different estrous cycles, were annotated. The host genes involved in the reproduction were enriched in the various biological processes and pathways, such as gamete generation, embryonic cleavage, sperm motility, cell migration, focal adhesion, progesterone-mediated oocyte maturation, hormone secretion-related signalling pathways, oocyte meiosis, and PI3K-Akt, which significantly impact on gamete production, fertilization, and embryo development. In addition, the target miRNA sites in circRNAs for miR-15a-5p, miR-181b-5p, miR-23b-5p, miR-204-3p, and miR-145-5p were revealed through ceRNA network analysis. Furthermore, the present study identifies that circIQCG appears to be a probable biomarker for embryo development by affecting SMAD1 expression by sponging miR-145-5p, thereby promoting the TGF-β pathway activation.
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Gene name Host gene Primer sequence (5'-3) Product size (bp)

chi_circ_0006705 DGKB F: AAAGTGGTGGGAAGCAAGGA 152
R: AAGGTCCGCAGTCACATTCA

chi_circ_0007400 RAPIB F: TCCATCACAGCACAGTCCAC 111
R: TCACGCATGGTGCAAACTTG

chi_circ_0009933 RHOBTB3 F: CCGCCCTTACGAGTCATTG 146
R: ATCCCTTCCGTCGTACTGAC

chi_circ_0011932 GKAP1 F: CAGGGAAAAGACAAACCTCTCAC 148
R: TGGGGACAGAACTAAGTACTGC

chi_circ_0012627 REV3L F: ATGGTTATGGACAGCAGCCAGAAAG 95
R: AGTGGAAGATGGATTGCCTAAAGCC

chi_circ_0022144 LRBA F: TGGGTAGCCATGGACAGGAAC 147
R: TGTGCAAGGTAAGACTGCTGACT

chi_circ_0023270 TEKT3 F: AAGCCCCTCTTCAGGTAGCC 136
R: AGCTCCATGATGCTCAAACACT

chi_circ_0027916 FGFR2 F: GAAAGCGTGGTCCCGTCTGA 144
R: CGCAGCCACGTAAACTTCTGG

GAPDH - F: GCACCGTCAAGGCTGAGAAC 138
R: TGGTGAAGACGCCAGTGGA
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