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Identification and comparative 
analysis of the ovarian microRNAs 
of prolific and non-prolific goats 
during the follicular phase using 
high-throughput sequencing
Xiang-dong Zi, Jian-yuan Lu & Li Ma

The kidding rate is one of the most important economic traits for goat production, but the genetic 
mechanism that is associated with ovulation rate is poorly understood. Recently, increasing evidence 
has suggested that microRNAs (miRNAs) influence ovarian biological processes. The present study 
provides the first comparison of the ovarian miRNAs of prolific Jintang black goats (JTGs) and non-
prolific Tibetan goats (TBGs) during the follicular phase using RNA-Seq technology. We generated 11.19 
million (M) and 11.34 M clean reads from the TBG and JTG libraries, respectively, from which a total of 
389 known miRNAs were identified and 142 novel miRNAs were predicted. A total of 191 miRNAs were 
differentially expressed between the two breeds. Among the 10 most abundant miRNAs, miR-21-5p 
was defined as differentially expressed miRNA with a higher level in the JTG library than in the TBG 
library, but the other miRNAs were not different between the breeds. The predicted miRNA-targeted 
genes were further analyzed by Gene Ontology and KEGG pathway analyses. The results revealed that 
miR-21, miR-99a, miRNA-143, let-7f, miR-493 and miR-200b may affect follicular development. These 
findings will increase the current understanding of the role of ovarian miRNAs in the regulation of 
ovulation rate in goats.

MicroRNAs (miRNAs) are a family of small RNA molecules ~22 nucleotides (nt) in length that posttranscrip-
tionally silence gene expression by binding to and/or cleaving the 3′-untranslated regions (3′-UTRs) of target 
mRNAs1, 2. These molecules function in various biological processes, including cell proliferation3, differentiation4, 
apoptosis5, tumourigenesis6, hormone secretion7, and metabolism8.

A growing body of evidence indicates a possible role for miRNAs in nearly all ovarian biological processes, 
including folliculogenesis, ovulation, luteal development, and regression, which are all widely recognized9. 
miR17-5p and let7b participate in angiogenesis by regulating the expression of the antiangiogenic factor tissue 
inhibitor of metalloproteinase 1. A lack of miR17-5p and let7b results in angiogenesis in the mouse corpus luteum 
(CL) and ultimately causes infertility10. A pair of miRNAs (miR-200 and miR-429) in the pituitary gland has been 
implicated in the regulation of female luteinizing hormone (LH) and fertility11. miR-26b increases the number 
of DNA breaks and promotes porcine granulose cellular (GC) apoptosis during follicular atresia by targeting 
the ataxia telangiectasia mutated (ATM) gene12. There is a temporal relationship between the up-regulation of 
miR-21 and the posttranscriptional regulation of programmed cell death 4 (PDCD4) during porcine oocyte mat-
uration13. miR-34a regulates bovine luteal cell proliferation and function during the transition from developing 
to functional CL14. MiRNA-320 in the human follicular fluid is associated with embryo quality in vivo and affects 
mouse embryonic development in vitro15. miR-125b can regulate the expression of genes crucial for embryo 
development and implantation in porcine endometrial luminal epithelial cells16. Recently, a large number of dif-
ferentially expressed known and novel miRNAs that participate in the regulation of reproduction have been iden-
tified and characterized using high-throughput RNA sequencing (RNA-Seq) technology. miRNAs abundant in 
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the extracellular vesicles (EVs) of small bovine follicles were associated with cell proliferation pathways, whereas 
miRNAs abundant in large follicles were related to inflammatory response pathways17. A large number of differ-
entially expressed known and novel miRNAs have also been identified and comparatively analyzed in the ovaries 
of goats that are pregnant vs. non-pregnant18 or have high vs. low kidding rates19–21 and in pigs with high vs. low 
litter sizes22. For example, Miao et al. identified 30 differentially expressed miRNAs in the ovaries of highly prolific 
Jining Grey goats and the less prolific Laiwu Black goats, and most of these miRNAs had defined homologs that 
were key miRNAs related to reproduction21.

Jintang black goats (JTGs) represent a local Chinese breed famous for its high fecundity (average kidding 
rate = 242%) and meat performance. While these animals have been used in many areas of China to increase 
the fecundity and meat performance of local breeds, no direct evidence has been reported for the involvement 
of mutations with large effects on prolificacy23. Tibetan goats (TBGs) (Capra hircus), with a population of 7.2 
million, are single-birth breeds characterized by their adaptation to the cold, hypoxic ecological conditions in the 
Qinghai-Tibet Plateau. These animals provide their owners with meat where few other animals (except for yaks 
and Tibetan sheep) survive, although their production traits are inferior to those of improved goat breeds. In the 
present study, we summarize the first characterization and investigation of the miRNA expression profiles in the 
ovaries of prolific JTGs and non-prolific TBGs during the follicular phase using RNA-Seq technology. The results 
will increase the current understanding of the role of ovarian miRNAs in the regulation of ovulation rate in goats.

Results
Sequence analysis and mapping of small RNA reads.  To identify and characterize miRNAs during the 
follicular phase in goat ovaries, two small RNA libraries, non-prolific TBGs and prolific JTGs, were constructed. A 
total of approximately 14 million raw reads were obtained from each library by high-throughput sequencing. After 
eliminating adaptor and low-quality reads, we finally obtained 11,192,277 (78.08% of total) and 11,341,703 (81.75%) 
clean reads from TBGs and JTGs for further analysis, respectively (Table 1). The sequence length distributions rang-
ing from 18 to 30 nt were similar between the two libraries, and the majority of small RNA molecules ranged from 
20 to 24 nt in length (Fig. 1). There was a peak at 22 nt in length, the typical size of Dicer-derived products24, which 
accounted for 44.89% and 44.65% of the total sequence reads in the TBG and JTG libraries, respectively.

All clean reads were annotated and classified by alignment against the Rfam11.0 and GenBank databases. Each 
unique small RNA was verified to map to only one annotation using the priority rule24. The compositions of the 
small RNA classes of the Solexa sequencing results are shown in Fig. 2 and Supplementary Table S1. In the present 
study, the total miRNA accounted for 51.13% and 50.07%, whereas the total rRNA accounted for only 3.30% and 
1.80% in the TBG and JTG libraries, respectively, indicating that the collected ovary samples were of high quality. 

TBG JTG

No % No %

Total_reads 14,333,506 13,874,032

Filter having N reads 5,913 0.04 5,524 0.04

Smaller than 18 nt 1,072,828 7.48 805,444 5.81

Larger than 30 nt 2,062,488 14.39 1,721,361 12.41

Clean reads 11,192,277 78.08 11,341,703 81.75

Table 1.  Classification of total small RNA tags by RNA-Seq in Tibetan goat (TBG) and Jintang black goat (JTG) 
ovary libraries.

Figure 1.  Sequence length distribution in the non-prolific Tibetan goat (TBG) and the prolific Jintang black 
goat (JTB) ovarian libraries.

http://S1
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A total of 5,362,108 (47.91%) and 5,595,846 (49.34%) clean reads in the TBG and JTG libraries, respectively, were 
mapped to the goat genome.

Identification of conserved miRNAs.  To identify conserved miRNAs in hircine ovaries, all clean reads 
were aligned to the miRNA precursor/mature miRNAs of Capra hircus in the miRBase 21.0 database (http://
www.mirbase.org/ftp.shtml). We then obtained the family groups, expression levels and sequences of the miR-
NAs (Supplementary Table S2). In summary, we identified 388 and 389 conserved miRNAs in the TBG and JTG 
libraries, respectively. Among these molecules, 379 were co-expressed, and nine and 10 miRNAs were specifically 
expressed in the non-prolific TBG and prolific JTG libraries, respectively. The levels of these specifically expressed 
miRNAs were extremely low (under 5 read counts).

Novel miRNA prediction.  The hairpin structures of the miRNA precursors were used to predict novel 
miRNAs using Mireap v0.2. These novel miRNAs were then mapped to the goat genome. In total, we detected 
142 novel miRNAs, of which 61 were co-expressed, and 33 and 48 were specific miRNAs in the TBG and JTG 
libraries, respectively (Supplementary Table S3). Six novel miRNAs with expression higher than 1,000 read counts 
were the same between the two libraries (Table 2).

Differential miRNA expression between the two goat breeds.  Differential miRNA expression anal-
ysis of the two libraries was performed using the DEGseq (2010) R package25. The results are shown in Fig. 3 and 
Supplementary Table S4. Analysis of the sequencing data resulted in the identification of 191 unique miRNAs, 
which were significantly differentially expressed in different libraries at a threshold of fold-change ≥ 1.0 or ≤−1.0 
and a q-value < 0.05. Among these 191 unique miRNAs, 120 (49 prolific-specific, 71 co-expressed) and 71 (33 
non-prolific-specific, 38 co-expressed) unique miRNAs were up- and down-regulated, respectively, in the prolific 
JTG library compared to expression in the non-prolific TBG library. The top 10 most significantly differentially 
expressed miRNAs were miR-21, miR-199b, miR-199c, miR-127, miR-200a, miR-379, miR-200b, miR-204, miR-
411a, and miR-493. The 10 most abundant miRNAs (miR-99a-5p, miR-148a-3p, miR-143-3p, miR-10b-5p, miR-
26a-5p, miR-21-5p, miR-125b-5p, miR-27b-3p, let-7f-5p, and miR-101-3p) were the same in the two libraries, of 

Figure 2.  Composition of small RNA classes of the Solexa sequencing results. (A) Composition of unique 
sequences in the non-prolific Tibetan goat (TBG) library. (B) Composition of clean reads in the non-prolific 
TBG library. (C) Composition of unique sequences in the prolific Jintang black goat (JTB) library. (D) 
Composition of clean reads in the prolific JTB library.

miR_name TBG JTG
log2 ratio (JTG/
TBG) normalized p-value q-value

sig-
lable

Novel-miR-8 6,803 9,244 0.2517 1.19E-40 1.89E-39 No

Novel-miR-20 2,827 2,785 −0.2122 4.67E-09 9.87E-09 No

Novel-miR-93 2,701 3,121 0.0179 0.6146 0.1522 No

Novel-miR-94 2,352 2,397 −0.1633 4.02E-05 4.25E-05 No

Novel-miR-77 2,160 2,336 −0.0776 0.0583 0.0183 No

Novel-miR-72 1,162 1,001 −0.4058 2.29E-11 7.25E-11 No

Table 2.  Novel miRNAs in ovarian libraries with expression higher than 1,000 read counts.

http://www.mirbase.org/ftp.shtml
http://www.mirbase.org/ftp.shtml
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which miR-21-5p was defined as differentially expressed miRNA with a higher level in the prolific library than 
in the non-prolific library, but the remaining nine miRNAs did not meet the criteria of differentially expressed 
miRNA between the breeds (Table 3).

Target gene prediction for miRNAs.  We used miRanda v3.3a, TargetScan v61, and PITA v6. to predict 
potential target genes regulated by miRNAs. Given the high false positive rates for miRNA target prediction, we 

Figure 3.  Differentially expressed miRNAs between the non-prolific Tibetan goat (TBG) and prolific Jintang 
black goat (JTG) ovary libraries. (A) Venn diagram displaying the distribution of 191 differentially expressed 
unique miRNAs (fold-change ≥ 1.0 or ≤ −1.0 and q-value < 0.05) in the non-prolific TBG (left circle) and 
prolific JTG libraries (right circle). The overlapping region indicates co-expressed unique miRNAs. (B) 
In the scatter plot of differentially expressed miRNAs, the red points indicate miRNAs with ratios > 2; the 
blue points indicate miRNAs with 1/2 < ratios ≤ 2; and the green points indicate miRNAs with ratios ≤ 1/2. 
Ratio = normalized expression of JTGs/normalized expression of TBGs.

miR_name TBG JTG
log2 ratio (JTG/
TBG), normalized p-value q-value

sig-
lable

miR-99a-5p 973,391 802,348 −0.4129 0 0 No

miR-21-5p 158,549 788,052 2.1793 0 0 Yes

miR-148a-3p 891,044 739,216 −0.4036 0 0 No

miR-143-3p 597,073 594,445 −0.1404 0 0 No

miR-10b-5p 375,466 376,792 −0.1290 0 0 No

miR-26a-5p 264,052 253,691 −0.1918 0 0 No

miR-27b-3p 109,607 119,279 −0.0121 0.0427 0.0249 No

miR-125b-5p 114,899 113,234 −0.1551 6.32E-149 2.77E-148 No

let-7f-5p 108,566 106,187 −0.1660 3.25E-160 1.59E-159 No

miR-101-3p 86,961 847,64 −0.1710 1.37E-135 5.60E-135 No

Table 3.  Comparison of the 10 most abundant conserved miRNAs in the ovarian libraries of the two goat 
breeds.
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only identified those potential target genes predicted by all three methods. In the non-prolific TBG library, a total 
of 29,489 target genes were predicted from 388 conserved miRNAs, and 29,260 target genes were predicted from 
94 novel miRNAs. In the prolific JTG library, a total of 29,489 target genes were predicted from the 389 conserved 
miRNAs, and 29,314 target genes were predicted from 109 novel miRNAs (Supplementary Table S5).

Gene ontology and KEGG pathway analysis of target genes.  Gene Ontology (GO) of the predicted 
miRNA target genes was performed by searching against the InterPro database26 using InterProScan27. For all 
predicted miRNA target genes in these two libraries, a total of 10,793 target genes were mapped to the GO terms 
of cellular components, 10,486 target genes were associated with the GO terms of molecular function, and 10,019 
target genes were related to the biological processes of the GO terms in the prolific JTG and non-prolific TBG 
libraries. Compared to the reference gene background, GO terms were neither significantly enriched for these two 
libraries based on the above three ontologies in GO nor significantly enriched for differentially expressed genes 
(DEGs) predicted from the known miRNAs (Fig. 4). However, 12 GO terms were significantly (q-value < 0.05) 
enriched for DEGs predicted from the novel miRNAs based on the molecular function (Supplementary Table S6), 
including transferase activity, metal ion binding, catalytic activity, small molecule binding, nucleotide binding, 
nucleoside phosphate binding, purine nucleotide binding, and others.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of target genes were assigned using KAAS 
webserver28. KEGG pathway annotation revealed that 22,885 background genes were annotated for 310 bio-
logical functions. There were no significantly (q-value > 0.05) enriched KEGG pathways. The top five pathways 
were olfactory transduction, regulation of actin cytoskeleton, pathways in cancer, biosynthesis of secondary metab-
olite, and focal adhesion in prolific JTGs compared to metabolic pathways, olfactory transduction, regulation of 
actin cytoskeleton, pathways in cancer, and biosynthesis of secondary metabolite in non-prolific TBGs. The DEGs 
also participated in 310 pathways, but there were no significantly enriched KEGG pathways. The top five most 

Figure 4.  GO functional classification of all differentially expressed genes (DEGs) predicted from the known 
miRNAs. The GO distributions of the DEGs in the ovaries of the non-prolific Tibetan goats (TBG) vs. the 
prolific Jintang black goats (JTG) were classified into three categories: cellular components (15 subcategories), 
molecular functions (14 subcategories), and biological processes (23 subcategories).

http://S5
http://S6
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enriched pathways were olfactory transduction, regulation of actin cytoskeleton, biosynthesis of secondary metabo-
lites, focal adhesion, and endocytosis.

Validation of sequencing results by quantitative real-time RT-PCR (RT-qPCR).  The expression 
levels of six randomly selected miRNAs, including three known miRNAs (miR-21-5p, miR-127-3p and miR-
199b-5p) and three novel miRNAs (miR-93, miR-20 and miR-81), were verified in the ovaries of prolific JTGs 
(n = 5) and non-prolific TBGs (n = 5) using RT-qPCR. Solexa sequencing results indicated that four of these 
genes were differentially expressed. RT-qPCR analysis demonstrated that the relative expression levels of these six 
selected miRNAs were consistent with the RNA-Seq results (Fig. 5).

Discussion
The kidding rate is fundamental to goat production, but the genetic mechanism underlying ovulation rates is 
poorly understood, which largely limits the improvement of this trait through genetic selection29, 30. Various 
mutations influencing ovulation rate and litter size in sheep provide additional opportunities to rapidly adjust 
genetic potentials, but these mutations require careful breeding management31. Comparable major genes have 
not yet been identified in goats29, 30. In the present study, we provided the first characterization and investigation 
of the ovarian miRNA expression profiles of the prolific JTGs and non-prolific TBGs during the follicular phase 
using Solexa sequencing technology.

We harvested intact ovaries from prolific and non-prolific goats during the follicular phase and completely 
homogenized these samples for RNA extraction and thus ensured that the miRNA-Seq results were representa-
tive of the ovarian miRNAome. In the present study, the length distribution showed that more than 90% of the 
small RNA sequences were primarily distributed in the 19- to 24-nt range in both libraries. The dominant size of 
small RNAs in the ovary was 22 nt, followed by 21- and 23-nt sequences. These results are consistent with typical 
Dicer-processed small RNA products with a known 19- to 24-nt range for miRNAs24. These results indicate that 
the high-throughput sequencing data were highly enriched for small RNA sequences. These sequencing data 
are consistent with previous findings in mice32, pigs22, goats18–21, and chickens33, but vary among bovine ovaries, 
where the 20-nt size was the most abundant, followed by 22 nt34, 35, likely reflecting species differences.

We identified total of 388 and 389 conserved miRNAs in the non-prolific TBG and prolific JTG libraries, 
respectively. The 10 most highly expressed miRNAs (miR-99a, miR-148a, miR-143, miR-10b, miR-26a, miR-21, 
miR-125b, miR-27b, let-7f, and miR-101) identified in the present study were also highly expressed in the ovaries 
of goats18, 20, pigs22, and other animal species as reviewed by Li et al.9. Six of these miRNAs (miR-99a, miR-143, 
miR-10b, miR-26a, miR-125b, and let-7f) are specifically or predominantly expressed in bovine ovaries compared 
to the somatic tissue pools (e.g. hypothalamus, liver, heart, lung, kidney, etc.) assessed by RT-qPCR36. Most of 
these miRNAs are also abundantly present in human ovaries37. The ovary contains oocytes and multiple somatic 
cell types such as GCs and theca cells. The expression and function of miRNAs are associated with different cell 
types. Various miRNAs were expressed in GCs (miR-143, miR-125b, let-7 family, miR-21, miR-10b, miR-378, 
etc.)38–40, theca cells (mir-24, miR-222 and miR-378)40, 41, and oocytes (miR-10a, miR-10b, miR-100, let-7 family, 
etc.)36, 42, 43. All of these miRNAs were also highly expressed in goat ovaries in the present study, and they may play 
a housekeeping role in the ovary, independent of species.

There is increasing evidence to suggest that these ovarian specifically or predominantly expressed miRNAs 
may play important roles in normal physical development and basic reproductive activities. miR-99a has been 
shown to be one of the most predominant miRNA populations in mammalian ovaries18, 22, 41; it induces G1-phase 
cell cycle arrest and suppresses tumourigenicity44, which may play critical roles in normal ovarian functions. miR-
125b suppresses proapoptotic protein expression45, and androgens attenuate follicular atresia through nuclear 
and extranuclear signalling pathways by enhancing miR-125b expression, which in turn suppresses proapoptotic 
protein expression46. The members of the let-7 family play important roles in cell fate determination and are 
associated with regulating housekeeping genes during ovarian development47. Target prediction indicated that 
miR-143 might bind to the Frizzled-6 and Frizzled-3 receptor genes in the Wnt signalling pathway, through which 
it affects the binding of Wnt-4 to its receptor18. The Wnt-4 gene, one of the most important members of the Wnt 
family, may regulate the function of ovarian GCs and luteal cells by binding to specific members of the Frizzled 

Figure 5.  Validation of sequencing results by RT-qPCR. (A) A bar graph showing novel miRNAs, and (B) a bar 
graph showing known miRNAs. Error bars indicate mean ± SE (n = 5 per breed), *p < 0.05, **p < 0.01.
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receptor family48, 49. MiR-26a is abundant in the ovary but not in the testis. MiR-26a promotes ovarian cancer pro-
liferation and tumorigenesis50, which may be related to follicle degeneration at various stages of follicular growth 
and development in mammalian ovaries.

In total, 142 novel miRNAs were detected from the prolific JTG and non-prolific TBG libraries, which is 
distinctly higher than the amount predicted in the ovaries of polytocous compared with monotocous goats19, 

20 and pigs with high and low litter sizes22. Analysis of the sequencing data resulted in the identification of 191 
unique miRNAs, which were significantly differentially expressed between the prolific JTG and non-prolific TBG 
libraries. The top 10 most significantly differentially expressed miRNAs (miR-21, miR-199b, miR-199c, miR-127, 
miR-200a, miR-379, miR-200b, miR-204, miR-411a, miR-493) were analysed. miR-21 plays an important role in 
the posttranscriptional regulation of transcripts involved in the prevention of apoptosis of murine GCs. The apop-
tosis increased and ovulation rate decreased in locked nucleic acid 21 (LNA-21)-treated murine ovaries51. Hasuwa 
et al. described anovulation and infertility in female mice lacking the microRNAs miR-200b and miR-429. Both 
miRNAs are strongly expressed in the pituitary gland, where they suppress the expression of the transcriptional 
repressor ZEB1. Eliminating these miRNAs, in turn, inhibits LH synthesis by repressing the transcription of its 
β-subunit gene, thereby reducing the serum LH concentration, impairing LH surge, and repressing ovulation11. 
These results reveal roles for miR-200b and miR-429, and their target gene Zeb1, in the regulation of mammalian 
reproduction. Thus, the hypothalamo-pituitary-ovarian axis required miR-200b and miR-429 to support ovu-
lation11. miR-127 has a tumour suppressor function in cancer pathways52. The expression level of miR-493-3p 
was also higher in ovaries of polytocous compared with monotocous goats19, 21. Booroola was the first major 
gene (FecB) that has been reported to increase ovulation rate in sheep in the early 1980’s53. Twenty years later, 
sheep carrying the FecB have been demonstrated to have a mutation (Q249R) in the coding sequence of the Bone 
Morphogenetic Protein Receptor-type 1B (BMPR1B) responsible for the hyperprolific phenotype54–56. Recently, 
the BMPR1B gene has been reported to be regulated by chi-miR-493-3p alone21. RT-qPCR was performed to 
analyse the expression profiles of six randomly selected miRNAs (including three known miRNAs and three novel 
miRNAs) in prolific and non-prolific goat ovaries, and the results were consistent with the sequencing analysis, 
indicating the good reliability and reproducibility of transcript abundance assayed using RNA-seq.

Olfactory transduction, actin cytoskeleton regulation, secondary metabolite biosynthesis, focal adhesion, and 
endocytosis were the major pathways involving DEGs. Focal adhesion and actin cytoskeleton regulation pathways 
were also enriched in the ovary transcriptomes of other goat breeds57, 58. Focal adhesion plays essential roles in 
important biological processes, including cell motility, cell proliferation, cell differentiation, regulation of gene 
expression and cell survival59. Numerous small molecular substances that regulate oocyte growth and develop-
ment are transported through this connection60. Recent studies have shown that the actin cytoskeleton also has an 
important function in the early development of oocyte maturation. The regulation of the dynamic actin cytoskele-
ton includes signalling to the cytoskeleton, which can lead to diverse effects on cellular activity, such as changes in 
cell shape, migration and proliferation61. The cell prepares for meiosis when actin cytoskeleton dynamics change 
appropriately62, 63. Therefore, these signalling pathways are closely associated with follicle development.

In conclusion, we identified 379 co-expressed miRNAs, and 9 and 10 specific miRNAs in the ovaries of the 
non-prolific TBGs and prolific JTGs, respectively, during the follicular phase. We also obtained 191 differentially 
expressed miRNAs in the ovaries of the two distinctive breeds, of which 120 were up-regulated and 71 were 
down-regulated in the prolific JTGs compared to the non-prolific TBGs. 142 novel miRNAs were predicted, of 
which 61 were co-expressed, and 33 and 48 were specifically expressed in the TBG and JTG libraries, respectively. 
miR-21, miR-99a, miRNA-143, let-7f, miR-493 and miR-200b may play important roles in follicular development. 
The results of the present study will increase the current understanding of the role of ovarian miRNAs in the 
regulation of ovulation rate in goats.

Materials and Methods
Ethics statement.  All experimental procedures and sample collections were conducted in accordance 
with the Regulations for the Administration of Affairs Concerning Experimental Animals (Ministry of Science 
and Technology, China; revised in August 2011) and were approved by the Institutional Animal Care and Use 
Committee of Southwest University for Nationalities, Chengdu, China.

Animals and ovary collection.  A total of twelve healthy female goats were used in the present study from 
two breeds, i.e., the extreme high prolific breed of Jintang black goat (JTG: n = 6), and the non-prolific breed of 
Tibetan goat (TBG: n = 6). To reduce the effects of age, parity and stage of oestrus on the RNA-Seq results, all ani-
mals selected had the same age (4-yr) and parity (four parities), and oestrus cycles were synchronized. The JTGs 
had a history of successive multiple births (≥triplet births), and the TBGs had a history of successive single birth. 
All does were treated for 13 days using Controlled Internal Drug Release Devices (CIDR) containing 300 mg pro-
gesterone (Eazi-Breed CIDR, InterAg, Hamilton, New Zealand) to synchronize oestrus. All does were intramus-
cularly injected with 3.75 mg of the PGF2α analogue Luprostiol (0.5 mL Prosolvinl, Intervet) at 24 h prior to CIDR 
removal. Five goats showing the most synchronized time of oestrus in each breed were subsequently slaughtered 
at 40 h (follicular phase) after CIDR removal. The intact ovaries were rapidly harvested and immediately frozen in 
liquid nitrogen, followed by storage at −80 °C for the subsequent generation of small RNA libraries.

Small RNA library construction and sequencing.  The ovaries were completely ground, and 
total RNA was extracted using TRIzol (Invitrogen Inc., California, USA). RNA purity was assessed using a 
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). The RNA concentration was measured using the 
Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). RNA integrity was assessed on 
a Bioanalyzer 2100 (Agilent, USA) using an RNA Nano 6000 kit (Agilent Technologies, Palo Alto, CA). One and 
half micrograms of total RNA per sample was used as input material for the creation of two small RNA libraries. 
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Sequencing libraries were generated using a NEBNext®UltraTM small RNA Sample Library Prep Kit for Illumina® 
(NEB, USA) following the manufacturer’s recommendations, and index codes were added to identify the 
sequences from each sample. Briefly, the RNA was reversed transcribed into cDNA after ligation of the multiplex 
3′SR Adaptor, hybridization of the reverse transcription primer, and ligation of the multiplex 5′SR Adaptor. RNA 
libraries were amplified by PCR using Illumina-compatible index primers. The amplified libraries were resolved 
on a 6% native polyacrylamide gel (Bio-Rad, CA). Finally, the library quality was assessed on a Bioanalyzer 2100 
(Agilent), and the libraries were quantified by real-time qPCR using KAPA Library Quantification Kits (KAPA 
Biosystems, Wilmington, MA). The clustering of the index-coded samples was performed on a cBot Cluster 
Generation System using a TruSeq PE Cluster Kit v4-cBot-HS (Illumina) according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations were sequenced on an Illumina HiSeq 2500 platform, and 
paired-end reads were generated.

Sequence analysis.  The clean reads were obtained by removing reads containing with 5′ adaptor contami-
nants or poly-A, reads without 3′ adaptor or insert tag, shorter than 18 nt, or low quality reads from the raw data. 
Subsequently, we obtained the length, distribution and counts of these clean reads. In the alignment and annota-
tion steps, some small RNA tags may be mapped to more than one category. To ensure that unique small RNAs 
mapped to only one annotation, we followed the following priority rule: rRNAetc (GenBank > Rfam) > known 
miRNA > piRNA > repeat > exon > intron24. All clean reads were mapped to the ncRNA database from Rfam 
11.0 (http://rfam.janelia.org) and GenBank databases using a BLASTN algorithm. They were also mapped to the 
goat genome (http://goat.kiz.ac.cn/GGD/download.htm)64 using SOAP v2.20 to analyze their expression and 
distribution in the goat genome. The clean reads were aligned to the miRNA precursor/mature miRNA of Capra 
hircus in miRBase 21.0 (http://www.mirbase.org/ftp.shtml) to identify the sequences and counts of miRNA fami-
lies observed in the samples. The characteristics of hairpin structures of miRNA precursors can be used to predict 
novel miRNAs. Mireap v0.2 (http://sourceforge.net/projects/mireap/) was used to analyze the unannotated reads.

Analysis of differential miRNA expression between TBGs and JTBs.  To compare the differential 
miRNA expression between TBG and JTG libraries, the clean reads from each miRNA were normalized using 
the following formula: normalized expression = mapped read count/total number of reads × 1,000,000. If the 
normalized read count of a given miRNA is zero, then the expression value is set to 0.01 for further analysis. 
Differential expression analysis of two samples was performed using the DEGseq (2010) R package25. The p-value 
was adjusted using the q-value65, and the q-value was set as the default threshold for significant differential 
expression. The differentially expressed miRNAs were screened with a threshold of fold-change ≥ 1.0 or  ≤ −1.0 
(the log2 JTG/TBG) and a q-value < 0.05.

Predictions of target genes.  The 3′-UTR sequences of the goat RefSeq genes (http://goat.kiz.ac.cn/GGD/
download.htm) were downloaded and used to identify miRNA targets using three different computational 
approaches: miRanda v3.3a, TargetScan vert_61, and PITA v6. Only the 3′-UTR targets identified by all three 
approaches were further considered.

Annotation of miRNA targets.  Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) enrichment analysis of the predicted miRNA target genes were performed as previously described66. 
First, the GO annotation was performed by searching against the InterPro database26 using InterProScan27. KEGG 
pathways were assigned using the KAAS webserver28. We used a hypergeometric test to identify the significantly 
enriched GO terms or pathways in DEGs compared to the genome background. Multiple tests were adjusted using 
the false discovery rate (FDR) method67. The adjusted p-value ≤ 0.05 was set as the significant threshold.

Validation of sequencing results using real-time RT-PCR.  Six miRNAs were selected for validation 
using quantitative real-time PCR (RT-qPCR). Primers for RT-qPCR (Supplementary Table S7) were designed 
with Primer3web software (http://primer3.ut.ee/). RT-qPCRs were analysed in a BioRad CFX96 Real-Time PCR 
System with SYBR Green PCR Master Mix (Bio-Rad SsoFast, USA) and were amplified with 2 μl of cDNA tem-
plate, 10 μl of 2 × SYBR Green PCR SuperMix, and 0.5 μl of each primer (10 nM) in a final volume of 20 μl by 
adding MilliQ water. The amplification programme consisted of 95 °C for 10 min, followed by 40 cycles at 95 °C 
for 15 s and 60 °C for 15 s. The fluorescent products were detected in the last step of each cycle. A melting curve 
analysis was performed at the end of 40 cycles to ensure proper amplification of target fragments. All reactions 
were performed in three replicates, and β-actin was used as the internal control. The relative expression level 
of each miRNA was caculated using the 2−ΔΔCt method. The data are indicated as the means ± SE (n = 5). The 
significance of the expression in two samples was calculated using a two sample t-test in SPSS statistical software 
(Version17.0, Chicago, IL, USA). The difference was considered as significant when p < 0.05.

References
	 1.	 Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297, doi:10.1016/S0092-8674(04)00045-5 

(2004).
	 2.	 He, L. & Hannon, G. J. MicroRNA: small RNAs with a big role in gene regulation. Nat Rev Genet. 5, 522–531, doi:10.1038/nrg1379 

(2004).
	 3.	 Hwang, H. W. & Mendell, J. T. MicroRNAs in cell proliferation, cell death, and tumorigenesis. Br J Cancer 94, 776–780, doi:10.1038/

sj.bjc.6603023 (2006).
	 4.	 Ivey, K. N. & Srivastava, D. MicroRNAs as regulators of differentiation and cell fate decisions. Cell Stem Cell 7, 36–41, doi:10.1016/j.

stem.2010.06.012 (2010).
	 5.	 Ambros, V. The functions of animal microRNAs. Nature 431, 350–355, doi:10.1038/nature02871 (2004).
	 6.	 Jansson, M. D. & Lund, A. H. MicroRNA and cancer. Mol Oncol. 6, 590–610, doi:10.1016/j.molonc.2012.09.006 (2012).
	 7.	 Cuellar, T. L. & McManus, M. T. MicroRNAs and endocrine biology. J Endocrinol. 187, 327–332, doi:10.1677/joe.1.06426 (2005).

http://rfam.janelia.org
http://goat.kiz.ac.cn/GGD/download.htm
http://www.mirbase.org/ftp.shtml
http://sourceforge.net/projects/mireap/
http://goat.kiz.ac.cn/GGD/download.htm
http://goat.kiz.ac.cn/GGD/download.htm
http://S7
http://primer3.ut.ee/
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1038/nrg1379
http://dx.doi.org/10.1038/sj.bjc.6603023
http://dx.doi.org/10.1038/sj.bjc.6603023
http://dx.doi.org/10.1016/j.stem.2010.06.012
http://dx.doi.org/10.1016/j.stem.2010.06.012
http://dx.doi.org/10.1038/nature02871
http://dx.doi.org/10.1016/j.molonc.2012.09.006
http://dx.doi.org/10.1677/joe.1.06426


www.nature.com/scientificreports/

9Scientific Reports | 7: 1921  | DOI:10.1038/s41598-017-02225-x

	 8.	 Rottiers, V. & Näär, A. M. MicroRNAs in metabolism and metabolic disorders. Nat Rev Mol Cell Biol. 13, 239–250, doi:10.1038/
nrm3313 (2012).

	 9.	 Li, Y., Fang, Y., Liu, Y. & Yang, X. K. MicroRNAs in ovarian function and disorders. J Ovarian Res. 8, 51, doi:10.1186/s13048-015-
0162-2 (2015).

	10.	 Otsuka, M. et al. Impaired microRNA processing causes corpus luteum insufficiency and infertility in mice. J Clin Invest. 118, 
1944–54, doi:10.1172/JCI33680 (2008).

	11.	 Hasuwa, H., Ueda, J., Ikawa, M. & Okabe, M. MiR-200b and miR-429 function in mouse ovulation and are essential for female 
fertility. Science 341, 71–73, doi:10.1126/science.1237999 (2013).

	12.	 Lin, F. et al. MiR-26b promotes granulosa cell apoptosis by targeting ATM during follicular atresia in porcine ovary. PLoS One 7, 
e38640, doi:10.1371/journal.pone.0038640 (2012).

	13.	 Wright, E. C., Yang, C. X., Scanlon, R., Selman, B. & Ross, J. MicroRNA-21 and PDCD4 expression during in vitro maturation of 
porcine oocytes. Biol Reprod. 83(Suppl 1), 322–322, doi:10.1093/biolreprod/83.s1.322 (2010).

	14.	 Maalouf, S. W., Smith, C. L. & Pate, J. L. Changes in microRNA expression during maturation of the bovine corpus luteum: 
regulation of luteal cell proliferation and function by microRNA-34a. Biol Reprod. 94, 71, doi:10.1095/biolreprod.115.135053 (2016).

	15.	 Feng, R. et al. MiRNA-320 in the human follicular fluid is associated with embryo quality in vivo and affects mouse embryonic 
development in vitro. Sci Rep. 5, 8689, doi:10.1038/srep08689 (2015).

	16.	 Krawczynski, K., Najmula, J., Bauersachs, S. & Kaczmarek, M. M. MicroRNAome of porcine conceptuses and trophoblasts: 
expression profile of microRNAs and their potential to regulate genes crucial for establishment of pregnancy. Biol Reprod. 92, 21, 
doi:10.1095/biolreprod.114.123588 (2015).

	17.	 Navakanitworakul, R. et al. Characterization and small RNA content of extracellular vesicles in follicular fluid of developing bovine 
antral follicles. Sci Rep. 6, 25486, doi:10.1038/srep25486 (2016).

	18.	 Zhang, X. D. et al. Characterization and differential expression of microRNAs in the ovaries of pregnant and non-pregnant goats 
(Capra hircus). BMC Genomics 14, 157, doi:10.1186/1471-2164-14-157 (2013).

	19.	 Ling, Y. H. et al. Identification and characterization of microRNAs in the ovaries of multiple and uniparous goats (Capra hircus) 
during follicular phase. BMC Genomics 15, 339, doi:10.1186/1471-2164-15-339 (2014).

	20.	 An, X. P. et al. Identification and profiling of microRNAs in the ovaries of polytocous and monotocous goats during estrus. 
Theriogenology 85, 769–780, doi:10.1016/j.theriogenology.2015.09.056 (2016).

	21.	 Miao, X. Y., Luo, Q. M., Zhao, H. J. & Qin, X. Y. Genome-wide analysis of miRNAs in the ovaries of Jining Grey and Laiwu Black 
goats to explore the regulation of fecundity. Sci Rep. 6, 37983, doi:10.1038/srep37983 (2016).

	22.	 Huang, L. et al. Identification and differential expression of microRNAs in the ovaries of pigs (Sus scrofa) with high and low litter 
sizes. Anim Genet. 47, 543–551, doi:10.1111/age.12452 (2016).

	23.	 Yang, C. X. et al. Cloning and mRNA expression levels of GDF9, BMP15, and BMPR1B genes of the prolific and non-prolific goat 
breeds. Mol Reprod Dev. 79, 2–2, doi:10.1002/mrd.21386 (2012).

	24.	 Calabrese, J. M., Seila, A. C., Yeo, G. W. & Sharp, P. A. RNA sequence analysis defines Dicer’s role in mouse embryonic stem cells. 
Proc Natl Acad Sci USA 104, 18097–18102, doi:10.1073/pnas.0709193104 (2007).

	25.	 Wang, L., Feng, Z., Wang, X., Wang, X. & Zhang, X. DEGseq: an R package for identifying differentially expressed genes from RNA-
seq data. Bioinformatics 26, 136–138, doi:10.1093/bioinformatics/btp612 (2010).

	26.	 Hunter, S. et al. InterPro: the integrative protein signature database. Nucleic Acids Res. 37, D211–215, doi:10.1093/nar/gkn785 
(2009).

	27.	 Quevillon, E. et al. InterProScan: protein domains identifier. Nucleic Acids Res. 33, W116–120, doi:10.1093/nar/gki442 (2005).
	28.	 Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C. & Kanehisa, M. KAAS: an automatic genome annotation and pathway 

reconstruction server. Nucleic Acids Res. 35, W182–185, doi:10.1093/nar/gkm321 (2007).
	29.	 Notter, D. R. Genetic improvement of reproductive efficiency of sheep and goats. Anim Reprod Sci. 130, 147–151, doi:10.1016/j.

anireprosci.2012.01.008 (2012).
	30.	 Ahlawat, S., Sharma, R., Maitra, A. & Tantia, M. S. Current status of molecular genetics research of goat. Small Ruminant Res. 125, 

34–42, doi:10.1016/j.smallrumres.2015.01.027 (2015).
	31.	 Fabre, S. et al. Regulation of ovulation rate in mammals: contribution of sheep genetic models. Reprod Biol Endocrinol. 4, 20, 

doi:10.1186/1477-7827-4-20 (2006).
	32.	 Mishima, T. et al. MicroRNA (miRNA) cloning analysis reveals sex differences in miRNA expression profiles between adult mouse 

testis and ovary. Reproduction 136, 811–822, doi:10.1530/REP-08-0349 (2008).
	33.	 Kang, L., Cui, X. X., Zhang, Y. J., Yang, C. H. & Jiang, Y. L. Identification of miRNAs associated with sexual maturity in chicken ovary 

by Illumina small RNA deep sequencing. BMC Genomics 14, 352, doi:10.1186/1471-2164-14-352 (2013).
	34.	 Hossain, M. M. et al. Identification and characterization of miRNAs expressed in the bovine ovary. BMC Genomics 10, 443, 

doi:10.1186/1471-2164-10-443 (2009).
	35.	 Huang, J. et al. Solexa sequencing of novel and differentially expressed microRNAs in testicular and ovarian tissues in Holstein cattle. 

Int J Biol Sci. 7, 1016–1026, doi:10.7150/ijbs.7.1016 (2011).
	36.	 Tripurani, S. K., Xiao, C., Salem, M. & Yao, J. Cloning and analysis of fetal ovary microRNAs in cattle. Anim Reprod Sci. 120, 16–22, 

doi:10.1016/j.anireprosci.2010.03.001 (2010).
	37.	 Liang, Y., Ridzon, D., Wong, L. & Chen, C. Characterization of microRNA expression profiles in normal human tissues. BMC 

Genomics 8, 166, doi:10.1186/1471-2164-8-166 (2007).
	38.	 Yao, N. et al. A network of miRNAs expressed in the ovary are regulated by FSH. Front Biosci (Landmark Ed) 14, 3239–3245, 

doi:10.2741/3447 (2009).
	39.	 Gebremedhn, S. et al. 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 (2015).
	40.	 Donadeu, F. X., Mohammed, B. T. & Ioannidis, J. A miRNA target network putatively involved in follicular atresia. Domest Anim 

Endocrinol. 58, 76–83, doi:10.1016/j.domaniend.2016.08.002 (2017).
	41.	 Hossain, M. M., Sohel, M. M., Schellander, K. & Tesfaye, D. Characterization and importance of microRNAs in mammalian gonadal 

functions. Cell Tissue Res. 349, 679–690, doi:10.1007/s00441-012-1469-6 (2012).
	42.	 Assou, S. et al. MicroRNAs: new candidates for the regulation of the human cumulus-oocyte complex. Hum Reprod. 28, 3038–3049, 

doi:10.1093/humrep/det321 (2013).
	43.	 Kim, Y. J. et al. MicroRNAs transfected into granulosa cells may regulate oocyte meiotic competence during in vitro maturation of 

mouse follicles. Hum Reprod. 28, 3050–3061, doi:10.1093/humrep/det338 (2013).
	44.	 Cui, L. et al. MicroRNA-99a induces G1-phase cell cycle arrest and suppresses tumorigenicity in renal cell carcinoma. BMC Cancer 

12, 546, doi:10.1186/1471-2407-12-546 (2012).
	45.	 Shi, X. B. et al. An androgen-regulated miRNA suppresses Bak1 expression and induces androgen-independent growth of prostate 

cancer cells. Proc Natl Acad Sci USA 104, 19983–19988, doi:10.1073/pnas.0706641104 (2007).
	46.	 Sen, A. et al. Androgens regulate ovarian follicular development by increasing follicle stimulating hormone receptor and microRNA-

125b expression. Proc Natl Acad Sci USA 111, 3008–3013, doi:10.1073/pnas.1318978111 (2014).
	47.	 Pasquinelli, A. E. et al. Conservation of the sequence and temporal expression of let-7 heterochronic regulatory RNA. Nature 408, 

86–89, doi:10.1038/35040556 (2000).

http://dx.doi.org/10.1038/nrm3313
http://dx.doi.org/10.1038/nrm3313
http://dx.doi.org/10.1186/s13048-015-0162-2
http://dx.doi.org/10.1186/s13048-015-0162-2
http://dx.doi.org/10.1172/JCI33680
http://dx.doi.org/10.1126/science.1237999
http://dx.doi.org/10.1371/journal.pone.0038640
http://dx.doi.org/10.1093/biolreprod/83.s1.322
http://dx.doi.org/10.1095/biolreprod.115.135053
http://dx.doi.org/10.1038/srep08689
http://dx.doi.org/10.1095/biolreprod.114.123588
http://dx.doi.org/10.1038/srep25486
http://dx.doi.org/10.1186/1471-2164-14-157
http://dx.doi.org/10.1186/1471-2164-15-339
http://dx.doi.org/10.1016/j.theriogenology.2015.09.056
http://dx.doi.org/10.1038/srep37983
http://dx.doi.org/10.1111/age.12452
http://dx.doi.org/10.1002/mrd.21386
http://dx.doi.org/10.1073/pnas.0709193104
http://dx.doi.org/10.1093/bioinformatics/btp612
http://dx.doi.org/10.1093/nar/gkn785
http://dx.doi.org/10.1093/nar/gki442
http://dx.doi.org/10.1093/nar/gkm321
http://dx.doi.org/10.1016/j.anireprosci.2012.01.008
http://dx.doi.org/10.1016/j.anireprosci.2012.01.008
http://dx.doi.org/10.1016/j.smallrumres.2015.01.027
http://dx.doi.org/10.1186/1477-7827-4-20
http://dx.doi.org/10.1530/REP-08-0349
http://dx.doi.org/10.1186/1471-2164-14-352
http://dx.doi.org/10.1186/1471-2164-10-443
http://dx.doi.org/10.7150/ijbs.7.1016
http://dx.doi.org/10.1016/j.anireprosci.2010.03.001
http://dx.doi.org/10.1186/1471-2164-8-166
http://dx.doi.org/10.2741/3447
http://dx.doi.org/10.1371/journal.pone.0125912
http://dx.doi.org/10.1016/j.domaniend.2016.08.002
http://dx.doi.org/10.1007/s00441-012-1469-6
http://dx.doi.org/10.1093/humrep/det321
http://dx.doi.org/10.1093/humrep/det338
http://dx.doi.org/10.1186/1471-2407-12-546
http://dx.doi.org/10.1073/pnas.0706641104
http://dx.doi.org/10.1073/pnas.1318978111
http://dx.doi.org/10.1038/35040556


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 1921  | DOI:10.1038/s41598-017-02225-x

	48.	 Hsieh, M., Johnson, M. A., Greenberg, N. M. & Richards, J. S. Regulated expression of Wnts and frizzleds at specific stages of 
follicular development in the rodent ovary. Endocrinology 143, 898–908, doi:10.1210/endo.143.3.8684 (2002).

	49.	 Ricken, A., Lochhead, P., Kontogiannea, M. & Farookhi, R. Wnt signaling in the ovary: identification and compartmentalized 
expression of wnt-2, wnt-2b, and frizzled-4 mRNAs. Endocrinology 143, 2741–2749, doi:10.1210/endo.143.7.8908 (2002).

	50.	 Shen, W. et al. MiR-26a promotes ovarian cancer proliferation and tumorigenesis. PLoS One 9, e86871, doi:10.1371/journal.
pone.0086871 (2014).

	51.	 Carletti, M. Z., Fiedler, S. D. & Christenson, L. K. MicroRNA 21 blocks apoptosis in mouse periovulatory granulosa cells. Biol 
Reprod. 83, 286–295, doi:10.1095/biolreprod.109.081448 (2010).

	52.	 Saito, Y. et al. Specific activation of microRNA-127 with downregulation of the protooncogene BCL6 by chromatin-modifying drugs 
in human cancer cells. Cancer Cell 9, 435–443, doi:10.1016/j.ccr.2006.04.020 (2006).

	53.	 Davis, G. H., Montgomery, G. W., Allison, A. J., Kelly, R. W. & Bray, A. R. Segregation of a major gene influencing fecundity in 
progeny of Booroola sheep. New Zeal J Agr Res. 25, 525–529, doi:10.1080/00288233.1982.10425216 (1982).

	54.	 Mulsant, P. et al. Mutation in bone morphogenetic protein receptor-1B is associated with increased ovulation rate in Booroola 
Merino ewes. Proc Natl Acad Sci USA 98, 5104–5109, doi:10.1073/pnas.091577598 (2001).

	55.	 Souza, C. J., MacDougall, C., Campbell, B. K., McNeilly, A. S. & Baird, D. T. The Booroola (FecB) phenotype is associated with a 
mutation in the bone morphogenetic receptor type 1 B (BMPR1B) gene. J Endocrinol. 169, R1–6, doi:10.1677/joe.0.169R001 (2001).

	56.	 Wilson, T. et al. Highly prolific Booroola sheep have a mutation in the intracellular kinase domain of bone morphogenetic protein 
IB receptor (ALK-6) that is expressed in both oocytes and granulosa cells. Biol Reprod. 64, 1225–1235, doi:10.1095/
biolreprod64.4.1225 (2001).

	57.	 Ling, Y. H. et al. Exploring differentially expressed genes in the ovaries of uniparous and multiparous goats using the RNA-Seq 
(Quantification) method. Gene 550, 148–153, doi:10.1016/j.gene.2014.08.008 (2014).

	58.	 Zhao, Z. Q. et al. Transcriptome analysis of the capra hircus ovary. PLoS One 10, e0121586, doi:10.1371/journal.pone.0121586 
(2015).

	59.	 Kanehisa, M. et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36, D480–484, doi:10.1093/nar/
gkm882 (2008).

	60.	 Gilchrist, R. B., Ritter, L. J. & Armstrong, D. T. Oocyte-somatic cell interactions during follicle development in mammals. Anim 
Reprod Sci. 82, 431–446, doi:10.1016/j.anireprosci.2004.05.017 (2004).

	61.	 Lee, S. H. & Dominguez, R. Regulation of actin cytoskeleton dynamics in cells. Mol Cells 29, 311–325, doi:10.1007/s10059-010-
0053-8 (2010).

	62.	 Brunet, S. & Maro, B. Cytoskeleton and cell cycle control during meiotic maturation of the mouse oocyte: integrating time and space. 
Reproduction 130, 801–811, doi:10.1530/rep.1.00364 (2005).

	63.	 Zhang, X. J. et al. Digital gene expression tag profiling analysis of the gene expression patterns regulating the early stage of mouse 
spermatogenesis. PLoS One 8, e58680, doi:10.1371/journal.pone.0058680 (2013).

	64.	 Dong, Y. et al. Sequencing and automated whole-genome optical mapping of the genome of a domestic goat (Capra hircus). Nat 
Biotechnol. 31, 135–141, doi:10.1038/nbt.2478 (2013).

	65.	 Storey, J. D. & Tibshirani, R. Statistical significance for genome wide studies. Proc Natl Acad Sci USA 100, 9440–9445, doi:10.1073/
pnas.1530509100 (2003).

	66.	 Liu, D., Dai, M. M., Zhang, X., Cao, W. S. & Liao, M. Subgroup J avian leukosis virus infection of chicken dendritic cells induces 
apoptosis via the aberrant expression of microRNAs. Sci Rep. 6, 20188, doi:10.1038/srep20188 (2016).

	67.	 Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate – a practical and powerful approach to multiple testing. J R Statist 
Soc B. 57, 289–300 (1995).

Acknowledgements
This study was financed by the Science and Technology Bureau of Sichuan Province (No. 2013JY0043) and 
the Fundamental Research Funds for the Central Universities, Southwest University for Nationalities (No. 
2015NZYTD02).

Author Contributions
X.D.Z. performed all aspects of the study and drafted the manuscript. J.Y.L. and L.M. participated in the 
experimental design and sample collection.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02225-x
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1210/endo.143.3.8684
http://dx.doi.org/10.1210/endo.143.7.8908
http://dx.doi.org/10.1371/journal.pone.0086871
http://dx.doi.org/10.1371/journal.pone.0086871
http://dx.doi.org/10.1095/biolreprod.109.081448
http://dx.doi.org/10.1016/j.ccr.2006.04.020
http://dx.doi.org/10.1080/00288233.1982.10425216
http://dx.doi.org/10.1073/pnas.091577598
http://dx.doi.org/10.1677/joe.0.169R001
http://dx.doi.org/10.1095/biolreprod64.4.1225
http://dx.doi.org/10.1095/biolreprod64.4.1225
http://dx.doi.org/10.1016/j.gene.2014.08.008
http://dx.doi.org/10.1371/journal.pone.0121586
http://dx.doi.org/10.1093/nar/gkm882
http://dx.doi.org/10.1093/nar/gkm882
http://dx.doi.org/10.1016/j.anireprosci.2004.05.017
http://dx.doi.org/10.1007/s10059-010-0053-8
http://dx.doi.org/10.1007/s10059-010-0053-8
http://dx.doi.org/10.1530/rep.1.00364
http://dx.doi.org/10.1371/journal.pone.0058680
http://dx.doi.org/10.1038/nbt.2478
http://dx.doi.org/10.1073/pnas.1530509100
http://dx.doi.org/10.1073/pnas.1530509100
http://dx.doi.org/10.1038/srep20188
http://dx.doi.org/10.1038/s41598-017-02225-x
http://creativecommons.org/licenses/by/4.0/

	Identification and comparative analysis of the ovarian microRNAs of prolific and non-prolific goats during the follicular p ...
	Results

	Sequence analysis and mapping of small RNA reads. 
	Identification of conserved miRNAs. 
	Novel miRNA prediction. 
	Differential miRNA expression between the two goat breeds. 
	Target gene prediction for miRNAs. 
	Gene ontology and KEGG pathway analysis of target genes. 
	Validation of sequencing results by quantitative real-time RT-PCR (RT-qPCR). 

	Discussion

	Materials and Methods

	Ethics statement. 
	Animals and ovary collection. 
	Small RNA library construction and sequencing. 
	Sequence analysis. 
	Analysis of differential miRNA expression between TBGs and JTBs. 
	Predictions of target genes. 
	Annotation of miRNA targets. 
	Validation of sequencing results using real-time RT-PCR. 

	Acknowledgements

	Figure 1 Sequence length distribution in the non-prolific Tibetan goat (TBG) and the prolific Jintang black goat (JTB) ovarian libraries.
	Figure 2 Composition of small RNA classes of the Solexa sequencing results.
	Figure 3 Differentially expressed miRNAs between the non-prolific Tibetan goat (TBG) and prolific Jintang black goat (JTG) ovary libraries.
	Figure 4 GO functional classification of all differentially expressed genes (DEGs) predicted from the known miRNAs.
	Figure 5 Validation of sequencing results by RT-qPCR.
	Table 1 Classification of total small RNA tags by RNA-Seq in Tibetan goat (TBG) and Jintang black goat (JTG) ovary libraries.
	Table 2 Novel miRNAs in ovarian libraries with expression higher than 1,000 read counts.
	Table 3 Comparison of the 10 most abundant conserved miRNAs in the ovarian libraries of the two goat breeds.




