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Abstract 

Background: MicroRNAs (miRNAs), a large family of short endogenous RNAs known to 
post-transcriptionally repress gene expression, participate in the regulation of almost every 
cellular process. Changes in miRNA expression are associated with many pathologies. 
Ovarian folliculogenesis and testicular spermatogenesis are complex and coordinated bio-
logical processes, in which tightly regulated expression and interaction of a multitude of genes 
could be regulated by these miRNAs. Identification and preliminary characterization of 
gonad-specific miRNAs would be a prerequisite for a thorough understanding of the role that 
miRNA-mediated posttranscriptional gene regulation plays in mammalian reproduction. 

Method: Here, we present the identification of a repertoire of porcine miRNAs in adult 
ovary and testis using deep sequencing technology. A bioinformatics pipeline was developed 
to distinguish authentic mature miRNA sequences from other classes of small RNAs repre-
sented in the sequencing data. 

Results: Using this approach, we detected 582 precursor hairpins (pre-miRNAs) encoding 
for 732 mature miRNAs, of which 673 are unique. Statistically, 224 unique miRNAs (out of 
673, 33.28%) were identified which had significant differential expression (DE) between ovary 
and testis libraries (P < 0.001). Most of DE miRNAs located on the X chromosome (X-linked 
miRNAs) (24 out of 34, 70.59%) significantly up-regulated in ovary versus testis (P < 0.001). 
Predictably, X-linked miRNAs are expressed in a testis-preferential or testis-specific pattern. 
To explore the potential for co-expression among genomic location clusters of X-linked 
miRNAs, we surveyed the relationship between the distance separating miRNA loci and the 
coordinate expression patterns of 32 high confidence X-linked miRNAs in seven normal pig 
tissues using the real-time quantitative PCR (q-PCR) approach. Our results show that 
proximal pairs of miRNAs are generally co-expressed implying that miRNAs within 50 kb of 
genomic bases are typically derived from a common transcript. 

Conclusions: The present study characterizes the miRNA transcriptome of adult porcine 
gonads, with an emphasis on the co-expression patterns of X-linked miRNAs. Our report 
should facilitate studies of the organ-specific reproductive roles of miRNAs. 
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Introduction 

microRNAs (miRNAs) comprise a large family 
of ~22 nucleotides (nt) long non-coding small RNAs 
derived from ~70 nt long stem-loop precursors 
(pre-miRNAs). miRNAs have emerged as key 
post-transcriptional regulators of gene expression in 
eukaryotic organisms [1-3]. In mammals, miRNAs are 
predicted to regulate the activity of ~50% of the pro-
tein-coding genes [4]. The numbers of individual 
miRNAs expressed in different organisms are com-
parable to those of transcription factors or 
RNA-binding proteins. Many miRNAs are expressed 
in a tissue-specific or developmental stage-specific 
manner, thereby greatly contributing to 
cell-type-specific profiles of protein expression [5, 6]. 
Identifying tissue-specific miRNAs is the first step 
toward understanding the biological functions of 
miRNAs, such as the regulation of tissue differentia-
tion and the maintenance of tissue identity.  

Folliculogenesis and spermatogenesis are in-
volving a series of complex and precisely regulated 
processes, which include morphological and func-
tional changes taking place in different types of fol-
licular or spermatogenic cells [7-9]. These activities 
could be regulated by miRNA-mediated pathways 
[10, 11]. Previous studies have assessed the expression 
profiles of miRNAs in different species to decipher the 
miRNA transcriptome of their reproductive tissues. 
Ro et al. (2007) identified 122 (15 are novel) and 141 
(29 are novel) miRNAs in adult mouse ovary and tes-
tis, respectively [12, 13]. Mishima et al. (2008) found 
that 154 known miRNAs are expressed in the adult 
ovary and discovered one novel miRNA [14]. Hossain 
et al. (2009) identified 74 (24 are novel) miRNAs in the 
bovine ovary [15]. Tripurani et al. (2010) identified 58 
(16 are novel) miRNAs in the bovine fetal ovary [16]. 
More recently, emergence of the deep sequencing 
approaches and more comprehensive in silico meth-
odology for subsequent data analysis, have stimulat-
ed wider spread and more in-depth studies of miR-
NAs in the reproductive tract. Ahn et al. (2010) iden-
tified 516 (118 are novel) miRNAs in mouse newborn 
ovary using the Illumina Genome Analyzer [17]. In a 
more comprehensive study, Creighton et al. (2010) 
identified 404 known and 132 novel miRNAs through 
deep sequencing (Illumina Genome Analyzer) of 
small RNA libraries from 103 tissues or cell lines de-
rived from human female reproductive organs in-
cluding both normal and diseased tissues [18]. 

Despite increasing efforts in miRNA identifica-
tion across various species and diverse tissue types, 
little is known thus far about porcine gonad-specific 
miRNAs. The miRBase version 15.0 reports only 175 

porcine pre-miRNAs that encoding for 161 distinct 
miRNAs and 27 miRNA*s, which originates from the 
hairpin pre-miRNA arm opposite to the annotated 
miRNA containing arm [19]. In comparison, this 
number is much less than those pre-miRNAs identi-
fied in other mammals, such as human (940), cow 
(665), chimpanzee (606), mouse (590), macaque (485), 
horse (343), rat (326), or even dog (325). Identification 
and preliminary characterization of gonad-specific 
miRNAs would be the first step toward a thorough 
understanding of their roles in regulating folliculo-
genesis and spermatogenesis. In addition to their sig-
nificance in agriculture, pigs are particularly attractive 
model animals because of their phylogenetic relation 
to human beings.  

In the present study, we investigated the miRNA 
transcriptome of adult porcine ovary and testis using 
deep sequencing technology to elucidate their char-
acteristic organ- and gender-specific expression pro-
files in terms of their genomic context. Particular 
emphasis was placed on the features of miRNAs lo-
cated in X chromosome (X-linked miRNAs). 

Materials and Methods  

Ethics statement 

All research involving animals was conducted 
according to the Regulations for the Administration of 
Affairs Concerning Experimental Animals (Ministry 
of Science and Technology, China, revised in June 
2004) and approved by the Institutional Animal Care 
and Use Committee in the College of Animal Science 
and Technology, Sichuan Agricultural University, 
Sichuan, China under permit No. DKY-B20081003. 

RNA isolation  

Tibetan pigs (a black, Chinese indigenous breed) 
were used to harvest tissues. Ovaries and testes were 
taken separately from nine female and nine male Ti-
betan pigs (210-days-old) respectively, and the tissues 
were isolated and immediately frozen in liquid ni-
trogen and stored at -80 oC. Total RNA was extracted 
using the mirVanaTM miRNA isolation kit (Ambion, 
Austin, USA) following the manufacturer’s proce-
dure. The quantity and purity of total RNA were 
monitored via analysis by NanoDrop ND-1000 spec-
trophotometer (Nano Drop, DE, USA) at 260/280 nm 
(ratio > 2.0). The integrity of total RNA was also tested 
via analysis by Bioanalyzer 2100 and RNA 6000 Nano 
LabChip Kit (Agilent, CA, USA) with RIN number > 
6.0. 

Small RNA library construction and sequenc-
ing 

Sequencing of RNA samples was prepared as 
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follows: equal quantities (5 µg) of small RNA isolated 
from individual female or individual male were 
pooled. Approximately 45 µg of small RNA repre-
senting ovaries or testes was used for library prepa-
ration and sequencing. The small RNA fraction be-
tween 10-40 nt was isolated by polyacrylamide gel 
electrophoresis (PAGE) and ligated with proprietary 
adaptors (Illumina, San Diego, USA). The short RNAs 
were then converted to cDNA by RT-PCR and the 
cDNA was sequenced on the Genome Analyzer GA-I 
(Illumina) following the vendor’s recommended pro-
tocol for small RNA sequencing. 

In silico analysis of the sequence data 

Sequenced sequences (Sequ-seqs) were pro-
cessed using Illumina’s Genome Analyzer Pipeline 
software and then as described by Li et al. with some 
modification [20]. The sequ-seqs were then subjected 
to a series of additional filters with acceptance criteria 
derived from the statistics of mammalian miRNAs in 
miRBase 15.0: (1) not sequencing adapters; (2) con-
taining no more than 80% A, C, G, or T; (3) containing 
no more than two N (ambiguious bases); (4) contain-
ing not only A and C or G and T, (5) containing no 
stretches of A7, C8, G6, or T7; (6) being longer than 14 

nt or shorter than 27 nt; (7) not containing  10 repeats 

of any dimer,  6 repeats of any trimer, or  5 repeats 
of any tetramer; (8) been observed more than two 
times; and (9) not originating from porcine known 
classes of RNAs (i.e., mRNA in NCBI database [21]; 
rRNA, tRNA, small nuclear RNA (snRNA) and small 
nucleolar RNA (snoRNA) in Rfam database [22]; and 
repetitive sequence elements in Repbase database 
[23]). The sequ-seqs that satisfy the acceptance criteria 
were passed through and called “mappable sequenc-
es”. 

The mappable sequences were mapped to the 
pig genome (~2.26 Bbp) (Sscrofa9, ftp://ftp.sanger.ac. 
uk/pub/S_scrofa/assemblies/) using NCBI Local 
BLAST. The mapping process included several major 
steps: (1) map the mappable sequences to the 175 
known porcine pre-miRNAs (encoding 189 miRNAs) 
and then to 5,804 known pre-miRNAs (encoding 6,271 
miRNAs) from 22 other mammals in miRBase 15.0; (2) 
map the mapped sequ-seqs to pig genome to obtain 
their genomic locations and annotations in Ensembl 
release 59 (Sscrofa9, April 2009); (3) cluster the un-
mapped sequences in step 2 (that have been mapped 
to miRBase sequences, but not to the pig genome) as 
potential novel miRNAs from gaps in the genome; 
and (4) predict hairpin RNA structures of the mappa-
ble sequences not-mapped to miRBase in step 1 from 
the adjacent 60 nt sequences in either direction using 
UNAFold [24]. To avoid ambiguous sequ-seqs that 

have been assigned to multiple positions in pig ge-
nome, only sequ-seqs longer than 18 nt in length were 
included in step 4. 

Q-PCR 

Total RNA was extracted using the mirVanaTM 
Kit (Ambion) from seven diverse tissue samples, in-
cluding: hearts, kidneys, livers, lungs, ovaries and 
spleens, from the nine female Tibetan pigs 
(210-days-old), and testes from the nine male Tibetan 
pigs (210-days-old). Removal of genomic DNA from 
the extracted RNA was accomplished using 
RNase-free DNase I (TaKaRa, Dalian, China). The 
forward primers of the 32 selected X-linked miRNAs 
were identical in sequence and lengths to the miRNA 
itself (i.e., the most abundant isomiR) based on our 
sequencing results, and are available in Additional file 
2: Supplementary Table 5. EvaGreen-based q-PCR 
was performed with the High-Specificity miRNA 
qRT-PCR Detection Kit (Stratagene, La Jolla, USA) on 
the CFX96™ Real-Time PCR Detection System 
(Bio-Rad, CA, USA). The ΔΔCt method was used to 
determine the expression level differences between 
surveyed samples. All measurements contained a 
negative control and a no-E. coli poly A polymerase 
(PAP) control, and each sample of each individual 
was analyzed in triplicate. Normalized factors (NF) of 
three internal control genes (U6 snRNA, 18S rRNA 
and Met-tRNA) [20] and relative quantities of objec-
tive miRNAs were analyzed using the qBase software 
[25]. 

 The data discussed in this publication have been 
deposited in NCBI’s Gene Expression Omnibus and 
are accessible through GEO Series accession number 
GSE24443. 

Results and Discussion 

An overview of the sequencing results 

All sequ-seqs were counted and the identical 
sequ-seqs were combined into a single kind. Se-
quencing of small RNA libraries from porcine adult 
ovary and testis yielded ~1.37 million (M) and ~2.03M 
kinds of sequ-seqs representing ~17.62M and ~18.62M 
counts (i.e., copy numbers) of sequ-seqs, respectively. 
Additional file 2: Supplementary Table 1 provides the 
statistics of distribution for small RNAs during a se-
ries of filters in order. After removal of 5.61M (ovary: 
31.84%) and 8.80M (testis: 47.28%) raw sequ-seqs 
which did not meet the acceptance criteria of our fil-
ters, there were ~12.01M (ovary: 68.16%) and ~9.82M 
(testis: 52.72%) sequ-seqs considered as “mappable 
sequences”, which corresponding to 55K (ovary) and 
57K (testis) kinds of sequ-seqs.  
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Interestingly, we found that 2.35M (ovary: 
13.35%) and 5.59M (testis: 30.04%) counts of sequ-seqs 
were out of the boundaries of 15-26 nt in size, and 
2.53M (ovary: 14.36%) and 2.41M (testis: 12.94%) 
counts of sequ-seqs were mapped to certain other 
known classes of RNA sequences, e.g., mRNA, rRNA, 
tRNA, snRNA, snoRNA and repetitive sequence ele-
ments, which were eliminated from analysis. The 
proportions of sequ-seqs mapping to known RNA 
classes are listed in Additional file 2: Supplementary 
Table 2. It is worth noting that, in this study, we did 
not filter against the piwi-interacting RNAs (piRNAs), 
a newly identified class of small regulatory RNAs, 
abundantly produced in the germline cells of eukary-
otes [26-28]. The reasons for this are: (1) no porcine 
piRNA sequences have been reported or deposited in 
the public database, such as in the piRNABank 
(http://pirnabank.ibab.ac.in) [29]; (2) piRNAs se-
quences are not conserved in mammals [30-32]; and 
(3) the interaction between PIWI and our small RNAs 
is not being tested in this study. 

The size distribution of mappable sequences was 
similar in ovary and testis libraries. More than half of 
the counts of sequ-seqs are 22 nt in length, 6.34M 
(ovary: 52.83% of mappable sequences) and 4.93M 
(testis: 50.22%), followed by 23 nt and 21 nt, which is 
consistent with the typical size of miRNA from Dic-
er-derived products (Additional file 1: Supplementary 
Fig. 1). Only the mappable sequences were considered 
a reliable representation of a miRNA molecule and 
therefore used for the subsequent analyses, which 
ensures high reliability of the reported results. 

Mapping and cataloging miRNAs expressed in 
the porcine adult ovary and testis 

The statistics of porcine known, novel and can-
didate miRNAs are summarized in Additional file 2: 
Supplementary Table 3 based on the counts and kinds 
of the sequ-seqs. In both libraries, miRNAs frequently 
exhibited extensive sequence-heterogeneity, produc-
ing multiple mature isoforms (named isomiRs) from 
the miRBase depository as reported in the literature 
[33-35]. In these cases, as in our previous report [20], 
the most abundant isomiR was chosen as a reference 
sequence. This provides the most robust approach for 
evaluation of differential expression. Measuring the 
abundance of a given miRNA using the count of the 
most abundant isomiR correlated well with the ex-
pression level of the total counts of all isomiRs (ovary: 
r = 0.94, Pearson; testis: r = 0.95, Pearson). In general, 
the following discussions refer to the most abundant 
isomiR and its counts, when describing a family of 
sequences that may vary by length and/or vary by 
one nucleotide. 

As shown in the Table 1, the pre-miRNAs and 
the mature miRNAs identified from the mappable 
sequences are divided into six groups with 
high-to-mid confidence in order [36]: (1) 243 miRNAs 
corresponding to 146 known porcine pre-miRNAs 
which are also mapped to the pig genome. Specifi-
cally, 146 miRNAs and 19 miRNA*s are known in 
miRBase, and 78 were novel which have not been 
identified (Additional file 2: Supplementary Tables 
4.1); (2) 26 miRNAs correspond to 15 known porcine 
pre-miRNAs, which cannot be mapped to pig ge-
nome. Specifically, 14 miRNAs and three miRNA*s 
are known in miRBase, and nine were novel (Addi-
tional file 2: Supplementary Tables 4.2); (3) 112 
miRNAs corresponding to 80 other known miRBase 
mammalian pre-miRNAs which are mapped to the 
pig genome. These miRNAs were labeled PN(a) (por-
cine novel, “a” type) (Additional file 2: Supplemen-
tary Tables 4.3); (4) two miRNAs (the most abundant 
isomiR encoding from the pre-miRNAs in group 1 or 
3) corresponding to two novel predicted hairpins in 
the pig genome. These miRNAs were labeled PN(b) 
(porcine novel, “b” type) (Additional file 2: Supple-
mentary Tables 4.4); (5) 12 miRNAs (mapped to other 
known miRBase mammalian pre-miRNAs, which did 
not map to the pig genome) corresponding to 12 novel 
predicted hairpins in the pig genome. These were 
labeled PN(c) (porcine novel, “c” type) (Additional 
file 2: Supplementary Tables 4.5); and (6) 337 miRNAs 
(longer than 18 nt and unmapped to any known 
miRBase mammalian pre-miRNAs) encompassing 
327 candidate pre-miRNAs, which were predicted 
RNA hairpins derived from the pig genome, and were 
labeled PC (porcine candidate) (Additional file 2: 
Supplementary Tables 4.6). 

 

Table 1. Pre-miRNAs and mature miRNAs identified in 
porcine adult ovary and testis 

Group’s description Pre-miRNA 
number 

Mature 
miRNA 
number 

Group 1: known miRNAs (with genome 
location) 

146 243 

Group 2: known miRNAs (without genome 
location) 

15 26 

Group 3: novel miRNAs, “a” type (PN(a)) 80 112 

Group 4: novel miRNAs, “b” type (PN(b)) 2 2 

Group 5: novel miRNAs, “c” type (PN(c)) 12 12 

Group 6: candidate miRNAs (PC) 327 337 

Total 582 732 
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Additional file 2: Supplementary Table 5 pro-
vides a complete sequence, name, and relative abun-
dance list for the 732 miRNAs sequences (i.e., the most 
abundant isomiR) originated from 582 pre-miRNAs 
detected in this study. Predictably, there exist distinct 
pre-miRNAs and genomic loci that express identical 
mature sequences, which resulted in these 732 miR-
NAs sequences corresponding to 673 unique miRNAs 
sequences. 

A closer look at the mapped known porcine 
miRNAs from the two libraries in this study found 
that out of 188 unique miRNAs/miRNA*s deposited 
in miRBase 15.0, 165 and 156 miRNAs/miRNA*s 
were detected in ovary and testis, respectively. In both 
libraries, there is a very high detection rate (169 of 188, 
89.89%) of known porcine miRNAs/miRNA*s. This 
illustrates that the ovary and testis libraries encom-
pass almost the entire repertoire of previously known 
miRNAs, which are essential for the various bio-
chemistry pathways during folliculogenesis and 
spermatogenesis [10,11,37,38]. Furthermore, 87 novel 
miRNA*s have also been identified. Predictably, the 

majority of counts of mappable sequences, 8.08M 
(67.25%) and 5.49M (55.98%) in ovary and testis li-
braries, respectively, can be mapped to the 161 known 
porcine pre-miRNAs (Additional file 2: Supplemen-
tary Table 3). The novel and candidate miRNAs that 
we identified were typically low abundance as com-
pared to most of the known miRNAs, explaining how 
they might have eluded previous detection efforts. 

miRNAs differentially expressed (DE) between 
adult testis and ovary 

In the groups of cataloged miRNAs, we observed 
that the majority of miRNAs with abundant counts 
are represented by a few miRNAs. As shown in Fig. 1, 
the miRNA transcriptome of porcine gonads consists 
of unevenly distributed counts of sequences in which 
the top ten unique miRNAs with the highest expres-
sion level account for 24.37% and 26.65% (by counts) 
versus 30.50% and 31.57% of the total counts of all 451 
and 558 unique miRNAs of the mappable sequences 
in ovary and testis libraries, respectively. 

 
 

 

Figure 1. Top ten unique miRNAs with the highest expression level in ovary and testis libraries. Plot of the 
unique miRNAs versus their % in total counts of the mappable sequences. The dashed vertical lines at 24.37% and 30.50% 
(above, ovary), and 26.65% and 31.57% (below, testis) represent the accumulative % of the top ten, and total 451 or 558 
unique miRNAs in total counts of the mappable sequences, respectively.  

 
 
Intriguingly, the plot shows similar results for 

both ovary and testis libraries. The same unique 
miRNAs make up the top ten positions, although the 
rankings are different. The miR-21-5p takes the top 
ranking in both ovary (0.90M) and testis (0.73M) by 

counts, these accounts for 7.50% and 7.42% (by 
counts) of the mappable sequences, respectively. 
Furthermore, four of top ten miRNAs are from the 
let-7-family of miRNAs (let-7a-5p, let-7c-5p, let-7i-5p 
and let-7f-5p). This is consistent with previous reports 
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that let-7-family miRNAs are ubiquitously expressed 
in various cell and tissues types with a 
high-expression level and are involved in the cell cy-
cle as master regulators of cell proliferation pathways 
[39-41]. The relative abundance of these miRNAs in 
ovary and testis may suggest their housekeeping cel-
lular roles and maybe the most important regulatory 
miRNA group during ovarian and testicular devel-
opment. Recent evidence also supports our hypothe-
sis, in which the anomalous expression of these top 
ten ranked miRNAs may be related to ovarian carci-
noma [42-44] and male infertility [37,45,46]. For ex-
ample, let-7a-5p, let-7c-5p and let-7i-5p were shown to 
be up-modulated in primary tumors versus normal 
[47], while let-7f-5p, miR-21-5p [48], miR-143-3p, 
miR-29a-3p [49], and miR-34c-5p [50] were shown to 
be down-modulated in ovarian carcinoma cell lines 
and tissues versus normal, or low-grade cancer versus 
high-grade cancer. In males, miR-34c-5p plays an es-
sential role in the late steps of spermatogenesis [51], 
miR-21-5p and let-7a-5p exhibited a high concentra-
tion in perinuclear granules in round spermatids (de-
termined by in situ hybridizations) [52], and let-7i-5p, 
let-7f-5p and miR-29a-3p shown to be down-regulated 
in testis of non-obstructive azoospermia and normal 
controls [46]. Taken together, our findings and other 
evidence support the relevance of these ten miRNAs 
to ovarian and testicular physiology and indicate that 
these may be the most important regulatory miRNA 
group and signature of disease in gonads. 

As shown in Fig. 2A and Additional file 2: Sup-
plementary Table 5, out of 673 unique miRNAs, 336 
(49.93%) unique miRNAs were co-expressed in ovary 
and testis libraries, 115 (17.09%) and 222 (32.99%) 
miRNAs appear to be preferentially expressed in 
ovary and testis libraries, respectively. To determine 
the significance of differences in miRNA counts be-
tween ovary and testis, we utilized the program 
IDEG6 [53], which performs a normalization calcula-
tion to adjust libraries with different counts of map-
pable sequences. A unique miRNA is said to be dif-
ferentially expressed when it simultaneously pro-
duces P < 0.001 using a Audic-Claverie test, a Fisher 
exact test and a Chi-squared 2×2 test with the Bon-
ferroni correction to adjust for pair-wise comparison. 
The analysis of library sequencing data resulted in the 
identification of 224 unique miRNAs (out of 673, 
33.28%) with statistically significant differential ex-
pression between ovary and testis libraries. Out of 
these 224 DE unique miRNAs, 118 (ovary-specific: 23, 
co-expressed: 95) and 106 (testis-specific: 68, 
co-expressed: 38) unique miRNAs are down- and 
up-regulated in ovary versus testis, respectively (Fig. 
2A and Additional file 2: Supplementary Table 6). 

Additional file 2: Supplementary Table 7 lists the 
detailed sequence, genome location, and context an-
notation of 582 pre-miRNAs detected in our study, of 
which 15 pre-miRNAs were registered in miRBase 
15.0 which cannot be mapped to the pig genome 
(Sscrofa9 genome assembly). It is worth noting that 
the genome locations of mir-28, mir-29c and mir-139 
were derived from pig genome assembly (Sscrofa9) in 
Ensembl release 59 (August, 2010) and absent in 
miRBase 15.0. The chromosomal distribution of 224 
DE unique miRNAs corresponding 235 DE miRNAs 
are shown in Fig. 2B and 2C. A total of 235 DE miR-
NAs cover all pig (Sus scrofa) chromosomes (SSC1 to 
SSC18 and SSCX) except the SSCY for which se-
quences have not yet been released. Based on the 
current entries in miRBase for mammals, no miRNAs 
have been found on the Y chromosome. Intriguingly, 
similar to the miRNA transcriptome of newborn 
mouse ovaries [17], most gonad-expressed miRNAs 
map to chromosome 2 (75 miRNAs), followed by 
chromosome X (74 miRNAs). These results highlight 
the homology of gonad-expressed miRNA within 
mammals.  

 As shown in Fig. 2B, miRNA expression, as de-
termined by the DE miRNA numbers per chromo-
some, originated mostly from the SSCX. Out of 74 
miRNAs that are located in SSCX and have been de-
tected in ovary and testis, 34 (45.95%) miRNAs have 
been be defined as DE miRNAs. Secondly, there are 18 
DE miRNAs located in each of SSC2 (out of 75, 
24.00%), SSC6 (out of 66, 27.27%) and SSC9 (out of 51, 
35.29%). As shown in Fig. 2C, most of DE X-linked 
miRNAs (24 out of 34, 70.59%) significantly 
up-regulated in ovary versus testis. These results are 
in accord with previous reports that the X-linked 
miRNAs were expressed in a testis-preferential or 
testis-specific pattern [12,14,54]. In silico prediction 
indicates that the most enriched Gene Ontology (GO) 
terms found exclusively in mRNA targets of testis 
X-linked miRNAs were related to the cell cycle pro-
cess. This corresponds to the massive and continuous 
cell division, from mitosis of spermatogonia to meio-
sis of spermatocytes, during the spermatogenesis in 
testis [55]. Notably, previous reports suggest that 
Dicer, a crucial enzyme for miRNA biogenesis 
through processing of pre-miRNAs to a ~20 bp 
miRNA/miRNA* duplex, is also essential for the de-
velopment of gonads in mammals [45,56]. In male 
mice, removal of Dicer from germ cells resulted in 
infertility in male mouse [57] and in female, the oo-
plasm of primary oocytes contains Dicer-dependent 
factors that are crucial for chromosome segregation 
and meiotic maturation [58]. 
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Figure 2. Characteristics of DE miRNAs between porcine adult testis and ovary. (A) The Venn diagram displays 
the distribution of 673 unique miRNAs between ovary (left, blue circle) and testis (right, pink circle) libraries. The dashed 
circles indicate the DE unique miRNAs (P < 0.001, Bonferroni corrected) in ovary versus testis. (B) Chromosomal location 
of miRNAs based on the number of DE and not DE miRNAs, and (C) the number of significantly up- and down-regulated in 
ovary versus testis. “ND” means that the genome location of pre-miRNAs has not been determined. 
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Exploring the expression patterns of porcine 
X-linked miRNAs 

The XX/XY system is one of the most common 
sex-determination systems and is found in the vast 
majority of mammals. Intriguingly, we found that 
eight and one X-linked pre-miRNAs mapped to two 
and three genomic loci, respectively (Additional file 2: 
Supplementary Table 7), which resulting to 52 
X-linked pre-miRNAs been mapped to 62 genome loci 
in SSCX. 

To examine more deeply the differences of 
miRNA densities between SSCX and autosomes (SSC1 
to SSC18), we calculated the genomic density distri-
bution of 567 porcine gonad-expressed pre-miRNAs 
corresponding to 637 genome loci (number of 
pre-miRNA loci per Mb of individual chromosome). 
Similarly to previous reports [20,55], we found a 
higher density (1.69-fold) of pre-miRNA loci on SSCX 
(0.49 pre-miRNA loci per Mb of chromosome) than 
the average of the 18 other autosomes (0.29 
pre-miRNA loci per Mb of chromosome) in pig (Fig. 
3). 

 

 

Figure 3. Densities of pre-miRNAs on chromo-
somses in pigs. Densities were calculated by dividing the 
number of pre-miRNA loci on the individual by the length of 
nucleotides on the corresponding chromosome (shown in 
left brackets), which is shown as the number of pre-miRNA 
loci per megabase of DNA. Bbp: billion base-pairs. 

 
miRNAs adjacently located on a chromosome 

(named clustered miRNAs), located in a polycistron, 
are co-expressed with neighboring miRNAs, implying 

that they also generally derive from a common tran-
script [59,60]. We grouped 52 X-linked pre-miRNAs 
corresponding to 62 genome loci into nine clusters (at 
least two genome loci in a cluster) based on their in-
ter-distance being less than 50 kb, which resulted in 33 
(53.23%) of 62 X-linked pre-miRNA loci likely to 
cluster (Additional file 2: Supplementary Table 8). 

Together with three known porcine X-linked 
miRNAs (miR-105-1-5p, miR-105-2-5p and 
miR-450b-5p) that were not detected in our ovary and 
testis libraries, we measured the tissue-specific ex-
pression pattern for 32 high confidence X-linked 
miRNAs which are the predominantly expressed 
miRNAs based on the counts of most abundant iso-
miRs in two libraries in our study (25 are known por-
cine miRNAs and seven are PN(a) types) using a 
q-PCR approach (Fig. 4A). Most of them were ubiq-
uitously expressed in almost all tissues analyzed. 
Nonetheless, miR-1277-3p was detected only in ovary 
and testis tissues. Predictably, these X-linked miRNAs 
preferentially exhibited a higher abundance in testes. 

To explore the potential for co-expression among 
clusters of 32 X-linked miRNAs, we surveyed the re-
lationship between the distance separating miRNA 
loci as described by Baskerville et al. [61] (Fig. 4B), 
and their coordinate expression in seven normal pig 
tissues. The distances separating pairs of miRNAs on 
the SSCX ranged from 40 nt (from mir-450a to 
mir-450c) to > 81 Mb (from PN(a)-80 to mir-221). 
Pairwise comparisons were made between the ex-
pression profiles of all miRNAs oriented in the same 
direction, calculating for each pair a Pearson correla-
tion coefficient (r) ranging between -1 (anti-correlated) 
and 1 (perfectly correlated). The miRNAs were 
ranked by the distance separating each pair of miR-
NAs from each other, and correlations were then 
plotted based on this ranking, with closer genes hav-
ing lower rank numbers (Fig. 4B). Similar to the ob-
servations made by Baskerville and colleagues in 
human miRNAs [61], we found that most porcine 
miRNAs within 50 kb of each other have highly cor-
related expression patterns. This is consistent with the 
idea that they are processed from polycistronic pri-
mary transcripts. Beyond the 50 kb range, the correla-
tion dropped abruptly to background levels, sug-
gesting that the upper bound for a majority of miRNA 
polycistronic transcripts is about 50 kb. Intriguingly, 
the turning point miRNA pairs are mir-676 and itself 
(r = 1, small points a), since mir-676 (104 nt in length) 
occurred two times in the SSCX (from 55,113,034 to 
55,113,113 and 55,165,137 to 55,165,216 at reverse 
strand), which are separated by 52,024 bp (empty cir-
cles b). The next ranked miRNA pairs are mir-325 / 
PN(a)-76 (r = 0.00), and mir-450b / mir-106a (r = 
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-0.08), which are separated by 122,184 nt and 267,370 
nt respectively. 

 Taken together, there has been accumulating 
evidence suggesting that miRNAs closely spaced in 

the genome are co-regulated, which is essential in 
regulating a complex cell signaling network, and is 
more efficient than the regulatory pattern mediated 
by discrete miRNAs [61-63]. 

 

 

 

Figure 4. Expression patterns of X-linked miRNAs. (A) Q-PCR analysis of expression of 32 selected X-linked 
miRNAs across seven porcine normal tissues. (B) Relationship between the distance separating X-linked miRNA loci and 
their coordinate expression in seven normal pig tissues. Each of these miRNAs was paired with each of the others lying in 
the same orientation on the same chromosome. For each pair, the distance between the two loci was ranked, and the 
correlation coefficient (r, Pearson) for their expression was plotted according this rank (yellow triangles, left axis). A 
five-point moving average of r is also shown (blue rhombus), as are the distances between miRNAs in the SSCX (red circles 
with a line through the middle, right axis), and the average r for all the plotted pairs (dashed line). Turning point discussed in 
the text are annotated (a and b). 
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