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Abstract: Oestrus is one of the most important physiological processes especially in pig reproduction and breed-
ing. Oestrus is affected by interactions between multiple genes and the environment. Although recent studies have
identified some genes associated with prolificacy in pigs, transcriptomic pattern of specific genes affecting estrus in
porcine is unclear. In order to identify candidate genes associated with estrus in swine, we assessed gene expres-
sion changes of the ovaries from Xiang pigs within estrus or no-estrus stage using the RNA-Seq method. A total of
432 differentially expressed genes were identified: 204 genes were upregulated and 228 genes were downregu-
lated in oestrous ovary samples when compared with non-oestrous samples. A large number of these genes related
to steroid hormone regulation in animal ovaries, including 51 Gene Ontology terms and top 20 Kyoto Encyclopedia
of Genes and Genomes pathways involved in steroid biosynthesis and ovarian steroidogenesis. From these differ-
entially expressed genes, we identified a total of 14 genes using a bioinformatics screen that may be associated
with oestrus in Xiang pigs, which were CYP51, EBF, TM7SF2, MSMO1, SQLE, LSS, DHCR24, FDFT1, HMGCS1,
FDPS, MVK, IDI1, ACAT2, and ACAT1. These results provide a list of new candidate genes for porcine prolificacy to

be further investigated.
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Introduction

As an important part of the national economy,
the pig industry is crucial to China’s livestock
industry. And oestrus is one of the most impor-
tant physiological processes in pig production
and is affected by interactions between multi-
ple genes and the environment. Oestrus is a
behavioral performance, as well as an external
and visible sign of ovulation. During each oes-
trus cycle, the ovary undergoes proliferation,
differentiation and apoptosis. And these nor-
mal physiological changes directly affect and/
or determine the ovulation, fertilization rate,
the litter size and production of female animals.
Detection and regulation of oestrus help us to
better understand animal reproduction effi-
ciency, human reproductive medicine and bio-
chemical research. As the rapid development
of swine industry, oestrus and ovulation play a
crucial role in improving production efficiency.
Therefore, the objective of this current study
was to investigate the candidate genes related

to swine oestrus, with the hope to increase the
reproductive ability and create greater econom-
ic value.

There has been some recent progress in char-
acterizing the major genes involved in the pro-
lificacy of swine, such as the estrogen receptor
(ESR) [1], follicle-stimulating hormone beta sub-
unit (FSH-B) [2], retinol-binding protein 4 (RBP4)
[3]. With the recent publication of the pig, more
candidate genes or quantitative trait loci (QTLS)
have been extensively investigated for their
involvement in porcine production [4-6]; but
genomic location, function and interaction of
these genes requires further research. RNA
sequencing (RNA-Seq) can measure genes,
both quantitatively and functionally, at the tran-
scriptome level [7]. Up to now, RNA-Seq has
been used to study specific ovarian genes of
cattle [8, 9], goat [10, 11] and pig [12], but tran-
scriptomic changes of specific genes in pig oes-
trus are not clear. Therefore, transcriptomic
analysis of pig ovaries using RNA-Seq may
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Table 1. Primer sequences

Gene Name Forward (5-3’)

Reverse (5’-3)

B-actin TGCGTGACATTAAGGAGAAG GCTCGTAGCTCTTCTCCA
CYpP51 GGCTCTTACCAGGCTGGCTT GTCTGCGTTTCTGGATTGCC
TM7SF2 CAACCCACGCATCTGTTCCT ~ GTTCTGCCTCCTGCATCAGC
EBP ATCCTGGCTGGCCTCTTCTC ~ AGTCTCCGCCAAGTGCTCAG
MSMO1 GCACACCCTCTGGAAACCCT ATCAAACGAACGGTCACCCA
SQLE ACCTTTCTCGGCATTGCCAC AGGAATACCAGCACGCCCAG
LSS AAAGCCCTAGCCGAGAGCAG ACGTCATCCCATTCAGAGCG
DHCR24 CTGCCTGTGTTGCCAGAGCT CAGATGTGCTGGAACAGGCC
FDFT1 GGAATTGGCCTTTCCCGTCT TTTTCTGCAGGAACAGGCCC
HMGCS1 TACGGCTGCCTTGCATCTGT  CAGAGTGGCAGCCAAACCAG
FDPS GTTGCCCGACTCAAGGAGGT CAATACACCAGCCCACGGTC
MVK ATGCGAGGAGATCCCAAACC CATGAATCACCCTCTCCCCC
IDI1 GCTTGTTGCAGCCATCCACT  GGAATGCCCAGTTCAGCCTT
ACAT2 AAACATGAGCAAGGCCCCTC AACGCATCTGTCAGCCCATC
ACAT1 CCGTGCACCACGATAAACAA  ATGCTCTCCATTCCACCTGC

mal research [13]. The animals
were fed in the same environment
and given the same diet ad libitum
during the experimental period.
Food was not given to the animals
on the night before they were
slaughtered.

Animals and ovary collection

A total of six healthy female Xiang
pigs used in this study were divid-
ed into two groups: the oestrous
group (n=3) and the no-oestrous
group (n=3). In order to reduce the
effects of age on estrus, three
pigs of similar age from each
group were selected as biological
replicates for RNA-Seq. The mean

explain heredity of estrus, and be used to iden-
tify key genes relating to oestrus.

In this study, to identify the candidate genes
that influence pig oestrous, we performed a
comparative analysis of the whole transcrip-
tomes of ovary between estrus group and non-
estrus group. We identified a series of differen-
tially expressed genes (DEGs) between these
two groups, which represent potential candi-
date genes affecting pig oestrus traits. Using
these data, we identified several important GO
terms and metabolic pathways associated with
pig oestrus. In conclusion, our data provides a
solid foundation for identifying the critical
genes whose functions affect pig oestrus, and
can facilitate studies on the molecular regula-
tory mechanisms underlying animal oestrus,
hoping to increase the yield of domesticated
animals.

Materials and methods
Ethics statement

All experimental procedures and sample collec-
tion were performed according to the Re-
gulations for the Administration of Affairs Con-
cerning Experimental Animals (Ministry of
Science and Technology, China; revised in June
2004) and approved by the Biological Studies
Animal Care and Use Committee of Guizhou
Province, PR China. This report fully adhered to
the ARRIVE Guidelines for the reporting of ani-
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age of the oestrous group was
150+6.0 days, and mean age of
the non-oestrous group was 152.0+3 days,
which had no statistical difference and been
comparable (P>0.05). Their intact ovaries were
rapidly harvested from their carcasses and
immediately frozen in liquid nitrogen. All tissue
samples were stored at -80°C until the total
RNA extraction was performed.

Oestrus detection

Oestrus detection was performed once a day.
Standing oestrus was determined by the back-
pressure test and the degrees of swelling and
reddening of the vulva, according to Eliasson
method (1989) [14]. The same oestrous detec-
tion procedure was performed twice daily in
front of a boar [15]. A sow not showing signs of
oestrus within 10 days after last ovulation was
considered non-oestrous.

mRNA library preparation and sequencing

Total RNA was extracted from ovaries using
TRIzol (Invitrogen, Carlsbad, CA, USA) and was
purified using DNase | [16, 17]. The quality of
the total RNA was checked using the Agilent
2100 Size Bioanalyzer system (Santa Clara, CA,
USA). A total amount of 3 ug RNA per sample
was used as input material for the RNA sample
preparations. Sequencing libraries were gener-
ated using NEBNext® Ultra™ RNA Library Prep
Kit for lllumina® (NEB, USA) according to manu-
facturer’s instructions. Briefly, mRNA was ex-
tracted from total RNA using oligo (dT) magnet-
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Table 2. RNA sequencing results of mMRNA from the ovaries of oestrous or non-oestrous groups of

Xiang pigs

Sample ID* N1 N2 N3 01 02 03
Clean Reads 52218318 50004320 52994446 49981708 50375286 50368172
Total Base Pairs 7832747700 7500648000 7949166900 4498353720 4533775740 4533135480
Unique Match 26660588 24588262 23679778 32974828 32714413 33256352
Unique Match Rate 51.06% 49.17% 44.68% 65.97% 64.94% 66.03%
Total Mapped Reads 28480570 26308398 25665310 36502081 36259741 36774725
Total Mapped Reads Rate 54.54% 52.61% 48.43% 73.03% 71.98% 73.01%
Expressed Gene 15881 15453 16340 17504 17116 17151
Expressed Transcripts 17579 17134 18163 19669 19326 19295

1. N1, N2, N3 and 01, 02, 03 are replicate from the oestrous and non-oestrous groups.

Table 3. Correlations value between each two samples

Sample ID* N1 N2 N3 01 02 03

N1 1 0.6857844 0.989965 0.6872669 0.6797085 0.7620019
N2 0.6857844 1 0.6752062 0.8937058 0.856389 0.876933
N3 0.989965 0.6752062 1 0.6784261 0.6782016 0.7556047
01 0.6872669 0.8937058 0.6784261 1 0.9466573 0.9523997
02 0.6797085 0.856389 0.6782016 0.9466573 1 0.9613884
03 0.7620019 0.876933 0.7556047 0.9523997 0.9613884 1

1. N1, N2, N3 and 01, 02, 03 are replicate from the oestrous and non-oestrous groups.

ic beads and sheared into short fragments of
about 200 bases. These fragmented mRNAs
were then used as templates for cDNA synthe-
sis. The cDNAs were amplified by PCR method
to complete the library. The cDNA library was
sequenced using the lllumina HiSeq™ 2000
platform.

Analysis of RNA-Seq data

Raw RNA-Seq reads were processed through
in-house perl scripts. Clean reads were ob-
tained by removing reads containing low quality
reads and/or adaptor sequences from raw
reads [18], and mapped to the pig genome
(Sus scrofa 11.1) using TopHat software [19]
(Electronic, allowing up to two base mismatch-
es. The exon expression level was then calcu-
lated using RSEM [20]. Differences in expres-
sion were determined using NOISeq. The
results showed that genes with a probility value
of 28, and a difference of 2 in FPKM value was
designated as differently expressed gene to
reduce the occurrence of false positives [21].

DEGs lists were submitted to the databases of
Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) for enrichment
analysis of the significant over representation
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of GO terms and KEGG-pathway categories [22-
24]. In all tests, P values were calculated using
the Benjamini-corrected modified Fisher’'s
exact test and <0.05 was taken as the differ-
ence significantly.

Quantitative PCR analysis

The total RNA from pig tissues was extracted
with an RNApure Tissue Kit (CWBIO, China),
according to the manufacturer’s instructions,
and reverse-transcribed into first strand cDNA
using the HiFiScript 1st Strand cDNA Synthesis
Kit (CWBIO, China). Quantitative PCR was per-
formed with the TransStart Green qPCR
SuperMix (Transgen, China) and tested by the
DA7600 Real-time Nucleic Acid Amplification
Fluorescence Detection System (Bio-Rad) in a
20 uL reaction system. B-actin was tested at
the same time to normalize mRNA levels. The
28t method was used to calculate the relative
MRNA expression changes. The thermal cycling
conditions were 95°C for 10 min, followed by
39 cycles of 95°C for 15 s and 59°C for 1 min.
The primers were synthesized by the Beijing
Genomics Institute and are listed in Table 1.

Comparison of gene expression levels related
to estrus was performed by using the student’s
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Figure 1. Genes expression level in oestrous and non-ostrous samples (O:

oestrous group; N: non-ostrous group).

t test, and correlations between gPCR and
RNA-Seq measures were calculated.

Results
Overview of sequencing data

After removing the low quality and adaptor
sequences, we obtained approximately 49 to
52 million clean reads for six RNA-Seq libraries,
and the percentages of mapped reads ranging
from 48.43% to 73.03%, the unique match rate
ranging from 44.68% to 66.03% (Table 2).
These results indicated that our six libraries
were of high quality, and had high coverage of
the pig genome. This allowed us to compare the
ovary transcriptomes from pigs with oestrous
or not.

Differentially expressed genes between estrus
and no-estrus groups

Subsequently, the present study detected the
gene expression levels and identified the differ-
entially expressed genes between oetrous and
non-oetrous samples using the RSEM software
package. RSEM maximum likelihood abun-
dance was estimated by using the Expectation-
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Maximization (EM) algorithm
of its statistical model, includ-
ing the modeling of PE and
variable-length reads, frag-
ment length distributions and
quality scores, to determine
which transcripts were iso-
forms of the same gene. The
FPKM method was used to
determine the gene expres-
sion levels. The analysis con-
tained the majority of the
annotated pig genes. The cor-
relation of the gene expres-
sion between two samples
was evaluated. Results reve-
aled that gene expression lev-
els among two groups were
highly correlated, suggesting
that the experiments were reli-
able and the samples selec-
tion were reasonable (Table
3).

Up VDown

The number of expressed
genes in each library was simi-
lar among libraries (15,453-
17,504) (Table 2). A total of
432 genes were differentially
expressed between the two groups, in which
204 genes were upregulated and 228 genes
were downregulated in the oestrous group
(Figure 1). The 14 most differentially down
expressed genes related to the pigs’ produc-
tion from the total of 432 DEGs identified
between the non-oestruos and oestrous sam-
ples were: cytochrome P450, family 51 (CYP-
51), emopamil binding protein (EBP), trans-
membrane 7 superfamily member 2 (TM7S-
F2), methylsterol monooxygenase 1 (MSMO1),
squalene epoxidase (SQLE), lanosterol syn-
thase (LSS), 24-dehydrocholesterol reductase
(DHCR24), farnesyl-diphosphate farnesyltrans-
ferase 1 (FDFT1), 3-hydroxy-3-methylglutaryl-
CoA synthase 1 (HMGCS1), farnesyl diphos-
phate synthase (FDPS), mevalonate kinase
(MVK), isopentenyl-diphosphate delta isomer-
ase 1 (IDI1), acetyl-CoA acetyltransferase 2
(ACAT2), acetyl-CoA acetyltransferase 1 (AC-
AT1) (Table 4).

Functional enrichment analysis of differentially
expressed genes

To define the biological functions of the 432
DEGs, GO and KEGG analysis were carried out.
Fifty-one significantly enriched GO terms (cor-
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Table 4. Detailed information on the 14 differentially expressed genes related to oestrus

Sae;ee Readcount-N Readcount-O Probability IogQF((())I;jl(\i)hang U;z(/)(jg\;m Description

CYP51 147.56 43.69 0.83 -1.76 Down  Cytochrome P450, family 51

EBP 183.17 32.85 0.87 -2.48 Down Emopamil binding protein

TM7SF2 539.88 19.13 0.94 -4.81 Down  Transmembrane 7 superfamily member 2
MSMO1 312.48 71.83 0.86 -2.12 Down Methylsterol monooxygenase 1

SQLE 73.06 23.91 0.80 -1.61 Down  Squalene epoxidase

LSS 108.44 17.88 0.87 -2.60 Down Lanosterol synthase

DHCR24 138.19 31.90 0.85 -2.10 Down  24-dehydrocholesterol reductase

FDFT1 213.75 58.38 0.84 -1.87 Down Farnesyl-diphosphate farnesyltransferase 1
HMGCS1 229.55 46.98 0.86 -2.28 Down 3-hydroxy-3-methylglutaryl-CoA synthase 1
FDPS 371.10 70.14 0.87 -1.87 Down Farnesyl diphosphate synthase

MVK 90.66 6.85 0.89 -3.72 Down  Mevalonate kinase

IDI1 840.00 197.02 0.86 -2.09 Down Isopentenyl-diphosphate delta isomerase 1
ACAT2 157.79 30.84 0.87 -2.35 Down  Acetyl-CoA acetyltransferase 2

ACAT1 146.23 45.69 0.82 -1.67 Down  Acetyl-CoA acetyltransferase 1

N: non-oestrous group; O: oestrous group.

rected P<0.05) were identified, including bio-
logical regulation, cellular component organiza-
tion or biogenesis, cellular process, develop-
mental process, regulation of biological pro-
cess, metabolic process, negative regulation of
biological process, positive regulation of bio-
logical process, reproduction, reproductive pro-
cess (Figure 2). Meanwhile, 20 significantly
enriched KEGG pathways were identified,
including metabolic pathways, terpeniod back-
bone biosynthesis, PPAR signaling pathway,
steroid biosynthesis, starch and sucrose me-
tabolism, ribosome, fat digestion and absorp-
tion (Figure 3). Among these GO terms and
KEGG pathways, the steroid biosynthesis,
reproduction and reproductive process were
the ones related to steroid hormone regulation
in animal ovaries and therefore likely to be con-
tributing to osterous. However, as most GO and
KEGG assignments and distributions are relat-
ed to reproduction, growth and development,
and metabolism, our results indicate that the
DEGs are involved in a wide range of regulatory
functions in Xiang pig ovaries.

gRT-PCR validation

The transcript levels of 14 genes (CYP51, EBP,
TM7SF2, MSMO1, SQLE, LSS, DHCR24, FDFT1,
HMGCS1, FDPS, MVK, IDI1, ACAT2, and ACAT1)
were re-evaluated using qRT-PCR technology.
RNA from the same animals assigned to the
RNA-Seq analysis was used for the qRT-PCR
validation experiment (Figure 4). Overall, the
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results obtained from gRT-PCR were in agree-
ment with the results of RNA-seq.

Discussion

Ovaries are one of the most important animal
reproductive organs, which directly regulate
ovulation and female hormone secretion and
have a significant impact on the fecundity of
mammals [25, 26]. Also, animals showing clear
visible oestrous signs have high yield [27, 28].
But, until now, rare study investigated the oes-
trous candidate genes related to the produc-
tion of Xiang pig. To the best of our knowledge,
this is the first report focused on pig oestrous
using RNA-seq.

It is well known that there is gene expression
specificity in different tissues and cells. The
ovaries contain a mixture of different tissue,
and the expression of candidate genes may dif-
fer between them. We strove to ensure that we
obtained intact ovaries and ground them com-
pletely for the purpose of RNA extraction, to
ensure that the RNA-Seq results were repre-
sentative of the complete Xiang pig ovarian
transcriptome. In order to minimize the effect
of age, we selected six pigs with similar age for
RNA-Seq. Two sequencing libraries were con-
structed from the non-oestrous and oestrous
samples. High quality transcriptome data was
generated (about 52 million clean reads for
each sample), which was sufficient for the
quantitative analysis of gene expression.

Int J Clin Exp Med 2018;11(11):12079-12087
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Figure 2. The most enriched top 51 Go terms.

The increased plasma concentrations of oes-
trogen and luteinizing hormone (LH), and the
decreased concentration of progesterone be-
fore ovulation can initiate the occurrence of
oestrous behavior [29]. Besides, enzymes in
ovarian tissue, such as the cytochrome P450
(CYP) family, hydroxy steroid dehydrogenase
and catechol-O-methyl-transferaseenzyme, di-
rectly catalyze the synthesis and metabolism of
oestrogen from cholesterol [30]. The expres-
sion of key steroidogenic enzymes responsible
for the production of oestrogens - oestradiol
(E2) and oestrone (E1) as well as testosterone
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(T), namely CYP17A1 and CYP19A3 was noted
in the porcine uterus during early pregnancy
and the oestrous cycle [31, 32]. And in the
study, we found 14 candidate genes related to
the oestrus of swine: CYP51, EBP, TM7SF2,
MSMO1, SQLE, LSS, DHCR24, FDFT1, HMGC-
S1, FDPS, MVK, IDI1, ACAT2, and ACAT1. CYP51
is a member of CYP family, just as descripted,
can catalyze the synthesis and metabolism of
oestrogen. TM7SF2 gene has been reported
to be involved in cholesterol biosynthesis by
encoding the protein 3B-hydroxysterol Al4-
reductase [33], indicating it may involve in the
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Figure 4. The expression levels of genes related to
oestrus were quantified using gRT-PCR. The data are
expressed as means * SD. Statistical significance
was calculated using one-way repeated-measures
analysis of variance (n=9, per group). ***P<0.001.

process of oestrus. Besides, SQLE is also
reported to regulate cholesterol synthesis [34],
LSS has relationship with oestrogen [35] and
so on.

To experimentally validate the DEGs identified
from the sequencing data, we analyzed 14
DEGs using qPCR. The results confirmed that
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the expression patterns of
these DEGs were consistent
with those obtained from tran-
scriptome sequencing data
(Figure 4). These results indi-
cate that the DEGs identified
in the genome-wide transcrip-
tome sequencing data are

Gene_number

.20 reliable.

® 40

® &0 We also performed GO enrich-

@50 ment analysis of DEGs from

avalue the DEGseq comparisons N
0.20 (non-oestroud group) vs. O
0.15 (oestrous  group). Notably,
0.10 from the GO and KEGG analy-
0.05 sis, we found that the func-

tions of DEGs between the
two groups were mainly in-
cluding biological regulation,
cellular component organiza-
tion or biogenesis, cellular
process, developmental pro-
cess, regulation of biological
process, metabolic process,
negative regulation of biologi-
cal process, positive regula-
tion of biological process, re-
production, reproductive pro-
cess, metabolic pathways, terpeniod backbone
biosynthesis, PPAR signaling pathway, steroid
biosynthesis, starch and sucrose metabolism,
ribosome, fat digestion and absorption. It is
accepted that the molecular regulation of ani-
mal traits is very complex and the relationship
between genes and traits is often that of “one-
to-many” or “many-to-one” [36]. The DEGs were
not only enriched in reproduction-related path-
ways but also in those involved with steroid bio-
synthesis and fatty metabolism. This suggests
that the genes may be associated with both
reproduction and fat metabolism. The synthe-
sis of steroid hormones is closely related to fat
metabolism. It has been demonstrated that all
of steroid hormones are synthesized from cho-
lesterol [37]. The pathways mentioned above
are, to a greater or lesser degree, involved in
the development of follicular cells and oocytes.
Consequently, functional studies should be
performed with these DGESs in order to identify
key candidate genes influencing reproductive
traits in swine.

In conclusion, this study screened for DEGs in
the pigs’ ovarian tissues with oestrous or non-
oestrous character using RNA-Seq. We identi-
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fied 204 genes that were upregulated and 228
genes that were downregulated in the oestrous
samples compared with the non-oestrous
group. After analyzing the function of these
genes, we found 14 DEGs that maybe relevant
to the prolificacy of pigs and verified these
genes by qPCR technology. This new informa-
tion provides a solid foundation for further
studies of the molecular mechanisms underly-
ing porcine prolificacy. In the future, biochemi-
cal and physiological analyses of these candi-
date genes will be conducted.
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