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A B S T R A C T

To investigate the genetic mechanism of sheep prolificacy, protein profiling of ovaries in the follicular and luteal
phases was conducted. The tandem mass tag technique was used to analyze the proteomes of ovaries from STH
sheep that did not have the FecB mutation in the bone morphogenetic protein receptor 1B gene. Parallel
Reaction Monitoring (PRM) was operated to validate the target differentially abundant proteins (DAPs). The
result showed, a total of 34,037 peptides were found, and 5074 proteins were identified. The screened DAPs
strictly related to energy metabolism, hormone synthesis, ovarian function were significantly enriched in oxi-
dative phosphorylation(COX7A, ND5, and UQCR10), ovarian steroidogenesis(StAR and HSD3B), taurine and
hypotaurine metabolism(CSAD), glycosaminoglycan biosynthesis-heparin sulfate/heparin(GLCE), necroptosis
(H2AX, AIFM1, and FTH1), protein digestion and absorption(COL4A1 and COL4A5) and glycosaminoglycan
degradation(HYAL2 and HEXB) pathways. These analyses indicated that the reproductive performance of sheep
is regulated through different pathways. In consequence, these findings are an important resource that can be
used in future studies of the genetic mechanism of high fecundity traits in sheep, and these DAPs can be further
investigated as candidate markers to predict prolificacy of sheep.
Significance: Litter size is an important quantitative trait, but the genetic mechanism of high-prolificacy is still
unclear in sheep. Our study identified potential signaling pathways and differentially abundant proteins related
to reproductive performance. These findings will facilitate a better revealing the mechanism and provide pos-
sible targets for molecular design breeding for the formation of polytocous traits in sheep.

1. Introduction

The benefit of sheep production is determined directly by litter size.
Most sheep breeds are monotocous, so how to effectively improve fe-
cundity is an urgent issue. Litter size is a threshold trait with low her-
itability (approximately 0.1) [1]. It is affected by many factors, in-
cluding breed, nutrition, age, and genetics. The genetic factor is an
internal factor. In-depth studies on the genetic mechanism of high

sheep fertility have found many candidate genes related to reproductive
traits of sheep. Among them, bone morphogenetic protein receptor 1B
(BMPR1B), bone morphogenetic protein 15(BMP15), and growth dif-
ferentiation factor 9(GDF9) and are the three major polytocous candi-
date genes with known mutations. Nine mutations (FecXI, FecXH,
FecXG, FecXB, FecXL, FecXR, FecXGr, FecXO, and FecXBar) of BMP15 and
five mutations (FecGE, FecGH, FecTT, FecGF, and FecGV) of GDF9 were
significantly correlated with litter size in some sheep breeds. For
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BMP15 and GDF9, the ovulation rate and litter size of heterozygotes of
all mutations (except for FecXGr, FecXO) were higher than those of wild
homozygote [2–5]. Additionally, the FecB mutation of BMPR1B had an
additive influence on the ovulation rate and litter size of Small Tail Han
(STH) sheep [6].

The ovary produces oocytes and secretes hormones, and is the es-
sential reproductive organ in female animals. To understand the
changes that occur in related genes or proteins it is helpful to study
ovarian function over the whole estrus cycle. The developments in
genomics and transcriptomics strategies have helped to progress studies
on candidate genes related to fecundity in the ovary of yak [7], sow [8],
goat [9], and sheep [10,11]. However, some critical physiological
mechanisms are difficult to explain only at the genetic level. It is well
known that the maturation and differentiation of cells are characterized
by the expression of specific proteins, and there may be no consistent
linear correlation between mRNA and protein levels [12]. The mRNAs
are regulated only at the transcription level and may not reflect the
activity of all proteins in a cell [13]. Previous studies found that most
mRNAs in oocyte are polyadenylation and cannot be translated into
proteins [14,15], whereas proteins can play vital functions post-trans-
lation modifications, such as phosphorylation, ubiquitination, and
pantothenic acid [16]. To date, a large amount of proteomic data on the
production mechanism, growth performance, and disease resistance of
animals have been obtained in experimental animals using proteomics
strategies [17,18]. Therefore, proteomics is an effective method to
analyze protein profiling and is widely used to solve biological pro-
blems [19]. Using classical proteomic quantification methods, such as
two-dimensional gel electrophoresis and free-label techniques, valuable
protein information on mammalian oocyte/embryo development has
been obtained. However, using these methods, it is difficult to accu-
rately identify proteins with small fold changes, low molecular weight,
and low abundance between samples [16]. Tandem mass tag (TMT)
technology, a relative and absolute quantitative protein in vitro tech-
nique based on isotopic labeling, overcomes most of these problems
[20], which is widely used in biological research.

The STH sheep, a year-round estrus and endemic polytocous breed,
is widely bred farm animal in China. Therefore, it is the optimal model
breed to explore the molecular genetic mechanisms related to its high
fecundity [21]. STH sheep population can be divided into three FecB
genotypes (FecB BB, FecB B+, and FecB++) using the TaqMan probe
method, Of which FecB BB and FecB++ are mutant and wild homo-
zygous genotypes, respectively, and FecB B+ is a heterozygous geno-
type [22]. The FecB mutation was found in some high fecundity STH
sheep, and not in low fecundity STH sheep, indicating the FecB muta-
tion was associated with the prolificacy of STH sheep. However, some
STH sheep without FecB mutation(FecB++) also had high fecundity
and maintained stable heredity in production. Therefore, we specu-
lated, besides the FecB mutation effect, other genetic factors also may
influence the litter size of STH sheep. Therefore, in this study, based on
the proteomics analysis, we analyzed the protein abundance profiles of
ovaries of the polytocous and monotocous STH ewes(FecB ++ geno-
type) using the TMT technique. We aimed to provide a reference re-
source that can be used to reveal the genetic regulatory mechanism of
high fecundity in sheep.

2. Materials and methods

All experimental procedures involving animals were approved by
the Science Research Department (in charge of animal welfare issue) of
the Institute of Animal Sciences, Chinese Academy of Agricultural
Sciences (IAS-CAAS) (Beijing, China). Ethical approval on animal sur-
vival was given by the animal ethics committee of IAS-CAAS (No.
IASCAAS-AE-03, 12 December 2016).

2.1. Animals grouping and ovulation rate detection

All the pluriparous ewes came from the nucleus herd of STH sheep
in the southwest region of Shandong Province in China and were fos-
tered at the Sheep & Goat Breeding Farm of Tianjin Institute of Animal
Sciences (Tianjin, China). We selected experimental ewes with FecB +
+ genotype based on the TaqMan assay using the FecB mutation probe.
The average age of all the ewes was three years and they all had three
or above parity records. Phenotypic data were also measured. All ewes
were kept in a sheltered outdoor paddock and were provided with high-
quality hay (e.g. alfalfa hay) and concentrate, with clean water avail-
able ad libitum during the experiment. The estrus cycles of ewes were
synchronized. A controlled internal drug release (CIDR) device (pro-
gesterone 300mg) was inserted into their vagina for 12 days. Six days
after the CIDR removal, the ovulation rate was detected by the la-
paroscopy procedure. Ovulation rate was equal to the total number of
corpus luteum on both sides of a ewe's ovary. According to the litter size
and ovulation rate, 12 ewes were equally divided into four groups,
including the polytocous group (PG) ewes and monotocous group (MG)
ewes in the follicular phase (n=3) and luteal phase (n=3), respec-
tively. It was no significant difference in the phenotypic indexes, in-
cluding the average age, average weight, body length, and chest cir-
cumference between the polytocous group and monotocous ewes
(Table 1).

2.2. Sample collection

Estrus synchronization was conducted for collecting the ovary
samples of the STH ewes in both groups. Three STH ewes were selected
randomly from each group and euthanized at 45–48 h after the CIDR
removal (follicular stage) and the other three ewes were euthanized at
9 days after the CIDR removal (luteal stage). The ovaries from the
polytocous group ewes at the follicular and luteal stages were named
PF_O(n=3) and PL_O(n=3), respectively, and the ovaries from the
monotocous group ewes at the follicular and luteal stages were named
MF_O(n=3) and ML_O(n= 3), respectively. The collected fresh ovary
from each ewe was frozen immediately in liquid nitrogen and stored at
−80 °C until use.

2.3. Protein extraction and peptidolysis

The ovarian samples were ground in liquid nitrogen with a pestle
and mortar. Protein was extracted by lysis with SDT buffer (4% (w/v)
sodium dodecyl sulfate (SDS), 150mM Tris/HCl (pH 8), 100mM di-
thiothreitol (DTT)). Briefly, 30mg of each ovary sample was added to
900 μL SDT lysate, and the lysate was sonicated (80W; 10 cycles of 10 s

Table 1
Body condition and litter size characteristics of polytocous (PG) and monotocous (MG) ewes.

Group AA/year OR LS AW/kg BH/cm BL /cm CC/cm

PG ewes 2.8 ± 0.6 2.4 ± 0.3⁎⁎ 2.2 ± 0.6⁎⁎ 61.26 ± 5.16 92.23 ± 7.46 97.15 ± 9.64 118.52 ± 8.33
MG ewes 3.0 ± 0.5 1.0 ± 0.0⁎⁎ 1.0 ± 0.0⁎⁎ 63.54 ± 7.37 89.77 ± 10.25 93.81 ± 6.36 121.90 ± 11.47

Note: AA, OR, LS, AW, BH, BL, and CC indicate average age, ovulation rate, litter size, average weight, body height, body length, and chest circumference,
respectively.

⁎⁎ Indicates p-values≤ .01. Values with no asterisks are not significant.
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with 15 s intervals), then boiled for 15min. After centrifugation at
14,000×g for 40min, the supernatant was quantified using a BCA
Protein Assay Kit (Bio-Rad, CA, USA) and detected by SDS-PAGE. Each
sample was trypsinized using the filter-aided sample preparation
(FASP) method [23], and the filtrate was collected. The peptide fraction
(OD 280) was qualified and stored at −80 °C before use.

2.4. TMT labeling

After trypsin digestion, the peptide samples were dried by vacuum
centrifugation, and 100 μg of the peptides from each sample were re-
suspended in 0.5 M tetraethylammonium bromide (TEAB) solution and
labeled using the Thermo TMT Labeling Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer's instructions. The
PF_O, MF_O, PL_O, and ML_O samples were labeled with TMT isobaric
labels 126, 127, 128, and 129, respectively. The labeled samples were
incubated at room temperature for 1 h. Then, the reaction was termi-
nated by adding 8 μL 5% hydroxylamine and the four samples were
mixed and dried by vacuum centrifugation. The TMT labeling proce-
dure was carried out three times for the biological replicates.

2.5. Peptide fractionation with high pH reversed-phase spin column

The dried peptide mixture was fractionated using the pierce high pH
reversed-phase fractionation kit (Thermo Fisher Scientific, Waltham,
MA, USA). Briefly, 100 μg of the mixed and lyophilized labeled peptide
sample was diluted with 300 μL of 0.1% trifluoroacetic acid, then
transferred to a high pH reversed-phase spin column, and the flow
component was collected by centrifugation. Then, 300 μL of pure water
was added to the flow component and the rinsed component was col-
lected by centrifugation. Ten elution fractions were collected by gra-
dient elution and reconstituted with 12 μL of 0.1% formic acid for use
after lyophilization.

2.6. Identification of the fractions by HPLC (high-performance liquid
chromatography) and liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS)

Each elution fraction was injected into a NanoLC-MS/MS instrument
for analysis. The peptide mixture was loaded onto a reversed-phase trap
column (Thermo Fisher Scientific Acclaim PepMap 100,
100 μm×2 cm, nanoViper, C18) connected to a C18-reversed-phase
analytical column (Thermo Scientific Easy Column, 10 cm long, 75 μm
inner diameter, 3 μm resin) in buffer A (0.1% formic acid) and sepa-
rated with a linear gradient of buffer B (84% acetonitrile and 0.1%
formic acid) at a flow rate of 300 nL/min controlled by IntelliFlow
technology (one-hour gradient: 0%–35% buffer B for 50min,
35%–100% buffer B for 5min, hold in 100% buffer B for 5min). LC-
MS/MS analysis was performed on a Q Exactive mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) that was coupled to an
Easy nLC system (Thermo Fisher Scientific, Waltham, MA, USA) for
60min. The mass spectrometer was operated in positive ion mode. MS
data were acquired using a data-dependent top 10 method dynamically
choosing the most abundant precursor ions from the survey scan
(300–1800m/z) for higher-energy collisional dissociation (HCD) frag-
mentation. Automatic gain control target was set to 3e6, and maximum
inject time to 10ms. Dynamic exclusion duration was 40.0 s. Survey
scans were acquired at a resolution of 70,000 at m/z 200 and resolution
for HCD spectra was set to 17,500 at m/z 200 (TMT 6plex), and isola-
tion width was 2m/z. The normalized collision energy was 30 eV and
the underfill ratio, which specifies the minimum percentage of the
target value likely to be reached at maximum fill time, was defined as
0.1%. The instrument was run with peptide recognition mode enabled.

2.7. MS data analysis

The raw MS data (in RAW format) were converted to the mascot
generic format (MGF) file format using Proteome Discoverer 1.4
(Thermo Fisher Scientific, 2012), and submitted to the MASCOT 2.2
server (http://www.matrixscience.com/) for database retrieval through
the built-in tools of the software. The library files (.dat files) from the
MASCOT server were passed back to the server via Proteome Discoverer
1.4, and the data were filtered using the standard false discovery rate
(FDR) < 0.01 as the cutoff to obtain highly reliable qualitative results.
The following parameters were set: Enzyme=Trypsin; Maximum
number of missing cut points= 2; Fixed
modifications=Carbamidomethyl (C), TMT-6 plex (N-term), TMT-6
plex (K); Variable modifications=Oxidation (M), TMT-6plex(Y);
Primary ion mass tolerance= ±20 ppm; Secondary ion mass
tolerance= 0.1 Da; Database=Ovis_aries Oar_v3.1 pep _all.fasta;
Database pattern=Decoy; and Peptide FDR (false positive
rate)=≤0.01.

2.8. Bioinformatics analysis

All the identified protein species were classified using the Clusters of
Orthologous Groups of proteins (COG) database (http://www.ncbi.
nlm.nih.gov/COG/). The target proteins were annotated using
Blast2GO (Version 3.3.5) [24] and pathway information was obtained
using KAAS (KEGG Automatic Annotation Server) software (http://
www.kegg.jp/). Enrichment analyses of the gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annota-
tions assigned to the target protein were performed by Fisher's exact
test. Cluster analysis of the target proteins was conducted using Cluster
(3.0.2) and Java TreeView software (http://bonsai.hgc.jp/~mdehoon/
software/cluster/software.htm).

2.9. Parallel reaction monitoring (PRM) for target confirmation

To verify the protein expression levels obtained by TMT analysis,
the expression levels of selected ovarian function- and follicular de-
velopment- related differentially abundant proteins (unique pep-
tides≥ 2, fold change≥ 1.2) were further quantified by PRM analysis
[25]. Peptides were prepared according to TMT, and a PRTC normal
peptide was spiked in each sample as internal standard reference. The
enzymatic peptides were desalted and lyophilized, then reconstituted
with 0.1% FA. The chromatographic separation was performed by the
nanoliter velocity HPLC system Easy nLC. One-hour liquid chromato-
graphy gradients with acetonitrile ranging from 5 to 30% over 45min
were used. PRM analysis was performed by Q-Exactive HF mass spec-
trometer (Thermo Scientific). The mass spectrometer was operated in
the positive ion mode with the following parameters: The full MS1 scan
was acquired at a resolution of 60,000 (at 200m/z), an automatic gain
control (ACG) target value of 3.0× 10−6, and a maximum ion injection
time of 200ms. Full MS scans were followed by 20 PRM scans at 30,000
resolution (at 200m/z) with AGC at 3.0×10−6 and a maximum in-
jection time of 120ms. The targeted peptides were isolated within a 1.6
Th window. Ion activation and dissociation were performed at nor-
malized a collision energy of 27 in higher energy dissociation (HCD)
collision cells. The raw data were analyzed using Skyline software
(MacCoss Lab, University of Washington) [26].

3. Results

3.1. Statistical analysis of MS data

TMT quantitative proteomic analysis was performed on ovaries at
the follicular and luteal stages of PG and MG STH ewes with the FecB+
+ genotype. A total of 34,037 peptide fragments were identified by MS
analysis. Among the identified proteins, 29.5%, 14.3%, 10.2%, 7.4%,
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6.0%, and 32.4% comprised 1, 2, 3, 4, 5, and at least 6 unique peptides,
respectively. A total of 34,037 peptide fragments were identified by MS
analysis(Table S1). A total of 5074 corresponding proteins were iden-
tified in the follicular- and luteal-stage ovary samples of the four groups
of STH ewes (Table S2).

3.2. Functional categories of the identified proteins

The overall categories of the identified ovarian proteins will help to
understand their functions and provide a reference for further studies of
differentially expressed proteins. In the COG categories of the identified
proteins, 4168 of the 5074 proteins were classified into groups, in-
cluding general function, posttranslational modification, protein turn-
over, chaperones, signal transduction mechanism, intracellular traf-
ficking-secretion&vesicular transport, and translation-ribosomal
structure & biogenesis. Some of the proteins were classified as having
unknown function (Fig. 1 and Table S3).

3.3. Analysis of differential abundance proteins

Fold changes of differential abundance proteins (DAPs) among
comparisons of the two groups (PF_O vs MF_O and PL_O vs ML_O) were
determined based on the screening criteria intergroup ratio (fold
change > 1.2 or< 0.83, P < .05). We detected 101 DAPs in PF_O vs
MF_O and 56 DAPs in PL_O vs ML_O (Table 2, Tables S4 and S5). In the
follicular stage, the abundances of differential proteins, such as trans-
thyretin (TTR), Lipase (LIPA),collagen type IV alpha 1 chain (COL4A1),
and collagen type IV alpha 5 chain (COL4A5) were higher in PF_O than
in MF_O, whereas cysteine sulfinic acid decarboxylase (CSAD), D-glu-
curonyl C5-epimerase (GLCE), protein phosphatase 3 catalytic subunit
beta (PPP3CB) were lower in PF_O than in MF_O. In the lutein stage, the
abundances of differential proteins, such as caspase 7(CASP7), cyto-
chrome c oxidase subunit 7A1 (COX7A1), Ferritin(FTH1) and NADH
dehydrogenase subunit 5 (ND5) were higher in PL_O than that in ML_O,
whereas hyaluronidase 2 (HYAL2), beta-hexosaminidase (HEXB), 3
beta-hydroxysteroid dehydrogenase (HSD3B), steroidogenic acute reg-
ulatory protein (StAR), apoptosis-inducing factor mitochondria asso-
ciated 1(AIFM1), and ubiquinol-cytochrome c reductase X (UQCR10)

were lower in PL_O than in ML_O.
Furthermore, these identified proteins were shown by the volcano

plot and hierarchical cluster analyses. The volcano plot shows that the
intergroup DAPs were effectively separated using RStudio (version
3.5.1, 2018) (Fig. 2). Hierarchical cluster analyses were performed for
the DAPs of the compared groups, and the data are shown as a heatmap.
The results of hierarchical cluster of differential abundance proteins
showed that the selection of four comparable groups was rationality
(Fig. S1).

3.4. GO annotation of DAPs

GO annotation, as an international standard gene functional clas-
sification system, defines terms under three main categories: cellular
component, molecular function, and biological process. The DAPs were
detected in the PF_O vs MF_O and PL_O vs ML_O comparisons were
assigned 242and 243 GO terms respectively. Each DAP was assigned
more than one term. Under the biological process, the terms included
mainly cellular process, metabolic process, biological regulation, and
response to stimulus. Under the cellular component, the terms included
mainly cell, cell part, organelle, and organelle. Under the molecular
function, the terms included mainly binding and catalytic activity (Fig.
S2, Tables S6 and S7). Furthermore, the top 20 significantly enriched
GO terms in the PF_O vs MF_O and PL_O vs ML_O comparisons included
DNA packaging complex, protein–DNA complex, regulation of trigly-
ceride metabolic process, protein–DNA complex assembly, protein
carboxylation, iron ion homeostasis, hexosaminidase activity, positive
regulation of phagocytosis, oxidative phosphorylation, cytochrome
complex, and phosphocreatine metabolic process (Fig. 3).

3.5. KEGG pathway analysis of DAPs

To identify the biological pathways that contribute to the different
fecundity among FecB++ genotype PG and MG ewes in each phase,
the DAPs in the PF_O vs MF_O and PL_O vs ML_O comparisons were
enriched in 73 and 70 pathways, respectively Further analysis, in the
follicular phase PF_O vs MF_O comparison, several pathways related to
follicular development were significantly enriched, including taurine

Fig. 1. Functional categories of all identified proteins.
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and hypotaurine metabolism(CASD), glycosaminoglycan biosynthe-
sis–heparan sulfate/heparin(GLCE), and protein digestion and absorp-
tion pathways (COL4A1 and COL4A5) (Fig. 4a); In the luteal phase,
PL_O vs ML_O comparison, several pathways related to ovarian function
were significantly enriched, including oxidative phosphorylation (OX-
PHOS)(COX7A, ND5, and UQCR10), glycosaminoglycan degradation
(HYAL2 and HEXB), ovarian steroidogenesis(StAR and HSD3B), and
necroptosis (H2AX, AIFM1, and FTH1) (Fig. 4b).

3.6. Target confirmation of selected DAPs by parallel reaction monitoring
(PRM)

To verify the DAPs identified by the TMT LC-MS/MS analysis, we
selected eight DAPs with at least two unique peptides for validation by
PRM, namely, TTR, LIPA, CASP7, HSD17B8, LOC101106720, HSD3B,
AIFM1, and UQCR10. Among them, LIPA, CASP7, and TTR had fold
changes above 1.2 (up-regulated), and HSD3B, AIFM1, HSD17B,
UQCR10, and LOC101106720 had fold changes below 0.83 (down-
regulated). The PRM analysis indicated that the selected proteins
showed similar trends as the TMT results, which confirmed the cred-
ibility of the proteomics data (Fig. 5, Table S8).

4. Discussion

During the sheep estrus cycle, follicular development is regulated by
internal factors including hormones, enzymes, and growth regulators.
Proteins are the executors of physiological function and participate in

the specific pathway to complete their biological functions rather than
independently perform their function. Therefore, these identified dif-
ferential proteins might help to reveal the sheep prolificacy genetic
mechanism using TMT quantitative proteomics strategies.

4.1. Analysis of DAPs in the follicular stage

It is a complex regulatory process from follicular development to
final ovulation. In this study, we speculated these pathways may be
closely related to the regulatory process, such as taurine and hypo-
taurine metabolism (CASD), glycosaminoglycan biosynthesis-heparin
sulfate/heparin (GLCE), ECM–receptor interaction (COL4A1 and
COL4A5), and protein absorption & transport (COL4A1 and COL4A5).
Taurine plays a crucial physiological function in the reproductive
system and is closely related to ovary development and estrogen
synthesis. CASD, a key enzyme, can catalyze 3-sulfino-L-alanine and L-
cysteate into hypotaurine and taurine in taurine and hypotaurine me-
tabolism [27]. However, high concentrations of estradiol can reduce the
expression of CASD and inhibit the synthesis and secretion of taurine in
vivo [28], whereas high concentrations of progesterone can increase
the expression of CASD [29]. Therefore, CASD abundance was sig-
nificantly decreased in the polytocous ewes, which implied the estrogen
content in the ovary was higher than in the monotocous ewes. This may
ensure more follicles mature and are successfully ejected.

ECM proteins on the surface of the follicles are composed of non-
covalently bound α- and β-subunits, which are abundantly secreted by
granulosa cells and expressed in cumulus-oocyte complexes, whose
expansion and modulation are essential for follicle growth and ovula-
tion [30]. As one of the critical glycosaminoglycan, heparin sulfate is
found widely in the extracellular matrix and can respond to extra-
cellular signaling factors through the conformational changes in the
idose fragments [31]. However, idose can only be synthesized in vivo
and cannot be obtained from outside the cells. Glucuronic acid epi-
merase (GLCE) is crucial for the biosynthesis heparan sulfate pro-
teoglycans [32] and it can change the isomerization of D-gluronic acid
into L-aduronic acid [33]. Although monotocous ewes have only one
mature follicle in an estrus cycle, the follicular volume is significantly
higher and the ovulation time relative lag is higher than those of
polytocous ewes. We speculated more blood vessels were distributed on
the follicle surface to transport more nutrients to promote follicle
growth in the monotocous ewes. Also, the GLCE abundance in MG ewes
was significantly higher than in PG ewes, which supports this spec-
ulation.

The biological functions of the two differential proteins (COL4A1
and COL4A5) included mainly the composition of basement membrane
tissues, the formation of branch vessels, receptor signals, and co-acti-
vation of tyrosine kinase receptor signals. COL4A1 and COL4A5 mainly
activate the α-subunit of integrin, thus promoting structural changes of
ECM proteins to exert function. In protein digestion and absorption
pathways, COL4A1 and COL4A5 regulate the transport efficiency of
basolateral amino acid transporters by participating in the structural
changes of ECM proteins. During follicular development, protein defi-
ciency can lead to imbalances of amino acid metabolism, which will
hinder the maturation and ovulation of follicular oocytes and affect the
ordinary course of the estrus cycle [34]. Cultivation of oocytes in vitro
from the follicular fluid of low protein sows showed that the nuclear
fission of more oocytes was stagnated in the metaphase of the first
meiosis and cumulus oophorous diffusivity decreased [35]. In addition,
ECM proteins are the upstream proteins that directly regulate the ex-
pression of phosphatidylin-3-kinase (PI3K). After activation, PI3K can
generate a second messenger, 3-phosphatidylinyl inositol (PIP3), to
combine with the intracellular signal serine/threonine kinase AKT.
Therefore, the up-regulation of COL4A1, COL4A5 abundance in the PG
ewes may indicate they have a vital function in promoting more folli-
cular development and ovulation rate.

Fig. 2. Volcano plots of two comparisons. (A) PF_O vs MF_O; (B) PL_O vs ML_O.
The horizontal coordinate represents the fold change of the differentially
abundance proteins (log2). The vertical coordinate represents the p-value (10 is
the logarithmic transformation at the bottom). The red points indicate sig-
nificantly up-regulated DAPs; the green points indicate significantly down-
regulated DAPs, and the black points indicate proteins that were not differen-
tially abundance. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Analysis of top 20 enriched gene ontology (GO) terms in two comparisons. (A) PF_O vs MF_O; (B) PL_O vs ML_O. The x-axis represents the enrichment factor.
Enrichment factors≤ 1 indicate the ratio of the number of DAPs assigned a GO term to the number of all identified proteins assigned the same GO term. The y-axis
indicates the GO terms. The size of a point indicates the number of DAPs. The green to red gradient indicates the p-value (based on the Fisher's exact test); the smaller
the p-value the higher the significance level of the enriched GO term. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4.2. Analysis of DAPs in the luteal stage

Mammalian follicular development involves a “recruitment-selec-
tion-domination” dynamic process (follicle wave). In one estrous cycle,
sheep have at least 3 or 4 follicular waves, and the number of devel-
oping and atretic follicles during the 9–12 days determines the final
ovulation rate [36]. Up to now, the regulatory mechanism of this pro-
cess is still unclear.

In this study, three differential proteins (H2AX, AIFM1, and FTH1)
were involved in the necroptosis pathway. In primate ovaries, ne-
croptosis has the potential to promote follicular development and also
is an essential mechanism for regulating follicular cell death [37]. For
healthy development during reproduction, the apoptosis (atresia) of the
germ cell is an autoregulation process, not a destructive one [38]. Da-
maged DNA can induce H2AX phosphorylation and increase the ex-
pression of PARP1, CAPN1, and Bid (BH3 interacting domain death
agonist), then activate AIFM1. Ferritin(FTH1) can eliminate reactive
oxygen species (ROS) and reduce cell apoptosis. In the previous study,
we found that antioxidation capability was a necessary factor for a high
ovulation rate in ewes [39]. In goat granule cells, AIFM1 induces
chromatin condensation and DNA fragmentation by mediating non-

caspase-dependent cell apoptosis, and it was significantly highly ex-
pressed in atresia follicles [40]. Further, knockout or lower expression
of AIFM1 decreased the apoptosis of granules and oocytes [40].
Therefore, during the luteal stage, down-regulation of AIFM1 activity in
PL_O may indicate the oocyte has the stronger anti-apoptotic ability,
which may promote more oocyte maturation and successful ovulation,
while the enhanced activity of FTH1 will increase the antioxidant ca-
pacity of oocytes.

In addition, the pathway of glycosaminoglycan degradation (HYAL2
and HEXB) were involved. Hyaluronan, which consists of N-acet-
ylglucosamine and glucuronic acid and is the only non-sulfated glyco-
saminoglycan, is essential for oocyte amplification of oocyte maturation
and embryo development [41]. However, its biological functions de-
pend on its molecular size, and only small hyaluronan molecules can
regulate cell proliferation and maturation [42]. HYAL2 has hyalur-
onoglucuronidase activity and can hydrolyze hyaluronan. HEXB is a
membrane-bound protein and its activity depends on NAD+ [43], and
is involved mainly in the activity of UDP-glucuronic acid 5′-epimerase
and heparosan-N-sulfate-glucuronate 5-epimerase. Therefore, the up-
regulation of HYAL2 activity can increase the hydrolysis hyaluronan to
promote primary oocyte growth and maturation in polytocous sheep.
However, the relation between HEXB and the ovulation rate of sheep
needs further research.

Interestingly, we also found OXPHOS(COX7A, ND5, and UQCR10)
was significantly enriched. The OXPHOS pathway can increase ATP
content and cytoplasmic transmembrane potential and is essential for
follicular maturation [44]. COX7A is one of the subunits of cytochrome
c oxidase (COX). Increased COX activity may be one of the factors for

Table 2
Differential abundance proteins between two comparisons.

Comparable group Up-regulation Down-regulation Total

PF_O vs MF_O 48 53 101
PL_O vs ML_O 24 32 56

Fig. 4. Analysis of KEGG pathways in two comparisons. (A) Pathway analysis for PF_O vs MF_O. (B) Pathway analysis for PL_O vs ML_O.
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the higher ovulation rate of STH sheep with the FecB BB genotype [18].
In addition, COX7A also has an anti-aging function. In the heart mi-
tochondria of aging mice, COX7A concentration was significantly de-
creased [45]. ND5 is an indispensable subunit for the activity of NADH
dehydrogenase [46], which is involved mainly in NADH dehydrogenase
(ubiquinone) activity and ATP synthesis coupled electron transport.
UQCR10, a fundamental component of the respiratory electron trans-
port chain, is a member of the multi-subunit phanquinone-cytochrome c
reductase (QCR) complex. Therefore, for high prolificacy STH ewe, the
up-regulation of COX7A indicated the germ cells might have the strong
anti-aging ability, thereby ensuring more energy supply to follicular
development. However, the roles of ND5 and UQCR10 still remain
unclear.

The periodic change of follicular development is inseparable with
the regulation of hormones in the ovary. In this study, the two proteins
(StAR and HSD3B) involved in the ovarian steroidogenesis pathway.
HSD3B is the rate-limiting enzyme for sex hormone synthesis, which is
the initial step for catalyzing steroid hormone production. A previous
study found that mitochondria from luteal cells had high hydro-
xysteroid dehydrogenase (HSD) activity and were very likely re-
sponsible for the significant synthesis of progesterone [47]. Proges-
terone secretion from luteal cells required the enzymatic activity of
cytochrome P450scc and HSD3B [48]. StAR, which is expressed in the
ovaries of many animals, mainly promotes the rate-limiting transfer of
cholesterol from mitochondrial outer membrane to cytochrome
P450scc located in the inner cell membrane [49]. Therefore, StAR and
HSD3B were significantly down-regulated in the PL_O vs ML_O com-
parison, indicating the progesterone level was lower in the polytocous
ewes. This would reduce the inhibition of follicular development and
promote the early development of follicles and final ovulation.

5. Conclusions

In this study, the proteome profiles of ovine ovarian tissues of fol-
licular and luteal phase were demonstrated to obtain important insights
into the molecular genetic mechanism for the different fecundity of STH
sheep based on the TMT proteomics technique. The functional anno-
tation showed these identified DAPs were diversity, including oxida-
tion-reduction process, metabolic process, regulation of biological
process, catalytic activity, and binding. As the central intermediates or
key enzymes, these DAPs were involved in multiple potential signaling
pathways, including OXPHOS(COX7A, ND5, and UQCR10), ovarian
steroidogenesis(StAR and HSD3B), necroptosis(AIFM1, H2AX, and
FTH1), taurine and hypotaurine metabolism (CSAD), protein digestion

and absorption (COL4A1 and COL4A5), and glycosaminoglycan de-
gradation(HYAL2 and HEXB), which strictly related to ovarian func-
tion, follicular development. In consequence, our proteomics analysis
identified these signaling pathways related to the prolificacy of sheep
and these important candidate proteins could be further considered as
the genetic biomarkers for the fecundity of sheep.

Supplementary Materials: Supplementary materials can be found at
www.mdpi.com/xxx/s1. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.jprot.2019.103394.
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