
Contents lists available at ScienceDirect

Journal of Proteomics

journal homepage: www.elsevier.com/locate/jprot

Proteomic analysis of sheep uterus reveals its role in prolificacy

Yongfu Laa,b, Jishun Tanga,c, Xiaofei Guod, Liping Zhangb, Shangquan Gane, Xiaosheng Zhangd,
Jinlong Zhangd, Wenping Hua,⁎, Mingxing Chua,⁎

a Key Laboratory of Animal Genetics, Breeding and Reproduction of Ministry of Agriculture and Rural Affairs, Institute of Animal Science, Chinese Academy of Agricultural
Sciences, Beijing 100193, China
b College of Animal Science and Technology, Gansu Agricultural University, Lanzhou 730070, China
c Institute of Animal Husbandry and Veterinary Medicine, Anhui Academy of Agricultural Sciences, Hefei 230031, China
d Tianjin Institute of Animal Sciences, Tianjin 300381, China
e State Key Laboratory of Sheep Genetic Improvement and Healthy Production, Xinjiang Academy of Agricultural and Reclamation Sciences, Shihezi 832000, China

A R T I C L E I N F O

Keywords:
Sheep
Protein
Prolificacy
RNA-Seq
Uterus

A B S T R A C T

Small Tail Han sheep have attracted attention for their high fecundity and year-round estrus. However, the
molecular mechanisms of this fecundity are unknown. Polymorphism of the FecB gene has been shown to be
associated with the ovulation rate and litter size in sheep. In this study, we used tandem mass tag quantitative
proteomic techniques to identify the differentially abundant proteins in polytocous and monotocous Small Tail
Han sheep (FecB++) uterine tissues in the follicular and luteal phases. In total, 41 and 43 differentially
abundant proteins were identified in the follicular and luteal phases, respectively. Correlation analysis between
the transcriptome and proteome revealed a positive correlation at the two omics levels of prolificacy. GO and
KEGG pathway analyses indicated that the mRNAs and proteins upregulated in the polytocous group relative to
the monotocous group are involved in sphingolipid metabolism and amino acid metabolism, and may be im-
portant in maintaining uterine functions and increasing the embryo survival rate during the estrus cycle of
polytocous sheep. In conclusion, our work provides a prospective understanding of the molecular mechanism
underlying the high prolificacy of Small Tail Han sheep.
Significance: Fecundity critically affects the profitability of sheep production, but the genetic mechanism of high-
prolificacy is still unclear in sheep. We identified potential signaling pathways and differentially abundant
proteins associated with reproductive performance through a combination of sheep uterus tissues proteome and
transcriptome analyses. These findings will facilitate a better revealing the mechanism and provide possible
targets for molecular design breeding for the formation of polytocous traits in sheep.

1. Introduction

Fecundity critically affects the profitability of sheep production.
Small Tail Han sheep are a Chinese native breed that has attracted at-
tention for its high prolificacy and year-round estrus. However, the
molecular mechanism underlying its fecundity remains unknown [1].
The reproductive processes of the sheep include ovarian follicular de-
velopment, ovulation, luteinization, luteolysis, and endometrial re-
modeling [2,3]. At present, research into the fecundity of sheep mainly
has mainly concentrated on the ovary [4–6], but the function of the
uterus is also important in prolificacy. Uterine length, uterine blood
flow, and uterine gland development are important factors affecting

litter size [7]. In the steroid-induced reproductive cycle, the regenera-
tion and differentiation of the endometrium occur during the follicular
phase, and the metabolic requirements of the endometrium increase
during the luteal phase [8]. The embryo is supported by maternal se-
cretions from the uterus during the preimplantation period. These se-
cretions contain proteins, amino acids, pyruvate, lactate, carbohy-
drates, and fatty acids [9–11], and these functions of the uterus make it
an important source of valuable prolificacy genes for improving sheep
fecundity. Therefore, an in-depth understanding of the molecular me-
chanisms underpinning uterine-related functions is important for the
study of reproduction in female sheep.

In the past decade, proteomic technologies have been used
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successfully to study the uterus [12,13]. The tandem mass tag (TMT)
technology is an in vitro technique for the relative and absolute
quantitation of proteins based on isotopic labeling that is commonly
used as a high-throughput screening method for quantitative pro-
teomics and it has become a powerful tool in uterine proteomic re-
search [14–16]. Ovarian proteomic studies have shown that protein
expression differs greatly between Small Tail Han sheep and Dorset
sheep [17]. Koch et al. found that the expression of 15 uterine luminal
proteins related to specific aspects of embryonic development differed
in nonpregnant sheep and sheep in early pregnancy [18]. However,
there have been very few reports of the uterine proteomics of sheep
with different fecundity. Transcriptomic analysis is another technology
used to characterize the molecular changes in the uterus. Recently,
transcriptomic studies have been widely used to analyze differentially
expressed genes, to identify novel genes, and to describe metabolic
pathways [19]. Transcriptional and proteomic methods have used to
analyze changes in mRNA expression, protein abundance, and post-
transcriptional regulation [20]. Therefore, it is useful to combine pro-
teomic and transcriptomic methods simultaneously to analyze the re-
lationship between the uterus and reproduction. Several reports have
presented the results of proteomic and transcriptomic analyses. For
example, the proteomic and transcriptomic profiles of the uterine lu-
minal fluid in different peri-implantation periods of pregnancy were
compared using liquid chromatography-tandem mass spectrometry (LC-
MS/MS) and a microarray. A large number of genes involved in cell
organization and protein synthesis were identified [21]. In this study,
we used a proteomic analysis to compare the uterine proteins of poly-
tocous and monotocous Small Tail Han sheep (FecB++) in the folli-
cular and luteal phases of the reproductive cycle. This study was de-
signed to identify the differences in the uterine proteomes of sheep with
different fecundity to understand the underlying mechanisms of proli-
ficacy in sheep.

2. Materials and methods

2.1. Samples

All experiments were performed according to the relevant guide-
lines and regulations set by the Ministry of Agriculture of the People's
Republic of China. Ethical approval was given by the animal ethics
committee of the Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences (No. IASCAAS-AE-03, 12 December 2016).

Based on a TaqMan assay using the FecB mutation probe, plur-
iparous ewes with the FecB++ genotype were selected from nuclear
herds of Small Tail Han sheep in the southwest region of Shandong
Province, China. The estrus cycles of all the experimental 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 Small Tail Han ewes were selected and equally
divided into polytocous ewes (PG, litter size and ovulation number≥ 2)
and monotocous ewes (MG, litter size and ovulation number= 1). It
was no significant difference in the phenotypic indexes, including the
average age, average weight, body length, and chest circumference
between the polytocous and monotocous ewes.

Estrus synchronization, as described above, was conducted again to
collect uterus samples from six polytocous ewes and six monotocous
ewes. Three polytocous ewes and three monotocous ewes euthanized at
45–48 h after the CIDR removal (follicular stage) and the other three
polytocous ewes and the other three monotocous ewes were euthanized
at 9 days after the CIDR removal (luteal stage). The uterus tissues from
the polytocous group ewes at the follicular and luteal stages were
named PF (n=3) and PL (n=3), respectively, and the uterus tissues
from the monotocous group ewes at the follicular and luteal stages were

named MF (n= 3) and ML (n= 3), respectively. The whole fresh uterus
from each ewe was collected and then washed with buffer. Uterus tis-
sues were cut to small pieces, pulverized and mixed in the liquid ni-
trogen, then stored at −80 °C until use.

2.2. Protein extraction and LC-MS/MS analysis

The uterus samples were frozen in liquid nitrogen and ground with a
pestle and mortar. The protein was extracted with the SDT (4% [w/v]
SDS, 100mM Tris-HCL [pH 7.6], 0.1 M DTT) lysis method. Part of each
uterus sample (30mg) and 900 μL of SDT lysate were added and the
lysate was sonicated (80W for 10s, 15 s interval, for 10 cycles) and then
boiled for 15min. After centrifugation at 14,000×g for 40min, the
protein in the supernatant was quantified with a BCA Protein Assay Kit
(Bio-Rad, USA) and detected with SDS-PAGE. Each sample was trypsi-
nized with the filter-aided sample preparation method, and the filtrate
was collected [22]. The peptide fraction was quantified as the optical
density at a wavelength of 280 nm (OD280) and stored at −80 °C before
use. 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 with the Thermo TMT Labeling Kit (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer's instructions. PF,
PL, MF, and ML were labeled with TMT isobaric labels 128, 129, 130,
and 131, respectively. The same quantity of peptide sample from each
of the three sheep in each of the four groups was mixed was incubated
for 1 h at room temperature. Finally, the reaction was stopped by the
addition of 8 μL of 5% hydroxylamine. The four groups of samples were
mixed together and dried by vacuum centrifugation. The dried peptide
mixture was separated with a High pH RP spin column. Briefly, 100 μg
of the mixed and lyophilized labeled peptides was first diluted with
300 μL of 0.1% trifluoroacetic acid and then transferred to a High pH
RP spin column. The flow components were collected by centrifugation.
Pure water (300 μL) was added to the assembly, and the rinsed com-
ponents were collected by centrifugation. Ten elution fractions were
collected with gradient elution, reconstituted with 12 μL of 0.1% formic
acid (FA), and lyophilized before use. For the LC-MS/MS analysis, the
column was equilibrated with 95% solution A (0.1% FA), and the
peptide mixture was loaded onto a reverse-phase trap column (Ac-
claim™ PepMap™ 100, 100 μm×2 cm, nanoViper C18; Thermo Fisher
Scientific) attached to an analytical column (Thermo Scientific Easy
Column, 10 cm long, 75 μm inner diameter, 3 μm resin) in buffer A and
separated with a linear gradient of buffer B (0.1% FA in 98% acetoni-
trile) at a flow rate of 300 nL/min, controlled by the IntelliFlow tech-
nology. The peptides were subjected to nanoelectrospray ionization
followed by tandem MS in Q Exactive (Thermo Fisher Scientific, USA)
coupled with the Easy nLC (Thermo Fisher Scientific) for 60min. The
intact peptides were detected with Orbitrap at a resolution of 70,000.
Peptides were selected for MS/MS with normalized collision energy
(NCE) setting of 30. The ion fragments were detected with Orbitrap at a
resolution of 17,500.

2.3. Proteomic data processing

The raw data files generated by Q-Exactive were converted to MGF
files with the Proteome Discoverer 1.4 software (Thermo Fisher
Scientific) and submitted to the Mascot 2.2 server for database retrieval
with the built-in tools of the software. The library files (.dat files)
formed on the Mascot servers were passed back to the software via
Proteome Discoverer 1.4 (Thermo Scientific), and the data were filtered
according to a false discovery rate (FDR) of< 0.01, for highly reliable
qualitative results. The following parameters were set: enzyme was
trypsin; maximum number of missing cutpoints was 2; fixed modifica-
tions were carbamidomethyl (C), TMT-6 plex (N-term), TMT-6 plex (K);
variable modifications were: oxidation (M), TMT-6plex (Y); primary ion
mass tolerance:± 20 ppm; secondary ion mass tolerance: 0.1 Da;
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database: Ovis_ariesOar_v3.1pep_all.fasta; database pattern: Decoy;
peptide FDR≤ 0.01. For protein quantification, the protein quantifi-
cation ratios were weighted and normalized relative to the median ratio
in Mascot 2.2. We only used ratios with p values< 0.05, and fold
changes> 1.2 were considered significant.

2.4. Correlation analysis of the proteomes and transcriptomes

The transcriptome (same as the samples of the proteomes) study was
conducted with RNA-Seq and bioinformatics, as we reported previously
[23]. If a gene and the cognate protein were expressed in PG and MG in
the same phase, they were considered to correlate at this stage of the
estrus cycle [24,25]. The significance of the difference in their ex-
pression between PG and MG was then determined. If both a gene and
its cognate protein were both significantly differentially expressed in
PG and MG, they were defined as differentially expressed genes (DEGs)
and differentially abundant proteins, respectively [26]. The Spearman
correlation coefficients were calculated using the R programming lan-
guage (R version 2.15.3) to evaluate the concordance of the differences
in abundance at the transcript and protein levels [27,28]. Gene On-
tology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed on the DEGs and differentially
abundant proteins.

2.5. Bioinformatic analysis

The KEGG pathway annotations for the DEGs and differentially
abundant proteins were determined with the KEGG database (http://
www.genome.jp) and the KEGG Automatic Annotation Server (KAAS).
The GO enrichment analysis of the DEGs and differentially abundant
proteins was performed with the GOseq R package [29]. Fisher's exact
test was used to evaluate the enrichment of the DEGs and differentially
abundant proteins against all the identified genes and proteins. GO and
KEGG pathways with p < 0.05 were considered significant. A cluster
analysis of the target proteins was performed with the Cluster software
(3.0.2) and Java Treeview software.

2.6. Quantitative analysis of selected proteins with parallel reaction
monitoring (PRM)

To test the accuracy of our results, we used the PRM method (a
technique based on MS analysis) and TMT samples to verify protein
abundances. After enzymatic hydrolysis, the peptides were desalted,
lyophilized, and redissolved in 0.1% FA, and the concentrations of the
peptides were determined as the OD280.

Based on our preliminary results, the peptide information suitable
for the PRM analysis was imported into the Xcalibur™ software (Thermo
Fisher Scientific) for PRM setting. Each sample contained 1 μg of pep-
tide to which 200 fmol of the standard peptide was added (PRTC:

Fig. 1. Distributions of molecular weight, pI, sequence coverage, and number of unique peptides of proteins identified in the uterus. (A) Distribution of protein
molecular weights. (B) Distribution of protein pI values. (C) Distribution of protein sequence coverage. (D) Distribution of unique peptide numbers.
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GILFVGSGVSGGEEGAR) for chromatographic separation with the
HPLC system. A Q-Exactive HF MS (Thermo Fisher Scientific) was used
for PRM/MS. The time for the PRMMS analysis was 60min and positive
ions were detected. Twenty PRM scans were performed according to the
inclusion list after each first-order full mass spectrum scan. The raw LC-
PRM/MS data were analyzed with Skyline 3.5.0 [30].

2.7. Real-time PCR verification

To further confirm the proteomic data, quantitative PCR (qPCR) was
performed to detect the differences in gene expression at the tran-
scription level. We used approximately 0.1 μg of each RNA sample
(TMT samples) and reverse transcribed it to cDNA with reverse tran-
scriptase. The real-time PCR cycling parameters were: 95 °C for 10min,
45 cycles of 95 °C for 15 s and 60 °C for 60 s, followed by 72 °C for 30 s.
qPCR was performed on the LightCycler™ 480 II (Roche, Basel, Sweden)
using SYBR Green Real-time PCR Master Mix (Toyobo Co., Ltd., Osaka,
Japan). β-Actin was used as the internal reference against which to
normalize the target gene expression. The top eight differentially ex-
pressed proteins (ACSS3, ENSOARP00000018013, AP1G2, AP1G1,
LNX2, UBAP2L, ENSOARP00000017268, and TOMM22) were detected
in the proteome. PCR was performed with the primers described in
Table S1. Each qPCR experiment was performed in triplicate, and the
relative RNA expression values were calculated with the 2−ΔΔCt method
[31].

3. Results

3.1. Overview of proteomic data

For the proteomic analysis, a total of 668,004 spectra were acquired
and matched to 31,149 unique peptides. In total, 4918 proteins were
detected in the PG and MG uterine samples in the follicular and luteal
phases. A complete list of the proteins and peptides identified in the
uterus, with the protein scores, UniProt accession numbers, and protein
names, is given in Supplementary Table S2. When we examined the
distributions of the protein molecular weights (MWs) and isoelectric
points (pIs), most MWs ranged from 10 to 200 kDa (Fig. 1A), and the pI
values ranged from 5 to 10 (Fig. 1B). Approximately one-third of the
proteins sequence coverage is< 5% (Fig. 1C). All the identified pro-
teins contained at least one unique peptide, and most identified pro-
teins contained more than one or even up to 198 unique peptides. In
total, 29.8% of the proteins had only one unique peptide (Fig. 1D).

3.2. Identification of differentially abundant proteins

To identify the protein changes associated with sheep reproduction,
we quantified the proteins from PG and MG using TMT 6-plex reagents
and LC-MS/MS. Based on the screening criteria, a total of 41 significant
differentially abundant proteins detected in the follicular phase (PF and
MF). Among these differentially abundant proteins, 28 and 13 proteins
were upregulated and downregulated in PF relative to MF (Fig. 2A). In
the luteal phase, when PL was compared with ML, 43 differentially
abundant proteins were detected, of which 31 were upregulated and 12
were downregulated in PL relative to ML (Fig. 2B).

Hierarchical cluster analysis is a commonly used method of ex-
ploratory data analysis, and its purpose is to group and classify data
based on their similarity. The clustering results for the samples can
verify the rationality of the target protein being screened. As shown in
Fig. 2C and D, the similarity of the data patterns within each group was
relatively high, whereas it was relatively low between the groups, and
effectively distinguished the groups. Therefore, the cluster analysis
shows that the differentially abundant proteins identified in this ex-
periment are reasonable and accurate.

3.3. Correlation analysis of the proteome and transcriptome

Using correlation analyses, we found that although the levels of
most proteins correlated with those of their corresponding transcripts,
whereas the correlation between the differentially abundant proteins
and DEGs was very poor. A comparison of the proteomic and tran-
scriptomic dataset of PF and MF identified 3790 transcripts associated
with proteins. The expression levels of these expression-related tran-
scripts or proteins did not differ between PG and MG (Supplementary
Table S3). In contrast, a comparison of PL and ML identified 3786
transcripts as being associated with proteins. The transcript or protein
expression levels of 3783 genes were unchanged, whereas those of three
genes were co-upregulated (Supplementary Table S4). The concordance
between the changes in abundance at the transcript and protein levels
was investigated with the corrgram function in the R programming
language. As shown in Fig. 3, Spearman's correlation coefficients of
R=0.106 and R=0.216 were obtained for the follicular and luteal
phases, respectively, indicating a positive correlation at the two omics
levels of prolificacy between the transcriptomic and proteomic results.

3.4. Gene Ontology (GO) analysis

GO annotation enrichment was used to describe the functions of the
DEGs and differentially abundant proteins. There were involved in the
categories cellular components, molecular function, and biological
processes. As shown in Fig. 4, the cellular component groupings showed
that the DEGs and differentially abundant proteins between PG and MG
in the follicular phase were mainly involved in GO terms related to the
membrane, such as plasma membrane, outer membrane, organelle
membrane, membrane region, and plasma membrane region. When the
luteal phase PG and MG groups we compared, the most enriched GO
terms were also related to membranes, such as plasma membrane, en-
doplasmic reticulum membrane, and organelle membrane. At the same
time, in the molecular functional group, the most enriched GO terms for
the differentially abundant proteins and DEGs between the PG and MG
groups in both phases were related to catalytic activity, such as oxi-
doreductase activity, transferase activity, and hydrolase activity. The
biological process group showed that the DEGs and differentially
abundant proteins between PG and MG in the follicular phase were
mainly associated with GO terms for reproduction process and meta-
bolic processes, such as sexual reproduction, oxidation-reduction pro-
cess, nitrogen compound metabolic process, and catabolic process.
When we compared the DEGs and differentially abundant proteins be-
tween PG and MG in the luteal phase, we found that the most enriched
GO terms were also related to the reproductive process and metabolic
processes, such as multicellular organism reproduction, regulation of
metabolic process, and cellular metabolic process.

3.5. KEGG pathway analysis

The transcriptome and proteome datasets were used in a KEGG
pathway enrichment analysis. Based on all the differentially abundant
proteins, 22 and 18 KEGG pathways were involved in the follicular and
luteal phases, respectively. We set p < 0.05 as the cutoff for a further
enrichment analysis. In the follicular phase, these differentially abun-
dant proteins were enriched in sphingolipid metabolism, followed by
pyrimidine metabolism, endocytosis, ribosome, and other pathways
(Fig. 5A). Similarly, the DEGs were enriched in sphingolipid metabo-
lism, pyrimidine metabolism, endocytosis, ribosome, and some other
pathways (Fig. 5C). In the luteal phase, the differentially abundant
proteins were enriched in valine, leucine, and isoleucine biosynthesis,
followed by glycine, serine, and threonine metabolism, propanoate
metabolism, glutathione metabolism, and some other pathways
(Fig. 5B). Similarly, the DEGs were enriched in valine, leucine, and
isoleucine biosynthesis, glycine, serine, and threonine metabolism,
propanoate metabolism, glutathione metabolism, and some other
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pathways (Fig. 5D). In general, the KEGG pathways were similar to the
GO enrichment terms, and provided further clues to the molecular
mechanisms underlying ewe fecundity.

The differentially abundant proteins and DEGs that converged in the
same metabolic pathways, especially in the regulation of sheep re-
production, were meaningful. Some of the proteins and gene transcripts

upregulated in PG were involved in the same metabolic pathways,
particularly glycine, serine, and threonine metabolism
(ENSOARG00000002759), valine, leucine, and isoleucine biosynthesis
(SDSL), and propanoate metabolism (ACSS3).

Fig. 2. Analysis of differentially abundant proteins. (A) Differentially abundant proteins in the follicular phase. (B) Differentially abundant proteins in the luteal
phase. Red, green, and gray dots on the graph represent transcripts that were significantly upregulated, downregulated, and unchanged, respectively, between the
polytocous and monotocous sheep. (C) Hierarchical cluster of differentially abundant proteins in the follicular phase. (D) Hierarchical cluster of differentially
abundant proteins in the luteal phase. (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. Comparison of abundance ratios from transcriptomic (y-axis) and proteomic (x-axis) profiling. (A) Comparison of abundance ratios from transcriptomic and
proteomic profiling in the follicular phase. (B) Comparison of abundance ratios from transcriptomic and proteomic profiling in the luteal phase. DEPs, differentially
abundant proteins; NDEPs, non-differentially-abundant proteins; DEGs, differentially expressed genes; NDEGs, non-differentially-expressed genes. Lines are straight
trend lines fitted to the data points.

Fig. 4. GO enrichment analyses of differentially abundant proteins and DEGs. (A) GO enrichment analysis of differentially abundant proteins in the follicular phase.
(B) GO enrichment analysis of differentially abundant proteins in the luteal phase. (C) GO enrichment analysis of DEGs correlated with proteomic data in the
follicular phase. (D) GO enrichment analysis of DEGs correlated with proteomic data in the luteal phase.
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3.6. Data validation

To verify the differentially abundant proteins identified with the
TMT LC-MS/MS analysis, eight differentially abundant proteins were
selected to validate the proteomic data at the protein level, using PRM.
We selected the top eight differentially abundant proteins in the pro-
teome and determined their expression levels with reverse transcription
(RT)-qPCR. The PRM analysis showed that the expression trends in the
proteins (except COL14A1) were similar to the trends in the TMT re-
sults, supporting the credibility of the proteomic data (Fig. 6A and
Supplement Table S5). The RT-qPCR results were also consistent with

the results of the TMT LC-MS/MS analysis, confirming the reliability of
the TMT data (Fig. 6B).

4. Discussion

Fecundity is a critical feature of sheep because it has important
economic value in the mutton industry. The Small Tail Han sheep dis-
plays high prolificacy and year-around estrus, so it has attracted much
attention in the study of sheep reproductive mechanisms [17]. Under-
standing the molecular mechanisms of fecundity will provide in-
formation for selective breeding. Mutation of the gene FecB has been

Fig. 5. KEGG pathway analyses of differentially abundant proteins and DEGs. (A) KEGG enrichment pathways for differentially abundant proteins in the follicular
phase. (B) KEGG enrichment pathways for differentially abundant proteins in the luteal phase. (C) KEGG enrichment pathways of DEGS correlated with proteomic
data in the follicular phase (D) KEGG enrichment pathways of DEGs correlated with proteomic data in the luteal phase. The vertical and horizontal axes represent the
enrichment pathways and Rich factors (number of DEGs enriched in the pathway/number of all genes in the background gene set) of these pathways, respectively. p
values of each pathway are colour coded. Red font indicates that the proteome and transcriptome enrichment pathways are identical. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Abundance patterns of selected candidate proteins determined with PRM and RT-qPCR. (A) Abundance patterns of selected candidate proteins determined
with PRM. (B) Expression patterns of selected candidate protein determined with RT-qPCR. From the top to the bottom, the first and second dotted lines represent
1.2-fold (upregulation) and 0.83-fold (downregulation), respectively. According to this standard, we determined whether the results for the eight candidate proteins
on PRM and RT-qPCR were consistent with the results on the TMT proteomic analysis.
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shown to be associated with the ovulation rate and litter size in sheep
[32,33]. However, the mechanisms underlying the effects of different
estrus seasons and FecB genes on sheep reproductive performance re-
main unclear. The uterus is vital for reproductive success, and the
placenta causes enormous changes in the uterus. The uterus not only
tolerates the presence of this hemiallogeneic tissue, but also accom-
modates and supports placental development [34]. In fact, one-third of
implantation failures are caused by uterine insufficiency [35]. There-
fore, it is imperative to understand the molecular mechanisms under-
lying uterine function. Proteomics and transcriptomics have been
widely used in mammal research to explore processes with specific
functions [36–38]. To better understand the molecular mechanisms
underlying the high prolificacy of Small Tail Han sheep, we used the
TMT quantitative proteomic technique to identify differentially abun-
dant proteins between polytocous and monotocous Small Tail Han
sheep (FecB++) at the follicular and luteal phases.

4.1. Proteomic comparisons

The uterus plays a key role in the implantation and development of
animal embryos and is closely associated with many important cellular
functions and biological processes. During the entire estrus cycle, a
series of changes occurs in the uterine morphological characteristics
[39]. In the follicular phase, estradiol causes endometrial development
and endometrial proliferation, cervical congestion, increased secretions
from the uterine glands, and a large amount of transparent thin mucus
discharge [40–42]. In the luteal phase, prostaglandin F2α is released
from the endometrium; the corpus luteum is rapidly degraded; the
uterine mucosa thickens; the uterine gland is highly developed and
proliferates, and its secretion is strengthened; and the blood vessels
grow rapidly [43–45]. The morphological characteristics of the uterus
undergo a series of changes, which require high levels of energy me-
tabolism and supporting metabolites. Embryos are supported by se-
cretions from the endometrial luminal and glandular epithelial cells
during the preimplantation period [46]. These secretions form a com-
plex environment that contains, for example, proteins, amino acids,
pyruvate, lactate, carbohydrates, and fatty acids [9–11,47]. Uterine
fluid provides continuous nutrition to the preimplantation embryo and
is capable of the exchange of signaling factors that are critical for
continuous embryo growth and the maternal recognition of pregnancy
[46]. The total protein content of the uterine fluid is highest in the
luteal phase, and the free amino acid content is also high [48–50]. In
this study, we used GO annotation and KEGG pathway enrichment to
study differential proteins between polytocous and monotocous Small
Tail Han sheep. These analyses showed that the main differences in the
uterine proteomes were related to metabolic processes. In the enriched
KEGG pathways, such as sphingolipid metabolism, propionic acid me-
tabolism and cysteine and methionine metabolism, most of the identi-
fied differentially abundant proteins were expressed more strongly in
the polytocous sheep than in the monotocous sheep. These findings
indicate that during estrus, the uterus of the polytocous sheep requires
higher levels of energy metabolism than that of the monotocous sheep.
All of the above results indicating that sphingolipid metabolism and
amino acid metabolism may play an important role in maintaining
uterine function during reproduction.

4.2. Correlation analyses between the proteome and transcriptome

A single protein-profiling experiment can provide only a few clues
regarding the function of a protein [51]. The integration of available
transcriptomic data with proteomic data is critical to add further value
to the single proteomic datasets and to provide a global picture of gene
regulation and metabolic networks. To better clarify potential mole-
cular mechanisms, some studies have been performed to correlate
protein and mRNA expression levels in the same sample, in an attempt
to identify reliable genes for breeding [52,53]. In several reports, only a

weak correlation was found between mRNA and protein abundances,
due to post-transcriptional and post-translation regulation and mea-
surement errors [54,55]. The regulation of the process leading from
mRNA to protein is generally very complex. During protein translation
from mRNA, factors including mRNA splicing, altered protein turnover,
protein degradation, or a combination of the above may lead to a poor
correlation between the expression patterns of mRNAs and their re-
spective proteins [56]. Maier et al. [57] considered the correlation
between mRNA and protein abundances to depend on various biolo-
gical and technical factors. In general, with future advances in identi-
fication and quantification techniques employed in omics analyses, a
more accurate picture of the organism-wide correlation between mRNA
and protein will be achieved.

In this study, correlation analysis was conducted at the differential
expression level by combining the proteomic results of this study and
the transcriptomic results of our previous study [9]. The concordance
between the changes in abundance at the transcript and protein levels
was investigated using the corrgram function of the R programming
language. Spearman correlation coefficients of R=0.106 and
R=0.216 were obtained for the follicular and luteal phases, respec-
tively, indicating a positive correlation at the two omics levels of pro-
lificacy between the transcriptomic and proteomic results. A total of 3
differentially abundant proteins (ACSS3, SDSL, EN-
SOARP00000002929) were correlated with differential genes between
polytocous and monotocous sheep. These correlated differentially
abundant proteins and differential genes were all involved in metabolic
pathways, particularly sphingolipid metabolism, glycine serine threo-
nine metabolism, valine leucine isoleucine biosynthesis, and pro-
panoate metabolism. These results further indicating that sphingolipid
metabolism and amino acid metabolism play an important role in
maintaining uterine function during reproduction.

4.3. Sphingolipid metabolism

Sphingolipids are essential components of cell membranes and are
involved in many cellular functions, including cell-cycle progression,
cell death, differentiation, senescence, autophagy, and migration
[58,59]. It has been reported that sphingolipid metabolism is involved
in uterine epithelial cell proliferation during the estrus cycle [60]. Ding
et al. reported that blocking de novo sphingolipid synthesis can cause
defective decidualization and early pregnancy loss in mice [61]. In vitro
studies have shown that sphingolipids play an important role in tro-
phoblastic cell fusion, underscoring their importance in the developing
placenta [62]. The uterine endometrium, cervical epithelium, and fal-
lopian-tube mucosa are composed of glycolipids. Sulfatide is a major
component of glycosphingolipids in lipoproteins, which has sulfuric
acid and galactosylceramides at C3 of the galactose residue, is synthe-
sized in microsomes and degraded by ARSA [63,64]. Sulfatide increases
dramatically in the uterine endometrium and cervical epithelium from
the follicular phase to the luteal phase [65]. In this study, the differ-
entially abundant protein ARSA, which is enriched in sphingolipid
metabolism, was upregulated in the PG uterus compared with the MG
uterus, indicating that sphingolipid metabolism is more active in the
prolific sheep uterus, and suggesting that the level of sphingolipid
metabolism in the uterus is related to uterine epithelial cell prolifera-
tion. These findings suggest that sphingolipid metabolism plays a role
in regulating the fecundity of sheep.

4.4. Amino acid metabolism

Amino acids are essential for the synthesis of many bioactive mo-
lecules that participate in the regulation of signaling pathways and
metabolism in the body [66]. During early embryonic development,
amino acids and glucose have important biological functions, including
as major energy sources, cell signaling molecules, and substrates for
protein synthesis [67]. Studies have shown that amino acids play a
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crucial role in female and male reproduction [68]. Studies of both
humans and animals over recent decades have demonstrated that cer-
tain amino acids are particularly rich in uterine secretions, including
leucine, valine, and glutamine [69]. Amino acids are also important
components of maternally derived secretions, which are essential for
embryonic survival in early pregnancy [70,71]. Many studies have
identified the patterns of depletion and production of amino acids
through the gestational stages that are most critical for pregnancy re-
cognition [69]. In this study, the differential proteins SDSL, GCAT,
ACSS3 and MGST3 were enriched in amino acid metabolism pathway.
SDSL, GCAT, ACSS3 and MGST3 are important amino acid metabolizing
enzymes, in which ACSS3 enzymatically converts short-chain fatty
acids (acetate, propionate, and butyrate) into CoA adducts [72]. In
ruminants, propionate is converted into propionyl-CoA by propionyl-
CoA synthetase after activation by ACSS3，and then propionyl-CoA is
converted into D-methylmalonyl-CoA by propionyl-CoA carboxylase,
isomerized to L-methylmalonyl-CoA by methylmalonyl-CoA epimerase,
and rearranged to yield succinyl-CoA by methylmalonyl-CoA mutase,
then succinyl-CoA enters the TCA cycle and is converted to ox-
aloacetate, which can be utilized as either an energy source or the
precursor of gluconeogenesis [73–75]. In summary, ACSS3 may be in-
volved in the oxidation of propionate to generate energy or to supply a
substrate for gluconeogenesis by activating propionate ketogenic con-
ditions [72]. In this study, ACSS3 was up-regulated in uterine tissue in
the polytocous group, which indicates that ACSS3 may provide more
energy to prolific sheep by regulated amino acid metabolism pathways.
In conclusion, amino acid metabolism may play an important role in
maintaining uterine function during reproduction.

5. Conclusions

In this study, we investigated the molecular mechanisms underlying
the high reproductive performance of Small Tail Han sheep using
transcriptomic and TMT proteomic techniques. The abundance levels of
proteins in the uterus of the Small Tail Han sheep are related to its
physiological state, and the proteins and mRNAs upregulated in PG
relative to MG are related to sphingolipid metabolism and amino acid
metabolism. Therefore, sphingolipid metabolism and amino acid me-
tabolism may be important in maintaining the uterine functions and
increasing the embryo survival rate in the sheep estrus cycle.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.103526.
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