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Abstract 

Background  The epididymis is a highly regionalized tubular organ possesses vectorial functions of sperm concentra-
tion, maturation, transport, and storage. The epididymis-expressed genes and proteins are characterized by regional 
and developmental dependent pattern. However, a systematic and comprehensive insight into the postnatal devel-
opment dependent changes in gene and protein expressions of porcine epididymis is still lacking. Here, the RNA 
and protein of epididymis of Duroc pigs at different postnatal development stages were extracted by using commer-
cial RNeasy Midi kit and extraction buffer (7 M Urea, 2 M thiourea, 3% CHAPS, and 1 mM PMSF) combined with sonica-
tion, respectively, which were further subjected to transcriptomic and proteomic profiling.

Results  Transcriptome analysis indicated that 198 and 163 differentially expressed genes (DEGs) were continuously 
up-regulated and down-regulated along with postnatal development stage changes, respectively. Most of the up-
regulated DEGs linked to functions of endoplasmic reticulum and lysosome, while the down-regulated DEGs mainly 
related to molecular process of extracellular matrix. Moreover, the following key genes INSIG1, PGRMC1, NPC2, GBA, 
MMP2, MMP14, SFRP1, ELN, WNT-2, COL3A1, and SPARC​ were highlighted. A total of 49 differentially expressed proteins 
(DEPs) corresponding to postnatal development stages changes were uncovered by the proteome analysis. Several 
key proteins ACSL3 and ACADM, VDAC1 and VDAC2, and KNG1, SERPINB1, C3, and TF implicated in fatty acid metabo-
lism, voltage-gated ion channel assembly, and apoptotic and immune processes were emphasized. In the integrative 
network, the key genes and proteins formed different clusters and showed strong interactions. Additionally, NPC2, 
COL3A1, C3, and VDAC1 are located at the hub position in each cluster.

Conclusions  The identified postnatal development dependent genes and proteins in the present study will pave 
the way for shedding light on the molecular basis of porcine epididymis functions and are useful for further studies 
on the specific regulation mechanisms responsible for epididymal sperm maturation.
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Background
It is well known that the epididymis exerts critical roles 
in sperm transport, concentration, maturation, immuno-
protection, and storage. Epididymis is a long and highly 
convoluted tube composed of three main regions: caput, 
corpus, and cauda, each with unique characteristics and 
functions [1]. Hence, specific changes in morphology 
and function of epididymis during different development 
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processes could affect the epididymal transit of sperm [2]. 
To comprehensively understand the underlying molecu-
lar basis of epididymis functions, characterizing the gene 
and protein expression profiles of epididymal tissues are 
urgently needed.

The epididymis is divided into different regions and 
each comprises a considerable amount of region-specific 
expressed genes and proteins constitute the unique lumi-
nal microenvironment, which is important for the matu-
ration of spermatozoa occurs during epididymis transit. 
Browne et  al. [3] found that the differentially expressed 
genes (DEGs) such as aquaporin-1 (AQP1), serpin fam-
ily A member 1 (SERPINA1), and fibroblast growth fac-
tor 18 (FGF18) in the human caput epididymis were 
enriched in processes of ion transport, response to hor-
mone stimulus, and urogenital tract development, while 
DEGs such as toll-like receptor 2 (TLR2), interleukin 1 
alpha (IL1A), and C-X-C motif chemokine 10 (CXCL10) 
were more active in defense response processes in the 
corpus and cauda. Beta defensin had the dual role in 
epididymal immunity modulation and sperm matura-
tion, and Jelinsky et al. [4] indicated that most members 
of the beta defensin gene family showed highly conserved 
patterns of segment-dependent expression in the mouse 
epididymis. Inducible carbonyl reductase is an important 
anti-oxidase, and Yuan et al. [5] reported that its expres-
sion level greatly varied from the caput to the cauda 
regions of rat epididymis.

On the other hand, the variations in expression levels 
of epididymial genes and proteins at different postnatal 
developmental stages also have been found to be closely 
related to the functions of epididymis. Cadherins medi-
ated the formation of the blood-epididymal barrier, and 
their expression levels varied dramatically at different 
postnatal developmental stages in the rat epididymis 
[6]. D-type cyclins had important implications for cell 
cycle control and function of the epididymis, which 
were expressed in a development-specific manner in the 
postnatal mouse epididymis [7]. Epididymal lysosomal 
enzymes such as β-galactosidase and α-mannosidase 
could modify membrane components of spermatozoa 
during maturation, which had greater activity in sexually 
immature bulls than sexually mature bulls [8]. Epididy-
mal osteopontin exerted a role in maintaining mineral 
homeostasis of epididymis fluid, and its expression level 
gradually increased during the postnatal development of 
sheep [9].

Although previous studies have unraveled a consid-
erable number of genes and proteins expressed in a 
region-dependent and development-dependent pattern 
that affect epididymis functions, most of the conclu-
sions are drawn from the single level and the integrative 
analysis of transcriptome and proteome in epididymis 

is less conducted. In this study, tissue samples derived 
from the caput, corpus, and cauda epididymis of 2-, 4-, 
6-, and 8-month-old Duroc pigs were mixed accord-
ing to the different development stages and subjected 
to a systematic and comprehensive transcriptome and 
proteome analysis to fill gap in multi-omics studies on 
porcine epididymis for revealing possible new modu-
latory mechanisms of epididymal sperm maturation. 
Our results will identify some development-depend-
ent genes and proteins involve in different physiologi-
cal processes of epididymis, which should inform the 
understanding of molecular basis of porcine epididymal 
functions and provide targets for future studies to iden-
tify specific biochemical processes involved in epididy-
mal sperm maturation.

Results
The characteristics of porcine epididymal transcriptome 
at different postnatal development stages
A total of 21,004, 21,869, 22,391, and 22,361 genes 
were annotated in the 2-, 4-, 6-, and 8-month-old por-
cine epididymis, respectively (Fig. S1A). The Venn plot 
showed that 19,857 common genes were presented in 
the porcine epididymis at different postnatal develop-
ment stages, while 188, 257, 291, 283 genes were spe-
cific to2-, 4-, 6-, and 8-month-old porcine epididymis, 
respectively (Fig. S1B). The PCA analysis indicated that 
epididymal transcriptome of the pigs formed 4 distinc-
tive clusters according to the postnatal development 
stages (Fig. 1).

Subsequently, the common and specific genes were 
used for functional annotation analysis. As shown in Fig. 
S2A, the common genes were assigned to biological pro-
cess, cellular component, molecular function, and KEGG 
pathways and each of these functional terms consisted of 
16, 2, 10, and 6 categories, respectively. In the biological 
process, cellular process, biological regulation, localiza-
tion, metabolic process, and response to stimulus were 
the most predominant functional categories. In the cellu-
lar component, the common genes were annotated to cel-
lular anatomical entity and protein-containing complex. 
Most of the common genes in the molecular function 
were linked to binding, catalytic activity, transcription 
regulator activity, and molecular function regulator. 
Meanwhile, genetic information processing, metabolism, 
and environmental information processing were the top 
three functional categories in the KEGG pathways. As 
for the specific genes, the similar functional annotation 
results were obtained (Fig. S2B). Intriguingly, the gene 
counts of the most functional categories in the sexually 
mature period were generally higher than the sexually 
immature period.
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Identification of DEGs and functional capacity 
corresponding to postnatal development stages changes
As shown in Fig. S3, a total of 361 differentially expressed 
genes (DEGs) were identified (FDR adjusted P < 0.01, 
Table S2), which including 198 gradually up-regulated 
DEGs and 163 gradually down-regulated DEGs along 
with postnatal development stages changes. Functional 
enrichment analysis showed that the up-regulated and 
down-regulated DEGs were enriched in 10 and 12 func-
tional categories, respectively (FDR adjusted P < 0.05, 
Fig.  2, Table S3). Among these, endoplasmic reticu-
lum, nuclear outer membrane-endoplasmic reticulum 
membrane network, protein processing in endoplas-
mic reticulum, lysosome, and various types of N-glycan 
biosynthesis were the dominant functional categories 
enriched by the enhanced DEGs corresponding to post-
natal development stages changes, while the reduced 
DEGs mainly deposited into collagen-containing extra-
cellular matrix, extracellular matrix, tube morphogenesis, 
focal adhesion, AGE-RAGE signaling pathway in diabetic 
complications, and protein digestion and absorption. 
To further understand the relationships between DEGs 
and predominant functional categories, the cnetplots 
were generated. In the up-regulated DEGs, 8 node genes 
MGST1, RPN1, INSIG1, PGRMC1, PIGK, RPN2, NPC2, 
and GBA had multiple connections with the dominant 
functional categories (Fig. 3A-B). In the down-regulated 

DEGs, 10 node genes ELN, EFEMP1, SPARC​, FBLN5, 
COL3A1, COL4A2, COL6A3, WNT2, and SFRP1 exhib-
ited diverse connections with the outstanding functional 
categories (Fig. 3C-D).

The features of porcine epididymal proteome at different 
postnatal developmental stages
Different from epididymal transcriptome sequencing 
results at different postnatal developmental stages, an 
almost same protein count was presented in 2-, 4-, 6-, 
and 8- month-old porcine epididymis (Fig. S4A). Moreo-
ver, 3,738 out of 3,739 proteins were shared by porcine 
epididymis at different postnatal developmental stages 
(Fig. S4B). Nonetheless, four clusters represent for por-
cine epididymal proteome at different developmental 
stages were clearly observed (Fig. 4).

Similar to the results of common genes functional 
annotation analysis, biological process, cellular com-
ponent, molecular function, and KEGG pathways com-
posed of 15, 2, 11, and 6 categories were annotated by 
common proteins (Fig. S5). Cellular process, metabolic 
process, biological regulation, localization, and response 
to stimulus were the dominant functional categories in 
the biological process. In the cellular component, com-
mon proteins annotated to cellular anatomical entity and 
protein-containing complex. Regarding the molecular 
function, binding, catalytic activity, molecular function 

Fig. 1  The principal component analysis (PCA) of porcine epididymal transcriptome at different postnatal development stages
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regulator, structural molecule activity, and transporter 
activity were annotated by most common proteins. In 
addition, environmental information processing, human 
diseases, and metabolism were the predominant func-
tional categories of the KEGG pathways.

Unraveling postnatal development‑dependent DEPs 
and functional items
A total of 49 proteins showed significant alterations in 
abundances corresponding to postnatal developmen-
tal stage changes were unraveled (FDR adjusted P < 0.01, 
Fig. S6, Table S4). Of these, 25 proteins such as SRD5A2, 
B2M, CANX, VDAC1, and VDAC2 showed increased 
expression levels during postnatal development and the 
remaining proteins including SERPINH1, APOA1, A2M, 
TF, and GPX4 exhibited decreased expression levels. The 
differentially expressed proteins (DEPs) were enriched in 
18 functional items (FDR adjusted P < 0.05, Fig. 5, Table 
S5). The increased proteins mainly participated in fatty 

acid degradation, fatty acid metabolism, antigen pro-
cessing and presentation, pore complex, oxidoreductase 
activity, and voltage-gated ion channel activity, while the 
decreased proteins mainly engaged in enzyme inhibitor 
activity, enzyme regulator activity, endopeptidase regula-
tor activity, steroid binding, complement and coagulation 
cascades, and ferroptosis. Additionally, 9 node proteins 
were highlighted in the cnetplot (Fig.  6), which includ-
ing 4 enhanced proteins VDAC1, VDAC2, ACADM, and 
ACSL3, and 5 reduced proteins KNG1, SERPINB1, C3, 
TF, and APOA1.

Interaction network analysis and validation experiment
To identify the hub genes and proteins, the spear-
man interaction network was constructed by using 
the above mentioned node genes and proteins. As 
shown in Fig. 7, four clusters represent for the differ-
entially expressed genes and proteins were exhibited. 
The cluster 1 was formed by the increased expressed 

Fig. 2  The functional enrichment analysis of the differentially expressed genes (DEGs)
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genes. The cluster 2 was comprised of the decreased 
expressed genes. The down- and up-regulated proteins 
constituted the cluster 3 and 4, respectively. Each com-
ponent of the cluster had strong intra-interactions. 
Meanwhile, the cluster 1 showed inter-positive corre-
lations with cluster 4, but showed inter-negative cor-
relations with cluster 2 and 3. In contrast, the cluster 
2 had inter-positive associations with cluster 3, but 
showed inter-negative associations with cluster 1 and 
4. According to the maximal clique centrality, NPC2, 
COL3A1, C3, and VDAC1 were regarded as the hub 
nodes in the different clusters. Subsequently, the node 
genes and proteins possessed the top 3 maximal clique 
centrality in each cluster were verified by qRT-PCR 
and MRM, respectively. The result showed that these 
genes and proteins exhibited the expression patterns, 
which were observed in the transcriptome and pro-
teome sequencing analysis (Fig. 8).

Discussion
It is well-established that the epididymis produces a suit-
able environment for sperm maturation. Gaining integra-
tive insights into the characteristics of epididymal genes 
and proteins expressions at different postnatal develop-
ment stages is crucial for understanding the molecular 
basis of epididymal functions and offering some new 
insights into epididymal regulations. Nonetheless, it is 
still lacking in porcine epididymis studies. Hence, the 
alterations in both transcriptome and proteome of por-
cine epididymis at different postnatal developmental 
stages were determined in the present study.

The transcriptome sequencing results showed that the 
gene counts were increased during postnatal develop-
ment and gene profiles were remarkably altered along 
with different development stages (Fig. S1 and Fig. 1). The 
similar results were observed in porcine testicular tran-
scriptome analyses at different postnatal development 

Fig. 3  The node DEGs in the predominant GOs and KEGG functional categories. A The up-regulated node DEGs in the GOs functional categories. 
B The up-regulated node DEGs in the KEGG functional categories. C The down-regulated node DEGs in the GOs functional categories. D The 
down-regulated node DEGs in the KEGG functional categories
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stages [10], which implied that the transcription events of 
the gonad at the age of sexually mature were more active 
than those of the pubertal gonad. This result was fur-
ther verified by the functional annotation analysis as the 
amounts of sexually mature stage specific genes assigned 
to the same functional items were generally greater than 
those of puberty stage specific genes (Fig. S2). It may be 
explained by the presences of stronger mRNA degrada-
tions in the pubertal epididymis [11].

We found that 198 and 163 DEGs were continuously 
up-regulated and down-regulated during postnatal devel-
opment (Fig. S3). Functional enrichment analysis showed 
that most of the up-regulated DEGs such as PGRMC1, 
RPN1, PIGK, RPN2, MGST1, INSIG1, NPC2, and GBA 
linked to functions of endoplasmic reticulum and lyso-
some (Fig.  2). Similarly, previous studies have revealed 
that the activities of endoplasmic reticulum and lysosome 
of gonad cells are varied along with sexual maturity [8, 
12]. The endoplasmic reticulum is the location of protein 
synthesis and assembly as well as lipid and membrane 
synthesis, which plays crucial roles in sperm maturation 
modulation [13, 14]. Meanwhile, the lysosome mediates 
the proper biochemical and molecular modifications of 
sperm by endocytosis and modifying glycoproteins and 
lipids on the sperm plasma membrane, which induces a 
fertile and motile state [15, 16]. Epididymal cholesterol 

homeostasis is vital for a proper post-testicular matura-
tion of spermatozoa [17]. Interestingly, several key DEGs 
predominantly expressed in the endoplasmic reticulum 
and lysosome that may affect sperm maturation by mod-
ulating epididymal cholesterol metabolism (Fig.  3A-B). 
Insulin-induced gene 1 (INSIG1) is an essential endo-
plasmic reticulum membrane embedded sterol sensor 
that regulates cellular cholesterol homeostasis through 
a feedback inhibition mechanism [18]. Although proges-
terone receptor membrane component 1 (PGRMC1) is a 
member of a multi-protein progesterone-binding com-
plex, it binds to the protein INSIG1 engages in choles-
terol homeostasis modulation as well [19]. Niemann-Pick 
C 2 (NPC2) is an intracellular cholesterol transporter 
that controls cholesterol export from lysosomes for cel-
lular needs or storage [20]. Glucocerebrosidase (GBA) is 
a lysosomal retaining β-d-glucosidase catalyzes transglu-
cosylation reaction to form β-cholesterylglucoside via the 
transfer of glucose residue from glucosylceramide to cho-
lesterol, which inhibits the accumulation of cholesterol 
[21].

On the other hand, the down-regulated DEGs such as 
SPARC​, ELN, EFEMP1, COL3A1, WNT2, and MMP14 
mainly related to properties of extracellular matrix. 
Consistently, the dynamic alterations of the gonadal 
extracellular matrix have been observed from puberty 

Fig. 4  The PCA of porcine epididymal proteome at different postnatal development stages
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stage to sexual mature stage [22, 23]. Since the extracel-
lular matrix is a reservoir for growth factors and bioac-
tive molecules that orchestrate cell signaling, functions, 
properties, and morphology, it is naturally considered 
as a key player in modulating epididymal tissue homeo-
stasis and sperm maturation [24, 25]. Some DEGs not 
only affect extracellular matrix construction but also 
associate with sperm physiological function were found 
(Fig.  3C-D). Both matrix metalloproteinase-2 (MMP2) 
and −14 (MMP14) are members of proteolytic enzymes 
family that participate in extracellular matrix remodeling 
by depredating protein components of the extracellular 
matrix [26]. Although the role of MMP14 in sperm func-
tionality is not well studied, the expression level of MMP2 
has been linked to the motility, morphology, and capaci-
tation of bovine spermatozoa [27, 28]. Secreted frizzled-
related protein 1 (SFRP1) involves in extracellular matrix 
assembly via activating matrix metalloproteinase [29]. 
The expression of SFRP1 in adult rat testis is closely 
related to spermatid adhesion and sperm release [30]. 

Elastin (ELN) is a long-lived extracellular matrix protein, 
which exerts an important role in human sperm trans-
port by regulating the contractile of testicular peritubu-
lar cells [31]. Wnt family member 2 (WNT-2) involves in 
maintaining the integrity of extracellular matrix compo-
nents by interacting with extracellular matrix proteins 
[32]. The expression of WNT-2 is found to be associated 
with chicken sperm motility [33]. Collagen type 3 alpha 
1 chain (COL3A1) is associated with extracellular matrix 
receptor interaction signaling pathway that affect the for-
mation efficiency of chicken spermatogonial stem cells 
in vitro [34]. Secreted protein acidic and rich in cysteine 
(SPARC​) is a matricellular collagen-binding protein that 
implicated in extracellular matrix assembly, and has been 
reported to play a regulatory role in mouse germ cell 
maturation and differentiation [35, 36].

Divergent to transcriptome sequencing analysis, the 
proteomic profiling results indicated that an almost same 
amount of protein was present in the epididymis at dif-
ferent postnatal development stages (Fig. S4). Regulation 

Fig. 5  The functional enrichment analysis of the differentially expressed proteins (DEPs)
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processes of post-transcription (e.g., alternative splic-
ing events, Fig. S7), translation, and protein degrada-
tion may lead to the difference, which emphasizes the 
importance of results obtained from the proteomic data 
for comprehensively understand the molecular basis 
of epididymal development and function [37]. Subse-
quently, 49 differentially expressed proteins correspond-
ing to postnatal developmental stage changes were 
identified (Fig. S5). Previous studies have demonstrated 
that fatty acid compositions and mitochondrial mem-
brane components changes parallel gonadal functional 
and structural development leading to germinal matu-
rity [38, 39]. In this study, the up-regulated proteins 
were mainly engaged in fatty acid metabolism and mito-
chondrial membrane structural complex assembly such 
as pore complex and voltage-gated ion channel (Figs.  5 
and 6). Fatty acid metabolism homeostasis is crucial for 

sperm membrane lipid composition remodeling during 
epididymal maturation, which ensures the function and 
integrity of spermatozoa [40]. Here, we observed two 
key differentially expressed proteins long-chain fatty acyl 
CoA synthetase 3 (ACSL3) and medium-chain acyl-CoA 
dehydrogenase (ACADM) related to fatty acid metabo-
lism. ACSL3 is known to convert fatty acids to generate 
fatty acyl-coenzyme A esters that provide substrates for 
fatty acid β-oxidation, while ACADM is indispensable for 
the initiation of β-oxidation [41, 42]. The enhanced fatty 
acid β-oxidation is essential for sperm energy metabo-
lism and maturation when spermatozoa pass and acquire 
motility in the epididymis [43]. Meanwhile, both voltage-
dependent anion channel-1 (VDAC1) and −2 (VDAC2) 
are capable of forming stable and highly conductive 
voltage-gated channels, which provide the major pas-
sage for the transportation of ions and metabolites across 

Fig. 6  The node DEPs in the dominant GOs and KEGG functional categories. A The increased node DEPs in the GOs functional categories. B The 
increased node DEPs in the KEGG functional categories. C The reduced node DEPs in the GOs functional categories. D The reduced node DEPs 
in the KEGG functional categories
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the mitochondrial outer membrane [44]. Moreover, the 
abundances of VDAC1 and VDAC2 are closely related to 
spermatogenesis [45, 46].

It is well-known that the apoptotic and immune 
response processes exert vital roles in gonadal develop-
ment and function maintenance during sexual maturity 
[47, 48]. Here, the key down-regulated proteins kinino-
gen-1 (KNG1), complement component C3 (C3), trans-
ferrin (TF), and serpin family B member 1 (SERPINB1) 
are implicated in apoptotic and immune response pro-
cesses. The reduction of pro-apoptotic protein KNG1 can 
promote the proliferation of endothelial cells, which is 
indispensable for the regulatory roles of epididymal epi-
thelium in motility and fertilizing abilities acquisitions of 
spermatozoa [49, 50]. The inhibited activities of C3 and 
TF may have effects on immunosuppressive that protect 
the epididymal sperm against autoimmune responses 
and the establishment of immune tolerance [51, 52]. 
SERPINB1 has multiple modulatory roles in regulat-
ing the immune response and cellular homeostasis and 
the decreased abundance of SERPINB1 may be linked 
to the enhanced sex steroid hormone stimulus with the 
advancement of development [53, 54].

There are some limitations in the present study. One 
weakness is the small sample size. Collecting addi-
tional samples at each postnatal development stage will 
improve the statistical power and be beneficial to iden-
tify more DEGs and DEPs for illustrating the molecular 
alterations of epididymis during postnatal development. 
The validation experiment limited to several key DEGs 

and DEPs is another shortcoming. Verification of the 
other genes and proteins is required to confirm their 
roles in the molecular functions of epididymis. Addi-
tionally, enrolling the omics data derive from prenatal 
development stages will break through the limitation of 
our insight, which is essential for mapping the molecu-
lar landscape of epididymis.

Conclusion
In this study, the transcriptome and proteome of por-
cine epididymis at different postnatal development 
stages were investigated. A total of 361 differentially 
expressed genes and 49 differentially expressed pro-
teins corresponding to development stage changes 
were identified. Functional enrichment analysis indi-
cated that most of DEGs linked to endoplasmic retic-
ulum, lysosome, and extracellular matrix functions, 
while most of DEPs related to fatty acid metabolism, 
voltage-gated ion channel assembly, and apoptotic and 
immune processes. Our findings will facilitate advances 
in understanding of the molecular basis of porcine 
epididymis functions and give guidance for further 
mechanistic researches on epididymal sperm matura-
tion. Of equal importance, our results should provide 
a basic reference for comprehensive understanding of 
mammalian epididymal activity at different postnatal 
development stages and emphasize on the necessity 
of using multi-omics methodology in solving issues of 
reproductive biology.

Fig. 7  The interaction network of node DEGs and DEPs



Page 10 of 14Fang et al. BMC Genomics          (2023) 24:729 

Methods
Animals and sample collection
Twelve healthy Duroc boars composed of each of three 
individuals at 2-, 4-, 6-, and 8-month of age were ran-
domly selected from the pig farm of Yongcheng Animal 
Husbandry Technology Co., Ltd, Fuzhou, China. All pigs 
access to standard commercial diet and water ad libitum. 
After euthanasia by electrical stunning, epididymis tissue 

samples from different regions of each boar were col-
lected and mixed. All samples were snap frozen in liquid 
nitrogen for transportation and stored at -80 °C until fur-
ther RNA and protein extraction.

RNA extraction and trancriptome sequencing analysis
The total RNA was extracted using RNeasy Midi kit 
(Qiagen, Germany) following the manufacturer’s 

Fig. 8  The validation experiments of DEGs (A-B) and DEPs (C)
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protocol. The RNA integrity and concentration were 
checked by 2100 Bioanalyzer (Agilent Technologies, 
USA) and NanoDrop 2000 Spectrophotometer (Thermo 
Scientific, USA), respectively. The qualified RNA sam-
ples were sent to Biomarker Technologies Corporation 
(Beijing, China) for transcriptome sequencing analy-
sis. In brief, cDNA library was prepared by using the 
NEB Next Ultra II RNA Library Prep Kit for Illumina 
(NEB, USA) according to the manufacturer’s instruc-
tions. The constructed library was sequenced on an 
Illumina HiSeq 4000 platform (Illumina Inc., USA) for 
2 × 150  bp reads. The high quality data were obtained 
by removing the adapter sequences, ploy-N reads, and 
low-quality reads in raw data through the in-house Perl 
scripts. The clean reads were aligned to the reference 
genome Sus scrofa 11.1 by the HISAT2 (v2.0.4). String-
Tie (v1.3.4) was applied for transcriptome assembly. 
After gene expression level was quantified by Frag-
ments per Kilobase per Million mapped reads (FPKM), 
one-way ANOVA analysis and multiple comparisons 
were conducted to identify differentially expressed 
genes (DEGs) corresponding to developmental stages 
changes with the criteria of false discovery rate (FDR) 
adjusted P < 0.01 using the R software (v4.0.5). The 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) [55] pathway enrichment analy-
sis of DEGs were performed by using clusterProfiler R 
package.

Protein extraction and iTRAQ labeling
The samples were ground to powder using liquid nitro-
gen, and subsequently sonicated in lysis buff (7 M Urea, 
2  M thiourea and 3% CHAPS) containing protease 
inhibitor (1 mM PMSF). To obtain the supernatant, 
the samples were centrifuged at 140,000  g for 30  min 
at 4  °C. The concentrations of proteins were meas-
ured using the Pierce™ BCA protein assay kit (Thermo 
Scientific, USA). Before iTRAQ labeling, 100  µg of 
protein per sample was denatured and the cysteine 
residues were blocked, and then digested with 10 µg of 
sequencing-grade modified trypsin diluted in 0.5 M of 
tetraethylammonium bicarbonate (TEAB) buffer, and 
incubated at 37  °C overnight. The peptides were dried 
in a SpeedVac vacuum concentrator (Thermo scientific, 
USA) and dissolved in 0.5  M of TEAB. The peptides 
were labeled with the appropriate iTRAQ reagents fol-
lowing the instructions of the 8-plex iTRAQ labeling 
kit (AB SCIEX, USA) The iTRAQ-labeled peptides were 
mixed, aliquoted in 200 µg portions and dried by vac-
uum centrifugation. The dried iTRAQ-labeled peptides 
were sent to Biomarker Technologies Corporation (Bei-
jing, China) for proteome analysis.

LC‑MS/MS analysis and data processing
The iTRAQ-labeled peptides were subjected to frac-
tionation using strong cation-exchange chromatography 
(SCX) on a high-performance liquid chromatography 
(HPLC) system (Shimadzu, Kyoto, Japan) equipped with 
a silica-based SCX column (Ultremex column, 4.6 mm × 
250 mm, Phenomenex, USA) prior to liquid chromatog-
raphy/tandem mass spectrometry (LC-MS/MS) analy-
sis. The LC-MS/MS analysis was performed on a Nano 
ACQUITY system (Waters Corporation, USA) coupled 
with an Orbitrap Fusion mass spectrometer (Thermo Sci-
entific, USA). The peptides were firstly loaded onto a C18 
trap column (Thermo Scientific, USA) and then eluted 
into a C18 analytical column (Thermo Scientific, 150 mm 
× 75 mm, 3 μm). Peptide elution was performed by using 
a linear gradient of solvents A (0.1% formic acid in water) 
and B (0.1% formic acid in acetonitrile) from 5 to 35% of 
solvent B in A at a constant flow rate of 300 nL/min over 
90 min. After liquid-phase separation, the peptides were 
subjected to ionization follow by tandem mass spectrom-
etry (MS/MS) analysis. The scans of peptide precursors 
from 350 to 1,600 m/z were performed at m/z 400 resolu-
tion with a 104 ion count target. The 15 most abundant 
ions in each MS scan were automatically selected and 
fragmented in HCD mode to achieve high mass accuracy 
in the MS/MS spectra.

The raw data were processed by MaxQuant software 
(Martinsried, Germany), using the Andromeda search 
engine against the Uniprot-proteome_UP000008227-
Susscrofa database. The parameters for the protein iden-
tification were set as follows: trypsin was specified as the 
digestion enzyme, cysteine carbamidomethylation as a 
fixed modification, protein N-terminal acetylation, oxi-
dation of methionine, glutamine as pyroglutamic acid, 
and phosphorylation of tyrosine, serine and threonine 
were set as the variable modifications. 20 ppm was set as 
the mass deviation for fragments. The minimal peptide 
length was set to seven amino acids, and a maximum of 
two mis-cleavages was allowed. Confident protein iden-
tification is based on at least one unique peptide with 
FDR < 1.0%. Protein quantification was based on the 
intensity of the reported ions of the assigned peptides 
with at least two unique spectra. Differentially expressed 
proteins (DEPs) corresponding to development stages 
changes were identified by one-way ANOVA analysis 
and multiple comparisons with FDR adjusted P < 0.01. 
ClusterProfiler R package was used for GO and KEGG 
enrichment analysis of DEPs.

Validation experiment of key genes and proteins
To validate the alternations in expression levels of the 
key genes among different groups, quantitative real-time 
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PCR (qRT-PCR) was performed on ABI 7900 Fast Real-
Time PCR System (Life, USA). 1 µg of total RNA isolated 
for trancriptome sequencing was subjected to reverse 
transcription using the PrimeScript RT Reagent Kit (Inv-
itrogen, USA). 100 ng synthesized cDNA with the SYBR 
Green PCR Master Mix (Takara, Japan) in a final volume 
of 20 µL was used for qRT-PCR. The primer sequences 
were listed in Table S1. There were triplicate repeats 
for each sample. Cycle threshold (Ct) values were nor-
malized to the internal reference gene β-actin and the 
changes in relative gene expression were analyzed by the 
2−ΔΔCt method.

Multiple reaction monitoring (MRM) assay was used 
to verify the changes in concentrations of key proteins 
according to the procedure described previously [56]. 
Briefly, at least one stable isotope-labeled standard (SIS) 
peptide for each target protein was synthesized (PTM 
Bio, China) based on the signal intensity and interfer-
ence of the detected peptides to construct the calibration 
curves. 2 µg of digested peptides from each sample was 
analyzed on a TripleTOF 6600 System (AB SCIEX, Con-
cord, USA) interfaced with a nano LC system (Shimadzu, 
Kyoto, Japan) to identify target peptides with significant 
MS/MS signals corresponding to the key proteins. The 
generated data were searched against the Uniprot data-
base using ProteinPilot (AB SCIEX, USA). Then, the 
results were imported to Skyline software (v2.1) to estab-
lish the MRM transition list. All MRM samples from dif-
ferent groups were analyzed in triplicate using a QTRAP 
6500 mass spectrometer (AB SCIEX, Framingham, USA) 
coupled with the nano LC 425 system (Eksigent, USA). 
The mobile phases consisted of solvent A (0.1% formic 
acid in water) and solvent B (98% acetonitrile with 0.1% 
formic acid). The flow rate was set at 300nL/min, and a 
45 min water/acetonitrile gradient combined with a con-
tinuous increase of solvent B from 5 to 30% was used to 
separate the peptides. The obtained data was processed 
using Skyline software. MRM peak integrations were 
manually inspected to ensure correct peak detection and 
accurate integration. The concentration of each target 
protein was quantified based on the observed peak-area 
ratio.

Statistical analysis
The Venn and principal component analysis (PCA) plot 
was generated using ggvenn and stats R packages, respec-
tively. The functional annotation of common and specific 
genes and proteins was accomplished by searching against 
the online database David (https://​david.​ncifc​rf.​gov). The 
spearman correlation analysis was performed using R 
software to generate the correlation coefficient matrix. 
The correlation coefficient matrix was imported to igraph 

R package to identify the significant interactions (|r|> 0.8, 
FDR adjusted P < 0.05) among node genes and proteins. 
The interaction network was established using Cytoscape 
(v3.8.0). The hub genes and proteins were defined by the 
maximal clique centrality calculated using the cytoHubba 
plug-in.
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