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Abstract 

Background Exosomes are nanosized membranous vesicles secreted by various types of cells, which facilitate inter‑
cellular communication by transporting bioactive compounds. Exosomes are abundant in biological fluids including 
semen, and their protein composition and the potential of seminal plasma exosomes (SPEs) as fertility biomark‑
ers were elucidated in humans, however, little information is available regarding buffalo (Bubalus bubalis). Here, we 
examined protein correlation between spermatozoa, seminal plasma (SP), and SPEs, and we compared and analyzed 
protein differences between high‑motility (H‑motility) and low‑motility (L‑motility) SPEs in buffalo.

Results SPEs were concentrated and purified by ultracentrifugation combined with sucrose density gradient cen‑
trifugation, followed by verification using western blotting, nanoparticle tracking analysis, and transmission electron 
microscopy. Protein composition in spermatozoa, SP and SPEs, and protein difference in H‑ and L‑motility SPEs were 
identified by LC‑MS/MS proteomic analysis and were functionally analyzed through comprehensive bioinformatics. 
Many SPEs proteins originated from spermatozoa and SP, and nearly one third were also present in spermatozoa and 
SP. A series of proteins associated with reproductive processes including sperm capacitation, spermatid differentia‑
tion, fertilization, sperm‑egg recognition, membrane fusion, and acrosome reaction were integrated in a functional 
network. Comparative proteomic analyses showed 119 down‑regulated and 41 up‑regulated proteins in L‑motility 
SPEs, compared with H‑motility SPEs. Gene Ontology (GO) enrichment of differentially expressed proteins (DEPs) 
showed that most differential proteins were located in sperm and vesicles, with activities of hydrolase and metal‑
loproteinase, and were involved in sperm‑egg recognition, fertilization, single fertilization, and sperm‑zona pellucida 
binding processes, etc. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that differential proteins 
were mainly involved in the PPRP signaling pathway, calcium signaling pathway, and cAMP signaling pathway, among 
others. Furthermore, 6 proteins associated with reproduction were validated by parallel reaction monitoring analysis.

Conclusion This study provides a comprehensive description of the seminal plasma exosome proteome and may be 
of use for further screening of biomarkers associated with male infertility.
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Background
Extracellular vesicles (EVs) are biological phospholipid 
bilayer vesicles secreted into the extracellular space by 
various cells. EVs are differentiated into three types, 
including microvesicles, apoptotic bodies, and exosomes 
[1, 2]. Exosomes are nanosized (30–150 nm diameter) 
spherical vesicles, occurring at a density ranging from 
1.13 to 1.19 g/mL in sucrose density gradient solution. By 
contrast to other EVs, exosomes contain nucleic acids, 
proteins, lipids, transcription factor receptors, and other 
cytokines [1]. Exosomes can deliver bioactive substances 
and easily degradable compounds to target cells to elicit 
physiological and pathological processes. Among them, 
exosomal proteins play essential roles in cell communica-
tion [3]. Of note, the protein content of exosomes varies 
considerably between different cell or tissue sources.

The seminal plasma (SP) of mammals is a complex 
secretion produced by testicular tissue, accessory sex 
glands, and the epididymis, and it may affect sperm fer-
tility [4, 5]. During the migration of spermatozoa to the 
epididymis, most proteins bind to the sperm membrane 
through exosomes. SP is considered to play key roles 
not only in activating immune mechanisms for protect-
ing spermatozoa against oxidative stress [6], but also in 
regarding sperm physiology [7], morphology [8], and 
motility acquisition [9–12]. Considering that sperma-
tozoa are transcriptionally silent cells, the acquisition of 
secretory products of SP is an intrinsic way to complete 
post-testicular maturation. Therefore, compounds encap-
sulated in seminal plasma exosomes (SPEs) and exosomal 
shuttle mechanisms with respect to intercellular com-
munications have attracted research attention [13]. A 
previous study showed that although SPEs isolated from 
different individuals were similar regarding size, shape, 
and exosomal markers, their cargos were markedly dif-
ferent [13]. Indeed, SPEs were considered an alternative 
pathway for intercellular communication by transferring 
their molecular cargo (DNAs, RNAs, lipids and proteins) 
to sperm [14]. Guo et al. has reported that the cargo of 
extracellular ATPs in SPEs regulate sperm motility and 
mitochondrial metabolism by infiltrating into the sperm 
membrane [15]. Du et  al. demonstrated that inhibition 
of premature capacitation is likely related to the SPEs 
transfer proteins including AWN and PSP-1 into sperm 
[16]. Other studies provided strong evidence that gly-
cogen synthase kinase 3 (GSK3) inhibits sperm motility 
and proteins of Wnt signaling via exosome mediate the 
sperm maturation and motility acquisition [17, 18]. Sev-
eral factors such as temperature, pH, and zinc ion con-
centrations have been confirmed to affect SPEs transport 
[19–21]; however, SPEs shuttle mechanism and fusion 
with the sperm membrane are still unclear.

High-throughput proteomics are crucial for in-depth 
characterization of SPEs composition. Proteomic stud-
ies may help identify potential SPEs biomarkers to 
diagnose male reproductive disorders [22]. The SPEs 
proteome was first described to contain 139 proteins, 
according to liquid chromatography tandem mass spec-
trometry (LC-MS/MS) in human [23]. The structure of 
SPEs and proteomic datasets were elucidated, providing 
important practical information for determining candi-
date biomarker proteins and understanding the respec-
tive biologic functions [24]. A recent proteomic analysis 
reported 1474 proteins in human SPEs, and gene ontol-
ogy (GO) analysis showed that SPEs proteins were mostly 
linked to exosomes, cytoplasm, and cytosol, which are 
involved in processes such as energy pathways, cell 
growth, and transport [25].

Buffalo (Bubalus bubalis) has adapted to tropical cli-
mate conditions but typically show low reproductive 
efficiency [26]. Male infertility is the major issue imped-
ing buffalo reproduction, and the poor quality of buf-
falo semen is manifested in low sperm motility, viability 
and fertility, which may be due to a lesser semen protein 
concentration [27, 28]. Previously, we identified the pro-
teomes of buffalo spermatozoa and seminal plasma [29]; 
however, the mechanisms of SPEs interaction with sper-
matozoa remain poorly understood. To investigate the 
relationship between buffalo spermatozoa, SP, and SPEs, 
and to identify key factors related to sperm motility of 
SPEs in proteomic composition, LC-MS/MS was used on 
SPEs in buffalo semen with high and low sperm motil-
ity. Our results help understand protein differences of 
spermatozoa, SP, and SPEs, and will be of importance for 
clarifying the causes of low sperm motility in buffalo and 
the roles of SPEs in the regulation of sperm maturation 
and motility, which can be applied to guide the breeding 
of buffalo fertilization.

Results
Isolation and characterization of SPEs
Exosomes were isolated and identified according to the 
workflow as shown in Fig. 1A. Exosomal marker proteins 
including Alix, TSG101, and CD81 were validated using 
western blotting of SPEs, with large EVs (LEVs) and SP 
as control samples (Fig. 2A and Additional file1: Fig. S1). 
Three markers were detected in SPEs and LEVs. CD81, 
TSG101, and Alix proteins produced bands of 22, 48, and 
95 kDa, respectively, in purified SPEs samples, whereas 
no protein expression was observed in SP. Lower expres-
sion levels of Alix, CD81and TSG101 were observed in 
LEVs compared to SPEs. To determine size and concen-
tration of SPEs, Nanoparticle tracing analysis (NTA) 
analyses were conducted, showing that the SPEs parti-
cle diameter ranged from 80 to 200 nm, with the highest 
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peak intensity (5.9 ×  106 particles/mL) at 119.4 nm diam-
eter (Fig. 2B). This main peak accounted for 99.2% of all 
particles. Particle size did not differ significant between 
the H and L groups.

SPEs morphology was investigated using transmis-
sion electron microscopy (TEM) (Fig. 2C), showing their 
intact cup-shaped structure and membrane integrity. In 
line with the NTA results, TEM showed that SPEs diam-
eter ranged from 50 to 150 nm. No obvious differences 
between H- and L-motility group samples were observed. 
Overall, these results demonstrated that the SPEs were 
successful isolated and purified from buffalo semen using 
ultracentrifugation, which had typical characteristics of 
exosomes.

Comparisons of proteome profiles
To analyze protein expression between spermatozoa, SP, 
and SPEs, proteome profiles were identified by LC-MS/
MS and analyzed bioinformatic methods (Fig.  1B). In 
total, 1879 proteins were successfully identified in sper-
matozoa  (Additional file  2:  Table S1), 1247 proteins in 
SP (Additional file 2: Table S2), and 1343 proteins in SPEs 
(Additional file  2:  Table S3). A Venn diagram was pro-
duced to indicate the 561 proteins shared between sper-
matozoa and SPEs, 547 proteins shared between SP and 
SPEs, and 661 proteins shared between spermatozoa and 

SP. Among all identified proteins, 371 proteins (account-
ing for 27.6% of the SPEs proteome) were expressed 
in spermatozoa, SP, and SPEs samples. A total of 606 
proteins were unique to SPEs (Fig.  3A). Additionally, 
proteins identified in SPEs were matched with public 
exosome databases, and 82 and 79% of the proteins over-
lapped with the top 100 proteins in the ExoCarta [30–32] 
and Vesiclepedia [33] databases (Fig. 3B), indicating that 
the proteome results of SPEs were reliable. Most proteins 
were commonly expressed in exosomes of different ori-
gins. The proteomic data of SPEs (PXD033442) can by 
fully accessed from the ProteomeXchange consortium 
via the PRIDE partner repository [34]. To our knowledge, 
this is the first report on the buffalo seminal exosome 
proteome.

We compared the annotated GO and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways of pro-
teins in spermatozoa, SP, and SPEs, showing that proteins 
mainly participated in GO terms including small GTPase 
mediated signal transduction, protein transport, intracel-
lular protein transport, calcium ion binding and GTPase 
activity, and pathways such as amino acid metabolism, 
immune protection, and signal transduction (Additional 
file  1:  Fig. S2). KEGG enrichment showed significant 
difference in three samples. SPEs appears to play a cen-
tral role in immune protection by a pathway involving 

Fig. 1 Outline of the preliminary study on the proteome of buffalo seminal plasma exosomes (SPEs). A Procedure of exosome isolation. 
B Identification workflow of proteome profile in sperm, seminal plasma, and SPEs samples. C Quantification workflow of proteome analysis in 
H‑ and L‑motility SPEs samples
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proteasomes. A series of signaling transduction pathways 
(cGMP-PKG signaling, Hippo signaling, AMPK signal-
ing, Estrogen signaling) were significantly enriched, sug-
gesting that SPEs may be associated with more complex 
regulation pathways responsible for signaling transduc-
tion involve in sperm development (Fig. 3C). Particularly, 
the AMPK signaling pathway, associated with maintain-
ing the structure of plasma membrane and the integrity 
of acrosome membrane, showed that SPEs were closely 
related to the regulation of spermatogenesis and sperm 
motility. Additionally, several proteins associated with 
reproduction were characterized, including 6 proteins 

annotated to sperm capacitation, 11 proteins annotated 
to spermatid differentiation, 28 proteins annotated to 
fertilization, 14 proteins annotated to sperm-egg recog-
nition, 20 proteins annotated to membrane fusion, and 4 
proteins annotated to acrosome reaction (Fig. 3D). Pro-
tein-protein interaction (PPI) networks were constructed 
for hub protein identification. The SPEs PPI network 
comprised 630 nodes and 3846 edges. The top 10 crucial 
proteins for maintaining the stability of the PPI network 
are indicated in Fig.  3E and Additional file  1:  Fig. S3. 
These proteins included RHOA, HSPA8, PKM, MAPK1, 
VAMP8, PPP2R1A, SRC, PRKACA, GRB2, and HK2.

Fig. 2 Characterization of seminal plasma exosomes (SPEs) by western blot, nanoparticle tracing analysis (NTA) and transmission electron 
microscopy (TEM). A Protein expression analysis of Alix, TSG101 and CD81 in seminal plasma exosomes (SPEs), large extracellular vesicles (LEVs) and 
seminal plasms (SP) samples by western blot. The full size image of western blots can be obtained from Additional file 1: Fig. S1. B Evaluation of size 
distribution of SPEs determined by NTA analysis. The red dot indicated particles with size of 119.4 nm have the highest density (5.9E+ 6 particles/
mL). The main peak of particles size within 20 ~ 200 nm (blue shaded areas) accounted for 99.2% of all particles. C Morphology of isolated SPEs by 
TEM. The magnification is 10,000× (upper) and 30,000× (lower), respectively
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Analysis of differential expression proteins (DEPs) in SPEs
A comparative proteomic analysis based on iTRAQ-
label coupled with LC-MS/MS were carried out between 
H-motility group and L-motility group sperm (Fig.  1C 
and Fig.  4). To clarify the proteins contributing to 
sperm motility, comparative proteomic analysis of SPEs 
was carried out to identify the DEPs. Complete protein 
lists of DEPs with accession numbers, protein names, 
and sequence coverage are presented in Additional 
file  2:  Table S4. Compared to H-motility group SPEs, a 
total of 160 DEPs were found in L-motility group SPEs 
(fold change ≥1.2), including 119 down-regulated DEPs 
and 41 up-regulated DEPs (Fig. 5A), which showed a gen-
eral downward trend of protein expression level. A heat-
map of DEP expression levels suggested good accuracy 
and reproducibility among biological replicates (Fig. 5B). 
In addition, the PPI network of DEPs indicated that sev-
eral proteins such as ACRBP, SPACA1, PRDX5, SPACA4, 
DYNLL2, ZAN, IZUMO1, and ADAM2 in SPEs may play 
an important role in modulating sperm motility (Fig. 5C).

Functional analysis of DEPs in SPEs
To investigate the main functions of DEPs in SPEs, 
enriched Gene Ontology (GO) terms were classified 
(Additional file  2:  Table S5, S6, and S7). GO classifica-
tion indicated that down-regulated DEPs were mainly 
located in the membrane, extracellular region, and mac-
romolecular complexes of cellular components. Regard-
ing biological processes, numerous down-regulated DEPs 
were associated with metabolic, reproductive, and devel-
opmental processes (Fig.  6A). GO enrichment analysis 
showed that DEPs were located in sperm and vesicles, 
with activities of hydrolase and metalloproteinase, and 
were involved in sperm-egg recognition, fertilization, 
single fertilization, sperm-zona pellucida binding, mono-
biotic reproduction, cell recognition, and other pro-
cesses (Fig. 6B). Furthermore, KEGG enrichment results 
showed that DEPs were mainly involved in the PPRP 
signaling, calcium signaling, and cAMP signaling path-
ways, among others (Fig.  6C), and the expression levels 
of 10 proteins such as IZUMO1 were significantly down-
regulated in L-motility group SPEs (Table  1 and Addi-
tional file 2: Table S8).

Parallel reaction monitor (PRM) validation of DEPs
Targeted PRM analysis was conducted to provide rela-
tive peptide quantification for validation. Six proteins 
were detected and significant differential expressions 
were confirmed, namely, PPEF1, ST13, TXNDC8, LRR-
C37AB, SPACA1 and GSTM2 (peptide information and 
peak areas are shown in Additional file 2: Table S9). As 
shown in Fig. 7, five of these proteins (i.e., PPEF1, ST13, 
TXNDC8, SPACA1, and GSTM2) (Fig. 7A-C, E, F) were 
down-regulated and LRRC37 (Fig. 7D) was up-regulated 
in SPEs of L-motility group. The result exhibited the 
same trend in the proteomic dataset.

Discussion
Exosomes facilitate intercellular communication by 
entering target cells via surface ligands. The cellular 
effectors enclosed inside or on the surface membrane 
such as mRNA, miRNA and origin proteins, can be 
transferred between exosomes and recipient cells [35]. 
Considering that spermatozoa are transcriptionally 
quiescent cells, the acquisition of new products during 
final maturation in seminal plasma may rely on trans-
port by SPEs [36]. Exosomes also play important roles 
in inflammatory and immune protection during sperm 
migration in the female tract [37]. It is thus important 
to establish a reliable method to harvest SPEs and to 
further assess interaction between SPEs and spermato-
zoa. Ultracentrifugation and sucrose gradient centrifu-
gation were confirmed in this study as efficient methods 
to isolate and purify SPEs. SPEs showed cup-shaped 
morphology, however, TEM images showed no differ-
ence between H- and L-motility group SPEs. The cup 
shape was an artefact form due to the drying process, 
as cryo-TEM confirmed a perfectly spherical structure 
of exosomes in aqueous solution [38].

Proteomics are a promising strategy for assessing the 
protein composition and differences in SPEs. Numerous 
high-throughput proteomic studies based on LC-MS/
MS assessed the protein composition of spermatozoa and 
SP, and potential diagnostic biomarkers of male infertil-
ity were identified in multiple mammalian species such as 
humans and mice. In our previous study, the proteome 

Fig. 3 Comprehensive proteome profile analysis of sperm, seminal plasma (SP), and seminal plasma exosomes (SPEs). A Comparison of protein 
expression profiles of sperm, SP, and SPEs in buffalo. B Overlapping of exosome proteins compared with extracellular vesicle database Vesiclepedia 
Topl00 and exosomes database ExoCatar Topl00. C Pathway comparison of proteins identified from sperm, SP, and SPEs. D SPEs proteins associated 
with sperm capacitation, spermatid differentiation, membrane fusion, acrosome reaction, sperm‑egg recognition, and fertilization. E Protein‑protein 
interaction (PPI) network of SPEs. The map size of the node indicates the value of node betweenness, larger nodes are more important in PPI 
network stability. The shade of the color indicates the degree of the node, red indicates higher than average, green indicates below average. The 
darker the color, the more proteins it interacts with. The higher gray value of edge means higher score of protein‑protein interaction. The network 
details can be obtained from the original image (Additional file 1: Fig. S3)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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landscape of spermatozoa and SP in buffalo were iden-
tified through comprehensive proteomic analyses [29]. 
We characterized several highly abundant proteins and 
focused on functional analysis of overlapping and unique 
proteins; however, the protein correlation between sper-
matozoa, SP, and SPEs remain unclear. Additionally, the 
crucial proteins associated with sperm maturation, motil-
ity, and male fertilization capacity in buffalo remain to be 
examined in detail. In the current study, the proteome 
profiles were analyzed regarding differences between 

spermatozoa, SP, and SPEs. Furthermore, proteomic 
differences between SPEs of H-motility and L-motility 
sperm were compared.

The proteomic results showed that 561 SPEs proteins 
(41.8%) were also found in spermatozoa, and 547 SPEs 
proteins (40.7%) were found in SP. Nearly one-third of 
SPEs proteins (371, 27.6%) were present in spermato-
zoa and SP. These proteins may play an important role 
in the microenvironmental balance regarding sperm 
maturation. GO annotation results of cellular compo-
nents also showed that extracellular exosome proteins 
were most abundant in spermatozoa, SP and SPEs. Con-
sistent with the biological process annotation results, 
proteins participated in oxidation-reduction process 
were mostly attributed to biological process in sperma-
tozoa and SP. In SPEs, proteins participating in small 
GTPase-mediated signal transduction were most abun-
dant, which is closely related to sperm capacitation and 
fertilization [39]. GTPases affect components of the 
plasma membrane, the nucleus, and the endomembrane 
system, which are involved in intracellular actin/tubu-
lin-dependent vesicle movement, membrane fusion, 
and cell growth during mitosis. Abnormal expression 
of GTPases disrupts intracellular systems. In sperma-
tozoa, GTPases are vital for cytoskeletal organization 
[40]. Further studies are needed to elucidate how SPEs 
mediate sperm motility through small GTPase signal 
transduction (Fig. S2A).  Ca2+ ions, a main type of sec-
ond messenger molecules mediating sperm movement, 
are strictly regulated in the intracellular and extracellu-
lar space during the maturation of sperm in epididymis 
[41]. Moreover, 64 and 60 proteins were assigned to 
 Ca2+-binding capacity in spermatozoa and SPEs, respec-
tively (Fig. S2B), of which 33 proteins were shared.

Fig. 4 Comparison of sperm motility between H‑motility and 
L‑motility SPEs in buffalo. The different color boxplot represents the 
different groups. The middle line represents the median (Q2) value, 
the top line represents the upper quartile (Q3) value and the bottom 
line represents the lower quartile (Q1) value of box. *** indicates 
significant difference (P value < 0.001)

Fig. 5 Differential proteomic analysis between H‑motility and L‑motility seminal plasma exosomes (SPEs) in buffalo. A Volcano plot for differentially 
expressed proteins (DEPs) screening. The top 20 up‑regulated proteins (URPs) (red dots) and down‑regulated proteins (DRPs) (blue dots) labeled 
with protein names or Uniprot IDs. The thresholds of fold change were set as 1.2 and 1/1.2. P value < 0.05 was defined as statistically significant. 
B Heatmap of DEP expression levels of each sample. C Protein‑protein interaction network of DEPs. Red nodes indicate URPs, and green nodes 
indicate DRPs. Node size indicates the value of node betweenness; larger nodes are more important in PPI network stability. The higher gray value 
of the edge indicates a higher score of protein‑protein interaction



Page 8 of 16Yu et al. BMC Genomics            (2023) 24:8 

Among the identified SPEs proteins, functional pro-
teins related to reproduction were analyzed. We found 
21 proteins involved in spermatogenesis. ROPN1L, a 
protein participating in maintaining the integrity of fiber 
sheath and sperm motility, plays an important role in 
PKA-dependent signaling, which is required for sperm 
capacitation. Fiedler et  al. [42] confirmed that muta-
tions of ROPN1 and ROPN1L diminish fiber integrity, 
thus reducing sperm motility through the PKA signaling 
pathway and resulting in male sterility. Sixteen SPEs pro-
teins were attributed to sperm-egg recognition, includ-
ing the highly conserved protein SPA17, which plays an 
important role in regulating sperm maturation, capacita-
tion, acrosome reaction, and interaction with the oocyte 

zona pellucida [43]. Additionally, a total of 25 RAB fam-
ily members were identified in SPEs. The RAB protein 
family is the largest branch of the small GTPase super-
enzyme family. As a molecular switch regulating intra-
cellular transport in eukaryotic cells, RAB proteins are 
crucial regulators of signal transduction, cell growth, 
and differentiation [39]. RAB proteins may be related to 
acrosome formation during spermatogenesis and acro-
some reaction during fertilization [44]. Moreover, syn-
thetic peptides of RAB3 can lead to acrosome rupture 
[45]. Particularly, RAB27B is known to facilitate inter-
actions of myosin-Va with the vesicle, and immunore-
active sites can be observed in the medullary region of 
the Golgi apparatus and in the adjacent acrosome [44]. 

Fig. 6 Functional analysis of differential expression proteins (DEPs) between H‑motility and L‑motility seminal plasma exosomes (SPEs) in buffalo. 
A Gene Ontology (GO) classification of up‑regulated and down‑regulated DEPs in L‑motility group SPEs in comparison with H‑motility group SPEs. 
B GO enrichment map (top 10) of significant vesicle of DEPs. C Enrichment circle diagram of Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway of DEPs
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Table 1 KEGG pathways with significant enrichment of DEPs

KEGG ID Pathway P value Counts Genes

ko04666 Fc gamma R‑mediated phagocytosis 0.000 6 DNM2,RAC2,ARF6,N/A,N/A,PLA2G6

ko02010 ABC transporters 0.001 4 LOC524391,LOC786628,ABCA3,ABCA5

ko03320 PPAR signaling pathway 0.004 4 PDPK1,N/A,ACSBG2,AQP7

ko04664 Fc epsilon RI signaling pathway 0.004 4 PDPK1,RAC2,N/A,N/A

ko04721 Synaptic vesicle cycle 0.004 4 SLC1A1,DNM2,ATP6V0D1,SYT1

ko04961 Endocrine and other factor‑regulated calcium 
reabsorption

0.007 3 ATP2B1,DNM2,ATP2B4

ko00061 Fatty acid biosynthesis 0.008 2 N/A,ACSBG2

ko04923 Regulation of lipolysis in adipocyte 0.009 3 PTGS1,GNAI3,AQP7

ko04144 Endocytosis 0.010 6 SNF8,FOLR1,FOLR2,DNM2,VPS25,ARF6

ko04071 Sphingolipid signaling pathway 0.012 4 GNAI3,PDPK1,RAC2,BID

ko04020 Calcium signaling pathway 0.012 6 ATP2B1,ATP2B4,ENO,ENO,PLCD4,PDE1C

ko04650 Natural killer cell mediated cytotoxicity 0.018 4 RAC2,N/A,N/A,BID

ko04024 cAMP signaling pathway 0.021 5 ATP2B1,GNAI3,ATP2B4,RAC2,RAP1A

ko04662 B cell receptor signaling pathway 0.024 3 RAC2, N/A,N/A

ko04745 Phototransduction ‑ fly 0.026 1 PPEF1

ko04925 Aldosterone synthesis and secretion 0.026 3 ATP2B1,ATP2B4,SCARB1

ko04072 Phospholipase D signaling pathway 0.028 4 DNM2,ARF6

ko04972 Pancreatic secretion 0.029 3 ATP2B1,ATP2B4,RAP1A

ko00071 Fatty acid degradation 0.032 2 N/A,ACSBG2

ko00564 Glycerophospholipid metabolism 0.034 3 GPD1L,PLA2G

Fig. 7 Parallel reaction monitoring (PRM) validation of differentially expressed proteins (DEPs). A PPEF1 protein. B ST13 protein. C TXNDC8 protein. 
D LRRC37 protein. E SPACA1 protein. F GSTM2 protein. * indicates significant difference (P value < 0.05); ** indicates significant difference (P value 
< 0.01)
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Considerable amounts of RAB proteins were differen-
tially expressed in SPEs, suggesting that exosomes may 
mediate acrosome formation and the acrosomal reaction. 
Other proteins associated with sperm motility including 
MIF, ATP2B4, GSK3, ELSPBP1, GLIPR1L1, etc. were also 
observed in SPEs. MIF is transported to spermatozoa 
through exosomes and binds to peripheral dense fibers 
to eliminate  Zn2+ bound to sperm flagella, thus affecting 
sperm motility [46]. ATP2B4, an ubiquitous  Ca2+ pump, 
can regulate the activation of the  Ca2+ signaling pathway 
to maintain a steady state of  Ca2+ in sperm. The  Ca2+ bal-
ance directly affects sperm motility. Furthermore, sperm 
motility can also be regulated by GSK3, which partici-
pates in the Toll-like receptor and Wnt signaling path-
ways [47]. In the presence of  Zn2+, ELSPBP1/BLVRA 
complexes bind to dead sperm to prevent adverse effects 
of reactive oxygen species produced by dead sperm cells 
[48]. A member of the CAP superfamily, GLIPR1L1, is 
located in the sperm head through epididymal corpuscles 
and participates in the recognition process of sperm and 
egg, together with other family members [49].

KEGG pathway analysis showed that the identified pro-
teins were enriched regarding the AMPK signaling path-
way in sperm, SP, and SPEs. The AMPK signaling pathway 
was first confirmed to be related to spermatogenesis 
and regulation of sperm motility in 2012 [50], and it is 
involved in the main physiological functions of mature 
sperm, especially regarding the maintenance of sperm 
motility, sperm membrane integrity, and mitochondrial 
membrane potential. Energy balance is necessary for the 
production and quality of sperm, and it is linked to the 
hypothalamic-pituitary-gonadal axis through the core 
protein AMP-activated protein kinase in the AMPK sign-
aling pathway [51]. The effect of AMPK on mitochondrial 
membrane potential depends on the extracellular stimu-
lation of sperm cells. AMPK transmits this stimulation 
signal to affect sperm energy metabolism and maintain 
the membrane potential of sperm mitochondria, so as to 
promote normal movement of sperm. Sperm fertilization 
capacity depends on the sperm plasma membrane and its 
lipid fraction. AMPK plays an important role in plasma 
membrane fluidity and in maintaining the lipid organiza-
tion of sperm in pigs [52] and goats [53].

Differential proteomics of SPEs showed 160 signifi-
cantly differentially expressed proteins, including 41 
up-regulated and 119 down-regulated DEPs in L-motil-
ity group SPEs, compared with those of the H group. 
The overall decreasing trend of protein expression in 
L-motility group samples was consistent with the results 
in buffalo seminal plasma, human seminal plasma and 
spermatozoa [54]. GO cellular component enrich-
ment results showed that 11 DEPs (10 down-regulated 
and 1 up-regulated) were annotated to sperm parts in 

low-motility SPEs, including IZUMO1, ACRBP, SPACA1, 
ZPBP, ACRV1 etc. Of these, IZUMO1 is an essential pro-
tein during sperm-egg fusion. IZUMO1-deficient sper-
matozoa can cross the zona pellucida normally, but are 
unable to fuse with a normal oocyte [55]. During sper-
matogenesis, ACRBP participates in the formation of 
acrosome particles by maintaining the inactive state of 
acrosin before acrosome exocytosis, and knockout of the 
Acrbp gene leads to severely decreased fertility in mice 
[56]. The SPACA1 protein is located in the equatorial 
segment of sperm and plays a role in the sperm-oocyte 
fusion process. Knockout of the Spaca1 gene leads to a 
deformed sperm head, resulting in infertility in mice 
[57]. ZPBP, an important acrosome matrix component 
of sperm, functions in the process of sperm crossing the 
zona pellucida. Mice lacking Zpbp1 gene show abnor-
mal sperm morphology, broken acrosomes, and sperm 
disability of progressive movement [58]. The acrosome 
matrix protein ZACRV1 (SP-10) is conserved in mam-
mals and exerts a crucial role in the adhesion or penetra-
tion between sperm and oocytes. Therefore, we speculate 
that these proteins in SPEs can be transferred to sperm, 
which can affect sperm motility and contribute to the 
process of fertilization. GO molecular function enrich-
ment analysis showed that 10 DEPs (9 down-regulated 
and 1 up-regulated) were assigned to metallopeptidase 
activity in L-motility group SPEs. Three metalloprotease-
disintegrin proteins (ADAM2, ADAM3, and ADAM32) 
were among the down-regulated DEPs. ADAM2-
ADAM3 complexes are important for various function 
of sperm in mice, including sperm-sperm aggregation, 
sperm oocyte interaction, and sperm entry of the fallo-
pian tube from the uterus [59]. However, male Adam32 
knockout mice show normal fertility, testicular integrity, 
and sperm characteristics [60]. Therefore, we speculate 
that SPEs can affect the normal function of sperm by 
transferring the ADAM2-ADAM3 complex. GO biologi-
cal process enrichment showed that 10 DEPs (8 down-
regulated DEPs and 2 up-regulated DEPs) participated 
in the process of sperm-oocyte recognition in L-motility 
group SPEs. Among them, testicular expression protein 
101 (TEX101), a cancer/testicular antigen family mem-
ber, was initially identified in mouse testes and was sub-
sequently found to be expressed in human and bovine 
germ cells [61, 62]. During fertilization in mice, protein 
TEX101 acts on cumulus cells after removal from sperm, 
causing cumulus cells to elicit Ca-dependent progester-
one release, thus initiating the acrosome reaction [63]. 
Tex101 gene knockout mice show normal sperm mor-
phology and concentrations in ejaculate, but exhibit the 
loss of adhesion ability, resulting in a failure of sperm-
oocyte fusion. In addition, Tex101 gene knockout mark-
edly reduces or prevent the expression of ADAM3 [64, 
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65] in spermatozoa. The expression level of TEX101 
protein is significantly decreased in the seminal plasma 
of azoospermia patients, compared with normal males, 
and the concentration of TEX101 in seminal plasma is 
related to the number of testicular germ cells [61]. There-
fore, we speculate that SPEs affect spermatogenesis and 
development by participating in the sperm-anchoring 
and sperm-shedding process of TEX101. The expression 
level of TEX101 in SPEs may thus be potential biomarker 
of male sterility.

Based on the results of KEGG pathway enrichment, 
we found that 4 proteins belonging to the PPAR signal-
ing pathway and 6 proteins assigned to the Ca signaling 
pathway were differentially expressed. PPARs are ligand-
dependent transcriptional regulators that affect a wide 
range of intracellular metabolism processes, especially 
lipid metabolism. PPARγ, a subtype of PPARs, is closely 
related to the reproductive physiological function of males, 
and it plays a crucial role in spermatogenesis by participat-
ing in lipid metabolism in Sertoli cells [66], participating 
in fertilization by providing energy [67], and participat-
ing in sperm capacitation through glucose metabolism 
or other metabolic processes [68]. Aquaporin-7 (AQP7) 
is an important member involved in the PPAR signaling 
pathway, which is expressed in kidney, heart, testicular, 
and adipose tissue, and it is involved in glycerol transport 
and cytoplasmic concentration during spermatogenesis in 
mammals [69]. AQP7 is expressed in human sperm cells 
and also in sperm tail. Moreover, the motility of sperm in 
AQP7-expressing males is markedly higher than that in the 
negative expression population [70], and AQP7 expression 
is significantly positively correlated with the proportion 
of normal sperm cells [71]. Consistent with these results, 
we found that AQP7 expression of was significantly lower 
in low-motility SPEs, suggesting that AQP7 in SPEs may 
have an important effect on sperm motility. However, the 
specific mechanism needs to be further studied. Sperm 
motility is closely related to  Ca2+ concentrations. Plasma 
membrane Ca ATPase 4 (ATP2B4) belongs to the P-type 
ATPase family, and it is an important  Ca2+ pump in the 
Ca signaling pathway. Sperm motility is severely impaired 
in ATP2B4 knockout mice and mice treated with ATP2B4 
inhibitor, indicating that ATP2B4 regulates sperm motility 
[72]. Epididymal can transfer ATP2B4 to sperm through 
secreted exosomes during the maturation of sperm in the 
epididymis, resulting in higher ATP2B4 concentrations in 
the sperm tail than in the head [73]. Our result showed 
that ATP2B4 expression in low-motility SPEs was signifi-
cantly decreased, suggesting that ATP2B4 in SPEs may 
affect sperm motility though specific mechanisms which, 
however, remain unclear. We suggest that SPEs may trans-
fer ATP2B4 to sperm by membrane fusion, thus affecting 
sperm motility.

In conclusion, we established the proteome profile and 
the relationship between spermatozoa, SP and SPEs in 
buffalo. Moreover, the differential proteomics of SPEs 
between H- and L-motility groups were identified. The 
annotated biological functions and metabolic pathways 
were further analyzed, and a number of functional pro-
teins related to spermatogenesis, maturation and fertili-
zation were obtained by comprehensive bioinformatic 
analysis. This study extends our understanding of seminal 
plasma exosomes and provides clues for determining the 
regulatory mechanisms of seminal plasma exosomes in 
buffalo sperm motility.

Materials and methods
Sample collection
Buffalo semen samples were collected through artificial 
ejaculation at the Livestock Breed Improvement Sta-
tion of Guangxi province, China. The semen samples 
were divided into two groups (n = 9 animals per group): 
group I (motility: 66.78 ± 1.72% (mean ± standard error), 
a median of 67%; defined as H-motility group) and group 
II (motility: 36.11 ± 6.97% (mean ± standard error), a 
median of 35%; defined as L-motility group) as shown 
in Fig.  3. Semen quality was analyzed using Computer 
Assisted Sperm Analysis (CASA) software [74]. The 
animal experiments were approved and monitored by 
the Animal Experiments Ethical Review Committee of 
Guangxi University (approval code: GXU2020–037), The 
study was performed in accordance with the ARRIVE 
Guidelines for reporting animal research [75]. We 
declared that all methods were carried out in accordance 
with animal ethics guidelines and regulations.

Isolation and purification of SPEs
Buffalo SPEs were isolated by ultracentrifugation, puri-
fied by sucrose density gradient centrifugation as previ-
ously described [76], with minor modifications. Briefly, 
liquefied semen samples were subjected to sequential 
centrifugation steps at 800×g for 10 min to remove sperm 
cells, at 4000×g for 30 min to remove cell fragments, and 
at 12,000×g for 45 min to eliminate large vesicles. Subse-
quently, the supernatant was filtered through 0.22-μm fil-
ters after dilution with phosphate-buffered saline (PBS). 
Then, the medium containing SPEs was centrifugated at 
100,000×g for 90 min using an ultracentrifuge (Optima 
XL-100 k; Beckman, USA). The resulting precipitates 
were re-suspended using PBS and were underlayered 
with 30% sucrose cushion solution. After centrifuga-
tion at 130,000×g for 90 min, the sucrose cushion was 
washed with PBS, and centrifugation was performed 
at 100,000×g for 90 min. Finally, the concentrated SPEs 
were re-suspended using 100 μL PBS and were frozen at 
− 80 °C until subsequent analyses.
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NTA
The size and concentration of SPEs were determined 
using an NTA device (ZetaView, Germany) as described 
by Gardiner et al. [77]. SPEs were diluted with 1 mL Milli-
Q water (Merck Millipore, USA). Each sample was ana-
lyzed for 60 s and was measured three times. A power 
spectral density plot was created with.

estimated particle diameter (nm) indicated on the 
x-axis and particle concentration (particles/mL) on the 
y-axis.

TEM analysis
TEM analysis was performed to assess SPEs morphol-
ogy as described previously [25] with minor modifica-
tions. First, SPEs samples were diluted using PBS, and 
10 μL of the solution was transferred to a copper grid for 
incubation for > 20 min at room temperature (RT). Then, 
SPEs samples were stained using 1% acetic acid for 3 min 
in darkness. After drying at RT for 20 min, the samples 
were examined using a transmission electron microscope 
instrument (HT-7700, Hitachi, Japan).

Western blotting
For identification of exosome marker proteins through 
western blotting, total proteins of SPEs, LEVs and SP 
were extracted using Urea-EDTA-DTT (UED) lysis 
buffer (8 M urea, 2 mM ethylenediaminetetraacetic acid 
(EDTA), 10 mM dithiothreitol (DTT)) with 1% protease 
inhibitor cocktail. Protein concentration was determined 
using a BCA protein quantitation kit (Cat No. P0012S, 
Beyotime, China) according to the manufacturer’s 
instructions. For each sample, 10 μg protein was loaded 
on an 12% SDS-PAGE gel, followed by separation for 
90 min in the electrophoresis buffer (25 mM Tris-base, 
192 mM glycine, 0.1% SDS). Proteins were transferred 
to 0.22-μm polyvinylidene fluoride (PVDF) membranes 
(Merck Millipore, Germany) using the transfer buffer 
(48 mM Tris-base, 39 mM glycine, 20% methanol) at 40 V 
for 90 min. Then, the membranes were incubated with 
5% (w/v) skimmed milk for blocking for > 1 h and were 
washed three times using Tris buffered saline with 0.1% 
tween 20 (TBST). After diluting the samples to working 
concentration, primary antibodies (CD81, sc-166,029, 
dilution 1:500; Alix, sc-53,538, dilution 1:500; TSG101, 
sc-7964, dilution 1:500; Santa Cruz, USA) were added to 
membranes for overnight incubation in 4 °C, respectively. 
After washing three times using TBST, the membranes 
were incubated with horse anti-mouse secondary anti-
body (Cat No. A0258, dilution 1:5000, Beyotime, China) 
for 2 h. Thereafter, the membranes were washed three 
times using TBST, incubated with a BCIP/NBT kit (Cat 
No. C3206, Beyotime, China), and were assayed using 

Gel Imaging scanner (Amersham Imager 600, GE Health-
care, USA).

Protein extraction, digestion, labeling, 
and pre‑fractionation
For protein extraction, the protocol was described in our 
previous publication [78]. UED buffer with 1% protease 
inhibitor cocktail was added to spermatozoa, SP, and 
SPEs samples for lysis at 4 °C for 30 min. After sonica-
tion for 2 min, the samples were centrifuged at 10,000×g 
and 4 °C for 30 min. Protein supernatants were collected 
and were mixed with three volumes of acetone for pre-
cipitation. The protein pellets were re-suspended using 
Urea-TEAB (UT) buffer (8 M urea and 100 mM trieth-
ylammonium bicarbonate (TEAB)), and after dilution 
with Milli-Q water (Merck Millipore), the concentrations 
of protein samples were measured using a BCA protein 
quantitation kit (Beyotime, China).

A total of 100 μg protein per sample was used for pro-
teomic analyses. First, protein was reduced with 10 mM 
DTT for 45 min at 37 °C, alkylated with 25 mM iodoacet-
amide for 15 min at RT in darkness. Then, a moderate 
amount of 100 mM TEAB was added to reduce the con-
centration of urea, and protein digestion was achieved 
through added 2 μg trypsin for 16 h, and thereafter, 1 μg 
trypsin was added for an additional digestion step.

After digestion, the resulting peptides were desalted 
using a Strata X SPEs column (Phenomenex, USA) 
according to the manufacturer’s instructions. For iso-
tope labeling, the dried peptides were re-dissolved using 
500 mM TEAB and were allowed to react with isobaric 
tags for relative and absolute quantitation (iTRAQ) 
Reagent-8Plex (Cat No. 4390812, AB Sciex, USA) for 2 h 
with shocking at RT. Nine samples in each group were 
divided into three biological replicates (each for 3 indi-
viduals) randomly. For each replicate, H-motility group 
samples were labeled with iTRAQ-113, and L-motility 
group samples were labeled with iTRAQ-114. Then, the 
labeled peptides of the two groups were mixed and dried 
of each replicates. The samples were then dissolved in 
solvent A (2% ACN, pH 10) and were injected into the 
liquid chromatography separation systems (HPLC) sys-
tem (Waters e2695; Waters, USA) for separating frac-
tions using a high-pH reverse-phase C18 column (130 Å, 
3.5 μm, 4.6 × 250 mm; XBridge Peptide BEH C18, Waters, 
USA) [29]. Binding peptide was eluted using a gradient 
as described by Lin et al. [78]. For proteomic analysis of 
spermatozoa, SP, and SPEs, the peptides were divided 
into six fractions and were desalted using Ziptip C18 Tips 
(ZTC18S096, Merck Millipore).

Samples of proteome identification and proteomic 
comparison were analyzed using a LC-MS/MS system 
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comprising an Easy-nanoLC coupled with an LTQ-Orbit-
rap Elite (Thermo Fisher Scientific, USA) as described in 
our previous study [79] with minor modifications. Briefly, 
each peptide fraction was loaded on a reversed-phase 
trap column (Acclaim PepMap®100 C18, 3 μm, 100 Å, 
75 μm × 2 cm) and was then transferred to a reversed-
phase analytical column (Acclaim PepMap® RSLC C18, 
2 μm, 100 Å, 50 μm × 15 cm). A 68-min elution gradi-
ent from 2 to 98% solvent B at 300 nL/min was used for 
mass spectrometric analysis. The acquired precursor 
ions ranging from 300 to 1800 m/z were detected using 
an orbitrap analyzer at a resolution of 70,000. The top 20 
abundant precursor ions were fragmented in a selection 
window of 2 m/z using higher-energy collisional disso-
ciation (HCD) mode at 39% normalized collision energy. 
Fragment ions were also analyzed using an orbitrap at a 
resolution of 17,500 and with a scan range of 100+ m/z. 
The dynamic exclusion duration was set at 30 s, and the 
ion 445.12003 (m/z) was used for lock mass.

Data processing and bioinformatic analyses
The peptide mass spectrum was searched against the 
Uniprot database of Bos taurus (UP000009136) using 
SEQUEST software integrated in the Proteome Discov-
erer platform (version 2.1; Thermo Fisher Scientific, 
USA). Trypsin/P was selected as the working enzyme. 
The max missed cleavage was set to two. Carbamido-
methyl (C) was set as fixed modification, and iTRAQ 
8plex (N-term, K, Y) and oxidation (M) were set as 
variable modifications. The peptide mass error was lim-
ited to 10 ppm, and the product ion mass error was set 
to include 0.02 Da. The peptide false distribution rate is 
reported at p < 0.05.

For protein functional analysis, Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) 
software version 6.8 was used for GO annotation [80]. 
The online tool Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [81] was used for pathway annotation. 
Protein interaction information was obtained from the 
STRING database, and the interaction network was visu-
alized using Cytoscape software (version 3.4) [82].

PRM validation
PRM analysis for protein expression validation was con-
ducted using Skyline software (version 21.2) [83]. Pooled 
samples were separated using an LC-MS/MS system 
comprising a nanoLC device coupled with an LTQ-Orbit-
rap Elite and using a 120-min elution gradient for protein 
library construction. PRM raw files were imported into 
Skyline software, and the FASTA protein file to iden-
tify exosomes was used as background. A total of eight 
precursors, representing six significantly DEPs, were 

selected based on the predetermined criteria (i.e., higher 
peak intensity, no oxidation modification, no missing 
cleavage site). The targeted precursors were acquired 
using data-dependent acquirement mass spectrometry 
mode.

Statistically analysis
Statistical analyses were performed using the Statistical 
Package for the Social Sciences software (SPSS) version 
19. Statistical analyses of sperm motility, PRM validation 
were performed using Student’s t-tests. A P value of 0.05 
was regarded as significant. For protein expression analy-
sis, the mean data was used for calculate the fold change. 
Proteins with fold changes (mean value of triplicates) 
of > 1.2 or < 1/1.2 with t-test P values < 0.05 for samples 
were considered significantly regulated.
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