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Proteome of mature boar spermatozoa from cauda epididymal and ejaculated sources were analyzed
by iTRAQ-based LC-MS/MS.

1,723 sperm proteins identified (974 of Sus scrofa taxonomy).

1,602 sperm proteins quantified (960 of Sus scrofa taxonomy).

32 Sus scrofa sperm proteins were differentially expressed among sperm sources.

The proteome of boar spermatozoa is remodelled during ejaculation.
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The Proteome of Pig Spermatozoa Is
Remodeled During Ejaculation*s
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Emilio A. Martinez$, Heriberto Rodriguez-Martinez§, and © Jordi Rocat]|

Proteins are essential for sperm function, including their
fertilizing capacity. Pig spermatozoa, emitted in well-de-
fined ejaculate fractions, vary in their functionality, which
could be related to different sperm protein composition.
This study aimed (i) to update the porcine sperm pro-
teome and (ii) to identify proteins differentially expressed
in mature spermatozoa from cauda epididymis and those
delivered in separate ejaculate fractions. Ejaculates from
nine mature and fertile boars were manually collected in
three separate portions: the first 10 ml of the sperm-rich
ejaculate fraction (SRF), the rest of the SRF and the post-
SRF. The contents of cauda epididymides of the boars
were collected post-mortem by retrograde duct perfu-
sion, generating four different semen sources for each
boar. Following centrifugation, the resulting pellets of
each semen source were initially pooled and later split to
generate two technical replicates per source. The result-
ing eight sperm samples (two per semen source) were
subjected to iTRAQ-based 2D-LC-MS/MS for protein
identification and quantification. A total of 1,723 proteins
were identified (974 of Sus scrofa taxonomy) and 1,602 of
them were also quantified (960 of Sus scrofa taxonomy).
After an ANOVA test, 32 Sus scrofa proteins showed
quantitative differences (p < 0.01) among semen sources,
which was particularly relevant for sperm functionality
in the post-SRF. The present study showed that the pro-
teome of boar spermatozoa is remodeled during ejacula-
tion involving proteins clearly implicated in sperm func-
tion. The findings provide valuable groundwork for further
studies focused on identifying protein biomarkers of
sperm fertility. Molecular & Cellular Proteomics 18:
41-50, 2019. DOI: 10.1074/mcp.RA118.000840.

Spermatozoa are highly differentiated, structurally complex
and dynamic cells that deliver the paternal genome/epig-
enome to mature oocytes. To achieve this goal, the sperma-
tozoon must attain full fertilization capacity, which implies
they underwent molecular and/or functional maturational
changes in the epididymis to later display an active forward
movement, undergo capacitation, zona binding and the acro-
some reaction, and chromatin decondensation during fertil-

ization (1). Most of these essential functional processes in-
volve modifications in the expression of proteins through
sperm interaction with the surrounding environment, as evi-
denced in spermatozoa from rodents, humans and livestock
species, including pigs (2-7).

Because the ejaculate contains a heterogeneous suspen-
sion of spermatozoa, sperm sub-populations of different qual-
ity and functionality are present (8). D’Amours et al. (9)
suggested that qualitative and/or quantitative differences in
protein expression among these sperm subpopulations prob-
ably resulted in an unbalanced interaction between sperma-
tozoa and the changing surrounding environment during ejac-
ulation. This noticeable hypothesis, derived from empirical
studies of ejaculated bull sperm sub-populations artificially
generated through cell separation methods, needs testing.
The porcine is an excellent model for such testing because, as
in human, the ejaculate is emitted in fractions, where the
cauda epididymal spermatozoa are sequentially exposed to
the differential secretion of the sexual accessory glands,
building separate ejaculate fractions (10). These different
fractions/environments apparently impose remarkable differ-
ences in the capability of spermatozoa to withstand technol-
ogies such as cryopreservation (11-13). A recent study (14)
suggested differences in the proteome of spermatozoa in the
different boar ejaculate fractions. The present study aimed to
update the porcine sperm proteome (15), taking advantage of
the increased annotation of protein-coding genes (16). In ad-
dition, it aimed to identify and measure, using isobaric tags for
relative and absolute quantification (iTRAQ)’, eventual puta-
tive differences in protein composition between mature sper-
matozoa retrieved from the cauda epididymis and from the
most representative ejaculate fractions, specifically the sperm
peak (first 10 ml of the sperm-rich ejaculate fraction, SRF), the
remaining SRF and the post-SRF. This approach allowed
the measurement of the exchange in proteins experienced by
the spermatozoa during ejaculation and provided evidence
for the relevance of the different sexual accessory glands in
such exchange.
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EXPERIMENTAL PROCEDURES

Boars and Collection of Ejaculate and Cauda Epididymal Con-
tents—All procedures involving animals followed international guide-
lines (Directive 2010/63/EU), including the approval of the Bioethics
Committee of Murcia University (research code: 639/2012) and of
the Local Ethical Committee for Experimentation with Animals at
Linképing, Sweden (permit nr ID-1400).

Semen and cauda epididymal contents were retrieved from nine
mature and fertile boars (Sus scrofa) of different breeds and cross-
breds. The boars were housed in an artificial insemination (Al) center
(Topigs Norsvin Espafia) located in Murcia (Spain) and regularly used
in conventional Al programs (two ejaculates collected per week). The
boars were kept under the same management conditions, housed in
individual pens under controlled regimens of temperature (15-25 °C)
and light (16 h per day), with free access to water, and fed with
commercial feedstuff for mature boars.

One ejaculate per boar was manually collected in separate por-
tions, specifically the first 10 ml of the SRF (P1), the remaining SRF
(P2), and the post-SRF (P3) using the gloved-hand method. A pro-
portional mixture of each ejaculate fraction was used to verify that all
collected ejaculates fulfilled the standard thresholds of sperm quan-
tity and quality needed for the preparation of Al semen doses, spe-
cifically more than 200 x 10° sperm/ml (SP-100 NucleoCounter;
ChemoMetec A/S, Allerad, Denmark) with more than 70 and 75% of
them motile (objectively evaluated using ISASV1® CASA; Proiser
R+D, Valencia, Spain) and viable (cytometrically evaluated after stain-
ing using Hoechst 33342 and propidium iodide; BD FACSCanto I
cytometer; Becton Dickinson Co, Franklin Lakes, NJ), respectively.
The boars, still healthy and fit to deliver semen, were eventually
removed from the Al center because of genetic replacement reasons
and slaughtered (Slaughterhouse Agroalimentaria de Teruel, Teruel,
Spain). Immediately post-mortem, the scrotal contents were col-
lected and transported in insulated containers (5 °C) to the Andrology
Laboratory of Veterinary Teaching Hospital of University of Murcia
(VTH) within 4 h.

Sperm Sample Preparation—Immediately after ejaculation, the
semen samples of each ejaculate fraction were centrifuged twice
(1,500 x g at rt for 10 min, Rotofix 32 A, Hettich Zentrifuge, Tuttlingen,
Germany) to separate the seminal plasma (SP) from a sperm pellet.
The pellets were washed twice with PBS (1,500 X g at rt, 10 min) with
a final suspension in PBS (1/3, v/v). These PBS-suspended sperm
pellets were transported in thermal containers to the VTH, arriving
within 2 h of ejaculate collection. Once in the VTH-laboratory, the
PBS-suspended pellets were again centrifuged (2,400 X g, rt, 3 min;
Megafuge 1.0 R, Heraeus, Hanau, Germany) and cytometrically
checked for sperm content after staining with Hoechst 33342. As
expected for the species (17), the pellets contained >97% of sper-
matozoa. Finally, the sperm suspensions were diluted with PBS to a
final concentration of 1,000 X 10° spermatozoa/ml, aliquoted in 1 ml
volumes and stored at —80 °C (Ultra Low Freezer; Haier, Schomberg,
Ontario, Canada) until use.

" The abbreviations used are: iTRAQ, isobaric tags for relative
and absolute quantification; SRF, sperm-rich ejaculate fraction; Al,
artificial insemination; VTH, veterinary teaching hospital; SP, sem-
inal plasma; TEAB, triethylammonium bicarbonate buffer; TCEP,
2-carboxyethyl phosphine; MMTS, S-methyl methanethiosulphonate;
FA, formic acid; FDR, false discovery rate; PCA, principal component
analysis; MeV, multi-experiment viewer; FC, fold change; GO, gene
ontology; DDI1, DNA damage inducible 1 homolog 1; CES1, Carboxyl
ester hydrolase; pB1, porcine B1; BSP, bovine seminal plasma; FN1,
Fibronectin 1; TSP1, Thrombospondin-1; ROS, reactive oxygen
species; WGA, wheat germ agglutinin; COL18A1, type XVIII Colla-
gen a1 chain.

The contents of the epididymal caudae were collected following the
procedure described by Alkmin et al. (12) with slight modifications.
The cauda epididymides were carefully dissected, a needle was
placed in the ductus deferens, and air was retrogradely infused. The
luminal fluid was collected at a section of the ductus made at the
corpus-cauda limit. The harvested fluid of the two caudae of each
boar was pooled and microscopically evaluated to confirm that more
than 75% of viable, mature spermatozoa were present. The cauda
epididymal sperm pellets were processed and stored following the
same protocol for ejaculated spermatozoa described above. A total
of four sperm samples from different semen sources were generated
by each of the 9 boars.

PROTEOME ANALYSIS

Protein Extraction—The proteomic analyses were carried out in the
Proteomics Unit of the University of Valencia, Valencia, Spain (mem-
ber of the PRB2-ISCIII ProteoRed Proteomics Platform). The sperm
pellets were thawed at rt and centrifuged at 14,000 X g at 10 °C for
10 min (Eppendorf 5424R, Eppendorf AG, Hamburg, Germany) to
obtain protein-enriched fractions. Two extraction cycles, which in-
volved dilution in 200 wl of U/T/C lysis buffer (7 m Urea, 2 m thiourea
and 4% CHAPS) and constant rotation at 5°C during 1 h, were
performed. Thereafter, the results of the two extraction cycles were
combined and treated with 10% (final concentration) of TCA (Fisher
Scientific, Madrid, Spain) and stored overnight at 5 °C to achieve
complete sperm lysis. Thereafter, samples were diluted in 200 pl of
MilliQ water (Merck Millipore, Darmstadt, Germany) and centrifuged
at 14,000 X g for 2 h.

A TCA/Acetone protocol was used for protein precipitation; the
TCA-treated samples were diluted (1:4, v/v) in a TCA-cold acetone
solution, stirred and stored on ice for 15 min. The samples were then
centrifuged (14,000 X g, at 4 °C for 20 min; Eppendorf 5424R) and the
resulting pellets were washed twice with 1 ml ice-cold acetone and
centrifuged (14,000 X g, at 4 °C for 20 min; Eppendorf 5424R). The
pellets were incubated overnight at rt to volatilize the residual ace-
tone. The dried pellets were lysed by dilution in 200 ul of protein
extraction reagent (8 m urea and 0.5 m triethylammonium bicarbonate
buffer [TEAB]), sonicated and constantly rotated at rt for 1 h. Protein
concentration was measured using the Lowry modified RC DC™
Protein Assay Kit (Bio-Rad, Richmond, CA). A total of 100 pg of final
protein extract per sample was used for iTRAQ analysis.

iITRAQ Labeling—The iTRAQ labeling was performed using the AB
SCIEX kit (Framingham, MA). Cysteine residues were blocked by
incubation in 4 ul of 50 mm 2-carboxyethyl phosphine (TCEP) at 37 °C
for 180 min to avoid undesirable secondary urea reactions. Sulfhydryl
groups were alkylated with 1 ul of 200 mm S-methyl methanethiosul-
fonate (MMTS) at rt for 10 min. Urea was diluted to 2 m with 0.5 m of
TEAB buffer to a final volume of 100 pul.

The protein samples were digested with 10 ug of sequencing-
grade modified trypsin (Promega Corporation, Madison, WI) diluted in
0.5 m of TEAB buffer, and incubated at 37 °C overnight. The digested
protein samples were dried in a centrifuge vacuum concentrator (ISS
110 SpeedVac System, Thermo Savant, ThermoScientific, Lan-
genselbold, Germany), dissolved in 80 ul of TEAB buffer in ethanol
solution (3:7, v/v) and sonicated for 10 min. Then, the resulting pep-
tide mixtures were labeled with the appropriate iTRAQ reagents fol-
lowing the protocol of the 8-plex iTRAQ labeling kit (AB SCIEX). The
iTRAQ-labeled peptides were then incubated at rt for 3 h, mixed,
aliquoted in 250 ug portions and dried by vacuum centrifugation.

Peptide Fractionation by Isoelectric Focusing—The dried iTRAQ-
labeled peptides were subjected to fractionation by IEF separation
following the protocol of Krijgsveld et al. (18) with minor modifications.
Briefly, 250 ug of the peptide mixture was brought up to 8 m urea in
the presence of IPG buffer, 3-11 NL (GE Healthcare Life Sciences,
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Little Chalfont, United Kingdom) and applied to 13 cm IPG dry strips,
3-11 NL (GE Healthcare), which were isoelectrofocused with 5,000 V
up to 25,000 Vh. Thereafter, strips were washed with MilliQ-grade
water and cut into 11 equal pieces. The isoelectrofocused peptides
were extracted from the strips with 120 ul of the following sequential
five extracted solutions (Fisher Scientific): (1) 5% aqueous ACN 0.1%
TFA, (2) 20% ACN 0.1% TFA, (3) 50% ACN 0.1% TFA, (4) 70% ACN
0.1% TFA and (5) 99.9% ACN 0.1% TFA. All peptide fractions were
combined, dried by vacuum centrifugation and redissolved with 40 ul
of 2% ACN 0.1% TFA. The samples were cleaned and concentrated
by C18 silica homemade “in tip” columns, dried by speed vacuum
and resuspended to a concentration of ca. 0.30 ug/ul in 2% ACN
0.1% TFA (the peptide concentration was determined assuming
100% performance).

Liquid Chromatography and Tandem Mass Spectrometry Analysis
(LC-MS/MS)—The labeled peptides were analyzed by LC using a
NanoLC Ultra 1-D plus Eksigent (Eksigent Technologies, Dublin, CA),
which was directly connected to a TripleTOF 5600 mass spectrome-
ter (AB SCIEX). Briefly, 5 ul from each sample was loaded onto a trap
column (NanoLC column, Chrom XP C18-3 um, 350 um X 0.5 mm;
Eksigent Technologies) and desalted with 0.1% TFA at 3 ul/min for 5
min. Then, the peptides were eluted from the trap column and sep-
arated using an analytical LC-column (3 um particle size C18-CL, 75
um x 12 cm, Nikkyo Technos Co®, Tokyo, Japan) equilibrated in 5%
ACN and 0.1% formic acid (FA) (Fisher Scientific). Peptide elution was
performed by applying a linear gradient of solvents A (0.1% FA in
water) and B (0.1% FA in ACN) from 5% to 35% of solvent B in A at
a constant flow rate of 300 nL/min over 90 min. The eluted peptides
were thereafter ionized using an ESI Nanospray Ill ion source (AB
SCIEX) for analysis with a TripleTOF 5600 mass spectrometer cou-
pled to the NanoLC system. The samples were ionized by applying
2.8 kV to the spray emitter and the TripleTOF was operated in an
information-dependent acquisition mode, in which a TOF MS scan
was made from 350 to 1250 m/z, accumulating for 250 ms TOF
followed by 75 product ion scans from 100-1500 m/z; the 25 most
abundant multiply charged (2+, 3+, 4+ or 5+) precursor peptide ions
were automatically selected. lons with 1+ and unassigned charge
states were rejected from the MS/MS analysis. The collision energy
was automatically set by the instrument rolling collision energies for
iTRAQ labeled peptides.

Data Processing: Protein Identification, Validation, and Quantifica-
tion—The generated SCIEX.wiff data-files were processed using the
ProteinPilot v5.0 search engine (AB SCIEX) for protein identification
and quantification with a peptide confidence threshold of 95% and a
false discovery rate (FDR) less than 1% at the protein level. The
Paragon algorithm (4.0.0.0, 4767) of ProteinPilot was used to search
against the Uniprot_mammalia database (version 20180307 with
3,810,720 proteins searched) with the following parameters: iTRAQ
quantitation, trypsin specificity, cys-alkylation (MMTS), no taxonomy
restrictions, and the search effort set to throughout. The identified
proteins were grouped by the Pro Group™ algorithm (ProteinPilot™
Software) following the Pro Group Report recommendation (http://
www3.appliedbiosystems.com/cms/groups/mcb_marketing/
documents/generaldocuments/cms_040586.pdf). Protein groups were
exclusively made from observed peptides, and the grouping was
guided by the spectral usage. Consequently, unobserved regions of
protein sequence were not considered to explain the data.

Gene Ontology Analysis and Bioinformatics— Bioinformatics of all
identified and differentially expressed sperm-proteins was manually
performed using the comprehensive bioinformatics tool for functional
annotation UniProt KB database (www.uniprot.org) downloaded 28/
03/2018, containing 111,425,245 total entries with 40,710 of them
encoded in the Sus scrofa taxonomy. This analysis allowed the elu-
cidation of the different functions and processes in which the differ-

entially expressed sperm proteins were putatively involved. Three
independent sets of ontology were used in the annotation: “molecular
function,” “biological processes” in which the proteins participate,
and their “cellular components.” A total of 130 proteins were not
considered for collation, as they showed no similarity with database
entries.

Experimental Design and Statistical Rationale—Spermatozoa of
nine mature and fertile boars were used, obtained from four different
sources per boar; (P0O) cauda epididymis, (P1) the first 10 ml of the
SRF, (P2) the remaining SRF and (P3) the post-SRF. Before proteomic
analysis, the sperm pellets derived from the same source per boar
(either cauda epididymis or fractions of the ejaculate) were mixed
together to diminish individual effects. Consequently, four single
sperm pools were built (P0-P3) to study the proteome of pre- and
post-ejaculation mature boar spermatozoa. To validate analytical re-
liability, each sperm pool was in turn split into two aliquots to generate
two technical replicates. Samples labeled with the appropriate iTRAQ
reagents corresponded to the first and second technical replicate,
respectively: spermatozoa from P0: 113 and 117; spermatozoa from
P1: 114 and 118; spermatozoa from P2: 115 and 119 and spermato-
zoa from P3: 116 and 121.

The relative quantification of sperm proteins was achieved by
comparison of the relative intensities of reporter ions of different
sperm samples (PO, P1, P2, and P3), dividing the iTRAQ reporter
groups (114, 115, 116, 117, 118, 119, and 121) by the peak intensity
of 113. Principal component analysis (PCA) was performed to evalu-
ate the discriminative ability of sperm proteins in the four sperm
samples using the Origin Software (OriginLab, Northampton, MA).
Thereafter, the Multiexperiment Viewer (MeV) software (version 4.8)
(http://www.tm4.org/mev.html) was used for statistical normalization
following software instructions. An ANOVA test was used to identify
the differentially expressed sperm proteins among the four sperm
samples. Proteins were considered differentially expressed with an
adjusted p value < 0.01, and those with a fold change (FC) = 1.5 after
log, transformation were highlighted. The results of the hierarchical
clustering analysis of the proteome profile of the different sperm
samples were shown with a heat map after z-score normalization,
using Euclidean distances. Quantitative analysis was done only on
proteins identified in all sperm samples. Differences in the gene
ontology (GO) distribution between total and differentially expressed
proteins were analyzed using a Chi-square analysis.

RESULTS

Sperm Proteome Profile—A total of 1,723 proteins were
identified with a cutoff of unused prot score > 1.3 (corre-
sponding to a confidence limit of 95% and an FDR < 1%), 974
of them belonging to the Sus scrofa taxonomy. Among the
identified proteins, 1,602 were successfully quantified, 960 of
them belonging to the Sus scrofa taxonomy. All the identified
proteins were present in the spermatozoa of the four sperm
sources. The complete list of identified and quantified pro-
teins and the ratio of the peak area of the iTRAQ reporter ion
displaying the relative abundance of each protein is shown in
supplemental Data S1.

Differentially Expressed Proteins—The PCA analysis of all
identified proteins showed proportions of variance of 24.9%,
15.1% and 14.5% for PC1, PC2 and PC3, respectively (sup-
plemental Fig. S1). The PCA of identified proteins encoded in
the Sus scrofa taxonomy showed similar distributions, ex-
plaining 29.5%, 15.7% and 13.5% of the variance in PC1,
PC2 and PCS3, respectively (Fig. 1). PC1 had the highest
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15.69% | 13.54% | 13.42% | 10.90% | 10.26% | 6.43% | 0.29%

Fic. 1. Principal component analysis (PCA) showing the sepa-
ration among the four sperm source for the sperm proteins iden-
tified in the Sus scrofa taxonomy: (P0) mature spermatozoa from
the cauda epididymis, (P1) spermatozoa from the first 10 ml of the
sperm-rich ejaculate fraction (SRF), (P2) the remainder of the SRF
and (P3) the post-SRF. The points represent two technical replicates
for each sperm source and are based on the relative amounts quan-
tified in each.

discrimination among sperm sources. Specifically, the sperm
samples were grouped into three distinct branches; the first
one included the PO and P1 sources, whereas the second and
third included the P2 and P3, respectively. The ANOVA test
revealed a total of 43 proteins differentially expressed (p <
0.01) among the sperm sources, 32 of them belonging to the
Sus scrofa taxonomy. The quantitative value of the 43 differ-
entially expressed proteins, following data normalization per
source and the FC estimation among sources after log, trans-
formation, is shown in supplemental Data S2. The expression
pattern of the differentially expressed sperm proteins of the
two technical replicates of each sperm source is graphically
presented as a heat map in Fig. 2 (proteins encoded in Sus
scrofa taxonomy) and supplemental Fig. S2 (all differentially
expressed proteins). The dendrograms of the two heat-maps
showed that the technical replicates merged into a close
cluster, highlighting the robustness of the analysis carried out.
The dendrograms also showed that the distance between the
cluster grouping PO-P2 source and P3 source samples was
large, showing that the greatest differences in protein expres-
sion were between these two clusters. Twenty-eight of the 32
differentially expressed Sus scrofa proteins showed an FC =
1.5 among sources (Table I). Only three of these proteins were
differentially expressed between spermatozoa of the epidid-
ymis (P0) and the P1-P2 ejaculate fractions (SRF), being these
three proteins overexpressed in PO. In contrast, a larger num-
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tr|B2CNZ7|B2CNZ7_PI
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Fic. 2. Heat map with dendrograms representing the differen-
tially expressed proteins belonging to the Sus scrofa among the
four sperm samples: (PO) mature spermatozoa from the cauda
epididymis, (P1) spermatozoa from the first 10 ml of the sperm-
rich ejaculate fraction (SRF), (P2) the remainder of the SRF and
(P3) the post-SRF. The data were obtained from two technical rep-
licates of each sperm source. The hierarchical clustering tree of
sperm sources is shown at the top. The relative expression level of
each differentially expressed protein is shown on a color scale from
red (highest level) to green (lowest level).

ber of proteins (n = 20), were differentially expressed between
the post-SRF (P3) and the other sperm sources (epididymis
-PO-, first 10 ml of SRF -P1- and rest of SRF -P2-). Notably,
these 20 differentially expressed proteins were overexpressed
in the spermatozoa of the post-SRF.

Bioinformatics—The identified sperm proteins including
those encoded in the Sus scrofa taxonomy followed a similar
pattern of distribution among the functional GO categories.
The GO distribution of all identified proteins and of those
differentially expressed is shown in supplemental Fig. S3.
The results presented here focus on the proteins encoded in
the Sus scrofa taxonomy whose GO distribution (all and those
differentially expressed) is shown in Fig. 3A-3C. Regarding all
the identified Sus scrofa proteins (outer circles in Fig. 3), a
total of 808 hits were linked to molecular function (Fig. 3A),
and most of them were involved in catalytic (420 proteins,
52%) and binding (354 proteins, 44%) activities. A total of 751
hits were related to biological processes (Fig. 38), and most of
them were involved in cellular (381, 34%) and metabolic (293,
27%) processes. Remarkably, only 58 proteins (5%) found
were linked to reproductive processes, with 39 of them be-
longing to sperm function (Table II). Finally, a total of 947 hits
were associated with cellular components (Fig. 3C) mainly
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TABLE |
Sus scrofa proteins differentially expressed with a fold change >1.5 among boar sperm samples from the cauda epididymis (P0), the first 10
ml of the sperm-rich ejaculate fraction (SRF) (P1), the remainder of the SRF (P2) and the post-SRF (P3)

SEMINAL

PROTEIN NAME ACCESSION

FOLD CHANGE

PLASMA (27) pQ vs P1

POvs P2 POvsP3 P1vsP2 P1vsP3 P2vsP3

Fibronectin 1 AO0A2862Y95 Yes
Fc fragment IgG binding protein ~ AOA287BCE6 Yes
Thrombospondin 1 F1SS26 Yes
Heparin-binding protein WGA16  AOAQA8IK66 Yes
Apolipoprotein A-I K7GM40 No

Nexin-1 Q8WNW8 Yes
Ca-binding phosphorylation F1SBB1 No

Spermadhesin AWN Q4R0OH8 Yes
Spermadhesin AQN1 Q4R0OH3 Yes
Spermadhesin AQN3 17HJH6 Yes
Collagen type XVIIl alpha 1 chain  I3LH70 Yes
Hemoglobin subunit beta F1RI7 Yes
Spermadhesin PSPI Q4R0OH6 Yes
Spermadhesin PSPII F1RI22 Yes
Protein S F1SK70 No

Adenosine deaminase AOAOB8RW47 No

Seminal pB1 AOA2C9F357 Yes
Complement factor D P51779 Yes
Glutathione S-transferase alpha 1 A0A287AGX6 No

Cadherin 1 13L5Z1 Yes
Serpin family | member 1 F1SH33 Yes
Vitronectin P79272 Yes
Acrosin inhibitor AO0A2C9IF3F5 Yes
Semaphorin-3C 13LBD8 Yes
16kDa secretory protein D3KVS6 Yes
Protein S100 A8 C3S7K5 No

DNA damage inducible 1 F1SV49 No

Carboxylic ester hydrolase F1RF15 No

0.20 -0.74 -3.43 —0.94 -3.63 —2.69
0.11 0.00 —2.47 -0.10 —-2.58 —2.48
0.09 —0.75 —-2.31 —0.85 -2.40 -1.55
0.04 -1.28 —4.00 -1.32 —4.04 —2.42
0.25 —0.76 —-2.53 -1.01 —-2.78 -1.77
—0.03 —0.80 —-2.34 -0.77 -2.32 -1.54
0.23 —0.62 —1.48 —0.85 -1.71 —0.86
-0.76 -1.14 -3.75 -0.97 -2.99 -2.01
0.22 -1.17 —-4.21 -1.39 —4.43 -3.05
-0.79 -1.35 —-4.45 -1.16 —-3.66 -2.50
0.02 —0.06 -1.81 —0.08 -1.84 -1.76
1.24 0.50 —0.84 -0.74 -2.08 -1.35
—0.02 —0.61 -2.77 —0.60 -2.75 -2.15
—0.30 -0.73 -3.55 —0.43 -3.26 -2.83
0.05 -0.19 -1.80 -0.25 -1.85 -1.60
0.14 -0.25 -2.10 —0.39 -2.24 -1.86
—0.99 —1.00 -3.50 —1.01 -2.51 -1.50
0.44 0.10 -1.22 -0.34 —-1.66 -1.32
0.11 —0.03 -1.58 -0.14 -1.52 —1.48
—0.51 -1.29 -2.71 —1.08 —-2.21 -1.52
0.28 0.82 —1.00 0.53 -1.28 -1.82
-0.10 -0.27 -1.68 -0.17 -1.58 -1.51
-0.77 -1.24 —3.47 -1.27 -2.70 -1.63
0.69 0.00 -1.51 —0.69 -1.99 -1.51
2.40 1.94 1.74 —0.46 —0.66 -0.20
0.44 —0.45 -1.32 —0.89 -1.76 —-0.87
1.97 0.79 3.1 -1.18 1.13 1.32
1.52 1.90 2.88 0.38 1.36 0.98

distributed in the cell part (461, 49%), organelle (229, 24%)
and membrane (207, 22%) regions.

The functional distribution of the differentially expressed
Sus scrofa proteins is shown in the inner circles of Fig. 3. The
19 hits associated with molecular function followed a pattern
of distribution like that of all identified Sus scrofa proteins,
with 10 (53%) proteins involving binding and 8 (42%) involving
catalytic activities (Fig. 3A). However, the distribution pattern
was different (p < 0.001) for biological process and cellular
component (Fig. 3B-3C). Most of the 23 hits associated with
biological processes were involved in metabolic (7, 19%),
reproductive (6, 16%) and cellular (6, 16%) processes or
biological regulation (6, 16%). Regarding the cellular compo-
nents (Fig. 3C), the 21 hits found were mainly attributed to the
extracellular region (8, 38%) and cell parts (7, 34%).

DISCUSSION

Sperm proteomes have been reported for mouse (19), hu-
man (20), monkey (21), equine (22) and most relevant livestock
species including pig (15, 23, 24). However, to improve the
understanding of complex regulate mechanisms involved in
sperm function or to identify molecular causes of male infer-
tility, the sperm proteome should be updated as the annota-
tion of the protein-coding genome of each species has in-
creased over time (3), as has recently been the case for pigs
(16). Accordingly, the first contribution of the present study

was the generation, using iTRAQ, of an updated proteome of
mature porcine spermatozoa that includes 1,723 proteins
identified and 1,602 of them quantified, albeit only 60% of
them encoded in the Sus scrofa taxonomy. This shortage
evidences the yet incomplete functional and structural anno-
tation of the Sus scrofa protein-coding genes (16). Surpris-
ingly, the total number of identified proteins was substantially
lower than the 2,728 proteins identified recently by Feugang
et al. (15) using a shotgun approach. The difference in the
number of identified proteins between both studies is related
to the methodological differences used for peptide detection
and data processing for protein identification and validation,
including cutoff data acquisition, algorithms and search da-
tabases. For instance, the iTRAQ is more restrictive in identi-
fying proteins than the shotgun approach, as iTRAQ requires
high collision energies that cause a loss of sequence-inform-
ative fragments (25). In addition, the FDR differed substantially
between the studies. Feugang et al. (15) set the FDR <10%
while we used an FDR <1%, which substantially improved the
confidence for the identified proteins. For the sake of com-
paring results between studies, if we had used an FDR <10%,
the number of identified proteins in our study would have
been 2,203, near the number found by Feugang et al. (15). The
quantitative approach used, together with the opportunity to
access the latest updates of the porcine proteome, allowed us
to identify and quantify a proportionally higher number of
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Fic. 3. Functional distribution of Sus scrofa sperm proteins into
the three categories available at the UniProtKB/Swiss-Prot Web
site (www.uniprot.org) for total identified (outer circles) and dif-
ferentially expressed (inner circles) sperm proteins belonging to
the Sus scrofa taxonomy.

proteins encoded in the Sus scrofa taxonomy. Specifically,
256 of the 974 proteins identified and encoded in the Sus
scrofa taxonomy have been incorporated into the UniProt KB
database since November 2017, the date when more than
20,000 new proteins encoded in the Sus scrofa taxonomy
were included in the data set.

Recently, D’Amours et al. (9), using frozen-thawed bovine
sperm samples subjected to Percoll-based gradient centrifu-
gation enrichment suggested the possibility that the mamma-
lian ejaculated sperm population could be heterogeneous in
protein composition, a bold consideration considering they
used a species where the ejaculate is delivered as a single

volume without fractions. The present study used mature
spermatozoa retrieved from three classically recognizable
portions of the porcine ejaculate and, post-mortem, from
the cauda epididymis, to discern relevant proteomic changes
before and after ejaculation. Because the porcine (or human)
ejaculate is delivered in clearly identifiable fractions, which
can be separately collected, the findings might have compar-
ative value.

Focusing on the identified proteins, the first noticeable re-
sult was that all of them were present in all spermatozoa,
independently of the source considered. Pini et al. (24) re-
ported similar results in ovine spermatozoa where only 0.5%
of the proteins identified in epididymal spermatozoa were
absent in ejaculated spermatozoa. These findings were some-
what expected knowing that mature spermatozoa have a very
limited capacity to generate new proteins (2, 26). However,
there were quantitative differences in the proteome of cauda
epididymal spermatozoa compared with those ejaculated, re-
trieved from three specific ejaculate portions. iTRAQ revealed
43 proteins differentially expressed, with 32 of them encoded
in the Sus scrofa taxonomy and the remaining 11 encoded in
other mammalian species functionally far from domestic spe-
cies. These findings clearly indicate that the proteome of boar
spermatozoa is remodeled during ejaculation, as differences
between cauda epididymal and ejaculated spermatozoa were
evident. The findings also demonstrate that this protein re-
modeling during ejaculation was not equal in all spermatozoa,
as quantitative differences among spermatozoa of the three
ejaculate fractions were found. This latter finding is especially
relevant as it showed for the first time that mature, ejaculated
spermatozoa are heterogeneous in protein composition as
they are in other parameters such as sperm motility, morphol-
ogy or fertilizing capacity, variables previously used to define
sperm sub-populations (8).

The distribution of total identified proteins into the GO cat-
egories followed a similar pattern to that observed in the
sperm proteome of other mammalian species, like humans
(20) or equines (22). Among the proteins encoded in the Sus
scrofa taxonomy, i.e. the only ones validated for porcine, the
GO distribution of those differentially expressed differed of
that of the totality of identified proteins, particularly for bio-
logical processes and cellular components. Compared with
the totality of identified proteins, the proportion of differen-
tially expressed proteins related to reproductive processes
and those located in the extracellular region were significantly
higher. The differentially expressed sperm proteins related to
reproductive processes were involved in sperm function, in-
cluding fertilizing capacity, and those located in the extracel-
lular region were also identified in boar seminal plasma (SP,
27). This dual identification suggests that the differences in
protein expression among mature boar spermatozoa affected
sperm functionality and that the interaction between sper-
matozoa and the surrounding media during ejaculation, i.e.
the different fractions of the SP, could explain such differ-
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TasLE Il
Proteins identified in boar spermatozoa belonging to the Sus scrofa taxonomy linked to the sperm function categories listed in UniProt KB
database (www.uniprot.org). The only protein differentially expressed among the four sperm sources is highlighted in bold

SPERM FUNCTIONALITY RELATED PROTEINS

ACCESION PROTEIN NAME

ACROSOME REACTION

P08001 Acrosin

AO0A287B423 Sperm equatorial segment protein 1

F1RFQ6 Syntaxin 2

F1SRY6 Phosphoinositide phospholipase C

13LT46 Proprotein convertase subtilisin/kexin type 4
BINDING TO ZONA PELLUCIDA

F1SDH8 Phospholipid-transporting ATPase

D0OGO0C8 Chaperonin containing TCP1, subunit 2

F1SQN1 T-complex protein 1 subunit delta

I3LR32 Chaperonin containing TCP1 subunit 5

IBLCA2 Chaperonin containing TCP1 subunit 8

I13LQO1 Calmegin

A5A8V7 Heat shock 70 kDa protein 1-like

1I8LT46 Proprotein convertase subtilisin/kexin type 4

F1S7B1 Sperm surface protein Sp17

F1SB63 t-complex 1

F1SF28 Zona pellucida-binding protein 1

Cc8C4M8 Zona pellucida binding protein 2 transcript variant 1
CAPACITATION

IBLTO5 Rhophilin associated tail protein 1

F1SAFO Dihydrolipoyl dehydrogenase

AOA2C9F357 Seminal plasma protein pB1

13LT46 Proprotein convertase subtilisin/kexin type 4
SPERMATOGENESIS

F1S2A8 B-cell receptor associated protein 31

P36968 Phospholipid hydroperoxide glutathione peroxidase

F1RRW5 Angiotensin-converting enzyme

F1RZG8 Meiosis specific nuclear structural 1

IBLTK6 Ornithine decarboxylase antizyme 3

D5K8A6 Sperm associated antigen 4-like protein

F1RR24 Spermatogenesis associated 32

F1S5Q9 Theg spermatid protein

F1STE2 Testis specific 10

F1SND1 Thioredoxin domain containing 8
SPERM MOTILITY

F1SFX0 L-lactate dehydrogenase

F1SGC2 Coiled-coil domain containing 39

IBLAH7 Coiled-coil domain containing 40

F1SLL4 DEAD (Asp-Glu-Ala-Asp) box polypeptide 4

F1S6P4 Growth arrest specific 8

X4ZHKO Phosphoglycerate kinase

IBLTO5 rhophilin associated tail protein 1

F1RGN9 Tektin 1

F1SV60 Tektin 2

F1SDE8 Tektin 3

F1RLO8 Tektin 5

ences. Either the SP protein coating was kept, or the SP
caused relevant differences in the extracellular region of the
spermatozoa.

During ejaculation in pigs, mature spermatozoa stored in
the caudal portion of the epididymis duct are propelled
through the vas deferens and urethra where they are resus-
pended with secretions from the seminal vesicles, prostate
and bulbourethral glands (10). The spermatozoa present in the
SRF (first 10 ml of SRF and remainder of the SRF portion) are
mainly exposed to epididymal fluids and prostate secretion;
neither one is especially rich in proteins (28). This particularity
of the initial extracellular milieu exposure would explain the

similarity in the protein profile between the mature spermato-
zoa collected from the caudal region of the epididymis (PO)
and those ejaculated in the SRF (P1: 10 first ml of SRF and P2:
the remainder of the SRF), as they only show differences in 3
proteins with an FC = 1.5, which were found to be over-
expressed in epididymal mature spermatozoa. Specifically,
these proteins were 16-kDa secretory protein, DNA damage
inducible 1 homolog 1 (DDI1) and carboxyl ester hydrolase
(CES1), which are involved in sperm maturation. The 16-kDa
secretory protein is involved in the regulation of membrane
lipids during epididymal sperm maturation (29). The DDI pro-
teins attenuate apoptosis during sperm maturation (30, 31)
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and the CES proteins, present in the epididymal fluid (32), are
considered a safeguarding mechanism for sperm maturation
when overexpressed in the male reproductive tract (33).

In contrast to “SRF-spermatozoa,” those spermatozoa
present in the post-SRF are mainly resuspended in secretions
from the vesicular and bulbourethral glands (34, 35). The
post-SRF is the ejaculate fraction proportionally containing
the largest amount of SP, and in turn is the most protein rich
(86). Therefore, the spermatozoa of the post-SRF fraction are
proportionally more exposed to absorbable SP proteins.
This explain the fact that the spermatozoa of the post-SRF
contained more differentially expressed proteins with an
FC = 1.5. Specifically, 25 proteins were differentially over-
expressed, and they were mainly provided by the SP, as 19 of
them have also been identified in boar SP by our previous
study (27). The SP proteins bind to the sperm surface at
ejaculation and many of them remodel the protein domains of
sperm membranes and consequently influence sperm func-
tion (87). Jonakova et al. (38) suggested that boar SP proteins
bind to the sperm surface mostly in aggregates rather than
individually. These authors highlighted an aggregate that in-
cluded the five spermadhesins identified in boar SP (PSPI,
PSPIl, AWN, AQN1 and AQNS3) together with porcine B1
(pB1), a protein of bovine seminal plasma (BSP) family. These
six SP proteins were among those overexpressed in the sper-
matozoa of the post-SRF portion. Spermadhesins are low
molecular weight glycoproteins with multifunctional proper-
ties that are mainly secreted by the seminal vesicles (39-42).
Once bound to the sperm plasma membrane, they are in-
volved in regulating some of the most relevant sperm attri-
butes, such as moatility and the ability for capacitation, acro-
some reaction or sperm-zona pellucida binding (43-45).
However, if overexpressed, they may also be detrimental to
sperm functionality. For instance, the PSPI/PSPII heterodimer
showed decapacitating properties in highly extended boar
spermatozoa (46), mimicking the high extension spermatozoa
would experience in the post-SRF fraction where a relatively
low number of spermatozoa are surrounded by a large volume
of protein-rich SP. Similarly, Dyck et al. (47) found that the
SP-PSPI was negatively correlated with sperm motility in lig-
uid-stored boar semen Al-doses. Spermadhesins can even
impair boar sperm fertility if overexpressed in spermatozoa or
when spermatozoa are exposed to them in excess. Novak et
al. (48) showed that boar ejaculates with high SP-concentra-
tion of AWN1 or PSPI had lower fertility outcomes in artificially
inseminated sows whereas Kwon et al. (49) reported that boar
spermatozoa overexpressing AQNS yielded small litters. The
other protein of the aggregate, pB1, is a heparin-binding
glycoprotein also secreted by the seminal vesicles (50). The
role of SP-pB1, once bound to the sperm membrane, is yet
unclear. More is known about the DQH protein, a homolog of
pB1 (51), which once attached to the sperm surface, plays a
crucial role in the ability of boar spermatozoa to bind to the
oocyte zona pellucida, an ability that would be substantially

reduced if the protein was overexpressed (42). It is also inter-
esting that long exposures of bull spermatozoa to BSP pro-
teins increase their sensitivity to cooling stress (52, 53). Only
some of the remaining proteins overexpressed in post-SRF
have shown clear evidence of their involvement in sperm
functionality. One of them is the fibronectin 1 (FN1), a cell
adhesion glycoprotein overexpressed in the SP of the post-
SRF (27) and positively correlated with the percentage of
spermatozoa with abnormal morphology (54) but also with
good sperm freezability (55). Regarding FN1 bound to the
sperm membrane, Pinke et al. (56) showed that human sper-
matozoa rich in FN1 were less functional and more cryosen-
sitive. Furthermore, Martinez-Ledn, et al. (57) demonstrated
that human spermatozoa incubated with FN1 are more likely
to undergo capacitation and acrosome reaction and are less
prone to the zona pellucida binding. The SP IgG-binding
protein was also positively correlated with the proportion of
boar spermatozoa depicting abnormal morphology (54) and
with low sperm motility in human ejaculates (58). Thrombos-
pondin-1 (TSP1) is a matricellular protein that binds to cell
surface receptors, modulating cellular function (59). Although
a specific role for sperm function is not known, the TSP1
contributes to the production of reactive oxygen species
(ROS) that -when in excess- can lead to cellular dysfunction
(60). Moreover, SP concentration of TSP1 was recently cor-
related with boar ejaculates generating the smallest litter sizes
in artificially inseminated sows (61). The wheat germ aggluti-
nin (WGA)-reactive protein on lipid rafts (WGA16) is a heparin-
binding protein secreted by the prostate gland that binds to
the sperm surface and that must then be removed so they can
undergo the capacitation process (62). Accordingly, WGA16
could hinder the capacitation process when overexpressed
in the sperm membrane. Nexin-1, a seminal vesicle-derived
protein, was also recently correlated with small litters in arti-
ficially inseminated sows (61). Type XVIII Collagen a1 chain
(COL18A1) is an extracellular matrix protein whose overex-
pression has been related to spermatogenic dysfunction in
human (63). COL18A1 is elevated in the SP of men with
non-obstructive azoospermia and is therefore considered to
be a potential biomarker for infertility (64). Overall, the over-
expression of the abovementioned proteins exerts deleterious
effects on sperm functionality, which explains why post-SRF
spermatozoa are proportionally less functional and more sen-
sitive to cryopreservation than those of the other boar ejacu-
late portions and even of those of the cauda epididymis (12,
13). Finally, it is striking that many of the differentially ex-
pressed proteins among sperm sources, regardless of the
value of the FC, showed the same sign change. Specifically, a
total of 16 proteins were overexpressed in spermatozoa from
the SRF (first 10 ml of SRF and rest of SRF portions) com-
pared with spermatozoa from the cauda epididymis. The
same proteins were underexpressed in spermatozoa from the
post-SRF compared with cauda epididymis spermatozoa,
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which suggested a coordinated process with respect to the
changes measured in this study.

In summary, the present study presents an updated pro-
teome of the porcine spermatozoa, revealing for the first time
that the proteome of boar spermatozoa is remodeled during
ejaculation, with ejaculated pig spermatozoa showing quan-
titative differences in proteins implicated in sperm function.
The interaction between spermatozoa with the specific secre-
tions of well-defined fractions they bathe in during ejaculation
could cause such differences in protein composition. This,
in turn, could explain the documented differences between
spermatozoa of the same ejaculate in their response to cer-
tain sperm biotechnologies, such as cryopreservation, or in
achieving successful fertilization. These findings warrant fur-
ther studies to disclose the inner details of these differentially
expressed proteins.
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