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 26 

ABSTRACT 27 

Boar sperm quality is less during the summer as a result of the different 28 

photoperiod or ambient temperatures as compared with the winter. The present 29 

study was conducted to elucidate possible variations in proteomic profiles of boar 30 

spermatozoa collected during the summer and winter. Effects of season on sperm 31 

viability, total motility, progressive motility, acrosome status, mitochondrial 32 

membrane potential and plasma membrane lipid organization were also analyzed. 33 

Only sperm viability and mitochondrial membrane potential were less during the 34 

summer (P < 0.05). Spermatozoa were processed and evaluated using the nano 35 

LC–MS/MS QTof procedures. A total of 1,028 proteins were identified in sperm 36 

collected during both seasons of the year (False Discovery Rate < 0.01) and, 37 

among the total, 85 proteins differed in sperm collected in the winter and summer, 38 

with there being a lesser abundance of these proteins when there were ejaculate 39 

collections during the summer (q-value ≤ 0.05). The results from enrichment 40 

assessments for these protein networks utilizing UniProtKB procedures for 41 

determining reproductive processes indicates there were 23 proteins that were less 42 

abundant in the summer than winter. These proteins have essential functions in 43 

spermatogenesis, sperm motility, acrosome reaction and fertilization. These results 44 

are the first where there was ascertaining of proteomic differences in boar 45 

spermatozoa collected in the summer and winter. These results might help to 46 
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explain the decreased sperm quality and prolificity when semen of boars is used 47 

for artificial insemination that is collected during the season of the year when 48 

ambient temperatures are relatively greater. 49 

Keywords: Spermatozoa; Heat stress; Pig; Sperm proteome  50 

 51 

1. Introduction 52 

Swine are an important food producing animals in most countries (McGlone, 53 

2013). There, therefore, is a great effort to improve assisted reproductive 54 

technologies (ARTs) in pigs with artificial insemination (AI) being the most common 55 

ART used. There are greater than 90% of all gilts and sows in commercial pig meat 56 

production enterprises inseminated using this technique (Knox, 2016). Different 57 

factors can impair the quality of ejaculates, and thus the quality of the seminal 58 

doses produced with one of these factors being the season of the year in which 59 

ejaculates are collected (Cameron and Blackshaw, 1980; Trudeau and Sanford, 60 

1986; Ciereszko et al., 2000; Murase et al., 2007). Specifically, during the summer, 61 

there is a lesser sperm quality in ejaculates and a resulting lesser than optimal 62 

fertility when seminal doses are used for AI, which leads to a negative economic 63 

impact.  64 

This decrease in the quality of sperm in ejaculates has been associated with 65 

the effect of the increased photoperiod during the summer months (Knecht et al., 66 

2013) and the thermal stress that occurs during the seasons of the year when 67 

ambient temperatures are greater (Cameron and Blackshaw, 1980; Trudeau and 68 

Sanford, 1986; Murase et al., 2007). In European countries such as Spain, where 69 
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ambient temperatures during the summer can be as great as 40 °C, there is a 70 

marked decrease in the quality of sperm in seminal doses collected in AI centers 71 

(Pinart et al., 2013; Martinez Pastor et al., 2019), which leads to a reduction in litter 72 

sizes and number of piglets born alive (Pinart et al., 2013). 73 

Proteomic analysis has been recognized to be a very useful technique for 74 

investigation of sperm quality in all species. There has been detection of divergent 75 

proteomic profiles in 1) fresh and cryopreserved human spermatozoa (Wang et al., 76 

2014); 2) relatively lesser and greater motile human sperm subpopulations (Martin-77 

Hidalgo et al., 2020); 3) the main fractions of the pig ejaculate (Perez-Patino et al., 78 

2016); and 4) in ram spermatozoa with different capacitation statuses (Peris-Frau 79 

et al., 2019). To the best of our knowledge, there have been no previous studies 80 

aimed at identifying differences in the boar sperm proteome during the seasons of 81 

the year when ambient temperatures are greatest and least. In the present study, 82 

therefore, there was the aim of describing and comparing the proteomic profile and 83 

sperm quality of pig spermatozoa when ambient temperatures were greatest and 84 

least (i.e., winter and summer). 85 

  86 

2. Material and methods 87 

2.1. Chemical products and sources 88 

The sperm density gradient was prepared using PureSperm® 100 and 89 

PureSperm® Buffer from Nidacon International AB (Mölndal, Sweden). Propidium 90 

iodide (PI), SYBR-14, Merocyanine-540 (M540), Yo-Pro-1 and Mitotracker® orange 91 

probes were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The 92 

other reagents were purchased from Sigma-Aldrich® (St Louis, MI, USA). 93 
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 94 

2.2. Boar semen collection 95 

Ejaculates were collected from Duroc boars (2-4 years of age) and were 96 

subsequently diluted in Vitasem extender (Magapor S.L., Zaragoza, Spain) at 30 × 97 

106 spermatozoa/mL. This semen was from a commercial boar stud (Tecnogenext 98 

S.L., Mérida, Spain). All boars were housed in conditions that are consistent with 99 

the regional and European regulations in individual pens in an environmentally 100 

controlled building (15-25 °C) with natural lighting and received the same diet. 101 

Semen collected during the winter season was purchased in February and March, 102 

whereas the semen processed during the summer was purchased in June and 103 

July. 104 

 105 

2.3. Evaluation of sperm motility 106 

Sperm motility was evaluated using a CASA system (ISAS®, Proiser R+D, 107 

Paterna, Valencia, Spain). Aliquots of 500 μL of semen were incubated for 15 min 108 

at 38.5 °C, and 2 μL of the sample were placed in a pre-warmed counting chamber 109 

at 38.5 °C (Leja Products B.V., Nieuw-Vennep, The Netherlands). Sperm motility 110 

was analyzed using a microscope (Eclipse 50i; Nikon, Tokyo, Japan) equipped 111 

with a 10 x negative-phase contrast objective and a heated stage at 38.5 °C. 112 

Analysis was based on the examination of 25 consecutive digitalized images and 113 

at least 300 spermatozoa per sample from four representative fields in a random 114 

distribution were analyzed. Spermatozoa with an average path velocity (VAP) > 15 115 

μm/s were considered motile (TM) and spermatozoa with a straightness (STR) 116 

greater than 80% were considered as progressively motile (PM). 117 
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 118 

2.4. Flow cytometry 119 

Flow cytometry analyses were performed using an ACEA NovoCyte® flow 120 

cytometer (ACEA Biosciences, Inc., San Diego, CA, USA) equipped with a blue/red 121 

laser (488/640 nm) and three detection channels: BL-1 channel (530 ± 30 nm band 122 

pass filter); BL-2 channel (572 ± 28 nm band pass filter) and BL-4 channel (675 ± 123 

30 nm band pass filter). Flow cytometer performance was ensured using 124 

fluorescent validation particles (NovoCyte™ Quality Control (QC) Particles; ACEA 125 

Biosciences, Inc., San Diego, CA, USA) to assess the mean fluorescence intensity 126 

(MFI) and coefficient of variance (CV) of FSC, BL-1 channel, BL-2 channel and BL-127 

4 channel. Forward scatter (FSC) and side scatter (SSC) were used to gate the 128 

sperm population and to exclude debris. Samples were analyzed at 400 to 800 129 

cells/s, and data were collected for 10,000 cells in each sample. The data were 130 

acquired in a logarithmic scale. Flow cytometry experiments and data analyses 131 

were performed using ACEA Novo Express® software (ACEA Biosciences, Inc., 132 

San Diego, CA, USA). 133 

 134 

2.4.1. Analysis of sperm viability 135 

Sperm viability was performed as described previously (Gallardo-Soler et 136 

al., 2019). Semen samples were diluted at 3 × 106 spermatozoa/ml (500 μL final 137 

volume) in phosphate buffer saline (PBS) and were incubated with 20 nM of SYBR-138 

14 and 5 μM of PI at room temperature (RT; 20 - 25 °C) with placement in the 139 

darkened area for 15 min. After excitation at 488 nm, fluorescence was detected 140 

using a 530 ± 30 nm band pass filter for SYBR-14 and 675 ± 30 nm band pass 141 
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filter for PI. Viable spermatozoa were considered to be the average of the 142 

percentage of SYBR14-positive and PI-negative spermatozoa (LIVE). 143 

 144 

2.4.2. Analysis of mitochondrial membrane potential 145 

The mitochondrial membrane potential was evaluated using the specific 146 

probe Mitotracker® orange as described previously (Gallardo-Soler et al., 2019). 147 

Samples were incubated with 50 nM of Mitotracker® orange at 38.5 °C after 148 

placement in a darkened area for 10 min. After excitation at 488 nm, fluorescence 149 

was determined using a 572 ± 28 nm band pass filter and the percentage of 150 

orange-stained cells in the entire population was detected. Results are expressed 151 

as the average of the percentage of spermatozoa having a relatively greater 152 

mitochondrial membrane potential (hMMP). 153 

 154 

2.4.3. Evaluation of the integrity of the acrosome membrane 155 

The acrosomal status of spermatozoa was assessed using PNA-FITC and 156 

PI probes as described previously (Calle-Guisado et al., 2017). There were 100 μL 157 

of the sample incubated with PNA-FITC at 2 μg/mL and 5 μM of PI at RT after 158 

placement in a darkened area for 5 min and 400 μL of PBS were added before flow 159 

cytometry analysis. The fluorescence of PNA-FITC was detected using a 530 ± 30 160 

nm band pass filter and 675 ± 30 nm band pass filter for PI. Viable spermatozoa 161 

with a reacted or damaged acrosome are expressed as the average of the 162 

percentage of PNA-positive and PI-negative spermatozoa (LAR). 163 

 164 

2.4.4. Evaluation of the plasma membrane lipid organization 165 
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Sperm plasma membrane lipid organization was assessed using M540 and 166 

Yo-Pro-1 probes as described previously (González-Fernández et al., 2018). 167 

Samples were incubated with 75 nM of Yo-Pro-1 and 6 μM of M540 at 38.5 °C in a 168 

darkened area for 15 min. After excitation at 488 nm, fluorescence was detected 169 

using a 572 ± 28 nm band pass filter for M540 and 530 ± 30 nm band pass filter for 170 

Yo-Pro-1. Results are expressed as the average of the percentage of live 171 

spermatozoa with plasma membrane lipid disorganization: M540-positive and Yo-172 

Pro-1-negative (PMLD). 173 

 174 

2.5. Protein extraction for proteomic analysis 175 

To minimize individual boar variations, ejaculates from three animals were 176 

pooled using semen from nine boars in different combinations (three pools for 177 

winter and three pools for summer). Four mL of the pooled semen from the 178 

ejaculates were layered onto 2 mL of 40% PureSperm® and centrifuged at 600 g 179 

for 10 min at RT to obtain a purified sperm population. The colloid was 180 

subsequently removed, and spermatozoa were washed with 5 mL of phosphate 181 

buffered saline (PBS) by centrifugation at 300 g for 5 min at RT. Sperm samples 182 

were subsequently washed a second time for 3 min with centrifugation at 10,000 g 183 

and re-suspended in lysis buffer [1% (w/v) C7BzO (3-(4-heptyl)phenyl-(3- 184 

hydroxypropyl) dimethylammoniopropanesulfonate), 7 M urea, 2 M thiourea, and 185 

40 mM Tris (pH 10.4)] as described previously (Netherton et al., 2018). After 1 h at 186 

4 °C in constant shaking, samples were centrifuged at 18,000 g and 4 °C for 15 187 

min. The resulting supernatants were subsequently lyophilized and frozen at -80 °C 188 
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until analysis. A total of six samples (three for winter and three for summer) were 189 

analyzed using a nano LC–MS/MS QTof (Triple Tof). 190 

 191 

2.6. Sample preparation for LC-MS/MS analysis 192 

A label-free quantitative proteomic analysis was conducted following a 193 

bottom-up strategy, with three biological replicates for each season of the year 194 

(summer or winter). Samples were subjected to methanol-chloroform precipitation 195 

to isolate proteins, remove interfering substances and completely dried. Protein 196 

extracts were dissolved in a solution containing 7 M urea, 2 M thiourea and 100 197 

mM triethylammonium bicarbonate, subsequently reduced with 50 mM tris (2-198 

carboxyethyl) phosphine (TCEP), and alkylated by addition of cysteine-blocking 199 

reagent (200 mM methyl methanethiosulfonate). Samples were further diluted and 200 

digested with trypsin at an enzyme to protein ratio of 1:20, at 37 °C overnight. 201 

 202 

2.7. Protein identification using nano LC–MS/MS QTof (Triple Tof) analysis 203 

Peptide samples were analyzed using a nano liquid chromatography system 204 

(Eksigent Technologies nanoLC Ultra 1D plus; AB SCIEX, Foster City, CA, USA) 205 

coupled to a 5600 Triple TOF mass spectrometer (ABSCIEX, Foster City, CA, 206 

USA) with a nanoelectrospray ion source. Samples were injected in a C18 PepMap 207 

trap column (5 µm, 100 µm I.D. x 2 cm; Thermo Scientific, Waltham, MA, USA) at 2 208 

µL/min, in 0.1% formic acid in water, and the trap column was switched on-line to a 209 

C18 nanoACQUITY BEH analytical column (1.7 µm, 100 Å, 75 µm I.D. x15 cm, 210 

Waters). Liquid chromatography was performed using as mobile phases A and B, 211 

0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. Peptide 212 
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elution was accomplished by using a 200 min gradient from 5% to 60% B, at 250 213 

nL/min. The mass spectrometer was operated in data-dependent acquisition mode. 214 

For TOF scans, the accumulation time was set to 250 ms (MS1), and as many as 215 

10 precursor ions were acquired per cycle (100 ms for each MS2). 216 

 217 

2.8. Proteomic data analysis 218 

The MS/MS spectra were exported to mgf format using Peak View v1.2.0.3 219 

and searched using Mascot Server 2.6.1, OMSSA 2.1.9, X!TANDEM Alanine 220 

2017.2.1.4 and Myrimatch 2.2.140 against a composite target/decoy database 221 

developed from sequences in the Sus scrofa reference proteome at Uniprot 222 

Knowledgebase (UP000008227, Last modified: 20 September 2018), together with 223 

commonly occurring contaminants. Search engines were configured to match 224 

potential peptide candidates with a mass error tolerance of 25 ppm and fragment 225 

ion tolerance of 0.02 Da, allowing for as many as two missed tryptic cleavage sites 226 

and a maximum isotope error (13C) of 1, considering fixed MMTS modification of 227 

cysteine and the following variable modifications: oxidation of methionine, possible 228 

pyroglutamic acid from glutamine or glutamic acid at the peptide N-terminus, and 229 

acetylation of the protein N-terminus. Score distribution models were used to 230 

compute peptide-spectrum match P-values (Ramos-Fernandez et al., 2008) and 231 

spectra recovered by a False Discovery Rate (FDR) < 0.01 (peptide-level) filter 232 

were selected for quantitative analysis. The least quality signals were removed 233 

prior to further analysis. 234 

 235 

2.9. Statistical analysis 236 
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Sperm quality variables were assessed for normality using a Shapiro-Wilk 237 

test and analyzed for equal variances using a Levene´s test. A t-test was used to 238 

compare normal data and, if the data did not follow a gaussian distribution, a 239 

Mann-Whitney U test was used. Analyses were performed using SigmaPlot 240 

software (ver. 12.0) for windows (Systat Software, Chicago, IL, USA). 241 

Peptide ion signals were paired for different processing times to generate 242 

intensity ratios, which were then subjected to log2 transformation and 243 

normalization. Linear mixed effects models with intensity-based weights and 244 

residual variance stratification were used to estimate protein-treatment interaction 245 

effects. P-values were computed using parametric bootstrap, and differences in 246 

mean values were assessed using false discovery rate (FDR) procedures similar to 247 

those previously described (Storey and Tibshirani, 2003). A q-value ≤ 0.05 248 

threshold was used for determination of mean differences. Proteomic analyses 249 

were conducted using software from Proteobotics (Madrid, Spain). 250 

 251 

2.10. Bioinformatic analysis 252 

Protein functional annotation analyses were performed using free available 253 

bioinformatics annotation procedures and databases such as the Protein Analysis 254 

Through Evolutionary Relationships database (PANTHER) 255 

(http://www.pantherdb.org/) and the UniProt Knowledgebase (UniProtKB) 256 

(https://www.uniprot.org/). 257 

 258 

3. Results 259 

3.1. Effect of season on sperm quality variables 260 

http://www.pantherdb.org/
https://www.uniprot.org/
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 Results from analysis of sperm quality variables indicated there was a lesser 261 

percentage of live spermatozoa and those having a relatively greater mitochondrial 262 

membrane potential in the summer compared with winter season (Fig. 1, P < 0.05). 263 

Total and progressive sperm motility, percentage of live spermatozoa with reacted 264 

or damaged acrosomes and percentage of live spermatozoa with plasma 265 

membrane lipid disorganization did not vary between seasons when semen was 266 

collected (Fig. 1). 267 

 268 

3.2. Effect of season on boar sperm protein profile  269 

Results from proteomic analyses allowed for the identification of a total of 270 

1,028 characterized proteins that were present when semen was collected in both 271 

seasons of the year. A list of boar sperm proteins that were identified in semen 272 

samples collected during both seasons of the year and distribution of molecular 273 

functions based on the classification using PANTHER (v14.1) are presented in 274 

Supplemental Table 1 and are depicted in Supplemental Figure 1. Results when 275 

there was a comparative analysis, indicated there were 85 proteins that were 276 

different in abundance as a result of season of the year when semen was collected 277 

(q-value ≤ 0.05; Table 1). Interestingly, all these proteins were less abundant when 278 

semen was collected in the summer compared with the winter. The results from the 279 

analysis of these proteins using PANTHER indicated these were related to sperm 280 

binding, catalytic activity, regulation of molecular function, structural molecule 281 

activity and transporter activity (Fig. 2). When there was use of UniProtKB 282 

procedures for enrichment of the biological processes into categories that focused 283 
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on reproductive processes, there were 23 proteins that were less abundant when 284 

semen was collected in the summer as compared with the winter (Table 2).  285 

Using UniProtKB analyses procedures, there were six proteins identified 286 

using the software for “reviewed: records with information extracted from literature 287 

and computational data" [(namely outer dense fiber protein 1 (ODF1), phospholipid 288 

hydroperoxide glutathione peroxidase (PHGPx), seminal plasma protein pB1 289 

(pAIF-1), major seminal plasma glycoprotein (PSP-I), acrosin and 1-290 

phosphatidylinositol 4,5-bisphosphate phosphodiesterase zeta-1 (PLCZ1)] and 17 291 

as “unreviewed: computationally analyzed but awaiting for full manual annotation”. 292 

Regarding the first six proteins identified, the reproduction-related main functions 293 

were spermatogenesis, single fertilization, acrosome reaction, capacitation and 294 

egg activation (Table 2). 295 

 296 

4. Discussion 297 

The results of the present study indicate that there are different proteomic 298 

profiles of boar spermatozoa collected during the winter and summer and that 299 

minor associations of these proteins with overall semen quality exist. Although 300 

there were differences in the proteomic profile of spermatozoa between the semen 301 

collected during the different seasons of the year, there were not any marked 302 

differences in values for sperm quality variables between semen samples collected 303 

during these two seasons. There was a lesser sperm viability and mitochondrial 304 

membrane potential in semen samples collected during the summer compared with 305 

the winter while there were no differences in sperm motility (Fig. 1). Recently, Peña 306 

et al. (2019) reported that there was a greater DNA fragmentation in boar 307 
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spermatozoa collected during tropical summer while values for motility variables 308 

were not different, indicating that, when conducting sperm motility assessments, 309 

there may not be detection of spermatozoa with compromised fertilization capacity. 310 

For this reason, other approaches and/or variables should be analyzed to ascertain 311 

the quality/fertilizing capacity of boar spermatozoa. In the present study, the value 312 

of proteomic analyses techniques for identification of new biomarkers was 313 

determined. 314 

One of the proteins that is in lesser abundance when semen is collected 315 

during the summer compared with the winter is PLCZ1. This protein has important 316 

functions in inducing egg activation after the sperm has penetrated the zona 317 

pellucida of the oocyte during the fertilization process (Yelumalai et al., 2015; 318 

Nomikos et al., 2017). Furthermore, in the conditions imposed in the present study, 319 

there was a lesser abundance of acrosin when the semen was collected during the 320 

summer. This protein is involved in the acrosome reaction and in the disassociation 321 

of cumulus cells from the zona pellucida prior to sperm-oocyte interaction (Isotani 322 

et al., 2017). It is noteworthy that acrosin activity in semen samples stored at 17 °C 323 

has been reported to be less when the semen is collected during the summer, and 324 

that this lesser abundance of acrosin is associated with a reduction in farrowing 325 

rates and litter sizes (Pinart et al., 2013). These previous results are consistent 326 

with findings in the present study because there was a lesser abundance of acrosin 327 

in semen samples collected during the summer, which could explain why there was 328 

lesser acrosin activity in sperm from these samples (Pinart et al., 2013). Hence, the 329 

lesser abundance of PLCZ1 and acrosin could contribute to the reduced boar 330 

sperm fertilizing capacity in semen samples collected during the summer. 331 
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Oxidative stress is one of the greatest insults that negatively affect  332 

mammalian sperm quality and is inversely associated with sperm fertility (reviewed 333 

in Aitken and Drevet, 2020). To counteract this insult, spermatozoa possess 334 

antioxidant enzymes such as superoxide dismutase (SOD), phospholipid 335 

hydroperoxide glutathione peroxidase (PHGPx), peroxiredoxin (PRDX), thioredoxin 336 

(TRX) or thioredoxin reductase (TRD) (reviewed in Martin-Hidalgo et al., 2019). 337 

Results from the present study indicate there is a lesser abundance of PHGPx in 338 

boar spermatozoa collected during the summer months, possibly resulting in boar 339 

sperm not having the capacity to efficiently adapt to conditions when there is 340 

oxidative stress during the summer as compared with the winter. This lesser 341 

PHGPx abundance could also be associated with a reduction in boar sperm quality 342 

and fertility, because the feeding of diets supplemented with antioxidants when 343 

there are tropical summer conditions mitigates the negative effect on DNA integrity 344 

in boar spermatozoa (Peña et al., 2019). In mature sperm, PHGPx functions as a 345 

structural protein maintaining the morphology of these cells (Ursini et al.,1999). In 346 

this regard supplementation of boar diets with organic selenium leads to increases 347 

in the abundance of PHGPx and there are subsequent decreases in the 348 

percentage of head and midpiece abnormalities along with proximal droplets in 349 

boar spermatozoa (Martins et al., 2014; Martins et al., 2015). 350 

The proteomics results from the present study indicate that the abundance 351 

of PSP-I is lesser in semen samples of boars collected during the periods of the 352 

year when ambient temperatures and photoperiod are greatest. The abundance of 353 

this protein is associated with the prevalence of monospermic fertilization (Table 354 

2). The relative abundance of PSP-I mRNA transcripts in a previous study was 355 
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negatively correlated with boar fertility and litter size (Kang et al., 2019). The 356 

results from this previous study were inconsistent with those from the present 357 

study; however, in this previous study boar semen samples were selected based 358 

on previously collected data for litter size and in the present study pooled semen 359 

was used for the proteomic evaluations. Another important difference is that in the 360 

present study there was analysis of the abundance of PSP-I and not the 361 

abundance of mRNA transcript for the gene encoding for the protein. Another 362 

protein that was in lesser abundance when semen was collected when ambient 363 

temperatures were greater was ODF-1, which is implicated in the axoneme 364 

stability, spermatogenesis and in the maintenance of sperm motility (Lehti and 365 

Sironen, 2017; Zhao et al., 2018). This protein has been associated with sperm 366 

fertility because there is a lesser abundance of ODF-1 in asthenozoospermic men 367 

(Chen et al., 2009; Zhao et al., 2018). There was also a lesser abundance of 368 

seminal plasma protein pB1 (pAIF-1) in semen samples collected during the 369 

summer in the present study. This protein has important functions in sperm 370 

capacitation inducing sperm cholesterol efflux in cattle (Therien et al., 1998). 371 

Interestingly, there is an association between larger abundances of BSP1 in bull 372 

spermatozoa and enhanced embryo cleavage and development (Rodriguez-373 

Villamil et al., 2016). The lesser abundance of PSP-I, ODF-1 and pAIF-1 in the 374 

present study when semen was collected during the summer, as compared with 375 

the winter, may also be associated with the lesser fertility occurring when there is 376 

AI using boar spermatozoa collected when ambient temperatures are greater.  377 

In addition, there were the 17 other proteins identified using UniProtKB 378 

procedures. Interestingly, these proteins are related to spermatid development, 379 
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spermatogenesis, meiosis I, cell motility, single fertilization, sperm capacitation and 380 

binding of sperm to zona pellucida and were in lesser abundance in semen 381 

samples collected during the summer than winter (Table 2). The involvement of 382 

these proteins in spermatogenesis and in fertilization-related processes could be 383 

associated with the reduced total sperm count (Huang et al., 2000) and fertilizing 384 

capacity of boar sperm from ejaculates collected when ambient temperatures are 385 

greater. 386 

 Although, the semen evaluated in the present study was collected in a 387 

commercial boar stud equipped with ventilation and cooling systems to maintain a 388 

constant temperature, when ambient temperatures were greater during the 389 

summer months, fluctuations in the barn temperature occurred. When the ambient 390 

temperature was greater, there was a greater temperature in the barn where the 391 

boars were housed during the summer in the present study (ranging from 21 to 27 392 

°C), even when boar studs were equipped with a cool-cell system (Lugar et al., 393 

2019). These temperatures have been classically considered to be in the 394 

thermoneutral zone for pigs (Stone, 1982), however, results from some studies 395 

indicate temperatures of greater than 23 °C are beyond those of the thermoneutral 396 

zone for pigs (Brown-Brandl et al., 2013). It, therefore, is likely that the temperature 397 

variations during the summer and/or the changing photoperiod could be 398 

responsible for the changes in values for semen variables as a result of season of 399 

year in the present study. 400 

 401 

5. Conclusions 402 
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The present study is the first in which results indicate that boar sperm 403 

proteome differs in semen collected during different seasons of the year: summer 404 

and winter. The divergent protein abundance described in the present study could 405 

be highly relevant in explaining the lesser fertility during the summer in pigs. 406 

Further research is required to study the functions of the sperm proteins that differ 407 

among seasons; this will help to establish which proteins are contributing to the 408 

reduction of boar sperm fertility during the summer and if there can be use of these 409 

proteins as biomarkers to accurately predict boar fertility. 410 

 411 

Acknowledgments 412 

The authors wish to thank to Rosana Navajas Morillas and Antonio Ramos 413 

Fernández for their indispensable assistance in carrying out the protein analyses. 414 

The proteomic analysis was performed in the proteomics facility of Centro Nacional 415 

de Biotecnología that belongs to PRB3 – ProteoRed-ISCIII. 416 

 417 

Funding 418 

This research was funded by grants from the "Agencia Estatal de 419 

Investigación" (AEI) of the Spanish "Ministerio de Economía, Industria y 420 

Competitividad" and "Fondo Europeo de Desarrollo Regional" (FEDER) (AGL2015-421 

73249-JIN; AEI/FEDER/UE to L.G.-F.). This work was supported by regional grants 422 

from "Junta de Extremadura" (Spain) and "Fondo Europeo de Desarrollo Regional" 423 

(FEDER): IB16184 and GR18094. Beatriz Macías-García was supported by 424 

"Ramón y Cajal" grant from the Spanish "Ministerio de Economía, Industria y 425 

Competitividad" and "Fondo Europeo de Desarrollo Regional" (FEDER) (RYC-426 



19 
 

2017-21545; AEI/FEDER/UE). David Martín-Hidalgo was recipient of a post-427 

doctoral grant from the Government of Extremadura (Spain) and by "Fondo Social 428 

Europeo": PO17020. L. González-Fernández was supported by the regional grant 429 

"Atracción y retorno de talento investigador a Centros de I+D+i pertenecientes al 430 

Sistema Extremeño de Ciencia, Tecnología e Innovación" from "Junta de 431 

Extremadura" (Spain); Reference: TA18008.  432 

 433 

 Declaration of interest 434 

Authors declare that there is no conflict of interest that could be perceived 435 

as prejudicing the impartiality of the research reported. 436 

 437 

Author contribution statement 438 

D. Martín-Hidalgo: Data curation, Formal analysis, Investigation, 439 

Methodology, Writing - original draft, Writing - review and editing; B. Macías-440 

García: Data curation, Writing - original draft, Writing - review and editing. L.J. 441 

García-Marín: Review and editing, Funding acquisition; M.J. Bragado: Review and 442 

editing, Funding acquisition. L. González-Fernández: Conceptualization, Data 443 

curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project 444 

administration, Supervision, Writing - original draft, Writing - review and editing. 445 

 446 

References 447 

Aitken, R.J., Drevet, J.R., 2020. The Importance of Oxidative Stress in Determining 448 

 the Functionality of Mammalian Spermatozoa: A Two-Edged Sword. 449 

 Antioxidants 9, 111. https://doi.org/10.3390/antiox9020111. 450 



20 
 

Brown-Brandl, T.M., Eigenberg, R.A., Purswell, J.L., 2013. Using thermal imaging 451 

 as a method of investigating thermal thresholds in finishing pigs. Biosys. 452 

 Eng. 114, 327-333. https://doi.org/10.1016/j.biosystemseng.2012.11.015. 453 

Calle-Guisado, V., Bragado, M.J., Garcia-Marin, L.J., González-Fernández, L., 454 

 2017. HSP90 maintains boar spermatozoa motility and mitochondrial 455 

 membrane potential during heat stress. Anim. Reprod. Sci. 187, 13-19. 456 

 https://doi.org/10.1016/j.anireprosci.2017.09.009. 457 

Cameron, R.D., Blackshaw, A.W., 1980. The effect of elevated ambient 458 

 temperature on spermatogenesis in the boar. J. Reprod. Fertil. 59, 173-179. 459 

 https://doi.org/10.1530/jrf.0.0590173. 460 

Chen, J., Wang, Y., Xu, X., Yu, Z., Gui, Y.T., Cai, Z.M., 2009. Differential 461 

expression of ODF1 in human ejaculated spermatozoa and its clinical 462 

significance. Zhonghua nan ke xue = National J. Androl. 15, 891-894. PMID: 463 

29168316. 464 

Ciereszko, A., Ottobre, J.S., Glogowski, J., 2000. Effects of season and breed on 465 

 sperm acrosin activity and semen quality of boars. Anim. Reprod. Sci. 64, 466 

 89-96. https://doi.org/10.1016/S0378-4320(00)00194-9. 467 

Gallardo-Soler, A., Macias-Garcia, B., Garcia-Marin, L.J., Bragado, M.J., 468 

 González-Fernández, L., 2019. Effect of boar semen supplementation with 469 

 recombinant heat shock proteins during summer. Anim. Reprod. Sci. 211, 470 

 106227. https://doi.org/10.1016/j.anireprosci.2019.106227. 471 

González-Fernández, L., Macias-Garcia, B., Calle-Guisado, V., Garcia-Marin, L.J., 472 

 Bragado, M.J., 2018. Calmodulin inhibitors increase the affinity of 473 

 Merocyanine 540 for boar sperm membrane under non-capacitating 474 



21 
 

 conditions. J. Reprod. Develop. 64, 445-449. 475 

 https://doi.org/10.1262/jrd.2018-021. 476 

Huang, S.Y., Kuo, Y.H., Lee, Y.P., Tsou, H.L., Lin, E.C., Ju, C.C., Lee, W.C., 2000. 477 

 Association of heat shock protein 70 with semen quality in boars. Anim. 478 

 Reprod. Sci. 63, 231-240. https://doi.org/10.1016/S0378-4320(00)00175-5. 479 

Isotani, A., Matsumura, T., Ogawa, M., Tanaka, T., Yamagata, K., Ikawa, M., 480 

 Okabe, M., 2017. A delayed sperm penetration of cumulus layers by 481 

 disruption of acrosin gene in rats. Biol. Reprod. 97, 61-68. 482 

 https://doi.org/10.1093/biolre/iox066. 483 

Kang, S., Pang, W.K., Ryu, D.Y., Song, W.H., Rahman, M.S., Park, Y.J., Pang, 484 

 M.G., 2019. Porcine seminal protein-I and II mRNA expression in boar 485 

 spermatozoa is significantly correlated with fertility. Theriogenology 138, 486 

 31-38. https://10.1016/j.theriogenology.2019.06.043. 487 

Knecht, D., Środoń, S., Szulc, K., Duziński, K., 2013. The effect of photoperiod on 488 

 selected parameters of boar semen. Livest. Sci. 157, 364-371. 489 

 https://dx.doi.org/10.1016/j.livsci.2013.06.027. 490 

Knox, R.V., 2016. Artificial insemination in pigs today. Theriogenology 85, 83-93. 491 

 https://10.1016/j.theriogenology.2015.07.009. 492 

Lehti, M.S., Sironen, A., 2017. Formation and function of sperm tail structures in 493 

 association with sperm motility defects. Biol. Reprod. 97, 522-536. 494 

 https://doi.org/10.1093/biolre/iox096. 495 

Lugar, D.W., Harlow, K.E., Hundley, J., Goncalves, M., Bergstrom, J., Stewart, 496 

 K.R., 2019. Effects of increased levels of supplemental vitamins during the 497 



22 
 

 summer in a commercial artificial insemination boar stud. Animal 13, 2556-498 

 2568. https://doi.org/10.1017/S1751731119001150. 499 

Martin-Hidalgo, D., Bragado, M.J., Batista, A.R., Oliveira, P.F., Alves, M.G., 2019. 500 

 Antioxidants and Male Fertility: from Molecular Studies to Clinical Evidence. 501 

 Antioxidants 8, 89. https://doi.org/10.3390/antiox8040089. 502 

Martin-Hidalgo, D., Serrano, R., Zaragoza, C., Garcia-Marin, L.J., Bragado, M.J., 503 

 2020. Human sperm phosphoproteome reveals differential phosphoprotein 504 

 signatures that regulate human sperm motility. J. Proteomics. 215, 103654. 505 

 https://doi.org/10.1016/j.jprot.2020.103654. 506 

Martinez Pastor, F., Nuñez-Gonzalez, A., Fernandez-Alegre, E., Vega-Gutierrez, 507 

 C., de Arriba, B., Martin-Fernandez, B., 2019. Season affects refrigerated-508 

 stored semen doses from a commercial stud AI centre: A flow 509 

 cytometry study of sperm physiology and chromatin status, 35th Annual 510 

 Meeting of the European Embryo Transfer Association (AETE). Anim. 511 

 Reprod. 16, 716. https://www.animal-512 

 reproduction.org/article/5d52c1ca0e8825d25ddaee83/pdf/animreprod-16-3-513 

 706.pdf 514 

Martins, S.M.M.K., De Andrade, A.F.C., Zaffalon, F.G., Parazzi, L.J., Bressan, F.F., 515 

 Pugine, S.M.P., Melo, M.P., Chiaratti, M.R., Marino, C.T., Afonso, E.R., 516 

 Moretti, A.S., Arruda, R.P., 2014. Organic selenium increases PHGPx, but 517 

 does not affect quality sperm in raw boar semen. Livest. Sci. 164, 175-178. 518 

 https://doi.org/10.1016/j.livsci.2014.02.018. 519 

Martins, S.M.M.K., De Andrade, A.F.C., Zaffalon, F.G., Bressan, F.F., Pugine, 520 

 S.M.P., Melo, M.P., Chiaratti, M.R., Marino, C.T., Moretti, A.S., Arruda, R.P., 521 



23 
 

 2015. Organic selenium supplementation increases PHGPx but does not 522 

 improve viability in chilled boar semen. Andrologia 47, 85-90. 523 

 https://doi.org/10.1111/and.12226. 524 

McGlone, J.J., 2013. The Future of Pork Production in the World: Towards 525 

 Sustainable, Welfare-Positive Systems. Animals 3, 401-415. 526 

 https://doi.org/10.3390/ani3020401 527 

Murase, T., Imaeda, N., Yamada, H., Miyazawa, K., 2007. Seasonal changes in 528 

 semen characteristics, composition of seminal plasma and frequency of 529 

 acrosome reaction induced by calcium and calcium ionophore A23187 in 530 

 Large White boars. J. Reprod. Dev. 53, 853-865. 531 

 https://doi.org/10.1262/jrd.19026. 532 

Netherton, J.K., Hetherington, L., Ogle, R.A., Velkov, T., Baker, M.A., 2018. 533 

 Proteomic analysis of good- and poor-quality human sperm demonstrates 534 

 that several proteins are routinely aberrantly regulated. Biol. Reprod. 99, 535 

 395-408. https://doi.org/10.1093/biolre/iox166. 536 

Nomikos, M., Stamatiadis, P., Sanders, J.R., Beck, K., Calver, B.L., Buntwal, L., 537 

 Lofty, M., Sideratou, Z., Swann, K., Lai, F.A., 2017. Male infertility-linked 538 

 point mutation reveals a vital binding role for the C2 domain of sperm 539 

 PLCzeta. Biochem. J. 474, 1003-1016. 540 

 https://doi.org/10.1042/BCJ20161057. 541 

Peña S.T. Jr., Gummow B., Parker A.J. and Paris D.B.B.P. 2019. Antioxidant 542 

 supplementation mitigates DNA damage in boar (Sus scrofa domesticus) 543 

 spermatozoa induced by tropical summer. Plos One 31, 590-601. 544 

 https://doi.org/10.1371/journal.pone.0216143. 545 



24 
 

Perez-Patino, C., Barranco, I., Parrilla, I., Valero, M.L., Martinez, E.A., Rodriguez-546 

 Martinez, H., Roca, J., 2016. Characterization of the porcine seminal plasma 547 

 proteome comparing ejaculate portions. J. Proteomics. 142, 15-23. 548 

 https://doi.org/10.1016/j.jprot.2016.04.026. 549 

Peris-Frau, P., Martin-Maestro, A., Iniesta-Cuerda, M., Sanchez-Ajofrin, I., Mateos-550 

 Hernandez, L., Garde, J.J., Villar, M., Soler, A.J., 2019. Freezing-Thawing 551 

 Procedures Remodel the Proteome of Ram Sperm before and after In Vitro 552 

 Capacitation. Int. J. Mol. Sci. 20, 4596. 553 

 https://doi.org/10.3390/ijms20184596. 554 

Pinart, E., Yeste, M., Puigmule, M., Barrera, X., Bonet, S., 2013. Acrosin activity is 555 

 a suitable indicator of boar semen preservation at 17 °C when 556 

 increasing environmental temperature and radiation. Theriogenology 80, 557 

 234-247. https://doi.org/10.1016/j.theriogenology.2013.04.001. 558 

Ramos-Fernandez, A., Paradela, A., Navajas, R., Albar, J.P., 2008. Generalized 559 

 method for probability-based peptide and protein identification from tandem 560 

 mass spectrometry data and sequence database searching. Mol. Cell. 561 

 Proteomics. 7, 1748-1754. https://doi.org/10.1074/mcp.M800122-MCP200. 562 

Rodriguez-Villamil, P., Hoyos-Marulanda, V., Martins, J.A., Oliveira, A.N., Aguiar, 563 

 L.H., Moreno, F.B., Velho, A.L., Monteiro-Moreira, A.C., Moreira, R.A., 564 

 Vasconcelos, I.M., Bertolini, M., Moura, A.A., 2016. Purification of binder of 565 

 sperm protein 1 (BSP1) and its effects on bovine in vitro embryo 566 

 development after fertilization with ejaculated and epididymal sperm. 567 

 Theriogenology 85, 540-554. 568 

 https://doi.org/10.1016/j.theriogenology.2015.09.044. 569 



25 
 

Stone, B.A., 1982. Heat induced infertility of boars: The inter-relationship between 570 

 depressed sperm output and fertility and an estimation of the critical air 571 

 temperature above which sperm output is impaired. Anim. Reprod. Sci. 4, 572 

 283-299. https://doi.org/10.1016/0378-4320(82)90043-4. 573 

Storey, J.D., Tibshirani, R., 2003. Statistical significance for genomewide studies. 574 

 Proc. Natl. Acad. Sci. U. S. A., 100, 9440-9445. 575 

 https://doi.org/10.1073/pnas.1530509100. 576 

Therien, I., Moreau, R., Manjunath, P., 1998. Major proteins of bovine seminal 577 

 plasma and high-density lipoprotein induce cholesterol efflux from 578 

 epididymal sperm. Biol. Reprod. 59, 768-776. 579 

 https://doi.org/10.1095/biolreprod59.4.768. 580 

Trudeau, V., Sanford, L.M., 1986. Effect of season and social environment on 581 

 testis size and semen quality of the adult Landrace boar. J. Anim. Sci. 63, 582 

 1211-1219. https://doi.org/10.2527/jas1986.6341211x. 583 

Ursini, F., Heim, S., Kiess, M., Maiorino, M., Roveri, A., Wissing, J., Flohé, L., 584 

 1999. Dual Function of the Selenoprotein PHGPx During Sperm Maturation. 585 

 Science 285, 1393-1396. https://doi.org/10.1126/science.285.5432.1393. 586 

Wang, S., Wang, W., Xu, Y., Tang, M., Fang, J., Sun, H., Sun, Y., Gu, M., Liu, Z., 587 

 Zhang, Z., Lin, F., Wu, T., Song, N., Wang, Z., Zhang, W., Yin, C., 2014. 588 

 Proteomic characteristics of human sperm cryopreservation. Proteomics 589 

 14, 298-310. https://doi.org/10.1002/pmic.201300225. 590 

Yelumalai, S., Yeste, M., Jones, C., Amdani, S.N., Kashir, J., Mounce, G., Da 591 

 Silva, S.J., Barratt, C.L., McVeigh, E., Coward, K., 2015. Total levels, 592 

 localization patterns, and proportions of sperm exhibiting phospholipase C 593 



26 
 

 zeta are significantly correlated with fertilization rates after intracytoplasmic 594 

 sperm injection. Fertil. Steril. 104, 561-568.e4. 595 

 https://doi.org/10.1016/j.fertnstert.2015.05.018. 596 

Zhao, W., Li, Z., Ping, P., Wang, G., Yuan, X., Sun, F., 2018. Outer dense fibers 597 

 stabilize the axoneme to maintain sperm motility. J. Cell. Mol. Med. 22, 598 

 1755-1768. https://doi.org/10.1111/jcmm.13457. 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

Table 1  615 
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List of boar sperm proteins that were identified to be in lesser abundance in the summer 616 

than winter (q-value ≤ 0.05); Fold change (FC) is expressed as log2 ratio of protein 617 

abundance in the summer compared with the winter 618 

 619 

Protein ID Protein Name Gene name FC 

A0A286ZWH7 A-kinase anchoring protein 4 AKAP4 -1.532 

A0A287AFU3 Dynein axonemal heavy chain 17 DNAH17 -0.62 

F1RR82 Outer dense fiber of sperm tails 2 ODF2 -0.648 

A0A287AZU8 Mannosidase alpha class 2C member 1 MAN2C1 -0.673 

F1STE2 Testis specific 10 TSGA10 -2.783 

D5K8A2 Mitochondria-eating protein  SPATA18 -1.333 

Q2I373 Fascin FSCN3 -1.74 

F1S605 Glutathione S-transferase GSTM3 -0.566 

P36968 Phospholipid hydroperoxide glutathione peroxidase GPX4 -0.993 

K7GLT8 ATP synthase subunit beta ATP5F1B -0.559 

A0A287BCL9 Glutamine rich 2 QRICH2 -1.082 

F1SA46 Actin like 9 ACTL9 -0.569 

D5K8A4 Spermatogenesis associated 3  SPATA3 -2.831 

P08001 Acrosin  ACR -0.467 

F1RH80 Hormone-sensitive lipase LIPE -0.746 

Q29077 Outer dense fiber protein 1 ODF1 -1.727 

I3LT05 Ropporin-1B isoform X1 ROPN1 -0.672 

F1RJB0 Actin related protein T2 ACTRT2 -0.512 

F1RPA7 Glycoprotein 2  GP2 -1.498 

A0A287AHL5 Dynein axonemal heavy chain 7 DNAH7 -0.417 

F1RQD7 Family with sequence similarity 71 member B FAM71B -0.563 

F1SLZ5 Coenzyme Q10A COQ10A -3.747 

F1S5N4 Glutathione S-transferase omega 2 GSTO2 -1.548 

A0A286ZTA6 Sulfatase domain-containing protein ARSA -0.698 

K7GSU4 EF-hand domain containing 2  EFHC2 -0.446 

I3LAZ9 Maestro heat-like repeat-containing protein family member 1 isoform 1 N/A -0.944 

F1RYX9 Armadillo repeat containing 12 ARMC12 -0.791 

F1SR82 Galactosidase beta 1 like GLB1L -0.593 

F1RL08 Tektin 5 TEKT5 -0.304 

F1SE27 Voltage-dependent anion-selective channel protein 3 VDAC3 -0.542 

I3LUR5 Acyl-CoA dehydrogenase family member 9  ACAD9 -0.567 

K7GPW3 MICOS complex subunit APOO -1.423 

Q9MZ15 Voltage-dependent anion-selective channel protein 2  VDAC2 -0.727 

F1SDE8 Tektin 3  TEKT3 -0.348 

F1RSL2 Spermatogenesis and centriole associated 1 SPATC1 -0.745 

F1SEB3 Chromosome 9 open reading frame 24 C9orf24 -0.409 

I3LC15 Angiotensin-converting enzyme  LOC100515049 -0.368 
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F1SMS2 Carboxypeptidase A1 CPA1 -0.804 

F1SP29 Actin like 7A ACTL7A -0.357 

F1RRW5 Angiotensin-converting enzyme  ACE -0.381 

F1RFM8 Dynein axonemal heavy chain 10 DNAH10 -0.65 

A0A287AND7 Cytochrome c oxidase subunit COX6B2 -0.623 

I3LNF2 Dynein axonemal heavy chain 1 DNAH1 -0.519 

P80964 Seminal plasma protein pB1  N/A -0.891 

F1SIK7 Dpy-19 like 2 DPY19L2 -0.803 

I3LMV8 ATP binding cassette subfamily B member 8 ABCB8 -1.697 

F1SP93 V-type proton ATPase catalytic subunit A ATP6V1A -0.532 

D5K8A1 Spermatogenesis associated 6  SPATA6 -1.165 

A0A287AY47 RAN guanine nucleotide release factor  RANGRF -1.311 

A0A287B8Z2 Fructose-bisphosphate aldolase  ALDOC -2.666 

D3K5J6 Acrosomal vesicle protein 1 ACRV1 -1.987 

O79875 NADH-ubiquinone oxidoreductase chain 2  MT-ND2 -1.497 

F1S814 Phosphoglucomutase 1 PGM1 -0.652 

Q5S233 Mitochondrial associated cysteine-rich protein  SMCP -1.617 

F1RPB7 Developmentally-regulated GTP-binding protein 1 DRG1 -2.428 

I3LDJ2 Spermatogenesis-associated protein 19 SPATA19 -1.121 

A0A287A3S5 Tektin-4 isoform 1 LOC110259951 -0.31 

P00889 Citrate synthase, mitochondrial  CS -0.417 

F1RH17 Family with sequence similarity 71 member E1 FAM71E1 -1.084 

A0A287AZF9 Cytochrome c1  CYC1 -0.63 

F1SQ16 Golgin B1 GOLGB1 -2.357 

F1SCH1 NADH dehydrogenase ubiquinone 1 beta subcomplex subunit 7  NDUFB7 -0.771 

F1S8P1 Sacchrp_dh_NADP domain-containing protein SCCPDH -0.354 

F1RZ12 T-complex 11 TCP11 -1.459 

F1SN46 Chromosome 15 open reading frame 48 C15orf48 -0.556 

F1S3C7 AP-1 complex subunit gamma AP1G1 -2.341 

F1RMB9 Nudix hydrolase 18 NUDT18 -1.101 

A0A287BLC7 Long-chain-fatty-acid--CoA ligase 6 isoform X1  ACSL6 -0.386 

F1S5Q9 Theg spermatid protein THEG -0.543 

K9IVI1 2-oxoglutarate dehydrogenase OGDH -0.359 

F1SDN3 Dynein regulatory complex subunit 1 DRC1 -1.144 

F1SI60 Zinc finger and SCAN domain containing 29 ZSCAN29 -2.152 

D3K5M3 A-kinase (PRKA) anchor protein 3  AKAP3 -1.455 

A0A287AN02 26S proteasome non-ATPase regulatory subunit 2 ECE2 -0.617 

F1S110 Solute carrier family 9 member B1 SLC9B1 -1.616 

F1RVX7 Family with sequence similarity 166 member A FAM166A -0.356 

C8C4M8 Zona pellucida binding protein 2  ZPBP2 -0.329 

I3LNB4 Multifunctional fusion protein  ALDH4A1 -0.474 

F1SDH8 Phospholipid-transporting ATPase ATP8B3 -0.658 

A0A287ARZ5 Pyridoxal dependent decarboxylase domain containing 1 PDXDC1 -2.043 

P35495 Major seminal plasma glycoprotein PSP-I N/A -0.805 

F1ST73 Glyoxylate and hydroxypyruvate reductase GRHPR -2.008 
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F1RGC9 Proteasome 26S subunit, non-ATPase 13 PSMD13 -1.057 

Q866A8 Fertilin beta FTNB -0.817 

Q7YRU3 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase zeta-1   PLCZ -0.364 

 620 
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 629 
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 637 
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Table 2 643 

List of proteins that regulate reproductive processes and distribution in reproductive-644 

related functions groups based on the UniProtKB database (www.uniprot.org) 645 

assessments; Proteins marked with asterisk (*) are classified in UniProtKB, while the other 646 

proteins (without asterisk) are classified as unreviewed 647 

 648 

Protein ID Protein name Reproduction-related function FC 

Q29077* Outer dense fiber protein 1 Spermatogenesis -1.727 

P36968* Phospholipid hydroperoxide glutathione 
peroxidase 

Spermatogenesis  -0.993 

P80964* Seminal plasma protein pB1  Single fertilization; sperm capacitation -0.891 

P35495* Major seminal plasma glycoprotein PSP-I Single fertilization  -0.805 

P08001* Acrosin  Single fertilization; acrosome reaction -0.467 

Q7YRU3* 1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase zeta-1 

Egg activation -0.364 

F1STE2 Testis specific 10 Spermatogenesis  -2.783 

Q2I373 Fascin Spermatid development; 
spermatogenesis 

-1.74 

Q5S233 Mitochondrial associated cysteine-rich 
protein  

Flagellated sperm motility  -1.617 

A0A286ZWH7 A-kinase anchoring protein 4 Flagellated sperm motility -1.532 

D5K8A1 Spermatogenesis associated 6  Spermatogenesis  -1.165 

A0A287BCL9 Glutamine rich 2 Flagellated sperm motility  -1.082 

F1RGC9 Proteasome 26S subunit, non-ATPase 13 Meiosis I  -1.057 

Q866A8 Fertilin beta Single fertilization -0.817 

F1SIK7 Dpy-19 like 2 Spermatid development  -0.803 

I3LT05 Ropporin-1B isoform X1 Sperm capacitation  -0.672 

F1SDH8 Phospholipid-transporting ATPase Binding of sperm to zona pellucida  -0.658 

F1S5Q9 Theg spermatid protein Spermatogenesis  -0.543 

I3LNF2 Dynein axonemal heavy chain 1 Flagellated sperm motility  -0.519 

F1RRW5 Angiotensin-converting enzyme  Spermatogenesis  -0.381 

F1SDE8 Tektin 3  Flagellated sperm motility -0.348 

C8C4M8 Zona pellucida binding protein 2  Binding of sperm to zona pellucida  -0.329 

A0A287A3S5 Tektin-4 isoform 1 Cilium movement involved in cell 
motility 

-0.31 

    

 649 

 650 

http://www.uniprot.org/
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Fig.1. Effect of season on sperm quality variables; hMMP: high mitochondrial membrane 651 

potential; TM: Total motility; PM: Progressive motility; LAR: Live spermatozoa with 652 

acrosome reacted or damaged; PMLD: Plasma membrane lipid disorganization; Values 653 

are expressed as mean ± standard error of the mean, SEM; *P < 0.05. (n = 6, six seminal 654 

doses from six different boars) 655 

 656 

Fig. 2. Pie charts representing the distribution of molecular functions of proteins in lesser 657 

abundance in boar spermatozoa collected during the summer compared with winter based 658 

on the classifications utilizing PANTHER (v14.1) 659 

 660 

Supplemental Table 1 661 

List of boar sperm proteins identified in both seasons 662 

 663 

Supplemental Fig. 1 664 

Pie charts representing the distribution of molecular functions of boar sperm proteins 665 

detected in semen samples collected during both seasons of the year based on the 666 

classification using PANTHER (v14.1) 667 
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