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Highlights

Highlights

P. vulgaris affects sperm motility from day 1 of refrigeration at > 10° CFU mL™.
P. vulgaris alters sperm viability from day 1 of refrigeration at > 10° CFU mL™.
P. vulgaris adheres to sperm surface from the first 24h of refrigeration.

P. vulgaris shows high affinity towards mid and principal pieces of boar sperm.
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ABSTRACT

This study evaluated how Proteus vulgaris affects sperm quality and sperm-bacteria
interaction in stored semen samples. A strain of P. vulgaris resistant to streptomycin,
penicillin, lincomycin and spectinomycin was added to boar semen in doses of 102, 10°,
106, 107 and 108 CFU/mL. A sample in which there was no addition of P. vulgaris was
the negative control. Sperm quality was determined by evaluating sperm motility and
morphology using the computer-assisted sperm analysis (CASA) system, and plasma
membrane and acrosome integrity using flow cytometry at 0, 1, 2, 4, 6, 8 and 10 days of
liquid-storage at 17 °C. At the same time points, pH, sperm agglutination, sperm-
bacteria interaction and bacterial growth were also assessed. There was impaired sperm
motility when the infective doses of P. vulgaris were equal to or greater than 10°
CFU/mL with the effect being dose-dependent (P<0.05). When infective doses of P.
vulgaris were of 10° to 108 CFU/mL there were impairments of plasma membrane and
acrosome integrity by Day 1 of storage (P<0.05), and alkalinisation of the storing
medium by Day 4 (P<0.05). Bacterial adhesion increased when infective dose of P.
vulgaris was greater and as duration of storage increased. P. vulgaris had a high affinity
for the mid- and principal pieces of sperm cells. It is concluded there were alterations in
sperm motility in samples infected with P. vulgaris that were associated with bacterial

adhesion and medium alkalinisation.

Keywords: Proteus vulgaris; Boar; semen quality; Sperm-bacteria interaction

1. Introduction
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Artificial insemination (Al) is currently associated to the bacterial contamination
of semen during collection and dilution (Schulze et al., 2015; Kuster and Althouse,
2016; Pezo et al., 2019). Most bacteria present in extended boar semen belong to the
Enterobacteriaceae family with the effects of contamination by Escherichia coli,
Pseudomonas spp., Enterobacter spp., or Staphylococcus spp. having been extensively
reported (Bussalleu et al., 2011; Prieto-Martinez et al., 2014; Sepuiveda et al., 2014;
Pinart et al., 2017; Bonet et al., 2018). Nevertheless, there are few reports regarding the
effects of Proteus spp. on sperm quality even though results from some studies indicate
Proteus mirabilis can survive and proliferate in extended semen (Yaniz et al., 2010;
Ubeda et al, 2013). Proteus spp. is a gram-negative, anaerobic facultative and rod-
shaped bacterium that is widely distributed in the natural environment, especially in
polluted water or in the soil. This bacterium can reside in the intestines of humans and
of wild and domestic animals (Rézalski et al., 1997), and can contaminate semen during
collection and processing.

In Europe, antibiotic addition to extenders used for semen dilution is regulated
by the Council Directive 90/429/EEC. Nevertheless, most bacteria have become
resistant to antibiotics, and this allows bacterial proliferation to occur in diluted seminal
doses, resulting in a decrease in their sperm quality and fertilisation capacity (Schulze et
al., 2015, 2016).

In the present study, there was analysis of how Proteus vulgaris affects sperm
quality and interacts with spermatozoa in liquid-stored boar semen stored at 17°C. To
conduct the study, semen or sperm were analysed for pH, plasma membrane and
acrosome integrity, morphology, motility, agglutination and bacterial adhesion of P.
vulgaris to sperm cells in samples contaminated with different infective doses (103 to

108 CFU/mL) of P. vulgaris, and stored at 17°C for 10 days. The aim in conducting this
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experiment was to mimick how contamination with an antibiotic-resistant P. vulgaris
strain during semen collection and processing results in decreases in sperm quality and

to which part of the sperm cell is there adherence of P. vulgaris.

2. Materials and methods
2.1. Semen samples

This study included ten sexually mature Piétrain boars (age: 1.5-2.5 years old)
from the same genetic line (Semen Cardona, Cardona, Spain). All males had been
previously used in artificial insemination (Al) programs, and produced ejaculates with
highly acceptable sperm quality, with there being more than 80% morphologically
normal spermatozoa in the ejaculate, 80% total motility, 60% progressive motility, 80%
sperm viability and 80% spermatozoa with an intact acrosome (data not shown). Boars
were all housed in the same facility with the same husbandry conditions being imposed
[ie., fed the same diet and provided water ad libitum, and subjected to a semen
collection twice per week using procedures consistent with the guidelines established by
the Animal Welfare Directive of the Regional Government of Catalonia, Spain
(Generalitat de Catalunya, 2013)].

Ejaculates were collected using the gloved-hand technique. The sperm-rich
fraction of each ejaculate was filtered through gauze to remove the gel, and diluted in
Vitasem® (Magapor, Zaragoza, Spain), a long-term preservation extender, to an average
concentration of 35 to 42 x 10® spermatozoa/mL. Samples were cooled to 17 °C and
packaged in 90-mL commercial doses containing 3 x 10° spermatozoa/dose. Two doses
per boar were transferred to the Centre for Biotechnology of Animal and Human
Reproduction (TechnoSperm), University of Girona (Spain) in a heat-insulating

container at 17 °C.
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2.2. Infection of seminal doses

For commercial reasons, there could not be determination of the exact
composition of Vitasem® extender. According to the information provided by the
company, however, the antibiotic composition of this extender is consistent with the
guidelines of the European Council Directive 90/429/ECC and the Implementing
Regulation 176/2012 by which “the combination of antibiotics in extended sperm
should produce an effect on final diluted sperm at least equivalent to the following
concentrations: a) not less than 500 pg of streptomycin per ml of definitive solution; b)
not less than 500 I.U. of penicillin per ml of definitive solution; c) not less than 150 pg
de lincomycin per ml of definitive solution; and d) not less than 300 pg of
spectinomycin per ml of definitive solution.” These four antibiotics are commonly
present in boar semen extenders, alone or in combination.

With regard to bacteria used to infect semen samples, different strains of Proteus
vulgaris were purchased from Spanish Type Culture Collection (CECT, Valencia,
Spain; www.cect.org) and evaluated for penicillin, streptomycin, lincomycin and
spectinomycin resistance. There was selection of strain CECT167 because it was
resistant to the four antibiotics. The strain was cultured in liquid Luria Bertani (LB)
broth (Conda/Pronadisa; Madrid, Spain) at 37 °C for 18 to 24 h in a shaking bath
(Memmert Water bath WNB 7-45; Schwabach, Germany). Bacteria concentration of
pure Proteus vulgaris cultures was assessed using a spectrophotometer (SmartSpec™
Plus, Bio-Rad; Irvine, California, USA) at a wavelength of 600 nm (optical density,
ODe00).

For each boar, the two seminal doses were pooled and there was apportioning

into six aliquots of 20 mL each. One aliquot was used as a control (non-infected
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samples), whereas the others were infected with Proteus vulgaris (CECT167 strain) at
the following initial bacterial concentrations (Day 0): 1 x 103, 1 x 105 1 x 10°, 1 x 107
and 1 x 108 Colony Forming Units per mL (CFU/mL). Both non-infected and infected
samples were stored in closed tubes at 17 °C for 10 days and temperature was controlled

using a digital system (Magapor®; Zaragoza, Spain).

2.3. Semen characteristic analyses

Analyses of semen characteristics of infected and non-infected samples were
performed when samples were received in the laboratory (Day 0) and after Days 1, 2, 4,
6, 8 and 10 of liquid-storage at 17 °C. The effects of different infective doses on semen
characteristics were determined from the analysis of pH, sperm plasma membrane

integrity, acrosome integrity, motility, morphology and agglutination.

2.3.1. pH measurement

In non-infected and infected samples, pH was determined at Days 0, 1, 2, 4, 6, 8
and 10 of liquid-storage at 17 °C. Evaluations were performed in triplicate using a
digital pH meter Hanna HI-254 pH/ORP Meter (Hanna Instruments, S.L.; Eibar, Spain).
For each sample and Day, the mean and its corresponding standard error of the mean

(SEM) was calculated.

2.3.2. Flow cytometry assays

Flow cytometry was used to evaluate the integrities of plasma membrane
(SYBR14/PI) and acrosome (PNA-FITC/PI). In each assay, sperm concentration was
first adjusted to 1 x 108 spermatozoa/mL in Beltsville Thawing Solution (BTS) in a

final volume of 0.5 mL. Three replicates per infective dose, incubation time and semen
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characteristics were examined using a Cell Laboratory QuantaSC™ cytometer
(Beckman Coulter; Fullerton, California, USA).

Information about flow cytometry analyses conducted in the present study is
provided based on the recommendations of the International Society for Advancement
of Cytometry (ISAC; Lee et al., 2008). Samples were excited with an argon ion laser
(488 nm) set at a power of 22 mW. For each particle, characteristics were evaluated and
plotted as Electronic Volume (EV, equivalent to Forward Scatter) and Side Scatter (SS).
Two optical fiters were used with the following optical properties: FL1 (green
fluorescence): Dichroic/Splitter, DRLP: 550 nm, BP filter: 525 nm, detection width
505-545 nm, and FL3 (red fluorescence): LP filter: 670 nm, detection width: 670 = 30
nm). Sheath fluid flow rate was set at 4.17 pL/min in all analyses and a minimum of
10,000 events per replicate were assessed. The threshold of the analyser was adjusted on
the EV channel to exclude subcellular debris (particle diameter <7 pm) and cell
aggregates (particle diameter >12 pm). The sperm-specific events were positively gated

on the basis of EV/SS distributions, and the other events were gated odt.

2.3.2.1. Plasma membrane integrity

Plasma membrane integrity was determined using the LIVE/DEAD®Sperm
Viability Kit (Molecular Probes®, Thermofisher; Waltham, Massachusetts, USA). With
this kit there is inclusion of a mixture of two dyes: 1) SYBR14, a membrane permeable
fluorochrome that stains sperm heads green (membrane-intact spermatozoa); and 2)
propidium iodide (PI), a membrane impermeable fluorochrome that only penetrates
disrupted plasma membranes, staining sperm heads red (membrane-damaged
spermatozoa). Sperm samples were stained using the protocol described by Garner and

Johnson (1995).
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Spermatozoa with an intact plasma membrane were SYBR14* and PI
(SYBR14*/PI"), whereas spermatozoa with a damaged plasma membrane could have
different staining patterns (SYBR14*/PI* or SYBR147/PI*). Non-stained particles

(SYBR14-/PI") were considered to be debris particles.

2.3.2.2. Acrosome integrity (PNA-FITC/PI)

Acrosome integrity was evaluated using double staining procedures of sperm
cells with the lectin from Arachis hypogaea (peanut agglutinin, PNA) conjugated with
fluorescein isothiocyanate (FITC) and Pl (PNA-FITC/PI test). Sperm samples were
stained using the protocol described by Nagy et al. (2003). Because spermatozoa were
not previously permeabilized, four different sperm populations were identified (Yeste et
al, 2014): 1) spermatozoa with intact plasma and outer acrosome membranes (PNA-
FITC-/PI'); 2) spermatozoa with damaged plasma membrane and an outer acrosome
membrane that could not be fully intact (PNA-FITC*/PI*); 3) spermatozoa with
damaged plasma membrane and without an outer acrosome membrane (PNA-FITC-
/PI*); and spermatozoa with a damaged plasma membrane (PNA-FITC*/PI).
Percentages of intact spermatozoa (PNA-FITC/PI") were corrected to avoid an
overestimation of sperm-events in this quadrant (qi), as recommended by Petrunkina et
al. (2010). Acrosome integrity is expressed as the percentage of viable spermatozoa

with an intact acrosome (PNA-FITC-/PI") for each infective dose and incubation time.

2.3.3. Evaluation of sperm motility
Sperm motility was evaluated using the Computer-Assisted Sperm Analysis
(CASA) system utilising the protocol described by Pinart et al. (2017). A minimum of

three replicates per sample and time point were evaluated, with 1,000 spermatozoa
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being counted with each analysis. Twenty-five consecutive digitalized frames were
acquired in each field, and two motility parameters were assessed: total motility
(spermatozoa showing an average path velocity (VAP) > 10 um/s) and progressive
motility (spermatozoa showing percentage of straightness (STR) more > 45%). For each
infective dose and day of storage at 17 °C, sperm motility is expressed as percentages of

total and progressively motile spermatozoa.

2.3.4. Evaluation of sperm morphology and sperm agglutination

To assess sperm morphology, samples were incubated with 2% formaldehyde in
PBS for 5 min at room temperature. Sperm morphology was analysed using the
SCA®Production software (Sperm Class Analyser Production, 2010; Microptic SL,
Barcelona), and spermatozoa were classified as morphologically normal, with proximal
or distal droplets, or aberrant (with head and/or tail anomalies) (Pinart et al., 2017;
Bonet et al., 2018). Three replicates of 100 spermatozoa each were evaluated per
infective dose and day of storage. Because percentages of spermatozoa with
proximal/distal droplets and aberrant spermatozoa were less than 10 % in all trials,
sperm morphology is expressed as the percentage of morphologically normal
spermatozoa.

The same slides were used to evaluate sperm agglutination by determining the
presence of white clumps with at least three spermatozoa at 1,000x magnification.
Extent of sperm agglutination was determined by counting the number of
aggregates/clumps per field and the number of spermatozoa in each clump in 25
different fields of view. Agglutination was classified as none, small amount, moderate
amount and large amount according to previously established criteria (Pinart et al.,

2017).
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2.4. Evaluation of interaction between spermatozoa and bacteria

The extent of interaction between spermatozoa and Proteus vulgaris throughout
storage at 17 °C was analysed from the count of the percentage of spermatozoa in
contact with bacteria at 1,000x magnification. Samples were prepared as described in
the previous section of this manuscript and classified according to the number of
bacteria adhered to sperm (Bonet et al, 2018). The number of bacteria adhered to the
sperm surface ranged from 1 to 10. Because the percentage of spermatozoa having five
or more bacteria adhered was less than 0.5%, these are shown as a single sperm
category. There was also determination of the percentages of bacteria adhered to the
sperm head and to the sperm tail and the percentages of bacteria adhered to the different

head and tail regions of spermatozoa (Bonet et al., 2018).

2.5. Assessment of bacterial growth
Bacterial growth was evaluated at each infective dose and time point by plate
culturing with Luria Bertani (LB) agar. Dilutions were made with Ringer’s solution and

plates were incubated at 40 °C for 72 h, and counted at 24, 48 and 72 h.

2.6. Statistical analysis

Statistical analyses were performed using SPSS 25.0 for Windows (IBM®
SPSS® Inc.; Armonk, New York, USA). Sperm quality and function variables (% total
motile spermatozoa, % progressively motile spermatozoa, % morphologically normal
spermatozoa, % membrane-intact spermatozoa, % acrosome-intact spermatozoa, and

sperm agglutination), pH, bacterial growth, and variables related to sperm-bacteria

10
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interaction were considered as dependent variables. Each seminal dose (n = 10) coming
from a separate boar was treated as a biological replicate.

Variables were first evaluated for normality (Shapiro-Wilk test) and
homoscedasticity (Levene test). A linear mixed model (i.e. with repeated measures) was
used to examine differences in responses to infective doses (0, 103, 10°, 108, 107 and 108
CFU/mL; inter-subjects factor) and at different storage time points (Days 0, 1, 2, 4, 6, 8
and 10; intra-subjects factor). Sidak’s post-hoc was used for pair-wise comparisons.
When needed, data on percentages were recalculated using the arcsine square root ()
transformation to accomplish normality and homoscedasticity. Data were subsequently
evaluated using a linear mixed model and post-hoc Sidak’s test, as previously described.

With all statistical analyses, values were considered to be different when there

was a P<0.05. Results are expressed as means + standard error of the mean (SEM).

3. Results
3.1. pH

At Day 0, pH was 7.37 + 0.19. There were similar values throughout the storage
period in control samples (P>0.05). In P. vulgaris infected samples, pH was relatively
more alkaline from Day 4 of liquid-storage at 17 °C in a dose dependent manner (Table

1).

3.2. Plasma membrane integrity

The percentages of spermatozoa with an intact plasma membrane (SYBR14/PI%)
were similar during the first 4 days of liquid-storage at 17 °C in control samples (P =
0.777; Fig. 1). At Day 6, there was a slight decrease (P = 0.032) in plasma membrane

integrity with there being similar values for plasma membrane integrity until the end of

11
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the experiment (P>0.05). There was a similar pattern for plasma membrane integrity of
spermatozoa in samples infected with 102 and 10> CFU/mL of P. vulgaris (P = 0.241).

In samples infected with 106, 107 and 108 CFU/mL, the integrity of sperm
plasma membrane decreased after Day 1 of storage (P = 0.033). The extent of this
reduction in plasma membrane integrity depended on the infective dose.

At the end of the experiment, the average decrease in plasma membrane integrity
with respect to that on Day 0O was of 15% in non-infected and infected samples when
there were infections with 103 and 10° CFU/mL of P. vulgaris, of 22% when there were
infections of samples with 106 and 107 CFU/mL, and of 27% with infections of samples

with 108 CFU/mL.

3.3. Acrosome integrity

In control samples and in samples infected with 103 CFU/mL, percentages of
spermatozoa with an intact acrosome (PNA-FITC-/PI-) decreased after 4 days of storage
(P = 0.026; Fig. 2). In infected samples with 10° and 10° CFU/mL acrosome integrity
was less (P = 0.012) at Day 2, and in samples infected with 107 and 108 CFU/mL at Day
1 of storage (P =0.003).

At the end of the experiment, the average decrease in acrosome integrity in
control samples and in samples infected with 10° and 10° CFU/mL of P. vulgaris was
17%, in samples infected with 106 CFU/mL was 22%, in samples infected with 107

CFU/mL was 25%, and in samples infected with 108 CFU/mL was 30%.

3.4. Sperm motility

In control samples, percentages of total (P = 0.008) and progressive (P = 0.002)

motile spermatozoa was less after 4 and 6 days of storage at 17 °C, respectively (Figs. 3

12
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and 4). Contamination with P. vulgaris resulted in a decrease in total and progressive
motility and with the larger infective dose there was a greater alteration in sperm
motility. At the end of the experiment, the average decrease in total and progressive
sperm motility was 17% and 18% in control samples, 19% and 20% in samples infected
10° CFU/mL, 23% and 31% in those infected with 105> CFU/mL, 24% and 35% in those
infected with 10° CFU/mL, 27% and 44% in samples infected with 10 CFU/mL, and

35% and 51% in samples infected with 108 CFU/mL.

3.5. Sperm morphology and sperm agglutination

The percentage of morphologically normal spermatozoa was 95.4 = 2.7% at Day
0 and was similar during storage at 17 °C in either non-infected or infected sperm
samples (P = 0.895). There were similar amounts of sperm agglutination among control
samples and samples infected with P. vulgaris (Table 2). There, however, was a small
amount agglutination after Day 8 of storage in control samples, from Day 6 in samples
infected with 103 CFU/mL, from Day 4 in samples infected with 10> CFU/mL, after
Day 3 in samples infected with 106 CFU/mL, and after Day 1 in samples infected with

107 and 108 CFU/mL.

3.6. Spermatozoa-bacteria interaction

Percentages of spermatozoa in contact with P. vulgaris varied with infective
dose of P. vulgaris and the day of storage. The larger the infective dose the greater the
percentage of spermatozoa bound to bacteria (P = 0.005; Fig. 5). Furthermore, for a
specific infective dose, the percentage of spermatozoa to which bacteria were bound

increased during the storing period (P<0.003).
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An effect of infective dose and day of storage was also observed in both the
number of bacteria adhered on the sperm surface (Table 3) and the part of the sperm cell
to which the bacteria adhered (Table 4, Supplementary Figs. 1 and 2). During the first
24 h subsequent to the time of infection, samples infected with 103 CFU/mL had more
than 90% of spermatozoa with only one bacterium adhered, whereas in those infected
with 10° to 108 CFU/mL this percentage was about 70%. Interestingly, spermatozoa did
not have more than three bacteria adhered at any of the infective doses on Day 1. The
number of bacteria bound to the sperm surface increased during storage, and with the
larger infective dose there were a larger number of bacteria bound to the surface. At the
end of the experiment, about 55% of spermatozoa had only one bacterium bound to the
surface in samples infected with 10% and 105 CFU/mL, 50% in those infected with 106
CFU/mL, and 36% in those infected with 107 and 108 CFU/mL. At Day 10, the number
of bacteria bound to sperm ranged from 1 to 10, regardless of the infective dose.

There was binding of P. vulgaris, mainly, to the mid-piece, principal piece and
acrosomal region of boar spermatozoa (Table 4). Nevertheless, bacteria affinity for
these sperm regions was associated with day of storage. In effect, the affinity for mid-
(P = 0.010) and principal pieces (P = 0.034) increased throughout storage, whereas the
affinity for the acrosomal region decreased (P<0.05), regardless of the infective dose.
While the percentage of bacteria bound to the acrosomal region was 30.3+1.9% at Day
1, there was a decrease to 5.7 + 1.5% at Day 10 (P = 0.003). With regard to changes in
the percentages of bacteria bound to mid- and principal pieces between Days 1 and 10,

these numbers increased from 18.2 + 1.7% to 28.2 + 2.3% (P = 0.023), and from 41.8 +

2.4% t0 50.3 + 2.4% (P = 0.031), respectively.

3.7. Bacterial growth
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Throughout liquid-storage at 17 °C for 10 days, Proteus vulgaris (CECT167
strain) had similar growth dynamics in all contaminated samples, having a progressive
and sustained growth. As duration of storage period increased, differences in CFU/mL
among infective doses was correlated with the initial bacterial infection dose, when

there was the larger infective dose there was a greater CFU/mL (P = 0.017; Fig. 6).

4. Discussion

Microorganisms are usually present in commercial seminal doses, the sources of
contamination being of animal and/or non-animal origin (Maroto-Martin et al., 2010;
Schulze et al, 2015). Contaminations of animal origin result from systemic and/or
urogenital tract infections or in transfer from the penile surface of the boar into the
semen, whereas contaminations of non-animal origin can occur during semen collection
and processing (Maes et al., 2008). Many of these non-animal sources can subsequently
be a seeding point when successive semen samples are collected and exposed to that
source of contamination (Schulze et al, 2015). Most bacteria that are in commercial
seminal doses are not considered primary pathogens in swine, however, these bacteria
induce alterations in sperm quality, which compromise the fertilizing capacity of sperm
in these seminal doses (Bussalleu et al., 2011; Prieto-Martinez et al., 2014; Pinart et al.,
2017; Bonet et al, 2018). Much effort, therefore, is necessary to prevent the
contamination of seminal doses during handling.

Commercial extenders can contain a single antibiotic or an antibiotic cocktail to
inhibit bacterial growth, so the number of bacteria that have become resistant to
antibiotics has increased (Schulze et al., 2016). Antibiotic resistance has provided an
impetus for formulating antibiotic-free extenders that contain antimicrobial agents,

mainly antimicrobial peptides (Puig-Timonet et al, 2018); for dewveloping new
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strategies for hypothermic storage of the semen at 5 °C (Waberski et al., 2019); or to
reduce the extent of bacterial infection using single layer centrifugation (Morrell, 2019).
The knowledge of chemical and physical interaction between spermatozoa and bacteria
Is essential to identify and develop alternative procedures of sanitary control of sperm
samples, which could favour the reduction or even result in elimination of the use of
antibiotics. To develop a general model about the effects of Proteus vulgaris on sperm
quality and longevity, and on sperm-bacteria interactions in refrigerated semen, in the
present approach there was use of a commercial strain resistant to penicillin,
streptomycin, lincomycin and spectinomycin, the antibiotics most commonly used in
semen extenders.

Results of previous studies indicate that members of Proteus spp. (either Proteus
vulgaris or Proteus mirabilis) can be found in boar semen, with an incidence around 2%
(Maroto-Martin et al., 2010; Ubeda et al, 2013). Nevertheless, there are few reports
about the detrimental effects on sperm quality, mainly because this bacterium
contaminates boar ejaculates along with other types of bacteria. Gao et al. (2018)
reported that Proteus mirabilis releases outer membrane vesicles during sperm storage,
which alter mitochondrial membrane potential and induce apoptotic-like changes at a
concentration greater than 10 pug/mL. These wvesicles can also adhere to the plasma
membrane, thus affecting the capacity of spermatozoa to attach to the oocyte surface
(Gao et al., 2018).

As expected, with use of long-term extenders, there was preservation of semen
pH, plasma membrane integrity and sperm motility of control samples during liquid-
storage at 17 °C in the present study. Contamination with P. vulgaris resulted in a slight
alkalinisation of the medium after Day 4 of storage when there were infections with 106

CFU/mL or larger infective doses of Proteus vulgaris. In a recent study, E. coli
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contamination was found to induce a slight alkalinisation of the medium at infective
doses equal or less than 10 CFU/mL (Pinart et al., 2017). In contrast, semen
contamination with Enterobacter cloacae results in a moderate amount of acidification
(Prieto-Martinez et al., 2014), whereas contamination with Pseudomonas aeruginosa
did not result in a change of the pH (Sepulveda et al., 2014). Even though medium
acidification as a result of bacterial contamination is associated with reduced sperm
survival (So et al,, 2011; Prieto-Martinez et al.,, 2014), there have been few reports on
the effects of alkalinisation on sperm function and survival. There have been some
suggestions that alkalinisation and acidification are indicative of the release of residual
metabolism products from bacteria into the medium (Pérez-Llano et al, 2001);
however, studies focusing on the changes of substrate composition of the medium
during liquid-storage and/or bacterial contamination of seminal doses are lacking. While
results from the current study indicate that slight medium alkalinisation in Proteus
vulgaris contaminated samples does not affect plasma membrane and acrosome
integrity, these findings do support that this type of contamination results in impairment
of progressive sperm motility.

In the present study, there were effects of P. vulgaris contamination on sperm
quality in long-term stored samples with there being effects of infective dose. The least
bacterial infective dose of 10% CFU/mL had little effect on sperm quality and the
infective dose of 10° CFU/mL only affected progressive sperm motility, however
infections doses of 106 CFU/mL or greater led to alterations in plasma membrane and
acrosome integrity and, especially, sperm motility in a dose-dependent manner.
Consistent with the present results, Gao et al. (2018) reported that the effects of Proteus
mirabilis in stored semen samples are dependent on the extent to which outer acrosome

vesicles are released by this bacterium into the medium and that, at infective doses of 5
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pg/mL or less, these releases of outer acrosome vesicles do not affect the sperm quality.
Similarly, Clostridium perfringens (Sepulveda et al., 2013; Pinart et al., 2017; Bonet et
al., 2018) and Pseudomonas aeruginosa (Sepulveda et al., 2014) have little effect on
sperm quality at infective doses equal to or less than 106 CFU/ml. In contrast, other
bacterial contaminants, such as Escherichia coli or Enterobacter cloacae, have
deleterious effects on sperm quality at all infective doses evaluated, with the extent of
these sperm quality alterations being dose-dependent (Berktas et al. 2008; Bussalleu et
al., 2011; Prieto-Martinez et al. 2014; Pinart et al., 2017; Bonet et al., 2018).

An interesting finding in the present study is that alterations in sperm motility
induced by P. vulgaris at the infective doses of 105 CFU/mL or larger did not correlate
with disruptions in plasma membrane integrity or sperm agglutination. Consistent with
results from the present study, P. mirabilis induces alterations in sperm motility of
stored boar sperm samples by altering the mitochondrial membrane potential due to
increased reactive oxygen species (ROS) concentrations in the semen samples (Gao et
al, 2018). Sperm motility has also been described as the most reliable variable to
evaluate effects of bacterial contamination of boar seminal doses by Escherichia coli,
Pseudomonas aeruginosa, Clostridium perfringens or Enterobacter cloacae (Berktas et
al. 2008; Bussalleu et al., 2011; Prieto-Martinez et al. 2014; Sepulveda et al.,, 2014;
Pinart et al., 2017; Bonet et al., 2018).

Findings in the present study, when there were light microscopy assessments,
indicate there was a lack of morphological sperm alterations in response to
contamination of semen samples with P. vulgaris. Even though there was a lack of
morphological alterations, it cannot be discounted that there may have been

ultrastructural sperm abnormalities, as previously reported in bacteria contaminated
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semen samples from humans (Diemer et al., 2000) and boars (Bonet et al., 2018; Gao et
al., 2018).

As described for both E. coli and C. perfringens (Diemer et al., 2000, 2003;
Prabha et al.,, 2009; Kala et al., 2011; Pinart et al., 2017; Bonet et al., 2018), P. vulgaris
adheres to the plasma membrane of boar spermatozoa immediately after contamination
of samples. Nevertheless, based on the percentage of spermatozoa bound to bacteria and
the number of bacteria bound after 24 h of contamination, P. vulgaris had a lesser
adherence rate to the sperm surface than the previous described bacterial species (Bonet
et al, 2018). Binding of P. vulgaris to the boar sperm surface, however, increased
during semen storage at 17 °C in a dose-dependent manner. There are few previous
reports about the effects of bacterial adhesion on sperm quality of liquid-stored boar
semen. Consistent with results in a previous study in which samples infected with E.
coli, where the adhesion of this bacterium to sperm cells was related with the
progressive decrease in plasma membrane integrity and sperm motility throughout
storage (Bonet et al., 2018), results from the current study validate there is a marked
relationship between bacterial adhesion of P. vulgaris and impaired sperm motility.

An unexpected finding in the present study was that not only did the infective
dose of P. vulgaris and duration of storage affect the percentage of spermatozoa in
contact with bacteria and the number of bacteria adhered to sperm cells, it was
ascertained that this affinity was for a specific part of the sperm. When there were
relatively smaller infective doses and shorter semen storage periods in the present study,
P. vulgaris had a greater affinity for the acrosomal region, mid- and principal pieces;
however, the affinity for the acrosomal region was less when there was the larger
infective doses and when semen storage was for a longer period. This change in

bacterial affinity may reflect changes on in the molecular composition of the sperm
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plasma membrane during liquid-storage (reviewed from Pinart & Puigmulé, 2013). In
contrast with the findings in the present study, in a previous study there was an effect of
infective dose and duration of semen storage on bacterial adhesion but not on bacterial
affinity when semen samples were infected with E. coli and C. perfringens (Bonet et al.,

2018).

5. Conclusions

The results of the present study indicate, for the first time, that boar semen
contamination with Proteus vulgaris leads to severe impairment of progressive sperm
motility when infective doses are greater than 10> CFU/mL, due to bacterial adhesion to
the sperm flagellum and there are moderate extents of semen alkalinisation. The
relatively lesser plasma membrane and acrosome integrity when there were infective
doses of 10° CFU/mL or larger does not, however, appear to be related to bacterial

adhesion or alkalinisation of the semen.
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Figure legends

Fig. 1. Percentage of spermatozoa with an intact plasma membrane (mean = SEM) in
sperm samples from Sus domesticus where there were different infective doses of
Proteus vulgaris and storage at 17 °C for 10 days; CFU/mL values indicate the
approximate initial bacterial count; Different superscripts (a,b) indicate differences

between values at the same time-point (P < 0.05; n = 10)

Fig. 2. Percentage of spermatozoa with an intact acrosome (mean £ SEM) in sperm
samples from Sus domesticus where there were different infective doses of Proteus
vulgaris and storage at 17 °C for 10 days; CFU/mL values indicate approximate initial
bacterial count; Different superscripts (a-c) indicate differences between values at the

same time-point (P < 0.05; n = 10)

Fig. 3. Percentage of total motile spermatozoa (mean + SEM) in sperm samples from
Sus domesticus where there were different infective doses of Proteus vulgaris and
storage at 17 °C for 10 days; CFU/mL values indicate the approximate initial bacterial
count; Different superscripts (a-c) indicate differences in values at the same time-point

(P < 0.05; n = 10)

Fig. 4. Percentage of progressive motile spermatozoa (mean + SEM) in sperm samples
from Sus domesticus where there were different infective doses of Proteus vulgaris and
storage at 17 °C for 10 days; CFU/mL values indicate the approximate initial bacterial
count; Different superscripts (a-d) indicate differences in values at the same time-point

(P < 0.05; n = 10)

25



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Fig. 5. Percentage of spermatozoa with bacteria adhered (mean + SEM) in sperm
samples from Sus domesticus where there were different infective doses of Proteus
vulgaris and storage at 17 °C for 10 days; CFU/mL values indicate the approximate
initial bacterial count; Different superscripts (a-d) indicate differences in values at the

same time-point (P < 0.05; n = 10)

Fig. 6. Bacterial growth (CFU/mL; mean + SEM) in sperm samples from Sus
domesticus where there were different infective doses of Proteus vulgaris and storage at
17 °C for 10 days; CFU/mL values indicate approximate initial bacterial count;
Different superscripts (a-f) indicate differences in values at the same time-point (P <

0.05; n=10)

Supplementary Fig. 1. Percentage of bacteria adhered to the sperm head (mean *
SEM) in sperm samples from Sus domesticus where there were different infective doses
of Proteus vulgaris and storage at 17 °C for 10 days; CFU/mL values indicate the
approximate the initial bacterial count; Different superscripts (a-c) indicate differences

in values at the same time-point (P < 0.05; n =10)

Supplementary Fig. 2. Percentage of bacteria adhered to the sperm tail (mean £ SEM)
in sperm samples from Sus domesticus where there were different infective doses of
Proteus vulgaris and storage at 17 °C for 10 days; CFU/mL values indicate the
approximately initial bacterial count; Different superscripts (a-c) indicate differences in

values at the same time-point (P < 0.05; n =10)
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