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Abstract
The aim of the study was to assess the effect of sperm concentration in the ejaculate on the
mitochondrial membrane potential and motility of Landrace boar spermatozoa during storage
of diluted semen at 17 °C. The study was conducted on ejaculates collected from 10 boars aged
1.5–2 years. Based on sperm concentration measurements, two groups of boars were identified:
Group 1 – boars providing ejaculates with a sperm concentration of at least 500 × 103/mm3 and
Group 2 – boars providing ejaculates with a sperm concentration of less than 500 × 103/mm3. Four
ejaculates were collected manually from each boar. Each ejaculate was diluted with Biosolvens
Plus diluent, and insemination doses were prepared and stored at 17 °C. Mitochondrial membrane
potential and motility of spermatozoa were evaluated at each insemination dose. The tests
were carried out after 1, 24, 48, 96 and 168 h of storage. Based on the results, it was found
that ejaculates with a sperm concentration ≥ 500 × 103/mm3 have a lower share of spermatozoa
with high mitochondrial membrane potential than ejaculates with a sperm concentration below
500 × 103/mm3. A high correlation between the share of spermatozoa with a high mitochondrial
membrane potential and motility of spermatozoa was demonstrated in the first 24 h and after 96 h
of semen storage, which was confirmed by the calculated phenotypic correlation coefficients.
Sperm cells in ejaculates with a higher sperm concentration are more sensitive to storage time
than spermatozoa in ejaculates with a lower concentration.
Ejaculate, pigs, semen quality

Insemination of pigs plays an important role in the reproduction of this animal species.
It is the most common method of breeding pigs in the world that allows increasing the genetic
progress of the swine population. Boars used in insemination are usually characterized by
good production-related predisposition, as well as high breeding value. High variability
observed in the physical characteristics of ejaculates, which affects the economics of using
a given individual is a fairly serious problem faced by sow insemination stations. The source
of this variation can be the boar breed (Schulze et al. 2014; Yeste 2016; Wysokińska
and Kondracki 2019), age (Banaszewska et al. 2015), and environmental factors
(Zasiadczyk et al. 2015; Kowalewski et al. 2016). Individual variation is also important
in reproduction. This variability affects the male’s predisposition for insemination use as
males provide semen with different physical characteristics of the ejaculate. The ejaculate
volume, sperm concentration and sperm motility are determined immediately after
collection. Based on these indices, the number of insemination doses that can be obtained
from the ejaculate is determined, and this determines the economic efficiency of using the
individual in insemination. Some studies have shown the effect of sperm concentration
on head dimensions and sperm morphology (Kondracki et al. 2011; Kondracki et al.
2013). It is possible that sperm cell concentration may also affect the potential of the
spermatozoon mitochondrial membrane. Maintenance of normal mitochondrial membrane
potential is necessary for mitochondria to produce adenosine triphosphate (ATP) (Luo et al.
2013). Mitochondria are thought to be important organelles that can be used to assess
semen quality. Due to the fact that mitochondria contain their own DNA and membrane
potential, they are easy to study (Amaral and Ramalho-Santos 2010). Disorders present
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in the mitochondria of the spermatozoon insert may be the cause of reduced sperm motility
and, consequently, lower egg cell fertilization efficiency.
Mainly semen diluted and stored in a liquid state at 17 °C is used in insemination of
pigs. Because of cell membrane structure, boar spermatozoa are particularly sensitive to
activities performed during laboratory treatment and storage conditions (Vyt et al. 2007;
Lopez Rodriguez et al. 2012; Schulze et al. 2013) and sperm transport (Schulze
et al. 2018). It was found that during storage of diluted boar semen, there are changes in
the integrity of sperm cell membranes (Gączarzewicz et al. 2010; Wysokińska and
Kondracki 2014; Wysokińska et al. 2015). Some studies have shown that mitochondria
are organelles that are the most damaged during sperm preservation (Ball 2008; GonzalezFernandez et al. 2012).
The aim of this study was to assess the effect of sperm concentration in an ejaculate on
the mitochondrial membrane potential and motility of Landrace boar spermatozoa during
the storage of diluted semen at 17 °C.
Materials and Methods
Animals and semen collection
The study involved 10 insemination boars of the Polish Landrace breed. The studied boars were 1.5–2 years
old. All boars were healthy, kept in individual pens of an area of 6.3 m2 on a concrete floor with thermal and
humidity insulation. Boars were fed individually with a granulated complete mixture, normalized according to
boar feeding standards. Boars were guaranteed constant access to drinking water supplied via nipple drinkers.
The subjects were selected for the study based on the assessment of sperm concentration measurements in all
ejaculates collected every 4–5 days by manual method. In addition to the concentration of spermatozoa in each
ejaculate, the volume of the ejaculate, the percentage of spermatozoa showing progressive movement and the
total number of spermatozoa were determined (Table 1). The concentration of spermatozoa was determined
by the colorimetric method using an AccuRead photometer (IMV Technologies, L’Aigle, France). Based on
sperm concentration measurements, two groups of boars were identified: Group 1 – boars providing ejaculates
with a sperm concentration of at least 500 × 103/mm3 and Group 2 – boars providing ejaculates with a sperm
concentration of less than 500 × 103/mm3 (Table 1). Four ejaculates were manually collected from each boar for
testing. The ejaculate sperm were diluted in Biosolvens Plus (Biochefa, Sosnowiec, Poland) commercial extender
so that there were 2.7 × 109 sperm in one insemination dose (plastic bags, 90 ml). After dilution, insemination
doses were stored at room temperature for one hour. After this time, the first semen evaluation was carried out as
described below. Subsequent assessments were carried out after 24, 48, 96 and 168 h, using other insemination
doses that were opened immediately prior to testing. The diluted semen were stored at 17 °C.
Table 1. Physical characteristics of boar ejaculates depending on the sperm concentration (mean ± standard error
of the mean).
Item
Number of boars
Semen volume (ml)
Sperm concentration (× 103/mm3)
Sperm motility (%)
Number of spermatozoa in the ejaculate (× 109)
a,b

Group of boars
2 (< 500 × 103/mm3)
1 (≥ 500 × 103/mm3)
5
5
229.32a ± 3.44
407.44b ± 6.86
634.34a ± 6.80
335.60b ± 4.28
a
74.83 ± 0.30
74.60a ± 0.26
a
106.41 ± 1.57
97.07b ± 1.58

- values in rows marked with different superscripts differ significantly at P < 0.05

Semen evaluation
Assessment of mitochondrial activity
Assessment of sperm cell mitochondrial activity was performed using fluorochrome JC-1 (Molecular Probes,
USA). JC-1 is a fluorochrome accumulating in mitochondria. Depending on the size of the mitochondrial
membrane potential (ΔΨm), JC-1 aggregates are formed (when Δψm > 80–100 mV) or JC-1 monomers (when
ΔΨm < 80–100 mV). One ml of solution (5 ml of JC-1 dissolved in dimethyl sulphoxide with 800 ml of distilled
water added) was added to 1 ml of diluted semen (1.2 × 106 spermatozoa). The entirety was mixed and incubated for
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2 min at room temperature. Then 200 μl of JC-1 Staining Buffer 5 × was added – mixed by inversion and incubated
for 20 min at 37 °C and 5% CO2 humidity. After incubation, the semen was centrifuged at 600 × g for 3 min
at 2–8 °C, the supernatant was removed and the spermatozoa-containing pellet was placed on ice. The spermatozoa
were rinsed with 1 ml cold solution (400 μl JC-1 Staining Buffer 5 × diluted with 1600 μl distilled water). The
prepared samples were stored for a maximum of 30 min on ice. A drop of semen was collected from each sample
and placed on a microscope slide. In each preparation, 200 spermatozoa were evaluated, specifying spermatozoa
with a high mitochondrial membrane potential (with high ΔΨm JC-1 aggregates) (sperm cells emitting orange
fluorescence in the mid-piece region), with a medium mitochondrial membrane potential (with medium ΔΨm
aggregates JC-1) (orange-green fluorescent spermatozoa in the mid-piece region), and with a low mitochondrial
membrane potential (with low ΔΨm JC-1 aggregates) (green fluorescent sperm in the mid-piece region) (Plate II,
Fig. 1). The evaluation of the sperm mitochondrial membrane potential was performed using a fluorescence
microscope (Nikon Eclipse 50i, Tokyo, Japan).
Assessment of sperm motility
Motility of spermatozoa was determined using the microscopic method by placing a drop of semen (5 μl) on
a microscope slide heated to 37 °C, covering it with a 22 × 22 mm cover slide. The percentage of progressive
spermatozoa was determined by microscopic examination using a Nikon Eclipse 50i light microscope (Tokyo,
Japan) and a heating table (37 °C). At a × 400 magnification, the percentage of spermatozoa showing normal
movement in the total number of spermatozoa visible in the microscope’s field of view was determined.
Experimental data were analyzed using the program STATISTICA 13.1 PL (StatSoft, Tulsa, USA). Data were
analyzed by ANOVA. All results were expressed as mean ± standard error of the mean (SEM).The significance
of the differences between the groups was assessed using Tukey test at P < 0.05. Phenotypic correlation indices
between sperm motility and sperm mitochondrial membrane potential were established based on Sperman’s rank
correlation coefficients.

Results
The percentage of spermatozoa with a high mitochondrial membrane potential
depending on sperm concentration and semen storage time is shown in Fig. 2. Based on
this data, it was found that there are differences in the number of spermatozoa with active
mitochondria depending on sperm concentration and semen storage time. Boar semen from
Group 1 (with a sperm concentration ≥ 500 × 103/mm3) had a lower number of sperm cells
with a high mitochondrial membrane potential at 1, 96 and 168 h storage than Group 2
boar semen (< 500 × 103/mm3 sperm concentration). After the first hour of diluted semen
storage, the difference between the groups was small and amounted to 2%. The largest
difference in the number of spermatozoa with a high mitochondrial membrane potential
between the examined groups was found at 96 and 168 h of semen storage (P < 0.05).
A decrease in the number of spermatozoa with a high mitochondrial membrane potential was
found with the semen storage time. The largest decrease in the number of spermatozoa with
a high mitochondrial membrane potential was found in storage for 48 h in ejaculates with
a sperm concentration ≥ 500 × 103/mm3. The largest decrease in the share of spermatozoa
with a high mitochondrial membrane potential can be seen in Group 1, where the difference
between 1 and 168 h of semen storage was over 26%, while in Group 2 this difference was
over 19%.
The percentage of spermatozoa with a medium mitochondrial membrane potential
depending on sperm concentration and semen storage time is shown in Fig. 3. In the first
48 h of semen storage, there was a lower proportion of spermatozoa with an average
mitochondrial membrane potential found in the ejaculates of boars from Group 1
compared to the ejaculates of boars from Group 2. After 96 h of semen storage, the share of
spermatozoa with a medium mitochondrial membrane potential was greater in the semen of
Group 1 boars than in the semen of Group 2 boars. Significant differences were found only
after 168 h of semen storage. There was a noticeable increase in the share of spermatozoa
with a medium mitochondrial membrane potential in both groups, depending on the semen
storage time. In boar ejaculates of Group 1, changes in the share of spermatozoa with a
medium mitochondrial membrane potential were more dynamic and an increase of 19.66%
was observed between 1 and 168 h of storage, with an increase of 13.77% in Group 2.
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Fig. 2. Spermatozoa with a high mitochondrial membrane potential depending on the sperm concentration (Group
1 – sperm concentration ≥ 500 × 103/mm3; Group 2 – sperm concentration < 500 × 103/mm3) during the storage
of diluted semen at 17 °C.
a, b - P < 0.05. Bars represent means ± standard error of the mean.
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Fig. 3. Spermatozoa with a medium mitochondrial membrane potential depending on the sperm concentration
(Group 1 – sperm concentration ≥ 500 × 103/mm3; Group 2 – sperm concentration < 500 × 103/mm3) during the
storage of diluted semen at 17 °C.
a, b - P < 0.05. Bars represent means ± standard error of the mean.
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Fig. 4. Spermatozoa with a low mitochondrial membrane potential depending on the sperm concentration (Group
1 – sperm concentration ≥ 500 × 103/mm3; Group 2 – sperm concentration < 500 × 103/mm3) during the storage
of diluted semen at 17 °C.
a, b - P < 0.05. Bars represent means ± standard error of the mean.

The results characterizing the percentage of spermatozoa with a low mitochondrial
membrane potential depending on sperm concentration and semen storage time are shown in
Fig. 4. In the group of boar ejaculates with a sperm concentration exceeding 500 × 103/mm3,
a greater proportion of spermatozoa with a low mitochondrial membrane potential was
observed compared to Group 2. The largest differences between the groups were found at
1, 96 and 168 h of semen storage (P<0.05). The data presented in Fig. 4 also show changes
in the number of spermatozoa with a low mitochondrial membrane potential, depending
on the duration of semen storage. Group 1 showed an approximately 7% increase in the
number of spermatozoa with a low mitochondrial membrane potential from 24 to 168 h of
semen storage. Slightly different tendencies of changes were observed in Group 2. From 48
to 168 h of semen storage, the share of spermatozoa with a low mitochondrial membrane
potential remained at a similar level.
Table 2. Phenotypic correlation coefficients between the share of spermatozoa with a high mitochondrial
membrane potential and the share of spermatozoa showing progressive motility.
Motility
Mitochondrial membrane potential
1h
24 h
48 h
96 h
168 h
*P < 0.05

1h
0.64*
0.43*
-0.03
0.25
0.25

24 h
0.60*
0.51*
0.12
0.21
0.29

Semen storage time
48 h
0.48*
0.40*
0.27
0.38*
0.42*

96 h
0.29
0.14
0.21
0.62*
0.56*

168 h
-0.10
-0.11
0.48*
0.58*
0.63*
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Table 2 presents phenotypic correlation coefficients between the share of spermatozoa
with a high mitochondrial membrane potential and the share of spermatozoa showing
progressive movement at different times of semen storage. The presented data indicate
that the phenotypic correlation coefficients between sperm cell motility and the share of
spermatozoa with a high mitochondrial membrane potential are positive for most properties,
high and demonstrate values between 0.38–0.64 (P < 0.05).
Discussion
The results of the present study indicate that the concentration of spermatozoa in the
ejaculate affects the potential of the sperm cell mitochondrial membrane. Ejaculates with
a sperm concentration ≥ 500 × 103/mm3 have a lower share of spermatozoa with a high
mitochondrial membrane potential than ejaculates with a sperm concentration below
500 × 103/mm3. This is an important observation for the practice of insemination-related
boar use. The concentration of spermatozoa determined in each collected ejaculate is,
apart from the volume and motility of the spermatozoa, an indicator of the number of
insemination doses that can be obtained from the ejaculate. The number of insemination
doses determines the economic efficiency of boar use in insemination. Our study shows that
ejaculates with a high sperm concentration are inferior in terms of mitochondrial activity
in spermatozoa. Having considered the foregoing, it can be assumed that sperm cells from
ejaculates with a high concentration of spermatozoa will be less effective in the process of
egg cell fertilization. Some studies have shown a correlation between the morphometric
dimensions of spermatozoa and their concentration in the ejaculate (Górski et al. 2018).
Finding differences in the head dimensions of spermatozoa may be helpful in recognizing
fertile subjects and those with reduced fertility (Gravance et al. 1996; Czubaszek et al.
2019).
Mainly semen stored at 15–17 °C is used in pig insemination. No detailed tests are
carried out to assess the cellular structure of spermatozoa during semen storage, especially
the activity of mitochondria located along the sperm insert. Sperm cell mitochondria
are very active, they are subject to numerous metabolic processes present within them.
These organelles are also involved in cell differentiation, reactive oxygen species (ROS)
generation and apoptosis (Piomboni et al. 2012). There are many publications describing
various changes occurring in mitochondria. However, the basic meaning of this sperm
cell structure is based on providing ATP energy for sperm cell movement (Srivastava
and Pande 2016). Mitochondrial membrane potential is the parameter that best reflects
the mitochondrial function, and it is an indicator of the mitochondrial energy state. The
potential of mitochondrial membrane is most often determined using fluorochromes. JC-1 is
considered the most accurate indicator of mitochondrial membrane potential measurement,
and it is able to detect minimal changes occurring in sperm cell mitochondria (Marchetti
et al. 2004). Studies conducted mainly on human semen showed a relationship between
limited mitochondrial function, demonstrated by reduced mitochondrial membrane
potential, and reduced sperm motility and, consequently, reduced fertilization capacity
(Paoli et al. 2011). In our study, a high correlation between the share of spermatozoa with
a high mitochondrial membrane potential and motility of spermatozoa was observed in the
first 24 h and after 96 h of semen storage, which is confirmed by the calculated phenotypic
correlation coefficients (Table 2). Figueroa et al. (2013) showed a relationship between
the mitochondrial membrane potential and the motility of conserved sperm cells. It is
possible that there may be changes in the mitochondria of the sperm insert during storage
of boar semen. The data presented in this paper clearly show that there are greater changes
in the potential of the sperm cell mitochondrial membrane in semen with a higher sperm
concentration compared to semen with a lower sperm concentration.
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In this study, it was found that spermatozoa from ejaculates with a lower sperm
concentration (below 500 × 103/mm3) are less sensitive to semen storage conditions than
spermatozoa from ejaculates with a sperm concentration ≥ 500 × 103/mm3. Along with
the semen storage time, there is a more intense decrease in the number of spermatozoa
with a high mitochondrial membrane potential in ejaculates with a sperm concentration
≥ 500 × 103/mm3 than in ejaculates with a sperm concentration below 500 × 103/mm3. The
reduction in the percentage of spermatozoa with a high mitochondrial membrane potential
observed in the present study, along with the extension of the semen storage time, may be
associated with a change in plasma membrane permeability, which in turn may affect the
mitochondrial membrane potential (Kumeresan et al. 2009). Studies on the assessment
of sperm cell membrane integrity showed a decrease in the share of spermatozoa that
retain normal structure of the cell membrane during semen storage (Wysokińska and
Kondracki 2014). Other authors have also shown a deterioration in semen quality along
with the extension of the storage time (Martín-Hidalgo et al. 2013; Wysokińska
et al. 2015; Iljenkaite et al. 2020). In a study conducted by De Ambrogi et al. (2006),
it was shown that sperm cell motility is significantly reduced after 72 h of storage.
A decrease in the percentage of spermatozoa showing progressive motion along with
the time of semen storage was shown in this study. This decrease was more pronounced in
ejaculates with a sperm cell concentration ≥ 500 × 103/mm3 than in ejaculates with a sperm
cell concentration < 500 × 103/mm3.
In conclusion, it should be noted that the concentration of spermatozoa in the ejaculates
of Landrace boars affects the potential of the mitochondrial membrane and sperm cell
motility. Significantly fewer spermatozoa with a high mitochondrial membrane potential
are observed in ejaculates with a higher sperm concentration than in ejaculates with a lower
sperm concentration. Sperm from ejaculates with a higher concentration are more sensitive
to the storage time, which is reflected in the intense decrease in the number of spermatozoa
with a high mitochondrial membrane potential occurring with the increasing semen storage
time. Sperm cells in ejaculates with a higher sperm concentration are more sensitive to
the storage time than spermatozoa in ejaculates with a lower sperm concentration. Special
supervision for the potential of the mitochondrial membrane should include ejaculates with
a high sperm concentration.
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Fig. 1. Microscopic image of JC-1-stained boar spermatozoa: A - sperm cell with high ΔΨm (orange fluorescence
of the insert region); B - sperm cell with medium ΔΨm (orange and green fluorescence of the insert region);
C - sperm cell with low ΔΨm (green fluorescence of the insert region)

