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Despite available information on the roles of osmotic pressure, potassium (K+),
and calcium (Ca2+) in activation of Eurasian burbot spermatozoon motility, the
changes in milt biochemical composition and mechanisms underlying their activation
at temperatures above optimal spawning temperature is still unclear. We explored
spermatozoon swelling, lipid composition and proteome in relation to osmolality and
temperature of swimming medium. The result revealed that temperature increment from
4 to 30◦C increases burbot spermatozoa vulnerability to osmotic pressure, decreasing
motility in extremely hypotonic media, and the presence of Ca2+ decreases swelling of
spermatozoa. No spermatozoon swelling was observed in non-ionic isotonic media at
all studied temperatures. A role of swelling in activation of spermatozoa motility at 30◦C
was rejected. No differences were found in protein profile and lipid composition with
respect to activation of burbot spermatozoa at 30◦C. Burbot spermatozoon activation
occurs at 30◦C without modification of the spermatozoon membrane. Elucidation of
the intrinsic signaling pathway of burbot spermatozoon spontaneous activation requires
further study.

Keywords: biomolecule, fish, lipid, osmolality, protein, sperm activation

INTRODUCTION

The Eurasian burbot Lota lota (L.) is the only gadiform fish inhabiting fresh water (Scott
and Crossman, 1973) and spawning in midwinter in a light-limited under-ice environment
(McPhail, 1997). To prevent burbot extinction, restoration program and production of fry has been
complemented (Babiak et al., 1998; Hardy et al., 2008). In this context, several studies have been
conducted on different aspects of burbot reproduction (Kucharczyk et al., 1998; Lahnsteiner et al.,
2004) and fry rearing (Wolnicki et al., 2002; Binner et al., 2008; Żarski et al., 2009). On the other
hand, the large interest in restocking and market-sized production of burbot has led to controlled
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reproduction for conservation purposes and commercial
aquaculture (Żarski et al., 2010; Wocher et al., 2012). In order
to implement artificial insemination for this species, there is
a need for greater understanding of its reproductive biology
(Zuccarelli et al., 2007; Worthington et al., 2010).

Spermatozoa of freshwater fish are immotile in seminal fluid
and in media with similar osmolality and ionic composition
(Stoss, 1983; Lahnsteiner et al., 1995). Osmotic pressure
(Morisawa et al., 1983a; Butts et al., 2013) and potassium (K+)
ions (Morisawa et al., 1983b; Dziewulska and Pilarska, 2018)
are key factors managing two main start-up pathways that
activate spermatozoon motility in externally fertilizing fishes. The
initiation of spermatozoon motility is also dependent on the
presence of calcium (Ca2+) to overcome the inhibitory effect of
the K+ ions (Baynes et al., 1981; Linhart et al., 2002; Cosson,
2010). Although transition of fish spermatozoa from an immotile
to motile state occurs within a fraction of a second (Dzyuba
and Cosson, 2014), it is associated with a cascade of cellular
events related to changes in milt proteome (Dietrich et al., 2019),
bioenergetics (Dzyuba and Cosson, 2014), and peroxidation
processes (Dzyuba et al., 2015; Dadras et al., 2016).

Certain physical properties of the cell membrane are
active in signal transduction processes (Krasznai et al., 2003).
Lipid composition (Lenzi et al., 1996; Muller et al., 2008),
particularly cholesterol (Gracia et al., 2010), regulates the
reaction of spermatozoa to external cues. For example, lipid
bilayers surrounding the blocking mechano-sensitive channels in
common carp Cyprinus carpio spermatozoa are likely associated
with motility activation (Krasznai et al., 2003). In rainbow trout
Oncorhynchus mykiss, resistance of spermatozoa to hypo-osmotic
stress is linearly positively correlated with membrane cholesterol,
a process accompanied by decrease of membrane fluidity (Muller
et al., 2008). This implies that the physiological reaction of
spermatozoa to environmental conditions can be modified by
aspects of spermatozoon plasma membrane lipid composition.
Further, the changes of spermatozoon membrane composition
in response to environmental cues at the time of fertilization
involve subtle and intricate modifications of the spermatozoon
membrane properties such as alterations of protein composition
(Leahy and Gadella, 2011). Milt proteins, as targets of redox-
dependent modifications depending on the level of ROS, are
involved in activation/inactivation of signaling pathways with
fundamental roles in spermatozoa vital functions such as motility
(O’Flaherty and Matsushita-Fournier, 2017).

Previous studies of burbot have reported specific and
unique properties of spermatozoa. Findings regarding triggering
of spontaneous spermatozoon activation in seminal fluid by
increased temperature have been contradictory, including no
activation with temperature rise from 2 to 10◦C (Zuccarelli
et al., 2007), spontaneous activation at temperatures >5◦C
(Lahnsteiner et al., 1997), and spontaneous activation at 20◦C
with maximum motility rate at 30◦C (Dadras et al., 2019).
These reports show that burbot spermatozoon motility can be
activated by increasing temperature, a unique trait among fishes.
This type of spermatozoon motility activation is mediated by
Ca2+ in the extracellular environment (Dadras et al., 2019).
The relationship of motility activation to changes in biochemical

and physiological properties of milt at higher temperatures is
unclear, hindering understanding of the influence of temperature
on burbot spermatozoa. Therefore, the goal of the present study
was to determine European burbot spermatozoon motility rate,
swelling, lipid composition, and proteome in relation to the
osmolality and temperature of the swimming medium.

MATERIALS AND METHODS

Three-year-old wild L. lota males [mean ± SD total length
(TL) = 237 ± 27 mm, mass = 106 ± 24 g] were maintained
in a flow-through system at the fish facility of the University of
South Bohemia, Faculty of Fisheries and Protection of Waters.
Conditions were ambient light and natural water temperature
that gradually decreased from 18–22◦C in summer to 4–5◦C
in winter. Milt was stripped from anesthetized males (100 mg
l−1 MS 222; exposure time 7–10 min) (Svačina et al., 2016) by
abdominal massage and stored in dry 5 ml vials on ice before
and during the experiments. Spermatozoa samples with >90%
motility were used to assess spermatozoon motility (n = 5),
swelling (n = 5), lipid composition (n = 5), and protein
profile (n = 5).

Media and Temperature Used for
Spermatozoon Motility and Cell Volume
Assessment
For evaluation of spermatozoon motility and cell volume
changes, solutions with osmolality in range of 11–280 mOsm
kg−1 were prepared including seminal fluid (SF) according to
Dadras et al. (2019), pH 8.1, 280 mOsm kg−1; 10 mM Tris-
HCl buffer, pH 8.5, 125 mM NaCl, 2 mM KCl, and 1 mM
Ca2+, 297 mOsm kg−1 as ionic isotonic medium (AM); 10 mM
Tris-HCl buffer, pH 8.5, 270 mM sucrose, 263 mOsm kg−1 as
non-ionic isotonic medium (Suc 270); 10 mM Tris-HCl buffer,
pH 8.5, 270 mM sucrose, and 1 mM CaCl2, 263 mOsm kg−1 as
non-ionic isotonic medium (Suc 270 + Ca2+); 10 mM Tris-HCl
buffer, pH 8.5,11 mOsm kg−1 as ionic hypotonic medium (Tris);
10 mM Tris-HCl buffer and 1 mM CaCl2, pH 8.5, 11 mOsm
kg−1 as ionic hypotonic medium (Tris + Ca2+); 10 mM Tris-
HCl buffer, pH 8.5, and 100 mM sucrose, 128 mOsm kg−1 as
non-ionic hypotonic medium (Suc 100); 10 mM Tris-HCl buffer,
pH 8.5, 100 mM sucrose, and 1 mM CaCl2, 128 mOsm kg−1 as
non-ionic hypotonic medium (Suc 100+ Ca2).

The temperatures used in the present study ranged from
4◦C (the temperature close to natural spawning temperature
for burbot) to 30◦C (the temperature that activation of
spermatozoa in SF occurred with the highest motility),
including 4, 10, 20, and 30◦C.

Motility Analysis
Burbot spermatozoon motility was recorded for 60 s in all media
except AM at 4◦C (the temperature close to natural spawning
temperature for burbot), 10, 20, and 30◦C (the temperature at
which spermatozoon in SF showed the highest motility rate).
Sucrose as a non-ionic component was used to assess the
influence of osmotic pressure at different temperatures regardless
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of ion concentration included in ionic media such as AM.
Motility analysis was carried out following milt dilution in target
media (∼1:10,000) mixed with the tip of an insulin syringe needle
on 24 mm × 32 mm slides (ISO 8037/I, Thermo Scientific1).
The spermatozoon motility was monitored for 60 s from 15 s
post-activation using a CCD video camera (Sony, SSCDC50AP2)
mounted on an inverted microscope equipped with a cooling
stage (Olympus IX833) and a 20 × NIC contrast objective lens.
Trials were conducted in triplicate.

Thermoblock (HLC BO50/154) and a copper-constantan
thermocouple (Omega, L-044T, Taiwan) equipped with a data
logger thermometer (Omega, HH1275) were used to adjust
and record the temperature during motility, respectively. The
recorded videos were analyzed using ImageJ software6 and
a computer assisted sperm analyzer (CASA) plugin (Wilson-
Leedy and Ingermann, 2007) upgraded according to Purchase
and Earle (2012) to obtain individual spermatozoon motility
parameters. The representative data of spermatozoon motility
including curvilinear velocity (VCL, time-averaged velocity of the
spermatozoon head along its actual curvilinear path, µm s−1)
and linearity [LIN, defined as straight line velocity (VSL) per
velocity average path (VAP), %] were collected from more than
40,000 spermatozoa. Spermatozoa with VCL < 10 µm s−1 were
considered immotile and omitted from analysis.

Assessment of Spermatozoon Volume
(Swelling)
Assessment of spermatozoon volume change was carried out
according to Dzuba et al. (2001) and Bondarenko et al. (2013).
Briefly, optical density of the milt suspension was measured
using a spectrophotometer (SPECORD 210; Analytic Jena AG)
equipped with a thermostat-controlled cell chamber in a 1 cm
light path cuvette at wavelength of 500 nm. The milt:medium
dilution rate ranged from 1:200 to 1:150 to obtain initial
absorbance near 0.5. Seminal fluid was not included as a medium,
since obtaining a volume sufficient for measurement was not
feasible. Instead, ionic (AM) and non-ionic (Suc 270 and Suc
270+ Ca2+) media with osmolality close to that of SF were used.
Immediately after adding milt to the target solutions, the cuvette
was placed in the spectrophotometer and optical density every
0.5 s for 60 s was recorded. The measurements were conducted in
triplicate for each milt sample.

To illustrate the dynamics of spermatozoon volume change,
the spermatozoon swelling rate, a value representing the change
of relative optical density (ROD), was calculated according to
Dzuba and Kopeika (2002) and Bondarenko et al. (2013) based
on the equation

RODn = (OD0 − ODn)/OD0

1www.thermoscientific.com
2www.sony.com
3https://www.olympus-lifescience.com/en/microscopes/inverted/ix83/
4www.ditabis.com
5www.omega-cana.com
6https://imagej.nih.gov/ij/

where OD0 is the value of initial optical density immediately after
adding milt to the target solutions, and ODn is the value of optical
density at each time point. The ROD at 60 s post-activation
(ROD60) was used for evaluation of spermatozoon swelling rate
at the end of motility.

Analysis of Lipid Composition
To compare spermatozoon lipid composition of normally
activated spermatozoa with that activated at high temperature,
analysis of spermatozoon lipid composition was conducted at 4
and 30◦C in milt diluted in SF and AM. A 150 µL milt sample
from each of five males was diluted with 1,350 µL target media
and incubated at 4 and 30◦C for 2 min, the maximum time
required for cessation of progressive movement. The milt samples
were centrifuged at 1,000 × g for 5 min at 4◦C, and pellets were
used for spermatozoon lipid composition analysis.

Fat Extraction
Lipid extraction was carried out according to Hara and Radin
(1978) with a slight modification for fish spermatozoa. Solvents
and chemicals used were obtained from Merck (Darmstadt,
Germany). The sample was weighed and homogenized in hexane-
isopropanol (3:2, v/v). The homogenized sample was placed in a
centrifuge tube, and 6.67% of Na2SO4 was added and centrifuged
at 2,737 × g for 5 min. The upper phase of the homogenate
containing lipids was transferred into pre-weighed tubes and
evaporated using nitrogen. The weighed samples were dissolved
in hexane and stored at−80◦C until further analysis.

Fatty Acid Analysis
To investigate fatty acid (FA) composition, methylation of total
lipids was performed using a combination of NaOH and boron
trifluoride-methanol complex according to Appelqvist (1968).
Fatty acid analysis was performed using gas chromatography
(Trace Ultra FID; Thermo Scientific, Milan, Italy) on a BPX-
70 50 m fused silica capillary column (i.d. 0.22 mm, 0.25 µm
film thickness, SGE, United States) as described by Sampels
et al. (2005). The FAs were identified by comparison of sample
retention times with those of the standard mixture GLC-68-
A (Nu-Chek Prep, Elysian, United States) and other previously
validated standards (Nu-Chek Prep, Elysian, United States;
Larodan, Sweden).

Lipid Class Composition
The procedures of Olsen and Henderson (1989) were used
for separation of major lipid classes using a mobile phase
consisting of hexane, diethyl ether, and acetic acid (85:15:2,
v/v/v). Separation and quantification of phospholipid classes
were carried out based on protocol described by Olsen and
Henderson (1989) using a mobile phase consisting of 10 mL
0.25% KCl, 10 mL methanol, 25 ml chloroform, 25 mL methyl-
acetate, and 25 ml isopropanol. Samples in both cases were
applied with a CAMAG TLC Sampler ATS4 (Camag Switzerland)
2 cm from the base edge of the TLC plates (20 cm × 10 cm;
Silica gel 60; 0.20 mm layer, Merck, Darmstadt, Germany) in
2 mm bands with an application speed of 250 nL s−1. Nitrogen
was used as spray gas. All samples were tested in duplicate, with
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FIGURE 1 | Curvilinear velocity (VCL) of Lota lota spermatozoa in relation to time post-activation (up to 60 s) at 4, 10, 20, and 30◦C in Tris, Tris + Ca2+, Suc100,
Suc100 + Ca2+, Suc270, and Suc270 + Ca2+.

distance between tracks of 9.8 mm. Separation of the lipid classes
was executed with a CAMAG Automatic Developing Chamber
2 (ADC 2) (Camag, Switzerland). To identify major lipid and
phospholipid classes, plates were dipped in a solution of 3%
cupric acetate in 8% phosphoric acid and charred for 20 min
at 160◦C. For quantitative determination of the separated lipid
classes, the plates were assessed by CAMAG TLC scanner 3
(Camag, Switzerland). Scanning was conducted at 20 mm/sec
and data resolution of 100 µm step−1, with a slit dimension of
6.00 mm × 0.45 mm at wavelength of 350 nm. The Savitzky–
Golay 7 mode was used for data filtering. The lipid classes were
identified by comparison with a standard mix of all lipid classes
(TLC 18-4A NuCheck, Prep, Elysian, United States) or single
phospholipid standards (Avanti Polar Lipids, Inc., Alabama,
United States). WinCats integration software was used for peak
integration, and manual baseline and peak correction were
applied as required.

Protein Analysis
Preparation of Samples
To prepare samples for protein analysis, separate milt samples
from 5 burbot males were diluted in SF and AM (100 µL
milt:500 µL medium), incubated for 2 min at 4 and 30◦C, and
centrifuged at 3,000× g for 20 min at 4◦C.

Protein samples were prepared as described by Xin et al.
(2019) with minor modifications. Briefly, spermatozoa were
suspended in 50 mM Tris/HCl pH 7.4 supplemented with 1%
Triton X-100 and protease inhibitors (Thermo Fisher Scientific,

Waltham, MA, United States). Samples were sonicated and
vortexed continuously for 1 h, and subsequently centrifuged
at 13,000 × g for 10 min at 4◦C. The protein concentration
was measured using a BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, United States).

Two D-PAGE Separation
2D-PAGE electrophoresis was conducted according to Xin
et al. (2019). The images of gels were captured and digitalized
using G:BOX Chemi XX6 system (Syngene, Cambridge,
United Kingdom) and analyzed using SameSpots software
(TotalLab, Newcastle upon Tyne, United Kingdom). All samples
were run at least in triplicate.

In-Gel Digestion and MALDI-MS and MS/MS Analysis
Protein spots of interest were excised from the corresponding
SDS-PAGE gel and digested with trypsin according to the
protocol by Shevchenko et al. (2006). Obtained peptides were
separated using a microgradient device (Rehulka et al., 2018)
with gradient of ACN as described (Loginov et al., 2019). MS
and MS/MS spectra were acquired using an Autoflex Speed
mass spectrometer controlled by flexControl 3.4 software (both
Bruker Daltonics). WarpLC 1.3 (Bruker Daltonics, Billerica,
MA, United States) was used for automatic measurement of
microgradient MALDI fractions. Spectra were processed using
flexAnalysis 3.4 and ProteinScape 3.1 software (Bruker Daltonics,
Billerica, MA, United States).
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FIGURE 2 | Linearity (LIN) of L. lota spermatozoa in relation to time post-activation (up to 60 s) at 4, 10, 20, and 30◦C in Tris, Tris + Ca2+; Suc 100, Suc
100 + Ca2+, Suc 270, and Suc 270 + Ca2+.

FIGURE 3 | (A) Curvilinear velocity (VCL) of L. lota spermatozoa at 15 s post-activation at 4, 10, 20, and 30◦C in Tris; Tris + Ca2+; Suc 100; Suc 100 + Ca2+; Suc
270; and Suc 270 + Ca2+. (B) Linearity (LIN) of L. lota spermatozoa at 15 s post-activation at 4, 10, 20, and 30◦C in Tris, Tris + Ca2+; Suc 100, Suc 100 + Ca2+,
Suc 270, and Suc 270 + Ca2+. Different uppercase letters indicate significant difference (P < 0.05) among studied temperatures in each solution. Different
lowercase letters indicate significant difference (P < 0.05) among studied solutions at each temperature. Data are expressed as mean ± SD. Values with the same
superscript do not differ significantly (P > 0.05).

Mascot Server 2.4 (Matrix Science, Boston, MA, United States)
was used to conduct searches against in-house prepared databases
containing protein sequences from the Gadus morhua National

Center for Biotechnology Information (NCBI) database (accessed
2018-06-05; 533,418 sequences) supplemented with sequences of
common contaminants (Max Planck Institute of Biochemistry,
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FIGURE 4 | Relative optical density (ROD) of L. lota spermatozoa in relation to time post-activation (up to 60 s) at 4, 10, 20, and 30◦C in Tris, Tris + Ca2+, Suc 100,
Suc 100 + Ca2+, Suc 270, and Suc 270 + Ca2+.

Martinsried, Germany). Parameters used for the database
search were enzyme specificity, trypsin, two missed cleavages
were allowed; fixed modifications, carbamidomethylation of
cysteine; variable modifications, N-terminal protein acetylation
and methionine oxidation. Precursor ion tolerance was set at
50 ppm, and the mass tolerance for MS/MS fragment ions
was set at 0.5 Da.

Statistical Analysis
Descriptive statistics of motility parameters from more than
40,000 spermatozoa from five fish were assessed. VCL and LIN
were calculated as a mean of average values obtained from
each male. Data were tested for normality of distribution by
the Kolmogorov–Smirnov test and checked for homogeneity
of variance. The data of VCL did not meet criteria for
homogeneity of variances and were transformed using square
root transformation. One-way ANOVA with Tukey’s post hoc
test was applied to analyze the effect of temperature and
medium on VCL. The transformation failed to satisfy normality
assumptions for LIN; thus, analysis of the effect of media
and temperature on this parameter was conducted using non-
parametric Kruskal–Wallis ANOVA with subsequent multiple
comparisons of mean ranks for all groups. To compare lipid
composition of spermatozoa diluted in SF and AM at 4 and 30◦C,
the non-parametric Mann–Whitney U-test was used. Statistical
significance was considered at P < 0.05 in all tests.

A principal component analysis (PCA) for lipid composition
(fatty acids and lipid classes) at 4 and 30◦C in AM and SF was

carried out using Unscrambler v. X 10.1 software (Camo Process
A/S, Oslo, Norway). All values were weighted with 1/SD. The
NIPALS algorithm was applied, and cross validation with three
random segments was used as validation model. We identified
two principal components (PC) with PC1 and PC2 describing
44 and 16% of data variability. These PCs were presented
as scatterplot with 95% confidence ellipses. All analyses and
plotting were conducted using STATISTICA [TIBCO Software
Inc. (2018). v.13.7] and Microsoft Excel software.

RESULTS AND DISCUSSION

Effect of Temperature on Spermatozoon
Motility Parameters in Relation to
Activation Medium Osmolality
General Trends
Motility duration, velocity, and fertilizing ability of fish
spermatozoa may be strongly influenced by ambient temperature
(Cosson et al., 1985; Billard et al., 1995; Bombardelli et al.,
2013; Dadras et al., 2016) and osmolality (Billard et al., 1995;
Wilson-Leedy et al., 2009). The osmolality of media used for
activation of spermatozoa has a significant effect on ATP level
(Boryshpolets et al., 2009). However, still no defined metabolic
pathway responsible for these changes has been identified.

7http://tibco.com
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FIGURE 5 | Relative optical density of L. lota spermatozoa at 60 s post-activation (ROD60) at 4, 10, 20, and 30◦C in Tris, Tris + Ca2+, Suc 100, and Suc
100 + Ca2+. Different uppercase letters indicate significant difference (P < 0.05) among studied temperatures in each solution. Different lowercase letters indicate
significant difference (P < 0.05) among studied solutions at each temperature. Data are expressed as mean ± SD. Values with the same superscript do not differ
significantly (P > 0.05).

Burbot spermatozoon motility behavior at different
osmolalities in relation to temperature was investigated
in vitro. Trends of changes in spermatozoon VCL and LIN
in the six studied media (Tris, Tris + Ca2+, Suc100, Suc
100 + Ca2+, Suc 270 and Suc 270 + Ca2+) are shown in
Figures 1, 2, respectively. The trends of spermatozoon VCL
and LIN in SF are presented in Supplementary Figures 1,2,
respectively. The trend of VCL in spermatozoa diluted in SF
(Supplementary Figure 1) was similar to that in non-ionic
isotonic medium (Figure 1). The VCL showed nearly identical
patterns in Tris and Tris + Ca2+ media (the media with
lowest osmolality among those used) with the lowest VCL
observed at 30◦C and the highest VCL at 4◦C during the
course of motility (Figure 1). In contrast, in a study of sterlet
Acipenser ruthenus spermatozoa, Dadras et al. (2016) observed
the highest VCL at a high temperature (24◦C) in hypotonic
activation medium.

The spermatozoa diluted in non-ionic isotonic media (Suc
270 and Suc 270 + Ca2+) showed similar initial VCL at 4
and 30◦C, however, at 30◦C, a sharp decrease of VCL in
Suc 270 and a gradual decrease of VCL in Suc 270 + Ca2+

were observed (Figure 1). This may be due to higher
sensitivity of burbot spermatozoa to Ca2+ at high temperature
(Dadras et al., 2019).

The spermatozoa diluted in hypotonic media (Tris and
Tris + Ca2+) exhibited shorter motility (∼20–30 s) and lower
VCL at 30◦C compared to media with higher osmolality, possibly
due to osmotic shock and consequent hypotonic cell swelling
(Perchec-Poupard et al., 1997; Cosson, 2008; Bondarenko et al.,
2013). The short duration of spermatozoon motility and lower
VCL in Tris and Tris + Ca2+ at 30◦C compared to the other
temperatures in the same media (Figure 1) might be attributed to
greater vulnerability of spermatozoa to osmotic pressure at higher
temperatures (Dadras et al., 2019).

The trend of LIN with time post-activation was similar in all
studied conditions (Figure 2 and Supplementary Figure 2) and
not affected by medium osmolality or temperature, similar to
reports for osmolality by Dziewulska and Pilarska (2018).

The VCL of spermatozoa was significantly lower at higher
temperatures in hypotonic media (Tris ± Ca2+), particularly
at the initial phase of motility, with the maximum at 15 s
post-activation at 30◦C of 27 and 73 µm s−1 at 4◦C. In
activation media with higher osmolality, the initial VCL (15 s
post-activation) showed smaller differences among the studied
temperatures with activation by Sucrose 100 ± Ca2+ (maximum
of 55 µm s−1 at 30◦C and 73 µm s−1 at 4◦C) and by Suc
270 ± Ca2+ (maximum of 68 µm s−1 at 30◦C and 52 µm
s−1 at 4◦C). At 20–25 s post-activation in all studied media,
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TABLE 1 | Fatty acid composition (%) of Lota lota spermatozoa diluted in seminal fluid (SF) and activation medium (AM) at different in vitro temperatures.

4◦C 30◦C

SF AM SF AM

Saturated fatty acid

C14:0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1

C16:0 17.2 ± 0.6 17.5 ± 1.2 17.1 ± 0.9 17.3 ± 0.8

C18:0 7.2 ± 0.5 7.2 ± 0.5 7.1 ± 0.4 7.2 ± 0.5

C20:0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

Mono-unsaturated fatty acid

C16:1n−7 1.5 ± 0.2 1.6 ± 0.2 1.5 ± 0.2 1.6 ± 0.2

C18:1n−7 4.1 ± 0.2 4.1 ± 0.2 4.1 ± 0.2 4.1 ± 0.2

C18:1n−9 13.8 ± 0.8 13.5 ± 0.7 13.7 ± 0.7 13.6 ± 0.8

C20:1n−9 1.5 ± 0.3 1.5 ± 0.3 1.6 ± 0.3 1.5 ± 0.3

C22:1n−9 1.1 ± 0.7 1.0 ± 0.2 2.0 ± 0.3 1.0 ± 0.2

C24:1n−9 0.3 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1

Poly-unsaturated fatty acid

C18:2n−6 3.7 ± 0.5 3.7 ± 0.5 3.5 ± 0.5 3.7 ± 0.5

C18:3n−3 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1

C20:2n−6 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 1.1

C20:3n−3 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1

C20:3n−6 2.1 ± 0.4 2.1 ± 0.3 2.0 ± 0.4 2.0 ± 0.4

C20:4n−6 20.1 ± 0.9 20.3 ± 1.0 19.9 ± 1.0 20.3 ± 1.0

C20:5n−3 11.4 ± 0.9 11.4 ± 0.2 11.3 ± 1.0 11.5 ± 1.0

C22:3n−3 1.4 ± 0.2 1.5 ± 0.1 1.4 ± 0.1 1.5 ± 0.2

C22:5n−3 30.0 ± 0.1 2.9 ± 0.0 3.0 ± 0.1 3.0 ± 0.1

C22:6n−3 6.9 ± 0.6 6.9 ± 0.7 7.0 ± 0.8 7.0 ± 0.6

6 SFA 24.8 ± 0.6 25.1 ± 1.4 24.6 ± 0.5 25.0 ± 0.8

6 MUFA 22.3 ± 1.0 21.7 ± 1.0 23.0 ± 0.5 21.8 ± 1.0

6 PUFA 51.5 ± 0.6 51.8 ± 1.0 51.0 ± 0.3 52.0 ± 0.5

6 n/3 23.5 ± 1.2 23.7 ± 1.5 23.5 ± 1.6 24.0 ± 1.3

6 n/6 25.6 ± 1.2 25.7 ± 1.3 25.2 ± 1.3 25.7 ± 1.2

n6/n3 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1

UFA/SFA 2.97:1 2.92:1 3:1 2.95:1

Data are mean ± SD.
No significant difference was observed among groups (Mann–Whitney U test). SFA, saturated fatty acid; MUFA, mono-unsaturated fatty acid; PUFA, poly-unsaturated
fatty acid; 6 n/3, total omega-3 fatty acids; 6 n/6, total omega-6 fatty acids.

VCL remained at the highest level at 4◦C compared to the
higher temperatures.

Comparative Effects
After comparison of general trend of VCL and LIN, the motility
at 15 s post-activation at different temperatures was compared in
each medium as well as at each temperature among target media
(Figures 3A,B).

The spermatozoon VCL in Tris medium showed significant
differences between low (4◦C) and high (20 and 30◦C)
temperatures (Figure 3A), with the lowest recorded at 30◦C
(23.33 ± 3.56 µ ms−1). A similar relationship was observed
in Tris + Ca2+ (Figure 3A). Comparison of spermatozoon
motility in Suc 100 at different temperatures showed VCL at 30◦C
(55.35 ± 3.82 µm s−1) to be significantly lower than at other
temperatures (Figure 3A). Significant differences of VCL in Suc
100 + Ca2+ were revealed between 30 (51.65 ± 7.7 µm s−1)
and 10◦C (73.68 ± 2.6 µm s−1) as well as between 30 and 20◦C

(72.4 ± 14.49 µm s−1) (Figure 3A). The VCL in Suc 270 did not
differ with temperature (Figure 3A).

At 4◦C, the VCL in Suc 270 + Ca2+ (41.58 ± 19.5 µm s−1)
was significantly lower than that recorded in Sucr 100, Tris,
and Tris + Ca2+ (Figure 3A). At 10◦C, spermatozoon VCL
in Tris (59.94 ± 5.87 µm s−1) was significantly lower than in
Suc100 (88.04 ± 4 µ ms−1) (Figure 3A). In addition, the mean
spermatozoon VCL in Tris at 20◦C (39.91 ± 3.53 µm s−1) was
significantly lower than was recorded in Suc 100, Suc 100+Ca2+,
Suc 270 and Suc 270 + Ca2+ (Figure 3A). The spermatozoa
activated in Tris (23.33 ± 3.56 µm s−1) and Tris + Ca2+

(27.16± 1.96 µm s−1) showed significantly lower VCL compared
to all other groups at 30◦C (Figure 3A). Comparison of the LIN
in Tris, Tris+ Ca2, Suc 100, Suc 100+ Ca2, Sucrose 270, and Suc
270+ Ca2 did not differ with temperature (Figure 3B).

In line with reported threshold of osmolality of sucrose
(>450–480 mOsm kg−1) for burbot spermatozoa motility
(Dziewulska and Pilarska, 2018), the spermatozoa were motile
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in non-ionic solutions (Suc 100 and Suc 270 ± Ca2+) in the
present study. The results showed that higher temperatures
increase burbot spermatozoa vulnerability to osmotic pressure,
affecting negatively motility of burbot spermatozoa in extremely
hypotonic media (Tris and Tris + Ca2+). This hypotonic
signal can induce swelling and efflux of K+, resulting
in membrane hyperpolarization (Morisawa et al., 1983a;
Takai and Morisawa, 1995; Krasznai et al., 2000).

Effect of Temperature on Spermatozoon
Volume in Relation to Osmolality
General Trends
Information about the role of swelling in motility activation
of freshwater fish spermatozoa is scarce. A significant
correlation of hypo-osmotic swelling with progressive motility
of spermatozoon has been reported in mammals (Padrik et al.,
2012). Trends of spermatozoon volume changes illustrated
by relative optical density in the six studied media (Tris,
Tris + Ca2+, Suc 100, Suc 100 + Ca2+, Suc 270, and Suc
270 + Ca2+) are shown in Figure 4. The trend of spermatozoa
volume change in AM is presented in Supplementary Figure 3.

Spermatozoon swelling in hypotonic conditions might play
different roles depending on the spermatozoon motility signaling
mode of fish species (Bondarenko et al., 2013). A considerable
increase of ROD, representing spermatozoon swelling, in
spermatozoa diluted in Tris was observed at 20 and 30◦C
compared to 4◦C (Figure 4). In spermatozoa diluted in
Tris + Ca2+, higher ROD was observed at 10 and 30◦C
(Figure 4), showing temperature dependency of spermatozoon
swelling in burbot. The trend of change in ROD in Tris at 30◦C
was steeper compared to Tris + Ca2+ at the same temperature,
suggesting that spermatozoon swelling at high temperature is
inhibited by external Ca2+ in burbot.

In Suc100 and Suc 100 + Ca2+, extremely low levels of
swelling were observed with slight increase of ROD at all
temperatures over the course of 60 s, with no difference among
the studied temperatures (Figure 4). No changes of ROD were
observed in Suc 270, Suc 270 + Ca2+ (Figure 4) and AM
(Supplementary Figure 3) during the 60 s period. This lack
of swelling in artificial isotonic media can be generalized to
spermatozoa diluted in SF. The swelling of burbot spermatozoa
at 4◦C, a temperature close to the natural spawning temperature,
was not observed at a high level, while higher spermatozoon
swelling was detected at 30◦C. Swelling of burbot spermatozoa
was higher in extremely hypotonic media (Tris and Tris+ Ca2+)
and increased at high temperatures (20 and 30◦C). However,
in species with an osmotic-dependent activation mode of
spermatozoon motility such as carp, a significant spermatozoon
volume change is involved in the motility activation process at
natural spawning temperature (Bondarenko et al., 2013).

Comparative Effects
To better visualize differences in spermatozoon swelling, the
ROD60 was assessed in each medium at different temperatures as
well as at each temperature in different tested media (Figure 5).
The trends of ROD in Suc 270, Suc 270+ Ca2+, and AM did not

differ with temperature (Figure 4). The results in media in which
ROD changed over time included Suc 100, Suc 100 + Ca2+, and
Tris and Tris+ Ca2+ are presented in Figure 5.

The level of spermatozoon swelling in Suc 100 and Suc
100 + Ca2+ was significantly lower at 4◦C (0.14 ± 0.04)
compared to other temperatures (Figure 5). The spermatozoa
activated in Tris and Tris + Ca2+ exhibited similar levels of
swelling at 4 (Tris: 0.27 ± 0.05 and Tris + Ca2+: 0.24 ± 0.02) as

TABLE 2 | Proportions (%) of phospholipid classes including SM, sphingomyelin;
PC, phosphatidylcholine; PI, phosphatidylinositol; CL, cardiolipin; and PE,
phosphatidylethanolamine in Lota lota spermatozoa diluted in seminal fluid (SF)
and activation medium (AM) at different temperatures.

4◦C 30◦C

SF AM SF AM

SM 4.2 ± 1.2 4.2 ± 1.0 4.2 ± 0.7 4.1 ± 1.3

PC 33.1 ± 1.6 31.6 ± 2.1 32.6 ± 1.4 32.5 ± 2.9

PI 9.6 ± 1.7 11.1 ± 2.3 10.8 ± 1.6 10.7 ± 1.9

CL 3.6 ± 1.0 4.9 ± 1.9 4.1 ± 1.1 4.5 ± 1.7

PE 49.5 ± 3.3 47.6 ± 5.5 48.3 ± 2.4 48.2 ± 3.9

Data are expressed as mean ± SD.
No significant difference was observed among groups (Mann–Whitney U test).

TABLE 3 | Proportions (%) of total phospholipid (PL), total cholesterol (Chol), and
Chol: PL in Lota lota spermatozoa diluted in seminal fluid (SF) and activation
medium (AM) at different temperatures.

4◦C 30◦C

SF AM SF AM

PL 70.4 ± 2.0 70.8 ± 2.1 71.1 ± 2.1 71.6 ± 1.4

Chol 29.6 ± 2.0 29.2 ± 2.1 28.9 ± 2.1 28.4 ± 1.4

Chol: PL 42.1 ± 4.1 41.5 ± 4.3 40.9 ± 4.1 39.8 ± 2.9

Data are expressed as are mean ± SD.
No significant difference was observed among groups (Mann–Whitney U test).

FIGURE 6 | Scatterplots of principal component scores based on lipid
composition of L. lota spermatozoa after incubation at 4 and 30◦C. 95%
prediction interval ellipses for different temperatures are shown by different
colors. Data of samples incubated in AM or SF were included in analysis.
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FIGURE 7 | Representative protein profiles of L. lota spermatozoa after dilution in AM and SF. Each specimen was analyzed five times by two-dimensional gel
electrophoresis. Circles show differentially expressed protein spots. Molecular weight marker is on the right. pI, isoelectric points.

well as at 10◦C (Tris: 0.33 ± 0.03 and Tris + Ca2+: 0.29 ± 0.04)
(Figure 5). A similar trend in Tris and Tris+ Ca2+ was observed
at both 20 and 30◦C (Figure 5). However, the ROD60 at 4 and
10◦C was significantly lower than that observed at 20 and 30◦C
in both mentioned media, showing a higher swelling rate at
high temperatures.

Lower ROD60 was revealed in sperm diluted in Suc 100
and Suc 100 + Ca2+ compared to that diluted in Tris and
Tris + Ca2+ at all studied temperatures, showing an increase
of spermatozoon volume with exposure to low environmental
osmolality (Perchec-Poupard et al., 1997).

Spermatozoon swelling at 60 s was greater than at 30 s
in Tris (Figure 4). A short motility duration (∼20–30 s)
was observed in hypotonic media at 30◦C and the results
of changes of ROD showed that swelling continued even
after cessation of motility. It is assumed that the decrease of
motility duration in hypotonic media might be accompanied
by high degree of cell swelling and probably structural changes.
However, species-specific modes of spermatozoon motility
signaling might affect the role of spermatozoon swelling in
hypotonic media.

Swelling of burbot spermatozoa during motility in hypotonic
conditions appears to be a temperature-dependent mechanism.
No swelling was observed during 60 s motility in ionic and non-
ionic isotonic media (Suc 270, Suc 270 + Ca2+, and AM) at any
studied temperature, suggesting that spermatozoon swelling is
not involved in signaling of spermatozoon motility activation and
spontaneous activation of burbot.

Effect of Temperature on Lipid
Composition of Spermatozoa in Relation
to Osmolality
The physicochemical state of the plasma membrane determines
reactions of fish spermatozoa to environmental changes
(Engel et al., 2019, 2020). Fluidity of the spermatozoon
membrane is influenced by lipid composition and ambient
temperature, which can affect the state of the membrane lipids
(Pustowka et al., 2000).

Analysis of FA composition of burbot spermatozoa (Table 1)
showed no difference in spermatozoa PUFA content among
studied conditions. The proportions of mono-unsaturated fatty
acids (MUFA) and saturated fatty acids (SFA) in spermatozoa
were not affected by temperature or medium (Table 1).

Burbot spermatozoa was characterized by a high PUFA
concentration (51.0 ± 0.3–52.0 ± 0.5%), similar to that reported
in sterlet and ocellate river stingray Potamotrygon motoro, fishes
with external and internal modes of fertilization, respectively
(Engel et al., 2020). We identified three PUFAs in wild burbot:
C20:3n−3, C20:3n−6, and C22:3n−3. C22:3n−3 has not been
previously reported in either wild or cultured burbot. This
study also represents the first report of the MUFAs C20:1n−9
(1.5 ± 0.3–1.6 ± 0.3%), C22:1n−9 (1.0 ± 0.2–2.0 ± 0.3%), and
C24:1n−9 (0.3± 0.0–0.3± 0.1%) in burbot spermatozoa.

The identified classes of PLs in burbot spermatozoa is
presented Table 2. No differences were observed in phospholipids
(PL) in the studied conditions (Table 2).

No significant differences were observed in the proportion
of total PL, total cholesterol (Chol), and Chol:PL in activated
spermatozoa at the studied temperatures (Table 3). The observed
proportion of PL (70.4 ± 2.0–71.6 ± 1.4%) was considerably
higher than previously reported (58.27 ± 2.38%) in wild burbot
(Blecha et al., 2018). The proportion of spermatozoa Chol
reported by Blecha et al. (2018) in wild burbot (41.73 ± 2.31%)
was higher than Chol measured in the present study (28.4± 1.4–
29.6 ± 2.0). To summarize the relationship of spermatozoa lipid
composition and motility in burbot, scatterplots of principal
component scores based on lipid composition of spermatozoa
diluted in SF and AM after incubation at 4 and 30◦C is
presented in Figure 6. No difference was observed among studied
conditions in the relationship of spermatozoa lipid composition
to motility in burbot. Lipid composition does not appear to play
a role in spontaneous activation of burbot spermatozoa.

Effect of Temperature on Protein Profile
of Spermatozoa in Relation to Osmolality
Dispersal of fish species from salt to freshwater involved
reproductive adaptation resulting in high variation of genetic
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TABLE 4 | Differentially expressed proteins in burbot spermatozoa diluted in seminal fluid (SF) and activation medium (AM).

Dilutant Spot
number

Accession
numbera

Protein
description

Scoreb Sequence
coveragec

(%)

Molecular
weight
(Da)/pId

Cellular
component

Biological
function

Molecular
function

AM 1 XP_0302
27665.1

Radial spoke head
protein 6 homolog
A-like [Gadus
morhua]

93.99 8 57985/4.43 Radial spoke Cilium assembly.
Cilium movement
involved in cell
motility.

–

SF 4 and 5 XP_03021
8895.1

Serotransferrin-like
[Gadus morhua]

53.23 5 73041/5.20 Extracellular
region

Ion transport. Iron
ion homeostasis.

Metal ion binding

AM 7 XP_03020
0482.1

T-complex protein 1
subunit alpha
[Gadus morhua]

40.8 6 60540/5.82 Cytoplasm Protein folding.
Kupffer’s vesicle
development.

ATP binding.
Unfolded protein
binding.

AM 8 XP_0302
02466.1

T-complex protein 1
subunit gamma
[Gadus morhua]

29.4 4 59541/5.98 Cytoplasm Protein folding.
Kupffer’s vesicle
development.

ATP binding.
Unfolded protein
binding.

AM 10 XP_03021
3626.1

ATP synthase
subunit alpha
mitochondrial
[Gadus morhua]

69.68 4 59753/9.01 Proton-
transporting
ATP synthase
complex,
catalytic core F
(1)

ATP synthesis
coupled proton
transport

ATP binding.
Proton-transporting
ATP synthase
activity, rotational
mechanism.

aAccession number refers to the sequence retrieved from the NCBInr protein database.
bProbability-based score value resulting from the MS/MS search.
cSequence coverage calculated from the peptide MS/MS data.
dTheoretical molecular weight and pI values.

information in gametes and consequently high variation in
spermatozoa characteristics (Pearse, 1950; Alberts et al., 2002).
Proteins of seminal plasma and spermatozoa play a prominent
role in adaptation of teleostean and chondrostean fishes to the
reproductive environment, being involved in the protection of
spermatozoa in the quiescent state (Loir et al., 1990; Zhelenova
et al., 2000; Wojtczak et al., 2005, 2007) and the regulation
of motility and molecular functions of spermatozoa following
impaired spermatozoon function (Li et al., 2010; Zilli et al., 2014;
Dietrich et al., 2015).

We did not find differences in the protein profiles of
samples incubated at 4 and 30◦C using comparison of obtained
2D gels. Comparison of gels from milt samples incubated in
AM and SF, regardless of temperature, revealed 15 protein
spots with significantly different expression (Figure 7). These
spots were excised from the gels and subjected to MS
identification. In this first report of burbot spermatozoa,
six protein spots were identified (Table 4). Differentially
expressed proteins in spermatozoa diluted in AM were radial
spoke head protein 6 homolog A-like (spot 1), T-complex
protein 1 subunit alpha (spot 7), T-complex protein 1
subunit gamma (spot 8), and ATP synthase subunit alpha
mitochondrial (spot 10) (Table 4). Serotransferrin-like proteins
(spots 4 and 5) were detected in spermatozoa diluted in
SF (Table 4).

The increased number of expressed proteins in spermatozoa
diluted in AM could be attributed to leakage of intracellular
proteins from spermatozoa into the surrounding medium,
resulting in dynamic changes in the spermatozoa proteome
(Dietrich et al., 2019). These alterations might be involved
in the mechanism of the motility pathway and account
for movement trajectory disturbances after dilution of

spermatozoa (Inaba, 2011). Other mechanisms may be involved
in the observed differences in protein profile and require
further investigation.

Most reported information on the proteins detected in
the present study is derived from studies of mammalian
sperm. To our knowledge, this is the first report of radial
spoke head protein 6 homolog A-like, T-complex protein 1
subunit alpha, T-complex protein 1 subunit gamma, ATP
synthase subunit alpha mitochondrial, and serotransferrin-like in
burbot spermatozoa.

Based on the present results, no difference of protein profile
was observed in activated spermatozoa at high temperature
(30◦C), and further studies are required to elucidate the role of
proteins in the spontaneous activation of burbot spermatozoa
at elevated temperature without involvement of an external
medium, a unique trait among fishes. The obtained results
include information of several biomolecules in spermatozoa of
burbot, the only gadiform freshwater fish, which represents a
potential area for future research.

CONCLUSION

Burbot spermatozoa show increased vulnerability to osmotic
pressure in extremely hypotonic media at 20 and 30◦C. Osmotic
shock results in spermatozoon swelling, particularly at high
temperature (20 and 30◦C), and a decreased swelling rate
in the presence of Ca2+. Swelling, protein profile, and lipid
composition do not seem to be involved in, or affected by,
activation of spermatozoon motility at high temperatures. Burbot
spermatozoon activation by high temperature (30◦C) occurs
without modification of the spermatozoon membrane, and
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elucidation of intrinsic signaling pathway of this phenomenon
requires further study.
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Żarski, D., Sasinowski, W., Kucharczyk, D., Kwiatkowski, M., Krejszeff, S., and
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