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Sperm motility

Tilani environmental temperature effects on sperm motility of tilapia Oreochromis niloticus, a tropical
ilapia

fish species selected because of its aquaculture importance and capacity to reproduce in a broad
range of water temperatures. Effects of environmental temperature on the spermatozoa motility
characteristics were studied by temperature-controlled video-microscopy and CASA analysis at
temperature range from 5 to 50 °C. It appeared that the Nile tilapia spermatozoa exhibit an
unexpected capacity to express very different velocity characteristics over this temperature
range. In the lower temperature range (5-10 °C), the percentage of motile cells was markedly
variable among males. An abrupt increase in the linearity index was observed between 15 and
20 °C suggesting a physiological threshold in sperm movement at about 20 °C which is the
minimum temperature for reproduction in the Nile tilapia. With faster spermatozoa velocity,
there was a reduction of the motility duration at the greater temperatures. Initially, there is an
increase in sperm velocity as the temperature increased until the maximal velocity occurred at 40
to 50 °C which is a temperature beyond that which occurs in natural spawning conditions. Results
of the present study clearly indicate the importance of considering ambient temperature when
charactering sperm motility and in determining optimal temperature conditions for fertilization
in fish.

1. Introduction

Present knowledge related to sperm motility in fish (Morisawa, 1985, 1994; Cosson, 2008) can be summarized as follows: 1)
spermatozoa motility is a prerequisite for fertilization; 2) motility initiation appears as an extremely rapid response of the sper-
matozoon flagellar apparatus to environmental signals (Prokopchuk et al., 2015), primarily osmolality or ionic composition
(Morisawa and Suzuki, 1980); 3) depending on the species, sperm motility activation as a result of environmental signals can be
“osmotic” or “ionic” (Morisawa and Suzuki, 1980); 4) spermatozoa motility results from a complex series of biochemical reactions
involving signal sensing and transduction through the spermatozoon plasma membrane (Dzyuba and Cosson, 2014) with regulation
of the signal being energy-dependent at the flagellar dyneins and for activation of the flagellar axoneme (Inaba et al., 1998).
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Results of previous studies on different fish species, mostly from temperate or cold water, indicate there is an inverse relationship
between environmental temperature and duration of sperm motility which could be the result of expenditure of limited energy stores
available for motility (Alavi and Cosson, 2005; Dadras et al., 2017). Experimental evidence is insufficient for a general understanding
of the underlying physiological mechanisms by which temperature affects fish sperm functionality. Studies of the effect of relatively
greater temperatures on sperm velocity yielded results that were ambiguous and inconsistent with results being particularly scarce for
tropical fish.

The group of tilapia species (Cichlidae) is ranked second after carps in terms of world aquaculture production. Among these, the
Nile tilapia (Oreochromis niloticus) represents a major fish species for aquaculture worldwide. Its total production amounted to about
3.9 million tons in 2015 (Fisheries and aquaculture software. FishStatJ - software for fishery statistical time series, 2017). Its re-
production occurs over a wide range of habitats and thermal conditions, from 20 to 40 °C (Philippart and Ruwet, 1982; Trewavas,
1983; Baroiller and Toguyeni, 2004; Bezault et al., 2007). In a previous study (Legendre et al., 2016), with another tilapia species
(Sarotherodon melanotheron heudelotii) there was elucidation of a specific environmental ion-dependent mechanism of sperm motility
activation that allows sperm motility to occur in ambient water salinities from O to greater than 70. In the present study, there is a
focus on the characterization of phenotypic plasticity of sperm activation and motility characteristics of O. niloticus sperm in response
to changes in ambient temperature when there is constant osmotic and ionic conditions. Other than a contribution to basic knowledge
on fish sperm thermal tolerance and physiology, consideration of the results of this study should lead to subsequent improvements in
assisted reproductive aquaculture technologies.

2. Materials and methods
2.1. Fish and rearing conditions

The fish were the descendants of specimens of the Manzala (Egypt) Lake aquaculture domestic strain maintained for more than 18
years at the ISE-M experimental facility in Montpellier (France). Males become sexually mature at 5-6 months of age. Sperm
characteristics were analyzed when the fish were 12-36 months old. A total of 22 males (80-400 g) was examined in the present
study, of which 14 could be manually stripped to collect sperm.

All broodstock of O. niloticus with a photoperiod being imposed of 12 h light/12 h dark, at a stocking density of 10-30 fish/m> and
a sex-ratio of 1:3 (male:female), in 500- to 2000-L indoor tanks connected to a water recirculation system; equipped with mechanical
and biological filters to maintain good water quality. Water temperature was maintained at 26-29 °C using thermostatically
(Biotherm 2000) controlled 300-W submersed heaters and oxygen was maintained near saturation with use of air stone bubbling
technologies. All fish were fed commercial pelleted diets ad libitum (32% and 41% crude protein, for adults and juveniles, respec-
tively).

2.2. Sperm collection and characteristics

The fish were anaesthetized (Eugenol, 0.05 mL/L), placed on a bench and the urinary bladder was emptied by applying gentle
hand pressure at the posterior part of the abdomen. The surface of the abdomen was carefully dried with absorbent paper and the
males were then stripped for sperm collection with the drops of sperm being directly collected into a micropipette at the opening of
the genital papilla. The aspirated sperm (50-400 uL depending upon individuals) was transferred in 1.5-mL Eppendorf tubes
(FlipTube, Gemii GmbH, Switzerland) and immediately stored on crushed ice until subsequent motility determinations were made.

2.3. Sperm motility assessment

Sperm motility was observed using a negative phase contrast microscope (UB 200i, PROISER, Valencia, Spain). Motility was
recorded at 25 fps with an ISAS 782 M digital camera (PROISER, Valencia, Spain) on the bottom surface of the activation medium
droplet that was placed on a glass slide. Video records were analyzed using the Integrated Semen Analysis System software (ISASv1,
PROISER, Valencia, Spain). Analysis was performed at 1-s intervals to estimate the values for the following variables: percent motile
cells, VCL (curvilinear velocity over the actual path, um/s), VSL (average velocity of the sperm head through the straight line
connecting the first and last position of the track, um/s), LIN (linearity of track, VSL/VCL). The following settings of ISASv1l were
applied for making the assessments: 1) threshold for sperm motility: VCL = 20 um/s, 2) species: ‘fish’, 3) calibration: pre-adjusted
using PROISER for use of the objective lens.

In all motility assessment trials, the same swimming medium (SM) was used for sperm activation with composition being as
follows: NaCl, 40 mM; Tris—HCI, 10 mM; pH 8.2; 0.25%, pluronic acid; and osmolality, 97 mOsm/kg.

The sperm motility characteristics were studied in a range of temperatures from 5 to 50 °C. For temperature control during sperm
motility assessment, a temperature-controlled stage (SEMIC” BIOELEKTRONIKA, Krakow, Poland) was fitted in place of the regular
stage of the microscope. The actual temperature in the assay drop on the stage was controlled by using a copper-constantan type T
thermocouple with a diameter 0.1 mm (Model L-0044 T, Omega, Stamford, USA), connected to a thermocouple data logger (OM-CP-
QuadTemp2000, Omega, Stamford, USA). For rapid temperature equilibration and prevention of condensation, a thin coverslip was
used instead of a regular glass slide. A drop of 30 uL of SM was smeared on the coverslip pre-adjusted on the temperature-controlled
stage and 0.3 to 0.5 pL of milt was rapidly mixed in the drop of SM. An initial video-recording was started at 30 s after mixing the milt
and SM followed by conducting a second recording at 120s.
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The total duration of sperm motility at temperatures of 15, 25, 35 or 45 °C was determined in larger volumes, after mixing in a
500-uL plastic tube 10 pL of sperm of an individual fish and 200 pL of SM adjusted to the experimental temperature for 1 min before
adding sperm. During the motility assessment phase, the tube containing the sperm activated in SM was maintained in a temperature-
controlled block (PCR machine, MJ Research Inc., PTC-100) used to adjust the temperature to the selected experimental condition.
Sperm activity was estimated in 20 pL aliquots of the sperm suspension and examined using the microscope at 30, 60, 180, 360, 720
and 900 s after sperm activation. Drops of sperm suspension were pipetted from the tube and smeared on the coverslip pre-adjusted
on the temperature-controlled stage and sperm motility was recorded using the approach that was previously described in this
manuscript.

2.4. Statistical methods

To obtain data on post-activation dynamics for sperm motility variables during the entire motility assessment period, sperm
samples from four males were used. Data for sperm motility at 30 and 120 s post-activation at 5 to 50 °C were obtained from sperm
samples of six males. Each experiment was performed in triplicate.

Data for percentage motility change during the entire motility assessment period are presented using linear regression. Values
related to linear regression such as slope, intercept, coefficient of determination R? and P-values were calculated using the GraphPad
Prism version 6 for Windows software (La Jolla, CA, USA). Differences between values of slopes and intercepts were determined using
the t-test with Bonferroni corrections being calculated using a “difference test calculator” of the Statistica V 12.0 package (Statsoft
Inc., Tulsa, OK, USA).

The values for VCL, VSL and LIN variables obtained from the measurement of the motility of more than 24,000 spermatozoa were
analyzed. For statistical analysis, values for motility variables of each spermatozoon were averaged considering the male number and
experimental factors (post activation time and temperature). These averaged values were assessed for normality and homogeneity of
variances using the Shapiro-Wilks test and Levene’s test, respectively. As P-values for these tests were greater than 0.05 in all groups,
a two-way repeated measures parametric ANOVA was applied with temperature of SM and post-activation time as main effects and
“temperature x time” as the interaction term. When there was a significant interaction between effects detected, one-way parametric
ANOVA models were applied to determine the effect of temperature for each post-activation time and effect of post activation time
for each temperature using the multiple comparisons procedure of the Tukey post-hoc test.

Values for percentage motility at 5-50°C and 30-120s post motility activation intervals were not normally distributed
(Shapiro-Wilks test, P < 0.05), therefore, the nonparametric Mann-Whitney U test was applied to detect differences at 30 and 120
post activation “points of interest” only. In figures, data are depicted as mean with standard error of mean (SEM, whiskers) while
values for results obtained using the Tukey post-hoc tests are presented as separate tables in the supplementary materials 1 and 2. Null
hypotheses were rejected at P < 0.05 for all performed tests. All statistical analyses and plotting were conducted using Dell
Statistica (data analysis software system), version 13 (Dell Inc., Tulsa, OK, USA).

3. Results
3.1. Spontaneous motility

Spermatozoa movement was not observed either in milt (for samples devoid of contamination by urine) or after dilution in
seminal fluid. By contrast, motility was fully activated (> 90% motile cells) after sperm placement in the experimental SM at the
temperature of fish maintenance (28 °C).

Most sperm collected in this study (with one exception, a sample with poor motility and not used in subsequent analyses) had
maintenance of the initial potential for motility activation for periods of 2 to 3 h when stored undiluted in the individual’s seminal
fluid on crushed ice. Taking into consideration these results, the analysis of sperm motility occurred within 2h from stripping of
semen from males for all samples in the present study.

3.2. Sperm motility at different times post motility induction when there was imposing of different temperatures

The percentage of motile cells during the period of motility assessment was markedly influenced by temperature and post-
activation time (Fig. 1, Table 1). The total period during which motility was sustained was about 8 min at 45 °C and was progressively
longer when the temperature of SM was less being about 11, 13 and 15 min at 35, 25 and 15 °C, respectively. The slopes of the linear
regression lines for percent motility and time elapsed from sperm activation were greater when temperatures were greater with
significant differences in slope among the four temperatures at which assessments occurred (from 15 to 45 °C at 10 °C increments).

The values for the two velocity variables (VCL and VSL; Fig. 2A and B, respectively) were highly dependent on temperature during
the early part of the motility assessment period (first minute of motility assessment) but were similar and of lesser values after 3 min
of assessment. During the motility assessment period there were the greatest values for VCL and VSL at 45 °C at 30 s post-activation,
whereas there were no differences between 30 and 60 s post-activation at 25 °C and 35 °C and at all post-activation times at 15 °C.
There were differences in values of the VCL between 15 and 35 °C, as well as at 15 and 45 °C at 30 s post-activation and between 15
and 45 °C at 60 s post-activation. The VSL, value was less at 15 °C than at 25, 35 and 45 °C at 30 s post-activation, whereas at 60 s post-
activation there was a difference only between 15 and 45 °C.The linearity of sperm tracks (LIN) was less at 15 °C than when there
were assessments at all other temperatures at 30s post-activation and this pattern of LIN was sustained at the other motility
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Fig. 1. Linear regression lines of sperm motility percentage as a function of time elapsed since activation at different temperatures of the swimming
medium; Descriptive statistics are presented in Table 1; Data from sperm samples from three males in three repetitions were used.

Table 1

Descriptive statistics of linear regression lines of sperm motility percentage as a function of time elapsed since activation at different temperatures of
the swimming medium.

Parameter Temperature, °C
15 25 35 45
Slope, mean *= SD -0.093 + 0.008* -0.103 + 0.009" -0.138 + 0.010° -0.194 * 0.020¢
Y-intercept, mean + SD 84 + 42 85 + 42 95 + 5P 96 + 5°
R? 0.85 0.88 0.91 0.93
P < 0.0001 < 0.0001 < 0.0001 < 0.0001

Within a row, values sharing one superscript in common do not differ at P < 0.05.

assessment times except for the decrease in LIN at the latest times of assessment at 15, 35 and 45 °C (Fig. 2C). Detailed description of
statistical significance is presented in Supplementary material 1.

3.3. Initial values for sperm motility variables at different temperatures

Sperm motility was observed at a wide range of temperatures when sperm were placed in the SM (5-50 °C). At 5 °C, there was only
motility of sperm of three males (averaged values: VSL). By contrast, there was a large percentage of motile cells at 50 °C (> 90%) but
the duration of motility was less, never exceeding 1 min. For these reasons, data for sperm motility at 5 and 50 °C were not included
for statistical analysis.

Over a temperature range from10 to 45 °C, there was a large amount of variation for curvilinear velocity (VCL, mean values range
31-76 um/s), and linear velocity (VSL, mean values range 12-53 pm/s) both at 30 s and 2 min post-activation (Fig. 3A, B). At 20 and
25°C, both VSL and VCL were markedly greater than at 10 °C and there was a further increase in values for both variables when there
were increases in temperature. There were no differences in values for VCL or VSL at 40 and 45 °C. There was an abrupt increase in
the linearity index (VSL/VCL) between 15 and 20 °C (Fig. 3C). At the lesser temperatures (5-10 °C) when sperm were placed in SM,
the sperm were partially activated but there was a great amount of variability in response among males in the motility percentage at
30 s after sperm activation. The motility percentage at 10 °C increased between 30- and 120-s post-activation, indicating there was a
delay in the initiation of spermatozoa motility after placement of sperm in SM (Fig. 3D). By contrast, there was a large percentage of
motile cells (> 90%) when the temperatures were between 15 and 45 °C after placement in SM. At the 15 and 45 °C temperatures,
there were no further increases in motility percentage after the initial 2 min subsequent to placement of sperm in SM.

4. Discussion

Results of the present study indicate environmental temperatures greatly affect values for all sperm swimming variables of the
Nile tilapia. In this species, spermatozoa have a marked change in values for sperm velocity and linearity at the 5-50 °C temperature
range, however, with the increase in sperm motility as temperature increases there is a lesser duration of motility post-activation at
the greater temperatures.

Results depicted in Figure and Table 1 for percentage of swimming cells at various times subsequent to motility initiation allow
for a prediction of both sperm motility duration and initial motility percentage values that cannot be obtained experimentally
because of technical reasons. The relatively lesser motility percentage at the two lesser temperatures (15 and 25 °C) possibly indicates
that there were more spermatozoa for which motility was induced early post-activation when the temperatures were greater (35 and
45 °C). Considering that sperm motility activation is controlled through a cell signaling network of biochemical reactions (Dzyuba
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Fig. 2. Values for spermatozoa motility variables at different post-activation times as affected by temperature of the swimming medium; A -
curvilinear velocity (VCL), B — average velocity of the sperm head through the straight line (VSL), C - linearity (LIN); Mean (markers) with SEM
(whiskers) are depicted; For significance of differences see tables with Tukey test in attachment 1.

and Cosson, 2014), the phenomenon of gradual increase of fraction of motile cells at the initial period after motility induction in the
present study is likely associated with inhibition of the reactions involved in signaling for sperm motility. The intersection of the
regression lines with the X axis also provides indications about duration of the sperm motility period indicating that the duration of
the motility period varies from 900s at 15°C to 500 s at 45 °C. This observation leads to the conclusion that the greater the tem-
perature surrounding the sperm, the shorter the duration of motility subsequent to motility activation. As a consequence, a decrease
of the values for velocity combined with an increase of the motility duration leads to the prediction that the total average distance
covered by the sperm cells in a population should remain quite constant, thus minimally impairing chances of sperm-egg contact. In
general for fish sperm, when there is a decrease of the temperature of the SM, there is an associated increase of sperm motility
duration (Alavi and Cosson, 2005). This association is well established for a large variety of fish species possessing a wide tem-
perature ranges of natural spawning. The cold water spawning burbot (Lota lota; Lahnsteiner and Mansour, 2012) and warm water
spawning cascudo-preto (Rhinelepis aspera; Bombardelli et al., 2013) are a few representatives for which there have been evaluations
of such associations. There are more examples of these associations as a result of the research of Lahnsteiner (2011); Billard and
Cosson (1992); Dadras et al. (2016); Mehlis and Bakker (2014) and as reviewed by Alavi and Cosson (2005).

As previously reported for sperm of many other fish species, during the motility period, the decrease of motility percentage is
occurring in concert with a decrease of the values for the swimming variables for spermatozoa (Cosson, 2008). This is depicted in
Fig. 2A and B where there is a marked decrease of VSL and VCL values especially during the initial portions of the motility period
(first 3 min post-activation). The linear decrease of sperm velocity allows for extrapolation from these curves the value of the velocity
at the initiation time point (interception with the Y axis in Fig. 2A) and prediction of a maximum VCL value of 75 to 80 um/s at 45 °C
and in Fig. 2B a maximum VSL value of 47 to 50 um/s at 45 °C. These values are about twice that for maximum VCL and VSL
respectively, as depicted in Fig. 2A and B, but at the least temperature (15 °C). In both cases (VCL and VSL), the velocity values
plateau when there are longer periods of time for the motility phase but there is motility of a lesser fraction of the sperm population as
depicted in Fig. 1.

From the results depicted in Fig. 2A and B, it was decided for the present study to concentrate on the variations of the initial sperm
velocity only (30s and 120 s post-activation) but at a broader range of temperatures (5-50 °C). As depicted in Fig. 3A, the initial
curvilinear velocity (VCL) was about two times greater as compared with the values at the two extreme temperatures (5 compared
with 50 °C) while in the same range of temperatures, the straight-line velocity (VSL) value was almost three times regardless of time
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Fig. 3. Values for spermatozoa motility variables at 30 s and 120 s post-activation (P-A) time in relation to temperature of the swimming medium; A
— curvilinear velocity (VCL), B — average velocity of the sperm head through the straight line (VSL), C - linearity (LIN), D — motility percentage
(Motility); In A, B, C: Mean (markers) with SE (whiskers) are depicted; For significance of differences see tables with Tukey test in attachment 2; In
D: values marked by asterisk are different at 10 °C (Mann-Whitney U test, P < 0.007).

point (30s or 120 s post-activation) when assessments occurred.

For the linearity index (LIN), the values gradually increased when the temperature was in the range of 10-20 °C and were
maximal at 30 °C. The value for LIN when temperatures were in the upper range of those imposed in the present study was almost
twice that as the value at 10 °C, which indicates that there is greater circular movement of sperm when temperatures are less and that
sperm movement is straighter when the surrounding conditions become warmer. The greater circular movement for the sperm tracks
has been frequently associated with the concentration of intracellular Ca2" ions (Brokaw, 1991). In the case of tilapia spermatozoa,
the changes in pattern of the sperm swimming track at different temperatures may occur as a result of intracellular Ca®*signaling
(Morita et al., 2006).

There are few reports about the effects of temperature on fish sperm motility. In rainbow trout (Oncorhynchus mykiss) sperma-
tozoa, Cosson et al. (1985) and Billard and Cosson (1992) assessed the beat frequency of flagella and values varied from 32 Hz at 5 °C
to 55 Hz at 21 to 26 °C with the latter value corresponding to a sperm velocity of about 250 pm/s. Billard and Cosson (1986) observed
a marked increase of the flagellar beat frequency of demembranated/reactivated sperm flagella (from 23 to 82 Hz) when there was an
increase in the temperature from 5 to 25 °C. This flagellar beat frequency would be associated with an increasing ATP utilization rate
with increasing temperatures. The resulting increase of sperm velocity is because of the temperature effect, primarily on the axoneme
of the sperm tail. The duration of motility after motility induction of trout sperm varied from 5min at 5 °C to 30 s at 25 °C. The effect
of temperature on the motility duration is marked greater in trout than in tilapia sperm, a feature that could be related to the
relatively lesser and narrow range of temperatures at which trout generally reproduce (6-8 °C). The effect of temperature on the
motility duration was studied by Lahnsteiner and Mansour (2012) in three other cold-water fish species (brown trout, Salmo trutta;
burbot, L. lota; and grayling, Thymallus thymallus), leading to the conclusion that a low temperature is beneficial for increasing the
duration of sperm motility subsequent to sperm activation. There was a species-specific initial velocity of spermatozoa (measured at
10 s post-activation). Velocity of spermatozoa was less when the temperature of the activation medium was increased from 4 to 8 °C
in brown trout and burbot while velocity was not different in the temperature range of 4 to 16 °C in grayling (Lahnsteiner and
Mansour, 2012). There was an absence of the effect of temperature on sperm velocity in a temperate water spawning fish, the
European perch (Perca fluviatilis) (Lahnsteiner, 2011) and gilthead seabream (Sparus aurata) (Lahnsteiner and Caberlotto, 2012). In
contrast, there was an increase in swimming velocity with increasing temperatures in common carp (Cyprinus carpio; Dadras et al.,
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2016), Senegalese sole (Solea senegalensis; Diogo, 2010) and the three-spined stickleback (Gasterosteus aculeatus; Mehlis and Bakker,
2014). Results of the present study provide additional information about possible responses of spermatozoa to ambient temperatures.
These responses include the increase of sperm velocity without a decrease in percentage of motile sperm in an extremely wide
temperature range. Additionally, the temperatures in this experimental range are not consistent with those during natural spawning.
With hake (Merlucius merlucius) spermatozoa, flagellar beat frequency increases from 13 Hz at 5 °C to 60 Hz at 30 °C (Cosson et al.,
2010). Results in a comparative study of freshwater (rainbow trout) and marine (hake) fish indicate there is a temperature de-
pendency of beat frequency on rate of ATP store utilization by the flagellar dynein. In the present study, results from the study of Nile
tilapia, a warm water species, indicate that the initial sperm velocity after motility induction consistently increases as temperature
increases until there is a temperature well beyond that prevailing during natural spawning conditions that approaches being harmful
as a result of denaturation of some proteins.

The effect of high temperatures on fish sperm velocity is largely species specific, with there being either a negative, nil or an
optimal effect of temperature on sperm motility (Mehlis and Baker, 2014). The results of the present study supplement those from this
previous study because of the positive effect of temperature on spermatozoa until there is a temperature at which sperm lose the
capacity for motility.

5. Conclusion

The results of the present study clearly indicate the importance of ambient temperature on values for sperm motility variables and
optimal fertilization conditions in fish. The response of Nile tilapia spermatozoa to ambient temperature is an increase of velocity
without a decrease of the percentage motility at an extremely wide range of temperatures (5-50 °C). Additionally, the temperatures
affecting sperm movement is of a much wider range than that which prevails during natural reproduction in this species. The
mechanisms through which temperature affects sperm motility in this tropical fish species remain to be studied in more detail both at
the membrane as well as at the axoneme.
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