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Simple Summary: This study focuses on recreating more realistic models of global warming, par-
ticularly considering heatwave phenomena, in order to decipher its effects on fish male gametes
(spermatozoa). Our results showed that currently occurring natural heatwave events decrease the
progressive and total motility of sperm from tench males, increasing the ROS content and decreasing
the gene expression of sperm quality markers. The present results confirmed the potential negative
effect that a thermal stress model (by the occurrence of a heatwave) may have on fish spermatozoa
quality and that it might compromise its fertilization capacity, not only hindering the sustainable
farming of aquaculture species but also biodiversity conservation under current and realistic climate

Change scenarios.

Abstract: Global aquaculture growth will most probably face specific conditions derived from climate
change. In fact, the most severe impacts of these changes will be suffered by aquatic populations in
restrictive circumstances, such as current aquaculture locations, which represent a perfect model to
study global warming effects. Although the impact of temperature on fish reproduction has been
characterized in many aspects, this study was focused on recreating more realistic models of global
warming, particularly considering heatwave phenomena, in order to decipher its effects on male
gametes (spermatozoa). For this purpose, thermal stress via a heatwave simulation (mimicking
a natural occurring heatwave, from 24 to 30 °C) was induced in adult tench (Tinca tinca) males
and compared with a control group (55.02 £ 16.44 g of average body wet weight). The impact of
the thermal stress induced by this climate change event was assessed using cellular and molecular
approaches. After the heatwave recreation, a multiparametric analysis of sperm quality, including
some traditional parameters (such as sperm motility) and new ones (focus on redox balance and
sperm quality biomarkers), was performed. Although sperm concentration and the volume produced
were not affected, the results showed a significant deleterious effect on motility parameters (e.g.,
reduced progressive motility and total motility during the first minute post-activation). Furthermore,
the sperm produced under the thermal stress induced by this heatwave simulation exhibited an
increased ROS content in spermatic cells, confirming the negative effect that this thermal stress model
(heatwave recreation) might have had on sperm quality. More importantly, the expression of some
known sperm quality and fertilization markers was decreased in males exposed to thermal stress.
This present study not only unveils the potential effects of climate change in contemporary and future
fish farming populations (and their underlying mechanisms) but also provides insights on how to
mitigate and/or avoid thermal stress due to heatwave events.
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1. Introduction

Climate change is a reality, posing immediate and future threats to global food security.
Global warming and native biodiversity loss are some consequences of climate change [1].
In this sense, among others, two main warming phenomena have been reported by experts:
(1) a continued increase in global water temperatures, including ocean acidification, and
(2) an increase in the frequencies and intensities of extreme heatwave events, defined as a
time frame of very high temperatures over a sustained period of days. Continued emissions
of greenhouse gases will lead to an increase in sea surface temperature (from 2 to 4 °C)
throughout global marine waters by 2100. Moreover, a continuous increase in the duration,
frequency, and intensity of extreme events (e.g., heatwaves) is also expected [1-3]. In general,
marine and freshwater heatwaves will become stronger and more severe, especially towards
the end of the century [4,5].

Aquatic populations in restrictive circumstances such as farmed fish in ponds, cages,
and raceways or wild and stocked fish in lakes and reservoirs, streams, and rivers, will
suffer the most severe effects of climate change. Aquaculture is considered a more feasible
and sustainable production system for the continuous provision of animal protein to
achieve food security and nutrition [6]. However, since most of the aquaculture production
is performed in extensive, semi-intensive, and intensive systems (e.g., ponds, nets, and
tanks) where the rearing temperature is not fully and tightly controlled and where the
movement of animals to escape from suboptimal thermal regimes is restricted, the rapid
expansion of global aquaculture will certainly be affected by the conditions derived from
climate change [7], and aquaculture represents a perfect model to study global warming
effects in aquatic environments [5]. Nevertheless, most of the current studies available in the
literature have recreated specific thermal regimes that consider the projected temperature
conditions of global warming but use contemporary models, neglecting the potential
adaptation of these organisms to the gradual temperature increase [8-10]. Thus, for a more
realistic and accurate prediction of the risk that climate change might directly impose on
the farmed fish industry, controlled laboratory experiments that precisely mimic current
temperature increase scenarios (e.g., heatwave occurrences) over contemporary specimens
are required.

Temperature is an extremely important fish physiology driver, as many biological
aspects can be affected by temperature in poikilothermic organisms (recently reviewed
in [11]), including aerobic fitness, oxygen demand, hypoxia tolerance, growth rate, nutri-
tion and feeding, immune response, disease proliferation, seasonal performance, pond
stratification, maturation, and/or reproductive performance. All these factors can be deci-
sive in the productivity and sustainability of fisheries and aquaculture [12]. Specifically,
reproduction control is one of the key factors to warrant and increase aquaculture produc-
tion through the domestication of new species, the intensification of already commonly
produced species, and /or the breeding of particularly selected lines showing important
biological and commercial traits (e.g., higher disease resistance, growth performance,
stress tolerance, etc.) [13-15]. In this sense, adequate reproductive technologies aiming
for control over the maturation process, sex differentiation, gametogenesis, and spawn-
ing are required. In all these processes, temperature acts as a regulatory factor on the
hypothalamic—pituitary—gonadal (HPG) axis modulating sexual hormone synthesis. Never-
theless, although temperature increase is necessary to trigger many necessary reproductive
processes (such as maturation, gametogenesis, ovulation, or spermiation), acute thermal
stress at higher temperatures might provoke the opposite inhibitory effects on steroid
hormones, resulting in gametogenesis failure [16].

Although knowledge on how the temperature effect in many aspects of fish repro-
duction (such as sex differentiation [17-20]) has been progressively gained, temperature
impacts on their reproductive capacity have not been examined in detail, particularly in
terms of gamete quality [21]. Lema et al. [22] recently reviewed the effects of tempera-
ture increase on fish reproductive biology, highlighting its effects on males at epigenetic,
transcriptomic, enzymatic, and hormonal levels and their consequences: delayed sperm
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maturation, lower semen volumes, and reduced sperm motility. Since the final stages of
gamete maturation are highly temperature-sensitive [10,23], the comprehension of global
warming impact on gamete quantity and quality might not only allow for a deepening
of our understanding on how climate change might impact fish farming but also for the
identification, design, and implementation of effective strategies to avoid and/or decrease
global warming impacts in aquaculture. Nowadays, despite previous skepticism on its
paternal contribution to progeny [9,24,25], the importance of sperm cells and sperm-borne
RNA content as vehicles for certain phenotype transmission to progeny is recognized [26].
Therefore, evaluating how thermal stress induced by naturally occurring heatwave events
affects spermatozoa production and quality is needed.

Tench (Tinca tinca) is an extensively produced freshwater fish species in Europe, reared
in extensive monocultures (ponds), and particularly appreciated in local regions of Spain
and Italy as well as in European countries such as Poland, Germany, and/or the Czech
Republic, being a highly demanded and valued gastronomic product [27]. Although
widespread and considered a least concern species by the IUCN, tench is also currently
facing decreases in population numbers in some parts of Europe [27]. Reasons for this
population decline are the introduction of invasive fish species, degradation of spawning
areas and habitats as a whole, eutrophication, and other anthropogenic factors such as
global warming. Tench is a eurythermal species, a characteristic particularly relevant for
deciphering how climate change might also affect fish species that show a wide tolerance
to water temperature fluctuations.

This study aims to comparatively assess sperm production and quality when breeding
males faced a heatwave—a more realistic and contemporaneous phenomena of global
warming—with those maintained at an optimal and constant thermal regime during the
breeding season. Specifically, we explored how a heatwave affects the sperm motility,
REDOX balance, and gene expression of transcripts related to sperm quality and heat stress
in order to unveil their consequences on spermatic cells. For this purpose, a particular
thermal stress model mimicking a natural occurring heatwave has been reproduced, and
potential consequences from a cellular and molecular prism in adult tench males were
explored in order to confirm if heatwave events might impose a threat to the reproduction
success of farmed fish.

2. Materials and Methods
2.1. Ethical Statement

The ARRIVE guidelines [28] were followed in all experiments. The Guidelines of the
European Union Council (2010/63/EU) and Spanish regulations (RD 53/2013) were applied
when handling animals. The Bioethical Committee from the University of Le6n (OEBA-
ULE-015-2022) and the Junta de Castilla y Leén approved all experimental procedures
(Project License number: ULE015-2022). Technical work was carried out by persons with a
FELASA class C permit for animal experimentation. The Center for Aquaculture Research
is a research institution registered and authorized to perform animal experimentation
(REGA number: ES401940000293).

2.2. Animal Housing

Fourteen male tench breeders (with 55.02 + 16.44 g of average body wet weight
and 12.54 + 1.39 cm of total length) reared in captivity were randomly split into two
experimental groups (n = 7 fish per condition) in ITACYL facilities (Castile and Ledn,
Spain), named the control (CTRL) group and heatwave (HW) group. Breeder fish were
individually stocked into two 0.5 m® indoor round fiberglass tanks, with a density of
0.72 and 0.81 kg/m3. The fish were maintained at 24 °C under a natural photoperiod.
Water exchange (20% of total volume tank) was performed every day, and aeration was
provided to keep dissolved oxygen levels above 6 mg/L and nitrogenous compounds
(ammonium and nitrite water concentrations) below toxic values (0.01 and 0.05 ppm,
respectively). A photoperiod simulation of the environmental conditions in the area was
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applied. Commercial pellets (Dibaq Aquaculture) were used to feed the broodstock (3%
biomass per day). Levels of nitrogen compounds in water were monitored and maintained
above toxic levels.

2.3. Heatwave Simulation

Figure 1 shows a scheme of the experimental design performed. The experimental
design was based on the maximum water temperature achieved (32.2 °C) in lagoons from
the Iberian Peninsula [29], temperature increase in water bodies (6 °C [30]), and maximum
heatwave length in the same region (14-25 days [31]).

A-— HEATWAVE RECREATION
l 24°C :
CTRL I
. — 30°C, 10 days  —
m— A 1°C/d AT p—
24°C
HW :
| |
Acclimatation period Day- 0 Day 6 Day 16 Day 22
B — PROCEDURES PERFORMED

At two experimental points:

Before heatwave After heatwave

1. FISH BIOMETRY

1 3. SPERMSAMPLING

.......................... 9 Traditional parameters

2. SPERM SQUEEZING
: : CASA system and flow cytometry

Sample discarding @ Redox balance tests
: To remove residual sperm RedoxSYS, SOD and Gpx activity

Molecular analyses

Relative gene expression

Figure 1. Experimental design performed in tench (Tinca tinca) males containing (A) a scheme of the
heatwave recreation and performed analyses. (B) The thermal stress group (HW group) is represented
in blue, and the control group (CTRL) is represented in grey. Seven males were analyzed in each
experimental group.

Before thermal stress induction, the animals were maintained in experimental tanks
for 15 days for acclimation, and sperm was extracted from all the animals in order to
avoid spermatic residual cells from other spermatogenesis cycles. Adult tench males were
exposed to a heatwave event (HW), characterized by a progressive daily increase in water
temperature (1 °C per day) from 24 to 30 °C, with this high temperature maintained for
10 days, recreated from a single heatwave event previously registered in natural ponds
in Tencas Mateo (a fish farm located in Segovia, Spain). At this point, 16 days after the
start of the experiment, HW males were lightly anesthetized, and sperm was collected. For
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comparative purposes, adult tench males from the control group (CTRL) were not exposed
to the heatwave event (HW), with their water temperature constantly maintained at 24 °C.
Sperm was also collected from CTRL specimens at the same day the HW specimens were
sampled, post start of the experiment.

2.4. Fish Growth Performance Monitoring and Sperm Collection

Fish body wet weight, total length, and condition factor analyses were performed at
the end of the experiment (16 days after the start of the experiment). For this purpose, the
fish were anesthetized with tricaine methanesulfonate (110 mg/mL). Length (in cm) was
recorded as total length (TL), using a regular ichthyometer. Body wet weight was measured
using a digital GRAM S3R-6KD balance (0.01 g). The condition factor (CF) was calculated
as follows:

CF = [weight (g)/TL3 (cm)] x 100

Subsequently, sperm was collected from the measured males. Tench sperm was
collected from different experimental groups at 16 days after the start of the experiment,
coinciding with the maximum peak of the heatwave, via abdominal stripping. Special
care was taken in order to avoid sample contamination. In this sense, the genital area
was previously cleaned and dried with absorbent paper. The samples contaminated with
urine were discarded. Styrofoam support was used to store samples on ice until further
analysis. The sperm was then diluted 10-fold in a non-activating medium: grayling
immobilization solution (200 mm glucose, 40 mm KCl, 30 mm Tris, pH 8 [32]). Sperm
quality was immediately analyzed using an SCA sperm analyzer and flow cytometry.

Spermatic samples were then centrifuged to seminal plasma collection (10 min, 800 g)
and preserved at —80 °C until redox balance analyses were conducted. Phosphate buffered
saline (PBS) was used to wash sperm pellets for 2 min, and a RNA later solution was used to
conserve samples. Subsequently, they were stored at —80 °C for further molecular analysis.

2.5. Sperm Motility and Concentration Analyses

To determine sperm motility and kinetic parameters, sperm samples from different
experimental groups were evaluated using the CASA system (computer-assisted sperm
analysis) (Sperm Class Analyzer-SCA-6.3.0.59; Microptic S.L., Barcelona, Spain). A total
of 1 puL of sperm was activated with 10 uL of freshwater supplemented with 1% BSA into
a Makler counting chamber (10 um depth; Sepi Medical Instruments, Mumbai, India) to
assess sperm motility. A 10x negative phase contrast objective in a Nikon Eclipse Micro-
scope (Nikon, Tokyo, Japan), equipped with a Baster A312fc digital camera (Baster Vision
Technologies, Ahrensburg, Germany) was used. Motility parameters were considered
at 15, 30, 45, and 60 s post-activation. These parameters were evaluated in order to cap-
ture at a rate of 100 frames/second, using pre-defined SCA fish sperm settings adapted
for fish species. Four different fields with 400 sperm each were acquired. The absence
of cellular contamination (with epithelial cells, leukocytes, and/or immature germ cells)
was confirmed by evaluating their presence in the captured fields via SCA system. Total
motility (TM), as the percentage of sperm with VCL (velocity according to the straight
path) >15 um/s (the threshold to consider sperm as motile); progressive motility (PM), as
the percentage of sperm with VCL > 45 um/s; and fast progressive motility (FPM), as the
percentage of sperm with VCL > 75 um/s, were registered.

2.6. Sperm Flow Cytometry Analysis

ROS content (mainly superoxide anion) was measured by employing the CelIROX™
Deep Red probe. This allowed for the identification of spermatozoa with high superoxide
anion content (sperm stained by CellROX™), as previously described by Riesco et al. [33].
Briefly, the sperm samples were diluted in PBS to obtain a total of 2 x 10° spermatozoa
per sample. The sperm samples were washed and centrifuged at 500x g for 10 min at
room temperature. Then, cells were incubated at room temperature in the dark for 30 min
with aliquots of CellROX™ (5 uM final concentration, Thermo Fisher, Madrid, Spain). To
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stop cell staining and avoid an overstaining effect, an additional wash was performed.
Then, flow cytometry analysis was immediately conducted, with the pellet resuspended in
1mL PBS.

Flow cytometry acquisition was performed in a flow cytometer (MACSQuant Analyser
10, Miltenyi Biotech, Madrid, Spain) controlled with MACS Quantify 2.13 software (Miltenyi
Biotech, Madrid, Spain). Per sample, a total of 50,000 events and at least 20,000 sperm
cells, at a flow rate of 200-300 cells per second, were acquired. Flow]Jo v.10.2 (Ashland,
Wilmington, DE, USA) was used to analyze the data.

2.7. Spermatozoa RedoxSYS Analysis

Redox potential was measured using the RedoxSYS assessment (Luoxis Diagnostics,
Inc., Englewood, CO, USA). The following two values were provided: (i) sORP reported
in millivolts (mV), the integrated balance of oxidants and reductants in a specimen; and
(ii) cORP expressed in microcoulombs (uC), the amount of antioxidant reserves. Sperm
samples of the two experimental groups (CTRL and HW) were washed two times with
PBS 1X. After that, 20 uL of the sperm samples (1 x 10° sperm cells) were inserted into
the RedoxSYS diagnostic system, and parameters were measured in triplicates. sORP (as
mV /10 sperm) and cORP (as pC/10° sperm) average values were recorded and presented.

2.8. SOD and GPx Activities in Seminal Plasma

Glutathione peroxidase (GPx) and superoxide dismutase (SOD) activities were as-
sessed in seminal plasma using Cayman kits (ref. 703102 and SD125, respectively). GPx
activity was determined at 340 nm, and SOD activity was assayed at 505 nm [34]. Reactions
were performed using technical triplicates. A BioTek Gen 5 microplate reader at room
temperature was used to assess all enzymatic activities.

2.9. Gene Expression Analysis of Spermatozoa

TRIzol® reagent (Fisher Scientific, Spain) was used according to the manufacturer’s
indications to extract total RNA. Lysis was performed using plastic pestles for the me-
chanical disruption of tissues. The quality and purity of the samples were assessed with
a NanoDrop™ One/OneC spectrophotometer (Thermo Fisher Scientific™, Spain). The
isolated RNA showed high purity (A260/280 > 2.0), and no apparent degradation was ob-
served in an agarose gel. Total RNA was subjected to a DNase treatment (RQ1 RNase-Free
Promega, Madison, WI, USA) before reverse transcription (1 h at 37 °C) using the reverse
transcriptase Moloney murine leukemia virus (M-MLV; Invitrogen, Madrid, Spain), with
an oligo-d(T) primer and RNase OUT (Invitrogen, Spain), as specified by the manufacturer.

Additionally, 1 pg of the total RNA was reverse transcribed (RT) to complementary
DNA (cDNA) with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Madrid, Spain) following the kit guidelines. The cDNA samples and the negative control
RT were kept at —20 °C until further use.

The reactions of a semi-quantitative PCR (qPCR) were performed on a StepOnePlus
Real-Time PCR system (Applied Biosystems) in triplicate. The reactions consisted of
10 puL of SYBR Green PCR Master Mix (Applied Biosystems, Madrid, Spain), 1 pL of
gene-specific primers (forward and reverse, 10 uM; Table 1), 6 uL of molecular grade
water, and 2 pL of cDNA. A specific sample was run in each qPCR plate for calibration
purposes [35]. Amplification reactions were as follows: 95 °C for 2 min, followed by
40 cycles at 95 °C for 10 s and 65 °C for 20 s. A melting curve was conducted for 15 s at
95 °C, 1 min at 70 °C, and 15 s at 0.5 °C increments until 95 °C were reached. Primers’
PCR efficiency was calculated via standard curve with 3 serial cDNA dilutions, while
a non-template control and a negative control reverse transcription (RT) sample were
also run in order to confirm that the amplification was not due to DNA contamination
during RT and/or reaction mix preparation. The primers” PCR efficiency for the genes
finally used in qPCR analysis ranged 94.7-108.4%. Gene expression levels were determined
according to Pfaffl’s mathematical method [36]. BestKeeper software version 1, “https:
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/ /www.gene-quantification.de /bestkeeper.html (accessed on 23 October 2023)” was used
to select the best reference gene for the study performed here. Based on the results of the
geometric mean of expression levels in those genes, glyceraldehyde-3-phosphate dehydrogenase
(gapdh) was selected as the best reference gene with the lowest coefficient of variation
(4.86%) and standard deviation (1.24) compared to the other gene candidates (rps11, tuba,
rpl8, and efla). A normalization procedure was then applied using this reference gene.

Table 1. Primers used for relative gene expression in tench (Tinca tinca) spermatozoa. Gene name,
accession numbers (GenBank or Transcriptome Shotgun Assembly Sequence (TSA Seq)), primer
sequences, and amplicon size are indicated.

Gene Name Accession Number 5' to 3’ Sequence Amplicon Size (bp)
Small ribosomal subunit protein F-CATCAGGCGGGACTACTTGC
uS17—rpsi1 KX082695.1 R- ATGGGGAGAGGTGGACAGACA 86
: : F-GGCTGTGTTTGTAGACCTGGA
Tubulin alpha chain—tuba KX082693.1 R-CGGGCGTAGTTATTGGCT 123
Large ribosomal subunit protein F-CTCCCACAACCCCGAGACCA
uL2—rpl8 KX082694.1 R-AGACCGACCTTGCGTCCAGC 300
. F-TGGAGACAGCAAGAACGACCC
Elongation factor 1-alpha 1—efla KX082697.1 R-CGAGCACTGGAGCGTAGCCC 186
Glyceraldehyde-3-phosphate F-CGTGTCCCCACCCCCAATGT
dehydrogenase—gapdh KX082698.1 R-GCAGCCTTGACCACTTTCTTGATGT 191
Heat shock protein HSP 90-alpha GFZX01157613.1; FZX01157620.1; F-ACCCCCTCCATCCCATCGTC 264
1—hsp90a GFZX01157619.1; FZX01157615.1 R-TGTCCTCATCGCCCTCCAGA
GFZX01034562.1;, FZX01034564.1;
Heat shock 70 kDa g%ég(lé)13245526233é FE%S%SZ%%SZ% F-ACGCAACACCACCATCCCCA 99
tein—hsp70 -4 -1 -
protetn—Hhsp GEZX01252236.1 R-GCCCTCTCTCCCTCATACACCTG
Mast/stem cell growth factor GFZX01104841.1; GFZX01104842.1; F-TTGGAAAGGTGGTTGAGGC 91
receptor kita—kita GFZX01056577.1; GFZX01056627.1 R-TGGGCACTTGGTTTGAGCAT
Brain-derived neurotrophic F-CACAGAGTGGGGGCGGGC
factor—bdnf GFZX01217235.1 R-GGCGGCGTCCAGGTAGTTTTT 260

2.10. Statistical Analyses

Prism 8 (GraphPad Software, version 10, San Diego, CA, USA) was used for statistical
analysis. Statistical methods were used to identify outliers, and all data were checked for
normality (Kolmogorov-Smirnov test). With the data presenting a normal distribution
(Gaussian distribution), a student t-test analysis was performed, while the Mann—-Whitney
test was used with non-parametric data. The results are presented as mean =+ standard error
of the mean (SEM). A total of 6-7 individual males were analyzed in each experimental
group. In all the analyses, statistical significance was set at p < 0.05, and in the graphs, it
will be shown as * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results
3.1. Biometric Analyses of the Control and Heatwave-Exposed Male Fish

No mortality was recorded during the exposure to increasing temperatures that simu-
lated the heatwave event. In addition, no significant differences in total length, body wet
weight, and condition factors between both experimental groups after heatwave exposure
were registered (Figure 2; Student’s t-test, p < 0.05). Mean values for total length, body wet
weight, and condition factors ranged between 12.23 and 13.50 cm, 52.01 and 64.68 g, and
2.59 and 2.76, respectively.
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Figure 2. Biometric analysis of tench (Tinca tinca) males subjected to the heatwave event and the
control group during spermatogenesis (detailed in the Methodology section). Dots and histograms
in grey represent the control group (CTRL), not exposed to the heatwave event, while those in blue
represent the thermal stress group (HW) exposed to the heatwave event. Six—seven males were
assessed from each group. These biometric measures include body wet weight (A,D), total length
(B,E), and condition factor (C,F) values + standard error before and after the heatwave event.

3.2. Sperm Volume, Concentration, and Motility Parameters in Males Exposed to the Heatwave
Event and the Control Group

No alteration in sperm volume and concentration was detected in specimens subjected
to a heatwave event nor was it detected in the control group (Figure 3A,B). However,
tench males showed a significant (p < 0.05) deleterious effect concerning some motility
parameters (Figure 3C—F) when exposed to a heatwave model mimicking natural and
registered thermal conditions in Spanish freshwater basins. Progressive motility (PM) was
reduced from 84.63 &+ 7.16% in the control group to 55.72 £ 25.45% in the thermal stress
group (HW) (Figure 2C; Student’s t-test, p < 0.05). Similarly, the total motility (TM) of sperm
was lower in the heatwave-exposed males (71.21 £ 6.05 in HW versus 96.57 & 2.02 in CTRL;
Figure 3D; Student’s t-test, p < 0.05). By contrast, no significant differences were found
in fast progressive motility when specimens from the control and heatwave groups were
compared (Figure 3E). However, reduced sperm TM in HW specimens was maintained
along the first minute post-activation in all the studied times (Figure 3F; Student’s f-test,
p < 0.05) but not when PM was evaluated (Figure 3G).
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Figure 3. Traditional sperm quality analysis of tench (Tinca tinca) males subjected to the heatwave
event and the control group during spermatogenesis (detailed in the Methodology section). Dots and
histograms in grey represent the control group (CTRL), not exposed to the heatwave event, while
those in blue represent the thermal stress group (HW) exposed to the heatwave event. (A) Sperm
volume (uL); (B) spermatozoa concentration (M/mL); (C) progressive motility at the initial moment
(PM, %); (D) total motility at the initial moment (TM, %); (E) fast progressive motility (FPM, %);
(F) total motility at different post-activation times during the first minute; and (G) progressive motility
at different post-activation times during the first minute. Six-seven males were assessed from each
group. Graph dots represent individual males. Significant differences (p < 0.05) are represented with
asterisks, ** p < 0.01 and *** p < 0.001.

3.3. Seminal Plasma Redox Balance and Spermatozoa Intracellular ROS Content in Males Exposed
to the Heatwave Event and the Control Group

The thermal stress induced by the heatwave event led to a significant increase in the
intracellular reactive oxidative species (ROS) content in spermatozoa cells, from 79.96 £ 3.47%
in CTRL group to 91.13 &£ 12.05% in HW group (Figure 4A; Student’s t-test, p < 0.05). Redox
balance was also evaluated in seminal plasma by employing two approaches: through the
quantification of enzyme activity related to redox balance, such as superoxide dismutase
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on the measure of oxidation—reduction potential (Figure 4D,E). In both types of redox assays,
no significant differences between both of the studied groups (CTRL and HW) were reported.

B

o

* =
© e, 49 %200—
L] ——
i B S I
33— @ LI 3150— LR ]
: E o ® E .
S, ke £ e o
~ 24 100
(=] . t 0
(o] o S .
D 4 = 50 ®
QO .
<
S o-— E o—TT
CTRL HW CTRL HW 0] CTRL HW

N 400 0254
o .
e i
c 0.20- eee
§ 300 g, side S 2
£ 2 0.15+
200 o
2 4
S o) 0.10 -
E 100 ©
o 0.05
14
% o— 7T 0.00————1——
CTRL HW CTRL HW

Figure 4. Redox analyses of tench (Tinca tinca) males subjected to the heatwave event and the
control group during spermatogenesis (detailed in the Methodology section). Dots and histograms
in grey represent the control group (CTRL), not exposed to the heatwave event, while those in blue
represent the thermal stress group (HW) exposed to the heatwave event. (A) CellROX-positive cells
(sperm ROS levels, %); (B) superoxide dismutase (SOD) activity (u/mL) in seminal plasma; and
(C) glutathione peroxidase (GPx) activity (nmol/min/mL) in seminal plasma. (D,E) Static ORP
(sORP) and capacitance ORP (cORP) indices (as mV/ 10° sperm and nuC/ 10° sperm, respectively) as a
measure of total redox balance. Six-seven males were evaluated in each group. Graph dots represent
individual males. Significant differences (p < 0.05) are represented with asterisk.

3.4. Gene Expression of Sperm Quality Markers in Males Exposed to the Heatwave Event and the
Control Group

The gene expression of the heat shock proteins studied here (hsp70 and hsp90) (Figure 5A,B) in
the sperm of tench males exposed to the heatwave event was not significantly different from that
of the control tench males. However, some sperm quality markers such as bdnf and kita were
differentially expressed in these germinal cells when males were exposed to a heatwave event in
comparison with the control group, with its expression being significantly downregulated in the
HW group (Figure 5C,D).
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Figure 5. Relative gene expression in tench (Tinca tinca) sperm when males were subjected to the
heatwave event and the control group during spermatogenesis (detailed in the Methodology section).
Histograms in grey represent the control group (CTRL), not exposed to the heatwave event, while
those in blue represent the thermal stress group (HW) exposed to the heatwave event. (A) The
expression of hsp70 and (B) hsp90 genes. (C) The expression of bdnf and (D) kita genes. Six-seven
males were assessed per group. Graph dots represent individual males. Significant differences
(p < 0.05) are represented with asterisks, * p < 0.05 and ** p < 0.01.

4. Discussion

Although all organisms are able to adapt their metabolism to spatial and temporal
changes in environmental temperature, such variations may have wide and deep conse-
quences in different aspects of ectotherm biology [37], including behavior [38], feeding and
digestive processes [39], skeletal muscle metabolism and mechanics [40], immunology [41],
growth [42], and development [43,44], among others. Fish reproduction is not an exception.
Among the reproductive processes already reported to be influenced by temperature (sex
determination [17] and early puberty [10]), steroidogenesis, gametogenesis, and the final
stages of gamete maturation seem to be highly temperature-sensitive (reviewed in [16]).

Physiological responses to thermal stress induced by climate change may be species-
specific [24]. Until now, sperm quality variation after recreating global warming scenarios
(increased average global temperature) has been evidenced in recent studies performed
in salmonids [45,46], and a reduction in early-stage germ cell proportion (spermatogonia
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population) has been shown [47]. Thermally driven changes during spermatogenesis
resulted in a lower number of spermatogonia, reducing the number of males undergoing
spermiation [48]. By contrast, recent studies showed that temperature increases triggered
spermatogonia proliferation and differentiation, as well as spermiogenesis, by increasing
the abundance of spermatozoa in testes [49], and others indicated that semen volume
is not impacted by temperature [47]. Therefore, effects on spermatozoa may depend on
(i) the species considered and (ii) the duration and amplitude of temperature exposure
(recently reviewed in [9]). Furthermore, it is crucial to accurately recreate more realistic
and contemporaneous climate change scenarios in order to unveil the potential effects of
climate change in fish reproductive biology, particularly in male fish.

Until now, the research studies that had been conducted only explored the effects of
increased mean water temperature derived from the global warming process of climate
change. In the majority of these studies, contemporaneous specimens (i.e., not exposed to
temperature increases along different generations) were used, somehow neglecting their
potential adaptation to this environmental condition. Due to climate change, the frequency
and intensity of extreme events such as heatwaves is also predicted to increase [2]. These
very high temperature events over a sustained period of days may affect contemporary
specimens living in restrained conditions (e.g., fish farms, lagoons, etc.). The main objective
of this work is to investigate how this short-term and more realistic climate change scenario
affects the reproductive performance of male fish.

Tench (Tinca tinca) fish are an interesting model for exploring the effects of naturally
occurring heatwaves, as they are currently reared in natural ponds (under restricted con-
ditions that do not allow them to escape from changes in abiotic conditions such as high
environmental temperatures and/or low dissolved oxygen). However, they also show
several interesting physiological and biochemical features for studies, such as clear sexual
dimorphism (in males, the pelvic rays are more robust and longer and extend beyond the
anus) and tolerance to low dissolved oxygen values and to a wide range of environmental
temperatures (up to 37 °C; [50]). Here, we demonstrated a deleterious effect on sperm qual-
ity from tench males exposed to a heatwave model mimicking the natural and registered
thermal conditions during summer in inland Spanish lagoons, where they are reared [27,50].
The sperm motility of tench males exposed to a 16-day thermal stress model was reduced in
terms of progressive and total motility along the first minute post-activation, confirming the
negative effect previously reported in rainbow trout (Oncorhynchus mykiss), where sperm
motility and concentration were reduced in male specimens who were exposed early on to
a 90-day thermal stress model during the parr stage [51]. Considering the fact that rainbow
trout is a temperate stenotherm [52] and that tench is an eurytherm species [50], the present
results further highlight how currently occurring extreme events like heatwaves may result
in reduced reproductive performance in male fish.

Bearing these findings in mind, we decided to elucidate the mechanisms triggering
this disturbance in sperm motility in heatwave-exposed individuals. It is widely known
that thermal stress provokes different levels of damage, including an increase in lipid per-
oxidation, potential mitochondrial membrane impairment, and high ROS production [53].
The spermatozoa are particularly susceptible to oxidative stress [54] due to their inadequate
cell repair systems and/or insufficient antioxidant defenses. Indeed, high contents of ROS
are capable of producing cell apoptosis, DNA strand breakages, mitochondria function
impairment, and changes in membrane composition due to sugars, lipids, and amino
acid oxidation, which might affect sperm fertilization ability later on. Although redox
global status can be inferred by blood plasma analysis, it does not necessarily translate
into a redox imbalance in sperm, as ROS generation can vary between subcellular com-
partments [55]. Moreover, blood plasma extraction would require the further handling
(and perhaps harming) of animals. Thus, we analyzed the specific compartment related to
reproductive performance (the sperm) here, which is more experimentally ethical, reducing
the potential suffering of the animals. The imbalance between ROS levels and physiologic
antioxidant levels can trigger oxidative stress responses with a consequent loss of sperm
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motility and decreased fertilization capacity [56,57]. Nevertheless, the antioxidant capacity
of semen can vary among fish species [58], and the formation of ROS can cause different
types of damage. In the first approach, we decided to apply flow cytometry techniques to
detect ROS in the spermatozoa of the exposed and unexposed males. Our results confirmed
that the ROS content increase in spermatic cells from the HW experimental group might
be responsible for their impaired motility. Knowing the vital role of seminal plasma in
protecting the spermatozoa against oxidative stress [59], we explored if redox balance in
seminal plasma was also disrupted in the second approach.

No significantly reduced glutathione peroxidase (GPx) and superoxide dismutase
(SOD) enzyme activities were observed in seminal plasma from HW males when compared
to that of unexposed males. Although both GPx and SOD are master enzymes in vertebrates’
sperm redox balance to protect spermatozoa from oxidative damage [60,61], contradictory
results have been reported in the literature on how redox enzymes respond to thermal
stress, depending on the species considered, the biofluid, and the thermal stress induced.
For instance, SOD plasma activity was not affected in two Antarctic notothenioid species
subjected to a short thermal stress period [24]. SOD and GPx activities increased during a
hot humid season compared to winter and spring seasons in the seminal plasma of Karan
Fries bulls (Bos taurus) [62] but decreased in Ossimi rams (Ouvis aries) in the summer season
when compared to the winter season [63], as well as in guinea pigs when exposed to a heat
stress condition of more than a 7 °C difference for 60 days [64]. Furthermore, oxidative
stress seems to not be correlated with decreasing activities of GPx and SOD enzymes in hu-
mans [65]. A variety of compensatory processes have been also described to maintain redox
status under physiological controlled conditions [66]. An innovative and more unspecific
redox balance assessment, the static oxidation reduction potential (sORP), also did not show
significant differences between sperm from exposed and unexposed males. The MiOXSYS
System allows for the detection of oxidative stress by measuring the oxidation-reduction
potential (ORP), directly evaluating the redox balance between ROS and antioxidants. Thus,
although there was high ROS content (shown by the flow cytometry analysis) in the sperm
from exposed males, it might be balanced by the presence of antioxidants as evidenced
by the lack of differences in (SORP). This was further supported by the lack of differences
in the activity of SOD and GPx in seminal plasma to potentially counteract the decreased
pool of antioxidant compounds. Therefore, although apparently contradictory, these three
approaches allowed us to have a clearly defined situation; sperm from males exposed to an
HW event might have high ROS content, but content in antioxidants might be enough to
not need the activity of SOD and GPx.

Oxidative stress (e.g., overabundance of ROS or a deficiency of antioxidants) is known
as one of the main causes of male infertility [67]. Since no conclusive results on the potential
effect of a heatwave event on tench sperm quality were obtained regarding oxidative stress,
we decided to conduct a molecular analysis to decipher when the reproduced heatwave
event might decrease the sperm quality and deepen the intracellular stress response. In
the last years, the idea that certain sperm mRNAs could act as good molecular markers
of sperm quality has been significantly reinforced [57,68]. Although spermatozoa are
transcriptionally inactive cells [69], these transcripts are remnants from spermatogenesis
and could be relevant during fertilization and the subsequent early embryonic develop-
ment [70]. In fact, previous studies employing molecular approaches on spermatozoa
have revealed different clues of the importance of the sperm molecular signature in fish
reproductive dysfunctions and progeny development [71,72]. Surprisingly, some of these
transcripts seemed to be conserved from teleosts to humans [73,74].

In one hand, heat shock proteins (HSP) have been identified as responsive proteins of
acute heat stress [75,76]. Specifically, hsp70 and hsp90 are the most sensitive chaperones
of stress and, depending on the magnitude and duration of thermal stress in fish, can be
modulated [77-79]. An acute temperature response includes the activation of pathways
such as proteolysis through the ubiquitin-proteasome and could increase the synthesis
of heat shock proteins [80]. The present results showed a lack of change in hsp70 and
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hsp90 at the transcriptional level in sperm collected during the peak of the heatwave event.
In different species of salmonids (stenotherm species), a consistent increase in hsp70 and
90 expressions in gills were registered when the fish were exposed to a sharper temperature
increase (2-2.5 °C day ! versus the 1 °C day reproduced here) and maintained at high
temperatures for 5-7 days [81]. Discrepancies with the present results might be due to
the different types of species compared (stenotherms versus eurytherms) and the tissue
(highly responsive at the transcriptional level to environmental changes (the gills) versus
less responsive (the spermatozoa)). A comparison with other studies using eurythermal
species suggests that the lack of differences (induction) of hps expression in our exposed
animals might be due to the fact that the time of sampling did not immediately occur after
the 6 days of increasing temperature (from 24 to 30 °C), when acute thermal stress and its
subsequent HSP response might be expected. For instance, higher hsp70 expression was
detected in large (approx. 60 g of body weight) spotted seabass (Lateolabrax maculatus) at
12 h post-thermal stress induction, but their levels were found to not be different from
unexposed specimens at 3 days (72 h) under thermal stress, similar with the gene expression
profile of hsp90 that, at 72 h, already showed decreased expression compared to that of
the peak registered at 24 h [82]. Furthermore, since a higher expression of hsps under
temperature stress is also correlated with antioxidant enzyme activity [83], the absence of
differences in SOD and GPx activities in seminal plasma is in line with the lack of increase
in the gene expression of hsp70 and hsp90 in exposed tench males. Further studies might
be needed in order to confirm if an altered gene expression of hsps might occur in more
reactive tissues to heat stress (e.g., liver or gills) than in the sperm cells of tench.

On the other hand, regarding sperm quality markers, brain-derived neurotrophic factor
(bdnf) transcript levels are related to protective effects on sperm function due to their impor-
tant role against oxidative damage, modulating the action of some antioxidant enzymes [84].
BDNF seems to induce the phosphorylation of the cAMP response element-binding protein
(CREB) and consequently reduces cytochrome C release into the cytosol [85,86]. In addition,
kit receptor a (kita), has been characterized as crucial for sperm fertilization, considering that
its expression appears to be particularly correlated with sperm DNA integrity [73]. When
we analyzed these specific biomarkers, we detected severely reduced gene expression of
both transcripts in the thermal stress group. A decrease in bdnf transcripts in human males
was correlated with reduced sperm motility and low spermatozoa count and therefore
associated with some types of male infertility [86]. In the case of kita in a previous study, an
aberrant downregulation of this transcript has been observed in early stages of zebrafish
embryos, resulting from fertilization with bad-quality sperm [71]. Therefore, the down-
regulation of both transcripts suggests that the quality of sperm from tench exposed to a
heatwave event naturally occurring in freshwater bodies from Spain is compromised. Nev-
ertheless, further functional analysis in non-model fish species, as tench is still desirable, is
necessary in order to elucidate the biological significance of gene expression alterations
in sperm.

Finally, knowledge gained of this fish species might be also indirectly transferred to
other eurytherm fish species widely produced in similar environments such as gilthead
seabream (Sparus aurata) in southern Spanish “esteros” and Mediterranean Sea cages,
and/or in stenotherm species from freshwater basins like rainbow trout (Oncorhynchus
mykiss). Understanding the mechanisms behind temperature-related distribution patterns
of animal species may help to better explain contemporary biogeographic patterning but
also elucidate how species biodiversity and abundance will be affected by global warming,
as well as how well they perform or adapt to warmer ecosystems [87]. In non-restricted
geographical environments, species might be able to advance the timing of spawning
and/or shift their latitudinal distribution, such as in the case of marine fish species [88].
However, in species with restricted movement like tench, inhabiting natural lagoons and
ponds, the quality of the sperm might be monitored through an integrative approach in
order to decipher if heatwave events might pose a threat to this species and/or to predict
if they are able to cope with climate change scenarios, as well as how this adaptation is
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performed at the molecular level and transmitted to future generations. Furthermore, this
present research work anticipates silent but broader and deeper transgenerational effects of
heatwaves, such as the recently reported mass mortality events registered in warm water
bodies such as the Mediterranean Sea [89].

5. Conclusions

The present results confirmed the potential negative effect that a thermal stress model
(via heatwave occurrence) may have on fish spermatozoa quality and that this might com-
promise its fertilization capacity, not only hindering the sustainable farming of aquaculture
species but also biodiversity conservation under current and realistic climate change sce-
narios. Currently occurring natural heatwave events have been shown to decrease the
progressive and total motility of sperm from tench males, increasing the ROS content and
decreasing the gene expression of sperm quality markers (bdnf and kita). Nevertheless,
further studies will be required to study thermal-stress-related mechanisms and sperm
transcriptomics in a wider (omic) manner. Only with an integrative and deep characteriza-
tion of how heatwave events affect fish physiology, and particularly reproduction, can new
enlightening strategies be defined in order to mitigate and/or avoid biodiversity loss due
to climate change.

Author Contributions: Conceptualization; L.F. and M.ER.; Data curation; M.ER. and LE; Formal
analysis; M.ER., LE. and P.d.P,; Funding acquisition; M.ER.; Investigation; L.E.,, P.d.P,, AAM.L. and
M.ER.; Methodology; LE,, P.d.P., AM.L. and M.ER.; Project administration; M.ER. and L.E; Resources;
LE,Pd.P, AM.L. and M.ER.; Supervision; LF. and M.ER; Validation; LF, P.d.P., AM.L. and M.ER.;
Roles/Writing—original draft; I.LF. and M.ER. Writing—review and editing. P.d.P. and A.M.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the REPHEAT project (PID2021-1277820A-100) funded by
MCIN/AEI/10.13039/501100011033, y por FEDER Una manera de hacer Europa; by the University of
Leon (1417 project, Ayuda a proyectos de investigacion ULE); and the “Optimizacion integral de los
sistemas productivos en acuicultura: revalorizacién de materias primas locales en piensos y en cria
de especies en potencial desarrollo (OPTI-ACUA)” project from the ERDF. LE. acknowledges funding
from the MICIU and the European Social Fund, “The European Social Fund invests in your future”,
through the Ramon y Cajal (Ref. RYC2018-025337-I) contract from the Plan Estatal de Investigacion
Cientifica y Técnica e Innovacion 2017-2020 (Spain).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee (OEBA) of the University of Leén (OEBA-ULE-015-2022) and the competent body
of Junta de Castilla y Leén (Project License number: ULE015-2022) All the persons involved in
the experiments have a FELASA class C permit for animal experimentation, and the Center for
Aquaculture Research has been registered and authorized as a research institution to perform animal
experimentation (REGA number: ES401940000293).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be available for all readers upon request.

Acknowledgments: M.ER., AM.L. and LF. acknowledge the excellent technical work carried out by
Luis Miguel Laguna and Sergio Gonzalez from the Aquaculture Research Center (ITACyL) during
the animal maintenance and experimental trial.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Mameri, D.; Branco, P; Ferreira, M.T.; Santos, ]. M. Heatwave effects on the swimming behaviour of a Mediterranean freshwater
fish, the Iberian barbel Luciobarbus bocagei. Sci. Total Environ. 2020, 730, 139152. [CrossRef]

2. IPCC. Climate Change 2021—The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. In Climate Change 2021—The Physical Science Basis; Cambridge University Press:
Cambridge, UK, 2023. [CrossRef]

3.  Oliver, E.C].; Donat, M.G.; Burrows, M.T.; Moore, PJ.; Smale, D.A.; Alexander, L.V.; Benthuysen, J.A.; Feng, M.; Sen Gupta, A;
Hobday, A.].; et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 2018, 9, 1324. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2020.139152
https://doi.org/10.1017/9781009157896
https://doi.org/10.1038/s41467-018-03732-9

Animals 2024, 14, 778 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Darmaraki, S.; Somot, S.; Sevault, F.; Nabat, P.; Cabos Narvaez, W.D.; Cavicchia, L.; Djurdjevic, V,; Li, L.; Sannino, G.; Sein, D.V.
Future evolution of Marine Heatwaves in the Mediterranean Sea. Clim. Dyn. 2019, 53, 1371-1392. [CrossRef]

O’Gorman, EJ; Olafsson, O.P; Demars, B.O.L.; Friberg, N.; Gudbergsson, G.; Hannesdéttir, E.R.; Jackson, M.C.; Johansson, L.S.;
McLaughlin, O.B.; Olafsson, J.S.; et al. Temperature effects on fish production across a natural thermal gradient. Glob. Chang. Biol.
2016, 22, 3206-3220. [CrossRef]

Hambrey, J. The 2030 Agenda and the Sustainable Development Goals: The challenge for aquaculture development and
management. In FAO Fisheries and Aquaculture; Circular No. 1141; FAO: Rome, Italy, 2017.

Reverter, M,; Sarter, S.; Caruso, D.; Avarre, ].C.; Combe, M.; Pepey, E.; Pouyaud, L.; Vega-Heredia, S.; de Verdal, H.; Gozlan, R.E.
Aquaculture at the crossroads of global warming and antimicrobial resistance. Nat. Commun. 2020, 11, 1870. [CrossRef]
Crespel, A.; Zambonino-Infante, J.L.; Mazurais, D.; Koumoundouros, G.; Fragkoulis, S.; Quazuguel, P.; Huelvan, C.; Madec, L.;
Servili, A.; Claireaux, G. The development of contemporary European sea bass larvae (Dicentrarchus labrax) is not affected by
projected ocean acidification scenarios. Mar. Biol. 2017, 164, 155. [CrossRef] [PubMed]

Alix, M.; Kjesbu, O.S.; Anderson, K.C. From gametogenesis to spawning: How climate-driven warming affects teleost reproductive
biology. J. Fish Biol. 2020, 97, 607-632. [CrossRef]

Geffroy, B.; Wedekind, C. Effects of global warming on sex ratios in fishes. J. Fish Biol. 2020, 97, 596-606. [CrossRef]

Reid, G.K.; Gurney-Smith, H.].; Flaherty, M.; Garber, A.E; Forster, I.; Brewer-Dalton, K.; Knowler, D.; Marcogliese, D.J.; Chopin, T.;
Moccia, R.D.; et al. Climate change and aquaculture: Considering adaptation potential. Aquac. Environ. Interact. 2019, 11, 603-624.
[CrossRef]

Kuczynski, L.; Chevalier, M.; Laffaille, P; Legrand, M.; Grenouillet, G. Indirect effect of temperature on fish population abundances
through phenological changes. PLoS ONE 2017, 12, e0175735. [CrossRef]

Boudry, P; Allal, F; Aslam, M.L.; Bargelloni, L.; Bean, T.P,; Brard-Fudulea, S.; Brieuc, M.S.O.; Calboli, FE.C.F.; Gilbey, J.; Haffray,
P; et al. Current status and potential of genomic selection to improve selective breeding in the main aquaculture species of
International Council for the Exploration of the Sea (ICES) member countries. Aquac. Rep. 2021, 20, 100700. [CrossRef]

Allal, F; Nguyen, N.H. Genomic Selection in Aquaculture Species. Methods Mol. Biol. 2022, 2467, 469-491. [CrossRef]

Teletchea, F; Fontaine, P. Levels of domestication in fish: Implications for the sustainable future of aquaculture. Fish Fish. 2014, 15,
181-195. [CrossRef]

Servili, A.; Canario, A.V.M.; Mouchel, O.; Muiioz-Cueto, J.A. Climate change impacts on fish reproduction are mediated at
multiple levels of the brain-pituitary-gonad axis. Gen. Comp. Endocrinol. 2020, 291, 113439. [CrossRef]

Ospina-Alvarez, N.; Piferrer, F. Temperature-Dependent Sex Determination in Fish Revisited: Prevalence, a Single Sex Ratio
Response Pattern, and Possible Effects of Climate Change. PLoS ONE 2008, 3, €2837. [CrossRef]

Martinez, P,; Vifias, A.M.; Sanchez, L.; Diaz, N.; Ribas, L.; Piferrer, F. Genetic architecture of sex determination in fish: Applications
to sex ratio control in aquaculture. Front. Genet. 2014, 5, 340. [CrossRef]

Penman, D.J.; Piferrer, F. Fish Gonadogenesis. Part I: Genetic and Environmental Mechanisms of Sex Determination. Rev. Fish. Sci.
2008, 16, 16-34. [CrossRef]

Navarro-Martin, L.; Vifias, J.; Ribas, L.; Diaz, N.; Gutiérrez, A.; Di Croce, L.; Piferrer, E. DNA Methylation of the Gonadal
Aromatase (cyp19a) Promoter Is Involved in Temperature-Dependent Sex Ratio Shifts in the European Sea Bass. PLoS Genet. 2011,
7,€1002447. [CrossRef]

Bobe, J.; Labbé, C. Egg and sperm quality in fish. Gen. Comp. Endocrinol. 2010, 165, 535-548. [CrossRef]

Lema, S.C.; Luckenbach, J.A.; Yamamoto, Y.; Housh, M.]. Fish reproduction in a warming world: Vulnerable points in hormone
regulation from sex determination to spawning. Phil. Trans. R. Soc. B 2024, 379, 20220516. [CrossRef] [PubMed]

Bobe, J. Egg quality in fish: Present and future challenges. Anim. Front. 2015, 5, 66-72. [CrossRef]

Kandalski, PK.; de Souza, M.R.D.P.; Herrerias, T.; Machado, C.; Zaleski, T.; Forgati, M.; Guillen, A.C.; Viana, D.; Moura, M.O.;
Donatti, L. Effects of short-term thermal stress on the plasma biochemical profiles of two Antarctic nototheniid species. Rev. Fish
Biol. Fish. 2018, 28, 925-940. [CrossRef]

Sharma, U. Paternal contributions to offspring health: Role of sperm small RNAs in intergenerational transmission of epigenetic
information. Front. Cell Dev. Biol. 2019, 7, 215. [CrossRef]

Gapp, K,; Jawaid, A.; Sarkies, P.; Bohacek, J.; Pelczar, P; Prados, J.; Farinelli, L.; Miska, E.; Mansuy, . M. Implication of sperm
RNAs in transgenerational inheritance of the effects of early trauma in mice. Nat. Neurosci. 2014, 17, 667. [CrossRef]

Parisi, G.; Terova, G.; Gasco, L.; Piccolo, G.; Roncarati, A.; Moretti, V.M.; Centoducati, G.; Gatta, P.P,; Pais, A. Current status and
future perspectives of Italian finfish aquaculture. Rev. Fish Biol. Fish. 2014, 24, 15-73. [CrossRef]

Percie du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al.
The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. Br. |. Pharmacol. 2020, 177, 3617. [CrossRef]
Alvarez-Cobelas, M.; Fernandez-Lépez, J. A Primer on the Limnology of Some Castilian Wetlands (Central Spain); Limnolberia n°
1; Grupo de Investigacién del Agua: Madrid, Spain, 2013; 239p, Available online: https:/ /bibdigital.rjb.csic.es/idurl/1/16350
(accessed on 14 February 2024).

Ferreira-Rodriguez, N.; Fernandez, I.; Cancela, M.L.; Pardo, I. Multibiomarker response shows how native and non-native
freshwater bivalves differentially cope with heat-wave events. Aquat. Conserv. Mar. Freshw. Ecosyst. 2018, 28, 934-943. [CrossRef]
Infobae. Available online: https://www.infobae.com/espana/2023/08/09/la-ola-de-calor-mas-larga-de-la-historia-de-espana-
26-dias-de-temperaturas-disparadas/ (accessed on 14 February 2024).


https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.1111/gcb.13233
https://doi.org/10.1038/s41467-020-15735-6
https://doi.org/10.1007/s00227-017-3178-x
https://www.ncbi.nlm.nih.gov/pubmed/28751791
https://doi.org/10.1111/jfb.14439
https://doi.org/10.1111/jfb.14429
https://doi.org/10.3354/aei00333
https://doi.org/10.1371/journal.pone.0175735
https://doi.org/10.1016/j.aqrep.2021.100700
https://doi.org/10.1007/978-1-0716-2205-6_17
https://doi.org/10.1111/faf.12006
https://doi.org/10.1016/j.ygcen.2020.113439
https://doi.org/10.1371/journal.pone.0002837
https://doi.org/10.3389/fgene.2014.00340
https://doi.org/10.1080/10641260802324610
https://doi.org/10.1371/journal.pgen.1002447
https://doi.org/10.1016/j.ygcen.2009.02.011
https://doi.org/10.1098/rstb.2022.0516
https://www.ncbi.nlm.nih.gov/pubmed/38310938
https://doi.org/10.2527/af.2015-0010
https://doi.org/10.1007/s11160-018-9535-0
https://doi.org/10.3389/fcell.2019.00215
https://doi.org/10.1038/nn.3695
https://doi.org/10.1007/s11160-013-9317-7
https://doi.org/10.1111/bph.15193
https://bibdigital.rjb.csic.es/idurl/1/16350
https://doi.org/10.1002/aqc.2884
https://www.infobae.com/espana/2023/08/09/la-ola-de-calor-mas-larga-de-la-historia-de-espana-26-dias-de-temperaturas-disparadas/
https://www.infobae.com/espana/2023/08/09/la-ola-de-calor-mas-larga-de-la-historia-de-espana-26-dias-de-temperaturas-disparadas/

Animals 2024, 14, 778 17 of 19

32.

33.

34.
35.
36.
37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Jesensek, D.; Horvath, A.; Berndth, G. Application of sperm cryopreservation to hatchery practice and species conservation: A
case of the Adriatic grayling (Thymallus thymallus). Aquaculture 2012, 358-359, 213-215. [CrossRef]

Riesco, M.E.,; Anel-Lopez, L.; Neila-Montero, M.; Palacin-Martinez, C.; Montes-Garrido, R.; Alvarez, M.; de Paz, P.; Anel, L.
Proakap4 as novel molecular marker of sperm quality in ram: An integrative study in fresh, cooled and cryopreserved sperm.
Biomolecules 2020, 10, 1046. [CrossRef]

Arthur, J.R.; Boyne, R. Superoxide dismutase and glutathione peroxidase activities in neutrophils from selenium deficient and
copper deficient cattle. Life Sci. 1985, 36, 1569-1575. [CrossRef]

Derveaux, S.; Vandesompele, |.; Hellemans, ]. How to do successful gene expression analysis using real-time PCR. Methods 2010,
50, 227-230. [CrossRef]

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
Angilletta, M.]. Thermal Adaptation: A Theoretical and Empirical Synthesis; Oxford University Press: Oxford, UK, 2009; pp. 1-302.
Abram, PK.; Boivin, G.; Moiroux, ].; Brodeur, ]. Behavioural effects of temperature on ectothermic animals: Unifying thermal
physiology and behavioural plasticity. Biol. Rev. 2017, 92, 1859-1876. [CrossRef]

Volkoff, H.; Rennestad, I. Effects of temperature on feeding and digestive processes in fish. Temperature 2020, 7, 307-320. [CrossRef]
James, R.S. A review of the thermal sensitivity of the mechanics of vertebrate skeletal muscle. J. Comp. Physiol. B Biochem. Syst.
Environ. Physiol. 2013, 183, 723-733. [CrossRef]

Scharsack, J.P; Franke, F. Temperature effects on teleost immunity in the light of climate change. . Fish Biol. 2022, 101, 780-796.
[CrossRef]

van Denderen, D.; Gislason, H.; van den Heuvel, J.; Andersen, K.H. Global analysis of fish growth rates shows weaker responses
to temperature than metabolic predictions. Glob. Ecol. Biogeogr. 2020, 29, 2203—2213. [CrossRef]

Réalis-Doyelle, E.; Pasquet, A.; De Charleroy, D.; Fontaine, P; Teletchea, F. Strong Effects of Temperature on the Early Life Stages
of a Cold Stenothermal Fish Species, Brown Trout (Salmo trutta L.). PLoS ONE 2016, 11, e0155487. [CrossRef]

Cordova-De la Cruz, S.E.; Riesco, M.F.; Martinez-Bautista, G.; Calzada-Ruiz, D.; Martinez-Burguete, T.; Pefa-Marin, E.S.; Alvarez-
Gonzalez, C.A.; Fernandez, I. Larval Development in Tropical Gar (Atractosteus tropicus) Is Dependent on the Embryonic Thermal
Regime: Ecological Implications under a Climate Change Context. Fishes 2022, 7, 16. [CrossRef]

Fenkes, M.; Fitzpatrick, ].L.; Shiels, H.A.; Nudds, R.L. Acclimation temperature changes spermatozoa flagella length relative to
head size in brown trout. Biol. Open 2019, 8, 039461. [CrossRef]

Fenkes, M.; Fitzpatrick, J.L.; Ozolina, K.; Shiels, H.A.; Nudds, R.L. Sperm in hot water: Direct and indirect thermal challenges
interact to impact on brown trout sperm quality. . Exp. Biol. 2017, 220, 2513-2520. [CrossRef]

Miranda, L.A.; Chalde, T.; Elisio, M.; Striissmann, C.A. Effects of global warming on fish reproductive endocrine axis, with special
emphasis in pejerrey Odontesthes bonariensis. Gen. Comp. Endocrinol. 2013, 192, 45-54. [CrossRef]

Hani, YM.L; Turies, C.; Palluel, O.; Delahaut, L.; Bado-Nilles, A.; Geffard, A.; Dedourge-Geffard, O.; Porcher, ] M. Effects of a
chronic exposure to different water temperatures and/or to an environmental cadmium concentration on the reproduction of the
threespine stickleback (Gasterosteus aculeatus). Ecotoxicol. Environ. Saf. 2019, 174, 48-57. [CrossRef]

Tovo-Neto, A.; Martinez, E.R.M.; Melo, A.G.; Doretto, L.B.; Butzge, A.].; Rodrigues, M.S.; Nakajima, R.T.; Habibi, H.R.; Nobrega,
R.H. Cortisol directly stimulates spermatogonial differentiation, meiosis, and spermiogenesis in zebrafish (Danio rerio) testicular
explants. Biomolecules 2020, 10, 429. [CrossRef]

Al Fatle, EA.; Meleg, E.E,; Sallai, Z.; Szabd, G.; Varkonyi, E.; Urbanyi, B.; Kovacs, B.; Molnar, T.; Lehoczky, I. Genetic Structure and
Diversity of Native Tench (Tinca tinca L. 1758) Populations in Hungary—Establishment of Basic Knowledge Base for a Breeding
Program. Diversity 2022, 14, 336. [CrossRef]

Butzge, A.].; Yoshinaga, T.T.; Acosta, O.D.M.; Fernandino, J.I; Sanches, E.A.; Tabata, Y.A.; de Oliveira, C.; Takahashi, N.S.;
Hattori, R.S. Early warming stress on rainbow trout juveniles impairs male reproduction but contrastingly elicits intergenerational
thermotolerance. Sci. Rep. 2021, 11, 17053. [CrossRef]

Haverinen, J.; Vornanen, M. Responses of action potential and K+ currents to temperature acclimation in fish hearts: Phylogeny
or thermal preferences? Physiol. Biochem. Zool. 2009, 82, 468-482. [CrossRef]

Vinagre, C.; Narciso, L. Effect of temperature on oxidative stress in fish: Lipid peroxidation and catalase activity in the muscle of
juvenile seabass, Dicentrarchus labrax. Ecol. Indic. 2012, 23, 274-279. [CrossRef]

Aitken, RJ.; Gibb, Z.; Baker, M.A.; Devret, J.; Gharagozloo, P. Causes and consequences of oxidative stress in spermatozoa. Reprod
Fertil Dev 2016, 28, 1-10. [CrossRef]

Kaludercic, N.; Soni, D.; Di Lisa, F. Reactive Oxygen Species and Redox Compartmentalization. Front. Physiol. 2014, 5, 285.
[CrossRef]

Pahune, PP; Choudhari, A.R.; Muley, P.A. The Total Antioxidant Power of Semen and Its Correlation with the Fertility Potential
of Human Male Subjects. J. Clin. Diagn. Res. 2013, 7, 991. [CrossRef]

Cabrita, E.; Martinez-Pdramo, S.; Gavaia, PJ.J.; Riesco, M.EFE,; Valcarce, D.G.G.; Sarasquete, C.; Herrdez, M.P.P,; Robles, V.; Herraez,
M.P; Robles, V,; et al. Factors enhancing fish sperm quality and emerging tools for sperm analysis. Aquaculture 2014, 432, 389-401.
[CrossRef]

Stowiniska, M.; Nynca, J.; Cejko, B.L; Dietrich, M.A.; Horvath, A Urbanyi, B.; Kotrik, L.; Ciereszko, A. Total antioxidant capacity
of fish seminal plasma. Aquaculture 2013, 400-401, 101-104. [CrossRef]


https://doi.org/10.1016/j.aquaculture.2012.07.012
https://doi.org/10.3390/biom10071046
https://doi.org/10.1016/0024-3205(85)90381-9
https://doi.org/10.1016/j.ymeth.2009.11.001
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1111/brv.12312
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1007/s00360-013-0748-1
https://doi.org/10.1111/jfb.15163
https://doi.org/10.1111/geb.13189
https://doi.org/10.1371/journal.pone.0155487
https://doi.org/10.3390/fishes7010016
https://doi.org/10.1242/bio.039461
https://doi.org/10.1242/jeb.156018
https://doi.org/10.1016/j.ygcen.2013.02.034
https://doi.org/10.1016/j.ecoenv.2019.02.032
https://doi.org/10.3390/biom10030429
https://doi.org/10.3390/d14050336
https://doi.org/10.1038/s41598-021-96514-1
https://doi.org/10.1086/590223
https://doi.org/10.1016/j.ecolind.2012.04.009
https://doi.org/10.1071/RD15325
https://doi.org/10.3389/fphys.2014.00285
https://doi.org/10.7860/JCDR/2013/4974.3040
https://doi.org/10.1016/j.aquaculture.2014.04.034
https://doi.org/10.1016/j.aquaculture.2013.03.010

Animals 2024, 14, 778 18 of 19

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

Aitken, R.J.; Drevet, J.R. The Importance of Oxidative Stress in Determining the Functionality of Mammalian Spermatozoa: A
Two-Edged Sword. Antioxidants 2020, 9, 111. [CrossRef]

Kowalczyk, A. The Role of the Natural Antioxidant Mechanism in Sperm Cells. Reprod. Sci. 2022, 29, 1387-1394. [CrossRef]
Félix, F.; Oliveira, C.C.V,; Cabrita, E. Antioxidants in Fish Sperm and the Potential Role of Melatonin. Antioxidants 2021, 10, 36.
[CrossRef]

Soren, S.; Singh, S.V.; Singh, P. Influence of season on seminal antioxidant enzymes in Karan Friesbulls under tropical climatic
conditions. Turkish J. Vet. Anim. Sci. 2016, 40, 797-802. [CrossRef]

El-Zeftawy, M.; Mahmoud, G.B.; Hassan, M. Impact of thermal stress exposure on seminal quality, antioxidant defence system,
TNF-o and TIMP-3 in Ossimi ram. Reprod. Domest. Anim. 2020, 55, 870-881. [CrossRef]

Ngoula, E; Lontio, FA.; Tchoffo, H.; Manfo Tsague, EP.; Djeunang, R.M.; Vemo, B.N.; Moffo, F.; Djuissi Motchewo, N. Heat
Induces Oxidative Stress: Reproductive Organ Weights and Serum Metabolite Profile, Testes Structure, and Function Impairment
in Male Cavy (Cavia porcellus). Front. Vet. Sci. 2020, 7, 471335. [CrossRef]

Barradas, V.; Antoniassi, M.P.; Intasqui, P.; Nichi, M.; Bertolla, R.P.; Spaine, D.M. Evaluation of oxidative stress in seminal plasma
of adolescents with varicocele. Reprod. Fertil. 2021, 2, 141. [CrossRef]

Pefia, EJ.; O'Flaherty, C.; Ortiz Rodriguez, ].M.; Martin Cano, FE.; Gaitskell-Phillips, G.L.; Gil, M.C.; Ferrusola, C.O. Redox
Regulation and Oxidative Stress: The Particular Case of the Stallion Spermatozoa. Antioxidants 2019, 8, 567. [CrossRef] [PubMed]
Tremellen, K. Oxidative stress and male infertility—A clinical perspective. Hum. Reprod. Update 2008, 14, 243-258. [CrossRef]
[PubMed]

Ostermeier, G.C.; Dix, D.J.; Miller, D.; Khatri, P.; Krawetz, S.A. Spermatozoal RNA profiles of normal fertile men. Lancet 2002, 360,
772-777. [CrossRef] [PubMed]

Grunewald, S.; Paasch, U.; Glander, H.-J.; Anderegg, U. Mature human spermatozoa do not transcribe novel RNA. Andrologia
2005, 37, 69-71. [CrossRef] [PubMed]

Meseguer, M.; Garrido, N.; Simén, C.; Pellicer, A.; Remohi, J. Concentration of glutathione and expression of glutathione
peroxidases 1 and 4 in fresh sperm provide a forecast of the outcome of cryopreservation of human spermatozoa. J. Androl. 2004,
25,773-780. [CrossRef] [PubMed]

Riesco, M.F,; Valcarce, D.G.; Martinez-Vazquez, ].M.; Robles, V. Effect of low sperm quality on progeny: A study on zebrafish as
model species. Sci. Rep. 2019, 9, 11192. [CrossRef]

Riesco, M.E,; Valcarce, D.G.; Martinez-Vazquez, ].M.; Martin, I.; Calderén-Garcia, A.A.; Gonzalez-Nunez, V.; Robles, V. Male
reproductive dysfunction in Solea senegalensis: New insights into an unsolved question. Reprod. Fertil. Dev. 2019, 31, 1104-1115.
[CrossRef]

Guerra, S.M.; Valcarce, D.G.; Cabrita, E.; Robles, V. Analysis of transcripts in gilthead seabream sperm and zebrafish testicular
cells: mRNA profile as a predictor of gamete quality. Aquaculture 2013, 406, 28-33. [CrossRef]

Altuvia, Y.; Landgraf, P; Lithwick, G.; Elefant, N.; Pfeffer, S.; Aravin, A.; Brownstein, M.].; Tuschl, T.; Margalit, H. Clustering and
conservation patterns of human microRNAs. Nucleic Acids Res. 2005, 33, 2697-2706. [CrossRef]

Purandhar, K ; Jena, PK.; Prajapati, B.; Rajput, P.; Seshadri, S. Understanding the role of heat shock protein isoforms in male
fertility, aging and apoptosis. World . Mens. Health 2014, 32, 123-132. [CrossRef]

De Maio, A. Heat shock proteins: Facts, thoughts, and dreams. Shock 1999, 11, 1-12. [CrossRef] [PubMed]

Logan, C.A.; Buckley, B.A.; Podrabsky, J.E.; Stillman, J.H.; Tomanek, L. Transcriptomic responses to environmental temperature in
eurythermal and stenothermal fishes. J. Exp. Biol. 2015, 218, 1915-1924. [CrossRef] [PubMed]

Yan, J.; Liang, X.; Zhang, Y.; Li, Y.; Cao, X.; Gao, J. Cloning of three heat shock protein genes (HSP70, HSP90x and HSP903) and
their expressions in response to thermal stress in loach (Misgurnus anguillicaudatus) fed with different levels of vitamin C. Fish
Shellfish Immunol. 2017, 66, 103-111. [CrossRef] [PubMed]

Jeyachandran, S.; Chellapandian, H.; Park, K.; Kwak, I.S. A Review on the Involvement of Heat Shock Proteins (Extrinsic
Chaperones) in Response to Stress Conditions in Aquatic Organisms. Antioxidants 2023, 12, 1444. [CrossRef] [PubMed]
Madeira, D.; Mendonga, V.; Dias, M.; Roma, J.; Costa, PM.; Larguinho, M.; Vinagre, C.; Diniz, M.S. Physiological, cellular and
biochemical thermal stress response of intertidal shrimps with different vertical distributions: Palaemon elegans and Palaemon
serratus. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2015, 183, 107-115. [CrossRef] [PubMed]

Akbarzadeh, A.; Giinther, O.P.; Houde, A.L.; Li, S.; Ming, T.J.; Jeffries, K.M.; Hinch, S.G.; Miller, K.M. Developing specific
molecular biomarkers for thermal stress in salmonids. BMC Genom. 2018, 19, 749. [CrossRef]

Qin, H,; Long, Z.; Huang, Z.; Ma, J.; Kong, L.; Lin, Y.; Lin, H.; Zhou, S.; Li, Z. A Comparison of the Physiological Responses to
Heat Stress of Two Sizes of Juvenile Spotted Seabass (Lateolabrax maculatus). Fishes 2023, 8, 340. [CrossRef]

Pandey, A.; Rajesh, M.; Baral, P.; Sarma, D.; Tripathi, PH.; Akhtar, M.S.; Ciji, A.; Dubey, M.K,; Pande, V.; Sharma, P.; et al.
Concurrent changes in thermal tolerance thresholds and cellular heat stress response reveals novel molecular signatures and
markers of high temperature acclimation in rainbow trout. J. Therm. Biol. 2021, 102, 103124. [CrossRef]

Najafi, A.; Amidi, F.; Sedighi Gilani, M.A.; Moawad, A.R.; Asadi, E.; Khanlarkhni, N.; Fallah, P.; Rezaiian, Z.; Sobhani, A. Effect of
brain-derived neurotrophic factor on sperm function, oxidative stress and membrane integrity in human. Andrologia 2017, 49,
e12601. [CrossRef]


https://doi.org/10.3390/antiox9020111
https://doi.org/10.1007/s43032-021-00795-w
https://doi.org/10.3390/antiox10010036
https://doi.org/10.3906/vet-1603-76
https://doi.org/10.1111/rda.13697
https://doi.org/10.3389/fvets.2020.00037
https://doi.org/10.1530/RAF-20-0048
https://doi.org/10.3390/antiox8110567
https://www.ncbi.nlm.nih.gov/pubmed/31752408
https://doi.org/10.1093/humupd/dmn004
https://www.ncbi.nlm.nih.gov/pubmed/18281241
https://doi.org/10.1016/S0140-6736(02)09899-9
https://www.ncbi.nlm.nih.gov/pubmed/12241836
https://doi.org/10.1111/j.1439-0272.2005.00656.x
https://www.ncbi.nlm.nih.gov/pubmed/16026427
https://doi.org/10.1002/j.1939-4640.2004.tb02855.x
https://www.ncbi.nlm.nih.gov/pubmed/15292110
https://doi.org/10.1038/s41598-019-47702-7
https://doi.org/10.1071/RD18453
https://doi.org/10.1016/j.aquaculture.2013.04.032
https://doi.org/10.1093/nar/gki567
https://doi.org/10.5534/wjmh.2014.32.3.123
https://doi.org/10.1097/00024382-199901000-00001
https://www.ncbi.nlm.nih.gov/pubmed/9921710
https://doi.org/10.1242/jeb.114397
https://www.ncbi.nlm.nih.gov/pubmed/26085668
https://doi.org/10.1016/j.fsi.2017.05.023
https://www.ncbi.nlm.nih.gov/pubmed/28495509
https://doi.org/10.3390/antiox12071444
https://www.ncbi.nlm.nih.gov/pubmed/37507982
https://doi.org/10.1016/j.cbpa.2014.12.039
https://www.ncbi.nlm.nih.gov/pubmed/25582544
https://doi.org/10.1186/s12864-018-5108-9
https://doi.org/10.3390/fishes8070340
https://doi.org/10.1016/j.jtherbio.2021.103124
https://doi.org/10.1111/and.12601

Animals 2024, 14, 778 19 of 19

85.

86.

87.

88.

89.

Valvassori, S.S.; Arent, C.O.; Steckert, A.V.; Varela, R.B.; Jornada, L.K.; Tonin, P.T.; Budni, J.; Mariot, E.; Kapczinski, F.; Quevedo, J.
Intracerebral Administration of BDNF Protects Rat Brain Against Oxidative Stress Induced by Ouabain in an Animal Model of
Mania. Mol. Neurobiol. 2015, 52, 353-362. [CrossRef]

Safari, H.; Khanlarkhani, N.; Sobhani, A.; Najafi, A.; Amidi, F. Effect of brain-derived neurotrophic factor (BDNF) on sperm
quality of normozoospermic men. Hum. Fertil. 2018, 21, 248-254. [CrossRef] [PubMed]

Somero, G.N. The physiology of climate change: How potentials for acclimatization and genetic adaptation will determine
‘winners’ and ‘losers’. J. Exp. Biol. 2010, 213, 912-920. [CrossRef] [PubMed]

Chust, G.; Taboada, F.G.; Alvarez, P; Ibaibarriaga, L. Species acclimatization pathways: Latitudinal shifts and timing adjustments
to track ocean warming. Ecol. Indic. 2023, 146, 109752. [CrossRef]

Garrabou, J.; Gémez-Gras, D.; Medrano, A.; Cerrano, C.; Ponti, M.; Schlegel, R.; Bensoussan, N.; Turicchia, E.; Sini, M,;
Gerovasileiou, V.; et al. Marine heatwaves drive recurrent mass mortalities in the Mediterranean Sea. Glob. Chang. Biol. 2022, 28,
5708-5725. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12035-014-8873-8
https://doi.org/10.1080/14647273.2017.1346301
https://www.ncbi.nlm.nih.gov/pubmed/28678563
https://doi.org/10.1242/jeb.037473
https://www.ncbi.nlm.nih.gov/pubmed/20190116
https://doi.org/10.1016/j.ecolind.2022.109752
https://doi.org/10.1111/gcb.16301

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Animal Housing 
	Heatwave Simulation 
	Fish Growth Performance Monitoring and Sperm Collection 
	Sperm Motility and Concentration Analyses 
	Sperm Flow Cytometry Analysis 
	Spermatozoa RedoxSYS Analysis 
	SOD and GPx Activities in Seminal Plasma 
	Gene Expression Analysis of Spermatozoa 
	Statistical Analyses 

	Results 
	Biometric Analyses of the Control and Heatwave-Exposed Male Fish 
	Sperm Volume, Concentration, and Motility Parameters in Males Exposed to the Heatwave Event and the Control Group 
	Seminal Plasma Redox Balance and Spermatozoa Intracellular ROS Content in Males Exposed to the Heatwave Event and the Control Group 
	Gene Expression of Sperm Quality Markers in Males Exposed to the Heatwave Event and the Control Group 

	Discussion 
	Conclusions 
	References

