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INTRODUCTION

ABSTRACT | In triploid fish physiology there is a lack of information about its
molecular responses under stress and how to quantify the stress levels or intensity. Thus,
the goals of this trial were to evaluate the pattern of HSP70 in the gills, heart and muscles
of non-stressed diploid and triploid rainbow trouts, and in the blood cells after the
exposure to heat stress in order to assess their stress levels. Similar HSP70
immunohistochemical detection in the gills, heart and muscles samples was seen in both
ploidies. However, HSP70 expression in blood varied between ploidies over the
experimental time. Control and stressed diploid trouts showed analogous HSP70 levels,
but heat stressed triploid trouts showed lower HSP70 levels throughout the experiment
with differences observable after 12h and 24h. It was expected higher HSP70 expression
in both ploidies once this protein protects the cells against a wide range of disturbing
agents. Recent evidences showed that triploid fishes have lower gene expression and this
fact must be explored in future investigation in rainbow trouts. In conclusion,
comparisons over time between diploid and triploid HSP70 levels in trouts could be used
in stress evaluation and welfare statement.

RESUMEN | En la fisiologia de los peces triploides, falta informacion sobre sus
respuestas moleculares bajo estrés y como cuantificar los niveles o la intensidad del
estrés. Por lo tanto, los objetivos de este ensayo fueron evaluar el patron de HSP70 en las
branquias, el corazén y los misculos de truchas arco iris diploides y triploides no
estresadas, y en las células sanguineas después de la exposicion al estrés por calor para
evaluar sus niveles de estrés. Se observd una deteccion inmunohistoquimica de HSP70
similar en las muestras de branquias, corazon y masculos en ambas ploidias. Sin embargo,
la expresion de HSP70 en sangre varid entre ploidias durante el tiempo experimental. Las
truchas diploides de control y estresadas mostraron niveles andlogos de HSP70, pero las
truchas triploides estresadas por calor mostraron niveles mas bajos de HSP70 durante todo
el experimento con diferencias observadas después de 12 h'y 24 h. Se esperaba una mayor
expresion de HSP70 en ambas ploidias una vez que esta proteina protege a las células
contra una amplia gama de agentes perturbadores. Evidencias recientes mostraron que los
peces triploides tienen una menor expresion génica y este hecho debe ser explorado en
futuras investigaciones en truchas arcoiris. En conclusion, las comparaciones a lo largo
del tiempo entre los niveles diploides y triploides de HSP70 en truchas podrian usarse en
la evaluacion del estrés y de bienestar.

Fish species are exposed to different types of stressors in breeding systems, such as management for
biometry, hypoxia and acute changes in the water physicochemical parameters (Wendelaar Bonga, 1997).
In response, catecholamines and cortisol released by the chromaffin cells and interrenal tissue, respectively,
lead to consequences throughout the body. The magnitude of the physiological response to stress in fish can
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be influenced by the stressor, as well as genetic, developmental and environmental factors (lwama et al.,
2004; Schreck and Tort, 2016).

In addition to the physiological response, the cellular response to stress is related to the action of Heat
Shock Proteins (HSP). HSPs are evolutionarily conserved proteins that are organized into families,
including the HSP70 family - HSP72, HSP73, HSP75, and HSP78 (Wu et al., 2017). Located in the cytosol
and cell nucleus, the HSP70 family is present in the normal cell state to aid in the folding of native
polypeptides and their translocation to different cellular compartments (Clark and Peck, 2009). Also, they
assist mis-folded proteins to attain or regain their native states and also target degraded proteins and
regulate their removal from the cell, thus preventing the formation of cytotoxic aggregates (Clark and Peck,
2009). However, the response varies according to the tissue and family of HSP, and the sensitivity of its
expression may vary among fish species (Basu et al., 2002; lwama et al., 2004; Schreck and Tort, 2016).
Several studies have attempted to establish a relationship between physiological and cellular responses to
stress, but it seems to be inconsistencies between the two kinds of responses, since a fish may show a
physiological response to stress without changes in its HSP cell profile (Iwama et al., 2004).

Facing the same stressor, diploid and triploid fishes can express different responses, as many of the
effects caused by triploidization are still unknown. For example, triploid rainbow trouts Oncorhynchus
mykiss exposed to aflatoxin B1 and to carcinoma inducers are more resilient to their effects than diploid
ones (Arana et al., 2002; Thorgaard et al., 1999). According to Yamamoto and lida (1995), the nonspecific
defense in rainbow trouts is similar between the ploidies and this fact does not affect the susceptibility to
pathogenic microorganisms. However, Pressinoti (2006) observed that the peritoneal phagocytes of triploid
trouts phagocyte a greater number of yeasts than the diploid ones; but the phagocytic capacity and
phagocytic index showed similar responses.

The evaluation of fish blood provides a general picture of its health and welfare, being a first tool for
screening of healthy and sick animals (Fazio, 2019). In this way, it can be used to monitor changes arising
from pollution and disease (Peutz et al., 1996; Kumar, 2012; Roy et al., 2017), without the need for
euthanasia or collection of organ samples. Thus, the goals of this trial were to evaluate the pattern of HSP70
in the gills, heart and muscles of non-stressed diploid and triploid rainbow trouts, and in the blood cells
after the exposure to heat stress in order to assess their stress levels, demonstrating that the evaluation of
HSP70 expression in trout blood cells can be a tool for operational welfare indicator (Segner et al., 2012).

MATERIAL AND METHODS
Experiment 1 - HSP70 immunolocalization in trout not exposed to thermal stress

Twenty 12-month-old female rainbow trouts (Oncorhynchus mykiss) - 10 diploids (40.65+1.31cm and
1097+213.85g) and 10 triploids (32.65+1.33cm and 902+94.61g) were acquired from the Salmoniculture
Experimental Station Dr. Ascéanio de Faria, Campos do Jordao, Brazil, belonging to the Paulista Agency for
Agribusiness Technology. This research was approved by the Bioethics Committee of the College of
Veterinary Medicine and Animal Science of the University of Sdo Paulo/USP # 1337/2008.

For organs collection, rainbow trouts were anesthetized by immersion anesthesia in a 70 mg/L
benzocaine-based solution (Benzocaine, Sigma Aldrich, USA), previously dissolved in ethyl alcohol (Silva
et al., 1998). Upon reaching the deep anesthesia stage with total loss of equilibrium and no reaction to
handling or pain stimuli (Ross and Ross, 2008), blood was collected from the caudal vein with a 5 ml
syringe with a 22-gauge heparinized needle to confirm the triploidization by blood smear evaluation
(Benfey et al., 1984). Then, they were euthanized in a 250 mg/L benzocaine solution and samples of the
gills (Washburn et al. 2002), liver (Boone and Vijayan, 2002) and skeletal and cardiac muscles (Clarkson et
al., 2005) were fixed in 10% buffered formalin solution (Paraformaldehyde, Sigma-Aldrich, USA),
dehydrated in alcohol and embedded in histologic paraffin (Paraplast, Sigma-Aldrich, USA).
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Immunohistochemistry was performed using the LSAB + HRP System kit (DakoCytomation,
Carpinteria, CA, USA) following the manufacturer instructions. The primary antibody used was the anti-
Hsp 70/Hsp 72 monoclonal antibody (Enzo Life Sciences, USA, code C92F3A-5) at the 1:100 dilution in
PBS buffer 0.1M pH 7.2. After dewaxing, the slides were submitted to antigen recovery from immersion in
0.01 M sodium citrate buffer pH 6.0 and submitted to 3 cycles of 5 minutes each in a microwave oven at
maximum power. A 3% hydrogen peroxide in methanol and a 1.5% bovine serum albumin (BSA) diluted in
PBS were both used for 30 min to block the action of the endogenous peroxidase and the non-specific
reactions, respectively. The sections were incubated with the primary antibody in a humid chamber
overnight at 4°C. After the secondary antibody and streptavidin incubations for 1h each, positive reactions
were developed with a chromogenic 3.3- diaminobenzidine solution (DAB, DakoCytomation, USA) with
different developing times: 1 min for heart, 2 min for gills and liver and 5 min for muscles. The sections
were washed in distilled water and counterstained with Harris hematoxylin, dehydrated and mounted in
Permount® resin. As negative controls, sample sections were incubated with PBS, rather than primary
antibody.

Experiment 2 - diploid and triploid trouts exposed to heat stress

Twenty female rainbow trouts O. mykiss (10 diploids and 10 triploids), from the same batch of the
experiment 1, were acclimated in tanks with water at 16°C for seven days (preferred temperature for culture
is 10-17°C as reported by Ineno et al., 2005). All trouts were anestethized in a 70 mg/L benzocaine-based
solution and blood was collected by caudal vein punction. To heat stress induction, seven diploid and
triploid trouts were transferred to a tank with water at 20°C for 1h (groups Stressed 2n and Stressed 3n,
respectively). After, they were retransferred to water at 16°C, and blood collections were performed 1h, 12h
and 24h after heat stress. Control groups (groups Control 2n and Control 3n, n=3 each) were kept at 16°C
and undergone blood collection at the same time of heat stress groups. To ensure that the consequences of
the heat stress were not overlapped by hypoxia, pure oxygen was bubbled to keep constant water oxygen
levels throughout the trial. Blood samples were frozen in liquid nitrogen and stored at - 80°C until
evaluation.

With the Immunoblotting method we propose to qualify and quantify the expression of HSP70 in blood
samples using antibody against HSP70 (Stressgen anti-HSP70/HSP72 monoclonal antibody, code C92F3A-
5). For this, we use polyacrylamide gel electrophoresis to separate denatured proteins according to its
molecular weight. Using microtubes, 1 ml of blood was added to 200 pl of ice-cold extraction buffer
solution composed of SDS (Sodium dodecyl sulfate, 0.1M), DTT (DL-Dithiothreitol, 0.1 M), PMSF
(Phenylmethylsulfonyl fluoride, 1.10° M), glycerol (20%) and Tris-HCI (TRIS hydrochloride, 0.12 M pH
6.8) and were boiled in water bath for 5 minutes. After, the microtubes were centrifuged at 18,000 g for 15
min at 4°C. The supernatant was transferred to another tube and frozen at - 20°C. The Bradford protein
assay was performed to measure the concentration of total protein in all samples (Bradford, 1976). Aliquots
containing 160 pg of protein plus the sample buffer (composed of 240 mM Tris-HCI, 40% glycerol, 0.8%
SDS and 200 mM B-mercaptoethanol) were subjected to a voltage of 100 V for 1h (adapted from Deane et
al. 2006) in SDS-PAGE gel (resolving 10% and stacking 5%). After running, the samples were transferred
to a nitrocellulose membrane (Hybond-P PVDF Membrane, Amersham Pharmacia Biotech, USA) using
120 mA current for 2h30min. At the end of the transfer, we used a secondary antibody (Blotting Grade
Affinity Purified, Goat anti-Mouse IgG (H + L) - HRP Conjugate, Bio Rad, USA) and developed the
membrane with the ECL kit (ECL Western blotting Analysis System, GE Healthcare, USA) above X-ray
films. The X-rays were scanned and analyzed using Image J software (NIH, USA). Gel analyses provided
arbitrary values for the HSP70 densitometric intensities, which were normalized from the values for control
fish for a semi-quantitative evaluation.

Data analysis

The arbitrary values for the HSP70 intensities were evaluated using analysis of variance (one-way and
two-way ANOVA) with Tukey's post test. All values are shown as a mean * standard deviation. The results
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were statistically significant when p<0.05. Data analysis was performed using GraphPad Prism 6 software
(GraphPad Software, San Diego, USA).

RESULTS
Experiment 1

Immunohistochemistry showed cytoplasmic expression of HSP70 in hepatocytes, with no difference in
the intensity between diploid or triploid rainbow trouts. Hepatocytes close to vessels with denser nuclei and
lipid droplet (Fig. 1a) showed more intense HSP70 cytoplasmic signaling when compared to trout
hepatocytes with loose nuclei with no fat deposition (Fig. 1b). Indeed, we noticed a difference between
hepatocytes with and without lipid droplet deposition in cytosol (Figs. 1b and 1c). Control livers did not
show any detection of HSP70 (Fig. 1d).

We obtained a weak signaling for HSP70 on skeletal (white and red muscles) (Figs. 1e and 1f) and on
cardiac muscle fibers (Figs. 1g and 1h), with no difference between ploidies.

In the same way, the signaling on the gills was cytoplasmic without differences between ploidies and no
signaling in negative controls. We observed that the mucoid and chloride cells of the gill lamellae had more
intense signal than the epithelial cells (Figs. 1i and 1j).

Experiment 2

There was homogeneity in HSP70 levels among all control groups (two-way ANOVA, p = 0.06). Yet,
there was no statistical significance of HSP70 levels when it was considered the interaction between
ploidies and time after heat stress (two-way ANOVA, p = 0.34), as showed in figures 2 and 3.

However, the evaluation of HSP70 levels over time for each ploidy showed different scenarios. HSP70
levels in diploid trouts did not show a statistical difference between control and heat-stressed trouts (one-
way ANOVA, p = 0.13), but heat stressed triploid trouts showed lower HSP70 levels throughout
experiment, with significant differences after 12h (p = 0.030) and 24h (p = 0.003) in comparison to the
respective control group (Figs. 2 and 3). Indeed, it was detected a second protein with a molecular weight of
approximately 40 kDa characterizing the co-chaperone HSP40 bound to HSP70.
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Figure 1. a In the liver of diploid trouts, the hepatocytes near of the portal triad vessels show a more intense HSP70
detection when compared to b with hepatocytes without cytoplasmic lipid droplet in the liver of triploid trouts, c in the
liver of triploid trouts, the hepatocytes with cytoplasmic lipid droplet show intense HSP70 detection, d control triploid
liver without reaction, e and f diploid and triploid skeletal muscle fibers with weak HSP70 detection, g and h diploid
and triploid cardiac muscle fibers with weak HSP70 detection, i mucoid cell (arrow) in a secondary gill lamella positive
for HSP70 in diploid trout, j chloride cell (arrow) proximal to primary gill filament positive for HSP70 in triploid trout.
Bars: 40 um (a and b), 20 um (c to j).
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Figure 2. Western blot for HSP70 protein in blood samples of diploid (Control 2n and Stressed 2n) and triploid
(Control 3n and Stressed 3n) rainbow trouts O. mykiss following heat stress. Immunoprecipitated bands about 40 kDa
belong to HSP40 co-chaperone.
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Figure 3. The expression levels of HSP70 were quantified by Image J software densitometric analysis and were
normalized to the control groups. p<0.05 (**) and p<0.005 (***). One-way ANOVA.
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DISCUSSION
Experiment 1

No differences in immunohistochemical detection of HSP70 in organ samples between ploidies were
observed, although a more intense presence in triploid trout tissue samples was expected. One explanation
is the fact that the trouts were under ideal conditions; however, data in the literature are conflicting
regarding hsp70 gene expression and HSP70 levels in different fish species and organs exposed to stressors.
The gills maintain an intimate relationship with the external environment, performing different
physiological activities (Evans et al., 2005), and are susceptible to harmful actions of pollutants and
parasites (Strzyzewska et al., 2016). In gills, HSP70 was observed in chloride cells, known for the large
number of mitochondria that supply energy to the Na*K*ATPase transporter and chloride uptake channels
in freshwater fishes, and in mucoid cells which release mucin to protect the gills against pathogens (Goss et
al., 1998; Wilson and Laurent, 2002; Dymowska et al., 2012). Therefore, the uniform detection of HSP70
in those cells in diploid and triploid trouts is justified by the maintenance of homeostasis. In wild Pacific
halibuts Hippoglossus stenolepis gills the HSP70 levels are variable (Scofield et al., 1999) but, when
Atlantic salmons Salmo salar are exposed to different kinds of environmental stress (DuBeau et al., 1998;
Zarate and Bradley, 2003), there is the induction of de novo synthesis of HSP70 in the gills, with elevated
levels in common carp Cyprinus carpio gills after 24 hours of exposure to high temperatures (Wang et al.,
2007a).

Hepatocytes close to the portal triads are the first cells that interact with blood reaching out the liver
parenchyma (Akiyoshi and Inoue, 2004), suffering more intense stressor consequences (Wolf and Wheeler,
2018). Thus, we observed in both ploidies a more intense detection of HSP70 in hepatocytes with dense
nuclei in those regions than in hepatocytes with loose nuclei, suggesting de novo HSP70 synthesis to avoid
unfolded proteins in endoplasmic reticula, once acting as chaperones (Adams et al., 2019). Indeed, HSP70
accumulation in primary cultures of hepatocytes of diploid trouts O. mykiss were higher after 24h of
exposition to heat shock and heavy metals (Boone and Vijayan, 2002), but not observed after acute stress
conditions such as handling (Washburn et al., 2002) and exhaustive exercise (Clarkson et al., 2005). Even
under chronic stress such as transport over a long period of time, there are no differences in liver HSP70
levels in diploid and triploid trouts (Leggatt et al., 2006).

In heart and skeletal muscles, no difference in HSP70 levels was observed, similar to that reported in
diploid brook trouts Salvelinus fontinalis exposed to heat shock and thermal tolerance at 25°C (Stitt et al.,
2014) and in diploid rainbow trouts O. mykiss after exhaustive exercise (Clarkson et al., 2005). It is likely
that HSP70 levels are similar in both ploidies to protect muscle fibers, thus favoring escape behavior under
acute stress condition.

Experiment 2

Even though erythrocytes from diploid and triploid trouts have similar mean corpuscular hemoglobin
concentrations (Benfey and Sutterlin, 1984; Yamamoto and lida, 1994), the increase in ploidy in rainbow
trout O. mykiss results in a reduction in aerobic capacity (Virtanen et al., 1990) and survival after exposure
to gradual and acute water heating (Verhille et al. 2013). Trout erythrocytes are able to synthesize HSP70
after the beta-adrenergic stimuli, such as short-term acute stress used in this trial (Currie et al., 2008;
Schreck and Tort, 2016), with regulation at nuclear transcription level (Currie and Tufts, 1997).
Unexpectedly, we have detected lower HSP70 levels in triploid trouts 1h after the acute heat stress, which
was observed until after 24h post-stress. HSP40 was also detected, as this co-chaperone controls the HSP70
binding to unfolded polypeptides, preventing protein misfolding (Qiu et al., 2006). Moreover, HSP70
activity is dependent on ATP hydrolysis by HSP40 (Sugito et al., 1995; Ohtsuka and Hata, 2000).

A possible explanation for our results is given by genetic analysis of the naturally allotriploid fish
Squalius alburnoides. This species has a compensation mechanism undergoing to reduced transcript levels
when compared to the diploid state, but it is not a whole haplome that is inactivated. The allelic expression
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patterns differing between genes and between different tissues for one and the same gene is evidence of a
regulation mechanism involving gene-copy silencing in triploid fishes (Pala et al., 2008). Recently, Matos
et al. (2019) reported that the few genes silenced in Squalius alburnoides triploids are related to
mitochondria and ribosomes activity regulation, with consequent control of cell size and protein synthesis,
respectively. Moreover, analysis of gene expression in farmed triploid fish species revealed that genes
related to the heat shock protein family, such as hsp70 and genes related to glycogenesis enzymes are
among the upregulated ones in the bighead catfish Clarias macrocephalus (Chatchaiphan et al., 2017), and
in coho salmon O. kisutch those genes are related to nutrition and compensatory growth (Christensen et al.,
2019). Considering salmonids as polyploid fishes (Otto and Whitton, 2000), it is likely that the silencing of
genes contributed to the HSP70 levels in triploid O. mykiss rainbow trouts.

Another factor that can influence the allelic expression is the DNA methylation, a situation in which
DNA cannot be transcribed. Literature data are scarce, but triploid brown trouts Salmo trutta and Amazon
mollies Poecilia formosa do not show methylation differences in relation to their diploid counterparts,
however S. alburnoides presents differences between ploidies, possibly because it is a natural allotriploid
species (Covelo-Soto et al., 2015; Matos et al., 2016). However, there are no data in the literature to
confirm the relationship between DNA methylation and gene expression in triploid O. mykiss trouts.

Concomitantly, fish skin cell cultures, liver samples and erythrocytes can be used for experimental and
applied toxicological assessments, as HSP70 shows elevated levels after exposure to pollutants (Triebskorn
et al., 1997; Vijayan et al., 1998; Kilemade and Mothersill, 2001; Kd&hler et al., 2001), heavy metals
(Fulladosa et al., 2006) and complex polluted environments (Wang et al., 2007b). From the results, ploidy
and the time of exposure to the stressor should be considered because, as observed in the present study, the
analysis of the HSP70 expression in blood cells can be used as a welfare indicator and biomarker for the
integrated effect of all environmental stressors acting on an organism (Kohler et al., 2001).

The assessment of HSP70 levels in fish erythrocytes is a useful tool for the operational welfare indicator
(Segner et al., 2002), as it can reveal changes in the homeostasis of fish exposed to acute changes in their
environment, such as sudden peaks in water temperature during winter in regions with subtropical highland
climate, e.g. Campos do Jorddo, Brazil (Rolim and Aparecido, 2016). The results may also favor the
development of more resistant lines to stressors such as water heating (Ineno et al., 2005), and its
consequences such as hypoxia and water acidification.

CONCLUSION

In conclusion, the detection of HSP70 in both ploidies is more intense in the organs that carry out
protein synthesis and release, mainly the liver and gills. Finally, it must be considered that triploid rainbow
trouts may present the silencing of genes related to heat shock proteins.
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