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ABSTRACT. The enhanced expression of heat shock proteins (hsps)
in organisms can be detected in response to many kinds of stressor. For
fish, high temperature is an important stressor, and hsp expression is
associated with differences in environmental temperature. In this study,
rainbow trout (Oncorhynchus mykiss) that were accustomed to an
aquatic temperature of 18°C were exposed to an elevated temperature
(25°C), and hsp60 expression in the gill, liver, spleen, heart, and head
kidney was quantified using real-time polymerase chain reaction in
unstressed and heat-stressed animals. The fish responded to heat stress
in a time- and tissue-specific manner. Cardiac ~sp60 mRNA levels were
largely unchanged, and the greatest induction of 4sp60 in heat-stressed
animals was recorded in the liver, suggesting that protein damage
and the consequent requirement for the Hsp60 protein are probably
greater in hepatic tissue. Therefore, fish must be provided with optimal
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temperature conditions in order to realize their potential growth and
maximize fish farm profits.
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Heat stress

INTRODUCTION

Heat-shock proteins (Hsps) play an important role in thermal tolerance and accli-
mation, assist cells in recovery from stress, and promote cytoprotection. Hsps are highly
conserved in their protein structures and amino acid sequences, and, based on their protein
molecular weights, are grouped into families: Hsp100s, Hsp90s (83-90 kDa), Hsp70s (66-
79 kDa), Hsp60s, and small Hsps (15-30 kDa). There are two categories of Hsp: consti-
tutive (or cognate) heat-shock proteins (hscs) and inducible heat-shock proteins (hsps).
These are distinguished by their function and regulation. Inducible Asp expression is regu-
lated by heat-shock transcription factors (Pirkkala et al., 2001). In response to various
stressors, including heat, most heat-shock transcription factors acquire DNA binding activ-
ity targeted to the heat-shock element (nGAAnnTTCn) in gene promoter regions, thereby
modulating the transcription of Zsp genes, which results in the accumulation of Hsps (Pirk-
kala et al., 2001). Most inducible Asp genes, including 4sp60, lack introns, and, as a result,
hsp mRNAs can be rapidly translated into nascent proteins within minutes of exposure to
a stressor (Iwama et al., 2004).

In recent years, the sequence information and expression of many Asps has been
reported in many species, in particular the Asp90 (hsp90a and hsp90b) and hsp70 (hsc70 and
hsp70) gene families. For example, the Asp70 family has been widely used as a biomarker,
due to its rapid and significant up-regulation in response to a wide range of environmental
stressors (Jonsson et al., 2006). Hsp60 is a stress-inducible, well-characterized chaperone
that is mainly located in the mitochondria of eukaryotic cells (Martin et al., 1992; Soltys
and Gupta, 1996). Hsp60 can elicit a potent proinflammatory response in cells of the innate
immune system, and has therefore been hypothesized as a “danger signal” of stressed or
damaged cells (Ohashi et al., 2000). Until now, most studies of 4sp60 have focused on its
gene sequence.

Fish represent an ideal organism in which to resolve the regulation and functional
significance of Hsps. In addition, daily and seasonal temperature fluctuations have an im-
portant impact during the lifetime of individual fish. Consequently, responses to environ-
mental stressors, such as temperature fluctuations, must be rapid and effective, so as to
avoid detrimental health effects. Rainbow trout Oncorhynchus mykiss (Walbaum, 1792) is
a widely distributed freshwater, cold-adapted aquaculture species, and has an upper lethal
limit of around 26°C (Kaya, 1978). Due to habitat degradation, and possibly global and
regional climate change, O. mykiss may experience temperatures approaching this upper
lethal limit, particularly during the summer months. In this study, Asp60 mRNA expression
in different tissues of unstressed, heat-stressed, and heat-stress recovering (HSR) O. mykiss
was analyzed using real-time polymerase chain reaction (PCR). The purpose of this study
was to ascertain whether Hsp60 plays a role in mediating hyperthermic effects.
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MATERIAL AND METHODS
Animals

Forty O. mykiss individuals from the Donaldson strain, with the same genetic back-
ground, which were approximately 10 months old and had an average body mass of approxi-
mately 350 g, were obtained from the same aquaculture net cages in the Liujiaxia Reservoir
Fishing Ground, Gansu Province, northwest China. They were maintained in fiberglass tanks
with oxygenated, running, well water (18° £ 0.5°C) under a 12:12-h light:dark photoperiod.
The trout were initially acclimated for 1 week prior to experimentation, and were fed com-
mercial pellets to satiation twice per week. All of the experiments complied with institutional
guidelines and were approved by the Animal Experimentation Ethics Committee of the Gansu
Agricultural University, China.

Heat stress

Six groups (five fish in each) were compared in this study; prior to treatment, five fish
were randomly netted from the tanks as the control group (0 h). The water temperature was
then increased in recirculated, oxygenated water tanks (using a heater) at a rate of 2.5°C/h,
to 25°C £ 0.2°C. After the point when the temperature reached 25°C, four other groups were
sampled after 2, 4, 8, or 12 h of 25°C heat-shock exposure. A final group of fish was returned
to a tank with recirculated water at 18°C for recovery, and samples were taken after 6 h (HSR).
During the experiment, 10 fish died after 2-12 h of exposure to heat shock.

Sampling

The animals were quickly captured and euthanized, after being anaesthetized by im-
mersion until being sedated in a clove-essence solution. Tissue samples from the liver, head
kidney, spleen, heart, and gill were removed and transferred to 2-mL storage tubes, which
were immediately frozen in liquid nitrogen and stored at -80°C until analysis.

Total RNA extraction and reverse transcription reaction

Total RNA was isolated from each tissue sample using TRIzol reagent (TransGen,
Beijing, China), according to the manufacturer protocol. The final RNA pellet was dis-
solved in 30 pL RNase-free water. RNA concentration and quality were verified using a
spectrophotometer (Implen, NanoPhotometer® Pearl 360, Germany) at an optical density
of 260 nm and RNA gel electrophoresis, respectively. All of the samples were then stored
at -80°C.

First-strand cDNA was synthesized from 1 pug total RNA using a PrimeScript™ re-
verse transcriptase reagent kit. Genomic DNA was eliminated by treatment with a gDNA
Eraser (TaKaRa, Dalian, China) for 2 min at 42°C. The kit included a reagent component
that inhibited DNA degradation activity. The reverse transcription reactions proceeded for
15 min at 37°C and were then inactivated for 5 s at 85°C. All of the cDNAs were stored at
-20°C until use.
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Real-time PCR

Cross-species quantitative PCR (qPCR) primers for 2sp60 were designed based on con-
sensus sequences in Salmo salar L. 1758 orthologs in GenBank (accession No. AY049960.1).
O. mykiss f-actin (GenBank accession No. AB196465.1) was used as a reference gene (Ojima
et al., 2005). The primer sequences are presented in Table 1.

Table 1. Primers used for the real-time polymerase chain reaction.

Gene Accession No. Primer sequence Nucleotide position Product length (bp)
hsp60 AY049960.1 F: 5'-ATGGTAGAGAAGGGCATCATTG-3' 367-458 92

R: 5-"TCAGCAGTGGAGAGAAGGGA-3'
p-actin AB196465.1 F: 5-TGGGGCAGTATGGCTTGTATG-3' 1624-1788 165

R: 5-CTCTGGCACCCTAATCACCTCT-3'

F = forward primer; R = reverse primer.

cDNAs were used as templates for the amplification of the reference (f-actin) and
target (hsp60) genes. The gPCRs used 10 pL. SYBR® Premix Ex Tag™ 11 (TaKaRa), 0.4 uL of
each primer (10 uM), 7.2 uL RNase-free ddH,0O, and 2 uL cDNA template (<100 ng). gPCRs
of 20 pulL were run on 96-well plates on a LightCycler® 480 Instrument II (Roche, Switzer-
land), with 30 s initial denaturation at 95°C, followed by 40 cycles at 95°C for 5 s, 50°C for 20
s, and 72°C for 15 s. A melting curve analysis (95°C for 5 s and 60°C for 15 s) was performed
after each qPCR run in order to verify the amplification specificity, which was indicated by
single peaks.

Statistical analysis

qPCR cycle thresholds (Ct) were calculated as the average of the triplicates (per tis-
sue sample) for both the target and reference genes. Asp60 mRNA expression was measured
in each individual specimen, and was normalized to the f-actin gene. f-actin expression ex-
hibited no response to temperature (N = 3 individuals) in preliminary experiments (data not
shown). These experiments also indicated that the amplification efficiencies of S-actin and
hsp60 did not violate the assumptions of the AACt method. Relative mRNA detection was cal-
culated using the formula 2-4“* (Zhang et al., 2014), and the results are reported as means + SE
(N =5). One-way analysis of variance (ANOVA) followed by the Duncan multiple range test
at P < 0.05 was performed using the SPSS 18.0 software (IBM, Armonk, NY, USA), in order
to compare Asp60 mRNA levels between different tissues and experimental groups.

RESULTS

hsp60 expression in the liver and head kidney increased during a 4-8-h exposure to
elevated water temperatures, before decreasing. Expression levels in all of the tissues, except
the liver, returned to the level of the control group (unstressed, O h) in HSR fish. After 8 h of
heat stress, 2sp60 mRNA levels in the gill, liver, and head kidney were significantly higher than
those in the control group by approximately 1.88-, 6.95-, and 3.05-fold, respectively (P < 0.05),
and after 12 h by approximately 2.43-, 4.14-, and 2.10-fold, respectively (P < 0.05; Figure 1).
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Figure 1. Expression level changes of Hsp60 mRNA in different tissues of unstressed, heat-stressed, and heat-stress
recovering (HSR) fish. Different letters mean significant differences (P < 0.05).

In addition, Hsp60 expression levels in the liver were significantly higher in the HSR fish
than in the control group (4.10-fold, P < 0.05). In the spleen, significantly higher levels of Asp60
mRNA than in the control group were only found after 4 h of heat stress (2.26-fold, P < 0.05). In
contrast, mRNA levels of cardiac 4sp60 were largely unaffected by heat stress (P > 0.05).

Therefore, cardiac 4sp60 mRNA levels were mainly unaffected by thermal stress, and
the highest induction of Hsp60 was recorded in the liver. Asp60 expression in the liver was
significantly higher after heat stress than in the other tissues investigated (P < 0.05; Figure 2).
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Figure 2. Comparison of Hsp60 mRNA expression levels in different tissues at similar time points. HSR = heat-
stress recovering fish. Different letters mean significant differences (P < 0.05).
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DISCUSSION

In this study, a prominent induction of Asp60 was detected in the liver, whereas levels
of heart isp60 were largely unaffected. The tissue-specific differences in Asp60 expression
found in this study are similar to those observed for 4sp70 expression in carp, Cyprinus carpio
L. 1758 (Wang et al., 2007). Similarly, tissue-specific ~sp70 expression was reported in the
killifish Fundulus heteroclitus (L. 1766) (Koban et al., 1991), fathead minnow Pimephales
promelas Rafinesque 1820 (Dyer et al., 1991), brown trout Sal/mo trutta L. 1758 (Schmidt et
al., 1998), and sea lamprey Petromyzon marinus L. 1758 (Wood et al., 1999). The fact that
stress responses differ between tissues supports the hypothesis that the thermal limits of an
organism are governed by certain tissues more than others (Dyer et al., 1991). In this study, a
prominent induction of 4sp60 synthesis was clearly apparent in the liver. Previous studies that
have examined the subcellular localization of Hsp60 in the rat liver found that Hsp60 reactiv-
ity is present in peroxisomes, which are sub-cellular organelles that are involved in a variety of
oxidative reactions (Alberts et al., 1994). Similarly, significant inductions of 2sp90 have been
identified in the livers of juvenile and mature O. mykiss (Rendell et al., 2006). In fish and other
vertebrates, the liver performs several crucial functions, including detoxification, metabolism,
bile secretion, immune defense, and hormone synthesis. In the present study, hepatic Asp60
expression exceeded that of the other tissues investigated, suggesting that the extent of protein
damage and subsequent requirement for the Hsp60 protein is probably greater in the liver than
in other tissues of O. mykiss. Hsp60 may play a significant role in dealing with heat-induced
damage in the liver. In addition, 6 h after HSR, Asp60 levels in the liver did not return to the
level at 0 h, unlike in the other tissues, suggesting that hepatic damage resulting from thermal
stress is not readily restored.

Gill isp60 levels were moderately up-regulated, and then returned to baseline after
HSR. The gill is a crucial organ for respiratory, osmoregulatory, excretory, and branchial func-
tions, and is highly sensitive to environmental stressors (Wang et al., 2007). Because of their
constant exposure to temperature fluctuations, gill cells increase their resistance to stress by
up-regulating the expression of Asp60. Similarly, elevated Hsp70 concentrations in the gill
have been reported in C. carpio (Wood et al., 1999).

The spleen and kidney are major lymphoid organs in fish (Mulero et al., 2007), and
have important functions in implementing immune responses and maintaining a stable internal
environment. In this study, spleen and head kidney 4sp60 expression was consistently lower
than that in liver tissue during heat stress. Elibol-Flemming et al. (2009) demonstrated that
splenic Asp70 expression is significantly lower than in the liver during acute-phase cell-stress
responses. This suggests that the spleen and head kidney might have adapted to some chronic
stressors, or that there may be other regulatory mechanisms involved.

A lower hsp60 response was observed in cardiac tissue than in the gill, liver, spleen, or
head kidney. In vertebrates, blood circulation must be modulated to satisfy the metabolic de-
mands of tissues. In ectothermic animals, including fish, metabolic rate is strongly dependent
on the ambient temperature (Korajoki and Vornanen, 2014). Wang et al. (2007) reported that
mild or moderate heat shock results in elevated Asp70 levels in the heart tissue of C. carpio.
The results of the present study suggest that O. mykiss may not have needed to adjust levels
of cardiac 4sp60 when subjected to heat shock at 25°C. The absence of significant 4sp60 up-
regulation in heart tissue may also be related to the anatomical location and function of this
organ, to the fish species and size, and to the environmental conditions.
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