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ABSTRACT
To study the response to heat stress in rainbow trout Oncorhynchus mykiss (Walbaum, 1972), the expression of heat shock 
protein genes Hsp90a2b and Hsp10 in selected tissues and apoptosis of blood cells were investigated at water temperatures 
of 18, 21, 23, 24, 25 and 26°C. Expressions of Hsp90a2b in the gill, mid-kidney, brain, heart and muscle were generally 
upregulated with increasing temperature. Hsp90a2b expression in the liver increased rapidly at 21°C and then showed a 
significant decrease and finally a significant increase at 25°C and 26°C (p<0.05). Hsp10 expression showed an irregular 
but overall increasing tendency  in gill, spleen and mid-kidney and a wave-like increasing pattern  in liver, heart and 
muscle. Levels of Hsp90a2b at 25°C and Hsp10 at 26°C in all tissues were always significantly higher compared to 
18°C (p<0.05). The apoptosis rate at 21°C was significantly higher than that at 18°C, followed by a fall and was the 
highest at 25°C. All these data indicated that the heat shock response already occurred at 21°C which induced expressions 
of Hsp90a2b and Hsp10 as well as blood cells apoptosis and 25°C may be a key temperature for stress response in  
rainbow trout.
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Introduction
Rainbow trout Oncorhynchus mykiss (Walbaum, 

1972) is a typical cold water fish. This species shows 
optimum growth at a water temperature of 12-18°C and has 
low tolerance and high sensitivity to higher temperatures. 
The increasing water temperature in summer weather can 
affect feeding, metabolism and development, causing 
disease and even death of fish. This not only has welfare 
implications for fish but also reduces its economic value 
(Verleih et al., 2015).

Heat shock proteins (Hsps) are a class of highly 
conserved proteins that have been demonstrated to be 
induced in all organisms by a variety of stressors such as 
heat, osmotic shock, heavy metals, starvation or oxidative 
stress (Lindquist and Craig, 1988; Basu et al., 2002; 
Roberts et al., 2010). When the external temperature is 
within normal limits for a body, the expression level of 
Hsps is low. When an organism senses that the external 
temperature is beyond its limitation, expression increases 
rapidly to protect the body from damage. The Hsps are 
classed by molecular weight, for example Hsp100s, 
Hsp90s, Hsp70s, Hsp60s, small molecular family and 
ubiquitin and so on. According to their function and 
regulation, there are two categories of Hsps, constitutive 
(or cognate) heat-shock proteins (Hscs) and inducible 

heat-shock proteins (Hsps) (Lindquist and Craig, 1988; 
Pirkkala et al., 2000).

Hsp90a, a member of Hsp90s family, is an inducible 
heat-shock protein which usually exists and exerts its 
effect in the form of dimer. It can participate in the 
immune response by presenting an antigen peptide to 
the immunocompetent cells (Li et al., 2007) and also 
when cells are stimulated by an external stressor such as 
temperature change, the intracellular levels of denatured 
protein surge, protein function is lost, but at the same 
time Hsp90a is quickly synthesised to act as a molecular 
chaperone protecting the body from damage (Galea-Lauri  
et al., 1996). Furthermore, a recent study showed that 
there are four gene isoforms (Hsp90a1a, GenBank 
Accession no. KC150880; Hsp90a1b, Accession no. 
KC150881; Hsp90a2a, Accession no. KC150878 and 
Hsp90a2b, Accession no. KC150879) of transcripts for 
Hsp90a protein in the rainbow trout, owing to the whole 
genome duplication that occurred during the evolution of  
rainbow trout (Jia et al., 2016). But, in most cases, it is not 
known which isoforms are stress responsive. Boone and 
Vijayan (2002) found differences in Hsp70 mRNA isoform 
expression after heat shock in rainbow trout hepatocytes. 
The study of Jia et al. (2016) also showed that the mRNA 
levels of Hsp90a1b and Hsp90a2a in rainbow trout 
hepatocytes were significantly increased after heat shock, 
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while Hsp90a1a and Hsp90a2b were unaffected by this 
acute hyperthermic treatment. As more than one Hsp90a 
isoforms exist within a species, it becomes interesting to 
know if every isoform exhibits a stress response. 

Hsp10, a co-chaperone of Hsp60, known as 
chaperonin 10, is found in mitochondria, the Golgi 
apparatus, pancreatic secretory granules, zymogen granules  
(Velez-Granell et al., 1994), growth hormone pellets and 
red blood cells (Sadacharan et al., 2001). Together, Hsp10 
and Hsp60 form a mitochondrial chaperone complex 
which plays an important role in protein quality control, 
mitochondrial protein folding and secretory protein 
aggregation (Corrao et al., 2014). The main roles of  Hsp10 
are in regulating cell signal transduction, the inflammatory 
immune response (Akyol et al., 2006) and so on. But there 
is very little available information on expression of Hsp10, 
and so far, only one subtype of Hsp10 has been found in 
salmonid fish (Andreassen et al., 2009).

Apoptosis is an active, ordered process that maintains 
the stability of the internal environment (Kerr et al., 
1972). This process includes the removal of unwanted or 
abnormal cells in multicellular organisms. Previous studies 
indicate that apoptosis may be directly or indirectly related 
to various diseases such as tumours (Kerr et al., 1972) and 
autoimmune disease (Sanna et al., 2002; Szondy et al., 
2003) and Hsp10 may be related to anti-apoptosis (Shan 
et al., 2003; Chaurasia et al., 2009).

In this study, we investigated the expression pattern 
of Hsp90a2b and Hsp10 mRNA and the apoptosis of blood 
cells at different water temperatures to better understand 
the mechanism of heat stress in rainbow trout. 

Materials and methods

Expermental fish 

Two hundred numbers of one-year old full-sibling 
inbreeding rainbow trouts (O. mykiss) with a mean weight  
of 400±11 g were used for the study. Specimens were 
obtained from the cage aquafarm in Liujiaxia Reservoir 
in China’s Western Gansu Province and transported to the 
laboratory using a live fish transporter. These fish were 
temporarily placed in a 3000 l indoor aerated water tank 
for one-week acclimatisation period at 18±0.2°C. From 
this, 120 healthy fish were selected, divided evenly into 
six 300 l indoor circulation tanks and were subjected to 
heat stress. During acclimatisation as well as test periods, 
the water in the tanks was replaced partly using freshwater 
at same temperature as in the tanks (±0.2°C) every day. 
Light : dark photoperiod of 12 h : 12 h was maintained and 
fish were fed twice daily. All animal husbandry procedures 
and protocols complied with the requirements outlined by 

the Animal Experimentation Ethics Committee at Gansu 
Agricultural University, China.

Heat treatment and sample collection

Prior to temperature-rise test, 10 fish were randomly 
(10 out of 20) caught from one of the six tanks to act as 
control samples and narcotised using 0.05 g l-1 MS 222. 
Caudal vein blood samples were collected, in heparinised 
vials and samples were preserved at 4°C. Samples of liver, 
mid-kidney, gill, spleen, heart, brain and muscle (50-100 
mg) were rapidly collected, transferred to 2 ml cryotubes 
and stored in liquid nitrogen. After collection of samples 
from the control group, the water was slowly heated at 
a constant heating rate of 1°C per day until temperatures 
reached 26°C. During this period, at 21, 23, 24, 25 and 
26°C, 10 fish of each group at respective temperature were 
sampled (there were 20 fishes in a tank). Sampling of each 
group was carried out at the same time point (08 00 hrs) 
of the sampling day to eliminate errors caused by the daily 
cycle. Ultimately, five samples from each group were used 
to analyse the expression level of mRNA and  5 samples 
for blood cell apoptosis analysis.

Total RNA extraction and cDNA synthesis

Total RNA was extracted using a Trizol kit (TransGen, 
Beijing, China), dissolved in 50 μl RNase-free water 
and then stored at -80°C. RNA concentration and purity 
were assessed using 260:280 and 260:230 ratios using  
ultra-micro spectrophotometer (Implen, NanoPhotometer® 
Pearl 360, Waltham, Germany); RNA integrity was 
assessed by 1% (m/v) gel electrophoresis. One microliter 
sample of total RNA was reverse-transcribed to 20 μl 
cDNA employing a reverse transcription kit (TaKaRa, 
Dalian, China). The cDNA was stored at -20°C for  
real-time fluorescence quantitative experiments.

Real time quantitative PCR (RT-qPCR)

Amplification primers were designed for the Hsp10 
gene (GenBank Accession no. BT043672.1)  and  Hsp90a2b 
gene (GenBank Accession no. KC150878) using Primer 
Premier 5.0 software (Premier Biosoft, Canada) according 
to Rainbow Trout cDNA sequences reported in NCBI 
that were located using the Atlantic Salmon Hsp DNA 
sequences (Garcia et al., 2013). The reference gene was 
β-actin (Ojima et al., 2005), which showed no response 
to temperature in preliminary experiments and primer 
sequences are shown in Table 1. 

RT-qPCR experiments were performed using a Roche 
480 II system (Roche, Switzerland) and Green SYBR I 
fluorescence embedding method. Each RT-PCR used a 
20 μl system, including 2 μl 1:9 diluted cDNA template 
(<100 ng), 0.4 μl forward and 0.4 μl reverse primer,  
10 μl SYBR® Premix Ex Taq™ II reverse transcriptase  



86Effect of heat stress on Hsp90a2b and Hsp10 mRNA expression and blood cell apoptosis in rainbow trout

(10 μm) (TaKaRa) and 7.2 μl RNase-free ddH2O. Analysis 
of the fluorescence quantitative dissolution curve was 
used to determine the existence of the primer dipolymer 
and the accuracy of the PCR products. The RT-qPCR 
reaction conditions were as follows: 95°C for 2 min; and 
then 40 cycles of 95°C for 15 s; 60°C (Hsp90a2b) or 62°C 
(Hsp10) for 30 s, 72°C for 30 s, 95°C for 5 s, 65°C for  
60 s and 4°C for 30 s.

Blood cell apoptosis

Blood samples collected (with anticoagulant) were 
first centrifuged at 200 g for 15 min, then the supernatants 
were discarded and the remaining blood cells were washed 
twice in cold phosphate buffered saline (PBS). Blood cells 
at concentration of 1×106 cells ml-1 were collected using 
1× Annexin V binding buffer and were then processed with 
an Annexin V-FITC cell apoptosis detection kit (BestBio, 
Shanghai, China). All blood samples were analysed for 
apoptosis using flow cytometry (BECKMAN COULTER® 
Cell Lab Quanta™, USA) and FlowJo analysis software.

Data analysis

qPCR cycle thresholds (Ct) of the target and 
housekeeping genes were calculated as the average of the 
triplicates (per tissue sample). The Hsp90a2b and Hsp10 
mRNA expressions were calculated as relative folds of the 
expression of the housekeeping gene (β-actin) by using the 
formula of 2-ΔCt (Zhang et al., 2014). These experiments 
also indicated that amplification efficiencies of β-actin, 
Hsp90a2b and Hsp10 genes did not violate assumptions 
of the ΔΔCt method. One-way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test at 
p<0.05 was performed using SPSS 19.0 software (IBM, 
Armonk, NY, USA) to evaluate the statistical significance 
of the mRNA expression levels and the apoptosis rate of 
blood cells. All the results are shown as mean±standard 
error (n = 5).

Results
Effects of heat stress on Hsp90a2b mRNA expression

Expressions of Hsp90a2b were generally upregulated 
with increasing water temperature in gill, mid-kidney, 

Table 1.  Primers used for the relative quantitative RT-PCR

Gene Accession no. Primer sequence Product length (bp)
Hsp90α KC150878 F: 5’-AAGGAGAAGGATGGGGAAGAAGGA-3’

250R: 5’-TTCTTCTTCTTCTTCTTGTCACCG-3’
Hsp10 BT043672.1 F: 5’-AGGCTCCACCAACCAGAAAG-3’

131R: 5’-CAGCATCACGGAACAGGAAG-3’
β-actin AB196465 F: 5’-TGGGGCAGTATGGCTTGTATG-3’

165R: 5’-CTCTGGCACCCTAATCACCTCT-3’
F: Forward primer; R: Reverse primer.

brain, heart and muscle (Fig. 1). In the liver, compared to 
the control group (18°C), Hsp90a2b expression increased 
rapidly at 21°C (p<0.05) and then showed a significant 
decrease at 23 and 24°C when compared with 21°C 
(p<0.05) and finally a significant increase at 25 and 26°C 
(p<0.05). There was an expression peak at 24°C in the 
spleen, which was significantly higher compared to the 
level at 18, 21 and 23°C (p<0.05) and was not marked 
different than that at 25 and 26°C. Moreover, the fish 
responded to heat stress in a tissue-specific manner. 
Hsp90a2b expression was lower in gill tissue throughout 
the experiments, and higher in the brain and heart.

Effects of heat stress on Hsp10 mRNA expression 

Hsp10 expression showed an irregular but overall 
increasing tendency in gill, spleen and mid-kidney, or 
showed a wave-like increasing pattern in liver, heart and 
muscle (Fig. 2). Highest expression was recorded at 26°C in 
all tissues. In the brain, there was no significant difference 
(p>0.05) between different water temperature groups and 
although expression at 26°C was highest, this was only 
slightly higher than that at 18°C (1.1-fold) (p>0.05). There 
was an expression peak at 25°C in the spleen, which was 
significantly higher compared to the level at 18, 21 and 
23°C (p<0.05) and was not marked different from that at 24 
and 26°C (p>0.05). Hsp10 was also expressed in a tissue 
specific manner and the fundamental expression levels 
at 18°C were relatively higher in the liver and heart than 
that in other tissues. It is worth mentioning that the basal 
expression at 18°C of Hsp10 in muscle was significantly 
lower than that in the liver, heart, mid-kidney and brain 
(p<0.05), but the expression increased rapidly at 26°C. 

Blood cell apoptosis induced by heat stress

Apoptosis rate of blood cells had two peaks, at 21 
and 25°C respectively (Fig. 3). The apoptosis rate at 21°C 
was significantly higher than that at 18 and 23°C (p<0.05) 
and at 25°C was significantly higher than any other group 
(p<0.05). The apoptosis rate at 23°C was not significantly 
different compared with 18°C (p>0.05) but was smaller 
compared with 21 and 24°C (p<0.05).
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Fig. 2. Expression level of Hsp10 mRNA in different tissues under different water temperatures. Different upper case letters indicate a 
significant difference between different tissues at the same water temperature (p<0.05, n = 5, mean±SE). Different lowercase 
letters indicate a significant difference between different water temperatures for the same tissue (p<0.05, n = 5, mean±SE)

Discussion
In general, in the current study, raising water 

temperature increased Hsp90a2b expression in all tissues, 
which was consistent with a previous study  on Hsp90b 
expression in acute heat stress (Li et al., 2016). The 
current study also showed that the mRNA expression 
levels of Hsp90a2b after 25°C and of Hsp10 at 26°C were 
always significantly higher compared to the level before 

the heat stress test (18°C) in all tissues tested. In addition, 
apoptosis rate of blood cells was significantly higher at 
25°C than at other temperatures. Therefore it could be 
presumed that, 25°C may be the key temperature point for 
rainbow trout  under heat stress.

In vertebrates, the liver is involved in detoxification, 
immune defense and hormone synthesis. Shi et al. (2015) 
suggested that the liver is better able to respond to heat 
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stimuli than other tissues in rainbow trout, which indicates 
its importance and is possibly due to the higher expression 
efficiency of Hsps in liver. Our study indeed found that 
expression levels of both Hsp90a2b and Hsp10 in the 
liver were significantly higher than in other tissues at 
21°C, consistent with a previous study which found that 
expression of Hsp90, Hsp60 and Hsp47 in liver was 
significantly higher than in other tissues after heat stress 
(Rendell et al., 2006; Shi et al., 2015; Wang et al., 2015). 
Especially, in our study, Hsp90a2b expression in liver 
and the blood cell apoptosis rate showed rapid increase 
in response at 21°C and therefore it is inferred that the 
heat shock response in rainbow trout had already occurred 
at 21°C and maybe, tolerance to heat stress may mainly 
depend on the degree of liver damage. But, Jia et al. 
(2016), found that Hsp90a2b in rainbow trout hepatocytes 
was unaffected when following an acute heat shock (1 h at 
25°C) compared to a control treatment (12°C). However, 
this experiment was conducted using cultured hepatocytes  
(not in vivo), where hepatocytes were treated by an acute 
heat shock. 

The gill, is an important organ having roles 
in respiration, excretion and regulation of osmotic 
pressure in fish. As an organ directly in contact with 
the environmental medium, frequent stimulation may 
enhance its adaptability and tolerance to temperature and 
reduce sensitivity to change in water temperature. Shi  
et al. (2015) found that Hsp60 expression in gill tissue was 
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not changed at the beginning in a continuous heat stress of 
25°C until 8 h later. In the present study, the expression 
of Hsp90α in the gills gradually increased from 18 to 
24°C, but there was no significant difference between the 
above groups, until after 25°C (25 and 26°C), which were 
significantly higher than that of above groups. Expression 
of Hsp10, also was significantly higher only after 25°C, 
compared with 21, 23, 24 as well as 18°C. All these 
indicate that gill tissue had good resistance to heat shock 
and that marked expression response occurred only when 
the gill tissue was hyperirritable during heat stress, which 
usually happens after 25°C.

In the brain, there is substantial evidence that  
high temperature stress significantly increases expression 
of Hsp70, Hsp60, Hsp90β and Hsp40 mRNA (Nowak  
et al., 1990; Dyer et al., 1991; Li et al., 2016). In our 
study, the expression of Hsp90a2b in the brain increased 
rapidly with increasing temperature and was higher than 
Hsp10 at all temperature points in the brain, but Hsp10 did 
not change significantly, suggesting that Hsp90a2b plays 
a far greater role in heat shock protection in the brain than 
Hsp10.

The mid-kidney is involved in regulating the body’s 
osmotic pressure. In this study, Hsp90a2b expression in 
the mid-kidney gradually increased with increasing water 
temperature. However, expression of Hsp10 was not 
significantly different between groups at 18, 21, 23, 24 and 
25°C. Only at 26°C, it was significantly higher compared 

                                                                            (a)                                                                                                                        (b)
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to the level before 25°C (p<0.05). This may be because 
the Hsp10 in the mid-kidney is heat-insensitive and major 
protection is provided by Hsp90a and other Hsps.

Fish metabolic rate largely depends on temperature 
and the metabolic needs of the tissue are met through 
the circulatory system (Korajoki and Vornanen, 2014). 
The heart therefore plays an extremely important role in 
fish metabolism. In this research, at 26°C, the Hsp90α 
expression in heart increased rapidly and both  Hsp90a2b 
and Hsp10 expressions reached the maximum value. We 
concluded that heart injury is serious at this time and 
therefore stimulates production of Hsp90a2b and Hsp10 
to maintain normal cardiac function. In muscle, whether 
Hsp90a2b or Hsp10, their fundamental expressions at 
18°C were lower, but the levels increased rapidly at 26°C, 
which indicates that muscle is more tolerant of heat stress.

The spleen is the largest lymphoid organ in the fish 
and is involved in filtration, removal of antigens and 
other foreign bodies from the blood and promoting the 
proliferation of T and B lymphocytes. In the present study, 
the expressions of both Hsp90a2b and Hsp10 in the spleen 
had a peak at 24 or 25°C. This may be because the early 
heat stress was so hyperirritable for the spleen that the 
syntheses of Hsp10 and Hsp90a2b were inhibited. This 
observation is similar to the results of Huang et al. (2015) 
who found that Hsp10 expression in the spleen of bastard 
halibut Paralichthys olivaceus decreased rapidly when 
water temperature was raised to 32°C. 

Heat stress induces apoptosis through activation 
of reactive oxygen species (ROS) and mitochondrial 
signaling pathways (Li et al., 2009). Previous studies have 
shown that Hsp10 inhibits apoptosis via the regulation of 
signal transduction (Shan et al., 2003; Schlieper et al., 
2007; Fan et al., 2009). We found that the change in blood 
cell apoptosis rate were almost exactly opposite to the 
expression of Hsp10 in the heart, maybe suggesting an 
anti-apoptotic role of Hsp10.

Expression of Hsps is closely related to environmental 
stress intensity and different Hsps have different functions 
and main target organ. The results of the study can be 
used to better understand the mechanism of heat stress in 
fish (Cara et al., 2005; Wang et al., 2007; Roberts et al., 
2010) and to quantitatively measure the degree of the 
environmental stress. In this study, the results showed 
that the heat shock response in rainbow trout had already 
occurred at 21 and 25°C, may be the key temperature 
point for rainbow trout under heat stress and that tolerance 
to heat stress may mainly depend on the degree of liver 
damage. The results provide a reference for further 
research on response to  heat stress in rainbow trout.
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