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Abstract 
 
Rainbow trout (Oncorhynchus mykiss) is a cold-water species, and often affected by 

high temperatures. To understand hsp30 mRNA expression trend and molecular 

mechanism responding to high temperature stress, real-time qPCR was used to 

quantify hsp30 mRNA expression level in different tissues (heart, liver, gill, brain, 

spleen and head kidney) in control (18°C) and heat-stressed (25°C for 2, 4, 8 and 12 h) 

groups. Results showed that hsp30 mRNA in all tissues had already synthesized at 18°C. 

hsp30 mRNA expression in all tissues was significantly up-regulated and reached the 

peak after heat stress at 25°C for 2-4 h (P<0.05), then significantly down-regulated at 

8 h (P<0.05), and finally returned to control level at 12 h and HSR (P>0.05). The highest 

hsp30 mRNA expression levels were recorded in heart and liver after 2-4 h. However, 

the most significant changes of hsp30 mRNA after 2-4 h were observed in gill by 

15668.243- and 11452.125-fold compared with 18°C. These results indicated that 

hsp30 mRNA expression in rainbow trout was induced by heat stress and responded 

in a time- and tissue-specific manner. Hsp30 can provide some protection in heat 

stress, but it is only within a certain range. 

 

Introduction 
 

Small heat shock proteins (sHsps), members of the 
heat shock protein family, are evolutionarily conserved 
and widely found in various animals, plants and 
microorganisms (Brady et al., 1997; Bagnéris et al., 
2009; Basha, O’Neill, & Vierling, 2012; Guzzo, 2012; 
Hanazono et al., 2013; Hasanuzzaman, Nahar, Alam, 
Roychowdhury, & Fujita, 2013; Prakash, Thomas, Reddy, 
& Mohandas, 2013). sHsps are molecular chaperones 
that are induced by different environmental stress 
factors such as high temperatures, exposure to heavy 
metals or oxidative stress, and can efficiently bind to 
non-native proteins and prevent those proteins from 
irreversible aggregation (Jakob, Gaestel, Engel, & 
Buchner, 1993; Haslbeck et al., 1999; Rogalla et al., 
1999; Li, Liu, He, Gao, & Yuan, 2013). sHsps are involved 

in the regulation of cell growth and development in 
multiple organisms (Heikkila, 2003; Marvin et al., 2008; 
Morrow & Tanguay, 2012; Heikkila, 2017). In addition, 
sHsps are also involved in the inhibition of apoptosis and 
the pathogenesis of various diseases in different species 
(Goplen et al., 2010; Chen et al., 2011; Tόth et al., 2013). 
However, not all sHsps have similar function. The 
substrate protection ability of inclusion-body binding 
protein A (IbpA) and inclusion-body binding protein B 
(IbpB) in E. coli is different. IbpA alone has little 
protective activity of substrate, but it enhances the 
activity of molecular chaperone IbpB (Ratajczak et al., 
2010). In animals, the activities of different sHsps on 
different substrates also show great differences. 

Hsp30 has the same molecular chaperone function 
as other sHsps. When cells are stressed or diseased, 
intracellular proteins usually degenerate in stress or 
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harsh environments and become abnormal proteins, 
while Hsp30 can maintain a refolding conformation by 
binding to these abnormal proteins. When stress 
disappears and conditions return to normal, Hsp30 
separates from its bound denatured protein and 
restores its normal properties with the help of other 
ATP-dependent chaperones to protect cells from harm 
(Nakamoto & Vígh, 2007). 

A number of studies have clearly demonstrated 
that this chaperone function of Hsp30 plays an 
important role in cellular homeostasis. The Hsp30 of 
Xenopus (Xenopus laevis) and Rana (Rana catesbeiana) 
could keep Luciferase (LUC) in a foldable state and 
inhibit the aggregation of LUC (Fernando & Heikkila, 
2000; Abdulle, Mohindra, Fernando, & Heikkila, 2002; 
Heikkila, Kaldis, & Abdulle, 2006; Mulligan-Tuttle & 
Heikkila, 2007). The Hsp30 of Rana protected the 
activity of the restriction endonuclease PstI at high 
temperature (42°C) (Kaldis, Atkinson, & Heikkila, 2004). 
E. coli bacteria, transformed with the hsp30C gene 
coding region, were more thermoresistant to a severe 
thermal challenge of 60°C than either nontransformed 
bacteria or those containing only the plasmid vector 
(Fernando & Heikkila, 2000).  

Most studies on the chaperone activity of hsp30 
gene are based on the Xenopus and Rana, and there are 
only a few studies on fish (Currie, Moyes, & Tufts, 2000; 
Zarate & Bradley, 2003; Kondo, Harano, Nakaya, & 
Watabe, 2004; Healy, Tymchuk, Osborne, & Schulte, 
2010; Heikkila, 2017). Northern blot analysis revealed 
that the enhanced hsp30 mRNA levels in cultured cells 
derived from caudal fin of goldfish (Carassius auratus) 
were only observed at 40°C, whereas hsp70 mRNA was 
slightly accumulated at 35°C (Kondo et al., 2004). Heat 
shock-induced hsp30 mRNA accumulation was reported 
in rainbow trout (Currie et al., 2000). The results showed 
that hsp30 mRNA was not detected in control group 
(10°C), but incubation at 25°C for 3 h induced hsp30 
mRNA accumulation in all tissues (heart, liver, brain, red 
muscle and white muscle) except blood (Currie et al., 
2000). Heat shock induced the accumulation of hsp30 
mRNA in the muscle and gill of killifish (Fundulus 
heteroclitus), but the extent of up-regulation was 
greater in a high temperature tolerant southern 
subspecies compared to a less tolerant northern 
subspecies (Healy et al., 2010). These results indicated 
that Hsp30 might have important functions under 
severe heat stress condition and hsp30 mRNAexpression 
level was affected by different species and other factors. 

The rainbow trout (Oncorhynchus mykiss), which is 
an economically important species of fish, is a cold-
water species, and has a preference for temperatures 
between 12°C and 18°C with an upper lethal limit of 
26°C (Kaya, 1978). Notably, due to habitat degradation 
and possible global and regional climate changes, many 
stocks of salmonids may experience temperatures 
approaching the upper lethal limit, particularly during 
the summer months. Therefore, exploring the 
mechanism of heat stress is very important to guide the 
practice of production. Previous studies have shown 
that Hsp30 accumulation is mainly at high temperature 
(Darasch, Mosser, Bols, & Heikkila, 1988; Ali et al, 1997; 
Quinn, McGowan, Cooper, Koop, & Davidson, 2011; 
Khan & Heikkila, 2014). Our previous study has shown 
that the key temperature point of occurring serious 
response in rainbow trout maybe 25°C (Zhou et al., 
2017). In order to understand the expression trend and 
molecular mechanism controlling of Hsp30 protein in 
response to heat stress with increasing time of high 
temperature stress in rainbow trout, we analyzed hsp30 
mRNA expression levels of rainbow trout in control 
group (CT, 18°C), heat stress (at 25°C for 2, 4, 8 and 12 
h) and heat-stress recovering (HSR) from different 
tissues (heart, liver, gill, brain, spleen and head kidney) 
by using real-time quantitative polymerase chain 
reaction (qPCR) (Table 1).  

 

Materials and Methods  
 

One hundred rainbow trout individuals, with the 
same genetic background, which had an average body 
mass of 350±11 grams (approximately 10 months old), 
were obtained from the net cages in the Liujiaxia 
Reservoir fishing ground (Gansu province, Northwest 
China). They were maintained in fiberglass tanks with 
recycled water (18±0.2°C, 4 m3/h) under a 12 h:12 h 
light: dark photoperiod, and the water was oxygenated 
day and night using oxygen increasing pump. The 
rainbow trout were initially acclimated at 18±0.2°C for 1 
week prior to experiment and were fed by commercial 
pellets twice a day. All experiments complied with 
institutional guidelines and were approved by the 
Animal Experimentation Ethics Committee at Gansu 
Agricultural University, China.  

After 1 week of acclimation, forty robust rainbow 
trout were selected and randomly assigned to five 
fiberglass tanks (8 individuals in each tank) with recycled 
water (18±0.2°C) under the same condition. Six groups 

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

Gene Accession No Primer sequence Nucleotide position Product length (bp) 

hsp30 U19370.1 
F: 5′-CATCCTCTTTGACCATCCAA-3′ 

R: 5′-TGGGAAGACAGAGAAGAAGC-3′ 
229-384 156 bp 

β-actin AB196465.1 
F: 5′-TGGGGCAGTATGGCTTGTATG-3′ 
R: 5′-CTCTGGCACCCTAATCACCTCT-3′ 

1624-1788 165 bp 

F=forward primer; R=reverse primer 
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(five fish for each group) were compared in this study. 
Before the heat shock treatment, five fish were netted 
randomly from the tanks and used for the control group 
(CT, 18°C). Then, the water temperature was increased 
from 18°C to 25°C at a rate of 2.5°C/h by using a warm 
water machine and heating rods, and was held at 25 ± 
0.2°C for 12 h in a recirculated and oxygenated water 
tank. After the temperature reached 25°C, four groups 
(five fish for each group) were randomly sampled from 
the tanks at 2, 4, 8 and 12 h, respectively. Finally, the fish 
still alive after heat stress were returned to a tank with 
recirculated water at 18°C for recovery, and samples 
were taken after 6 h of HSR. During the experiment, ten 
fish died after exposure to heat shock, among which two 
fish died at 25°C for 4 h, three fish died at 25°C for 8 h 
and five fish died at 25°C for 12 h. 

Fish were quickly captured and anaesthetized by 
Tricaine mesylate (MS-222, 50 mg/L) until sedated. Then 
fish were disinfected with potassium permanganate 
(0.1%) and alcohol (75%) using a cotton swab. Tissue 
samples from the gill, liver, spleen, heart, head kidney 
and brain were quickly removed and transferred to 2-mL 
storage tubes which were immediately frozen in liquid 
nitrogen and stored at -80°C for subsequent RNA 
extraction. All used materials were sterile and RNase 
free. The total time was less than 15 min from 
anaesthetizing to dissecting out all tissues from the fish. 

Total RNA was isolated from each tissue sample 
using Trizol Reagent (TransGen, Beijing, China), 
according to the manufacturer’s protocol. The final RNA 
pellet was dissolved in 30 μL of RNase-free water. RNA 
concentration and quality were verified by means of 
spectrophotometer (Implen, Nano Photometer® Pearl 
360, Germany) measurements of optical density at 260 
nm and RNA gel electrophoresis, respectively. First-
strand complementary DNA (cDNA) was synthesized as 
per the manufacturer’s instructions using Prime Script® 
RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China). 
All cDNA was stored at -20°C until further use. 

Cross-species qPCR primers for hsp30 gene were 
designed based on consensus sequences in Chinook 
salmon (Oncorhynchus tshawytscha) (GenBank 
accession No. U19370.1). The expression of β-actin in a 
variety of animals and tissues is stable (Li et al., 2010; 
Shekh, Tang, Niyogi, & Hecker, 2017) and shows no 
response to temperature (Ojima, Yamashita, & Watabe, 
2005; Shi et al., 2015), therefore rainbow trout β-actin 
(GenBank accession No. AB196465.1) was used as a 
reference gene in this study. Primers for qPCR reactions 
were designed using the Primer 5.0 program 
(http://www.premierbiosoft.com/) and synthesized 
from Takara Co., Ltd. The sequences of the primer pairs 
were as follows: hsp30-F: 5'-CATCCTCTTTGACCATCCAA-
3', hsp30-R: 5'-TGGGAAGACAGAGAAGAAGC-3'; 
amplicon size was 156 base pairs. β-actin-F: 5'-
TGGGGCAGTATGGCTTGTATG-3', β-actin-R: 5'-
CTCTGGCACCCTAATCACCTCT-3'; amplicon size was 165 
base pairs. 

cDNAs were used as templates for the 
amplification of the reference (β-actin) and target 
(hsp30) genes. The qPCR was carried out in a 20 μL 
reaction volume containing 10 μL of SYBR® Premix Ex 
TaqTM II (TaKaRa), 0.4 μL of each primer (10 μM), 7.2 μL 
of RNase-free ddH2O, and 2 μL of cDNA template (<100 
ng). qPCRs were run in 96-well plates on a LightCycler® 
480 Instrument II (Roche, Switzerland). The 
amplification conditions were as follows: 95°C for 30 s 
and 40 cycles of 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 a single peak. 

qPCR cycle thresholds (Ct) were calculated as the 
average of triplicates (per tissue sample) for both the 
target and reference genes. hsp30 mRNA expression 
level was measured in each individual specimen, and 
was normalized to that of the β-actin gene. The results 
of the relative hsp30 mRNA expression level were 
analyzed by the comparison of 2-ΔCt (Livak & Schmittgen, 
2001) and expressed as the mean ± S.E. (n = 3). In order 
to compare hsp30 mRNA levels between different 
tissues and between different experimental groups, 
one-way analysis of variance (ANOVA) followed by LSD 
(Least Significant Difference) test at P<0.05 was 
performed using the SPSS 18.0 software (IBM, Armonk, 
NY, USA).  

 

Results 
 

In the control group (CT, 18°C), a low level of hsp30 
mRNA expression was observed in all tissues and the 
expression level of hsp30 mRNA in the heart was 
significantly higher than liver, gill, spleen and head 
kidney (5.5-, 44-, 44- and 123.372-fold; P=0.016, 0.006, 
0.006 and 0.005, respectively) except brain (P>0.05) 
(Figure 1). After heat stress at 25°C for 2 h, hsp30 mRNA 
expression in the liver exhibited the largest increase and 
was significantly higher than that in heart, gill, brain, 
spleen and head kidney (1.261-, 3.284-, 4.244-, 6.165- 
and 23.904-fold; P=0.020, 0.000, 0.000, 0.000 and 0.000, 
respectively, Figure 1). After heat stress for 4 h, there 
was no significant difference between the heart and 
liver (P=0.917, Figure 1), but hsp30 mRNA expression 
level in the heart was significantly higher than that in gill, 
brain, spleen and head kidney (15.794-, 20.403-, 15.238- 
and 64.208-fold; P=0.000, 0.000, 0.000 and 0.000, 
respectively, Figure 1). With increasing time of heat 
stress, the expression level of hsp30 mRNA in the heart 
was still significantly higher than those of other tissues 
after high temperature stress for 8 h and 12 h, and after 
6 h of HSR (18°C) (P<0.05, Figure 1). 

After heat stress at 25°C, hsp30 mRNA expression 
levels in all tissues were significantly increased at 2 h 
exposure to elevated water temperatures than control 
group (P<0.05, Figure 2). Then, hsp30 mRNA expression 
level in the brain at 4 h started to decline sharply than 2 
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h (P=0.000), and hsp30 mRNA expression in the gill 
remained the same significant level between 2 h and 4 
h (Figure 2). While the expression levels of hsp30 mRNA 
in the heart, liver, spleen and head kidney at 4 h were 
significantly higher than 2 h (4.806-, 3.832-, 1.541- and 
1.418-fold; P=0.000, 0.000, 0.000 and 0.014, 
respectively, Figure 2). At 8 h after heat stress, hsp30 
mRNA expression levels in the heart, gill and brain were 
still significantly higher than those in the control group 
(1631.932-, 4837.316- and 98.526-fold; P=0.000, 0.013 
and 0.001, respectively). Finally, hsp30 mRNA 
expression levels in all tissues returned to the control 
level at 12 h and HSR (P>0.05, Figure 2). 

Compared with other tissues, hsp30 mRNA 
expression levels were highest in the heart and liver 
after 2-4 h of heat stress (Figure 1). However, the most 
significant changes of hsp30 mRNA after 2-4 h of heat 
stress were observed in the gill where they were 
significantly higher than those in the control group by 
approximately 15668.243- and 11452.125-fold (P=0.000 
and 0.000, respectively, Figure 2). The levels of hsp30 
mRNA began to increase after 2 h of heat stress in heart, 
liver, spleen and head kidney, and then they reached a 
maximal level after 4 h of heat stress which was 
significantly increased when compared to the control 
group (4110.750-, 22741.375-, 10118.206- and 
7810.872-fold; P=0.000, 0.000, 0.000 and 0.000, 
respectively, Figure 2). The highest expression level of 
hsp30 mRNA after 2 h of heat stress was recorded in the 
liver as shown in Figure 1. 

 

Discussion 
 

A study of adult rainbow trout has shown that 
hsp30 mRNA was not detected in all tissues (heart, liver, 
brain, white muscle (wm), red muscle (rm) and blood) 
under control condition (10°C) through Northern blot 
(Currie et al., 2000). In this study, hsp30 mRNA in all 
tissues (heart, liver, gill, brain, spleen and head kidney) 
had begun to synthesize at 18°C, indicating that the fish 
body has already started a heat stress reaction at 18°C. 

Our results showed that hsp30 mRNA expression levels 
after heat stress at 25°C for 2 h were up-regulated in 
heart, liver, gill, brain, head kidney and spleen, which is 
consistent with the previous research of Currie et al. 
(2000) which showed that hsp30 mRNA was increased 
with heat shock at 25°C for 3 h in all tissues (heart, liver, 
brain, white muscle (wm) and red muscle (rm)) with the 
exception of blood. These results suggested that hsp30 
mRNA expression in rainbow trout is induced by heat 
stress. Interestingly, our results showed that hsp30 
mRNA expression in all tissues was down-regulated 
significantly after heat stress at 25°C for 8 h and 
returned to the control level after heat stress at 25°C for 
12 h, which suggested that the tissues were damaged 
(Zhou et al., 2017) and the hsp30 mRNA synthesis was 
affected. If the heat stress is beyond certain intensity, it 
may lead to abnormalities of the cell membrane 
structure and proteins. In addition, it can lead to a 
change of the distribution of hsp30 within the cell, thus 
reducing the heat endurance of cells. In the HSR group, 
hsp30 mRNA expression in all tissues returned to the 
control level, indicating that the physiological function 
of organism gradually recovered after heat stress. 

Previous study has shown that hsp30 mRNA 
accumulation was induced primarily in the heart and red 
muscle of rainbow trout at 25°C for 3 h, and heart, red 
muscle and liver had the highest levels of hsp30 mRNA 
(Currie et al., 2000). In our study, hsp30 mRNA 
expression level in the heart at 18°C was significantly 
higher than liver, gill, spleen and head kidney, and heart 
and liver had the highest levels of hsp30 mRNA after 
heat stress at 25°C for 2-4 h and the level of hsp30 mRNA 
in the heart was still significantly higher than other 
tissues at 25°C for 8-12 h. The heart is the most 
important organ in the circulation system of the fish 
body. Under the heat stress, the metabolism of the fish 
body and the energy metabolism are strengthened, 
which leads to the increase of the heart rate, the 
decrease of the hemoglobin binding oxygen, and the 
hypoxia of the tissues of the body (Clark, Sandblom, Cox, 
Hinch, & Farrell, 2008). It is inferred that the heart is first 

 
Figure 1. Comparison of hsp30 mRNA expression levels in different tissues at the same time point, HSR=heat stress recovering. 
Different letters mean significant differences (P<0.05). 
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affected and protected under the heat stress, so Hsp30 
protein can protect the heart timely for a longer time 
than the other tissues. A prominent induction of hsp30 
gene synthesis was clearly evident in the liver of fish 
inhabiting a lake receiving the discharges from a thermal 
power plant (Wang, Xu, Sheng, & Zheng, 2007). Thermal 
stress forces fish to divert energy from growth to 
maintenance, including to processes that help minimize 
thermal damage such as the induction of Hsps and 
reorganization of plasma membranes (Iwama, Thomas, 
Forsyth, & Vijayan, 1998; Farkas, Fodor, Kitajka, & 
Halver, 2001). Hsp30 has been found to be primarily 
plasma membrane-associated in both membrane 
fractionation and immunofluorescence studies 
(Panaretou & Piper, 1992). Plasma membrane H+-
ATPase activity is an immediate physiological response 
of cells subjected to heat stress and consumes a 
substantial fraction of the ATP generated by the cell, a 
usage that will be increased by H+-ATPase stimulation 
occurring with Hsp30-inducing stress (Wu, Dawe, & Aris, 
2000). Hsp30 might provide an energy conservation role 
that limits excessive ATP consumption by plasma 
membrane H+-ATPase during prolonged stress exposure 
or glucose restriction (Piper, Ortiz-Calderon, Holyoak, 
Coote, & Cole, 1997). The liver is the important 
metabolic organ to maintain glucose and energy 
homeostasis of an organism, especially under stress 
conditions. In this study, the hsp30 mRNA expression 
level in the liver was significantly higher than that in the 
gill, brain, spleen and head kidney during heat stress (2 
and 4 h), indicating that the liver was damaged seriously 
than other tissues and the heat stress was strongest 
during 2~4 h of high temperature. It showed that Hsp30 
might play a significant role in dealing with heat-induced 
damage in the liver. Therefore, the organism have to up-
regulate the expression of hsp30 mRNA. In addition, 
Hsp30 can play a role of molecular chaperone to help 
denatured protein refolding (Nakamoto & Vígh, 2007). It 
can be inferred that the expression levels of hsp30 
mRNA in the heart and liver are tissue-specific, which is 
the same as previous study (Cheng, Liu, Zhang, & He, 
2007). 

Previous studies have shown that the gill of 
Chinook salmon (Oncorhynchus tshawytscha) and 
killifish (Fundulus heteroclitus) is more sensitive than 
other organs to change of water environment (Healy et 
al., 2010; Tomalty et al., 2015). Heat shock-induced 
accumulation of hsp30 mRNA was found in the gill of 
Atlantic salmon (Salmo salar), which were transferred 
from 15°C to 26°C for 30 min (Zarate & Bradley, 2003). 
In the present study, hsp30 mRNA expression in the gill 
was significantly up-regulated (15668.243-fold) at 25°C 
for 2 h compared with the control group (25°C), then 
significantly down-regulated at 8 h than 4 h, and finally 
return to control group level at 12 h. These results 
indicated that gill, which is the first organ to contact 
environment at high temperatures, is more sensitive 
and faster than heart, liver, brain, spleen and head 
kidney to response heat stress. The brain is part of the 
central nervous system and heat stress-induced Hsps in 
the central nervous system has been largely 
demonstrated, and heat stress can increase the heat 
tolerance of the brain (Currie & White, 1983; Brown, 
1990; Nowak, Bond, & Schlesinger, 1990; Kiang & 
Tsokos, 1998; Kagawa, 2004). In our study, during heat 
stress, the trend of hsp30 expression in brain was the 
same as that in gill, but the fold change of hsp30 mRNA 
was significantly lower than that in gill, which indicated 
that the thermotolerance of brain is lower than gill. 

The spleen is the largest lymphoid organ found in 
fish in addition to being a hematopoietic tissue (Press & 
Evensen, 1999; Mulero, García-Ayala, Meseguer, & 
Mulero, 2007), and head kidney of fish is a 
hematopoietic organ, which is the same as spleen. They 
have important functions in implementing appropriate 
immune responses which are necessary for a 
homeostatic state. During the whole period of heat 
stress, the expression levels of hsp30 mRNA in spleen 
and head kidney have been lower than that in heart, 
which showed that it is the same as hsp60 mRNA 
expression (Shi et al., 2015). So it can be inferred that 
the spleen and head kidney are less affected by the 
exposure to high temperature in the body thereby 

 
Figure 2. Expression level changes of hsp30 mRNA in the same tissue of control group (CT), heat-stressed, and heat-stress 
recovering (HSR) fish. Different letters mean significant differences (P<0.05). 
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indicating their phenotypic plasticity in response to 
chronic stressors in order to maintain homeostasis. 

In this study, we have found that hsp30 mRNA 
expression regulations which provide protection and 
thermotolerance in organisms during heat stress like 
other sHsps studies. Rainbow trout have already had a 
heat stress response at 18°C, then the expression of 
hsp30 mRNA was significantly up-regulated in all tissues 
after heat stress at 25°C for 2 h, but significantly down-
regulated after heat stress for 8~12 h. These results 
indicated that hsp30 mRNA expression is regulated by 
negative feedback, and Hsp30 can provide some 
protection in heat stress, but it is only within a certain 
range. The fish responded to heat stress in a tissue-
specific manner, which indicates that Hsp30 has tissue-
related functions and may even become a potential 
stress marker. 
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