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ARTICLE INFO ABSTRACT

The rainbow trout is a cold-water fish cultured in China. Heat stress has a serious impact on the summer survival
and the yield of rainbow trout. A better understanding of the regulatory response of rainbow trout to heat stress
will help in determining the relationship between heat stress signaling pathways and adaption mechanisms and
help contribute to breeding new high-temperature tolerant strains of rainbow trout. In this study, the 48-h
median lethal temperature (48h-LTs() of rainbow trout was determined as 22.5°C. We developed control (16°C)
and heat-treated (22.5°C) groups and extracted RNA from the head kidney tissues for high-throughput se-
quencing to study the microRNA (miRNA) expression profiles. Twelve up-regulated and five down-regulated
miRNAs were identified between the control and heat-treated groups. A total of 22 target genes were predicted
for 6 of the differentially expressed miRNAs, including 31 negative miRNA-mRNA interactions. Important
regulatory pathways under heat stress are related to the metabolism and immune responses of the rainbow trout.
Our findings provide preliminary data for investigating the high-temperature molecular mechanism of the
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rainbow trout and can help producers to reduce the economic losses caused by high temperature weather.

1. Introduction

The rainbow trout (Oncorhynchus mykiss) is a freshwater, cold-water
fish native to the Pacific coast of North America. It was not until the
1950s that the rainbow trout was introduced to China for breeding and
research. In China, because of the high nutritional and economic value
of the rainbow trout, it is called as “water ginseng.” It has a beautiful
body shape and color and is regarded as an ornamental fish. It is also a
model animal in fish research (Li et al., 2017). The rainbow trout has
become a primary aquaculture product bred in northeast and northwest
China, and thus plays an important role in developing cold water re-
source utilization and promoting rural tourism culture. The rainbow
trout has high requirements of water quality and environment and
prefers to live in clean, low-temperature, flowing water with high dis-
solved oxygen. The normal temperature range for rainbow trout growth
is 12-18°C. Researchers have found that when the water temperature is
higher than 18°C, the rainbow trout stops eating, and when the water
temperature is more than 25°C, it begins to die (Matthews et al., 2010).
However, with global warming, continuous hot weather in summer has
seriously affected the survival and production of the rainbow trout in
northwestern China. According to our monitoring data in 2016, the
Yellow River (Liu Jiaxia section) in Gansu showed a temperature rise

from June to September, and the number of days with a water tem-
perature of 18°C reached more than 112 days. This has become one of
the biggest problems for the large-scale production of rainbow trout.
However, there are few studies on the heat resistance regulation and
reaction mechanism in rainbow trout.

The head kidney is the main hematopoietic and immune organ of
fish (Geven et al., 2017), which is similar to mammalian bone marrow
and is involved in the production and storage of red blood cells (RBCs).
As an immune organ, the head kidney is similar to the mammalian
adrenal gland and functions in non-specific immunity and removing
foreign bodies and necrotic cells. Therefore, it can monitor changes in
the external environment and play an important role in maintaining
homeostasis of the internal environment along with coordinating and
regulating various systems (Tort et al., 2011b; Rebl et al., 2017). To
investigate the intolerance of rainbow trout to high temperature, bio-
chemical methods were used to detect superoxide dismutase (SOD)
activity, lysozyme activity, and malondialdehyde content in the head
kidney tissues, so as to evaluate the injury to tissues and organs during
heat stress. These results will be helpful for further studies on the
molecular mechanisms of high-temperature tolerance in rainbow trout.

MicroRNAs (miRNAs) are short, 18-25 nucleotides sequences, with
diverse biogenesis pathways and regulatory mechanisms. They are
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widely involved in nearly all known biological processes such as reg-
ulation of growth, immune systems, endocrine system, and responses to
environmental stimuli (Bizuayehu et al., 2014). Li et al. (2017) found
128 differentially expressed (DE) miRNAs in the liver of rainbow trout
under heat stress, which were mainly involved in protein metabolism,
energy metabolism, and the immune system. The present study is the
first report on miRNA-mRNA interactions in rainbow trout under heat
stress. We analyzed the physiological effects of heat stress on rainbow
trout to explore the damage and mechanism of heat stress, which in-
dicate that further breeding of heat-resistant rainbow trout species is
warranted.

2. Materials and methods
2.1. Experimental fish

All experimental fish (425-day-old, average weight 118 + 5g)
were obtained from the same family. They were selected from Gansu
Fisheries Research Institute (Linxia, China). Before the experiment, all
the fish were adapted for 2 weeks to the indoor water-cycling system,
with the water temperature maintained at 16°C, using the three sets of
electric heating rods (3000 w) and automatic temperature controllers.
The pH of the water was 7.4 = 0.2 with dissolved oxygen > 7 mgL™.

2.2. Experimental management

This experiment consisted of two parts. In the first part, we de-
termined the 48-h median lethal temperature (48h-LTs,) of the rainbow
trout under high temperature stress. The 48h-LTs, of the rainbow trout
was determined by setting five gradient temperatures (20, 21, 22, 23,
and 24°C). The water temperature was rapidly raised to each of the
experimental temperatures within 2 h. Three biological replicates were
performed for each temperature treatment (10 fish per tank). The cu-
mulative mortality of each group within 48 h was calculated and the
48h-LTs, of fish was obtained by linear interpolation. The 48h-LTs, was
used as the next experimental water temperature.

In the second part, we investigated the behavior and physiological
changes in the rainbow trout at 48h-LTso. The fish were randomly
placed in six tanks, including three 48h-LTs, tanks (LT group) and three
16°C tanks (control (CO) group). The cumulative mortality in each
group was calculated at 0, 2, 4, 8, 12, 24, 36, and 48 h after heat stress.

2.3. Ethics statement

All animal experiments were performed in accordance with the
protocol approved by the Animal Ethics Committee of Gansu Province,
China. The head kidney and caudal blood were collected following the
requirements for administration of experimental animals in Gansu,
China.

2.4. Experimental sampling and processing

We randomly captured three fish from each group (LT group and CO
group) at 0, 2, 4, 8, 12, 24, 36, and 48 h after heat stress. The fish were
quickly anesthetized using 200 mg-L! tricaine methanesulfonate (MS-
222, Argent Chemical Laboratories, Redmond, WA, USA). Blood sam-
ples were collected from the caudal vein using a vacuum blood col-
lection tube of containing ethylenediamine tetraacetic acid (EDTA)
anticoagulant. The head kidneys were collected and divided into two
parts and immediately frozen in liquid nitrogen, then stored at —80°C.
One part was used to determine superoxide dismutase (SOD), lysozyme
activity, and malondialdehyde content; another part was used for
miRNA expression analysis.
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2.5. Sample analysis

2.5.1. Blood biochemical analysis

Three fish were randomly selected from each group at 8 time points
(0, 2, 4, 8,12, 24, 36, and 48 h) after heat stress. The numbers of white
blood cells (WBCs) and red blood cells (RBCs) were measured (p;/
32q54546s) using an automatic blood cell analyzer (BC-5120,
Shenzhen Mindray Bio Medical Co., Ltd., Shenzhen, China). SOD, ly-
sozyme activity, and malondialdehyde content were measured from the
head kidney tissues according to the manufacturer’s instructions
(Beauchamp et al., 1971; Dominguez et al., 2015; Zhang et al., 2008).
All test kits were purchased from the Nanjing Jiancheng Biological
Engineering Institute (Nanjing, China).

2.5.2. Small RNA library construction and sequencing

The small RNA (sRNA) was extracted from the head kidney using a
mirVana™ miRNA Isolation Kit (Ambion, Austin, TX, USA) following
the manufacturer’s instructions. The quality and quantity of the ex-
tracted SRNA were assessed using an Agilent 2100 (Agilent, CA, USA)
Bioanalyzer. sSRNA with 28S/18S = 1.5 and RNA integrity number >
8.0 was selected for further analysis. Six sRNA libraries were built in-
cluding CO-1, CO-2, CO-3, LT-1, LT-2, and LT-3. Six libraries were se-
quenced, and the reads were assembled according to standard proce-
dures (Qiang et al., 2017a).

2.5.3. Differential expression analysis, prediction of target genes and
bioinformatic analysis

Differentially expressed genes (DEGs) were determined based on the
MA-plot (Yang, 2002). To improve the accuracy of the results for DEGs,
miRNAs with |fold changes| = 2 and Q-value < 0.001 were considered
significantly DE. For more accurate prediction of target genes by DE
miRNAs, two kinds of software (RNAhybrid and miRanda 3.3a) were
used to identify the miRNA binding sites. The results of the two algo-
rithms were combined and the overlaps were calculated. The major
biological functions of the target genes corresponding to the DE
miRNAs could be determined by the gene ontology (GO: http://www.
geneontology.org) function. The Kyoto Encyclopedia of Genes and
Genomes Pathway (KEGG: http://www.genome.jp/kegg/pathway.
html) was used to determine the most important biochemical meta-
bolic pathways and signal transduction pathways including the DE
miRNAs target genes.

2.6. Interaction analysis of miRNA-mRNA

In order to predict all the possible positively and negatively corre-
lated miRNA-mRNA pairs, we employed ACGT101-CORR 1.1 to con-
struct the miRNA-mRNA regulatory network. Based on all the sample-
matched miRNA and mRNA sequencing data, we selected the nega-
tively correlated DE miRNA-mRNA pairs for screening. The interaction
network of screening pairs was constructed using Cytoscape software
(http://www.cytoscape.org/).

2.7. Data analysis

The Pheatmap function in R software was used for hierarchical
clustering analysis based on significantly different miRNA results. DE
miRNAs based on normalized deep-sequencing counts were identified
using Student’s t-tests according to the experimental design. SPSS 17.0
software (SPSS Inc., Chicago, IL, USA) was used to conduct one-way
analysis of variance for the experimental data on early heat stress re-
sponse. A threshold of P < 0.05 was considered statistically sig-
nificant.
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Fig. 1. Cumulative mortality in the rainbow trout under heat stress at different sampling points (A). Cumulative mortality of the rainbow trout under the 48-h median
lethal temperature (48h-LTs,) stress (B). * indicates significant differences between CO and heat stress groups (P < 0.05).

3. Results

3.1. Assessment of the 48-h median lethal temperature (48h-LTso) heat
stress in the rainbow trout

Fig.1A shows a significant difference in the cumulative mortality
rate of rainbow trout within 48 h under different stress temperatures. In
certain temperature ranges, the number of deaths and the death rate
were increased obviously with the increase in water temperature. At
20°C and 21°C, there were no rainbow trout deaths within 48 h. At
22°C, the fish began to die in 36h and cumulative mortality was
13.33%. At 23°C, the cumulative mortality began to sharply rise in 36 h
and 48 h (36.67% and 76.67%), respectively. At 24°C, the fish began to
die in 2h and the cumulative mortality reached 100% within 36 h. By
linear interpolation, we determined that the 48h-LT5q was 22.5°C
[y = 21.9047 + 0.0143x].

Fig. 1B shows the cumulative mortality of rainbow trout under 48h-
LTsg stress. At 16°C (CO group), the rainbow trout always swam in an
orderly, uniform manner, almost in the same direction. However, in the
48 h post-22.5°C stress (LT group), the rainbow trout began to show
some behavioral changes. At 6 h, the rainbow trout showed restlessness,
increased alertness, significantly increased speed of swimming, and
outward jumping from time to time. At 12h, some fish gradually
stopped at the bottom of the tank and swimming was reduced. At 24 h,
some fish lost their balance and began to die. At 48 h, the mortality rose
sharply and reached 53.3%.

3.2. Effect of heat stress on blood cell counts
In the 48 h post-22.5°C stress, compared with the CO group, the

number of red blood cells (RBCs) and white blood cells (WBCs) in the
LT group was first increased and then decreased (Fig. 2). In the LT
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group, the number of RBCs increased significantly from 0.28 x 10'?at
12h to a maximum of 0.34 x 10'2>L'at 24h and then decreased to
0.25 x 10'2L!at 48h. Similarly, compared with the CO group, the
number of WBCs increased significantly from 194.2 x 10°L*at 8h to
217.7 x 10°L'at 24h, and then decreased significantly to 163.2 X
10°L™ at 48 h.

3.3. Effect of heat stress on biochemical indices in the head kidney

In the 48-h period post-22.5°C stress, compared with the CO group,
there were significant differences in superoxide dismutase (SOD) ac-
tivity (A), lysozyme activity (B), and malondialdehyde content (C) in
the head kidney (Fig. 3). The SOD activity in the LT group increased
significantly from 82.3 U-(mg prot)™! at 2h to a maximum of 113.7 U-
(mg prot)™! at 12h and then gradually decreased to 47.3 U-(mg prot)™
at 48 h.

Lysozyme activity in the LT group increased significantly from
0.7 pg-(mg prot) ™! at 0 h to a maximum of 2.2 pg:(mg prot)* at 36 h and
then decreased slightly to 2.1 pg-(mg prot)™! at 48 h. These values were
higher in the LT group than in the CO group at every time point.

The malondialdehyde content in the LT group increased sig-
nificantly from 5.2 nmol-(mg prot)! at 2h to a maximum of 11.3 nmol-
(mg prot)! at 48 h. These values were higher in the LT group than in
the CO group at every time point.

An increase in water temperature (from 20°C to 24°C) significantly
increased the mortality of the rainbow trout after 48 h under heat stress
(Fig. 1). By linear interpolation, we determined that the 48-h median
lethal temperature (48h-LTso) was 22.5°C. At 24 h post-22.5°C stress,
some fish began to show an imbalance and soon died. RBC and WBC
counts in the heat-stressed rainbow trout increased gradually from O h
to 24 h and reached peak values at 24 h, then gradually decreased from
36 h to 48 h (Fig. 2). Based on the above results, the thermal stress for
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Fig. 2. Counts of red blood cells (RBCs) and white blood cells (WBCs) in the rainbow trout between CO and heat stress groups over 48 h. Note: Data are expressed as
the mean + SE. * indicates significant differences between CO and heat stress groups (P < 0.05).
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Fig. 3. Superoxide dismutase (SOD) activity (A), lysozyme activity (B), and malondialdehyde content (C) in the head kidney of the rainbow trout under 48h-LTs,

+

stress. Note: Data are expressed as the mean

24 h post-22.5°C was an important threshold for the rainbow trout.
Therefore, head kidney tissues of the rainbow trout after 24 h post-
22.5°C of heat stress were used to study the molecular regulation me-
chanism of heat stress.

3.4. Expression profiling of miRNAs in head kidney under 48h-LTs, stress.

Six miRNA libraries were constructed, including three CO groups
(CO-1, CO-2, and CO-3) and three treatment groups (LT-1, LT-2, and
LT-3). The raw reads of six libraries were obtained, which were
27741138, 29102968, 28885811, 28889075, 28353346, and
29215090, respectively. After deleting the adaptor sequences and low-
quality readers, clean reads were obtained from the six libraries, which
were 24874106, 25097034, 25062254, 26412743, 25899891, and
26690731, respectively. In the clean reads, 300 predicted novel
miRNAs and 804 conserved miRNAs were detected.

Expression profiling of miRNAs: 534 miRNAs were significantly
down-regulated, and 483 miRNAs were significantly up-regulated at
24 h post-22.5°C stress. According to transcripts with at least 100 reads
in each of the libraries, 17 DE miRNAs were identified, including 12 up-
regulated and 5 down-regulated (Table 1). Cluster analysis of 17 DE
miRNAs showed that these miRNAs were divided into five biological
processes (Fig. 4).

3.5. Prediction of target genes and associated regulated pathways

The RNAhybrid and miRanda 3.3a toolbox were used to predict the
target genes of DE miRNAs and determine the possible functions of DE
miRNAs related to heat stress. In order to understand the functional
distribution of different genes, the gene ontology (GO) database was
used to conduct functional classification statistics of target genes (Qiang
et al.,, 2017b). A Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was conducted to further understand the biological
functions of target genes. Six biological pathways were found at 24 h

SE. * indicates significant differences between CO and heat stress groups (P < 0.05).

under 48h-LTs, stress, indicating that most of the known DE miRNAs
were predicted to be regulated by one or more genes involved in the
heat-stress response, mainly including lipid metabolism, energy meta-
bolism, amino acid metabolism, cellular processes, and human diseases
(Fig. 5).

Based on the Oncorhynchus mykiss transcriptome sequence data, the
GO and KEGG annotations, and the miRNA and mRNA expression
patterns (Qiang et al., 2017c), we screened potential target genes of
miR-10c-5p, miR-133-3p, miR-133a-3p, miR-16¢c-5p, and miR-27e,
which were related to heat stress. The negative expression levels were
detected between the following miRNA-mRNA pairs (Fig. 6): miR-133-
3p/133a-3p-mediator complex subunit 16 (MED16), miR-133-3p/133a-
3p- 2,4-dienoyl-CoA reductase 2 (DECR2), miR-10c-5p-mitogen-acti-
vated protein kinase kinase kinase 7 (MAP3K7), miR-16c-5p-acetyl-CoA
carboxylase alpha (ACACA), and miR-27e- ATP/GTP binding protein 1
(AGTPBP1).

4. Discussion

In fish, stress indicates a state in which the homeostasis of the or-
ganism is destroyed and is stimulated by an internal or external en-
vironment (Chrousos, 1992). Upon environmental changes, such as
high temperature (Li et al., 2017; Qiang et al., 2017c), the body adjusts
through compensation or adaptation mechanisms to overcome stress
factors. However, if the animal experiences acute and intense stress, the
anti-stress mechanism may lose its value and lead to destruction of
homeostasis, and even occurrence of growth inhibition, reproductive
disorders, and reduced disease resistance (Wendelaar, 1997). From
previous studies (Wendelaar, 1997; Thomas et al., 1994), we have
learned that fish counter some stress factors by stimulating oxygen in-
take, mobilizing energy, and redistributing the energy used for growth
and reproduction, leading to a stress response that inhibits the fish
immune function and normal growth. Temperature stress is a parameter
included in the study on fish stress and is more important than in other
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Table 1
Differentially expressed (DE) miRNAs in the rainbow trout head kidney between the control (CO) and 22.5 °C-stressed (LT) groups.
miRNA CO expression LT expression Fold change (log,LT/CO) Regulation (LT vs CO) P-value
miR-16¢-5p 17.280 740.390 5.678 up <0.01
miR-128 2.3167 47.253 4.594 up <0.01
miR-27e_1 16.900 279.167 4.312 up <0.01
miR-17a-5p 22.377 252.693 3.741 up <0.01
miR-489 1.717 18.550 3.681 up <0.01
miR-24-3p 39.727 427.577 3.667 up <0.01
miR-10c-5p 213.537 2215.550 3.623 up <0.01
miR-133-3p 2.140 21.837 3.582 up <0.01
miR-206 13.433 120.613 3.393 up <0.01
miR-1a-3p 2.433 20.737 3.319 up <0.01
miR-133a-3p 11.753 94.933 3.243 up <0.01
miR-133a-3p_1 2.930 21.910 3.125 up <0.01
miR-139-5p 680.573 11.407 -5.660 down <0.01
miR-202_1 484.057 11.543 -5.145 down <0.01
miR-462_1 5060.667 164.053 -4.699 down <0.01
miR-202-3p_1 33.397 2.230 -3.661 down <0.01
miR-202-5p_2 203.473 15.723 -3.453 down <0.01

These 17 miRNAs had transcripts with at least 100 reads in each of the libraries.

Hierarchical Clustering of DEGs(Inter)
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Fig. 4. Hierarchical clustering of differentially expressed (DE) miRNAs between
the control (CO) and 22.5°C-stressed (LT) groups.

vertebrates. This is mainly owing to the higher dependence of fish on
the water environment. High temperature can directly damage the fish
internal environment and thus inhibit its immune function and growth,
but the underlying molecular mechanism is still unknown (Qiang et al.,
2017c). In our study, five stress temperatures (20, 21, 22, 23, and 24°C)
were set up to evaluate the 48-h cumulative mortality of rainbow trout.
Results showed that the 48-h cumulative mortality rate was lower at
temperatures less than 22°C, indicating that the rainbow trout could
overcome the high temperature environment through its own adapta-
tion mechanisms. However, when the water temperature reached 23°C
for 24 h, the rainbow trout began to swim erratically and tried to jump
out of the water to escape the unsuitable living environment, and
showed a significant increase in cumulative mortality rate. This

138

suggests that 23°C may be the maximum temperature at which the
rainbow trout can survive. Then, according to the linear interpolation
method, 22.5°C was determined as 48h-LTs, of the rainbow trout.

Blood plays an important role in maintaining the stability of the
internal environment of the body. It has many important physiological
functions and its components are relatively stable. In order to adapt to
major changes in the environment, the body may cause blood cell
counts to change, which can partly reflect the health of fish (Qiang
et al.,, 2017c; Bao et al.,, 2018). RBCs or erythrocytes are the most
abundant cells in blood, accounting for 40-50% of the total blood vo-
lume. The main component of mature RBCs is hemoglobin. The con-
centration of hemoglobin is positively correlated with the number of
RBCs, which play an important role in the transport of oxygen and
carbon dioxide (Farrell, 2011). In this study, at 48 h post-22.5°C stress,
a marked increase in the number of RBCs was observed at 24 h followed
by a decrease. This suggests that as the metabolic rate of respiration
increases with heat stress, the body needs more oxygen and energy to
maintain homeostasis. Therefore, within a certain range, the number of
RBCs increased significantly. Previous studies have also reported that
heat stress increases the production of RBCs (Dewilde et al., 1967).
However, after 24 h of heat stress, as the RBC counts decrease, the
ability of fish to resist stress may begin to diminish. In addition, com-
pared to mammals, the number of WBCs or leukocytes in fish is very
high. WBCs are involved in the immune defense system of fish (Farrell,
2011). They are phagocytic and produce antibodies and other immune
active substances (Ellis, 2006). In this study, at 48 h post-22.5°C stress,
a marked increase in the number of WBCs was observed at 24 h, fol-
lowed by a decrease. This could be due to acute heat stress exacerbating
the inflammatory response in rainbow trout, where excess bacteria or
toxins are eliminated by large amounts of WBCs, which also explains
the significant increase in the number of WBCs in the early stages of
stress and a sharp decline after 24 h. Previous studies (Qiang et al.,
2017c) have reported a significant decline in the number of WBCs in
tilapia after acute heat stress.

The head kidney is an important hematopoietic and immune organ
of fish, and its integrity may help maintain homeostasis. It functions in
nonspecific immunity and can monitor and regulate the changing en-
vironmental conditions (Qiang et al., 2017d). Although highly adapted
to the high-temperature environment and well balanced in the anti-
oxidant process, the head kidney is highly sensitive to oxidative stress
and thus produces a stress response, leading to a higher reactive oxygen
species (ROS) formation rate and damage to the antioxidant system
(Abele et al., 2004). The primary function of the antioxidant system is
to remove excessive free radicals and ROS to prevent cell damage
(Zhang et al., 2004). Previous studies have shown that excess free
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Fig. 5. Classification of the enriched KEGG pathways for the miRNA of the rainbow trout exposed to heat stress.

radicals under heat stress can cause oxidative damage by increasing
lipid peroxidation, which can be monitored by malondialdehyde con-
tent (He et al.,, 2015). Malondialdehyde, a cytotoxic end-product of
lipid peroxidation, and its content indicate metabolic disorders and the
extent of tissue oxidative damage (Qiang et al., 2018a). In this study,
the malondialdehyde content in rainbow trout head kidney gradually
increased up to 48 h post-22.5°C stress, which indicates that during heat
stress, the lipid metabolism of the body is disturbed, resulting in oxi-
dative damage. Acute cold stress has been also reported to increase
malondialdehyde content in the head kidney of Oreochromis niloticus
(Qiang et al., 2018b).

Lysozyme is an important humoral immune factor that plays an
important role in resisting microbial invasion. Lysozyme is also an
opsonin that promotes phagocytosis and can directly activate comple-
ment and macrophages. The non-specific immune level of fish can be
reflected by changes in lysozyme activity (Qiang et al., 2018a, b).
Studies have shown that lysozyme activity increases significantly when
the fish are exposed to acute cold stress (Qiang et al., 2018b).
Dominguez et al. (2015) found that the activity of plasma lysozyme in
Nile tilapia increased at 28°C heat stress for 2 and 4 weeks, but de-
creased significantly at 33°C for 4 weeks. In the early stage of heat
stress, the increase of lysozyme activity indicates that the body plays an
important role in fighting infection. In this study, at 48 h post-22.5°C
stress, significantly increased lysozyme activity was observed in the

head kidney of the rainbow trout. It can be inferred that the body can
resist the infection of some pathogenic microorganisms in the early
stage of heat stress. However, this result was different from other stu-
dies, which may be because the stress time used in this study was too
short to observe a subsequent decline in lysozyme activity. Previous
studies have found that cold stress inhibits the activity of lysozyme in
the serum of different fish (Ndong et al., 2007; Tort et al., 1998).
SOD is an important antioxidant enzyme in the biological defense
system and plays an important role in maintaining normal physiological
balance (Qiang et al., 2018a). SOD can remove excessive ROS and
prevent excessive ROS from damaging cell membranes and causing
lipid peroxidation. In the early stage of heat stress, the increase in SOD
activity indicated that the organism improved the mechanism of re-
sistance to stress. With the increase in stress, a large amount of ROS
accumulation leads to the formation of oxidative stress. Studies have
shown that temperature stress can significantly increase the activity of
SOD in different fish, including yellow catfish (Pelteobagrus fulvidraco)
(Qiang et al., 2018a) and tilapia (Oreochromis niloticus) (Qiang et al.,
2018b). In this study, at 48h post-22.5°C stress, a significantly in-
creased SOD activity was observed at 12 h, which was then decreased in
the head kidney of the rainbow trout. It can thus be inferred that ROS in
the head kidney cannot be completely cleared after 12 h at post-22.5°C
stress. Qiang et al. (2018b) found that cold stress may lead to reduced
SOD activity, increased malondialdehyde content, and may adversely
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Fig. 6. Analysis of the miRNA-mRNA negative correlation network. The network contains 31 negatively correlated miRNA-mRNA interactions (22 DE target

mRNAs for 6 DE miRNAs) and was constructed using Cytoscape software.

affect the physiological adaptability of tilapia, eventually leading to
death.

We studied the early response in the head kidney of rainbow trout
exposed to heat stress by high throughput sequencing of CO and 22.5°C-
treated (LT) libraries. A total of 97.76%, 96.79%, 97.41%, 96.82%,
97.98%, and 94.51% of valid reads in the CO-1, CO-2, CO-3, LT-1, LT-2,
and LT-3 libraries, respectively, were mapped to the reference rainbow
trout genome. The sequencing data show that the six libraries have
good overall consistency. miRNAs are involved in a plethora of im-
portant biological processes in maintaining homeostasis in fish. The
miR-10 family, miR-27, miR-133 and miR-133a are involved in a
variety of important biological processes, including gene regulation,
tumor development, cell proliferation and differentiation. Five poten-
tial target genes were identified and their functional characteristics
showed that they were mainly involved in metabolism and organismal
systems pathways, including lipid metabolism, carbohydrate metabo-
lism, endocrine regulation, and immune regulation.

In this study, the expression levels of miR-10c-5p in the LT library
were notably higher than those in the CO library. Previous studies have
shown that the miR-10 family, comprising short non-coding RNAs, is
highly conserved and involved in the expression and regulation of the
Hox gene (Tehler et al., 2011). The miR-10 family members are also
reportedly involved in regulating the development of some tumors. For
example, the expression level of miR-10b-5p in Huntington chorea
brain tissue is significantly increased, and is closely related to the dis-
ease stage and rate of progression (Hoss et al., 2015). In pituitary
adenomas, the expression level of miR-10b was closely related to the
tumor diameter and invasion degree (Luo et al., 2013). Bioinformatics
software was used to predict the potential target gene for miR-10c-5p,
and it was found that up-regulation of miR-10c-5p may inhibit the
expression of MAP3K7 mRNA. MAP3K7 is also called transformed
growth factor activated kinase-1. It plays a role in cell proliferation by
regulating a variety of cellular pathways. For example, down-regulation
of MAP3K7 promotes apoptosis in breast cancer cells (Zhou et al.,
2017). miR-133 and miR-133a are essential in mediating cell pro-
liferation, differentiation, and anti-apoptosis. In this study, the ex-
pression levels of both miR-133 and miR-133a in the LT library were
notably higher than those in the CO library. Xu et al. (2007) showed
that miR-133 regulates the differentiation and proliferation of cardiac
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and skeletal muscles, and is preferentially expressed in these cells. miR-
133 plays an anti-apoptotic role in the regulation of cardiomyocyte
apoptosis induced by oxidative stress in H9c2 rat ventricular cells (Xu
et al., 2007). miR-133a was considered as a tumor suppressor, with a
significant inhibitory effect on the proliferation and apoptosis of
bladder cancer cell lines by silencing the target gene TAGLN2 (Yoshino
et al., 2011). In this study, up-regulation of miR-133-3p and miR-133a-
3p may inhibit the expression of MED16. MED16 plays a key role in
preventing oxidative damage to cells (Sekine et al., 2015). In addition,
the up-regulation of miR-133-3p and miR-133a-3p may inhibit the ex-
pression of DECR2. DECR2 is an enzyme that plays an important role in
the degradation of unsaturated fatty acids (Dommes et al., 1981). The
miR-27 family plays an important role in the regulation of adipogenic
differentiation. Lin et al. (2010) believed that the miR-27 family is
down-regulated during adipogenic differentiation, and that over-
expression of miR-27 inhibits adipocyte formation, without affecting
myogenic differentiation. Previous studies have shown that miR-27 is
an anti-fat generation miRNA that damages mitochondrial function
(Kang et al., 2013). In this study, up-regulation of miR-27e may inhibit
the expression of AGTPBP1. AGTPBP1 plays a role in regulating lym-
phoid development, and studies have shown that the absence of
AGTPBP1 can inhibit the development of T cells (Christoph et al.,
2015). In mammals, miR-16 is an important biomarker for cancer de-
velopment. For instance, miR-16-5p is down-regulated in early gastric
cancer and may serve as a biomarker for early screening and progress
evaluation of the disease (Zhang et al., 2015). However, reports on the
role of the miR-16¢-5p in fish are scarce. In this study, up-regulation of
miR-16¢-5p may inhibit the expression of ACACA. ACACA is a key
regulatory enzyme of fatty acid synthesis, and plays a pivotal role in the
regulation of cellular fatty acid fluxes (Travers et al., 2005).

5. Conclusions

In conclusion, the 48h-LTs, acute heat stress may cause free radical
metabolic disorders as a result of oxidative stress, increased mal-
ondialdehyde content, and lysozyme activity in the head kidney of the
rainbow trout, with SOD activity increased at first followed by a de-
crease. These results show that homeostasis may be damaged at 24 h
post-22.5°C stress, which probably contributed to cell injury in the
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rainbow trout, eventually leading to death. The expression profiles of
miRNAs in the head kidney at 24 h post-22.5°C stress were then studied.
Seventeen DE miRNAs were found between the CO and LT libraries,
including twelve up-regulated and five down-regulated miRNAs. Five
potential target genes were identified, and their functional character-
istics showed that they were mainly involved in metabolic processes
and immune regulation pathways. These findings provide preliminary
data for investigating the high-temperature molecular mechanism of
rainbow trout, and can help producers reduce their economic losses
caused by high-temperature weather conditions.

Acknowledgments

This study was supported financially by grants from Research pro-
jects of colleges and universities in Gansu Province, China (NO.
2017A199).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jtherbio.2019.05.014.

Author's contributions

Jian-Lin Wang and Chang-Qing Zhou conceived and designed the
experiments. Chang-Qing Zhou, Peng Zhou, Yan-Li Ren, and Li-Hui Cao
performed the experiments. Chang-Qing Zhou performed the data
analysis and wrote the manuscript. All authors have read and approved
the final version of the manuscript.

Conflicts of interest
The authors declare no conflicts of interest.
References

Abele, D., Puntarulo, S., 2004. Formation of reactive species and induction of antioxidant
defence systems in polar and temperate marine invertebrates and fish. Comp.
Biochem. Physiol. Mol. Integr. Physiol. 138, 405-415.

Bao, J.W., Qiang, J., Tao, Y.F,, et al., 2018. Responses of blood biochemistry, fatty acid
composition and expression of micrornas to heat stress in genetically improved
farmed tilapia (oreochromis niloticus). J. Therm. Biol. 73, 91-97.

Beauchamp, C., Fridovich, 1., 1971. Superoxide dismutase: improved assays and an assay
applicable to acrylamide gels. Anal. Biochem. 44, 276-287.

Bizuayehu, T.T., Babiak, I., 2014. Microrna in teleost fish. Genome Biology and Evolution
6, 1911-1937.

Christoph, S., Nichole, G., Yong, Z., et al., 2015. Mutagenesis screen identifies agtpbp1l
and eps1511 as essential for T lymphocyte development in zebrafish. PLoS One 10,
e0131908.

Chrousos, G.P., Gold, P.W., 1992. The concepts of stress and stress system disorders.
Overview of physical and behavioral homeostasis. JAMA, J. Am. Med. Assoc. 267,
1244-1252.

Dewilde, M.A., Houston, A.H., 1967. Hematological aspects of the thermoacclimatory
process in the rainbow trout, Salmo gairdneri. J Fish Res 24, 2267-2281.

Dominguez, M., Takemura, A., Tsuchiya, M., 2015. Effects of changes in environmental
factors on the non-specific immune response of Nile tilapia. Oreochromis niloticus L.
Aquaculture Research 36, 391-397.

Dommes, V., Baumgart, C., Kunau, W.H., 1981. Degradation of unsaturated fatty acids in
peroxisomes. Existence of a 2, 4-dienoyl-CoA reductase pathway. J. Biol. Chem. 256,
8259-8262.

Ellis, A.E., 2006. The leucocytes of fish: a review. J. Fish Biol. 11, 453-491.

Farrell, A., 2011. Blood cellular composition of the blood. Encyclopedia of Fish
Physiology 984-991.

Geven, E.J.W., Klaren, P.H.M., 2017. The teleost head kidney: integrating thyroid and
immune signaling. Dev. Comp. Immunol. 66, 73-83.

He, J., Qiang, J., Yang, H., et al., 2015. Changes in the fatty acid composition and reg-
ulation of antioxidant enzymes and physiology of juvenile genetically improved
farmed tilapia Oreochromis niloticus (L.), subjected to short-term low temperature
stress. J. Therm. Biol. 53, 90-97.

Journal of Thermal Biology 83 (2019) 134-141

Hoss, A., Labadorf, A., Latourelle, J., et al., 2015. MiR-10b-5p expression in huntington's
disease brain relates to age of onset and the extent of striatal involvement. BMC Med.
Genomics 8, 1-14.

Kang, T., Lu, W., Xu, W., et al., 2013. Microrna-27 (miR-27) targets prohibitin and im-
pairs adipocyte differentiation and mitochondrial function in human adipose-derived
stem cells. J. Biol. Chem. 288, 34394-34402.

Li, Y., Huang, J., Liu, Z., et al., 2017. Transcriptome analysis provides insights into he-
patic responses to moderate heat stress in the rainbow trout (oncorhynchus mykiss).
Gene 619, 1-9.

Lin, Q., Gao, Z., Alarcon, R.M., et al., 2010. A role of miR-27 in the regulation of adi-
pogenesis. FEBS J. 276, 2348-2358.

Luo, H., Sun, L., Wang, Y., 2013. The relationship between the expression of the miR-10
family and invasion of human pituitary adenoma. Chinese Journal of Surgical
Oncology 5, 13-17.

Matthews, K.R., Berg, N.H., 2010. Rainbow trout responses to water temperature and
dissolved oxygen stress in two southern California stream pools. J. Fish Biol. 50,
50-67.

Ndong, D., Chen, Y.Y., Lin, Y.H., et al., 2007. The immune response of tilapia
Oreochromis mossambicus and its susceptibility to Streptococcus iniae under stress in
low and high temperatures. Fish Shellfish Immunol. 22, 686-694.

Qiang, J., Tao, Y.F., He, J., et al., 2017a. miR-122 promotes hepatic antioxidant defense
of genetically improved farmed tilapia (GIFT, Oreochromis niloticus) exposed to
cadmium by directly targeting a metallothionein gene. Aquat. Toxicol. 182, 39-48.

Qiang, J., Tao, F., He, J., et al., 2017b. Effects of exposure to Streptococcus iniae on
microRNA expression in the head kidney of genetically improved farmed tilapia
(Oreochromis niloticus). BMC Genomics 18, 190.

Qiang, J., Bao, W.J., Tao, F.Y., et al., 2017c. The expression profiles of miRNA-mRNA of
early response in genetically improved farmed tilapia (Oreochromis niloticus) liver
by acute heat stress. Sci. Rep. 7, 8705.

Qiang, J., Tao, Y.F., He, J., et al., 2017d. Inhibition of miR-92d-3p enhances inflammation
responses in genetically improved farmed tilapia (GIFT, Oreochromis niloticus ) with
Streptococcus iniae infection by modulating complement C3. Fish Shellfish Immunol.
63, 367-375.

Qiang, J., Bao, J., Tao, Y., et al., 2018a. CCD and RSM optimization approach for anti-
oxidative activity and immune regulation in head kidney of yellow catfish
(Pelteobagrus fulvidraco) based on different lipid levels and temperatures. Fish
Shellfish Immunol. 72, 77-85.

Qiang, J., Cui, Y.T., Tao, F.Y., et al., 2018b. Physiological response and microRNA ex-
pression profiles in head kidney of genetically improved farmed tilapia (GIFT,
Oreochromis niloticus) exposed to acute cold stress. Sci. Rep. 8, 172.

Rebl, A., Zebunke, M., Borchel, A, et al., 2017. Microarray-predicted marker genes and
molecular pathways indicating crowding stress in rainbow trout (Oncorhynchus
mykiss ). Aquaculture 473, 355-365.

Sekine, H., Okazaki, K., Ota, N., et al., 2015. The mediator subunit MED16 transduces
NRF2-activating signals into antioxidant gene expression. Mol. Cell. Biol. 36,
407-420.

Tehler, D., Hpyland-Kroghsbo, N.M., Lund, A.H., 2011. The miR-10 microRNA precursor
family. RNA Biol. 8, 728-734.

Thomas, S., Perry, S.F., 1994. Influence of initial respiratory status on the short-and long-
term activity of the trout red blood cell B-adrenergic Na*/H" exchanger. J. Comp.
Physiol. B 164, 383-389.

Tort, L., 2011. Stress and immune modulation in fish. Dev. Comp. Immunol. 35,
1366-1375.

Tort, L., Rovira, L., Rotllant, J., 1998. Immunological suppression in gilthead sea bream
Sparus aurata of the North-West Mediterranean at low temperatures. Comp. Biochem.
Physiol. Part A Molecular & Integrative Physiology 120, 175-179.

Travers, M.T., Cambot, M., Kennedy, H.T., et al., 2005. Asymmetric expression of tran-
scripts derived from the shared promoter between the divergently oriented ACACA
and TADA2L genes. Genomics 85, 71-84.

Wendelaar, B.S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591-625.

Xu, C., Lu, Y., Pan, Z., et al., 2007. The muscle-specific microRNAs miR-1 and miR-133
produce opposing effects on apoptosis by targeting HSP60, HSP70 and caspase-9 in
cardiomyocytes. J. Cell Sci. 120, 3045-3052.

Yang, Y.H., Dudoit, S., Luu, P., et al., 2002. Normalization for cDNA microarray data: a
robust composite method addressing single and multiple slide systematic variation.
Nucleic Acids Res. 30, 15e-15.

Yoshino, H., Chiyomaru, T., Enokida, H., et al., 2011. The tumour-suppressive function of
miR-1 and miR-133a targeting TAGLN2 in bladder cancer. Br.j.cancer. 104, 808-818.

Zhang, J.F., Shen, H., Wang, X.R., et al., 2004. Effects of chronic exposure of 2,4-di-
chlorophenol on the antioxidant system in liver of freshwater fish Carassius auratus.
Chemosphere 55, 167-174.

Zhang, X.D., Zhu, Y.F., Cai, L.S., et al., 2008. Effects of fasting on the meat quality and
antioxidant defenses of market-size farmed large yellow croaker (pseudosciaena
crocea). Aquaculture 280, 136-139.

Zhang, J.P., Song, Y., Zhang, C.L., et al., 2015. Circulating miR-16-5p and miR-19b-3p as
two novel potential biomarkers to indicate progression of gastric cancer. Theranostics
5, 733-745.

Zhou, L.L., Dong, J.L., Huang, G., et al., 2017. MicroRNA-143 inhibits cell growth by
targeting ERK5 and MAP3K7 in breast cancer. Braz. J. Med. Biol. Res. 50, e5891.


https://doi.org/10.1016/j.jtherbio.2019.05.014
https://doi.org/10.1016/j.jtherbio.2019.05.014
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref1
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref1
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref1
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref2
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref2
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref2
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref3
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref3
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref4
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref4
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref5
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref5
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref5
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref6
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref6
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref6
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref8
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref8
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref9
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref9
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref9
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref10
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref10
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref10
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref11
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref12
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref12
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref13
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref13
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref14
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref14
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref14
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref14
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref15
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref15
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref15
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref16
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref16
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref16
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref17
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref17
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref17
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref18
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref18
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref19
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref19
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref19
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref20
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref20
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref20
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref21
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref21
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref21
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref22
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref22
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref22
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref23
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref23
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref23
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref24
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref24
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref24
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref25
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref25
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref25
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref25
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref26
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref26
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref26
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref26
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref27
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref27
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref27
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref28
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref28
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref28
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref29
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref29
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref29
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref31
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref31
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref32
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref32
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref32
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref33
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref33
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref34
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref34
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref34
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref35
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref35
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref35
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref36
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref37
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref37
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref37
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref38
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref38
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref38
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref39
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref39
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref40
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref40
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref40
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref41
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref41
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref41
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref42
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref42
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref42
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref43
http://refhub.elsevier.com/S0306-4565(18)30553-9/sref43

	Physiological response and miRNA-mRNA interaction analysis in the head kidney of rainbow trout exposed to acute heat stress
	Introduction
	Materials and methods
	Experimental fish
	Experimental management
	Ethics statement
	Experimental sampling and processing
	Sample analysis
	Blood biochemical analysis
	Small RNA library construction and sequencing
	Differential expression analysis, prediction of target genes and bioinformatic analysis

	Interaction analysis of miRNA-mRNA
	Data analysis

	Results
	Assessment of the 48-h median lethal temperature (48h-LT50) heat stress in the rainbow trout
	Effect of heat stress on blood cell counts
	Effect of heat stress on biochemical indices in the head kidney
	Expression profiling of miRNAs in head kidney under 48h-LT50 stress.
	Prediction of target genes and associated regulated pathways

	Discussion
	Conclusions
	Acknowledgments
	Supplementary data
	Author's contributions
	Conflicts of interest
	References




