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Temperature stress affect a stress response of aquatic animals including physiological metabolism, 
immune defense and other metabolic processes, damaged their immune response even cause dead. In 
this study, the physiological and histological changes of Procambarus clarkii under the high temperature 
(30°C) and the low temperature (10°C) stress were investigated. With the increase of temperature, the 
pyruvate kinase activity in the hepatopancreas and gill tissues of crayfish was gradually increased, and 
the fatty acid synthase activity at 10°C and 30°C were significantly lower than the control group of 25°C. 
Furthermore, lysozyme, catalase and superoxide dismutase in 10 °C and 30 °C were significantly lower 
than that of 25 °C. ELISA revealed that HSP90 activities was enhanced with the increasing temperature in 
hepatopancreas after 36h of treatment. HE sections showed that high temperature stress or hypothermia 
caused deformation of R cells (storage cells), rupture of B cells (secretory cells), and partial rupture of the 
basement membrane (BM) in hepatopancreas, as well as the deformation of epithelial cells and respiratory 
epithelial cells of BM in gill tissues. While the temperature stress (30°C and 10°C treatment) caused the 
deformation of epithelial cells and respiratory epithelial cells, making rupture of the BM, comparing with 
the group at 25°C. The study provides the data about the response of crayfish to temperature stress at 
the molecular level, and benefit to develop the strategy to defend the damage in the crayfish aquaculture 
caused by the temperature neither in the different regions nor in the different season.

INTRODUCTION

Procambarus clarkii, native to the northern United 
States now is widely distributed in Europe, Africa, East 

Asia, South America and Central America. China, with the 
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rapid development in the past ten years, has become a 
country with the largest annual production of P. clarkii (Tan 
et al., 2020). Chinese crayfish industry developing rapidly 
in many provinces, from north of China such as Shandong 
Province to southeast of China Hainan Province. However, 
there are still some problems has been faced in the industry 
(Luo et al., 2019; Liu et al., 2020; Tan et al., 2020). P. 
clarkii is sensitive to aquaculture water environmental 
temperature, and how to improve the production in a 
very hot or very cold region; how to overcome severe 
imbalance between the seasonal supply and demand of 
the market (such as the lack of supply in hot summer); 
how to avoid diseases caused by the environmental stress 
of P. clarkii and so on. Therefore, exploring the effects of 
temperature stress on P. clarkii will benefit to understand 
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the physiological mechanism of the animals, and develop 
the strategy to cope with seasonal problem and improve 
the growth performance in different regions. 

 Changes in aquaculture temperature will cause 
short-term stress response of crustaceans. Studies have 
reported that within a certain temperature range, the 
metabolic rate of P. clarkii increases with the increase 
of water temperature, and its energy metabolism rate is 
the highest at 32 °C (Croll and Watts, 2004). Powell et 
al. (2010) found that the hemocyanin of P. clarkii has a 
relatively high oxygen binding affinity that increased the 
metabolic rate in the low dissolved oxygen water caused 
by high water temperature. Wu et al. (2017) reported that 
low temperature increased the activity of muscle lactate 
dehydrogenase in Litopenaeus vannamei, but decreased 
the activity of respiratory metabolic enzymes such as 
succinate dehydrogenase.

 Changes in ambient temperature can also cause 
changes in the antioxidant status and immune function of 
crustaceans (Li et al., 2020). The antioxidase superoxide 
dismutase (SOD), catalase (CAT) and immunity-related 
enzyme lysozyme (LYS), reported in the researches that 
fluctuated in different temperature (Mock and Peters, 
1990; Winston, 1991). Furthermore, hemolymph immune 
enzymes phenol oxidase (PO), alkaline phosphatase (ALP) 
and SOD of Penaeus vannamei have the highest activity at 
22-26 °C, and their activities will decrease above or below 
this temperature (Li et al., 2008); while SOD enzyme 
activity of Eriocheir sinensis significantly reduce under 
the very low temperature (Hong et al., 2007a). 

The immune related genes or pathway of organisms 
were also changed under the temperature stress, such 
as heat shock proteins (HSPs), hemocyanin, P53 signal 
pathway, etc. (Feder and Hofmann, 1999; Wu et al., 2011), 
revealing a complex physiological and molecular process. 
Though we have shown that super high temperature 
(35°C) cause metabolic imbalance, immune disorders and 
apoptosis of P. clarkii by transcriptome, the other changes 
in the organisms need to be analysed (Luo et al., 2021). 
In order to understand the effects of acute temperature 
stress on the immunity, metabolism, and stress proteins 
and tissue structure of P. clarkii, the antioxidant, immune, 
metabolism-related enzyme activities and response of 
the hepatopancreas and gill tissues of P. clarkii under 
temperature stress were detected and the microstructure of 
hepatopancreas and gill tissue sections were observed in 
this study.

MATERIALS AND METHODS

Animal collection and treatment
P. clarkii was purchased from the local aquatic market 

in Shenzhen, with similar body length (averaging 6.0 ± 0.5 
cm) and body weight (averaging 15.0 ± 2.0 g). They were 
temporarily raised in the recirculating aquaculture system 
of the Shenzhen Experimental Base of the South China 
Sea Fisheries Research Institute. A commercial crayfish 
diet was provided every day, and each feeding amount was 
3% of the P. clarkii body weight. The water temperature 
was 25±1°C, the pH was 7.5, and the dissolved oxygen 
was 6.5±0.5 mg/L.

Ninety crayfishes were randomly selected and 
divided into three groups: the first group was medium 
temperature group (25°C±1°C), the second group was 
low temperature group (10°C±1°C), and the third group 
was high temperature group (30±1°C). After 36 h, three 
crayfishes of each group were sacrificed for sample. Half 
part of hepatopancreas from the midline, and half part 
of gill on side of carapace was cut and placed in liquid 
nitrogen for frozen storage, the other half of tissues was 
placed in 4% paraformaldehyde and stored in a refrigerator 
at 4°C.

Determination of enzyme activities and protein content
Taking out the hepatopancreas and gill tissue samples 

stored in liquid nitrogen, and after thawing, weighed 
0.1 g of each sample, and then homogenized in 9 times 
the volume of PBS (PH=7.4) using a tissue crusher. 
Homogenates were centrifuge for about 10 min (3000-
3500 r/min), collected the supernatant, and aliquot it for 
testing. SOD, LYS, CAT, Pyruvate kinase (PK) and FAT 
enzyme activities were measured using commercially 
available ELISA kits (Beijing Huabo Deyi Biotechnology 
Co., Ltd.) according to the manufacturer’s instructions. 
The determination of HSP90 content was carried out under 
the guidance of the instructions of the shrimp heat shock 
90 kit (Beijing Huabo Deyi Biotechnology Co., Ltd.). 

Histological examination
The hepatopancreatic tissue and gill tissue, preserved 

in 4% paraformaldehyde, were dehydrated using an 
alcohol gradient, and using xylene as a transparent agent. 
The tissues were embedded in paraffin and sliced into 
sections (5±1 μm thickness). Tissue sections were stained 
with hematoxylin-eosin (HE), and then observed under an 
Olympus microscope and images were collected.

RESULTS

Metabolic enzyme activities
PK activity in the hepatopancreas and gill tissues of 

P. clarkii was gradually increased with the increase from 
10°C to 30°C. The PK activity at high temperature of 30°C 
and low temperature of 10°C were apparently different 
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from those of the control group at 25°C (p<0.05); while 
the activity of FAS was the highest in the control group at 
25°C, but lower either in 10°C group or in the 30°C group 
(Fig. 1).

Fig. 1. Effect of different temperatures on PK (A, C) and 
FAS (B, D) activities of hepatopancreas (A, B) and gills 
(C, D) of Procambarus clarkii.

Immune-related enzyme and antioxidase activities
The activities of immune-related enzymes and 

antioxidase of P. clarkii were significantly different under 
the acute temperature stress (Fig. 2). The activities of 
LYS and CAT showed a trend of first increasing and then 
decreasing under the different temperature stresses in the 
hepatopancreas and gill tissues, and the low temperature 
group (10°C) and high temperature group (30°C) were 
obviously lower than the control group (25°C). In addition, 
the activity of SOD at low temperature of 10°C and high 
temperature of 30°C was also obviously different from the 
control group. However, the activity was the highest under 
high temperature (30°C) and the lowest (10°C) in the 
hepatopancreas. The control group (25°C) had the highest 
activity, followed by the low temperature group (10°C) 
and the high temperature group (30°C) was the lowest in 
the gill tissue.

HSP90 content
As the sensitive protein of temperature, HSP90 

protein level was increase with the increasing temperature 
after 36h treatment (Fig. 3), which was lowest in the low 
temperature (10°C) group (p<0.05) and highest in the high 
temperature (30°C) group (p<0.05) in hepatopancreas. 
However, both of the treatments caused the increase of 
HSP90, though the difference was not significant in the 
low temperature (10°C) group. 

Fig. 2. Effect of different temperature on LYS (A, D), CAT 
(B, E) and SOD (C, F) activities of hepatopancreas (A, B, 
C) and gills (D, E, F) of P. clarkii.

Fig. 3. Effect of different temperature on HSP90 contents 
of hepatopancreas (A) and gills (B) of P. clarkii.

Fig. 4. Effect of acute temperature stress on histological 
structure of hepatopancreas of cray fish. (a: 10°C, b: 25°C, 
c: 30°C) on the microstructure of the hepatopancreas 
of P. clarkii. B, secretory cells; R, storage cells; L, 
hepatopancreas tubules Lumen; BM, basement membrane. 
Stain: Hematoxylin & Eosin. Magnification 400X.
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Effect on hepatopancreas
Acute temperature stress had obvious effects on the 

structure of hepatopancreas (Fig. 4). Part of the basement 
membrane (BM) was ruptured, R cells (storage cells) were 
deformed and aggregated, and some B cells (secretory 
cells) were ruptured and vacuolated in the low temperature 
group (10°C) compared with the control group (25°C). 
Meanwhile, the volume of R cells significantly increased 
and the number was decreased, the B cells were ruptured 
and vacuolized. Furthermore, the lumen (L) became 
smaller, and part of the BM was unclear in the high 
temperature group (30°C). 

Effect on gills
The gill membrane was intact, the structure of 

respiratory epithelial cells was clear, and there were 
some microcavity hemocyte in the control group (25°C). 
However, the gill membrane was ruptured, some 
microcavity hemocyte were lost, and the respiratory 
epithelial cells were swollen and unclear after low 
temperature (10°C) treatment. 

Similarly, the gill membrane was blurred and unclear, 
and the respiratory epithelial cells became larger and shed 
from the gill membrane, and the microcavity hemocyte 
were lost and partially necrotic after high temperature 
(30°C) treatment (Fig. 5).

Fig. 5. The effect of acute temperature stress on 
histological structure of gills of cray fish (a: 10°C, b: 
25°C, c: 30°C) on the microstructure of the gill tissue of P. 
clarkia., gill membrane; , respiratory epithelial cells; 
, microcavitary hemocytes. Magnification 400X.

DISCUSSION

Environmental temperature changes affect the 
physiological metabolism, immune defense and so on of 
aquatic animals. Glucose metabolism and lipid metabolism 
are the main pathways in energy metabolism (Li et al., 
2020), in which stable PK and FAS activities are crucial 
for aquatic animals to adapt to changing environmental 
temperatures (Tian and Dong, 2005). Fish PK activities 
changed accompany with the water temperature (Cordiner 
and Egginton, 1997).The PK activity in the hepatopancreas 
and gill tissues of P. clarkii in this experiment increased 
with the rising temperature (10-30°C). Previous studies 

have shown that low temperature could lead to a decrease 
in the rate of glycolysis in crustaceans, and the body need 
to accelerate the pentose phosphate pathway to glucose 
metabolism (Cooke et al., 2008), therefore low temperature 
will lead to a decrease in PK activity, which is consistent 
with the results of our experiment. The suitable growth 
temperature of P. clarkii is 21-28°C. Below or above 
this temperature, the body would experience transient 
stress and require a lot of energy regulation to cope with 
environmental stress (Croll and Watts, 2004). In our study, 
the FAS activity in the hepatopancreas and gill tissues of 
P. clarkii was the highest at 25°C. The decrease in activity 
at low temperature of 10°C and high temperature of 30°C 
might suggest that under temperature stress, the synthesis 
of fatty acid in P. clarkii slowed down and accelerated the 
decomposition of fat to provide energy for the body to 
cope with environmental stress, which was similar to the 
findings of Seemann et al. (2017) in the Astacus astacus.

Changes in environmental temperature can also 
cause changes in the anoxidant status and immune 
function of aquatic animal (Hong et al., 2007b; Li et al., 
2008). The serum lysozyme activity of Hippoglossus 
hippoglossus L. increased with rising temperature, but 
the activity decreased after the critical high temperature 
of 30°C (Langston et al., 2002). The immune response 
is suppressed remarkably at the temperature exceeds 
the appropriate survival temperature in grass carp (Yang 
and Zuo, 1997). In this study, both high (30°C) and low 
temperature (10°C) inhibited the activity of LYS of P. 
clarkia, revealing 10°C and 30°C may be above and below 
the critical temperature of P. clarkii immunity. In addition, 
the CAT activity of both treatment group was significantly 
lower than the control, indicating high (30°C) and low 
temperature (10°C) caused different degrees of oxidative 
damage in the hepatopancreas and gill tissues of P. clarkii. 
The same report was found in mud crab and crayfish 
(Kong et al., 2012; Guo et al., 2020). The SOD activity in 
the hepatopancreas increased with the temperature, but it 
decreased in the gills in both treatment group, suggesting 
that the free radical metabolism rate of P. clarkii varies in 
different tissues, and the gill tissue is more sensitive than 
the hepatopancreas.

HSPs are a classic stress proteins family act as 
molecular chaperones to reduce the misfolding of damaged 
proteins (Wu et al., 2011). High mRNA expression of 
HSP70 and HSP90 gene in the hepatopancreas was 
induce by high or low temperature was confirmed in our 
former report (Luo et al., 2021). Similarly, was found in 
Litopenaeus vannamei under the both short-term and long-
term heat stress (Ulaje et al., 2020). The content of HSP90 
in the hepatopancreas of P. clarkii increased with the rising 
temperature, which indicated that the content of HSP90 
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was positively correlated with temperature within a certain 
temperature range, and the high expression of HSP90 
could cooperate with the body to resist environmental heat 
stress. While there was no significant difference in HSP90 
content between 10°C and 25°C in gill tissue, revealing 
tissue differences. Similar reports have also been reported 
in Scophthalmus maximus (Zhang and Sun, 2017).

Environmental temperature also cause tissue damage. 
As an important tissues of detoxification, metabolism, and 
endocrine regulation (Caceci et al., 1988), hepatopancreas 
tissue structure and number of B cells and R cells was 
affected by both stress in this study. R cells deformed and 
aggregated, some B cells ruptured and vacuolized, and the 
volume of transport vesicles increased at 10°C; the volume 
of R cells increased significantly, and B cells were arranged 
disorderly and vacuolized severely at 30°C, indicating 
that low temperature 10°C and high temperature 30°C 
stress caused a certain degree of structural damage to the 
hepatopancreas of P. clarkii. Similar type of finding were 
reported in L. vannamei (Wang et al., 2019) and Eriocheir 
sinensis (Hong et al., 2007a) that hepatopancreas R cells 
and B cells were deformed with salinity or ammonia stress. 
Gill tissue was also damage in our study. Gill membrane 
was broken, the microcavity hemocyte were lost, part 
of them necrosis, and the respiratory epithelial cells are 
swollen under the temperature and pressure. Thermal stress 
indeed causes gill tissues were deformed, red blood cells 
were necrosis, and respiratory cells were expensed in carp 
(Ashaf-ud-Doulah et al., 2019). Our molecular evidence 
also supports that high temperature treatment triggers 
apoptosis (Luo et al., 2021). Besides, the rupture of the gill 
membrane will increase the infection rate of bacteria and 
viruses. The internal tissue of the gill membrane loses the 
protection of the cuticle and is more vulnerable to external 
erosion, which affects its physiological function and may 
threaten the survival of P. clarkii.
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