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Procambarus clarkii is a well-known invasive species with a strong environmental tolerance that has spread worldwide. Crayfish
were exposed to five different salinities (0, 6, 12, 18, and 24 parts per thousand (ppt)) to determine how salinity affects
physiological and histological responses. The metabolism-related enzymes pyruvate kinase (PK) and fatty acid synthase (FAS)
activities of the hepatopancreas and gill tissues significantly decreased with an increase of salinity (6, 12, 18, 24 ppt), except the
increase of FAS activity at 6 ppt. Salinity caused an immune disorder, as displayed by the decreased activities of lysozyme (LSZ)
and superoxide dismutase (SOD). In contrast, catalase (CAT) activities showed increased activity. The heat shock protein 90
(HSP90) concentration significantly increased at 6 ppt and then significantly decreased at 24 ppt in the hepatopancreas and gill
tissues. A HE section revealed that salinity stress influenced the tissue structures. High salinity (24 ppt) damaged the hepato-
pancreas and deformed the gills. In conclusion, P. clarkii is resistant to acute exposure to low salinities and suffers physiological
damage when exposed to hyperosmotic salinities. Our study provides a valuable reference to analyse the adaptation mechanisms

of crayfish in response to salinity.

1. Introduction

Salinity is a key ecological factor in the life of many crus-
taceans and affects the principal biological aspects of ani-
mals, including survival, development, growth, metabolism,
the molting cycle, and even behavior [I, 2]. Crustacean
cultures in a suitable salinity range have the best production
yield. Unsuitable range affects growth, reproduction, and
other processes. The Pacific white shrimp (Penaeus van-
namei) had the fastest growth rate at 18 parts per thousand
(ppt), and the optimal growth salinity ranged from
14-22 ppt [3]. A hatching rate of more than 87% could be

attained at salinities of 27-30 ppt in the Chinese pearl oyster
(Pinctada martensii) [4]. However, the survival rate of
Penaeus japonicus decreased significantly with decreasing
salinity [5].

Procambarus clarkii is a well-known invasive species
widely distributed worldwide. Because of its unique taste,
crayfish have become a popular freshwater species in China,
widely cultured along the Yangtze River in China, and the
culture region was gradually expanded in recent years [6].
Crayfish have strong environmental tolerance and are re-
ported to tolerate salinity [7]. They can survive and grow in
water with salinity below 14ppt, and have strong
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adaptability to salinity below 10 ppt [8]. Wild P. clarkii in
Italy, exposed to increasing salt concentrations, reaching
35.3% after 65 days, had a survival rate of 93.5% [9]. The safe
salinity value of crayfish is about 6.00 ppt [10]; above that,
the survival rate and growth decrease [11].

Changes in salinity affect the growth of crustaceans and
increase the rate of physiological metabolism and energy
consumption. Prolonged salinity stimulation reduces im-
munity and antioxidant capacities [12]. Acute salinity stress
activates the antioxidant system and nonspecific immune
system, including hemolymph phenoloxidase (POX) of P.
clarkii [13], but long-term salinity stress seems to lead to
a decrease in immunity, that immune-related DEGs were
downregulated [14]. However, increased salinity decreases
aquatic pathogenic bacteria abundance by gut microbiota
analysis in the freshwater species red claw crayfish, Cherax
quadricarinatus [15]. In addition, there are many reports on
the effect of salinity on the physiological and biochemical
indicators of crustaceans [16, 17]. Changes in salinity can
lead to an imbalance between salt ions in the water envi-
ronment and the cells of organisms. Therefore, the body
requires ion exchange across epithelial cell membranes in
various tissues to ensure that the body is protected from
hypertonic or hypotonic effects and maintains the original
structure [18].

China has more than 30% of the world’s saline soil, with
more than 3 million hectares of saline-alkali soil is not
suitable for cultivation and is close to water sources [19]. Full
exploitation and utilization of these lands can make up for
the shortage of freshwater resources. Crayfish have a strong
environmental tolerance. Therefore, it is important to an-
alyse the possibility of raising P. clarkii in saline soil. First of
all, investigate the effect of salinity on the crayfish’s phys-
iological and biochemical changes is necessary. In this study,
we determined the activities of immune-, metabolism-
related enzymes, and antioxidase under four acute salinity
stress concentrations up to 24 ppt. This will provide basic
data for the molecular mechanisms of crayfish in salinity
tolerance.

2. Material and Methods

2.1. Experimental Animals. Crayfish (weight 15.0+2.0g)
were purchased from the local aquatic market in Shenzhen
city. They were temporarily raised in the aquaculture system
of the Shenzhen Experimental Base of the South China Sea
Fisheries Research Institute and fed a commercial diet at
a ratio of 3% body weight daily. The water temperature was
25+1°C, the pH was 7.5, and the dissolved oxygen was
6.5+0.5mg/L.

2.2. Experimental Design. Adjust salinity (6, 12, 18, and
24 ppt) by diluted natural seawater treated with sand fil-
tration with pre-prepared nonchlorinated fresh water in
different proportions. The crayfish were divided into five
groups with different salinity levels (i.e., 0 (control group), 6,
12, 18, and 24 ppt groups), with 30 crayfish per group. The
tissues, including the hepatopancreas and gills, of three
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crayfish from each group exposed for 36 h were dissected
and was cut into two equal parts from the midline, one part
was frozen in liquid nitrogen, and the other was stored in 4%
paraformaldehyde (Sigma-Aldrich).

2.3. Enzyme Activities and Protein Concentration
Measurement. The hepatopancreas and gill tissue (0.1g)
were thawed, and quickly homogenized in 1mL PBS
(PH =7.4). The supernatant was collected after homogenates
were centrifuged for about 10 minutes (3000-3500 r/min).

The enzyme activities, including superoxide dismutase
(SOD), lysozyme (LSZ), catalase (CAT), pyruvate kinase
(PK), and fatty acid synthase (FAS), were measured using
commercial ELISA kits (Beijing Huabo Deyi Biotechnology
Co., Ltd.) according to the manufacturer’s instructions. The
heat shock protein 90 (HSP90) concentration was de-
termined using the shrimp heat shock 90 kits (Beijing Huabo
Deyi Biotechnology Co., Ltd.).

2.4. Histological Observation. The hepatopancreatic and gill
tissues were removed from the 4% paraformaldehyde fixa-
tive and sliced according to our previous experimental
method. The samples were dehydrated and embedded in
paraffin (Sigma). Sections with 5pym + 1 ym thickness were
cut using a pathology slicer (Leica), dewaxed with xylene,
rehydrated through a series of ethanol washes, and then
stained with haematoxylin-eosin (HE). The images were
taken using a camera of Olympus microscope.

2.5. Statistical Analysis. All data were performed using SPSS
17.0 and GraphPad Prism 8 software. One-way analysis of
variance (ANOVA) was used to assess between groups.
Differences were considered statistically significant at
P <0.05. The results were expressed as mean + SD.

3. Results

3.1. Effects of Acute Salinity Stress on Metabolic Enzyme Ac-
tivities in Hepatopancreas and Gill Tissues. The value of
enzyme activates was analysed by the statistical software and
found a difference in different salinity stress. PK and FAS
activities displayed similar trends in the hepatopancreas and
gill tissues. PK activities were significantly decreased in
crayfish treated with 6, 12, 18, and 24 ppt at 36 h (P < 0.05)
(Figures 1(a) and 1(c)). FAS activities were significantly
increased in 6 ppt group at 36 h, but decreased significantly
accompanied with the increase of salinity from 12 to 24 ppt
(P <0.05) (Figures 1(b) and 1(d)).

3.2. Effects of Acute Salinity Stress on Immune-Related En-
zymes and Antioxidase Activities in Hepatopancreas and Gill
Tissues. As shown in Figure 2, the lowest LSZ activity was at
12ppt, and the highest level was at 24ppt (P<0.05)
(Figures 2(a) and 2(d)). LSZ activity in the hepatopancreas
and gill tissues first decreased and then increased with an
increase in salinity.
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F1GURe 1: The activity of metabolism-related enzymes of Procambarus clarkii under acute salinity conditions. PK and FAS activity in the
hepatopancreas (a), (b). PK and FAS activity in the gill tissue (c), (d). Different letters indicated a statistical difference between groups

(P <0.05).

The SOD activity in the hepatopancreas and gill tissues
was significantly lower when treated with 12, 18, and 24 ppt,
but significantly higher at 6 ppt (P <0.05) (Figures 2(b)and
2(e)). In contrast, CAT activity was higher when treated with
12, 18, and 24 ppt and significantly lower at 6 ppt (P < 0.05)
(Figures 2(c)and 2(f)).

3.3. Effects of Acute Salinity Stress on HSP90 Concentration in
Hepatopancreas and Gill Tissues. The highest concentration of
HSP90 was at 6 ppt, and the lowest was at 24 ppt (P < 0.05),
which showed first increased and then decreased with the sa-
linity increased in the hepatopancreas and gill tissues (Figure 3).

3.4. Effects of Acute Salinity Stress on the Hepatopancreas
Tissue Structure. Acute salinity stress after 36 h significantly
affects the hepatopancreas tissue structure of crayfish

(Figure 4). The basement membrane of hepatic tubules was
intact, and the structure of hepatocytes was normal and for-
merly distributed without salinity stress (0 ppt, control group).
At 6ppt, the boundary of the basement membrane became
unclear, the volumes of B and R cells increased, and the lumen
space increased slightly compared with the control group. At
12 ppt and 18 ppt, the basement membrane was widely folded,
B cell transport vesicles were ruptured, the lumen was de-
formed, and severe deformation of R cells was observed. The
hepatic tubules were severely deformed and became fluid, the
basement membrane was ruptured, and the necrotic contents
of hepatocytes flowed in high salinity of 24 ppt.

3.5. Effects of Acute Salinity Stress on the Structure of the Gills.
After 36 hours of different salinity stress, the structure of the
gill tissue of crayfish also changed (Figure 5). In the control
group, the structure of the gill membrane was complete and
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FIGURE 2: The activity of immune-related enzymes and antioxidase of Procambarus clarkii under acute salinity conditions. LSZ, SOD, and
CAT activity in the hepatopancreas (a), (b), and (c). LSZ, SOD, and CAT activity in the gill tissue (d), (e), and (f). Different letters indicated
a statistical difference between groups (P <0.05).
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F1GURE 3: Heat shock protein 90 concentration of Procambarus clarkii under acute salinity conditions in the hepatopancreas (a) and the gill
tissue (b). Different letters indicated a statistical difference between groups (P < 0.05).

FIGURE 4: The effect of acute salinity stress ((a) 0ppt, (b) 6 ppt, (c) 12ppt, (d) 18 ppt, and (e) 24 ppt) on the microstructure of the he-
patopancreas of Procambarus clarkii (B, secretory cells; R, storage cells; L, hepatopancreas tubules lumen; BM: basement membrane. 400x

magnification).

smooth, and the respiratory epithelial cells and blood cells in
the microcavity were normal in shape and evenly distributed
(Figure 5(a)). At 6 ppt, the respiratory epithelial cells were
partially shed, and the number of microcavity blood cells
were decreased (Figure 5(b)). At 12ppt, the number of
respiratory epithelial cells decreased, vacuolization was se-
vere, and microcavity blood cells aggregated (Figure 5(c)).
At 24 ppt, the gill membrane was ruptured, the gill filaments
were deformed, the respiratory epithelial cells were severely
sloughed off, and the contents were lost (Figure 5(e)).

4. Discussion

The crayfish industry is widely and rapidly developing in China
due to the high economic benefits. China became the largest
aquaculture country for crayfish production in 2015 [20].
However, the industry faced problems such as improving
farming performance in the face of adversity [6, 21, 22].
Reports showed that P. clarkii exposed to increasing salt
concentrations reaching 35 ppt, still have a high survival rate
[9]. We did not detect dead animals when exposed to
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FiGURE 5: The effect of acute salinity stress ((a) 0 ppt, (b) 6 ppt, (c) 12 ppt, (d) 18 ppt, and (e) 24 ppt) on the microstructure of the gill tissue of
Procambarus clarkii (=, gill membrane; ®, respiratory epithelial cells; », microcavity blood cells. 400x magnification).

6-24ppt for 36h in our study, revealing strong body ho-
meostasis. The activities of key enzymes in glucose and lipid
metabolism changed. PK is a key rate-limiting enzyme that
catalyses the conversion of phosphoenolpyruvate and
adenosine diphosphate (ADP) to pyruvate and adenosine
triphosphate (ATP) in glycolysis. FAS is a key enzyme in
fatty acid synthesis, catalysing acetyl-CoA and malonyl-CoA
to generate long-chain fatty acids. PK activities of the he-
patopancreas and gill tissues decreased slightly at low sa-
linity and decreased significantly at 24 ppt. FAS activity
showed higher decreases in salinity stress; expect an increase
at 6 ppt. The crayfish need to accelerate sugar decomposition
and restrain fat synthesis to generate energy for various ion
balance reactions. However, this process requires a certain
adaptation time. This is consistent with the metabolic rates
of stenohaline marine species showing a metabolic de-
pression at enhanced salt concentrations, reflecting osmotic
stress [1].

P. clarkii responded to acute changes in environmental
salinity by adjusting their immune function [12]. LSZ ac-
tivities showed a decrease in most treatments during our
study. However, SOD showed a decrease and CAT an in-
crease at 12, 18, and 24 ppt, SOD slightly increased at low
salinity of 6 ppt. Decreased SOD activity at high salinity and
increased CAT activity suggest a decrease of H,O, con-
centration, possibly due to oxidative damage to the enzy-
matic structure by superoxide anion (O, ) and
malondialdehyde (MDA) overload. It suggested that the
immune system adapted to a low salinity but was damaged at
high salinity. This is consistent with the research that sur-
vivors of elevated salinity concentration showed increased
levels of SOD, glutathione peroxidase (GPx), glutathione

reductase (GR) and glutathione S-transferase (GST) [9].
Studies have also shown that although SOD and CAT
perform the function of protecting cells from free radical
damage simultaneously, they are not completely synergistic,
and their activity levels have a dynamic balance
mechanism [23].

The heat shock proteins are classic molecular chaperones
or stress proteins distributed ubiquitously in tissues. They
were proven to protect cellular functions and structures
from many types of stress and maintain cellular homeostasis
[24-26]. HSP90 can prevent the aggregation of heat-
denatured proteins and unstable proteins in vitro, usually
combined with HSP70 and HSP40 [27-29]. HSP90 con-
centration in this study showed a slight increase at low
salinity (6 ppt) and decreased remarkably when the crayfish
were treated with high salinity (24 ppt). It was similar to the
HSP90 concentration in the gills of Crassostrea hon-
gkongensis, where mRNA first increased and then gradually
reduced under hyper-osmotic treatment but returned to the
initial level after long-term stress [30]. HSP90 content was
differentially altered in the hepatopancreas and gills of
crayfish, suggesting that salinity stress may disrupt the
normal structure of intracellular proteins in the hepato-
pancreas and gills of crayfish. The body reduces the mis-
folding of damaged proteins by regulating the HSP90
concentration and protects cells from hypertonic injury [31].

HE staining of sections was conducted, and the mi-
croscopic changes of the gills and hepatopancreas were
analysed to verify changes in the tissue structure. A balance
of ions and charges inside and outside the cell membrane of
various tissues is key to maintaining a stable internal en-
vironment [32]. Hyperosmotic treatment clearly influenced
the two tissue structures, and the effect increased with rising
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salinity. At 6ppt, the boundary of the hepatopancreas
basement membrane was unclear. When the salinity reached
24 ppt, the basement membrane of the hepatopancreas and
gills was visibly ruptured, consistent with the above results of
weakened antioxidant levels that resulted in damaged lipids
and proteins of cellular compartments, leading to the loss of
cellular membrane integrity and cell death. High salinity
(9-11 ppt) causes the gill epithelial cells of freshwater fish
Chalcalburnus chalcoides aralensis to thicken and bulge, and
necrosis, exfoliation, hepatocyte enlargement, and severe
tissue vacuolization occur [33]. The haemolymph osmolality
of red claw crayfish was unchanged at salinities ranging from
0 to 10 ppt. However, an increase was observed at 12 ppt,
revealing strong osmoregulation at the proper salinity range
0-12ppt, whereas decreased growth rate and increased
sodium-potassium ATPase activity, and sodium potassium
chloride cotransporter expression were reported under high
salinity [34]. In conclusion, our results confirmed that al-
though low salinity causes minor tissue damage of tissue,
high salinity destroys the tissue cell structure, and the
damages are irreversible. It is recommended to conduct
long-term breeding experiments at 0-6 ppt to increase its
tolerance to salinity. No more than 6 ppt was recommended
to raise the crayfish for long-term domestication of salinity
for Procambarus clarkii aquaculture.

Data Availability

All data used to support the findings of this study are
available in the article.

Ethical Approval

All international, national, and institutional guidelines ap-
plicable for the care and use of animals were followed.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the Shenzhen Science and
Technology Plan of China (JCYJ20180504170233070), Research
and Development Projects in China Agriculture Research
System of MOF and MARA (CARS-48), Natural Science
Foundation of Guangdong Province (2021A1515012519), and
Special Fund for Scientific and Technological Innovation and
Industrial Development of Dapeng New Area (PT202101-25),
Research and Development Projects in Key Areas of Guang-
dong Province (2021B0202003).

References

[1] K. Anger, “Salinity as a key parameter in the larval biology of
decapod crustaceans,” Invertebrate Reproduction and Devel-
opment, vol. 43, no. 1, pp. 29-45, 2003.

[2] K.J. Anson and D. B. Rouse, “Effects of salinity on hatching
and post-hatch survival of the Australian red claw crayfish

Cherax quadricarinatus,” Journal of the World Aquaculture
Society, vol. 25, no. 2, pp. 277-280, 1994.

[3] C. Zhu, “Effects of salinity on growth performance of Litope-
naeus vannamei,” Journal of Aquaculture, no. 3, pp. 25-27, 2002.

[4] H. Wang, X. W. Zhu, Y. A. Wang, M. M. Luo, and Z. G. Liu,
“Determination of optimum temperature and salinity for fertil-
ization and hatching in the Chinese pearl oyster Pinctada mar-
tensii (Dunker),” Aquaculture, vol. 358-359, pp. 292-297, 2012.

[5] L. Pan and Z. Luan, “The effects of salinity on development and
Na*-K*-ATPase activity of marsupenaeus japonicus postlarvae,”
Acta Hydrobiologica Sinica, no. 6, pp. 101-105, 2005.

[6] L. Tan, L. Yang, D. Liu, and J. Huang, Scientific Crayfish
Breeding: Research on New Breeding and Seedling Techniques,
China Agricultural University Press, Beijing, China, 2020.

[7] J. E. Newsom and K. B. Davis, “Osmotic responses of hae-
molymph in red swamp crayfish (Procambarus clarkii) and
white river crayfish (P. zonangulus) to changes in temperature
and salinity,” Aquaculture, vol. 126, no. 3-4, pp. 373-38l,
1994.

[8] C. Zhang, G. Yao, G. Wu, and Z. Ren, “Tolerance of Pro-
cambarus clarkii to the salinity,” Journal of Aquaculture,
vol. 32, no. 7, pp. 35-37, 2011.

[9] A.J.M. Dorr, M. Scalici, B. Caldaroni et al., “Salinity tolerance of
the invasive red swamp crayfish Procambarus clarkii (Girard,
1852),” Hydrobiologia, vol. 847, no. 9, pp. 2065-2081, 2020.

[10] H. Li, w. Zhou, H. Gao, and G. Zhang, “Joint toxicity of
salinity and alkalinity to Procambarus clarkii,” Journal of
Aquaculture, no. 5, pp. 1-4, 2006.

[11] T. Li, “Acute toxicity of salinity to juvenile Procambarus
clarkii,” Fisheries Economy Research, no. 4, pp. 37-40, 2009.

[12] A. Waterkeyn, B. Vanschoenwinkel, H. Vercampt, P. Grillas,
and L. Brendonck, “Long-term effects of salinity and dis-
turbance regime on active and dormant crustacean com-
munities,” Limnology & Oceanography, vol. 56, no. 3,
pp. 1008-1022, 2011.

[13] Y. Qiao, S. Li, W. Cui, R. Zuo, and Y. Chang, “Effects of acute
salinity on antioxidation and non-specific immunity of
Procambarus clarkii,” Chinese Fishery Quality and Standards,
vol. 10, no. 2, pp. 44-50, 2020.

[14] Y. Xiao, Y.-M. Zhang, W.-B. Xu et al., “The effects of salinities
stress on histopathological changes, serum biochemical index,
non-specific immune and transcriptome analysis in red
swamp crayfish Procambarus clarkii,” Science of the Total
Environment, vol. 840, Article ID 156502, 2022.

[15] S. Liu, C. Qi, Y. Jia, Z. Gu, and E. Li, “Growth and intestinal
health of the red claw crayfish, Cherax quadricarinatus, reared
under different salinities,” Aquaculture, vol. 524, Article ID
735256, 2020b.

[16] J. L. Ikerd, K. G. Burnett, and L. E. Burnett, “Effects of salinity
on the accumulation of hemocyte aggregates and bacteria in
the gills of Callinectes sapidus, the Atlantic blue crab, injected
with Vibrio campbellii,” Comparative Biochemistry and
Physiology Part A: Molecular ¢ Integrative Physiology,
vol. 183, pp. 97-106, 2015.

[17] C. Nikapitiya, W. S. Kim, K. Park, J. Kim, M. O. Lee, and
I. S. Kwak, “Chitinase gene responses and tissue sensitivity in
an intertidal mud crab (Macrophthalmus japonicus) fol-
lowing low or high salinity stress,” Cell Stress & Chaperones,
vol. 20, no. 3, pp. 517-526, 2015.

[18] E. Li, L.-q. Chen, C. Zeng et al., “Effects of dietary protein
levels on growth, survival, body composition and hepato-
pancreas histological structure of the white shrimp, Litope-
naeus vannamei, at different ambient salinities,” Journal of
Fisheries of China, no. 3, pp. 425-433, 2008.



(19]

(20]

[21

[22

(23]

(24]

(25]

[26

(27]

[28

(29]

(30]

(31]

(32]

(33]

(34]

J. Li, L. Pu, M. Han, M. Zhu, R. Zhang, and Y. Xiang, “Soil
salinization research in China: advances and prospects,”
Journal of Geographical Sciences, vol. 24, no. 5, pp. 943-960,
2014.

Q. Wang, H. Ding, Z. Tao, and D. Ma, “Crayfish (Procambarus
clarkii) cultivation in China: a decade of unprecedented de-
velopment,” in Aquaculture in China: Success Stories and
Modern TrendsWiley, New York, NY, USA, 2018.

L. Luo, J. Huang, D. Liu et al., “Study on selection and spatial
distribution of two kinds of caverns for Procambarus clarkii,”
South China Fisheries Science, vol. 15, no. 4, pp. 76-81, 2019.
D. Liu, J. Huang, L. Yang, and L. Tan, “Effects of multiple
environmental factors on molting death of Procambarus
clarkii and countermeasures,” South China Fisheries Science,
vol. 16, no. 2, pp. 29-35, 2020a.

P. A. Olsvik, T. Kristensen, R. Waagbo et al., “mRNA ex-
pression of antioxidant enzymes (SOD, CAT and GSH-Px)
and lipid peroxidative stress in liver of Atlantic salmon (Salmo
salar) exposed to hyperoxic water during smoltification,”
Comparative Biochemistry and Physiology - Part C: Toxicology
& Pharmacology, vol. 141, no. 3, pp. 314-323, 2005.

L. Wieten, F. Broere, R. van der Zee, E. K. Koerkamp,
J. Wagenaar, and W. van Eden, “Cell stress induced HSP are
targets of regulatory T cells: a role for HSP inducing com-
pounds as anti-inflammatory immuno-modulators?” FEBS
Letters, vol. 581, no. 19, pp. 3716-3722, 2007.

F. H. Schopf, M. M. Biebl, and J. Buchner, “The HSP90
chaperone machinery,” Nature Reviews Molecular Cell Bi-
ology, vol. 18, no. 6, pp. 345-360, 2017.

L. Luo, J.-H. Huang, D.-L. Liu et al, “Comparative tran-
scriptome analysis of differentially expressed genes and
pathways in Procambarus clarkii (Louisiana crawfish) at
different acute temperature stress,” Genomics, vol. 114, no. 4,
p. 110415, 2022.

Y. Miyata and I. Yahara, “The 90-kDa heat shock protein,
HSP90, binds and protects casein kinase II from self-
aggregation and enhances its kinase activity,” Journal of Bi-
ological Chemistry, vol. 267, no. 10, pp. 7042-7047, 1992.
H. Wiech, J. Buchner, R. Zimmermann, and U. Jakob, “HSP90
chaperones protein folding in vitro,” Nature, vol. 358,
no. 6382, pp. 169-170, 1992.

Y. Minami, H. Kawasaki, M. Minami, N. Tanahashi,
K. Tanaka, and I. Yahara, “A critical role for the proteasome
activator PA28 in the Hsp90-dependent protein refolding,”
Journal of Biological Chemistry, vol. 275, no. 12, pp. 9055-
9061, 2000.

D. Fu, J. Chen, Y. Zhang, and Z. Yu, “Cloning and expression
of a heat shock protein (HSP) 90 gene in the haemocytes of
Crassostrea hongkongensis under osmotic stress and bacterial
challenge,” Fish & Shellfish Immunology, vol. 31, no. 1,
pp. 118-125, 2011.

M. E. Feder and G. E. Hofmann, “Heat-shock proteins,
molecular chaperones, and the stress response: evolutionary
and ecological physiology,” Annual Review of Physiology,
vol. 61, no. 1, pp. 243-282, 1999.

M. G. Wheatly and A. T. Gannon, “Ion regulation in crayfish:
freshwater adaptations and the problem of molting,” Amer-
ican Zoologist, vol. 35, no. 1, pp. 49-59, 1995.

X. Wang, Y. Lin, Q. Jiang, A. Jiang, and Z. Bowen, “Effects of
salinity on growth and histological characteristics of Chal-
calburnus chalcoides aralensis,” Journal of Fishery Sciences of
China, no. 5, pp. 808-815, 2008.

R. Rida, R. Zein-Eddine, S. Kreydiyyeh, A. Garza de Yta, and
I. P. Saoud, “Influence of salinity on survival, growth,

Aquaculture Research

hemolymph osmolality, gill sodium potassium ATPase ac-
tivity, and sodium potassium chloride co-transporter ex-
pression in the redclaw crayfish Cherax quadricarinatus,”
Journal of the World Aquaculture Society, vol. 52, no. 2,
pp. 466-474, 2021.





