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This study was conducted to understand the changes of physiological and biochemical
indexes of black and red shell Pinctada fucata under acute high and low salt stress. In
this study, the salinity of 35h was used as the control, while the salinities of 20 and
50% salinity were used as the low and high salt treatment groups, respectively. The
osmotic pressure (OSM) and ion concentration in the hemolymph, Na+-K+ -ATPase
(NKA) activity and respiratory metabolism in gills, and antioxidant and immune (non)
enzymes in the hepatopancreas of P. fucata with two shell colors were compared and
analyzed at the time periods of 1.5 and 3 h post-salinity stress. The results showed that
the OSM and inorganic ion (Na+, Ca2+, and Cl−) concentration in the hemolymph of the
black and red P. fucata increased significantly with the increase of salinity after the time
periods of 1.5 and 3 h. At 3 h, the black P. fucata NKA activity decreased significantly
with the increase of salinity, while red P. fucata reached the highest value at high salinity.
The succinate dehydrogenase (SDH) and lactate dehydrogenase (LDH) activities of
red P. fucata showed U-shaped and inverted U-shaped distributions with the increase
of salinity after 1.5 h, respectively. With the increase of salinity, the phenoloxidase
(POX) activity of red and black P. fucata showed inverted U-shaped and U-shaped
distributions, respectively. The contents of glutathione (GSH) and vitamin C (VC) in black
P. fucata decreased significantly with the increase of salinity at 1.5 and 3 h. Red P. fucata
GSH and VC reached their maximum value in the 1.5-h low salinity group and 3-h
high salinity group. The vitamin E (VE) content in black P. fucata increased significantly
with the increase of salinity at 1.5 h, and reached the maximum at 3 h in the control
group. Red P. fucata VE reached the maximum at 1.5 and 3 h in the control group.
The results obtained from the present study revealed that the sensitivity of P. fucata
to salinity varied in shell color. Compared to black P. fucata, red P. fucata responds
more quickly to sharp salinity changes, thereby reducing more likely damage. Compared
with a high salt environment, P. fucata was more adaptable to the changes of acute
low salt environment. The results obtained from the present study provide the physical
references for subsequent selective breeding of this species.
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INTRODUCTION

Pinctada fucata, belonging to mollusks, bivalves, Pinctada
and Pinctada family mainly distributed in the tropical and
subtropical area, is one of the main shellfish species for
cultivating seawater pearls in China (Sun et al., 2021). Since
1949, P. fucata has been cultivated in Hainan and Liangguang
(Guangdong and Guangxi) Provinces of China until pearl
production peaked in the 1990s (Ai et al., 2003; Yang et al.,
2017). P. fucata has greatly promoted the development of pearl
industry in China and created considerable economic income
for the nation. However, massive mortalities of P. fucata are
frequently reported and have caused considerable economic
losses in the past 10 years. To understand the causes of such
mortalities, a series of studies have been conducted. Evidence
has indicated that temperature, salinity, dissolved oxygen, and
pH can change the physiological indexes of P. fucata, including
osmotic pressure (OSM), oxygen consumption rate, ammonia
excretion rate and cellular immune level, disturb balance basal
metabolism, inhibit growth, and even lead to death (Yang,
2016; Liu, 2018; Sun et al., 2021). All the evidence reveal
that massive mortality of P. fucata is closely related to these
environmental changes.

Salinity is an important ecological factor in marine
ecosystems, and its fluctuation can change the osmotic
adjustment, metabolism, distribution, and biological rhythm
of bivalves. Extreme salinity fluctuation will damage the
physiological factors of bivalves, resulting in death and economic
in severe cases (Kurihara, 2017; Sun et al., 2021). In addition to
human activities, heavy rainfall, storm, and ebb will significantly
change the salinity, which directly affects the OSM of marine
animals and indirectly impairs the survival, growth, and
reproduction of organisms (Cheng et al., 2002; Pourmozaffar
et al., 2020). A few studies have shown that the filtration,
respiration, growth rate, and feeding activity of marine bivalves
decrease when salinity changes (Alagarswami and Victor, 1976;
Widdows, 1985; Berger and Kharazova, 1997). Furthermore,
evidence suggests that the maximum growth of organisms
occurs in isotonic media as the energy consumption is the
least and the energy conversion efficiency is the highest in
OSM regulation (Chen and Lin, 1995; Selven and Philip, 2013).
In mollusks, inorganic ions are firstly used as mobilization
osmolytes for cell volume regulation (intracellular isosmotic
regulation), and K+, Cl−, and Na+ ions are mainly involved
in osmotic regulation (Lin et al., 2021). Natochin et al. (1979)
found that besides the Na+ and K+ pump, both Mytilus
edulis and Littorina littorea have a Cl−-related sodium ion
exchange system, which could regulate OSM and cell volume.
Under the condition of acute low permeability (hyposmotic),
the osmotic adjustment is first carried out in response to
salinity change (Zhao et al., 2018; Lin et al., 2021). In general,
increasing salinity is more harmful to invertebrates compared to
seawater dilution. Moreover, most studies on salinity challenges
in mollusks involve seawater dilution rather than seawater
concentration, and only a few studies have tested mollusks in
high salt seawater (Willmer, 1978; Berger and Kharazova, 1997;
Veiga et al., 2016).

Both high and low salt stress can change the physiological
activities and states of marine shellfish. For example, snails
remain active and the gill cover open in pre-55h high
salinity seawater, either suddenly closing the gill cover or
closing the wall (aquarium wall) for a longer time in diluted
seawater (Veiga et al., 2016). In a short period of salinity
reduction, the hemolymph volume of greenlip abalone (Haliotis
laevigata) and blacklip abalone (Haliotis rubra) increased by
25h (Edwards, 2003). While the abalone hemolymph volume
decreased, gill cilia movement, adhesion, and heartbeat were
affected with an increase in salinity (Edwards, 2003). Salinity
can significantly affect various physiological functions of marine
bivalves, and its stress effects in different species are different.
At the salinity of 27h, the expression level of α-amylase in
P. fucata was significantly higher than that in the high and low
salinity treatment groups (Huang et al., 2016). At low salinity,
mitochondria in the gills of Crassostrea virginica showed a higher
ratio of glutamic acid oxidation (Ballantyne and Moyes, 1987).
Rapid changes in salinity in American oysters (C. virginica)
affected the hemocyte locomotion rate and prolonged their
transmission time (Fisher and Newell, 1986).

It is reported that shell color may be potentially associated with
beneficial characteristics such as salt resistance and metabolic
response (Nie et al., 2017). Different color phenotypes of the
same species may have different adaptation efficiencies and
resistances to salinity stress (Berger and Kharazova, 1997; Nie
et al., 2017). By comparing Littorina obtusata with different
shell color phenotypes, it can be proven that the adaptation of
snails to salinity changes is significantly different (Sergievskii and
Berger, 1984). The shell color of directional breeding can be
inherited stably to offspring. Previous studies have shown that the
purification rates of black and red shell color in the F3 breeding
line of P. fucata are the highest, which are 95.83 and 100h,
respectively (Sun, 2018). The ammonia excretion rates in black
and red colors of the F6 breeding line P. fucata are significantly
different from ordinary population, indicating its research value
(Zhu et al., 2011). A comparison of SOD and CAT activities
between zebra and white zebra strains of Ruditapes philippinarum
under low salt stress showed that strains with higher salt tolerance
could change their biochemical mechanisms under salinity stress
(Nie et al., 2020). At the same time, there is also evidence that
the physiology and biochemistry of P. fucata can be regulated
by salinity changes. It was found that the ammonia excretion
and oxygen consumption rate of P. fucata decreased with the
increase of salinity in the range of 21–36h (Liu et al., 2011).
The aquaporin expression level of P. fucata was restored to the
control level (27h) under low salinity (16h) for 72 h and under
high salinity (36h) for 168 h (Pan et al., 2020). Low lysozyme
(LZM) and catalase activities in P. fucata under short-term low
salt stress may made it vulnerable to diseases (Arisman et al.,
2018). In this study, the effects of salinity on OSM regulation,
respiratory metabolism, immunity, and antioxidant capacity were
measured to explore the response of P. fucata with black and
red shells to acute salinity changes. The results from the present
study will provide a physical reference for the selective breeding
of P. fucata and will improve our understanding on the salt
tolerance mechanism in this species.
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MATERIALS AND METHODS

Animals
A total of 360 P. fucata were bred and cultured by Tropical
Aquaculture Research and Development Center, South China
Sea Fisheries Research Institute, Chinese Academy of Fishery
Sciences (Lingshui Town, Hainan, China). After removing the
attached organisms on the shell surface, 270 healthy individuals
with distinct shell color (black and red) characteristics and similar
size (body mass: 34.19 ± 1.39 g, DVM: 50.75 ± 1.43 mm)
were collected and transferred to a 5,000-L cement tank and
acclimated for a week. During the acclimation, the environmental
parameters were maintained at the salinity of 35h, 30 ± 1◦C,
PH 8.0 ± 0.1, DO > 6.5 mg/L, and light intensity <500
Lx with a natural photoperiod. Platymonas subcordiformis
(2 × 105 cells/ml) was fed once a day at regular intervals
(09:00–09:30) in the morning, and 50h of the seawater was
replaced daily. The feeding was stopped at the day before the
experiment started.

Experimental Design
The experiment was carried out in nine 800-L cement tanks. The
salinity of 35h (natural salinity in the rearing area) was used as
the control, and the salinities of 20 and 50h were used as two
testing groups. In the testing groups, the salinities of 20 and 50h
were adjusted either by mixing natural seawater with 24 h aerated
tap water or sea salt. In this study, three replicates were used in
both testing groups and the control group, and each replicate
contained 15 P. fucata with black and red shells, respectively.
Six shellfish samples (3 red P. fucata and 3 black P. fucata) were
randomly selected from each replicate at 1.5 and 3 h, respectively.

Hemolymph Sample Collection
The shell was opened with a shell opener, and the adductor
muscle was cut off along the left shell of the shell with a dissector.
The hemolymph was extracted from the pericardiac cavity of the
shellfish with a 2-ml syringe. The hemolymph of each replicate of
6 P. fucata with black and red shells, respectively, was collected
at each point in time (1.5 or 3 h) and mixed together in pairs.
Then, they were quickly discharged into some 2 ml centrifuge
tubes. PL2000Plus blood gas biochemical analyzer (NanjingPlang
Medical Equipment Co., Ltd., Nanjing, China) was used to extract
0.3–0.4 ml hemolymph each time to determine the blood routine
indicators: K+, Na+, Ca2+, Cl−, and OSM.

Tissue Sample Collection
After the hemolymph was collected, the gills and hepatopancreas
tissues of each shellfish were quickly collected on the ice bag with
a sterile dissector. After washing with pre-cooling 0.9h saline,
the tissue surface water was gently dried with clean filter paper
and quickly placed in a 2-ml centrifuge tube, and stored in -
80◦C refrigerator for further determination. The 0.9h normal
saline or the corresponding “sample homogenizing medium” was
added into tissue samples under ice bath conditions, then they
were homogenized into or diluted to the optimal concentration
required for different enzymes. Finally, the following relevant

indicators were determined according to the experimental steps
of the instructions.

The biochemical parameters of hepatopancreas and gills
tissue were determined according to the instructions of
the manufacturer using commercial kits (Nanjing Jiancheng
Biological Co., Ltd., Nanjing, China and Abbkine Scientific Co.,
Ltd., Wuhan, China), i.e., lactate dehydrogenase (LDH) (Item
No. KTB1110): 2,4-Dinitrophenylhydrazine method; Na+-K+
-ATPase (NKA) (Item No. KTB1800): Inorganic phosphorus
method; succinate dehydrogenase (SDH) (Item No. A022-1-1):
Phenazine methosulphate method; phenoloxidase (POX) (Item
No. H247): competition method; LZM (Item No. A050-1-1):
Micrococcus Lysodeik-ticus method; glutathione (GSH) (Item
No. A006-2-1): Ellman reagent colorimetric method; vitamin E
(VE) (Item No. A008-1-1): Phenanthroline colorimetry method;
vitamin C (VC) (Item No. A009-1-1): Xylene dichloroindophenol
colorimetry method; and total protein (Item No. A045-4-4):
bicinchoninic acid method. The biochemical parameter analyses
of all gills and hepatopancreas tissues were performed thrice.

Statistical Analysis
The data were expressed as mean ± SD and analyzed by IBM
SPSS Statistics 26 statistical analysis software. A one-way ANOVA
and the Duncan multiple comparison method were used to
analyze the hemolymph biochemical indices and related indices
of tissues (gill and liver) of P. fucata with the same shell color
under different salinities. When analyzing the differences in the
abovementioned related indicators of black and red P. fucata with
different shell colors under the same salinity, the t-test was used.
p < 0.05 was used as the significant difference level.

RESULTS

Determination of Osmotic Pressure in
Hemolymph
The responses of hemolymph OSM to salinity changes in P. fucata
with different shell colors are shown in Figure 1. At 1.5 and 3 h,
the OSM gradually increased with the increase of salinity within
20–50h (p < 0.05). After exposure to the salinities of 20 and
50h for 3 h and exposure to the salinity of 20h for 1.5 h, the
OSM of black P. fucata was significantly higher than that of red
P. fucata (p < 0.05). After exposure to the salinity of 50h for
1.5 h, the OSM of red P. fucata was significantly higher than that
of black P. fucata (p < 0.05). At the salinity of 35h, there was no
significant difference in the OSM between red and black P. fucata
(p > 0.05).

Determination of Related Ion
Concentration in Hemolymph
The responses of the concentration of related inorganic ions in
the hemolymph of P. fucata with different shell colors to salinity
changes are shown in Figure 2. The K+ concentration of black
P. fucata at 1.5 and 3 h and of red P. fucata at 3 h gradually
increased with the salinity (p < 0.05). Under the same salinity,
the K+ concentration of black and red P. fucata is significantly
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FIGURE 1 | Effects of acute (I: 1.5 h; II: 3 h) salinity stress on hemolymph osmotic pressure (OSM) of black and red Pinctada fucata. Different capital letters (A, B, C)
denotes that the hemolymph OSM of black P. fucata was significantly different at different salinities (p < 0.05), while the same showed no significant difference
(p > 0.05). Different lowercase letters (a, b, c) denotes that the hemolymph OSM of P. fucata in red shell color varied significantly under different salinities (p < 0.05),
while the same showed no significant difference (p > 0.05). The asterisk sign “∗” indicates that there are significant differences between the different shell colors at
the same salinity (p < 0.05).

different after 3 h treatment with the salinities of 20–50h and
1.5 h treatment with the salinities of 20 and 35h (p < 0.05). The
K+ concentration of red P. fucata was significantly higher than
that of black P. fucata (p < 0.05) except for the treatment group
exposed to the salinity of 20h for 3 h (Figures 2I,II).

At 1.5 and 3 h, with the increase of salinity, the concentration
of Na+ increased significantly (p < 0.05). At the same salinity, the
Na+ concentration of black P. fucata was significantly different
from that of red P. fucata (p < 0.05). Under the salinities of 20 and
35h, the Na+ concentration of black P. fucata was significantly
higher than that of red P. fucata (p < 0.05). Under the salinity
of 50h, the Na+ concentration of red P. fucata was significantly
higher than that of black P. fucata (p < 0.05, Figures 2III,IV).

At 1.5 and 3 h, with the increase of salinity, Ca2+

concentration in the hemolymph gradually increased (p < 0.05).
At the same salinity after 1.5 h exposure, and at the salinities
of 35h and 50 after 3 h exposure, the Ca2+ concentration in
red P. fucata was significantly higher than that in black P. fucata
(p < 0.05, Figures 2V,VI).

At 1.5 and 3 h, the concentration of Cl− gradually increased
with the increase of salinity (p < 0.05). At the same salinity
and time (1.5 or 3 h), the Cl− concentration in red P. fucata
was significantly higher than that in black P. fucata (p < 0.05,
Figures 2VII,VIII).

Effect of Salinity on the Activities of
Enzymes Related to Respiratory
Metabolism and Na+-K+ -ATPase in Gills
The responses of the activities of respiratory metabolism and
osmoregulation-related enzymes in the gill tissues of P. fucata

with different shell colors to salinity changes were shown in
Figure 3. The SDH activity of red and black P. fucata was
significantly higher than that in the 35h at the salinity of
50h after 1.5 h exposure and at the salinity of 20h after 3 h
exposure (p < 0.05). Under the same salinity and time (1.5 or
3 h), there was a significant difference between red and black
P. fucata SDH (p < 0.05). When exposed to the salinities of 35
and 50h for 1.5 h, the SDH of black P. fucata was significantly
higher than that of red P. fucata (p < 0.05). When exposed
to the salinity of 20h for 1.5 h, the SDH of red P. fucata
was significantly higher than that of black P. fucata (p < 0.05,
Figures 3I,II).

Compared with the 35h group, the LDH in black P. fucata
increased significantly at the salinities of 20 and 50h at 1.5 and
3 h (p < 0.05), and red P. fucata LDH was significantly decreased
at the salinities of 20 and 50h at 1.5 h (p < 0.05). At 3 h,
red P. fucata LDH increased significantly with the increase of
salinity (p < 0.05). Under the same salinity and time (1.5 or
3 h), there was a significant difference between red and black
P. fucata LDH (p < 0.05). Under the salinity of the 35h group,
red P. fucata LDH was significantly higher than that of black
P. fucata (p < 0.05), while the opposite was observed at the
salinities of 20 and 50h (p < 0.05, Figures 3III,IV).

Compared with the 35h group, the NKA activity of P. fucata
with two shell colors increased significantly at the salinities
of 20 and 50h at 1.5 h (p < 0.05). At the same salinity
and time (1.5 or 3 h), the NKA activity of red P. fucata was
significantly different from that of black P. fucata (p < 0.05). At
different salinities after 1.5 h exposure, and at the salinities of
20 and 35h after 3 h exposure, black P. fucata was significantly
higher than red P. fucata (p < 0.05), while the opposite
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FIGURE 2 | Effects of acute salinity stress on the concentration of inorganic ions in the hemolymph of black and red P. fucata (I: 1.5 h, K+ concentration. II: 3 h, K+

concentration. III: 1.5 h, Na+ concentration. IV: 3 h, Na+ concentration. V: 1.5 h, Ca2+ concentration. VI: 3 h, Ca2+ concentration. VII: 1.5 h, Cl− concentration.
VIII: 3 h, Cl− concentration). The asterisk sign “∗” indicates that there are significant differences between the different shell colors at the same salinity (p < 0.05).

was observed at the salinity of 50h after 3 h (p < 0.05,
Figures 3V,VI).

Effect of Salinity on the Activities of
Immune-Related Enzymes in
Hepatopancreas
Phenoloxidase activity decreased significantly with increasing
salinity at 1.5 h (p < 0.05). After 3 h, compared with the 35h
group, the POX activity of black P. fucata was significantly
increased (p < 0.05), and that of red P. fucata was significantly
decreased (p < 0.05). Under the same salinity and time (1.5 or
3 h), the POX activity of red P. fucata was significantly different
from that of black P. fucata (p < 0.05). At different salinities after
1.5 and at the salinities of 20 and 35h after 3 h, the POX activity
of red P. fucata was significantly higher than black P. fucata
(p < 0.05). At the salinity of 50h after 3 h, black P. fucata was
significantly higher than red P. fucata (p < 0.05, Figures 4I,4II).

At 1.5 h, compared with the 35h group, the LZM activity
of black P. fucata decreased significantly at the salinities of 20
and 50h (p < 0.05), red P. fucata LZM increased significantly
at the salinity of 20h (p < 0.05). At 3 h, compared with
the 35h group, black P. fucata decreased significantly at the
salinity of 50h (p < 0.05) and showed no significant difference
under the salinity of 20h (p > 0.05). In contrast, the LZM
of red P. fucata increased significantly at the salinity of 20h
(p < 0.05), and showed no significant difference at the salinity
of 50h (p > 0.05). The LZM activity of red P. fucata was
significantly different from that of black P. fucata after exposure
at the salinities of 20 and 35h for 1.5 h and at different salinities
for 3 h (p < 0.05). At 1.5 h, red P. fucata was significantly higher
than black P. fucata at the salinity of 20h (p < 0.05), and the
opposite was true at the salinity of 35h (p < 0.05), there was
no significant difference in the shell color at the salinity of 50h
(p > 0.05). At 3 h, black P. fucata was significantly higher than
red P. fucata at the salinities of 20 and 35h (p < 0.05), and
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FIGURE 3 | Effect of acute salinity stress on the activities of succinate dehydrogenase (SDH), lactate dehydrogenase (LDH), and Na+-K+ -ATPase (NKA) in the gill
tissues of black and red shell-colored P. fucata (I: 1.5 h, SDH activity. II: 3 h, SDH activity. III: 1.5 h, LDH activity. IV: 3 h, LDH activity. V: 1.5 h, NKA activity. VI: 3 h,
NKA activity). The asterisk sign “∗” indicates that there are significant differences between the different shell colors at the same salinity (p < 0.05).

FIGURE 4 | Effects of acute salinity stress on the activities of phenoloxidase (POX) and lysozyme (LZM) in the hepatopancreas of black and red P. fucata (I: 1.5 h,
POX activity. II: 3 h, POX activity. III: 1.5 h, LZM activity. IV: 3 h, LZM activity). The asterisk sign “∗” indicates that there are significant differences between the
different shell colors at the same salinity (p < 0.05).

the opposite was observed at the salinity of 50h (p < 0.05,
Figures 4III,IV).

Effect of Salinity on the Contents of
Antioxidant-Related Non-enzymes in
Hepatopancreas
The content of GSH in black and red P. fucata was significantly
higher than that in the 35h at the salinity of 20h at 1.5 h
(p < 0.05). At 1.5 h, the GSH content in black P. fucata was

significantly higher than that in red P. fucata at the salinity
of 35h (p < 0.05), there was no significant difference in
the shell color at 20 and 50h (p > 0.05). At 3 h and the
salinities of 20 and 35h, the content of GSH in black P. fucata
was significantly higher than that in red P. fucata (p < 0.05),
and the opposite results were observed at the salinity of 50h
(p < 0.05, Figures 5I,II).

At 1.5 h, black P. fucata VE content increased significantly
with increasing salinity (p < 0.05), red P. fucata was significantly
decreased at the salinities of 20 and 50h compared with the
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FIGURE 5 | Effects of acute salinity stress on the contents of glutathione (GSH), vitamin E (VE), and vitamin C (VC) in the hepatopancreas of black and red P. fucata
(I: 1.5 h, GSH content. II: 3 h, GSH content. III: 1.5 h, VE content. IV: 3 h, VE content. V: 1.5 h, VC content. VI: 3 h, VC content). The asterisk sign “∗” indicates that
there are significant differences between the different shell colors at the same salinity (p < 0.05).

35h group (p < 0.05). And the VE content of black P. fucata
is significantly higher than that of red P. fucata at the salinity of
50h (p < 0.05), but there is no significant difference between
black and red P. fucata at the salinities of 20 and 35h (p > 0.05).
At 3 h, compared with the 35h group, the VE content of black
and red P. fucata decreased significantly at the salinities of 20
and 50h (p < 0.05). And the VE content of black P. fucata
was significantly higher than that of red P. fucata at the salinity
of 20h (p < 0.05), there was no significant difference in the
shell color between the salinities of 35 and 50h (p > 0.05,
Figures 5III,IV).

The variation trend of VC content was completely consistent
with that of GSH (Figures 5V,VI).

DISCUSSION

Iono-Osmoregulation
The lower OSM resulted in the release of KCl through K+
and Cl− channels and K-Cl transporters. In addition, the
NaCl and KCl concentration could be increased through
Na-K-2Cl synergistic transporters and Na+/H+ and
Cl−/HCO3

−exchangers to respond to high osmotic conditions
(Pourmozaffar et al., 2020). Therefore, the salinity adaptation of
bivalves depends largely on their ability to regulate cell volume
by collecting or reducing osmotic solutes.

The cell OSM of marine invertebrates such as bivalves
is matched with the external environment. Therefore, any
fluctuation of salinity level in the surrounding waters will cause

the change of hemolymph OSM (Pourmozaffar et al., 2020).
OSM allows the body to achieve homeostatic balance between
the internal body and external environment, which is a basic
physiological process for most aquatic animals (Sun et al., 2021).
Most bivalve species exposed to reduced salinity were found to
reduce OSM gradually under a low salinity environment (Bayne
et al., 1976; Kurihara, 2017). Meanwhile, the osmoregulation has
been reported in several marine bivalves species, such as horse
mussels Modiolus sp. (Pierce, 1971), Pacific oyster Crassostrea
gigas (Shumway, 1977), common mussel M. edulis (Willmer,
1978; Davenport, 1979), arcid clam Noetia ponderosa (Amende
and Pierce, 1980), soft clam Mya arenaria (Deaton, 1992),
Meretrix lusoria (Lin et al., 2021), and P. fucata (Sun et al.,
2021). It was found that the hemolymph OSM directly altered
with seawater density (seawater density altering OSM), and was
either equal to the ambient OSM, or slightly hyperosmotic (5–
50 mOsm/kg) to ambient media in a certain salinity atmosphere
(non-lethal). In this study, the OSM of black and red P. fucata
increased significantly with the increase of salinity at 1.5 and 3 h,
which was consistent with previous findings. After exposure to
the salinities of 20 and 50h for 1.5 and 3 h, the OSM of black
and red P. fucata was significantly different. And, there was no
significant difference in OSM between red and black P. fucata in
the control group, indicating that black and red P. fucata may
have different tolerance to high and low acute salinity stress.
Compared with the results reported by Sun et al. (2021), the
OSM of P. fucata at 3 h tended to be consistent with that at
12 and 24 h, indicating that the OSM might begin to stabilize
after acute salinity stress for 3 h. In this study, at 1.5 and 3 h,

Frontiers in Marine Science | www.frontiersin.org 7 January 2022 | Volume 8 | Article 792179

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-792179 December 21, 2021 Time: 15:1 # 8

Yang et al. P. fucata Physical Responses to Salinity

there were significant differences in the OSM of P. fucata with
two shell colors between the high and low salt groups and the
control group. This may be due to a large variation of salinity
in the test group compared with the control group, resulting in
a wide range of OSM changes, which significantly increased or
decreased in the test group.

After exposure to new environmental conditions, bivalves
maintain OSM and cell volume by regulating free amino acids
(FAAP) and ion exchange (Pourmozaffar et al., 2020). Inorganic
ions are the main OSM effectors in the hemolymph of aquatic
animals. In the bivalves, inorganic ions (Na+, K+, Cl−) are
responsible for protecting them from a rapid change in salinity.
Na+ and Cl− are the most important contributors and are also
the most abundant ions in seawater (accounting for 85h) (Cheng
et al., 2002; Jiang, 2017; Pourmozaffar et al., 2020; Yamaguchi
and Soga, 2020). The change of intracellular Na+ concentration
affects the OSM response of organisms (Berger and Kharazova,
1997). K+ mainly acts on the maintenance of neuronal OSM
and also on the maintenance of normal nervous system function
(Cooper and Morris, 1997). According to the discovery of Sun
et al. (2021), K+, Cl−, and Na+ are not regulated by hormones
and the nervous system, and directly change with the salinity of
external environment in bivalves. In this study, the ion (Na+,
Ca2+, and Cl−) concentration of P. fucata with two shell colors
and K+ concentration of black P. fucata in the hemolymph
increased significantly with the increase of salinity. The K+
concentration in red P. fucata hemolymph reached the maximum
at high salinity of 1.5 h, and increased significantly with the
increase of salinity at 3 h, which was basically consistent with
the change trend of OSM. Other species have proved this trend:
the concentration of Cl−, Na+, and K+ in the hemolymph of
invasive golden apple snail Pomacea canaliculata is proportional
to salinity (Yang et al., 2018). OSM, Na+, and Cl− concentration
in the hemolymph of soft clam decreased significantly with a
decrease in salinity (Lin et al., 2021). The OSM and ion (Cl−
and Mg2+) concentration of the intertidal gastropod Stramonita
brasiliensis (Muricidae) in the hemolymph under sudden extreme
salinity (70h) was higher than the OSM and ion concentration of
the control (35h). However, compared with the control (35h),
the OSM, Cl−, and Mg2+ of S. brasiliensis did not decrease
when exposed to freshwater (Veiga et al., 2016). In this study,
the OSM and inorganic ions of P. fucata in the low salt group
were significantly lower than those in the control group. This
may be due to the different types of tolerance of different species
to salinity. At the same time or at the same salinity, there
was a significant difference between black and red P. fucata,
indicating that the salt tolerance sensitivity of the two shell
colors is different.

Na+-K+ -ATPase is a P-type ATPase, which can actively
transport Na+ out and import K+ into cells, and is essential
for maintaining cell OSM (Chikashi et al., 2011; Morth et al.,
2011; Li and Langhans, 2015). The activity of NKA provides a
major driving force for activating other ion transport systems
involved in osmotic regulation (Lin et al., 2021). In this study,
the activity of NKA also showed a U-shaped distribution with
the increase of salinity at 1.5 h. At 3 h, the NKA activity of
black P. fucata decreased significantly with increasing salinity.

Sun et al. (2021) found that NKA in black P. fucata had an
inverted U-shaped distribution with salinity at 12 and 24 h, and
that in red P. fucata had an U-shaped distribution with salinity
after 12 h. It indicated that black P. fucata NKA might gradually
become stable after 3–12 h salinity stress. The inverted U-shaped
NKA distribution of black P. fucata might be related to its weak
adaptability to salinity changes and the temporary inhibition of
NKA activity. Lin et al. (2021) found that the specific activity of
NKA was not affected during adaptation to low salinity when soft
clam was transferred from natural salinity to low salinity. It was
consistent with the results of low salinity and control groups of
red P. fucata at 3 h, while the trend was consistent with OSM
at high salinity. NKA provided a driving force for secondary ion
transport related to cell osmotic regulation in gills and gill caps
(Lin et al., 2021). Yang et al. (2018) suggest that NKA activity in
the mantle cavity of invasive golden apple snail P. canaliculata
was negatively correlated with salinity. Similar results were also
observed in this study, indicating that the osmotic regulation of
P. fucata is not completely realized by NKA in the gill tissue.

Fitness Performance
In the process of life activities of shellfish, respiratory metabolism
is the basic physiological activity of energy metabolism,
which reflects the physiological status, metabolic characteristics,
and adaptability to external environmental stress of shellfish
(Marqueze et al., 2006; Li and He, 2016; Li, 2018). Aerobic
respiration occupies the main position, but under low salt stress,
anaerobic respiration can also provide energy for the body. SDH
is an important part of mitochondrial inner membrane and plays
a key role as the only enzyme in tricarboxylic acid cycle (TCA) (Jia
et al., 2018). SDH activity can affect oxidative phosphorylation, so
it reflects the level of aerobic metabolism to some extent (Wang
et al., 2017; Jia et al., 2018). The results of this study showed that
at 1.5 h, the SDH of red P. fucata under high and low salinity
stress was significantly higher than that of the control group,
which was contrary to the results of Nie et al.’s (2018) study
on Dosinia corrugate. Because SDH reflected the level of aerobic
metabolism, which was reflected under near isotonic conditions,
indicating that the level of aerobic metabolism is the highest.
Salinity stress enhanced the aerobic metabolism of P. fucata,
which may be related to the need for large amounts of energy
for the transmembrane transport of inorganic ions (Sun et al.,
2021). The SDH activity of black P. fucata increased significantly
with the increase of salinity at 1.5 h, which was consistent with
the abovementioned research results. According to the study of
Sun et al. (2021), after salinity stress for 24 h, red P. fucata may
gradually adapt to salinity stress, and the aerobic metabolism level
of black P. fucata was still affected. LDH is an important glycolytic
enzyme required for cell energy metabolism (Nie et al., 2018).

Lactate dehydrogenase plays a key role in maintaining aerobic
metabolism, and the activity of LDH is closely related to cell
metabolism and can reflect the level of anaerobic respiration to
some extent (Wei and Ma, 2001; Nie et al., 2018; Sun et al.,
2021). In this study, the LDH in black P. fucata was significantly
higher than that in the control group after 1.5 and 3 h at
low salinity. Similar results have been reported by Sun et al.
(2021) at 24 h and Nie et al. (2018) at low salinity. From the

Frontiers in Marine Science | www.frontiersin.org 8 January 2022 | Volume 8 | Article 792179

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-792179 December 21, 2021 Time: 15:1 # 9

Yang et al. P. fucata Physical Responses to Salinity

low salinity group to the control group, the LDH activity of
black P. fucata gradually decreased with the increase of OSM,
and anaerobic metabolism was hindered to some extent. More
pyruvate entered and accelerated the TCA cycle, thus providing
more energy for the body to adapt to environmental changes.
Compared with the control group, the LDH of black P. fucata
increased in the 1.5-h high salinity group. Combined with the
change of SDH activity at 1.5 h, it indicated that anaerobic
metabolism and aerobic respiration may jointly provide energy
for resisting environmental stress, which was consistent with the
research results of Shi et al. (2017). Our results indicated that
the respiratory metabolism of black P. fucata increases under
high salinity stress to meet the energy consumption of the body
to adapt to environmental changes. After 1.5 h, the SDH and
LDH of red P. fucata showed U-shaped and inverted U-shaped
distributions with the increase of salinity, respectively. In other
words, under 1.5-h salinity stress, the SDH of red P. fucata was
higher than that of the control group, while the LDH of red
P. fucata was lower than that of the control group, which means
that aerobic respiration was done prior to anaerobic respiration.
It was speculated that anaerobic respiration played a major
auxiliary role near the isotonic point, and aerobic respiration
decreased, while under salinity stress, aerobic respiration was
mainly used to provide energy to resist environmental stress.
Therefore, this mechanism provides more energy for the body
to adapt to environmental changes, suggesting that red P. fucata
may be better adapted to salinity changes.

The immune system and antioxidant system of shellfish also
reflect their adaptability to environmental stress.

For invertebrates, the enzymes POX and LZM are essential
in their innate defense mechanisms (Ruangsri et al., 2018).
The innate immune system of invertebrates consists of many
subsystems, and the POX (proPO) system has attracted much
attention due to its important role in resisting pathogens and
environmental stresses. It has been reported in a series of
mollusks, including Sydney rock oysters, Pacific oyster, common
mussel, Argentine mussels, pearl mussels, and Perna viridis
(Coles and Pipe, 1994; Asokan et al., 1997; Aladaileh et al., 2007;
Hellio et al., 2007; Jiang et al., 2020). POX is a copper-containing
enzyme with oxidase activity and is an important immune-related
enzyme in invertebrates. As a part of the proPO system, POX
plays a vital role in the defense mechanism of mollusks (Jing
et al., 2006; Pilar et al., 2006; Jiang et al., 2020). In this study,
the POX activity of P. fucata decreased significantly with the
increase of salinity at 1.5 h, which was completely opposite to the
results reported in Haliotis discus (Jwa et al., 2009), Exopalaemon
carinicauda, and Litopenaeus vannamei (Ge et al., 2017). This
may be due to the inhibition of the immune system caused by
high salinity in a short period of time, resulting in the decrease of
immunity of P. fucata at high salinity. However, in E. carinicauda,
it was found that the POX activity of larvae at low salinity
was higher than that at high salinity, while the POX activity of
adults was not significantly different (Ge et al., 2017). It was
speculated that POX activity is related to species difference, age
stage, and species specificity of the POX kit. In this study, the
POX activity of black P. fucata showed an U-shaped distribution
with the increase of salinity, which was basically consistent with

the change trend of the SDH and LDH activity at 3 h. It was
speculated that the activation of immune ability under low and
high salinity stress may be related to the energy consumption of
P. fucata. Compared with the control group, the black P. fucata
POX activity at high salinity decreased significantly at first and
then increased significantly from 1.5 to 3 h, while the POX activity
increased significantly at 1.5 and 3 h under low salinity stress. It
may suggest that under high salt stress, the immune system of
black P. fucata improved over time, and low salt stress could more
activate the immune system of P. fucata.

Lysozyme is a basic protein widely present in various tissues
and body fluids, and is also a major component of the non-
specific immune system, which plays an important role in the
immunity of mollusks (Zhan et al., 2021). Environmental stress
produces excessive oxygen free radicals in organisms, resulting
in oxidative stress that can cause adverse physiological activities
such as decline in growth, immunity and disease resistance, and
even cause death. The rise and fall of salinity can cause changes
in non-specific immune factors such as LZM, which is of great
significance for disease prevention and resistance (Tian, 2019). In
this study, the LZM activity of black P. fucata showed an inverted
U-shaped distribution with the increase of salinity at 1.5 h. This
results was consistent with the results reported in H. discus discus
(Jwa et al., 2009) and Epinephelus moara (Liao, 2016), suggesting
that high and low salinity stress caused the inhibition of immune
system in black P. fucata. At 1.5 and 3 h, the LZM activity of red
P. fucata was the highest in the low salinity group, and there was
no significant difference between the control group and the high
salinity group. It was speculated that red P. fucata had a greater
immune response at low salinity as black P. fucata, and had a
faster and better immune response than black P. fucata.

Environmental stress causes excessive reactive oxygen species
(ROS) in organisms, resulting in the generation of products
such as superoxide anion and hydrogen peroxide, which are
highly cytotoxic in nature and have a negative impact on
biological molecules (Huang et al., 2020). As an important
biochemical strategy, cellular antioxidant defense systems can
reduce oxidative stress damage by maintaining low intracellular
ROS levels. The systems include non-enzymatic small antioxidant
molecules and a series of enzymes (Halliwell and Gutteridge,
2015). Considering GSH as the substrate of GPX, it neutralizes
hydrogen peroxide produced by SOD and has the effects of
antioxidant and integrated detoxification, some studies have
suggested that it plays an important role in osmotic and oxidative
stress (Figueira et al., 2005; Manduzio et al., 2005; Paital and
Chainy, 2010). In this study, the GSH of black P. fucata decreased
significantly with the increase of salinity at 1.5 and 3 h. The result
was consistent with the findings reported in three Veneridae
clams (Venerupis decussata, Venerupis corrugate, and Venerupis
philippinarum) (Carregosa et al., 2014), Pacific abalone (H. discus
hannai) (Yang and Min, 2019), and arcid blood clam (Anadara
granosa) (Anthony and Patel, 2000). Our results may suggest that
black P. fucata can enhance the antioxidant defense ability to cope
with the low salinity environment, while the antioxidant defense
ability was inhibited under high salinity conditions. Compared
with the control group, the content of GSH in red P. fucata
was higher in the low salinity group at 1.5 h, and reached
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the maximum in the high salinity group at 3 h. There was no
significant difference between the other salinity treatment group
and the control group at different time periods. This may indicate
that red P. fucata increases its antioxidant capacity in response to
low salinity stress under the initial salinity stress.

Up to present, there are a few comparative studies on the
effects of oxidative stress on the levels of VE and VC in aquatic
organisms. In freshwater crayfish Astacus leptodactylus, the levels
of VE in the hepatopancreas and muscle tissues are significantly
lower than those in the control group (Barim and Karatepe,
2010; Barim-Oz, 2018). Similar trends were also observed in
this study suggesting that (1) under salinity stress, the VE of
red P. fucata consumed as a non-enzymatic antioxidant with
low molecular weight to cope with the continuous generation
of ROS produced by oxidative stress, resulting in a lower range
than normal (control) (Barim-Oz, 2018) and (2) the decrease
of VE level in tissues can be attributed to the inhibition of free
radical formation on an antioxidant system (Barim and Karatepe,
2010). The VE content of black P. fucata increased significantly
with the increase of salinity at 1.5 h, and the control group was
significantly higher than the other salinity treatments at 3 h,
indicating that black P. fucata may respond faster to low salinity
environments, consistent with the previous findings.

Vitamin C is an important component of antioxidant defense
system, which can reduce the damage of oxidative stress induced
by salinity to the greatest extent (Mahmood et al., 2020). In this
study, the VC content of black P. fucata decreased significantly
with the increase of salinity at 1.5 and 3 h, while its content
of red P. fucata reached the maximum at 1.5 h low salinity
group and 3 h high salinity group. There was no significant
difference between the other salinity treatment group and the
control group at different times, which was completely consistent
with the change trend of GSH content mentioned in this paper.
This indicated that black P. fucata antioxidant defense has a better
response to low salinity, which is consistent with the speculation
of POX, LZM activity and GSH content mentioned in this paper.
It was suggested that the antioxidant defense system and innate
immune system were jointly involved in the resistance of P. fucata
to salinity stress, and there was a certain correlation between its
response to environment. It also suggested that red P. fucata may
have stronger antioxidant defense ability than black P. fucata to
cope with high and low salinity environmental changes.

CONCLUSION

In conclusion, this study compared and analyzed OSM and ion
concentration in the hemolymph, NAK activity and respiratory
metabolism in gills, and antioxidant and immune (non-) enzymes
in the hepatopancreas of P. fucata with two shell colors under

salinity stress. Our results indicate that the physiological and
biochemical indexes of the two shell-colored P. fucata have
different responses to salinity changes. Red P. fucata was more
active and effective than black P. fucata in response to salinity
changes in the external environment, reducing the damage
caused by sharp environmental salinity changes. The results from
the present study improve our understanding on the physical
response of P. fucata to salinity stress, and provide a reference
for further study on the salt tolerance mechanism of shell color-
related P. fucata.
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