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This study compares salinity tolerance between red and black shell Pinctada fucata
salinity stress of 20 and 50h, while 35h was used as a control. The hemolymph
osmotic pressure, inorganic ion concentration, the activities of Na+-K+ -ATPase,
respiratory metabolism related enzymes and liver tissue antioxidant related enzymes
were measured at 12 and 24 h after salinity stress. The osmotic pressure and inorganic
ion concentration of hemolymph of two strains P. fucata increased significantly with the
increase of salinity. The activity of Na+-K+ -ATPase of red P. fucata only decreased under
low salinity at 24 h, and was significantly higher than that the control under low salinity
at 12 h and high salinity at 12 and 24 h. The succinate dehydrogenase (SDH) activities
of the P. fucata treatment groups were significantly higher than those the control at 12 h.
The lactate dehydrogenase (LDH) activity increased significantly with salinity at 12 h. and
the black P. fucata LDH activity was significantly higher than the control at 24 h, while the
LDH activity of red P. fucata was significantly lower than that the control in 50h salinity.
The superoxide dismutase (SOD) activity of black P. fucata was significantly lower than
that the control, while that of red P. fucata was significantly higher than that the control
within 24. At 12 h, the catalase (CAT) activity of red P. fucata increased significantly
with salinity, but decreased significantly with salinity at 24 h. The CAT activity of black
P. fucata was highest at 24 h under low salinity. Glutathione peroxidase (GSH-Px) and
alkaline phosphatase (AKP) activities of red P. fucata were significantly higher than those
the control under low or high salinity. At high salinity for 24 h, the GSH-Px activity was
lowest in black P. fucata, AKP activity was highest. The present study indicates that
the physical responses of P. fucata to the salinity stress vary with shell colors. The red
P. fucata can quickly respond positively to the change of environmental salinity and
reduce the damage caused by the change of environmental salinity.
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INTRODUCTION

The Pinctada fucata is an important marine pearl producing
molluscan, distributes in tropical and subtropical areas in the
coast or offshore seabed (Meng et al., 1996). Since 1949, P. fucata
has been cultured in Hainan, Guangdong and Guangxi in China
(Ai et al., 2003), and the pearl production peaked in the 1990s,
which has brought substantial economic income to the pearl
industry (Yang et al., 2017; Yang et al., 2017). In recent years,
massive mortality frequently occurs in P. fucata, and has brought
considerable economic losses. Evidence has suggested that such
massive mortality is often associated with environmental changes
(Zhang et al., 2015; Chen et al., 2016). Studies have shown that
under the influence of salinity, temperature, pH and dissolved
oxygen, physiological indicators, such as osmotic pressure,
cellular immunity level, oxygen consumption and ammonia
excretion, can be altered, resulting in physiological metabolism
imbalance, growth inhibition and even death (Ghiselli et al., 2000;
Nan et al., 2004; Liu and Yan, 2006; Ocaño-Higuera et al., 2011).

As one of the vital ecological factors in the marine
ecosystem, salinity affects the metabolism, osmotic adjustment
and biological rhythm of marine organisms and plays a decisive
role in their distribution (Navarro, 1988; Kim et al., 1998). Due
to the influence of seasonal rainfall, evaporation and tide, the
salinity of seawater usually changes over season. The salinity level
of the external water environment directly affects the osmotic
pressure of aquatic animals and then regulates their survival,
growth and reproduction (Cheng et al., 2002; Garçon et al., 2009;
Jasmani et al., 2010). Studies have shown that when the osmotic
pressure of aquatic animals’ body fluid is equal to the osmotic
pressure of the ambient environment, the adjustment of osmotic
pressure consumes the least amount of energy, and the energy
conversion efficiency is the highest, thus achieving maximum
growth (Chen and Lin, 1995; Masui et al., 2009). Alagarswami
and Victor (1976) found that the filtration rate of P. fucata
decreased with decreasing salinity. Widdows (1985) found that
when salinity was < 20h, the feeding activity and growth rate
of Mytilus edulis decreased. Inorganic ions are the main osmotic
factors in the hemolymph of marine shellfish, and K+, Cl−, and
Na+ ions are mainly involved in osmotic regulation. In M. edulis
and Littorina littorea, Natochin et al. (1979) found that besides
the Na+ pump and K+ pump, both species have a Cl− related
sodium ion exchange system, which could regulate cell volume
and osmotic pressure.

Low-salt or high-salt stress on marine shellfish can reduce
shellfish activities and changes physiological status. The
hemolymph volume of Haliotis rubra and H. laevigata can
increase by 25% in a short time of salinity decrease, while with
increasing salinity, their hemolymph volume decreased, and
the adhesive force, movement of gill cilia, and heart beat were
affected (Edwards, 2003). The metabolic activities of Haliotis
cracherodii and Haliotis rufescens under high-salinity stress were
swiftly and significantly impacted within 10 min and began to
resume in 6–8 h (Berger and Kharazova, 1997). At low salinity,
mitochondria in gills of Crassostrea virginica showed a higher
ratio of glutamic acid oxidation (Ballantyne and Moyes, 1987).
The expression level of α -amylase in P. fucata at salinity 27h

was significantly higher than that under low and high salt stress
(Huang et al., 2016). In American oysters, C. virginica, rapid
changes in salinity affected the rate of hemocytes locomotion and
extended the spreading time of hemocytes (Fisher and Newell,
1986). Although salinity significantly affects various physiological
functions of marine shellfish, physiological responses to salinity
stress varied between species.

Shellfish shell color can be inherited, and there are significant
differences in growth, survival and nutritional performance of
individuals with different shell colors (Huaiping et al., 2005;
Liu et al., 2005; Gu, 2014). The growth environment has an
important influence on the choice of shell color, and salinity
is one of the important reasons that affect the shell color
polymorphism among different populations or within the same
population (Guan and He, 2009). The studies on Littorina
obtusata and Littorina saxatilis also showed that salinity had
a high contribution to the selection of shell color phenotype
(Sergievskii and Berger, 1984; Sokolova and Berger, 2000; Phifer-
Rixey et al., 2008). Evidence has suggested that the changes of
salinity can have regulated the physiology and biochemistry of
P. fucata. Liu et al. (2011) found that the oxygen consumption
rate and ammonia excretion rate of P. fucata decreased with the
increase of salinity in the range of 21–36h. Under short-term
low salinity stress, P. fucata might be vulnerable to diseases due to
low activity of lysozyme and catalase (Arisman et al., 2018). Pan
et al. (2020) found that the aquaporin expression level of P. fucata
returned to the control level (27h) under high salinity (36h)
stress for 168 h and low salinity (16h) stress for 72 h. However,
there are relatively few studies on the effects of salinity on
P. fucata with different shell colors. Therefore, the purpose of this
study was to compare and analyze the salinity tolerance of two
different shell-colored P. fucata populations by measuring the
effects of salinity on osmotic regulation, respiratory metabolism
and antioxidant function. Results of the present study can provide
a reference for further study of salt tolerance mechanism of
P. fucata with different shell colors.

MATERIALS AND METHODS

Source and Acclimation of Pinctada
fucata
In total, 360 P. fucatas (F11) used in this study were obtained
from the Lingshui Station (Hainan, China), Tropical Aquaculture
Research and Development Center, South China Sea Fisheries
Research Institute, Chinese Academy of Fishery Sciences. Upon
transfer to the laboratory, the attached organisms on the shell
surface were removed, and healthy individuals with distinct shell
color (Figure 1) characteristics and similar size (shell length:
50.75 ± 1.43 mm, body weight: 34.19 ± 1.39 g) were collected.
The P. fucata were acclimated in a cement tank (5,000 L) for
7 days. During the acclimation, the water temperature was
maintained at 30 ± 1◦C; salinity was 35h; pH was 8.0 ± 0.1;
DO was > 6.5 mg/L; light intensity was < 500 Lx and natural
photoperiod was used. During the acclimation, 50% water was
replaced daily, and the P. fucata was fed with Platymonas
subcordiformis at 09:00-09:30 daily with a concentration of
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2 × 105 cell/mL. The number of dead P. fucata was recorded
and removed daily. Feeding was stopped 1 day before the
experiment began.

Experiment Design
The experiment was carried out in nine cement tanks (tank
volume: 800 L). According to the natural living conditions of
P. fucata and the preliminary experimental results, experiment
water was adjusted to the desired salinity of 20, 50h by mixing
natural seawater (35h), tap water with 24 h aeration and sea
salts. Natural double-filtered seawater served as the control.
There were three salinity treatments in the experiment, each
treatment had three replicates, and each replicate contained 15
P. fucata with red shell and black shell, respectively. Besides
the salinity, water quality parameters were maintained at the
same level used in the acclimation period. Three shellfish were
randomly collected from each parallel at 12 and 24 h, respectively.

Hemolymph Sample Collection
The shells were slightly opened by a shell opener, and the
adductor muscle was cut off by a scalpel on the left shell, and the
pericardial cavity was exposed. Hemolymph was withdrawn from
the pericardial cavity of each P. fucata with a 2 mL syringe and
was quickly expelled into a 2 mL centrifuging tube. Hemolymph
Na+, K+, Cl−, and Ca2+ and osmotic pressure were measured by
the PL2000Plus blood gas biochemical analyzer (Nanjing Pulang
Medical Equipment Co., Ltd.).

Tissue Sample Collection
After the hemolymph was collected, the gill and liver tissues were
cut off with scissors on an ice tray. Rinsed with cold physiological
saline (0.9% NaCl), blotted with filter paper, the tissue samples
were placed in a 2 mL centrifugal tube and stored at −80◦C.
The activities of Na+-K+ -ATPase (Item No. KTB1800) and
lactate dehydrogenase (Item No. KTB1110) in gills tissue and
the activities of superoxide dismutase (Item No. KTB1030),
catalase (Item No. KTB1040), glutathione peroxidase (Item No.
KTB1640) and alkaline phosphatase (Item No. KTB1700) in the
liver tissue were determined according to the reagent instructions
of Abbkine reagent company. The activity of succinic acid
dehydrogenase (Item No. A022-1-1) in the gill tissue and total
protein (Item No. A045-4-4) was determined according to the
instructions of the manufacturer (Nanjing Jiancheng Institute of
Biological Engineering).

In the assay, Na+-K+ -ATPase catalyzed ATP hydrolysis
to produce ADP and inorganic phosphorus. The content of
inorganic phosphorus could reflect the activity of ATPase. The
amount of inorganic phosphorus produced by the Na+-K+ -
ATPase per mg tissue protein per hour was defined as the enzyme
activity unit (U/mg). Lactate activity (U/mL): LDH reduced NAD
to NADH, which then interacted with a probe to produce color
(λmax = 450 nm). Succinic acid dehydrogenase activity: for
determination of SDH activity, one unit of enzyme activity was
defined as the reduction of absorbance by 0.01 per minute by
1 mg of tissue protein in the entire chemical reaction medium
(U/mgprot). Superoxide dismutase (EC1.15.1.1): superoxide
anion (O2

−) was provided by xanthine oxidase (XO) catalyzes

reaction. O2
− reacted with a tetrazolium salt WST-8 dye to form a

water-soluble colored formazan product (λmax = 450 nm). When
the inhibition percentage in the above-mentioned xanthine
oxidase coupling reaction system was 50%, the SOD enzyme
activity in the reaction system was defined as an enzyme activity
unit (U/mL). Catalase (EC 1.11.1.6) activity: This assay kit was
based on the reaction of catalase with methanol, with an optimal
concentration of H2O2. The formaldehyde produce could be
measured colorimetrically at OD 540 nm. One unit was defined as
the amount of enzyme that could cause the formation of 1.0 nmol
of formaldehyde per minute at 25◦C (nmol/min/ml). Glutathione
Peroxidase activity: GSH-Px catalyzed H2O2 to oxidize GSH to
produce GSSG, glutathione reductase (GR) catalyzed NADPH
to reduce GSSG to regenerate GSH, while NADPH oxidized to
produce NADP+, NADPH had a characteristic absorption peak
at 340 nm, while NADP+ did not. One unit of enzyme activity was
defined at 25◦C or 37◦C, 1 mol NADPH oxidation per milligram
of protein per minute was catalyzed at pH 8.0 (U/mgprot).
Alkaline Phosphatase activity: in an alkaline environment, AKP
catalyzed phthalate disodium to generate free phenol; phenol
reacts with 4-aminoantipyrine and potassium ferricyanide to
produce a red quinone derivative, which had characteristic light
absorption at 510 nm. One unit of enzyme activity was defined at
37◦C, 1 µmol phenol produced per min in 1 mg protein reaction
system is defined as a unit of enzyme activity (U/mgprot). Total
protein quantification: The content of total protein in gill and
liver tissue was determined by BCA method. Under the alkaline
condition, protein reduced Cu2+ to Cu+, and Cu+ formed
a purple complex with BCA reagent. There was a maximum
absorption peak at 562 nm.

Statistical Analysis
All experimental data were expressed as mean ± standard
deviation and SPSS 22.0 was used to analyze the hemolymph
biochemical indexes and related indexes of gill and liver tissues
of P. fucata with the same shell color under different salinity
by one-way ANOVA and Duncan multiple comparisons. T-test
was used to analyze the differences of hemolymph biochemical
indexes gill and liver tissues related indexes with the same salinity
and different shell colors, and P < 0.05 was set as the significant
difference level.

RESULTS

Determination of Osmotic Pressure in
Hemolymph
The response of osmotic pressure in hemolymph to salinity
changes was shown in Figure 2. At 12 and 24 h, the hemolymph
osmotic pressure increased gradually with the increase of salinity
in the range of 20 to 50h (P < 0.05). After exposed to 50h
salinity for 12 h, the hemolymph osmotic pressure of black
P. fucata was significantly lower than the red shell (P < 0.05,
Figure 2A). Under the same salinity, there was no significant
difference in hemolymph osmotic pressure of red shell and black
shell P. fucata at 24 h (P < 0.05, Figure 2B).
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FIGURE 1 | (A) Red shell; (B) Black shell.

FIGURE 2 | Effect of salinity on the osmotic pressure of hemolymph of P. fucata with two shell colors (I: 12h; II: 24h). Capital letters indicate the significant difference
between salinities of black P. fucata (P < 0.05). Lowercase letters indicate the significant difference between salinities of red P. fucata (P < 0.05). The asterisk “*”
indicates significant difference between shell colors under the same salinity (P < 0.05).
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Determination of Related Ion
Concentration in Hemolymph
The response of Na+ concentration in hemolymph to salinity
was shown in Figure 3. At 12 and 24 h, the Na+ concentration
increased gradually with salinity (P < 0.05). Under the same
salinity, there was no significant difference in Na+ concentration
of red shell and black shell P. fucata at 12 h (Figure 3A).
However, the treatment groups of red shell showed a higher Na+
concentration than black shell P. fucata in the salinity 35 and
50h at 24 h (P < 0.05, Figure 3B).

At 12 and 24 h, the K+ concentration increased gradually
with salinity (P < 0.05). Under the same salinity and time (12
or 24 h), the K+ concentration in the hemolymph of red shell
was significantly higher than in the black P. fucata (P < 0.05,
Figures 3C,D).

The Cl− concentration increased gradually with salinity at
12 and 24 h (P < 0.05), but there was no significant difference
between red and black P. fucata at a salinity of 20h (P < 0.05).
The Cl− concentration in the hemolymph of red shell was
significantly higher than in the black P. fucata at 35h (P< 0.05).
However, the Cl− concentration in the hemolymph of red shell
was significantly lower than that in the black shell at 50h
(P < 0.05, Figures 3E,F).

At 12 and 24 h, the Ca2+ concentration increased gradually
with the increase of salinity (P < 0.05). Exposed to 35 and 50h
salinity, the red shell showed a higher Ca2+ concentration than
the black P. fucata at 12 h. At 24 h (P < 0.05), the red shell
showed a higher Ca2+ concentration than the black P. fucata at
salinity 35h. However, when salinity is 20 and 50h, there was
no significant difference of Ca2+ concentration between red and
black P. fucata (P < 0.05, Figures 3G,H).

Effect of Salinity on the Gill
Na+-K+ -ATPase Activity
At 12 h, the activity of Na+-K+ -ATPase in black P. fucata was
significantly lower than that in the control at the salinity of 20
and 50h (P < 0.05, Figure 4A). However, the gill Na+-K+ -
ATPase activity of red P. fucata was significantly higher than that
in the control (P < 0.05). At 12 h within the same salinity, the
activity of Na+-K+ -ATPase of red P. fucata was significantly
higher than that in the black shell at salinity 20h (P < 0.05), and
significantly lower than that in the black shell at salinity 35 and
50h (P< 0.05). At 24 h, the activity of Na+-K+ -ATPase in black
P. fucata was significantly lower than that in the control at the
salinity of 20 and 50h. The Na+-K+ -ATPase activity of red shell
increased significantly with the increase of salinity in the range of
20 to 50h (P < 0.05). At 24 h, the Na+-K+ -ATPase activity of
red P. fucata was significantly lower than that in the black shell at
salinity 20 and 35h salinity, and significantly higher than that in
the black shell at salinity 50h (P < 0.05, Figure 4B).

Effect of Salinity on the Activities of
Enzymes Related to Respiratory
Metabolism in Gills
After 12 h, the activity of SDH in the black shell and red shell
P. fucata was significantly higher than that in the control at the

salinity of 20 and 50h (P < 0.05, Figure 5A). At the same
salinity, the SDH activity of black was significantly higher than
that of the red shell (P< 0.05). After exposure to different salinity
for 24 h, the activity of SDH in black P. fucata was significantly
lower than that in the control at the salinity of 20 and 50h
(P< 0.05), but there was no significant difference in red P. fucata.
At the same salinity, SDH activity of black shell was significantly
higher than that of red shell (P < 0.05, Figure 5B).

After 12 h, the LDH activity of red P. fucata and black P. fucata
gradually increased (P < 0.05, Figure 5C). At the same salinity,
LDH activity of black shell was significantly lower than that of red
shell (P < 0.05). After exposure to different salinity for 24 h, the
activity of LDH in black P. fucata was significantly higher than
that in the control at the salinity of 20 and 50h (P < 0.05).
Compared to the control, the LDH activity of red P. fucata
decreased significantly at salinity 50h (P < 0.05), but there was
no significant difference at salinity 20h (P < 0.05). At salinity of
20 and 35h, LDH activity of black shell was significantly lower
than that of red shell, and significantly higher than that in red
shell at salinity of 50h (P < 0.05, Figure 5D).

Effect of Salinity on the Activities of
Antioxidant Related Enzymes in Liver
Tissue
After exposure to salinity of 20 and 50h for 12 or 24 h, the SOD
activity of black P. fucata was significantly higher than that in
the control (P < 0.05, Figures 6A,B), while that of red shell was
significantly lower than that in the control (P< 0.05). At 12 h, the
SOD activity of black P. fucata was significantly lower than that of
red shell at salinity 20h, but was significantly higher than that of
red shell at salinity 35h (P < 0.05, Figure 6A). At 24 h, the SOD
activity of black P. fucata was significantly higher than that of red
shell at salinity of 35h, but there was no significant difference in
the salinity of 20 and 50h (P < 0.05, Figure 6B).

After treated with different salinity for 12 h, the CAT activity
of black P. fucata was significantly higher than in the control at
salinity 20h, lower than that of the control at salinity 50h but
no significant difference (P < 0.05, Figure 6C). The CAT activity
of red P. fucata was significantly lower than that in the control at
salinity 20h, but significantly higher than that of the control at
the salinity of 50h (P< 0.05). The CAT activity of black P. fucata
was significantly higher than that of red shell at salinity 20h
(P < 0.05, Figure 6C). After exposure to the salinity of 20 and
50h for 24 h, the CAT activity of black P. fucata was significantly
higher than that in the control, the CAT activity of red P. fucata
was significantly higher than that in the control at salinity 20h
(P < 0.05, Figure 6D), but significantly lower than that of the
control at a salinity of 50h (P < 0.05). The CAT activity of black
P. fucata was significantly higher than that of red shell in salinity
20 and 50h (P < 0.05, Figure 6D).

After treated with different salinity for 12 h, the GSH-Px
activity of red P. fucata was significantly higher than that in the
control, while that of black P. fucata was no significant difference
from that in the control (P < 0.05, Figure 7A). At the salinity
of 35h, the GSH-Px activity of black P. fucata was significantly
higher than that of red shell (P< 0.05, Figure 7A). After exposure
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FIGURE 3 | Effect of salinity on inorganic ion concentration in the hemolymph of P. fucata with two shell colors (I: 12h, Na+ concentration; II: 24h, Na+

concentration; III: 12h, K+ concentration; IV: 24h, K+ concentration; V: 12h, Cl− concentration; VI: 24h, Cl− concentration; VII: 12h, Ca2+ concentration; VIII: 24 h,
Ca2+ concentration).

to salinity of 20 and 50h for 24 h, the GSH-Px activity of black
P. fucata was significantly lower than that in the control, while
that of red shell was significantly higher than that in the control
(P < 0.05, Figure 7B). At the same salinity of 20 and 50h, the
activity of GSH-Px of black P. fucata was significantly higher than
that of red P. fucata (P < 0.05, Figure 7B).

After exposure to salinity of 20 and 50h for 12 h, the AKP
activity of black P. fucata was significantly lower than that in
the control, while that of red P. fucata was significantly higher
than that in the control (P < 0.05, Figure 7C). After exposure to
salinity of 20 and 50h for 24 h, the AKP activity of red P. fucata
was significantly higher than that in the control, the AKP activity
of black P. fucata was significantly lower than that in the control
at salinity 20h (P < 0.05), but significantly higher than that of
the control at salinity of 50h (P< 0.05, Figure 7D). After 12 and
24 h, the AKP activity of black P. fucata was significantly higher
than that of red P. fucata (P < 0.05, Figures 7C,D).

DISCUSSION

Salinity is an important ecological variable that impacts the
growth and survival of aquatic organisms. Due to the influence

of seasonal rainfall and continental runoff, seawater salinity
in coastal and estuarine areas tends to change dynamically.
When marine bivalves encounter salinity stress, they usually
respond to the changes in environmental salinity by closing
shells and sealing the mantle cavity, and then by adjusting
the hemolymph osmotic pressure to cope with salinity stress
(Davenport, 1979; Navarro, 1988; Shui, 2007). For most aquatic
animals, osmotic pressure regulation is a basic physiological
process, which enables the body to adapt to the difference
of internal and external ion concentration. However, osmotic
pressure regulation is complicated, because the requirement
of living environment varies between organism. The osmotic
regulation of marine bivalves has been reported in several species,
including common mussel M. edulis (Willmer, 1978; Davenport,
1979), horse mussels Modiolus sp. (Pierce, 1970, 1971), soft
clam Mya arenaria (Shumway, 1977; Deaton, 1992), arcid clam
Noetia ponderosa (Amende and Pierce, 1980), and Pacific oyster
Crassostrea gigas (Shumway, 1977). These studies indicated that
the hemolymph osmolality varies directly with seawater density,
and is either equal to the ambient osmolality, and or slightly
hyper-osmotic (5–50 mOsm/kg) to ambient media over a range
of non-lethal salinity. In the present study, the osmotic pressure
of hemolymph of P. fucata was significantly lower than that
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FIGURE 4 | Effects of salinity on the activity of Na+-K+ -ATPase in the gill tissue of P. fucata with two shell colors (I: 12h; II: 24h).

of the control at salinity 20h, and significantly higher than
that of the control at salinity 50h. The osmotic pressure of
P. fucata with two shell colors increased significantly with the
increase of environmental salinity at 12 h and 24 h. After 12 h
stress at 50h salinity, the osmotic pressure of red P. fucata was
significantly higher than that of black shell, indicating that the
tolerance to high salinity of two shell colors P. fucata is different.
The metabolic activities of H. cracherodii and H. rufescens under
high-salinity stress were swiftly and significantly impacted within
10 min, and began to resume in 6–8 h (Berger and Kharazova,
1997). Liu et al. (2008) found that the hemolymph osmotic
pressure of C. japonica tended to be stable within 0.5 days in
each treatment group with a sudden change of salinity. In this
study, the osmotic pressure of P. fucata with two shell colors in
the experimental group was significantly different from that of
the control group at 24 h, which may be due to the large range
of salinity changes in the experimental group, leading to a wider
range of hemolytic osmotic pressure changes, thus increasing the
adjustment and recovery time of P. fucata osmotic pressure. In
general, physical responses of shellfish to salinity stress become
significantly between 24 and 48 h, and such responses will
gradually approach or return to the normal level. The duration
of this process is species-specific (Castagna, 1973).

The constant osmotic pressure of shellfish mainly refers to the
balance between the main osmotic effector in the hemolymph
of shellfish and the content of organic ions and inorganic
ions in the external water environment, which will not lead
to the expansion or shrinkage of cells and can carry on a
normal life. Inorganic ions are the main osmotic effectors in
the hemolymph of marine shellfish, among which K+, Na+,
Cl−, and other ions mainly participate in osmotic adjustment
(Cheng et al., 2002). K+ play an important role in maintaining
osmotic pressure in neurons and the normal function of the
nervous system (Cooper and Morris, 1997). Intracellular changes
of Na+ concentration impinge the osmotic pressure response
of the organism, seal the mantle cavity, and preserve cells from
extreme salinity (Berger and Kharazova, 1997). Most shellfish
keep the concentration of K+ in hemolymph always higher
than that in the external environment, but the concentrations
of sodium and Cl− are lower than those in the external
environment. These three inorganic ions change directly with
the external salinity and are not regulated by the nervous system
and hormones (Natochin et al., 1979; Hildreth and Stickle,
1980; Deaton, 1992). In the present study, the concentrations
of Na+, K+, Cl−, and Ca2+ in the low salinity stress group
were significantly lower than those in the control, while those
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FIGURE 5 | Effects of salinity on SDH and LDH activities in the gill tissue of P. fucata with two shell colors (I: 12h, SDH activity; II: 24h, SDH activity; III: 12h, LDH
activity; IV: 24h, LDH activity).

in the high salinity stress group were significantly higher than
those in the control. The concentrations of inorganic ions in
the hemolymph of P. fucata with two shell colors increased
significantly with the increases of salinity, which is consistent
with the changing trend of osmotic pressure. The results of
this study are similar to the changes of inorganic ions in
hemolymph after salinity stress of Haliotis Discus reported by
Gao et al. (2017), that the concentration of inorganic ions
in hemolymph and the changing trend of osmotic pressure
are consistent. However, Ding et al. (2013) found that the
inorganic ions concentration of Ruditapes philippinarum in the
control (32h) and the experimental group (15h) reached
the maximum concentration at 48 and 24 h, respectively. The
decrease of osmotic pressure is not accompanied by the decrease
of inorganic ion concentration. The reason may be that P. fucata’s
tolerance to salinity is different from R. philippinarum. During
the experiment, P. fucata did not close the shells to form a
closed space but maintained the osmotic pressure balance inside
and outside the cell through ion exchange with the external
environment through ion channels on the cell membrane. In
addition, at the same time and under the same salinity, the
concentration of inorganic ions in the hemolymph of P. fucata
with black shell color and red shell color was significantly
different. Chen et al. (2010). found that the shell color purification
rates of black shell color and red shell color breeding lines of

P. fucata (F3) were 95.83 and 100%, respectively. Chen et al.
(2016) found that that there were significant differences in
shell height, hinge length, shell width, body mass, shell mass,
tissue mass, adductor mass, adductor muscle tension and other
major traits between black shell and red shell selected lines of
P. fucata (F6). Bauchau (2001) proposed that pigmentation is
closely related to the regulation of the shell growth to achieve
developmental stability. The results showed that the physiological
parameters of P. fucata (F11) with red shell and black shell were
changed based on the stable inheritance of shell color. Next, the
changes of other physiological indexes in this study also fully
reflect this point.

Na+-K+ -ATPase is an ion channel that uses the energy
generated by ATP hydrolysis to maintain membrane potential
by driving three Na+ outlets and two K+ intents, which is
essential to osmotic regulation (Evans and Lambert, 2015; Abdel-
Mohsen, 2016). In this study, after 12 h and 24 h of salinity
stress, Na+-K+ -ATPase activity of P. fucata with black shell
in low-salt and high-salt groups was significantly lower than
that in the control, showing an inverted U-shape distribution.
After 12 h, P. fucata with red shell was significantly higher in
low-salt and high-salt treatment groups than in the control,
showing a U-shaped distribution. Zhang et al. (2015) found that
the influence of salinity on the activity of Na+-K+ -ATPase in
the gill filamentum of Siganus guttatus also showed a U-shaped
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FIGURE 6 | Effects of salinity on SOD and CAT activities in the liver tissue of P. fucata with two shell colors (I: 12h, SOD activity; II: 24h, SOD activity; III: 12h, CAT
activity; IV: 24h, CAT activity).

distribution. The reason for the inverted “U” distribution of Na+-
K+ -ATPase activity in black P. fucata may be that it is weak
in self-adaptation to the change of salinity, which temporarily
inhibits the activity of Na+-K+ -ATPase. After 24 h, the Na+-
K+ -ATPase activity in red P. fucata increased significantly with
the increase of salinity, which is consistent with the changing
trend of osmotic pressure. Liu et al. (2008) found that Na+-
K+ -ATPase activity of Eriocheir sinensis is negatively correlated
with salinity, which is different from the results of our study,
indicating that osmotic regulation of P. fucata is not completely
implemented by Na+-K+ -ATPase in the gill tissue. It is possible
that in a short time of salinity stress, biogenic amines (dopamine
and serotonin) could stimulate phosphorylation of the enzyme in
the gills including the Na+-K+ -ATPase, and then ATPases could
adjust the ion concentration both in vivo and in vitro and make
the osmotic pressure of hemolymph attain a balance. After a long
time of adaptation, the penetrability of gill epithelium to water
and ions changed and then the activity of gill Na+-K+ -ATPase
reached a steady level (Kamemoto, 1991; Mo et al., 1998; Lucu
and Flik, 1999; Morris, 2001). Under the same salinity stress for
the same time, the Na+-K+ -ATPase in gill tissues of P. fucata
with two shell colors were significantly different, which indicated
that the ion regulation in P. fucata with two shell colors played
different roles.

Respiratory metabolism is one of the basic physiological
activities of animal energy metabolism, reflecting animal
metabolic characteristics, physiological conditions and

adaptability to external environmental conditions (Marqueze
et al., 2006). Aerobic respiration is the main type of respiratory
metabolism in aquatic animals, but anaerobic respiration can
also provide energy for the body under low salt conditions. SDH
not only plays a key role in tricarboxylic acid cycle, but also
participates in oxidative phosphorylation. Therefore, the activity
of SDH reflects the aerobic metabolism to a certain extent (Gao
et al., 2016). LDH can catalyze the anaerobic metabolite lactic
acid to pyruvate and release energy, and its activity can reflect
the anaerobic metabolism ability to a certain extent. In our study,
after salinity stress for 12 h, the SDH activity of P. fucata with
two shell colors was significantly higher than that in the control,
which is different from the result reported by Nie et al. (2018)
that aerobic respiratory metabolism level gradually increased
when the clam was close to the isotonic point. The aerobic
metabolism of P. fucata was enhanced under salinity stress,
which may be related to the large amount of energy required
for the transmembrane transport of inorganic ions. After 24 h,
the SDH activity of black P. fucata decreased significantly,
while that of red P. fucata had no significant difference. It is
possible that long-term salinity stress has a certain influence
on the aerobic metabolism level of black P. fucata, while red
P. fucata gradually adapt to salinity stress. In this study, after
12 h of different salinity stress, LDH activity of P. fucata of
both shell colors was significantly increased with the increase of
salinity, and anaerobic metabolism was enhanced accordingly.
Shi et al. (2017) found in their study on Epinephelus moara that
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FIGURE 7 | Effects of salinity on GSH-Px and AKP activities in the liver tissue of P. fucata with two shell colors (I: 12h, GSH-Px activity; II: 24h, GSH-Px activity; III:
12h, AKP activity; IV: 24h, AKP activity).

LDH activity first decreased and then increased under salinity
stress, which together with aerobic respiration provided energy
for resisting environmental stress. Combined with the change
of SDH activity for 12 h, it was suggested that the respiratory
metabolism of red shell and black shell P. fucata increased under
high salt stress to meet the energy consumption of the body.
After 24 h stress, LDH activity of black P. fucata was significantly
higher than that of the control, while red shell was significantly
lower than that of the control when salinity was 50h. Our
results indicate that under salinity stress for 24 h, the anaerobic
metabolism of black shell was enhanced while the aerobic
metabolism of the body was weakened, which will provide energy
for the body. Under the same salinity stress for the same time,
the SDH activity and LDH activity in gill tissue of P. fucata with
two shell colors showed significant differences, which indicated
that the respiratory metabolic intensity of P. fucata with two shell
colors changed in different degrees under salinity stress.

Aerobic organisms unceasingly generate ROS by metabolism.
Massive accumulation of ROS damages macromolecular
substances, such as nucleic acids, carbohydrates, proteins, and
lipids (Finkel and Holbrook, 2000; Lushchak, 2011). As a result,
equilibrium between the production and removal of ROS will
protect oxidative damage and maintain normal physiological

capabilities (Martínez-Álvarez et al., 2005; Okoye et al., 2019).
In the long process of evolution, aquatic animals have an
evolutionarily conserved antioxidant defense system that can
eliminate superfluous ROS. In particular, as antioxidant enzymes,
SOD and CAT are regarded as the first line of defense against
oxygen intoxication (Bhagat et al., 2016; Wang et al., 2020). SOD
can catalyze O2− to produce H2O2 and remove O2−, while CAT
can catalyze H2O2 to produce water and oxygen. Therefore, the
changes in CAT and SOD enzyme activities can reflect changes
in the body’s antioxidant system under environmental stress to
a certain extent (Burgeot et al., 1996; Peters and Livingstone,
1996). Li et al. (2012) explores the impacts of salinity on the
changes of SOD and CAT activities in Cyclina sinensis, and found
that the fluctuations of antioxidant enzymes of C. sinensis under
salinity stress were basically completed within 24 h after stress.
In the present study, after salinity stress for 12 h and 24 h, SOD
activity in the liver of black P. fucata was significantly lower
than that the control, while SOD activity of red P. fucata was
significantly higher than that the control. The reason might be
that the salinity stress caused a large number of free radicals
in the black P. fucata, and the production rate of free radicals
was much faster than the scavenging rate, and the unscavenged
free radicals caused oxidative damage to cells so that the SOD
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activity in the black P. fucata was always lower than that in the
control. However, the red P. fucata had adaptability to salinity
stress and maintained high SOD activity to compensate for the
SOD consumed by the organism to produce free radicals. In
this study, the CAT activity of red P. fucata was lowest after
12 h of low salt stress, but after 24 h of low salt stress, the CAT
activity recovered and was significantly higher than that of the
control, possibly because the SOD activity increased after 12 h
of low salt stress produced a lot of H2O2 to inhibit the CAT
activity. The study of Zhang et al. (2020) also shows that the
increase of SOD expression level leads to excessive accumulation
of hydrogen peroxide, thus inhibiting the function of CAT.
In addition, as the second line of preserve against oxidative
trauma, GSH-Px also has a significant role in cell metabolism
and scavenging of free radicals. In cells, GSH-Px can catalyze the
reduction of hydroperoxides to hydroxy compounds (Cnubben
et al., 2001; Peña-Llopis et al., 2003). In the present study, the
variation trend of GSH-Px activity and the changing trend of
SOD activity in red-shell P. fucata were consistent. GSH-Px
activity increased, and CAT activity decreased under 20h salinity
for 12 h and salinity 50h stress for 24 h, respectively. At this
point, the scavenging of H2O2 was mainly dominated by GSH-
Px. Regarding enzyme kinetics, GSH-Px in mammals and other
vertebrates has a comparatively large affinity for H2O2 compared
with CAT (Reddy et al., 1998; Avanzo et al., 2001). GSH-Px is
thus largely conscientious for the removal of H2O2 in vertebrates,
while CAT and GSH-Px are play complementarily responsible for
H2O2 removal (Mourente et al., 2002; Jo et al., 2008). The activity
of GSH-Px, in P. fucata with black shell, was significantly lower
than that in the control at 24 h, which also has the complementary
effect of GSH-Px and CAT. In response to sudden varies in
salinity, CAT and GSH-Px had a decisive action in mediating the
scavenging of H2O2 to maintain the mobile equilibrium between
internal oxidation and reduction. AKP is involved in various
metabolic processes such as metabolism, detoxification, and the
biosynthesis of macromolecules for diverse fundamental function
(Suzuki and Mori, 1990). AKP is vital lysosomal enzymes in
marine invertebrates (Rahman and Siddiqui, 2004) and can take
part in non-specific immunity, participate in the degradation of
foreign proteins, carbohydrates, and lipids or in phagocytosis
(Liang et al., 2014). Li et al. (2015) found that the AKP activity
of Chlamys Nobilis first decreased and then increased with the
increase of salinity. In this study, after 12 or 24 h, the AKP activity
of red P. fucata was significantly higher than that of the control,
while that of black P. fucata was significantly higher than that
of the control after high salt stress for 24 h. The reason may be
that P. fucata produces a large number of free radicals under low
or high salinity stress, which increases AKP activity and avoids

oxidative damage to cells in the body. However, prolonged low
salinity stress resulted in excessive energy consumption and many
blood cell apoptosis in black P. fucata, which leads to AKP activity
decreased, ultimately. Under the same salinity stress for the same
time, the activities of SOD, CAT, GSH-Px, and AKP in liver
tissue of P. fucata with two shell colors showed different degrees
of differences, which indicated that the antioxidant defense
mechanism of P. fucata with two shell colors played different roles
under salinity stress.

In summary, the osmotic pressure of hemolymph, ion
concentration, Na+-K+ -ATPase and enzymes related to
respiratory metabolism in gill tissue, enzymes related to
an antioxidant in liver tissue of P. fucata with two shell
colors under salinity stress were compared and analyzed.
We found that salinity changes had different effects on
the physiology and biochemistry of the two shell colors
P. fucata. However, red P. fucata can quickly respond
positively to the change of environmental salinity and
reduce the damage caused by the change of environmental
salinity. The results can provide a reference for further
study of salt tolerance mechanism of P. fucata with
different shell colors.
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