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Salinity can affect the physiological and productive characteristics of bivalves. The razor
clam Sinonovacula constricta naturally distributing in intertidal zones and estuarine
waters is extensively cultured in China. High-salinity is a serious threat to its culture,
especially in pond culture model. Here, we investigated the effects of high-salinity on
the survival, gill tissue, enzyme activity and free amino acid content of S. constricta.
Individuals were randomly divided into six groups treated with different salinities of 20,
25, 30, 35, 40, and 45 ppt. The median lethal salinity calculated by linear regression and
probit analysis methods were similar, with 46.61, 43.17, 36.99, 35.99, and 34.99 ppt by
linear regression, while 44.63, 42.87, 38.45, 37.32, and 36.17 ppt by probit analysis at
72,96, 120, 144, and 168 h, respectively. Furthermore, paraffin section revealed that the
gill of razor clam shrunk quickly under high-salinity and dissolved at 48 h under salinity of
40 ppt, but not under 30 ppt. In addition, the activities of three enzymes including Na™-
K*-ATPase, acid phosphatase and alkaline phosphatase changed significantly under
high-salinity. Besides, the contents of total free amino acids (TFAAS) in the gill tissues
were 61.25 4+ 1.58, 89.36 + 4.18, and 111.98 + 1.46 mg-g~ " at salinity of 20, 30, and
40 ppt, respectively, indicating increasing TFAA contents with salinity. Notably, several
amino acid species including taurine, alanine, proline, glycine and glutamic showed
significantly changed contents in response to salinity variation, suggesting these amino
acids might play an important role in razor clam’s adaptation to salinity stress. Combining
all these results, it was referred that razor clams may adapt to moderately high-salinity
of 30 ppt in a short time through osmotic adjustment. Although a small proportion
of individuals could survive under the salinity of 35 ppt, the death of most individuals
still suggested it can hardly be accepted in aquacultural production. Notably, living
under a salinity of 40 ppt for more than 48 h could cause great damage to razor
clams. Therefore, the seawater salinity is recommended to be lower than 30 ppt for
S. constricta aquaculture. Overall, this study provides guidance for the culture and
breeding of high-salinity tolerant razor clams.
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INTRODUCTION

Salinity is an important environmental factor that affects
the osmoregulation, immune defense and survival of aquatic
organisms (Pechenik et al., 2000; Vargas-Chacoff et al., 2015).
Different from open seas with relatively stable salinity levels,
intertidal zones, estuaries and land-based seawater ponds are
characterized by varying salinity levels (Berger and Kharazova,
1997). The changes of salinity due to high-temperature
evaporation, seasonal heavy rainfall and human activities can
cause damage and even death to aquatic organisms (Gagnaire
et al.,, 2006; Munari et al., 2011; Carregosa et al., 2014). Most
bivalves have poor mobility and they have to adapt to the frequent
fluctuations of salinity in their residing environment. Although
the bivalves have evolved some regulatory mechanisms to resist
salinity stress, the population still begin to deteriorate when
stressed by acute changes in salinity (Chen et al., 2021).

Salinity stress can lead to morphological, physiological,
biochemical and metabolic changes (e.g., reduction of feeding
activity, growth rate and immune defense) in living organisms
(Carregosa et al., 2014). As a respiratory organ, gill is in direct
contact with seawater and thus represents a major site for
osmotic water loss and diffusive gain of salts (Laverty and
Skadhauge, 2012; Luzio et al.,, 2021). Since it is an important
organ responsible for osmoregulation, the changes of gill tissue
structure can greatly affect the aforementioned function (Allen
et al, 2011). As an important indicator, the morphological
changes of gills have been explored in a variety of aquatic
animals by tissue section techniques (Wang and Hu, 2009; Wang
et al.,, 2016; Gao et al.,, 2019). For example, the space between
gill lamellae of purple Washington clam Saxidomus purpurata
changes significantly under different salinity stresses (Wang et al.,
2016). In addition, enzymes such as Na™-K*T-ATPase (NKA),
alkaline phosphatase (AKP) and acid phosphatase (ACP) play
important roles in aquatic organisms’ response to salinity stress.
NKA is able to drive the active transport of ions across the
membrane against concentration gradient (Lin et al., 2004; Yang
et al., 2009). AKP and ACP are important immune factors in
biological metabolism (Zhang et al., 2017). They are involved
in the transfer reaction of phosphate groups and the balance of
energy in the body, and are important indicators to measure
the immunity and health status of the body. There are studies
concerning the changes of enzyme activities in aquatic economic
animals such as Pacific white shrimp Litopenaeus vannamei
(Shen et al,, 2020) and Jinjiang oyster Crassostrea ariakensis
(Shi et al.,, 2013) under salinity stress. Furthermore, free amino
acids (FAAs) are demonstrated to contribute dominantly to
intracellular osmolality and cell volume regulation. Under high
salinity, aquatic organisms often increase FAA contents by
means of new biosynthesis, uptake from the environment, or
depolymerization of polypeptide (Heavers and Hammen, 1985).
An almost linear relationship between salinity and total FAA
content has been observed in blue mussel Mytilus edulis (Lange,
1963), Eastern oyster Crassostrea virginica (Lynch and Wood,
1966; Heavers and Hammen, 1985). Note, however, due to the
complexity nature of the regulatory mechanisms of bivalves
under salt stress, related studies remain limited. Moreover,

previous research mainly concerns with economic species like the
manila clam Venerupis philippinarum (Carregosa et al., 2014) and
Pacific oyster Crassostrea gigas (Meng et al., 2013). More research
is needed to clarify the effects of salinity stresses on other bivalves.

The razor clam, Sinonovacula constricta, is a marine bivalve
and naturally distributes in the estuary and intertidal region
where salinity is usually lower than that of normal seawater (Chen
et al., 2021). As one of the four traditional shellfish species for
aquaculture in China, S. constricta has become one of the most
economically important species as result of its large-scale culture
along the coastal areas from Liaoning to Fujian province of China
(Peng et al.,, 2019). Since it can bring better ecological benefits
and higher economic income, integrated culture in pond has
recently become a popular mode for the razor clam cultivation in
northern China. However, water conditions in pond can change
greatly due to external environmental factors including drought,
high temperature, etc. Although the razor clam can withstand
salinity stress to some extent, the acute and dramatic increase
in salinity often leads to large-scale mortality of individuals (Li
et al., 2021). On the other hand, studies suggest that aquatic
animals cultured under higher salinity often have better taste and
nutrition (Ran et al., 2017; Kumari et al., 2021; Luo et al., 2021),
which promotes the breeding of new varieties with high salinity
tolerance. However, information on the response of S. constricta
to high salinity stress is still lacking.

In this study, S. constricta was subjected to high salinity
stress and the changes of the survival, gill tissue, enzyme
activities and FAA contents of razor clams were analyzed and
compared with those under the normal living salinity. The
results will provide insights into the regulatory mechanism of
razor clams in the adaptation to moderately high salinity and
provide useful information for breeding new varieties with high-
salinity tolerance.

MATERIALS AND METHODS

Clams

Approximately 2,500 wild adult clams S. constricta with a shell
length of 5.14 £+ 0.38 cm were obtained from Qingdao city
(Shandong Province of China, 36.5900°N, 120.8024°E) where
the annual salinity ranges from 18 to 22 ppt. Those clams
were acclimated for 1 week in an incubator containing aerated
seawater (salinity 20 &+ 1 ppt; temperature 25 + 1°C; pH 8.0).
During acclimation period, the razor clams were fed twice daily
with Isochrysis galbana until use.

Salinity Challenge and Tissue Sampling

The razor clams were randomly divided into six groups (with
180 individuals in each group) and were subjected to different
salinity levels of 20 (S0), 25 (S25), 30 (S30), 35 (S35), 40 (S40),
and 45 ppt (S45) with Sy set as control. The experimental waters
with different salt concentrations were obtained by diluting
natural seawater with fresh water (without salt) or adding sea
salt (Guangzhou Yier Bioengineering Company) to increase the
salt concentrations. Three parallel experiments were conducted
for each salinity level. The treatment continued for 168 h. The
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mortality of S. constricta was measured after 6, 12, 24, 48, 72, 96,
120, 144, and 168 h of treatment. The gill samples in groups Sz,
S30, and S49 were collected at 0, 6, 12, 24, 48, 72, 96, and 120 h
of treatment for paraffin sectioning, enzyme activity detection
and FAA content analysis, with three biological replicates for
each experiment.

Mortality and Median Lethal

Concentration (LC5¢) Analysis

The death of individuals in each group was recorded. The
mortality rate was calculated as N/(N + N) x 100%, where N and
N¢ represented the numbers of dead and surviving razor clams in
each tank at sampling time points, respectively.

The LCsq of salinity for razor clam at 72, 96, 120, 144, and
168 h were analyzed by linear regression and probit analysis on
the basis of mortality data. The calculation formula and method
were referred from Hoekstra (1991) and Li et al. (2012).

Tissue Fixation and Biopsy

The gill samples of each group obtained at 0, 6, 12, 24, 48, 72, 96,
and 120 h were cut into pieces with a size of about 5 mm x 10 mm
and immersed in Bouin’s solution (Sbjbio, Nanjing, China) for
fixation of 12 h. After being fixed, the tissues were washed with
70% ethanol, which was replaced every 24 h until the solution was
colorless, and then dehydrated with 75, 80, 85, 90, 95, and 100%
ethanol in series with 5 min for each solution. The dehydrated
tissue samples were stained with hematoxylin and eosin (HE),
and then soaked twice in xylene (15 min each time), followed
by paraffin embedding, sectioning, baking, and staining prior to
Leica DMI3000B microscopy analysis (Gao et al., 2019).

In order to better explore the structural changes of gill caused
by high salinity stress, we measured the gill filament length
(GFL), gill filament width (GFW) and gill thickness (GT) of
S. constricta (Figure 1) by using the software Toupview 3.7-
the camera application for the Leica DMI3000B microscopy. We
selected a total of 2 or 4 gill filaments at the top and bottom of
Figure 1 for measuring GFL and GFW. Thus, each measurement
of 1 GT can correspond to 2 or 4 measurement of GFL and
GFW. To improve the accuracy of the measurement, GFL, GFW,
and GT were detected with approximately 100, 100, and 30
repeats, respectively.

Enzyme Activity Analysis

The gill samples of each group obtained at 0, 6, 12, 24, 48, 72,
96, and 120 h were homogenized in cold physiological saline
at a weight (g) to volume (mL) ratio of 1:9 in an icebox. The
homogenates were then centrifuged at 560 x g for 10 min at
4°C. Then, the supernatant was transferred to a new container
and stored at —80°C for enzyme activity analysis. The activities
of enzymes including NKA, ACP, and AKP were detected
using corresponding kits (Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacturer’s instructions
and measured by the microplate reader (Thermo Varioskan
Flash). NKA activity was determined as described previously by
measuring the release of inorganic phosphate at 660 nm, and the
enzyme activity unit (U) was expressed as the amount of 1 pumol

FIGURE 1 | Schematic diagram of the gill of Sinonovacula constricta. GFL, gill
filament length; GFW, gill filament width; GT, gill thickness.

of inorganic phosphorus (Pi) produced by the ATPase per mg
of tissue protein decomposing ATP per hour (Chen et al., 2021).
AKP and ACP activities were measured by using disodium phenyl
phosphate as the substrate. One unit (U) of AKP and ACP activity
was defined as the amount of enzyme in a 1 mg sample necessary
for producing 1 mg of nitrophenol for 15 and 30 min at 37°C,
respectively (Shen et al., 2020).

Free Amino Acid Analysis

Gills from groups Szo, S30, and Sy at 48 h of treatment were
selected for FAA content analysis. Before analysis, the gill tissue
was freeze-dried for 48 h, and then grinded into powder. Each
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sample with weight of 1 g was transferred into a 50 mL tube
containing 25 mL of hydrochloric acid with a concentration of
0.1 M, and then subjected to ultrasonic treatment for 30 min.
After treatment, the mixed liquid was centrifuged at 3,000 x g
for 15 min. The supernatant was collected while the precipitate
was made to undergo the above extraction procedures again.
The supernatants from the two extraction processes were mixed
and then the final volume was made constant with ultra-
pure water to 50 mL. Then, 5 mL of filtrate was accurately
obtained and mixed evenly with 2.5 mL of sulfosalicylic acid
(concentration of 60 g-L™1) to react for 5 min. After centrifuged,
1 M sodium hydroxide was used to adjust pH to about 2.0,
0.02 M HCI was used to make the mixture volume constant
to 50, and 1 mL of mixture was analyzed by automatic amino
acid analyzer (Amino acid automatic analyzer L-8900, Hitachi
High-Tech Corporation).

Statistical Analysis

The software SPSS 26 was employed for calculation of LCsg
of salinity and a one-way analysis of variance (ANOVA) and
Tukey’s test were used for statistical analysis. Differences were
considered significant at P < 0.05. All the results were presented
as mean = standard deviation (S.D.).

RESULTS

Effect of High Salinity on the Survival of

Sinonovacula constricta

The mortality rate of the razor clam after high salinity treatment
is shown in Figure 2. As can be seen, the mortality rate in the
control group (Sy0) remained zero during the whole experiment
period, indicating the razor clam individuals used were all in
good health. No death occurred in all groups at 6 h of treatment,
and the first death occurred at 12 h of treatment for the Sys
group. With the extension of time, the clams in other groups
also began to die because of the salinity stress. Also note that

100 -
90 4

o 9
S © o

Mortality/%
o
(=]

6 12 24 48 72 96 120 144 168

Time/h

FIGURE 2 | Mortality rate of Sinonovacula constricta at different salinities and
time points. Different capital letters represent significant differences between
groups treated with different salinity levels at the same time point (P < 0.05),
and different small letters represent significant differences between different
time points for the same group (P < 0.05).

at each measuring time point, the mortality rate increased with
salinity. The mortality rates of groups Sy; and Sz remained
significantly lower than that of other high salinity groups. The
mortality rate of group S35 increased slowly and evenly with stress
time. In comparison, the mortality rates of groups S4 and S4s
increased relatively more sharply with stress time. At 72 h of
treatment, the mortality rates of groups Szs, S30, S35, S40, and Sus
were 0, 2.22 + 0.79, 7.22 £ 0.79, 28.89 + 4.37, 50.00 + 4.91%,
respectively, and the mortality rates of groups S4 and S45 were
significantly higher than those of other groups (P < 0.05). At
120 h of treatment, the mortality rates of groups Sas, S30, S35,
S40, and Sy5 increased to 2.22 4 0.79, 6.67 £ 1.36, 19.44 + 3.42,
61.11 £ 4.37, and 91.67 & 4.08%, respectively, with significant
differences between every two groups (P < 0.05). It was worth
mentioning that all the razor clams in Sy45 group died at 168 h,
with mortality rate of 100%.

The LCsyp of salinity for S. constricta at each sampling
time point were assessed using two methods including linear
regression equation and probability unit model equation
(Tables 1, 2). It was found that the LCsy value decreased with
increasing stress time. Calculated by linear regression, the LCs
of salinity for S. constricta at 72, 96, 120, 144, and 168 h
were 46.61, 43.17, 36.99, 35.99, and 34.99 ppt, respectively,
while the values were 44.63, 42.87, 38.45, 37.32, and 36.17 ppt
calculated by using probit analysis. As shown, the LCs of salinity
calculated by the two methods were similar, indicating that the
results were reliable.

Gill Tissue Change in Response to
Salinity Stress

Figure 3 shows the gill tissue structure at different salinity levels
and time points. According to the above results, we selected
representative micrographs at 6, 12, 48, and 96 h to display the

TABLE 1 | Analysis of LCsq salinity for Sinonovacula constricta at different time
points using linear regression.

Time/h Regression equation Relative LCs¢/ppt Lower limit Upper limit

coefficient
72 y = 40.00x + 26.61 0.767 46.61 38.31 54.91
96 y = 35.68x + 25.33 0.839 4317 36.79 49.55
120 y = 22.66x + 25.66 0.829 36.99 31.94 42.04
144 y =21.30x 4 25.34 0.841 35.99 31.25 40.73
168 y =19.20x 4+ 25.39 0.826 34.99 30.26 39.72

TABLE 2 | Analysis of LCs of salinity for Sinonovacula constricta at different time
points using probit analysis.

Time/h Regression equation LC5¢/ppt Lower limit Upper limit
72 y =0.14x-6.37 44.63 43.65 45.85
96 y =0.12x-5.27 42.87 41.91 44.01
120 y=0.19x-7.14 38.45 37.86 39.05
144 y =0.19x-7.23 37.32 36.41 38.27
168 y = 0.23x-8.29 36.17 35.01 37.39
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FIGURE 3 | Gill tissue structure of Sinonovacula constricta at different salinities and time points. Sog: Control group; Szo: salinity of 30 ppt; S4o: salinity of 40 ppt.
Scale bars are 100 pm.
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gill structure change. In the control group (Sy), the histological
structure of gill lamella changed little with time, and the gill
filaments experienced no shrinkage. In S3p, the gill changed little
within the first 6 h, but with further extension of stress time
the lamella of S. constricta contracted as a whole and did not
recover. Similarly, in Sy, the gill tissue changed significantly and
the lamella contracted as a whole as the stress time exceeded 6 h.
Notably, the gill tissue began to dissolve after 48 h of treatment,
indicating severe pathological changes of the gill.

As shown in Figure 4, the effects of salinity on GFL, GFW,
and GT of S. constricta were generally similar. In Syp, the GFL,
GFW, and GT changed little with time. In S3g, the GFL and
GFW decreased significantly after 6 h of salinity stress treatment
(P < 0.05). The GFL decreased to the lowest level (67.45 £ 7.32
pm) at 24 h and then rose slowly to the 6 h level at 96 h of salinity

100 - B S20

GFL/pum

0 6 12 24 48 72 96 120
Stress time/h
B
45 - B S20
40 | S30
Ab Ab Aa
35 4 ! Ab B S40
ERR
E 25
Chal § il
20 1 [N
N N
15 4 § §
o LN BN
0 6 12 24 48 72 96 120
Stress time/h
C
900 B S20

0 6 12 24 48 72 96 120
Stress time/h

FIGURE 4 | Gill change of Sinonovacula constricta at different salinities and
time points. (A) Gill filament length (GFL), (B) Gill filament width (GFW), and
(C) Gill thickness (GT) at different salinities and time points. Different capital
letters represent significant differences between groups treated with different
salinity levels at the same time point (P < 0.05), and different small letters
represent significant differences between different time points for the same
group (P < 0.05).

treatment. The GFW decreased to the lowest level (20.67 £ 2.81
pm) at 72 h and then rose slowly to the 6 h level at 96 h of
salinity treatment. The trend of GT with time was different. GT
value decreased significantly after 12 h and then fluctuated with
further extension of time, but the value remained significantly
lower than that of the control group (P < 0.05). In S49, the GFL,
GFW, and GT decreased significantly after 6 h (P < 0.05). The
GFL and GFW both decreased to the lowest levels (60.98 + 6.62
and 17.34 = 3.90 pum, respectively) at 72 h and then rose slowly to
the 12 h level at 96 h. The GT fluctuated with time and remained
significantly lower than that of the control group (P < 0.05).

Changes of Nat-K*-ATPase, Acid
Phosphatase, and Alkaline Phosphatase

Activities in Response to Salinity Stress

The activities of three enzymes including NKA, ACP, and AKP
at different salinity levels and time points are shown in Figure 5.
In the control group (Sy), the NKA activity changed little with
time. In groups S3p and S49, the NKA activity showed different
variation characteristics as the treatment time exceeded 6 h.
In S30, the activity of NKA increased first, reached the highest
value of 7.61 + 1.14 U-mg~! at 6 h, and then decreased to
the control level at 12 h. With further extension of time (24-
120 h), the NKA activity remained stable and at a lower level
as compared with that of the control group. In S4, the trend
of NKA activity with time was similar with that of group S3g
within the first 12 h. However, the NKA activity of group Sy
increased back again to the maximum value of 8.77 £ 0.50
U-mg~! at 24 h and remained the same level at 48 h, but
then decreased sharply and continuously to the lowest value
from 72 to 120 h, only accounting for 45.39% of that at
0 h. All those results indicated that the activity of NKA was
induced by high salinity stress, and the 40 ppt salinity level
resulted in more significant change in enzyme activity than the
30 ppt salinity level.

ACP activity of S. constricta at different salinity levels and time
points are shown in Figure 5B. The difference in ACP activity
between the control group (Sy) and S3p was insignificant. In
S40, ACP activity increased first with time, reached the highest
value of 2.32 £ 0.17 U-mg ™! at 12 h, and then decreased sharply
and continuously to the lowest value from 12 to 120 h, only
accounting for 32.08% of that at 0 h. Also note that the ACP
activity of S4o group was significantly higher than those of control
group and Sz at 6, 12, and 24 h (P < 0.05). After 96 h, the ACP
activity of Sy group was significantly lower than those of the
control group and S3g (P < 0.05).

The variation characteristics of AKP activity with time and
salinity were relatively complex (Figure 5C). In the control
group, the AKP activity remained stable with time. In group S3o,
the AKP activity decreased with time and reached the lowest
level of 0.31 £ 0.06 U-mg~!at 24 h (P < 0.05), after which the
value fluctuated slightly and then remained unchanged from 96
to 120 h. In group S49, AKP activity increased with time, reached
the highest level of 0.31 & 0.06 U-mg~! at 12 h (P < 0.05), and
then significantly decreased and continued to decline until 120 h
(P < 0.05).
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TABLE 3 | The contents of free amino acids (FAAs) in the gill tissue of
A BSa0 Sinonovacula constricta at different salinities (mg-g~", mean + SD).
~ ]2 FAAs Content in Syg Content in S3g Content in Sy9
ED 8 Taurine 26.75 + 0.29° 26.50 + 1.49° 31.22 +£1.202
.? 7 Aspartic 2.12 +£0.102 1.92 +0.162 1.26+1.172
56 Threonine 0.41 +0.16° 0.26 + 0.03° 1.53 4 0.042
%‘ i Serine 0.57 +£0.11P 0.73 + 0.05° 1.69 + 0.012
3 Glutamic 6.63 + 0.20P 7.02 + 0.520 9.09 + 0.162
3 Glycine 9.84 +0.53° 17.14 £1.032 16.66 + 0.052
0 6 12 24 48 72 96 120 Alanine 5.00 + 0.75° 18.49 + 0.54P 35.78 + 1.062
Time/h Cysteine 0.02 + 0.03° 1.70 £0.122 0.41 +£0.16°
B Valine 0.27 + 0.02P 0.40 + 0.01° 1.6 4+ 0.162
2.6 - Ab =S Methionine 0.75+0.17° 2.00 £ 0.36° 0.49 + 0.04°
Isoleucine 1.51 4+ 0.202P 2.21 +0.462 0.86 + 0.10P
= Leucine 0.95 + 0.20° 1.57 £0.082 1.29 +0.162°
ED Tyrosine 111 +£0.10° 258 +0.32° 1.41 +0.28°
= Phenylalanine 0.52 + 0.19P 1.47 4+ 0.092 1.54 4 0.052
§ Lysine 1.40 + 0.022 0.78 + 0.03° 1.13 £ 0.202
3] Histidine 1.20 4 0.09° 177 £0.132 0.73 + 0.03°
< Arginine 2134+ 0.15° 1.74 + 0.09° 3.10 4 0.222
Proline 0.07 + 0.00° 1.08 + 0.03° 217 +£0.122
Total 61.25 + 1.58° 89.36 + 4.18° 111.98 + 1.462
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FIGURE 5 | Enzyme activities in gill of Sinonovacula constricta at different
salinities and time points. (A) NKA activity, (B) ACP activity, and (C) AKP
activity. Different capital letters represent significant differences between
groups treated with different salinity levels at the same time point (P < 0.05),
and different small letters represent significant differences between different
time points for the same group (P < 0.05).

Changes of Free Amino Acid Contents in

Response to Salinity Stress

In this study, we detected the contents of 18 FAAs in the gill tissue
of Sy0, S30, and Sy at 48 h (Table 3). The contents of total FAAs
(TFAAs) in the gill tissue of Syg, S30 and Sy4o were 61.25 & 1.58,
89.36 + 4.18, and 111.98 + 1.46 mg-g~ !, respectively, indicating
an upward tendency with increasing salinity. In the control group
S20, taurine, glycine, glutamic and alanine were the major species
among the detected FAAs with taurine showing the highest
content (26.75 + 0.29 mg-g~!), whereas cysteine showed the
lowest content of 0.02 4= 0.03 mg-g~!. The contents of most FAAs
in S. constricta changed under salinity stress. Compared with
those of the group Sy, the glycine, alanine, cysteine, methionine,
leucine, tyrosine, phenylalanine, histidine, and proline contents

Different superscript letters in the same column mean significant difference
(P < 0.05).

120 - a
B S20 a =
100 1 b
N S30
= b
080 1 ES40
=11} a
E R _
= 4 c
£ 60 b
B
S 40 -
C
20 - b - b F ' F
o L ]
DAA

EAA NEAA TFAA

FAAs

FIGURE 6 | Concentrations of EAAs, NEAAs and DAAs in the gill tissue of
Sinonovacula constricta under different salinities. EAAs, essential amino acids;
NEAAs, non-essential amino acids; DAAs, delicious amino acids. The different
letters mean significant difference (P < 0.05).

of S3p were significantly higher (P < 0.05). Compared with
those of groups S3p and Sy, the contents of taurine, threonine,
serine, glutamic, alanine, valine, arginine, and proline in S49 were
significantly higher (P < 0.05).

Furtherly, we analyzed the contents of essential amino acids
(EAAs, include lysine, phenylalanine, methionine, isoleucine,
leucine, valine and histidine), non-essential amino acids
(NEAAs) and delicious amino acids (DAAs, representing amino
acids that contribute to flavor formation, include glutamic,
aspartic, phenylalanine, alanine, glycine, and tyrosine) of Sy,
S30, and Sy (Figure 6). Results showed that the contents of
NEAAs and DAAs had the same tendency as the TFAA content
with salinity: Sy > S3p > Sz0. However, the EAA content
showed different trend with salinity. The EAA content of S3g was
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significantly higher than those of Sy and S49, and there was no
significant difference in EAA content between Sy and Sy.

Taurine and proline are two NEAAs. In Syp and S3p, taurine
was the most abundant amino acid among all detected FAAs
and accounted for 43.67 and 29.66% of the TFAA content,
respectively. In Sy, taurine content was significantly higher
than those in S3p and Syp groups. In addition, the proline
contents of Sy, S39 and Sy49 were 0.07 £ 0.00, 1.08 =+ 0.03, and
2.17 £ 0.12 mg-g~ !, respectively, indicating an upward trend
with salinity. In this study, the contents of six DAAs including
alanine, glycine, glutamate, aspartic, tyrosine and phenylalanine
were detected. Among all the FAAs, alanine showed the greatest
increase in content with increasing salinity. In S9, S30 and S,
the alanine content accounted for 19.83, 38.03, and 54.43% of
the DAA content, respectively, which suggested that it might
contribute greatly to the flavor formation. Notably, in S4¢, alanine
was also the most abundant amino acid among all detected FAAs
and accounted for 31.95% of the TFAA content. In addition to
alanine, the contents of another two amino acids glycine and
glutamate also increased with salinity, but to a less extent than
that of alanine content. The contents of the remaining three
DAAs aspartic, tyrosine and phenylalanine were very low.

DISCUSSION

As an estuarine bivalve, S. constricta naturally encounters drastic
changes in water environment. Research suggests that the razor
clam is a species with strong adaptation to environmental
variations, including salinity changes (Peng et al., 2019).
However, when the salinity level varies beyond a certain range,
the metabolism in the organism will be disturbed, which can
eventually lead to death. Results of this study indicated that high
salinity challenge could significantly reduce the survival rate. The
death occurred after only 12 h of treatment with salinity of 40 ppt,
and the mortality rate increased further with the extension of
stress time. In particular, the mortality rates treated with salinity
levels of 40 and 45 ppt were up to 86.7 and 100% at 168 h,
respectively. It was thus inferred that salinity above 35 ppt might
cause great harm to S. constricta even in a short time. The LCs
of salinity is an important index to measure the salinity tolerance
of an organism. The Karber, linear regression and probit analysis
are three major methods for calculating LCsq of salinity (Li et al.,
2012). For the Karber method, groups with 0 and 100% mortality
rates are necessary to access the LCsy for one time point (Li
et al., 2012). In this study, the mortality data at most sampling
time points could not satisfy the above-mentioned requirement,
thus the Karber method was abandoned. Although both linear
regression and probit analysis have their own advantages and
disadvantages, the LCs of salinity calculated by the two methods
in this study were similar, which confirmed the reliability of
the results. In this experiment, the salinity LCsy of S. constricta
for 72 h treatment calculated by the probit analysis and linear
regression were 46.26 and 44.31 ppt, respectively, suggesting that
razor clam might have some ability to tolerate high salinity stress.

Gill is an important organ in response to environmental
changes including changes of salinity, temperature, pH, etc.

(Allen et al., 2011). The histopathological alterations of gill can
be used as an adaptation marker after acclimation to new salinity
conditions (DiMaggio et al., 2009). In this study, the gill structure
of razor clam was found to change significantly under acute
salinity stress. Specifically, compared with those treated with
20 ppt salinity, razor clams treated with 30 and 40 ppt salinity
showed shrunk gill filaments and decreased gill thickness. It was
concluded that S. constricta might respond to salinity stress by
actively changing the morphology of gill tissue. Specifically, the
shrinkage of gill filaments and reduction of gill thickness helped
to effectively reduce the contact area between gill and high salt
water, and thus preserve water in vivo. The changes of GFL,
GFW, and GT were also consistent with the above results. The
minimum GFL, GFW, and GT of S3y accounted for 83.04, 76.64,
and 58.55% of those of the control group, and those of Sy
accounted for 70.96, 59.53, and 57.88% of those of the control
group. These data further corroborated our results. The gill tissue
did not dissolve at 30 ppt. It was speculated that S. constricta
may adapt to salinity of 30 ppt in a short time through activating
osmotic adjustment. At salinity of 40 ppt, however, the gill
structure began to change after 48 h, indicating that S. constricta
could not adapt to this salinity in a short time.

Osmoregulation is a complex physiological process, and for
the gill cells, sodium and potassium regulation are mainly
mediated by NKA (Peng et al., 2019). As an important active
component of Na™/K* pump, NKA plays an important role in
maintaining the homeostatic state of Na* and KT in cells (Cheng
et al., 2002; Palacios et al., 2004; Garcon et al., 2009). It is also the
focus of salinity adaptation studies. Some research has found that
the NKA activity of spottedtail goby Synechogobius ommaturus
firstly increases under high salinity stress, then reaches a peak
value at 12 h and then decreases, which is similar to the results
of many studies on fishes (Shui et al., 2018). In this study, the
activity of NKA increased first and then decreased to a stable level
under high salinity stress. When the salinity changed sharply,
the activity of NKA fluctuated greatly in a short time, which
was possibly because the razor clam could hardly adapt to the
acute salinity changes in a short time. In a later stage of salinity
stress, the NKA activity gradually became stable, suggesting that
the organism might adapt to the new environmental condition.
However, it was worth noting that the stabilized NKA activity
under high salinity was significantly lower than that of the control
group. Research suggests that there is a certain relationship
between salt tolerance and NKA activity (Chen et al., 2021).
Our S. constricta has higher NKA activity than that reported by
Chen et al. (2021), this means that our S. constricta possibly have
higher salt tolerance.

Mollusks lack specific immune cells and related antibodies,
thus their humoral immunity mainly depends on some non-
specific enzymes or factors in serum (Muta and Iwanaga, 1996;
Yang et al., 2021). ACP and AKP are important components of
lysosomal enzymes of mollusks, and play a role in their immune
response. Salinity stress causes changes in hemolymph osmotic
pressure in shellfish, which leads to the response of immune
system (Cheng et al., 2002). Studies have shown that changes
in salinity can cause changes in various immune indexes of
mollusks, such as AKP, catalase (CAT) and superoxide dismutase
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(SOD) levels, thus reducing the immunity of the organism
(Chen et al, 2021). This study showed that the ACP and
AKP activities changed inconsistently after high salt stress. The
ACP activity of S. constricta treated with salinity of 30 ppt
showed no significant change, while the ACP activity treated
with salinity of 40 ppt increased significantly after 12 h of
stress, then decreased and tended to be stable. It may be that at
30 ppt salinity, the homeostasis of the internal environment was
maintained through regulation, so its ACP activity did not change
significantly. Under the stress of 40 ppt salinity, the internal
environment was disturbed. After 12 h of stress, the activity of
NKA decreased significantly, while the activity of ACP increased
significantly possibly in order to maintain the homeostasis of
the internal environment. The results were similar to those of
P. trituberculatus (Zheng et al., 2010). The activity of AKP did not
increase significantly after high salt stress, which was similar to
the changes of AKP activity of hemolymph in C. ariakensis under
high salt stress (Shi et al., 2013). This may be the characteristics of
response of estuarine shellfish to high salt stress. It is speculated
that under salt stress razor clams regulate enzyme activities to
assist in osmoregulation to achieve adaption.

Several FAAs have been reported to involve in osmoregulation
in marine invertebrate animals (Shumway et al., 1977; Heavers
and Hammen, 1985; Hosoi et al., 2003; Meng et al., 2013; Cheng
etal., 2020). Research shows that under osmotic stress razor clam
could actively adjust the intracellular osmotic pressure to the
osmotic concentration of the seawater, which is called “isosmotic
intracellular regulation” (Heavers and Hammen, 1985). The
metabolisms of FAAs play an important role in the above
regulation process in many aquatic animals, and also in shellfish.
In this current study, the content of NEAAs was significantly
higher than that of EAAs, and the content of NEAAs was
positively correlated with salinity, which was different from the
case of EAAs. The results indicated that NEAAs in S. constricta
might play a major role in osmoregulation, which was consistent
with the results about Chinese mitten crabs Eriocheir sinensis
(Wang et al, 2012) and C. gigas (Hosoi et al., 2003). It was
interesting to note that DA As including glutamic, glycine, alanine
and phenylalanine all increased significantly in response to high
salinity stress in this study. Research has shown that the contents
of DAAs in aquatic animals in higher salinity water are higher
than those in lower salinity water, and the increased DAA
contents contribute to the improvement of flavor.

In many marine mollusks, alanine, glycine, proline, taurine
and glutamic are typically the dominant FAAs contributing to
intracellular osmolality and the osmoconforming process (Hosoi
et al., 2003). In this study, the contents of the above-mentioned
FAAs also became higher in S. constricta when salinity increased
to 40 ppt. Among those FAAs, taurine is considered as an
important osmolyte in various animals and generally the most
abundant FAA in lots of bivalve species (Lynch and Wood, 19665
Heavers and Hammen, 1985; Hosoi et al.,, 2003; Meng et al,,
2013; Lin et al.,, 2021). For example, taurine has been found to
be of the highest content among the FAAs in oyster, close to
80% of the content of total amino acids (Hosoi et al., 2003).
In this study, taurine accounted for approximately 44% of the
total FAA content in S. constricta treated with salinity of 20 ppt,
which was consistent with most previous studies. In addition,

with the increase of salinity, taurine content increased slowly and
possibly substantially contributed to regulation of osmolality for
high salinity adaptation. In addition to taurine, some other FAAs
including glycine, alanine, proline and aspartic were also likely
involved in the adaptation process under high salinity stress. The
contents of glycine, alanine, and proline increased with salinity,
and alanine was the most sensitive FAA to high salinity, since
its content increased approximately by three and six times when
salinity changed from 20 to 30 ppt and 40 ppt, respectively.
The possible reason was that the de novo synthesis of alanine
requires less energy than that of other FAAs and there exist
many pathways for its synthesis via transamination to pyruvate
(Hosoi et al., 2003).

CONCLUSION

Combining all the results, we clearly demonstrated that the
response of S. constricta to high salinity stress was multi-
dimension. With the increase of salinity and the extension
of stress time, the mortality, gill tissue structure, enzymes
activity and free amino acid contents of razor clam all changed
significantly. On the above basis, it was inferred that the razor
clam may adapt to salinity of 30 ppt in a short time through
activating osmotic adjustment. A small proportion of razor clam
could survive under the salinity of 35 ppt, but the death of
many individuals definitely means great loss in aquacultural
production. Notable, living in a salinity of 40 ppt for more than
48 h would cause great damage to razor clams. Therefore, we
recommended seawater salinity should be lower than 30 ppt for
cultivating. In conclusion, this study enhances our understanding
of S. constricta in response to high salt stress, and provides useful
information for breeding new high-salt tolerant species and the
further culture.
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