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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated rearing and breeding razor clam (Sinonovacula constricta) in inland alkaline

Si“""w"“c“la constricta brackish water. During 45 days of the experiment in candidate target inland area brackish water (TBW), survival,

Z“m‘t’;l growth, enzyme activity and immune responses were analysed. The results showed that shell length and weight
TOW!

were significantly inhibited in the TBW group (p <0.001). Although the cumulative mortality was 81.479 +
7.028 (p < 0.001) at 15 days, it increased slowly to 92.915 + 2.271 (p < 0.001) at 45 days. The enzyme activities
of Na'/K'-ATPase, aspartate aminotransferase and superoxide dismutase peaked at 15 days, and juvenile
S. constricta (JSC) may engaged in partial anaerobic metabolism or damage to gill tissue, which may explain the
high mortality rate at this time. Additionally, the phagocytic ability of haemocytes was inhibited (p < 0.001), but
the metabolic activity was enhanced (p < 0.001). This implies that 15 days was the peak of TBW stress, and stress
gradually decreased by days 30 and 45. TBW affected metabolism, osmotic regulation, and immune responses.
There was an independent ionic interaction perhaps effect on JSC, primarily through Na*/K" rate. Approxi-
mately 7 % of animals adapted successfully to TBW after 45 days. In summary, S. constricta has a great potential
in further anti-TBW conditions selective breeding research.

Enzyme activity
Immune responses
Aquaculture

1. Introduction limiting the survival of economically important marine invertebrates in

inland alkaline brackish water (Wang et al., 2011). Inland alkaline

Inland waters are usually separated into inland alkaline brackish
water and freshwater. Saline alkali soil and inland alkaline brackish
water are present in more than 100 countries (Shi, 2009). However,
their use in crop cultivation and aquaculture is associated with
extremely low yields (Qadir et al., 2001; Wang et al., 2011). Thailand
was the first country to successfully breed Litopenaeus vannamei, and this
highly tolerant species is now the most widely cultivated crustacean in
the world (Roy et al., 2010). Although cultivation of molluscs such as
Mytilus edulis (Dinh and Fotedar, 2016), Haliotis laevigata (Doupé et al.,
2003), Trochus niloticus (Lee, 1997), Crassostrea gigas and Sacco strea-
glomerata (Ingram et al., 2002) in inland alkaline brackish water has
been reported, this is a relatively underexplored area.

China has abundant inland alkaline brackish water resources which
ion composition and content fluctuate greatly depending on the region
(Hui et al., 1997; Shentu et al., 2000). Salinity is the primary factor

brackish water in the northwest of China is associated with high car-
bonate alkalinity (Cp) and pH values, and the main ionic components
and proportions are quite different from normal seawater (Hui et al.,
1997; Wang et al., 2015). The total alkalinity of carbonate-type waters is
mainly due to CO3~ and HCO3- ions (Liu et al., 2016). CO%~, HCOs-, OH-
(pH), Na™, K", Ca®", Mg?" and SO~ are the main ions in inland alkaline
brackish water that affect the growth and survival of aquatic animals
(Dinh et al., 2015; Partridege, 2008). Previous studies have shown that
the main factor affecting the survival and growth of mussels and marine
crustaceans is imbalance of the Na™ and K ratio (Perez-Velazquez et al.,
2012). Ca®* changes greatly in inland alkaline brackish water, partici-
pates in neurotransmission and osmotic pressure regulation, and plays a
very important role in the growth of marine invertebrates, especially
crustaceans and bivalves (Yang, 2011). Mg?* is present in the active
sites of many enzymes, acts as a co-factor in metabolism, and is
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important for the active transport of substances across the cell mem-
brane. Additionally, other ions present in inland alkaline brackish water
also affect the survival of aquatic animals in various ways. For example,
SO3™ and Cl- ions are involved in the regulation of osmotic pressure in
shrimp (Boyd, 2006), and toxic effects of some inland alkaline brackish
water factors have been reported for Cyclaina sinensis (Lin et al., 2012).

Razor clam (Sinnovacula constricta) is an economically important
bivalve that belongs to Mollusca, Lamellibranchia, Heterodonta, Vener-
oida, Pharellidae, Sinonovacula. It is widely distributed in the intertidal
zone and estuary areas of the western Pacific. Annual output of this
species is the 4th largest among marine bivalves in China. S. constricta is
characterised by a short breeding cycle (Xie et al., 2015), the species can
adapt to changing environmental conditions, and it can tolerate wide
temperature and salt ranges (Liu et al., 2009).

Previous work explored the tolerance and physiological responses of
Juvenile S. constricta (JSC) to major components in inland alkaline
brackish water, including salinity (Peng et al., 2019a), carbonate alka-
linity and pH (Peng et al., 2018), Na™/K* (Peng et al., 2019b) and Ca*
and Mngr (Peng et al., 2019c). However, whether JSC can survive or
adapt to ion levels present in inland alkaline brackish water remains
unknown. In other words, it is unknown whether the major ions present
in inland alkaline brackish water act synergistically or antagonistically
in JSC to mediate stress. This is important for aquaculture of S. constricta
in inland alkaline brackish water. In the present work, an ion compo-
sition of inland alkaline brackish water from the Gansu area of north-
west China (a candidate target area for S. constricta aquaculture) was
simulated to formulate the artificial brackish water (TBW). The TBW
was used in long-term stress experiments on JSC, and evaluated survival,
growth, enzyme activities and haemocyte immune responses. Research
in this work provide a theoretical basis for aquaculture of S. constricta in
TBW, and breeding salt-tolerant S. constricta varieties.

2. Materials and methods
2.1. Animals and water parameters

Animals were treated according to the Guidelines for the Care and
Use of Experimental Animals of the Institutional Animal Care and Use
Committee of Shanghai Ocean University (IACUC-SHOU), Shanghai,
China. Animals were not endangered, and only artificially propagated
juveniles were employed in experiments.

JSC individuals (45-day-old) were obtained from Zhejiang Sanmen
Donghang farm. In total, 1800 JSC of uniform shell length were selected
with an average shell length of 1.379 + 0.160 cm and body weight of
0.170 + 0.05 mg. All JSC were acclimated for 3 days in 8 ppt seawater
then in 6 ppt artificial seawater for 4 days before the test. During the test,
the water temperature was maintained at 20-22 °C.

Artificial seawater was prepared by addition of AR-grade salts to
distilled water using and artificial seawater B recipe (Shupin Zhu
method; Table 1) (Yao et al., 2010; Zhu, 1980). The final test inland
alkaline brackish water parameters were set based on the water quality
measurement results (unpublished data) for TBW (Ca — 5.040 + 0.681
mmol-L™!, pH = 9.033 + 0.681, Na*/K™ = 15.704 + 1.934, Ca®* =
4.170 + 0.882 mmol-L !, Mg?t =19.670 + 3.320 mmol-L "}, and SO% =
21.040 + 4.747 mmol-L™1). The salinity of test water was 6 ppt, equal to
that of most carbonate-type saline water in northwest China (Me et al.,
2010; Yao et al., 2010). Total salinity was adjusted by altering NaCl and
KCl. C5 was adjusted by altering NaoCO3 and NaHCOs, and pH was
adjusted with 0.1 mol L™ HCI and 0.1 mol L™ NaOH. C, was measured
by acid-base titration with phenolphthalein and Methyl Orange and
Aniline Blue as indicators (Xiao et al., 2004).

2.2. Long-term stress experiments

Beach mud was used in the long-term stress test, and was prepared as
described in previous work (Peng et al., 2018a). After preliminary
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Table 1
Artificial seawater recipe (Zhu, 1980).

Reagents Dosage (mg'L 1) ‘Dosage (mmolL 1)
NaCl 4,143.01 70.89
MgCl, 879.03 9.23
NapS0y4 691.23 4.87
CaCl, 190.03 1.71

KCl1 178.99 2.40
NaHCO3 33.88 0.40

KBr 16.94 0.14
H,BO3 4.59 0.075
Al,(S04)3 0.53 0.0015
BaCl,.2H,0 0.016 6.50E-05
LiNO3 0.18 0.0026
SrCl, 4.24 0.027
NaF 0.53 0.017
NaNO3; 8.82 0.10
Nap,HPO4 0.88 0.0062
Na,Si03.9H,0 1.76 0.0062
MnCl, 0.035 0.00028
FeCgHs07,.3H,0 0.095 0.00032
CuS04.5H,0 0.0071 2.83E-05
ZuS04.7H20 0.0018 6.14E-06
(NH4)6Mo07024.4H,0 0.0044 3.57E-06

acclimation in TBW for 7 days, JSC were transferred to a tank (40 x 40 x
65 cm). Each tank contained 10.4 L of test mud, 12 L of test water, and
300 JSC. Three tanks (three replicates) were prepared for the control
group (artificial seawater) and the TBW stress groups, respectively. In
each group, JSC were acclimated gradually over 7 days (Table 2). Water
was changed completely every day to avoid COs in the air affecting pH
and Cp. Before feeding, mixture microalgae (Chaetoceros calcitrans and
Platymonas subcordigoramis, 1:1 rate mix) was separated by centrifuga-
tion (1000 x g for 10 min) and resuspended twice in test water (Heas-
man et al., 2000). The concentration of mixture microalgae was adjusted
to 400-480 cells uL~! in feed-liquid. A 1.2 L volume of test water was
replaced with a same volume of feed-liquid for single feeding, and fed
thrice per day (Zhu et al., 2010). Sampling was performed on day 0, 15,
30 and 45 to calculate cumulative mortality, shell length, body weight,
oxygen consumption, metabolic activity of haemocytes,
Na'/K'-ATPase, aspartate aminotransferase, superoxide dismutase
enzyme activities, and phagocytic ability.

2.3. Oxygen consumption rate and metabolic activity

The method for measuring oxygen consumption rate was performed
as previously reported (Peng et al., 2018). Oxygen consumption rate was
measured in a sealed conical flask (Fan et al., 2002). A WTW Multi 3420
Set G dissolved oxygen analyser (Xylem Inc., Germany) was used to
determine dissolved oxygen in test water. The fifteen JSC of each
replicate was used to measure the oxygen consumption rate for 20 times.
Each time test ended with a minimum oxygen concentration that tended
to be stable (In all measurements, the end point of oxygen level is greater
than that 70.5 % of initial point), and then the values were used for
calculation oxygen consumption rate.

At day 0, eighteen JSC in each group were randomly selected to
separate three pools (six JSC each pool) to collect hemolymph. Six JSC
hemolymph in each repeat were pooled at day 15, 30 and 45, respec-
tively. To collect hemolymph, the shell was peeled off with a disinfected
blade to expose the pericardium, and a sterile needle was directly
inserted into the pericardial cavity. Uniform JSC hemolymph suspension
was obtained using a 40 pm diameter tissue sieve (Peng et al., 2019d).
Metabolic Co-factors NAD(P)"/NAD(P)H (dehydrogenase activity) of
hemocytes was measured using a Cell Counting Kit-8 (CCK-8; Dojindo,
Japan). For the test tube, hemolymph suspension 20 pL + TBS buffer 180
pL + CCK-8 reagent 20 pL, incubated at 28 °C for 3 h. For the blank tube,
serum 20 pL + TBS buffer 180 pL 4 CCK-8 reagent 20 pL, incubated at 28
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Table 2
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Design of the gradual acclimation program for the long-term stress test. The conditions of the control group “6 ppt salinity, 0.51 + 0.09 mmol-L ' C,, 8.2 pH, 31.91
Na®/K*, 1.71 mmol-L™* Ca®*, 9.23 mmol-L ™' Mg and 4.87 mmol.L ™! SO remained constant throughout during acclimation. The partial conditions of the TBW
group “6 ppt salinity, 9.03 pH, and 15.7 Na" /K™ remained constant throughout during acclimation. The inconstant ions in the acclimation process is listed in the table

Mg?*(mmol-L™1) SO2~(mmol-L'Y)

below.
TBW group
Acclimation time (days) Ca (mmol-L™ ) Ca2+(mmol~L’1)
D1 0.72 0.57
D2 1.44 1.14
D3 2.16 1.71
D4 2.88 2.28
D5 3.6 2.85
D6 4.32 3.42
D7 5.04 4.17

2.81 3.00
5.62 6.00
8.43 9.00
11.24 12.00
14.05 15.00
16.86 18.00
19.67 21.04

°C for 3 h. The optical density (OD) value was measured using a
microplate reader (Shanghai Dynamax Biotech Company, China) at 450
nm. OD value and total number of hemocytes (obtained from the
phagocytosis test) were used to calculate relative activity of energy
metabolism, and the unit represented as OD value per million
hemocytes.

2.4. Measurement of enzyme activities during long-term stress

Twelve JSC in each group were randomly selected to measure
enzyme activity at day 0. Six JSC were selected from each replicate to
measure enzyme activity at day 15, 30 and 45. Shells were removed and
soft tissue was homogenised with normal saline (tissue weight: normal
saline =1 g: 9 mL). Homogenised samples were centrifuged (2000 x g
for 10 min) and the supernatant was retained. Total protein in the su-
pernatant was measured using a Coomassie Brilliant Blue Total Protein
Assay kit (Nanjing Jiancheng Bioengineering Institute, China) according
to the manufacturer’s instructions. Na™/K"-ATPase, aspartate amino-
transferase and superoxide dismutase enzyme activities were tested
according to the instructions of the appropriate kits as previously
described (Peng et al., 2018). The units for each enzyme activity were as
follows: Na'/K'-ATPase = pmolPi-mgprot -h!, aspartate amino-
transferase = pmol-mgprot !'min~!, and superoxide dismutase = pmol-

mgprot'1 -min.

2.5. Phagocytic ability

After hemolymph collection, 20 pL of JSC haemocyte suspension was
diluted to 100 pL with TBS, and 10 pL of a 1/10 dilution of carboxylate-
modified microspheres (diameter 1 pm, yellow-green fluorescent Fluo-
Spheres; Invitrogen) was added and incubated in the dark at room
temperature for 1 h (Wang et al., 2014). Phagocytosis of haemocytes was
measured using a BD C6Plus flow cytometer (BD Biosciences, USA). The
haemocyte cell density was measured by without fluorescent micro-
spheres for each group using flow cytometry with a Gate A threshold
(cells only) based on the relative size of haemocytes (FSC value) and the
FITC fluorescence intensity (FITC value).

Table 3
Growth and cumulative mortality of JSC in different treatment groups.

2.6. Calculation and data analysis

Parameters were calculated as follows:
Cumulative mortality (%) = 100 x N¢/ N;

where Nyand N; are the final number of dead JSC and initial number of
live JSC, respectively.

Per-day shell length growth rate (cm day_l) =[L-L]/T

where Ly, L; and T are the final average length of JSC, initial average
length of JSC and time, respectively.

Per-day weight gain rate (g day’l) =[W-WI1/T

where Wy, W; and T are the final average wet body weight of JSC, initial
wet body weight of JSC and time, respectively.

Oxygen consumption rate (mgOz-g’I'h’l) =[A;-Ad *V/[W*T]

where A;, Ay, V, W and T are the initial oxygen concentrations, final
oxygen concentrations, volume of test water, wet body weight and test
time, respectively.

Phagocytosis rate (%) = (H, -Hy)/H; <100

where H; and H, are the total hemocytes and non-phagocytic hemocytes,
respectively.

Relative metabolic activity (OD-million hemocytes’l) = (ODy — ODyy) / H;
% 1000,000

where ODy, ODy; and H; are the OD value of test tube, the OD value of
blank tube, and the total hemocytes, respectively.

2.7. Statistical analysis

SPSS 19.0 software (IBM, USA) was used for statistical analysis.
Significant differences were determined using a students t-test. The re-
sults were plotted using SigmaPlot 12.3 software (Systat Software Inc.,
USA).

Parameters Groups Rearing time
0-day 15-day 30-day 45-day
CK 1.742 + 0.186 1.963 + 0.205 2.145 + 0.199
Shell length (cm) TBW 1.379 + 0.160 1.380 + 0.102%* 1.508 + 0.123%* 1.728 + 0.083**
) CK 0.288 + 0.049 0.442 + 0.045 0.529 + 0.043
Body weight (g) TBW 0.170 £ 0.050 0.202 + 0.053* 0.287 + 0.058** 0.437 + 0.040%*
Cumulative mortality (%) CK _ 0.333 + 0.577 1.333 + 1.155 1.667 + 1.528
¥ TBW 81.479 + 7.028%* 92.028 + 2.765%* 92,915 + 2.271%*
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3. Results
3.1. Effect of TBW stress on the survival and growth of JSC

The results showed that the cumulative mortality under TBW stress
was significantly higher than control group at 15, 30 and 45 days (p <
0.001; Table 3).

The results showed that per day shell length rate was significantly
inhibited by TBW stress at 15 and 30 days (p < 0.001) (Fig. 1A), and per
day body weight growth was significantly inhibited by TBW stress at 15
(p < 0.001) and 30 days (p < 0.05) (Fig. 1B). On the contrary, the daily
growth rate (shell length and body weight) of the TBW group were not
significantly different from that of the control group at 45 days.

3.2. Oxygen consumption rate and metabolic activity

As shown in Fig. 2, oxygen consumption for the TBW group was
significantly lower at 15 days (p < 0.001), but it was significantly
increased at 30 and 45 days (p < 0.05).

Fig. 3 shows metabolic activity values for TBW and control groups.
The results show that the metabolic activity of TBW group was peaked at
15 days. Value of TBW group was significantly higher than that of the
control group at 15, 30 and 45 days (p < 0.001).

A

—e— CK
—O— TBW

-1

0.015 -

0.010

0.005

Shell lenth growth rate cm day

0.000

15-day 30-day 45-day

0.014 4 —o— CK
—O0— TBW
ns

0.012 -

0.010 -

0.008 4

0.006

0.004

0.002

Body weight growth rate g day

0.000 -

15-day 30-day 45-day

Fig. 1. Shell length growth of juvenile S. constricta (JSC) (A) and body weight
of JSC (B) under candidate target inland area brackish water (TBW) stress. Lines
(mean + SE, n = 3) with an asterisk denote a significant difference (**p <
0.001, *p < 0.05, **p > 0.05) between the control group (seawater) and the test
group (TBW).
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Fig. 2. Oxygen consumption rate of juvenile S. constricta (JSC) in the long-term
candidate target inland area brackish water (TBW) stress test. Bars (mean =+ SE,
n = 3) with an asterisk denote a significant difference (*p < 0.05, **p < 0.001)
between the control group (seawater) and the test group (TBW).
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Fig. 3. Metabolic activity of juvenile S. constricta (JSC) in the long-term
candidate target inland area brackish water (TBW) stress test. Bars (mean +
SE, n = 3) with an asterisk denote a significant difference (*p < 0.05, **p <
0.001) between the control group (seawater) and the test group (TBW).
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Fig. 4. Na™/K"-ATPase activity of juvenile S. constricta (JSC) in the long-term
candidate target inland area brackish water (TBW) stress test. Bars (mean =+ SE,
n = 3) with an asterisk denote a significant difference (*p < 0.05, **p < 0.001)
between the control group (seawater) and the test group (TBW).

3.3. Enzyme activities and phagocytic ability under long-term stress

The results in Fig. 4-6 show that the Na'/K"-ATPase, aspartate
aminotransferase, and superoxide dismutase activities were peaked by
TBW stress at 15 days (p < 0.001), and then gradually declined at 30 (p
< 0.001) and 45 days (p < 0.05), in TBW group.
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Fig. 5. Aspartate aminotransferase activity of juvenile S. constricta (JSC) in the
long-term candidate target inland area brackish water (TBW) stress test. Bars
(mean =+ SE, n = 3) with an asterisk denote a significant difference (*p < 0.05,
**p < 0.001) between the control group (seawater) and the test group (TBW).
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Fig. 6. Superoxide dismutase activity of juvenile S. constricta (JSC) in the long-
term candidate target inland area brackish water (TBW) stress test. Bars (mean
+ SE, n = 3) with an asterisk denote a significant difference (*p < 0.05, **p <
0.001) between the control group (seawater) and the test group (TBW).
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Fig. 7. Phagocytic ability of juvenile S. constricta (JSC) in the long-term
candidate target inland area brackish water (TBW) stress test. Bars (mean +
SE, n = 3) with an asterisk denote a significant difference (*p < 0.05, **p <
0.001, ™p > 0.05) between the control group (seawater) and the test
group (TBW).

Fig. 7 shows that phagocytic ability of the TBW group was signifi-
cantly decreases at 15 days (p < 0.001). However, there were no sig-
nificant differences between control and TBW groups at other
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timepoints.
4. Discussion

Inland alkaline brackish water is yet to be fully exploited for aqua-
culture, and addressing this is a major focus. Among the ions in inland
alkaline brackish water, CO3~ and HCOs- (Ca), OH- (pH), Na*t, K™, Ca?*,
Mg?", Cl- and SO3 ™ can all affect the growth and development of farmed
animals (Partridge et al., 2008; Dinh et al., 2015). In previous study, the
tolerance scope of S. constricta to salinity was reported to be greater than
that in the inland alkaline brackish water in China (Peng et al., 2019a).
Thus, in the present study, salinity was maintained constant, while CO%~
and HCOs- (Ca), OH- (pH), Na™, K*, Ca®", Mg?* and SO7 ions were
varied. In addition, TBW acclimation was performed before long-term
testing because it may enhance survival under TBW conditions. Previ-
ous studies showed that shifting directly from 30 ppt to 5 ppt without
adapting to the environment can lead to excessive mortality (Kumlu and
Jones, 1995). Jayasankar et al. (2009) found that prolonging the accli-
mation time can reduce stress caused by osmotic pressure, and the
pressure to adapt to the environment is greater, which can boost survival
rate. In a preliminary experiment in which JSC were acutely stressed
under TBW conditions, we found that the survival rate was only ~2 % at
day 7. After a 7-day acclimatisation gradient, the greatest mortality rate
increase was observed after 15 days of TBW stress (~18.5 % survival
rate), and adaptation to TBW was good after 45 days (~7.1 % survival
rate). This implies that S. constricta is not suitable for direct migration to
TBW aquaculture. But individuals who survived at high elimination
intensity can be used as broodstock for selective breeding studies to
obtain high survival rate of progeny populations.

Shell length and weight were significantly inhibited (p < 0.001)
throughout the experiment (Table 3), but the growth rate of TBW treated
group continued to rise with time (Fig. 1). This was similar to the growth
of L. vannamei observed previously in a similar study (Laramore et al.,
2001). Some JSC individuals have the ability to adapt to the ionic
strength of TBW, as demonstrated in our previous research on single ion
analysis (Peng et al., 2018, 2019b; Peng et al., 2019c¢). This suggests that
TBW stress significantly inhibited JSC growth over a short time period,
but this can be alleviated slowly by surviving individuals after 15 days.
In other words, these surviving individuals who keeping growth can be
used for subsequent breeding research (tolerate TBW water).

Oxygen consumption rate is one of the most important indicators of
animal metabolism. The stress of ion changes in water can significantly
increase metabolism and oxygen consumption rate in aquatic animals
(Portz et al., 2006). In the present study, oxygen consumption rate was
significantly lower than in control groups in the first 15 days, but was
significantly higher than control groups after 30 and 45 days. Although,
it was observed that shells were tightly closed at the first 15 days, from
the oxygen consumption data, the clams did not completely cut off the
exchange with the environment, which may imply that JSC individuals
attempted to maintain homeostasis balance for survival in TBW ionic
conditions by altering their metabolism.

Na'/K'-ATPase is a common transmembrane protein that directly
participates in the regulation of intracellular Na ¥ concentration and
provides energy for ion regulation (Hirose et al., 2004). Fig. 4 shows that
Na'/K*t-ATPase activity was significantly higher in TBW groups than
controls groups after 45 days, and similar results have been reported
previously for tilapia, pufferfish, milkfish and shrimp when stimulated
in seawater (Gao et al., 2016; Jorgensen et al., 2008; Lin et al., 2005;
Verbost et al., 1994). As isotonic animal, the euryhaline bivalve change
rapidly of body fluids when the environmental ionic strength changes. In
our subsequent transcriptome study, it was also proved that the stress of
TBW conditions promote Na'/K'-ATPase gene to be significantly
up-regulated in multiple tissues (unpublished work). It suggest that ac-
tivity of Na*/K'-ATPase be increased accordingly to regulate the ionic
balance and recover normal physiology in body (Geng et al., 2011).

When aquatic animals respond to stress, a large amount of energy is
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needed to activate various regulatory processes. S. constricta typically
displays an increase in energy consumption and an increase in energy
metabolism-related enzyme activities in response to ionic stress. Due to
previous research, we believe that ion-regulated enzymes and the energy
required for metabolism rate changes have led to increased enzyme
activity such as aspartate aminotransferase (Kirsch, 1984). We also
observed a significant increase in aspartate aminotransferase and oxy-
gen consumption was much lower in experimental groups than in con-
trol groups at 15 days. Despite shell closure, the metabolic activity of
haemocytes (Fig. 3), Na™/K"-ATPase (Fig. 4) and superoxide dismutase
activities (Fig. 6) in clams under TBW stress for 15 days suggest the
anaerobic metabolism or damaged microstructure of gill tissue may
were employed in here. Zwaan and Wijsman (1976) also found that
shellfish may engage in partial anaerobic metabolism and/or new types
of metabolism under certain conditions. For example, L. vannamei dis-
plays changes in aspartate aminotransferase activity that are consistent
with growth rate (Jin et al., 2017). However, aspartate aminotransferase
activity and growth were not consistently correlated in our ion stress
experiments. Based on recent transcriptomics results (unpublished), we
speculate that the increase in aspartate aminotransferase activity under
TBW stress may not only be related to the changes of metabolism, but
also to the large amount of free amino acids being produced for cell
osmotic regulation.

Changes in superoxide dismutase activity can reflect the environ-
mental stress, immune ability and metabolism of mollusc (Guo et al.,
2015; Hermes-Lima and Storey, 1995; Wang et al., 2013). When animals
are exposed to stress, superoxide dismutase activity can increase to
scavenge oxygen free radicals in the surrounding water, thereby main-
taining oxidative balance in the body (Li, 2017). For example, when
Ruditapes philippinarum is exposed to low salinity, superoxide dismutase
activity is significantly increased (Nie et al., 2020). In the present work,
superoxide dismutase activity was significantly increased at 15 days,
then it decreased thereafter. This trend was observed previously in
Apostichopus japonicas (Dong et al., 2013).

In addition, phagocytosis of haemocytes is an important defence
mechanism in invertebrates including bivalves, but phagocytic ability is
also easily affected by environmental stress (Pressley et al., 1981). In
previous studies, decreases in haemocyte phagocytosis were observed in
Haliotis varia under environmental stress (vibration stress) (Malham
et al., 2003), and clams Anodonta woodiana and S. constricta exposed to
high pH and high C4 also decreased phagocytic ability in haemocytes (Li
etal., 2000; Ye et al., 2019). In the present study, phagocytic ability was
significantly decreased in TBW groups at 15 days. This, haemocyte
phagocytosis may be inhibited in JSC under strong ionic stress, such as
when experiencing TBW conditions. We speculate that adhesion and
aggregation functions may be limited (Chen and Bayne, 1995). The re-
sults for superoxide dismutase and phagocytic ability suggest that the
effects of TBW on the immune system of JSC may not be unilateral.
Indeed, there may be activation via a respiratory burst and inhibition of
the cellular immune system, but this special immune response can be
adapted.

In summary, JSC under TBW stress displayed similar responses to
those observed in previous studies on single ions. Importantly, not all
JSC individuals died under TBW stress (the survival rate was ~8% at 30
days). Compare previously published data (Peng et al., 2018, 2019b;
Peng et al., 2019¢), this survival rate is close to the effect of Na™/K* on
JSC (the survival rate was ~13 % at 30 days), but lower than the effects
of other ions (at 30 days the survival rate of C5-pH, Ca®* and Mg?* were
~92 %, ~75 % and ~50 %, respectively). Therefore, after comparing
the results, we speculate that there may be weak or relatively inde-
pendent interactions between the main ionic components in TBW, and
the Na'/K" ratio may be the most important limiting factor. Animals
transferred to TBW initially suffered a high elimination rate (~93 %),
but surviving clams make future selective breeding experiments
possible. “Short-term TBW stress can inhibit the growth of JSC, phago-
cytic abilities of hemocytes, and response of Na/K"-ATPase, aspartate
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aminotransferase, superoxide dismutase, and metabolic activities. Sur-
viving animals will slowly adapt to stress conditions. Therefore,
S. constricta has a strong potential in selective breeding research, that is,
to obtain progeny populations with higher survival rate under TBW
conditions.

Author statement

The manuscript has been approved by all listed authors, is novel and
has not been submitted to any other journals.

Funding

This study was supported by grants from National key R & D plan
"blue granary science and technology innovation" special project
(2019YFD0900400) and the National Natural Science Foundation of
China (31472278).

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgements

We thank Elixigen CO., LTD. (http://www.elixigen.com.cn/) for
editing the grammar of this manuscript.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.aqrep.2020.100463.

References

Boyd, C.A., 2006. Investigations of Water Supply and Water Quality Issues Related to
Inland Shrimp Farming in Western Alabama (Published doctoral thesis). Auburn
University, Alabama.

Chen, J., Bayne, C.J., 1995. Bivalve mollusc haemocyte behaviors: characterization of
haemocyte aggregation and adhesion and their inhibition in the California mussel
(Mytilus californianus). Biol. Bull. 188, 255-266.

Dinh, H.Q., Fotedar, R., 2016. Early development of the blue mussel Mytilus edulis
(Linnaeus, 1758) cultured in potassium-fortified inland saline water. Aquaculture
452, 373-379.

Dong, X., Li, C., Zhao, B., Hu, W., Han, S., Li, Q., 2013. Effect of low salinity stress on the
activities of non-specific immune enzymes and antibacterial activity of sea cucumber
Apostichopus japonicus. Prog. Fish. Sci. 3, 82-87.

Doupé, R.G., Lymbery, A.J., Starcevich, M.R., 2003. Rethinking the land: the
development of inland saline aquaculture in Western Australia. Inter. J.Agri. Sus. 1,
30-37.

Fan, D., Pan, L., Ma, S., Dong, S., 2002. Eff ;ects of salinity and pH on oxygen
consumption rate and ammonia excretion rate in Sinonovacula constricta. J. Fish. Sci.
China 9, 234-238.

Gao, W., Tian, L., Huang, T., Yao, M., Hu, W., Xu, Q., 2016. Effect of salinity on the
growth performance, osmolarity and metabolism-related gene expression in white
shrimp Litopenaeus vannamei. Aquacult. Rep. 4, 125-129.

Geng, L., Xu, W., Li, C., 2011. Influence of salinity and alkalinity on serum ion
concentrations, serum osmosis and gill Na"-K"-ATPase activity of Barbus capito.

J. Fish. Sci. China 18, 458-465.

Guo, X., He, Y., Zhang, L., Lelong, C., Jouaux, A., 2015. Immune and stress responses in
oysters with insights on adaptation. Fish Shellfish Immunol. 46, 107-119.

Heasman, M., Diemar, J., O’connor, W., Sushames, T., Foulkes, L., 2000. Development of
extended shelf-life microalgae concentrate diets harvested by centrifugation for
bivalve molluscs-a summary. Aquac. Res. 31, 637-659.

Hermes-Lima, M., Storey, K.B., 1995. Antioxidant defenses and metabolic depression in a
pulmonate land snail. Am. J. Physiol. Regul. Integr. Comp. Physiol. 268,
R1386-R1393.

Hirose, S., Kaneko, T., Naito, N., Takei, Y.J., 2004. Molecular biology of major
components of chloride cells. Comp. Biochem. Phys. B. 136, 593-620.

Ingram, B.A., Mckinnon, L.J., Gooley, G.J., 2002. Growth and survival of selected aquatic
animals in two saline groundwater evaporation basins: an Australian case study.
Aquac. Res. 33, 425-436.

Jayasankar, V., Jasmani, S., Nomura, T., Nohara, S., Huong, D.T., Wilder, M.N., 2009.
Low Salinity Rearing of the Pacific White Shrimp Litopenaeus vannamei: Acclimation,
Survival and Growth of Postlarvae and Juveniles. Jarq-Jpn. Agr. Res. Q. 43, 45-350.


http://www.elixigen.com.cn/
https://doi.org/10.1016/j.aqrep.2020.100463
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0005
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0005
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0005
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0010
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0010
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0010
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0015
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0015
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0015
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0020
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0020
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0020
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0025
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0025
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0025
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0030
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0030
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0030
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0035
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0035
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0035
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0040
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0040
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0040
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0045
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0045
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0055
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0055
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0055
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0060
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0060
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0065
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0065
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0065
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0070
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0070
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0070

M. Peng et al.

Jin, Y., Liu, F., Liu, Y., Tian, L., Zhang, Z., 2017. Dietary tryptophan requirements of
juvenile pacific white shrimp, Litopenaeus vannamei (Boone) reared in low-salinity
water. Aquac. Int. 25, 955-968.

Jorgensen, P.L., 2008. Importance for Absorption of Na+ from Freshwater of Lysine,
Valine and Serine Substitutions in the ala-Isoform of Na,K-ATPase in the Gills of
Rainbow Trout (Oncorhynchus mykiss) and Atlantic Salmon (Salmo salar). J. Membr.
Biol. 223, 37-47.

Kirsch, J.F., 1984. Mechanism of action of aspartate aminotransferase proposed on the
basis of its spatial structure. J. Mol. Biol. 174, 497.

Kumlu, M., Jones, D.A., 1995. Salinity tolerance of hatchery-reared postlarvae of
Penaeus indicus H. Milne Edwards originating from India. Aquaculture 130,
287-296.

Laramore, S., Laramore, C.R., Scarpa, J., 2001. Effect of low salinity on growth and
survival of postlarvae and juvenile Litopenaeus vannamei. J. World Aquac. Soc. 32,
385-392.

Lee, C.L., 1997. Design and operation of a land-based closed recirculating hatchery
system for the topshell, trochus niloticus, using treated bore water. In: Smith, B.,
Barlow, C. (Eds.), Trochus: Status, Hatchery Practice and Nutrition. Northern
Territory University, Darwin, pp. 6-7.

Li, E., 2017. Physiological change and nutritional requirement of Pacific white shrimp
Litopenaeus vannamei at low salinity. Rev. Aquacult. 9, 57-75.

Li, J., Shi, A., Li, Q., 2000. Phagocytic activity of hemocytes from injured Anodonta
woodiana pacifica. J. Fish. China 24, 399-403.

Lin, C., Lee, T.H., 2005. Sodium or potassium ions activate different kinetics of gill Na, K-
ATPase in three seawater- and freshwater acclimated euryhaline teleosts. J. Exp.
Zool. Part. A. 303A, 57-65.

Lin, T., Lai, Q., Lu, J., 2012. Toxic effects of several saline-alkali factors on Cyclina
sinensis. Mar. Fish. 34, 183-188.

Liu, D., Niu, D., Jiang, Z., 2009. Morphological variations and discriminant analysis of
seven populations of Sinonovacula constricta. Mar. Fish. 31 (4), 363-368.

Liu, F., Li, J., Li, J., Ge, Q., Ge, H., Shen, M., 2016. Effects of carbonate alkalinity stress
on the survival, growth, reproduction, and immune enzyme activities of
Exopalaemon carinicauda. J. Fish. Sci. China 23, 1137-1147.

Malham, S.K., Lacoste, A., Gélébart, F., 2003. Evidence for a direct link between stress
and immunity in the mollusc Haliotis tuberculata. J. Exp. Zool. Part. A. 295A,
136-144.

Nie, H., Jahan, K., Zhang, W., Huo, Z., Yan, X., 2020. Physiological and biochemical
responses of different shell color strains of Manila clam to low salinity challenges.
Aquacult. Rep. 16, 100260.

Partridge, G.J., 2008. Inland Saline Aquaculture: Overcoming Biological and Technical
Constraints Towards the Development of an Industry (Published doctoral thesis).
Murdoch University, Murdoch.

Peng, M., Ye, B, Liu, X., Niu, D., Lan, T., Dong, Z., Li, J., 2018. Effects of alkalinity and
pH on survival, growth, and enzyme activities in juveniles of the razor clam,
Sinonovacula constricta. Front. Physiol. 9, 552.

Peng, M., Liu, X., Niu, D., Ye, B., Lan, T., Dong, Z., Li, J., 2019a. Survival, growth and
physiology of marine bivalve (Sinonovacula constricta) in long-term low-salt culture.
Sci. Rep. 9, 2819.

Peng, M., Zhi, L., Liu, X., Lan, T., Niu, D., Ye, B., Dong, Z., Li, J., 2019b. Survival, growth,
and physiology of the juvenile razor clam (Sinonovacula constricta) under Na*/K*
ratio stress. Aquac. Res. https://doi.org/10.1111/are.14429.

Peng, M., Li, Z., Liu, X., Niu, D., Lan, T., Ye, B., Dong, Z., Li, J., 2019c. Tolerance, growth,
and physiological responses of the juvenile razor clam (Sinonovacula constricta) to
environmental Ca®* and Mg?* concentrations. Front. Physiol. 10, 911.

Aquaculture Reports 18 (2020) 100463

Peng, M., Zhi, L., Niu, D., Liu, X., Dong, Z., Li, J., 2019d. Complement factor B/C2 in
molluscs regulates agglutination and illuminates evolution of the Bf/C2 family.
Faseb J. 33 https://doi.org/10.1096/£j.201901142RR.

Perez-Velazquez, M., Davis, D.A., Roy, L.A., Gonzalez-Félix, M.L., 2012. Effects of water
temperature and Na-+:K+ ratio on physiological and production parameters of
Litopenaeus vannamei reared in low salinity water. Aquaculture 342-343, 0-17.

Portz, D.E., Woodley, C.M., Cech Jr, J.J., 2006. Stress-associated impacts of short-term
holding on fishes. Rev. Fish Biol. Fish. 16, 125-170.

Pressley, T.A., Graves, J.S., Krall, A.R., 1981. Amilioride-sensitive ammonium and
sodium ion transport in the blue crab. Am. J. Physiol. 241, R370.

Qadir, M., Ghafoor, A., Murtaza, G., 2001. Amelioration strategies for saline soils: a
review. Land Degrad. DEV. 11, 501-521.

Roy, L.A., Davis, D.A., Saoud, I.P., 2010. Shrimp culture in inland low salinity waters.
Rev. Aquacul. 2, 191-208.

Shentu, Q., Dong, S., Zhao, W., Zhang, Z., 2000. Effects of salinity and alkalinity on
plankton and water chemical factors. Chin. J. Appl. Ecol. 11, 449-454.

Shi, Y., 2009. Studies on Water Quality Characteristics and Change Regulations of
Culture Ponds With Heavy Saline-alkaline Soil (Published master’s thesis). Shanghai
Ocean University, Shanghai.

Verbost, P.M., Schoenmakers, T.J., Flik, G., Wendelaar Bonga, S.E., 1994. Kinetics of
ATP- and Na(+)-gradient driven Ca2+ transport in basolateral membranes from gills
of freshwater- and seawater-adapted tilapia. J. Exp. Biol. 186, 95.

Wang, J., Jin, H., Zhong, T., Chen, Z., 2011. Review on sustainable utilization of salt-aff ;
ected land. Acta. Geogr. Ain. 66, 673-684.

Wang, L., Qiu, L., Zhou, Z., Song, L., 2013. Research progress on the mollusc immunity in
China. Dev. Comp. Immunol. 39, 2-10.

Wang, Y., Lin, J., Li, Q., Hu, M., Wu, F., Sha, Y., 2014. Characterization of the
subpopulation and flow cytometric analysis of immune-related parameters of
haemocytes in the green-lipped mussel Perna viridis. J. Fish. Chin. 38, 385-399.

Wang, P., Liu, J., Yao, Z., 2015. Advances in research on adaptation of saline to alkali in
aquatic animals. J. Yangtze Univ. 15, 44-47.

Xiao, L., 2004. Study on indicator selection for determination of water alkalify. Technol.
Dev. Chem. Indust. 33, 43-44.

Xie, S., Niu, D., Ruan, H., Wang, Z., Wang, F., Chen, S, Li, J., 2015. Molecular
characterization of IGFBP and association analysis with growth traits in the razor
clam Sinonovacula constricta. J. Fish. China 39, 799-809.

Yang, J., 2011. Effects of Varying Levels of Potassium Supplementation to the Low
Salinity Waters or Diets on Growth and Physiological Characteristics of Shrimp,
Litopenaeus vannamel (Published master’s thesis). Guangdong Ocean University,
Guangdong.

Yao, Z., Wang, H., Zhou, K., Ying, C., Lai, Q., 2010. Effects of water carbonate alkalinity
and pH on survival rate of post-larval Litopenaeus vannamei. China J. Ecol 29,
945-950.

Ye, B., Cheng, Z., Peng, M., Niu, D., Liu, X., Lan, T., 2019. Effects of pH and carbonate
alkalinity on survival rate, Na-+/K+-ATPase activity and phagocytic ability of the
razor clam (Sinonovacula constricta). J. Fish. China 8, 1723-1732.

Zhu, G., 1980. Freshwater Aquaculture Water Chemistry, second ed. China Agriculture
Press, Beijing, pp. 108-120.

Zhu, Y., Xu, J., Yan, X., 2010. Effects of five marine microalgae on the growth of four
juvenile intertidal shellfishes. J. Mar. Sci. 03, 62-68.

Zwaan, A.D., Wijsman, T.C., 1976. Anaerobic metabolism in Bivalvia (Mollusca).
Characteristics of anaerobic metabolism. Comp. Biochem. Phys. B. 54, 313-323.


http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0075
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0075
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0075
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0080
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0080
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0080
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0080
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0085
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0085
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0090
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0090
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0090
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0095
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0095
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0095
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0100
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0100
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0100
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0100
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0105
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0105
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0110
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0110
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0115
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0115
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0115
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0120
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0120
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0125
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0125
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0135
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0135
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0135
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0140
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0140
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0140
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0145
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0145
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0145
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0150
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0150
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0150
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0155
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0155
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0155
https://doi.org/10.1111/are.14429
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0165
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0165
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0165
https://doi.org/10.1096/fj.201901142RR
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0180
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0180
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0185
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0185
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0190
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0190
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0195
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0195
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0200
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0200
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0205
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0205
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0205
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0210
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0210
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0210
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0215
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0215
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0220
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0220
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0225
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0225
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0225
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0230
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0230
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0235
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0235
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0240
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0240
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0240
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0245
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0245
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0245
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0245
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0250
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0250
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0250
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0255
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0255
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0255
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0260
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0260
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0265
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0265
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0270
http://refhub.elsevier.com/S2352-5134(20)30553-6/sbref0270

	Inland alkaline brackish water aquaculture of juvenile razor clam: Survival, growth, physiology and immune responses
	1 Introduction
	2 Materials and methods
	2.1 Animals and water parameters
	2.2 Long-term stress experiments
	2.3 Oxygen consumption rate and metabolic activity
	2.4 Measurement of enzyme activities during long-term stress
	2.5 Phagocytic ability
	2.6 Calculation and data analysis
	2.7 Statistical analysis

	3 Results
	3.1 Effect of TBW stress on the survival and growth of JSC
	3.2 Oxygen consumption rate and metabolic activity
	3.3 Enzyme activities and phagocytic ability under long-term stress

	4 Discussion
	Author statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


