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Marine hypoxia caused by nutrient enrichment in coastal waters has become a global

problem for decades, especially diel-cycling hypoxia that occurs frequently in the summer

season. On the contrary, sudden rainstorms, and freshwater discharge make salinity

in estuarine and coastal ecosystems variable, which often occurs with hypoxia. We

found mass mortality of the Hong Kong oyster Crassostrea hongkongensis in the field

where hypoxia and salinity fluctuation co-occur in the summer season during the past

several years. To investigate the effects of diel-cycling hypoxia and salinity changes

on the hemocyte immune function of C. hongkongensis, oysters were exposed to a

combined effect of two dissolved oxygen (DO) concentrations (24 h normal oxygen 6

mg/L, 12 h normal oxygen 6 mg/L, and 12 h hypoxia 2 mg/L) and three salinities (10,

25, and 35‰) for 14 days. Subsequently, all treatments were restored to constant

normal oxygen (6 mg/L) and salinity under 25‰ for 3 days to study the recovery

of hemocyte immune function from the combined stress. Hemocyte parameters were

analyzed by flow cytometry, including hemocyte mortality (HM), total hemocyte count

(THC), phagocytosis (PHA), esterase (EST) activity, reactive oxygen species (ROS),

lysosomal content (LYSO), and mitochondrial number (MN). The experimental results

showed that diel-cycling hypoxia and salinity changes have obvious interactive effects

on various immune parameters. In detail, diel-cycling hypoxia and decreases in salinity

led to increased HM, and low salinity caused heavier impacts. In addition, low salinity, and

diel-cycling hypoxia also led to decreases in LYSO, EST, and THC, while the decrease

of PHA only occurs in the early stage. On the contrary, ROS production increased

significantly under low salinity and hypoxic conditions. After 3-day recovery, THC, PHA,

EST, LYSO, and MN were basically restored to normal, while HM and ROS were still

significantly affected by diel-cycling hypoxia and salinity change, indicating that the

combined stress of diel-cycling hypoxia and salinity changes had latent effects on the
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immune function of C. hongkongensis. Our results highlight that diel-cycling hypoxia

and salinity change may impair the health and survival of the Hong Kong oyster

C. hongkongensis and may be the key factors for the mass mortality of this oyster in

the field.

Keywords: hemocyte, immune response, oyster, flow cytometry, hypoxia, salinity

HIGHLIGHTS

- The combined effects of salinity change and hypoxia on
hemocyte immune parameters of oysters with a shot-term
recovery were investigated.

- Diel fluctuating hypoxia and salinity change had weak
impact on the hemocyte immunity of oysters compared with
constant exposure, apart from anti-oxidant stress and death of
hemocytes which was difficult to recover.

- Oysters had higher hemocyte mortality and reactive oxygen
species contents with lower total hemolymph count, esterase
activity, and lysosome content under diel-cycling hypoxia and
salinity change, compared with constant exposure.

- Oysters showed pretty recovery to diel-cycling hypoxia and
water salinity change after 3-day recovery period.

INTRODUCTION

Given the global climate change, increasingly frequent rains,
and typhoons have occurred in recent years, and the salinity in
seawater is incrementally in a periodical change (IPCC, 2014).
Therefore, the fauna in coastal and estuarine waters, like bivalves
which have weak migration, are facing survival challenges from
severe and frequent salinity change (Booij, 2005). Salinity in
coastal and estuarine waters always varies from near-zero low
salinity to high salinity depending on the amount of freshwater
input (Montagna et al., 2018). Salinity in the oyster Crassostrea
hongkongensis culture waters changes between 10 and 35‰
because of freshwater input and tides (Liu and Wang, 2013).
Steady salinity is key for the survival of bivalves (McCarty
et al., 2020), and environmental salinity change can cause
internal changes in physical metabolism, ion concentrations,
and enzymes because of osmotic stresses (Shekhar et al., 2013;
Carregosa et al., 2014a,b). Most invertebrates like mollusks
are osmoconformers, so that the osmolarity of the extra- and
intracellular fluids changes according to the environmental
salinity (Berger and Kharazova, 1997). Salinity change can affect
bivalve hemocytes, for both immune and antioxidant functions.
Study on the effect of salinity change and acidification on the
thick shell mussels Mytilus coruscus showed that lower salinity
shaved the immunity of hemocyte obviously rather than higher
salinity (Wu et al., 2018b). Besides, salinity change could decrease
phagocytosis (PHA) and induce more hemocyte mortality (HM)
in the Pacific oyster Crassostrea gigas (Gagnaire et al., 2006).
As for oysters, salinity change in combination with thermal
stress can synergistically impact innate immune response and
respiration in the Sydney rock oyster Saccostrea glomerata (Ertl
et al., 2019).

Hypoxia, generally defined as dissolved oxygen (DO) <2.8
mg/L (Wu, 2002), usually appears at the bottom of coasts and
estuaries, where it is closely related to the biological respiration
and eutrophication, especially at night (Diaz and Rosenberg,
2008). Furthermore, anthropogenic activity impacts coasts and
estuaries, causing a high frequency of eutrophication (Howarth
et al., 2011) and forming hypoxic waters (Diaz and Rosenberg,
2008; Doney, 2010).With the change of tides, the DO range varies
from 0.16 to 15.28 mg/L (0.8–87 kPa) (Legrand et al., 2018). Low
DO can cause mortality, high migration, high risk of predation
and infection, change of food resources, and decrease of immune
responses in fish and aquatic invertebrates (Naqvi et al., 2000;
Cheng et al., 2004; Yu et al., 2010; Vosloo et al., 2013); especially

when DO is <2 mg/L, the immune function and growth can be

impeded in aquatic fauna significantly, and individual mortality
may increase (Diaz and Rosenberg, 2008).

The Hong Kong oyster C. hongkongensis grows mainly in the
south of China with substantial nutrition and economic benefit
and occupies an important place in the aquaculture industry of
China (Qin et al., 2018). The Hong Kong oyster is also a vital
species in the nearshore environmental health monitor, for the

wide distribution, long lifecycle, large shape, and fixed growth

habits (Foy et al., 2001; Guo et al., 2015). Its habitat is full
of variety and extremely challenges the homeostasis (Pequeux,

1995; Przeslawski et al., 2015), but large amounts of researches

focus on the effects of single environmental factors. Therefore,

it is necessary to understand the complex effects of multiple

stressors (Breitburg et al., 2015; Stevens and Gobler, 2018). As
for the complex effects, the results in marine invertebrates mostly

showed synergistic effects rather than additive or antagonistic

effects (Huang et al., 2018b). For instance, the synergistic
effect from salinity and temperature occupies 58.3% in the

combined effect studies (Przeslawski et al., 2015). Therefore,
exposure experiments with single factors cannot deduce the

results of multiple factors studies, especially in the experiment on

environmental and climatic change. At present, the research of
combined environmental stress on bivalves is mostly focused on
ocean acidification with other environmental factors (Sui et al.,
2017; Wu et al., 2018b). The DO in the coastal intertidal zone
alters easily with salinity change, and hypoxia often occurs at
night, but the studies about the interaction between salinity and
diel-cycling hypoxia on marine organisms are limited, especially
on the marine mollusks living in such waters (Przeslawski
et al., 2015). In this study, we evaluated the combined effects
of salinity change and diel-cycling hypoxia on the immune
parameters of the Hong Kong oyster C. hongkongensis, so as
to more truly reflect the changes in the immune response of
cultured shellfish. Hemocyte plays an important role in bivalve
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immune responses (Wang et al., 2012, 2014; Gomes et al.,
2013), including swallowing and killing pathogens and antigens
(Donaghy et al., 2009), while the previous study indicated that
there were plenty of biological and non-biological factors that
could change the hemocyte-dependent defense mechanisms in
bivalves and decrease the immune functions (Matozzo et al.,
2007).

We studied the changes in various immune parameters of
Hong Kong oysters under the conditions of diel-cycling hypoxia
and salinity change, and flow cytometry was used to determine
the hemocyte parameters. We aim to clarify how the internal
environment of bivalves responds to the stress of reduced DO
and fluctuations in salinity in the coastal environment. This
study provides reference information for solving actual shellfish
aquaculture production and for assessing the health status of
oysters under multiple environmental stressors.

MATERIALS AND METHODS

Experimental Animals
Natural seeding of Hong Kong oyster C. hongkongensis (shell
length 7.6± 0.8 cm and wet weight 74± 5.1 g) was collected from

Shajing, Maowei Sea of Qinzhou, Beihai City, Guangxi Province,

China (108◦ 50
′
45

′′
-109◦ 47

′
28

′′
E, 20◦ 26

′
26

′′
-21◦ 55

′
34

′′
N).

Oysters with no shell damage and with even size were selected.
The epibionts on the shell were softly removed, and then, these
oysters were acclimated to laboratory conditions for 14 days.
During the acclimation period, the condition was mimicking the
sampling site at sampling: pH 8.1–8.2, temperature 24–25◦C,
and salinity 25.0‰. To reduce the effects of waste from oyster
metabolism, we used a 240 L/h recirculating aquarium system.
During the whole experimental period, including acclimation
and experimentation, the oysters were fed with the microalgae
Isochrysis galbana (concentration: 2.5 × 105 cells/mL) two times
a day.

Experimental Design
To study the combined effect of salinity change and hypoxia on
C. hongkongensis, we selected 10, 25, and 35‰ for low salinity,
normal salinity, and high salinity, respectively. At each salinity,
the normal DO group of 24 h 6mg/L and the diel-cycling hypoxia
group (12 h 2 mg/L from 20: 00 to 8: 00 and 12 h 6 mg/L
from 08: 00 to 20: 00) were set, totally six treatments. The
control group was 24 h of normal DO (6 mg/L) and normal

TABLE 1 | Chemistry (mean ± SD) variables of seawater for the experiment.

Treatments Salinity DO (mg/L) Temperature pH

Period Salinity*DO (psu) (◦C)

Day Night

Exposure 10 * 2 10.1 ± 0.1 6.1 ± 0.3 2.5 ± 0.3 25.0 ± 0.1 8.10 ± 0.02

10.1 ± 0.1 6.2 ± 0.3 6.1 ± 0.3 25.0 ± 0.1 8.10 ± 0.02

10 * 6 10.1 ± 0.2 6.1 ± 0.3 6.1 ± 0.3 25.1 ± 0.2 8.10 ± 0.01

25 * 2 25.0 ± 0.1 5.8 ± 0.1 2.3 ± 0.2 25.0 ± 0.2 8.11 ± 0.01

25.0 ± 0.1 6.2 ± 0.2 6.1 ± 0.2 25.0 ± 0.1 8.10 ± 0.01

25 * 6 24.9 ± 0.2 6.2 ± 0.2 6.1 ± 0.2 24.9 ± 0.1 8.10 ± 0.01

35 * 2 35.2 ± 0.1 5.9 ± 0.3 2.0 ± 0.3 25.1 ± 0.2 8.10 ± 0.02

35.0 ± 0.1 6.0 ± 0.3 5.8 ± 0.3 25.1 ± 0.1 8.10 ± 0.01

35 * 6 35.0 ± 0.2 5.9 ± 0.3 6.0 ± 0.2 25.0 ± 0.1 8.10 ± 0.02

Recovery 25 * 6 25.0 ± 0.1 25.0 ± 0.1 8.10 ± 0.01

Salinity (psu), dissolved oxygen (mg/L), and temperature (◦C) were measured every day. pH was measured during the whole experiment.

TABLE 2 | Biological parameters oyster.

Treatments

Salinity*DO

Weight (g) Length (cm) Width (cm) Height (cm) CI

Beginning End Beginning End

10 * 2 73 ± 3.6 71 ± 6.1 7.7 ± 0.8 5.0 ± 0.3 4.2 ± 0.5 45.4 ± 6.9 44.8 ± 7.2

10 * 6 73 ± 3.2 71 ± 6.3 7.7 ± 0.8 5.1 ± 0.3 4.2 ± 0.7 45.1 ± 7.8 44.4 ± 8.8

25 * 2 73 ± 5.0 73 ± 4.1 7.7 ± 0.4 5.0 ± 0.5 4.3 ± 0.1 44.4 ± 3.9 44.4 ± 4.3

25 * 6 73 ± 4.6 73 ± 4.5 7.7 ± 0.6 5.0 ± 0.2 4.2 ± 0.1 45.3 ± 2.9 45.3 ± 3.0

35 * 2 73 ± 2.9 73 ± 3.6 7.7 ± 0.8 5.0 ± 0.4 4.3 ± 0.4 45.3 ± 8.8 45.2 ± 8.4

35 * 6 73 ± 4.7 73 ± 3.1 7.7 ± 0.1 5.0 ± 0.3 4.3 ± 0.5 44.5 ± 4.6 44.6 ± 5.4

Length (cm), width (cm), and height (cm) were measured at the beginning of the exposure experiment. Weight (g) and CI were measured before and after the experimental period.
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salinity (25‰). A total of 360 oysters were randomly divided
into six treatments with three replicates (tanks, 20 oysters per
tank) per treatment. Same as the acclimation period, water
was controlled under controlled conditions (temperature 24–
25◦C, pH 8.1) (Qin et al., 2018) with 12 h of light and 12 h
of darkness except for salinity and DO in the aquaculture
system, to analyze the physiological effects of C. hongkongensis.
During the experiment, temperature, DO, pH, and salinity were
measured by a multiparameter instrument (5200A, YSI Inc.,
Ohio, USA), and the results were shown in Table 1. During a 17-
day experimental period, including a 14-day exposure period and
a 3-day recovery period, hemocyte parameters were measured
on days 1, 7, 14, and 17. Salinity and DO of the culture system
were restored to normal (salinity 25‰ and DO 6 mg/L) after the
14-day exposure period. During the whole experimental period,
hypoxia conditions were attained by ventilating nitrogen to the
seawater. To obtain the hypoxic conditions, nitrogen was passed
through the O2 regulator (Loligo Systems Inc., Viborg, Denmark)
into the aquarium system. With the help of the DO control
system connected with computer software, the DO in the water
was controlled by aerating nitrogen (Sui et al., 2015). In the
meantime, different salinity conditions (10, 25, and 35‰) were
obtained by diluting seawater with freshwater (Wu et al., 2018b).

Hemolymph Collection
A fine slit was opened using a metal shell opener, and the
hemolymphwas collected from the adductormuscle with a sterile
syringe equipped with 22G needles (2mL). Three oysters were
randomly taken from each tank for hemolymph collection, and
three samples were pooled to reduce individual differences; the
hemolymph was immediately stored on the ice to ensure the
activity of hemocytes.

Flow Cytometry
BD Accuri TM C6 flow cytometer (BD Biosciences, New York,
NY, USA) was used to analyze the hemocyte parameters. The
cytometer was equipped with air-cooled argon capable of firing
448 nm lasers. Before the test, the FSC threshold level was
set at 4,200 to eliminate cell debris and the effects of other
impurities. The fluorescent channels were set according to the
corresponding fluorescent markers. The HM was tested at FL2,
while the other cell parameters were measured at FL1 (Wang
et al., 2012; Gajbhiye and Khandeparker, 2017). Each hemolymph
sample analysis included a total of 20,000 events, and the speed
was adjusted as a total event <300/s. Data were analyzed by BD
CellQuest TM Pro (BD Biosciences, USA).

Hemocyte Mortality
Hemocyte mortality was tested using propidium iodide (PI, 1.0
mg/mL, Sigma Aldrich, St. Louis, Missouri, USA) (Gajbhiye and
Khandeparker, 2017). Briefly, 400 µL hemolymph of oysters and
10 µL of PI were mixed and incubated in darkness at room
temperature for 30min. The HM was calculated based on the
percentage of PI fluorescence relative to the total hemocyte
counts (THCs).
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Total Hemocyte Counts
Prior to the experiment, 900 µL of dimethyl sulfoxide (DMSO)
solution and 100 µL of SYBR Green solution were mixed in
advance. The mixture was diluted 100 times after uniform
oscillations. Before the detection, 44 µL of diluted SYBR Green
solution was added to 400 µL of hemolymph and incubated at
room temperature in the dark for 30min (Donaghy et al., 2012).

Phagocytosis
Fluorospheres R© carboxylate-modified microspheres (diameter:
10µm) was used to measure PHA; 400 µL of hemolymph was
incubated with 10 µl of a 1/10 dilution of Fluorospheres R©

carboxylate-modified microspheres (diameter 1.0µm, yellow–
green fluorescent, Invitrogen, Carlsbad, California, USA) for 1 h
in the dark at ambient temperature (Huang et al., 2016). The PHA
was measured by the percentage of cells that had engulfed at least
three fluorescent beads relative to all cells (Gagnaire et al., 2006).

Esterase
Esterase (EST) was evaluated using fluorescein diacetate (FDA,
Sigma, St. Louis, Missouri, USA). FDA (400 µM/L) was prepared
by diluting a stock solution (1/10) with sterile seawater and
stored at−20◦C. Briefly, 400 µL hemolymph with 2 µL FDA was

incubated at room temperature and darkness for 15min (Huang
et al., 2016). EST was measured as the percentage of fluorescent
cells relative to all cells (Gagnaire et al., 2008).

Reactive Oxygen Species
Reactive oxygen species (ROS) was assessed by 2

′
7
′
-

dichlorofluorescein diacetate (DCFH-DA, Sigma, St. Louis,
Missouri, USA). The stock solution (10 mM/L) of quantitative
DCFH-DA dissolved in DMSO reagent was diluted with filtered
sterile seawater (1/10), and then, 4 µL of DCFH-DA was added
to 400 µL of hemolymph at room temperature in the dark and
incubated for 15min for ROS detection. ROS was defined on
the basis of fluorescent cells among all cells and expressed in
arbitrary units (AU) (Delaporte et al., 2003).

Lysosomal Content
Intracellular lysosomal content (LYSO) was measured by a
commercial kit (Lysotracker R© Yellowhck-123, 1mM in DMSO,
Invitrogen, Carlsbad, California, USA) (Gagnaire et al., 2008).
Briefly, 1 µL of LysoTracker solution was added to 400 µL of
hemolymph and incubated in darkness at room temperature for
2 h. LYSO was expressed as the mean intensity of Lyso-Tracker

FIGURE 1 | Hemocyte mortality (HM) of Crassostrea hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14

days during the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level

in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity

level in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Asterisk indicates significant differences between DO within each time point and fixed salinity

treatment, in which * represents significant difference (p < 0.05) and ** represents highly significant difference (p < 0.01).

Frontiers in Marine Science | www.frontiersin.org 5 September 2021 | Volume 8 | Article 749623

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


Xie et al. Hemocyte Immune Response of Oyster

fluorescence exhibited by all the hemocytes in arbitrary units
(AU) (Gagnaire et al., 2008).

Mitochondrial Number
The MTG solution (50 nM) was mixed with 400 µL of
hemolymph, and the mixture was slowly shaken until the
mixture was evenly mixed. The solution was incubated at room
temperature under dark conditions for 30min (Ciacci et al.,
2012). Mitochondrial number (MN) was expressed as the mean
fluorescence intensity compared with the control group.

Condition Index
The calculation method of condition index (CI) was based on
the previous article (Norman, 2005). In different treatments, 10
oysters were selected to measure shell length, width, height, and
weight. The following equation was used for calculating the CI
(Maguire et al., 1999).

CI = [Weight/(length×height×width)]×100

Data Analysis
The data were mean ± standard deviation, and Kolmogorov–
Smirnov test and Levene’s test were used to perform the normal
distribution and homogeneous ANOVA. The SPSS 21 (SPSS Inc.,
Chicago, IL, USA) software was used to conduct a two-way
ANOVA on DO, salinity fluctuations, and their interactions in
the water body. A three-factor ANOVA was used to evaluate the
effects of DO, salinity, time, and their interactions. In addition,
a one-way ANOVA using Tukey’s HSD test was used to evaluate
the impact of salinity changes at each fixed DO. The Student’s t-
test was used to analyze the influence of different DO levels on
the biochemical indicators under each fixed salinity condition.
The difference was significant with p < 0.05. Origin 2019 was
used to perform the principal component analysis (PCA) on all
biochemical parameters during the exposure period and recovery
period, respectively.

RESULTS

Condition Index
During the experiment, DO had no significant effect on the CI.
CI was highest (45.1) in 25‰ salinity and lowest (43.1) in 10‰
salinity. Compared with 25‰ and 35‰ conditions, the CI was
significantly lower in 10‰ salinity (Table 2).

Immune Parameters
The HM was significantly affected by time, DO, and salinity and
all their interactions (p < 0.01) (Table 3). Low salinity (10‰)
increased HM after the exposure of 1 day; HM after the 14-
day exposure was even higher than the 1-day exposure, while
high salinity (35‰) led to no obvious change on HM during
the whole experimental period (Figure 1). Besides, hypoxia at
night (2 mg/L) intensified HM during the exposure period after
7 days. Even under normal condition of salinity (25‰), hypoxia
at night still increased HM (Figure 1). After the 3-day recovery,
HM was still affected by the change of salinity and DO and their
interaction significantly (p < 0.01) (Table 4). Although HM in T
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the low salinity group and hypoxia compared with the normal
salinity group tended to decrease, which was the same with the
value in the early exposure period (within 7 days), HM was still
higher than the normal group (Figure 1).

The ROS was significantly affected by time, DO, and salinity
and all their interactions (Table 3). At day 1 of exposure,
hypoxia at night and low salinity both induced the ROS of
hemocyte, in which hypoxia caused the effects more obvious.
Meanwhile, hypoxia at night induced ROS during the whole
exposure period, and it intensified the induction of ROS at low
salinity (Figure 2). Low salinity induced ROS, while high salinity
caused no significant change on ROS (Figure 2). After the 3-day
recovery, ROS was still affected by the change of salinity and DO
significantly (p < 0.01) apart from the interactions (Table 4), in
which ROS in the hypoxia group was still higher than the normal
group although ROS showed a decreasing tendency; ROS in the
low salinity group was still significantly higher compared with the
normal and higher salinity group (Figure 2).

Apart from the interaction between DO and time, THC
was significantly affected by time, DO, and salinity and all
their interactions (Table 3). Hypoxia at night and the variety
of salinity all decreased THC, and the hypoxia showed a more

intensive effect than salinity, in which only low salinity deduced
THC significantly at day 1 of exposure (Figure 3). Besides, the
effects were strengthened under interactions. After the 3-day
recovery, THC was still affected by the change of salinity and
DO and their interaction significantly (p < 0.05) (Table 4). THC
of most groups rebounded to the normal level, and THC in
high salinity with hypoxia treatment showed higher values than
any other hypoxia groups, in which there was no significant
difference between hypoxia and no-hypoxia in the high salinity
group (Figure 3).

Phagocytosis was only affected by the interaction between DO
and time (Table 3). For the first day of exposure, hypoxia at night
had the potential to induce PHA while PHA then returned to
normal status, in which PHA was not influenced significantly
(Figure 4). Also, no significant effects turned out during the
recovery period (Table 4).

Esterase was significantly affected by salinity and DO, their
interactions, and each of them with time (Table 3). In the high
salinity group, hypoxia at night decreased EST after the 1-
day exposure, and high salinity deduced EST along with the
exposure time. EST in the low salinity group with hypoxia was
always significantly lower than the normal group after the 1-day

FIGURE 2 | Reactive oxygen species (ROS) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14

days during the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level

in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity

level in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Asterisk indicates significant differences between DO within each time point and fixed salinity

treatment, in which * represents significant difference (p < 0.05) and ** represents highly significant difference (p < 0.01).
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FIGURE 3 | Total hemocyte count (THC) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14 days

during the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level in

hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity level

in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Asterisk indicates significant differences between DO within each time point and fixed salinity treatment,

in which * represents significant difference (p < 0.05) and ** represents highly significant difference (p < 0.01).

exposure, while EST showed no difference if DO were normal
(Figure 5). Hypoxia at night caused more intensive alteration on
EST than salinity change, apart from high salinity at the end of the
exposure period which caused decreases in two treatment groups.
After the 3-day recovery, there was no significant effect on EST
by the change of salinity and DO and their interaction (p > 0.05)
(Table 4), and EST in all treatment groups were restored with no
obvious difference (Figure 5).

Mitochondrial number was significantly affected by time,
DO, and salinity and all their interactions obviously (p < 0.01)
(Table 3). During the exposure period, high salinity decreased
MN obviously after the 1-day exposure, while low salinity
increased MN at the end of the exposure period (14 days)
(Figure 6). In the high salinity group, hypoxia induced MN
gradually along with the exposure time, while MN decreased
in the normal DO water (Figure 6), and there were significant
differences between the two groups, showing antagonism
(p < 0.01). After the 3-day recovery, there was no significant
effect on MN by the change of salinity and DO and their
interaction (p > 0.05) (Table 4), and MN in all treatment groups
were restored with no obvious difference (Figure 6).

Apart from the interactions between salinity and time and
between DO and time, the LYSO was significantly affected by

time, DO and salinity, and other interactions (Table 3). With
the exposure time, LYSO in all treatment groups decreased
significantly (p < 0.01) (Figure 7). The change of salinity had
no significant effects on LYSO at the first 7 days, apart from
that the interaction between hypoxia and low salinity deduced
LYSO significantly. However, LYSO in all treatment groups (only
salinity change, only hypoxia at night, and salinity change &
hypoxia) decreased significantly (p < 0.01), while no obvious
intensified interaction was found between salinity and DO. After
the 3-day recovery, there was no significant effect on LYSO by
the change of salinity and DO and their interaction (p > 0.05)
(Table 4), and LYSO in all treatment groups was restored to
normal condition (Figure 7).

Principal Component Analysis
The PCA revealed that 64.89 and 77.63% of overall variance
were explicated for the exposure period and recovery period,
respectively (Figure 8). During the exposure period, PC1
explained 39.17% of overall variance, showing the most
significant result referred to the separation between hypoxia
at night and normal DO treatment, in which the diel-cycling
hypoxia increased MN, HM, and ROS with a bit induction
on PHA at the meantime; while THC, EST, and LYSO were
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FIGURE 4 | Phagocytosis (PHA) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14 days during

the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level in hypoxia

level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity level in

hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05).

decreased (Figure 8A). Changes in NM, HM, and ROS were
negatively correlated with the changes in THC, EST, and
LYSO. PC2 explained 25.72% of overall variance, showing
the most significant result referred to the separation between
high salinity and low salinity treatment, in which low salinity
caused higher MN and HM more easily (Figure 8A). During
the recovery period, PC1 explained 39.23% of overall variance,
showing the most significant result referred to the separation
between low salinity treatments and normal salinity group,
in which only HM and ROS still showed some differences
under low salinity conditions after the short-time recovery.
PC2 explained 38.40% of overall variance, showing the most
significant result referred to the separation between the combined
hypoxia and low salinity treatment and the normal group, in
which HM and ROS still showed some differences in diel-
cycling hypoxia and low salinity conditions after the short-time
recovery (Figure 8B).

DISCUSSION

The circulating hemocytes of bivalves are susceptible to external
factors, such as salinity fluctuations (Gajbhiye andKhandeparker,
2017), temperature changes (Gagnaire et al., 2006), reduced

DO (Long et al., 2008), and organic pollutants (Gu et al.,

2020). However, the combined effects of salinity change and

DO reduction on marine species are limitedly studied nowadays
rather than systematically and thoroughly (Wang et al., 2011).

When salinity changed, effects could be explained by a decreased
hemocyte activity as a result of osmotic effects (Pipe and Coles,

1995) or a physiological inhibition due to decreased respiration
and increased activity of antioxidant enzymes (Matozzo et al.,
2013). Under hypoxia conditions, bivalves need to open the valve
to maximize oxygen absorption to meet physical needs (Sadok
et al., 1997). There should be a balance between the two processes,
so that the interaction between the change of salinity and DO
can be more complicated. In this study, after the 2-week exposure
period, the immune parameters of hemocytes were significantly
changed, especially under the combined stress of low salinity
and hypoxia at night, indicating that the short-term hypoxia and

change in salinity have a negative impact on the health of oysters

in the near-coastal water. In addition, results from the short-term

recovery indicated that the negative impact cannot be improved

right away.
During the whole experiment, the Hong Kong oysters did not

suffer from death, suggesting tolerance to the change of salinity
and hypoxia to some degree. According to the previous study,
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FIGURE 5 | Esterase (EST) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14 days during the

exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level in hypoxia level

(2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity level in hypoxia

level (2 mg/L) or control group (6 mg/L) (p < 0.05). Asterisk indicates significant differences between DO within each time point and fixed salinity treatment, in which *

represents significant difference (p < 0.05) and ** represents highly significant difference (p < 0.01).

clam Scrobicularia plana and African cockle Cerastoderma edule
also showed certain tolerance to salinity change in the short-term
exposure, although a gradually increased mortality appeared in
the long-term exposure (Verdelhos et al., 2015). Besides, bivalves
can adapt to a hypoxic environment by decreasing the metabolic
activity and energy utilization (Wang et al., 2011; Wu et al.,
2018a).

Change in THC is considered to be caused by the proliferation
or inflammation of the tissues around hemocytes (Yu et al., 2010).
THC of marine bivalves is affected by exogenous factors, such
as salinity and DO, and THC is also a reliable parameter for
evaluating the health of bivalves (Cajaraville et al., 1996; Munari
et al., 2011; Wang et al., 2014). In this study, change in salinity
reduced THC significantly in the Hong Kong oysters, although
high salinity showed a weaker effect than low salinity. The degree
of influence of salinity change on hemocytes of oysters could
also be observed from the result that the change in salinity
weakened the cell respiration and protein synthesis (Ivanina
et al., 2020). Some studies in thick shell mussel M. coruscus
also showed that change in salinity decreased THC (Wu et al.,
2018b), while others observed that high salinity would induce
THC in green-lipped mussel Perna viridis (Wang et al., 2012)

and Philippine clams Ruditapes philippinarum (Reid et al., 2003).
Thus, we deduce the weaker adaptability of Hong Kong oyster
to salinity changes. Apart from that, a decrease in DO can also
damage hemocyte immunity in bivalves. In this study, hypoxia
at night also caused lower THC easily, which is the same with the
result inmussel P. viridis (Wang et al., 2014) and cockleChamelea
gallina (Matozzo et al., 2005). Changes in salinity and diel-cycling
hypoxia can both lead to the reduction of THC, and hypoxia
even aggravated the decrease of THC when salinity changed,
which is similar to acidification that exacerbates the effect of
salinity change on hemocytes (Wu et al., 2018b). Fortunately,
the short-term recovery benefited to THC, but it had a negative
impact on oyster in hypoxic water at night. Also, the THC of C.
gallina can be recovered after 24 h of hypoxia, while it is out of
reach of normal rank after 48 h hypoxic exposure (Matozzo et al.,
2005). Therefore, stress caused by diel-cycling hypoxia seemed
to be considered as hypoxia similar to the short-term hypoxia
within 24 h, but the difference was that the long-term diel-cycling
hypoxia would still deliver obvious adverse results on THC.

The HM can be used as a meaningful indicator in the
immune response system (Wang et al., 2012). Results showed that
salinity reduction significantly increased HM with an increasing
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FIGURE 6 | Mitochondrial number (MN) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7 and 14 days

during the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level in

hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity level

in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05).

trend during the long-term exposure, and increased HM also
was indicated in the Pacific oyster C. gigas (Gagnaire et al.,
2006). In addition, the increased HM under hypoxic water at
night in the Hong Kong oyster was similar to the result of
the short-term hypoxia affecting cockle C. gallina (Pampanin
et al., 2002). In a word, the results of HM suggested that
hemocyte in Hong Kong oyster is sensitive to hypoxia and
low salinity. However, it should be highlighted that hypoxia
in high salinity did not induce an increase in HM, which is
speculated that high salinity stimulated an increase in the energy
metabolism of oysters, thereby strengthening cell resistance and
then preventing from induction of death (Ivanina et al., 2020).
Results of the short-term recovery showed that the HM of
Hong Kong oyster had not been well-alleviated, deducing weak
adaptation to low salinity and hypoxia in Hong Kong oysters,
but mortality or death of hemocytes actually is irreversible.
Also, hypoxia seems to be an irreversible factor to affect HM
according to the study of Pampanin et al. (2002) and Wang et al.
(2012).

The ROS plays an indispensable role in the innate immune
response in bivalves (Terahara and Takahashi, 2008). The
release of ROS from hemocytes is considered as a key internal
defense mechanism through which potential pathogens are killed

(Lushchak, 2011; Gajbhiye and Khandeparker, 2017). But if the
production of ROS exceeds the antioxidant capacity of bivalves,
it will cause cell oxidative damage (Cheng et al., 2004; Gu
et al., 2020), so that the reduction of THC may result from
high ROS production (Wu et al., 2018b). In this study, THC at
low salinity was indeed significantly reduced, and diel-cycling
hypoxia also exacerbated the production of ROS in salinity
changed water. Low salinity also increased ROS and decreased
THC in thick shell mussel M. coruscus (Wu et al., 2018b). The
increase of ROS can be explained as the induction of ROS in
hemocyte or the inhibition of enzyme to release ROS (Lushchak,
2011). High salinity had no significant influence on ROS, which
is similar to the study of Gajbhiye and Khandeparker (2017)
who found no significant difference in ROS between 25 and
35‰. Hypoxia at night induced ROS even though salinity was
normal. Hypoxia also induced ROS in mussels (Sui et al., 2016),
proving hypoxia causes an increase of ROS in bivalves. Similar
to HM, ROS was difficult to return to normal level after the
short-term recovery. Excessive ROS production may destroy the
scavenging activity of the antioxidant system of hemocyte in
oyster, leading to a transition between oxidants and antioxidants.
Therefore, high HM in the recovery period may also be relevant
to ROS.
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FIGURE 7 | Lysosomal content (LYSO) of C. hongkongensis exposed to six combinations of salinity (10, 25, and 35‰) and DO (2 and 6 mg/L) at 1, 7, and 14 days

during the exposure period and 3 days for the recovery period. Different capital letters indicate significant differences among time points within each salinity level in

hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05). Different small letters indicate significant differences between salinity within each time point in salinity level

in hypoxia level (2 mg/L) or control group (6 mg/L) (p < 0.05).

The EST is a kind of hydrolytic enzyme involved in a series
of hydrolysis processes (Pretti and Cognetti-Varriale, 2001) and
the intracellular degradation in hemocytes (Mottin et al., 2010).
The antibacterial properties of hemocytes in the Hong Kong
oyster originate from antibacterial substances such as EST and
lysozyme (Li et al., 2018), but the EST of bivalves can be affected
by pollutants and other environmental changes, such as change
in DO or salinity (Pretti and Cognetti-Varriale, 2001; Wang
et al., 2011; Xian et al., 2014). In this study, change in salinity
reduced the EST of oysters. Low salinity reduced the EST in
oyster C. gigas (Gagnaire et al., 2006), clam Paphia malabarica
(Gajbhiye and Khandeparker, 2017), and mussel P. viridis (Wang
et al., 2012). While high salinity caused no significant effect on
EST until the long-term exposure led to a reduction of activity,
showing a slighter effect on EST than low salinity (Wu et al.,
2018b). Besides, when oysters were exposed to varying salinity,
diel-cycling hypoxia exacerbated the reduction of EST to varying
degrees during the 14-day exposure period, which was similar
to the experimental results in mussel P. viridis (Wang et al.,
2012). Single hypoxia also decreased EST significantly in the
early exposure stage (Sui et al., 2016), and the significance is

even more obvious if the time extended, indicating a decrease in
antibacterial ability. The short-term recovery helped EST recover
from the change in salinity and DO, deducing the reversibility
of impact.

The PHA is part of the innate immune defense; its function
is to recognize and remove foreign bodies (like bacteria) and
dead cells (Flannagan et al., 2012). The results of this study
show that changes in salinity had no influence on PHA, meaning
reorganization and swallowing were normal in Hong Kong
oyster. High salinity also had no effect on the percentage of
phagocytes in mussel Mytilus galloprovinalis (Malagoli et al.,
2007). Higher salinity cannot increase the PHA of the Pacific
oyster until after 48 h exposure (Gagnaire et al., 2006). This study
also indicates that the short-term hypoxia is beneficial to the
increase of PHA in oyster, but PHA in mussel in the early stage
of hypoxia is not affected (Malagoli and Ottaviani, 2005). PHA of
Hong Kong oyster is connected with granulocytes (Li et al., 2018),
and no massive death of granulocytes needs further research
to support.

Lysosome takes part in invading microorganisms, so that
LYSO can be considered as indicators of health status and defense
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FIGURE 8 | (A) Biplot originating from PCA integrating all measured variables (HM, PHA, EST, ROS, THC, LYSO, and MN) and three time points (days: 1, 7, and 14) at

six different treatments during the exposure period. (B) Biplot originating from principal component analysis integrating all measured variables (HM, PHA, EST, ROS,

THC, LYSO, and MN) at six different treatments after the 3-day recovery. The scores of the experimental conditions were shown.

system vitality in bivalves (Fulin et al., 1989). Lysosome has the
ability to synthesize lysozyme in hemocytes of bivalves that is
secreted into hemolymph during the PHA (Cheng et al., 1975),
and therefore, the immunity can be impacted. In this study,
high or low salinity significantly decreased LYSO exclusively with
time. Gagnaire et al. (2006) indicated that LYSO had a negative
correlation with time significantly. The long-term exposure to

diel-cycling hypoxia decreased LYSO even when salinity was
normal, and hypoxia can strengthen the impact of salinity.
Hypoxia can also reduce LYSO in mussel M. coruscus after 12 h
exposure (Wang et al., 2012). After the short-term recovery
period, LYSO recovered in each group with no significant
difference, indicating that changes in salinity and diel-cycling
hypoxia may not cause irreversible damage to LYSO.
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The MN is assessed by a specific fluorescent dye MTG,
which is sensitive to changes in mitochondrial potential. Due
to the photostability, MTG can produce a bright specific
signal even at low concentrations (Gautam et al., 2018). MN
is closely related to the aerobic capacity of individuals and
tissues (Guderley, 2004). Therefore, the amount of MN can
affect the aerobic respiration of hemocytes, which in turn
affects energy metabolism. Interestingly, the results of this
study showed that high salinity significantly reduced MN,
indicating decreased respiration. In addition, mitochondria also
play an important role in ion transport for adapting salinity
change (Ballantyne and Storey, 1984). Changes of MN in
hemocytes resulted from their adaptation to change of ion
concentration in hemolymph under high salinity. Hypoxia at
night significantly increased the MN of Hong Kong oysters
in high-salinity waters after the long-term exposure, indicating
a way to relieve hypoxia and adapt to diel-cycling short-
term hypoxia.

To explain the difference in hemocyte parameters as Hong
Kong oysters were exposed to diel-cycling hypoxic water with
different salinity, PCA was utilized and it was found that DO
was the main influencing factor. Hypoxia can easily lead to
immunosuppression and increase susceptibility to pathogens
in oysters (Barnett et al., 2020). During the whole exposure
period, the two different DO treatments were separated by
PC1, showing different or even opposite results in immune
parameters, coinciding with the changing trend of the results
of each parameter obtained previously in this study. Combining
ANOVA and PCA, it is easy to observe the effect of diel-cycling
hypoxia, that is, LYSO, EST, and THC are reduced, while ROS,
MN, and HM are increased. When oysters were exposed to a
stressful environment, negative correlations between the changes
of ROS and HM and the changes of LYSO, EST, and THC
were found (Huang et al., 2018a), and this is also confirmed
from the study in mussels (Wu et al., 2018b). The changes of
LYSO, THC, and EST in the hemocyte of Hong Kong oyster
are positively correlated with DO changes, and this can be
explained by the expression of Tβ-4 mRNA. The expression
of Tβ-4 mRNA is related to the production of hemocytes and
immunologically active substances (Barnett et al., 2020). When
oysters are exposed to hypoxic water, THC is reduced, so that
the corresponding lysozyme and EST related to bacteriostatic
substances are also reduced. After the short-term recovery,
through PCA, oysters under night hypoxia and low salinity were
still quite different from those in other treatments in terms of
HM and ROS. Through the analysis of the results in this study,
we can know that HM and ROS did not recover well. As far
as we are concerned, diel-cycling hypoxia has a bit stronger
impact than the salinity, for some parameters cannot recover
well after the recovery period as a result of hypoxia. Therefore,
the short-term recovery has positive effects on the immunity of
Hong Kong oyster populations, but living in unsuitable water
bodies for a long time, especially in hypoxic water bodies, may
threaten the survival of oysters and the development of the

oyster farming industry. In addition, the better biomarkers for
indicating the immune alteration, according to our results, are
HM and MN because of the sensitive changes, especially the MN
decrease in oyster under high salinity and diel-cycling hypoxia
conditions (Figure 6).

CONCLUSION

Variable salinity and hypoxia are typical stressors for marine
organisms inhabiting estuaries, coastal, and intertidal zones
where natural or anthropogenic activity may result in large
changes of environmental salinity and DO (Verdelhos et al.,
2015). Under the stress of salinity changes and diel-cycling
hypoxia, the hemocyte functions of Hong Kong oyster C.
hongkongensis were impaired. In addition, low salinity did
massive harm to the immunity of oysters than high salinity.
Meanwhile, diel-cycling hypoxia shaved immune functions
substantially, which was synergistic with low salinity. Although
the long-term exposure to salinity changes with diel-cycling
hypoxia was adverse, the short-term recovery could be helpful for
oysters to recover, apart from HM and ROS. Our results provide
useful information for the health assessment of oysters and bring
new insights to oyster aquaculture industries.
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