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Aerial exposure (emersion) due to the periodical ebb and flow of tides is a major
stressor for intertidal organisms and a key environmental factor in shaping their
local communities. Oysters are among the most emersion-tolerant mollusk species
and can survive for several days under aerial exposure. Noticeably, overwhelming
inflammation responses could occur during the emersion stress. However, mechanisms
beneath the activation and modulation of emersion-induced inflammation response
have remained largely unknown. Ca2+ is an important intracellular second messenger
that plays indispensable roles in inflammation response by cooperation with calmodulin
(CaM) genes. Here, we showed that intracellular Ca2+ accumulates rapidly in oyster
hemocytes during emersion stress along with the changes in the protein levels of
three CaM genes, which function as intracellular sensors of Ca2+. As downstream
effector of Ca2+/CaM complex, nitric oxide synthase (NOS) activity in hemocytes was
enhanced during the emersion stress, facilitating a greater production of nitrite oxide
(NO). Augmentation of NO concentration was associated with the increased mRNA
expression levels of two oyster cytokines (CgTNFs) during aerial exposure. The robust
accumulation of cytokines and severe injury of tissues in oysters have been regarded as
potential cause and marker of their death in prolonged emersion stress. Here, both
the expression levels of CgTNFs and the tissue injuries of oysters were attenuated
when Ca2+/CaM complex or NOS activity were repressed in vivo during the emersion
stress. These findings indicate that Ca2+/CaM-NOS/NO-CgTNFs pathway is critically
involved in the emersion-induced inflammation response in oysters and plays a role in
the resistance against long-term aerial exposure.
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INTRODUCTION

The intertidal region is characterized by drastic fluctuations
of physical parameters, such as tidal level and temperature,
which makes the intertidal zone one of the most physiologically
challenging environments for life. However, many organisms
are thriving in the intertidal zone having evolved strategies to
cope with such harsh and dynamically changing conditions.
Adaptations of intertidal organisms have drawn significant
attention in the past years (Richards, 2011; Teixeira et al., 2013;
Cross et al., 2014; Goncalves et al., 2017; Maynard et al., 2018).

Aerial exposure or emersion due to periodical ebb and flow
of tides is a major stressor for intertidal organisms associated
with water loss, osmotic stress, hypoxia, and food deprivation
(Strachan et al., 2015; Zhang et al., 2015). Notwithstanding,
some intertidal organisms, especially algae and sessile mollusks,
are well adapted to the periodical emersion morphologically,
behaviorally, or physiologically (Diederich et al., 2015; Strachan
et al., 2015; Duan et al., 2016). For example, some mollusks could
close their shells or adhere more tightly to the rocky substratum
to reduce water loss during emersion while some metabolic
and developmental processes are repressed simultaneously
for energy conservation (Sokolova and Pörtner, 2001; Hand
and Menze, 2007). Moreover, the expression of protective
macromolecules such as heat shock proteins and antioxidants
including superoxide dismutase and catalase could also be
significantly up-regulated to improve the tolerance against
emersion stress (Pöhlmann et al., 2011; Jeno and Brokordt, 2014;
Duan et al., 2016; Zhang et al., 2016). Nevertheless, overwhelming
oxidative stress and inflammation response resulted from long-
term aerial exposure could lead to cell apoptosis and irreversible
tissue damage (Duan et al., 2016; Xin et al., 2016). However,
there is limited empirical evidence demonstrating the mechanism
underlying the responses to emersion, especially with regard
to the biological processes during early resistance and final
succumbing to stress in intertidal invertebrates.

Oysters are a common intertidal species exposed to emersion
and associated abiotic stressors in the intertidal zone due
to their sessile lifestyle. Oysters are stress-tolerant and can
survive for several days in emersion in intertidal zone (Dong
et al., 2017). During air exposure, the anaerobic metabolism of
oysters is rapidly induced and heat shock proteins, antioxidant
proteins, and inhibitor of apoptosis proteins are robustly
up-regulated contributing to the tolerance against emersion
(Seaman, 1991; Zhang et al., 2016). Furthermore, multiple
genes involved in intracellular Ca2+ signaling pathway and
neuro-endocrine system could also be modulated in oysters
at early stage of emersion (Zhang et al., 2015; Dong et al.,
2017). With growing studies in their genetic information and
biological responses during emersion, oysters are becoming a
suitable model for studying the adaptation mechanisms and
physiological regulations of intertidal organisms against aerial
exposure stress (Zhang et al., 2012). Recently, two members in
oyster interleukin-17 family (CgIL17-1, CgIL17-5), which are
pioneer cytokines in host inflammation response, were found
drastically accumulated in hemocytes at the late stage of stress.
It was further demonstrated that up-regulation of CgIL17s could

result in the expressional decrease of inhibitor of apoptosis
transcripts and increase of DNA fragmentation factor subunit
alpha transcripts, contributing to the damage of hepatopancreas
proceeding the death of oysters (Xin et al., 2016). These findings
indicate that control of inflammation might play an important
role in the tolerance of oysters to emersion, but the molecular
mechanisms underlying the activation and modulation of this
inflammatory response are not yet understood.

Calmodulin (CaM) is an important class of Ca2+-binding
proteins involved in the Ca2+-mediated signaling pathway in
both invertebrates and vertebrates, including mollusks (Hoeflich
and Ikura, 2002; Han et al., 2020). Upon binding with Ca2+,
CaMs could interact with numerous proteins to activate or
inactivate them (Finn and Forsén, 1995). As a consequence,
a variety of biological activities including cytokine expression
and cell apoptosis could be switched on or off (Xu et al.,
2011; Racioppi et al., 2012; Berchtold and Villalobo, 2014).
Earlier studies showed that protein level of three CaMs proteins
(CgCaM20234, accession number of EKC20234, CgCaM24243,
accession number of EKC24243 and CgCaM24247, accession
number of EKC24247) was markedly suppressed in gill of
oysters during air exposure, indicating their involvement in
host response to emersion stress (Zhang et al., 2015). Moreover,
activity of nitric oxide synthase (NOS) could be promoted
by Ca2+/CaMs complex in mammals and lead to a greater
production of nitrite oxide (NO) (Abu-Soud et al., 1994; Michel
et al., 1997; He et al., 2015). As demonstrated, NO could regulate
the expression of several cytokines including tumor necrosis
factors (TNFs) and accumulated during environmental stress,
suggesting the potential role of Ca2+/CgCaMs complex in the
emersion-induced inflammation response of oysters (Jiang et al.,
2013; Bogdan, 2015; Su et al., 2018). However, few studies have
reported Ca2+/CaM pathway in oysters, let alone their roles in
emersion stress. In the present study, oyster Crassostrea gigas
were subjected to emersion stress under the controlled laboratory
conditions with the objectives to (1) survey the alternations
of Ca2+ concentrations along with CgCaMs proteins during
emersion stress, (2) assess the modulation role of Ca2+/CgCaMs
complex in NOS/NO system and cytokine expression, and (3)
depict the potential role of the Ca2+/CgCaMs pathway in oyster’s
inflammation response against the emersion stress.

MATERIALS AND METHODS

Oysters Preparation, Desiccation Stress,
and Sample Collection
Adult oysters C. gigas (about 2-year old and 100–120 mm
in shell length) were collected from a local aquaculture
farm in Qingdao, China and acclimated in aerated and
sterilized seawater for 2 weeks after they were sawed
for a minor hole at shell close to adductor muscle for
later injection. During the acclimation, mortality of
oysters was monitored while very few individual was
found succumbed.

A total of 190 oysters were subjected for aerial exposure (16◦C,
relative humidity 40%) using a sterilized box and placed in a
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constant temperature incubator (Shanghai Nanrong, SPX-160B).
Fifteen oysters were sampled at 0, 1, 2, 3, 4, and 5 days of emersion
to detect alternations of CgCaMs, CgTNF5109 and CgTNF6440
transcripts in hemocytes (hemocytes from five oysters were
pulled together as one replicate). Hemocytes from another five
oysters were also obtained at 0, 1, 3, and 5 days of emersion
using acid citrate-dextrose anticoagulant agent (22 g L−1 sodium
citrate, 8 g L−1 citric acid, 24.5 g L−1 glucose, pH 7.4) at a
ratio of 8:1 and pulled together as one replicate to investigate
cytoplasmic Ca2+/NO concentration and relative activity of
NOS. The change of CgCaM protein levels was surveyed by
Western blot using hemocytes of 10 oysters collected at 0, 1, 3,
and 5 days of the aerial exposure. All assays except the Western
blot were conducted simultaneously with three parallel replicates
per group.

In vivo Inhibition of CaM and NOS
Calmidazolium chloride (CDZ, Santa Cruz) is a CaM
antagonist that inhibits activities of CaM-dependent enzymes.
L-NMMA (Beyotime), also known as NG-Hydroxy-L-
arginine monoacetate, is a widely used inhibitor of NOS
that competes with L-arginine. The sodium nitroferricyanide
(III) dihydrate (SNP, Beyotime) is a donor for NO after in vivo
breakdown. Inhibition of CaM and NOS was conducted here
by adductor injection of these antagonists or inhibitors into
oysters during aerial exposure. A functional rescue of NOS
activity was also conducted in vivo by co-injection of CDZ
and SNP. In detail, a total of 120 oysters were randomly
divided into Aerial Exposure, Aerial Exposure+CDZ, Aerial
Exposure+CDZ+SNP, and Aerial Exposure+L-NMMA
groups. Oysters in each group were subjected to 2-day aerial
exposure and injected with 100 µL diethyl pyrocarbonate
(DEPC) water, 10 nM CDZ (in 100 µL DEPC water), 10 nM
CDZ+5 mM SNP (in 100 µL DEPC water) or 0.5 mM
L-NMMA (in 100 µL DEPC water) at 24 h of emersion,
respectively. At the end of emersion stress, hemocytes from
15 random oysters (cells from five individual were pulled
together as one replicate) in each group were collected with
anticoagulant agent to detect NO concentration and NOS
activity. Hemocytes from the remaining fifteen oysters (cells
from five individual were pulled together as one replicate)
were also obtained to survey transcripts of CgTNF5109 and
CgTNF6440 by quantitative real-time PCR (qRT-PCR). All
assays were conducted with three parallel replicates for each
group.

A total of 20 oysters were employed for a continuous
injection of CDZ and L-NMMA during aerial exposure
to investigate morphological changes of hepatopancreas.
Five of them were sampled immediately to demonstrate
the healthy status of hepatopancreas before aerial exposure.
The rest oysters were subjected to a 5-day emersion and
injected with 100 µL DEPC water, 10 nM CDZ (in 100 µL
DEPC water), or 0.5 mM L-NMMA (in 100 µL DEPC
water) at 2, 3, and 4 days of emersion. The samples
were collected at the fifth day of emersion and subjected
to histological analysis along with samples obtained
before the stress.

In vivo Knock-Down of CgCaM24243 by
dsRNA-Mediated RNA Interference
Given the striking similarity of the coding regions among
all CgCaM homologs, both the 5’-untranslated regions (UTR)
and 3′-UTR of CgCaM24243, which was unique in oyster
genome based on nucleotide BLAST result, were selected for
dsRNA-mediated RNA interference. The UTR sequence was first
retrieved according to the genome annotation information where
sequence upstream the first exon was suggested as 5’-UTR and the
sequence downstream the stop codon was putatively considered
as 3′-UTR. Both sequences were then cloned using cDNA library
from oyster hemocytes for verification and subjected to siDirect21

for siRNA prediction. The obtained sequences were then linked
with T7 promoter (Supplementary Table S1) and subjected to
in vitro dsRNA transcription using T7 RNA polymerase (Life
technologies). After purification, the synthesized dsRNA was
examined for integrity by electrophoresis and quantified by
Nanodrop2000 (Life technologies). A cDNA fragment (657 bp)
from pEGFP vector (Clontech) was used for the synthesis of
control dsRNA (Xin et al., 2016).

A total of 60 oysters were randomly selected and divided
in to Aerial Exposure group, Aerial Exposure+siCgCaM24243
group, and Aerial Exposure+siEGFP group. All oysters were then
subjected to a 2-day aerial exposure and injected with 100 µL
DEPC water or 100 µg dsRNA of CgCaM24243 or CgEGFP (in
100 µL DEPC water) at 24 h of emersion for RNA interference. At
48 h of emersion, hemocytes from five oysters in each group were
sampled to survey the knock-down efficiency by Western blot.
NOS activity and cytoplasmic NO concentration were surveyed
from hemocytes of the remaining oysters while hemocytes from
five oysters were polled together as one replicate and three
replicates were used for each detection.

RNA Isolation, cDNA Synthesis, and
Quantitative Real-Time PCR (qRT-PCR)
Total RNA extraction was conducted according to the manual
of Trizol reagent (Life technologies) and subjected to cDNA
synthesis using M-MLV Reverse Transcriptase (Promega). qRT-
PCR for each gene was carried out with SYBR Premix Ex Taq
II (Tli RNaseH Plus) kit (Takara) in ABI 7500 Real-Time PCR
System (Applied Biosystems). Running program for the qRT-
PCR was set in a two-step manner (denature at 95◦C for 5 s,
annealing and extension at 60◦C for 34 s) with 40 cycles according
to the manual while three replicates were employed for each
trial. The relative mRNA expression level for genes was calculated
with 2−11Ct method. As demonstrated previously in either qRT-
PCR assay or transcriptome sequencing, the expression patterns
of oyster elongation factor gene remained comparatively stable
across different tissues and during development or emersion
stress were surveyed. Therefore, all detected transcripts were
further normalized with CgEF1-α after the qRT-PCR assay (Du
et al., 2013; Gong et al., 2019). All the primers employed
in the present study were designed according to the genome

1http://sidirect2.rnai.jp/
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information and listed in Supplementary Table S1. Products in
the qRT-PCR assay were further verified by sequencing.

Western Blot and Densitometric Analysis
Western blot for CgCaM was conducted using methods described
before (Xu et al., 2016). In brief, protein samples from oyster
hemocytes were quantified by Bradford Protein Assay Kit
(Beyotime) and subjected to SDS-PAGE to separate proteins. The
proteins were then transferred to the nitrocellulose membrane
and incubated with 3% BSA at room temperature for 1 h. The
membrane was subsequently incubated with CALM3 polyclonal
antibody (Abclonal) overnight at 4◦C (dilution at 1:1000) for
reaction with all CgCaMs. The HRP conjugated secondary
antibody (Abclonal) was used to label target proteins, which
were visualized by Thermo Scientific SuperSignal kit (Life
technologies). β-Tubulin polyclonal antibody (Abcolnal) was
used as the loading control in all Western blot assay. To quantify
the alternations of CgCaM proteins in each group, densitometric
analysis was conducted with ImageJ software2. Western blot
results for β-tubulin were used here for normalization.

Quantification of Ca2+/NO
Concentration and NOS Activity
Content of intracellular Ca2+ was determined using Calcium
Colorimetric Assay (Sigma–Aldrich) following manufacturer’s
instruction. Hemocyte pellet obtained without anticoagulant
agent were first weighted using analytical balance (Sartorius
BSA124S-CW, normalized with empty tubes) and then lyzed
using lysis buffer. A volume of 100 µL cellular lysate
obtained after centrifugation was mixed with the reaction
buffer and incubated for 10 min in darkness. The absorbance
was measured using a spectrophotometer at 575 nm. Ca2+

concentration was quantified according to standard curve and
normalized by tissue mass.

Concentration of NO was detected by DAF-FM DA probe
(Beyotime). Suspensions of oyster hemocytes were adjusted to
1 × 106 cells/mL and incubated with 5 µM DAF-FM DA probe
at room temperature for 30 min. After a wash with modified
Leibovitz L-15 medium (Gibco) (Qiu et al., 2007), a total volume
of 400 µL labeled cells were subjected to flow cytometry (FACS
Arial II flow cytometer, BD Bioscience) for NO detection.
A total of 10,000 oyster cells were tested for the DAF-FM DA
fluorescence and the threshold for positive signals was set using
cells free of probe incubation.

Activity of cellular NOS was determined using Nitric Oxide
Synthase Assay Kit (Beyotime) according to the manufacturer’s
instructions. Briefly, about 1 × 106 oyster hemocytes suspended
in modified L-15 medium were incubated with L-Arginine,
NADPH, and DAF-FM DA at room temperature for 30 min.
After a wash with modified L-15 medium, 400 µL labeled cells
were subjected to flow cytometry to detect relative NOS activity.
Consistent with NO detection, a total of 10,000 oyster cells were
tested for the fluorescence and the threshold for positive signals
was set using hemocytes without probe incubation.

2http://imagej.net/Welcome

Histological Analysis of Hepatopancreas
Histological analysis of hepatopancreas was conducted
with methods described before (Xin et al., 2016). In brief,
hepatopancreas tissues collected after emersion were immediately
fixed by 4% paraformaldehyde and embedded in paraffin after
dehydration. The tissues were sectioned by a microtome (Leica)
at 5 µm thickness, deparaffinised, rehydrated, and stained with
hematoxylin and eosin (Beyotime).

Statistical Analysis
All data collected in the present study were given as means± SD
and assessed for normal distribution before subjected to one-way
analysis of variance (ANOVA) with a multiple comparison (LSD
method) using SPSS version 20 to verify the significant difference.

RESULTS

Robust Response of Oyster Ca2+ and
CgCaMs During Desiccation
Protein alternations of CgCaM20234, CgCaM24243, and
CgCaM24247 were surveyed in oyster hemocytes and found
significantly decreased during aerial exposure, reaching the
lowest level at the third day of emersion (Figure 1A). The
CgCaMs protein expression levels were partially recovered at the
fifth day, but remained below the basal level. Meanwhile, cellular
Ca2+ concentration increased rapidly during emersion stress and
peaked at the third day of aerial exposure, reaching 2.02 mg/g
(p < 0.05, Figure 1B). The Ca2+ concentration in hemocytes
decreased afterward but remained elevated at 1.01 mg/g after
5 days of aerial exposure (Figure 1B).

The Up-Regulation of NOS/NO System
and CgTNFs During Desiccation
The activity of NOS in oyster hemocytes increased significantly
starting from the first day of emersion (1.30-fold of basal level at
the first day, 1.39-fold at the second day, p < 0.05) and declined
moderately on the third day of stress (1.18-fold of basal level,
Figure 1C). NO concentration also increased markedly on the
first day of aerial exposure (1.48-fold of basal level) and declined
abruptly at the third day of stress, reaching the basal level (0.94-
fold of basal level) (p < 0.05, Figure 1D). As the emersion stress
continued, the NO concentration increased again, reaching 1.42-
fold and 1.44-fold of basal level on the fourth and fifth day,
respectively (p < 0.05, Figure 1D).

Transcript levels of two TNF-encoding genes (CgTNF5109
and CgTNF6440), which were found responsive to various
stresses, were up-regulated on the first day of emersion to 4.50-
fold and 2.57-fold of basal level, correspondingly (p < 0.05,
Figures 1E,F). The mRNA levels of CgTNF genes slightly
decreased after 2 and 3 days of emersion to 2.07-fold and 3.34-
fold of basal level, correspondingly for CgTNF5109 (p < 0.05,
Figure 1E), and to 1.38-fold and 1.60-fold of basal level,
respectively, for CgTNF6440 (p < 0.05, Figure 1F). Later during
the emersion, the transcription of the TNF-encoding genes
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FIGURE 1 | Physiological and molecular changes in oyster hemocytes during emersion. (A) Protein levels of three CgCaM proteins including CgCaM20234,
CgCaM24243, and CgCaM24247 during aerial exposure. Robust decreases were observed in all studied CgCaMs at the first and third day of emersion while
CgTublin remained unchanged. (B) Ca2+ concentration inside oyster hemocytes during emersion. A drastic increase of intracellular Ca2+ was observed starting
from the first day of stress and peaked at the third day of emersion. (C,D) NOS activity and NO concentration in oyster hemocytes during the emersion. Activity of
NOS increased significantly in oyster hemocytes during aerial exposure and decreased slightly at the third and fourth day (C). NO concentration inside oyster
hemocytes increased significantly during the aerial exposure except for the third day when it dropped to the basal level (D). (E,F) Alternations of CgTNF5109 and
CgTNF6440 transcripts during the emersion. CgTNF5109 transcripts were found up-regulated markedly in oyster hemocytes during the emersion, especially at the
first, fourth, and fifth day of stress (E). CgTNF6440 transcripts were found accumulated drastically in oyster hemocytes at the fourth and fifth day of emersion (F).
Significance was determined by one-way analysis of variance (ANOVA) and marked with letters (a, b, c, etc.) if p < 0.05.

increased again. The mRNA levels of CgTNF5109 reached 7.28-
fold and 6.07-fold of the basal level at the fourth and fifth
day, respectively (p < 0.05, Figure 1E). Similarly, CgTNF6440
increased to 6.02-fold of the basal level on the fourth day and
5.97-fold of the basal level on the fifth day (p < 0.05, Figure 1F).

Activation of Oyster NOS/NO-TNF
Pathway by Ca2+/CaMs During
Desiccation
Inhibition of CaM was then conducted in vivo during the
emersion by injection of a CaM antagonist CDZ. Consequently,
intracellular NOS activity and NO concentration decreased after
CDZ injection to 0.59-fold and 0.50-fold of the basal level,
respectively (p < 0.01, Figures 2A,B). When oysters were co-
injected with CDZ and an NO donor SNP, the NO concentration
inside hemocytes was partially restored to 0.76-fold of the basal
level (p < 0.01, Figure 2B). When oysters were injected with
an NOS inhibitor L-NMMA, the NO concentration dropped to
0.79-fold of the basal level (p < 0.01, Figure 2B).

Knock-down of CgCaM24243 by injecting dsRNA during
emersion led to a decrease of the CgCaM24243 protein when
compared with the air-exposed group that did not receive
dsRNA injection or received an injection of a control dsRNA
(Aerial Exposure+siEGFP group) (p < 0.01, Figure 2C). The
NOS activity declined significantly to 0.86-fold of the control
group after knock-down of CgCaM24243 (p < 0.01, Figure 2D).
A significant decrease of NO concentration (to 0.77-fold of
the control group) was also observed in knock-down assay
of CgCaM24243 (p < 0.01, Figure 2E). Furthermore, mRNA

levels of CgTNF5109 and CgTNF6440 were significantly down-
regulated in response to the functional inhibition of CgCaMs
and NOS. As shown in Figure 3A, transcripts of CgTNF5109
decreased to 0.64-fold of the basal level in Aerial Exposure+CDZ
group (p < 0.05). When SNP was co-injected with CDZ,
CgTNF5109 expression level returned to the same levels as seen in
the air exposed group (Figure 3A). The transcripts of CgTNF5109
declined to 0.56-fold of basal level after suppression of NOS
by L-NMMA (p < 0.05, Figure 3A). Similarly, transcripts of
CgTNF6440 decreased to 0.51-fold of the levels found in the
air exposed group in CDZ injection group and but remained
unchanged when SNP was co-injected (p < 0.05, Figure 3A).
When NOS activity was repressed by L-NMMA, CgTNF6440
expression level dropped to 0.63-fold of the levels seen in the
air-exposed group (p < 0.05, Figure 3A).

Tissue Injury Relieved After Repression
of Ca2+/CgCaMs-NOS/NO Pathway
Histopathological changes of oyster hepatopancreas were
detected after inhibiting oyster CaM and NOS. The digestive
tubules of oyster hepatopancreas were pathologically expanded
and massive vacuolization could be observed in the epithelial
cells at the fifth day post desiccation, demonstrating severe
injury of hepatopancreas (Figure 3B and Supplementary
Figure S1). When oysters were continuously injected with
CaM inhibitors during emersion, the histopathological injury
was significantly relieved with less expanded cavity spaces
(Figure 3B and Supplementary Figure S1). Suppression of the
hepatopancreas damage in desiccation could also be observed
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FIGURE 2 | Changes in oyster NOS/NO system after functional inhibition of CaMs and NOS. (A,B) Alternations of NOS activity and NO concentration inside
hemocytes of oyster injected with CDZ (Calmidazolium chloride, CaM antagonist), CDZ+SNP (NO donor), or L-NMMA (NOS inhibitor) during a 2-day emersion.
Significant decrease of NOS activity (A) and NO concentration (B) was observed in Aerial exposure+CDZ group where CaMs were suggested to be repressed by
CDZ. The decrease in NO concentration was rescued in Aerial exposure+CDZ+SNP group where NO donor was provided. NO concentration also decreased in
Aerial exposure+L-NMMA group where NOS activity was suppressed by L-NMMA. (C) Known-down of CgCaM24243 gene by dsRNA injection. Protein level of
CgCaM24243 dropped significantly in oyster hemocytes after injection of dsRNA during the aerial exposure. Comparatively, CgCaM24243 protein remained
unchanged in Aerial Exposure+siEGFP group where oysters were injected with dsRNA of pEGFP vector. A densitometric analysis was conducted to facilitate the
significance determination. (D,E) NOS activity and NO concentration after the in vivo known-down of CgCaM24243 gene. Both the NOS activity (D) and NO
concentration (E) in hemocytes were found significantly decreased in Aerial Exposure+siCgCaM24243 group where dsRNA of CgCaM24243 was injected during
emersion. Aerial Exposure+siEGFP group was used as negative control. Significance was determined by one-way analysis of variance (ANOVA) and marked with ** if
p < 0.01.

in Aerial Exposure+L-NMMA group (compared with the air
exposure only) in which NOS activity was inhibited (Figure 3B
and Supplementary Figure S1).

DISCUSSION

As a major stressor for organisms inhabiting the intertidal zone,
aerial exposure (emersion) has been regarded as a decisive factor
in their colony distribution by shaping their physiological and

biochemical features (Hand and Menze, 2007). The oysters are
a dominant mollusk in most intertidal region and known as an
emersion-tolerant invertebrate as it could survive for several days
under aerial exposure (Dong et al., 2017). How oysters respond to
emersion stress is therefore noteworthy and could be informative
in understanding the adaptation of intertidal organisms against
aerial exposure. In a recent study, two members out of 10
IL-17 genes were found fast induced in transcription level in
oyster hemocytes and lead to severe injury of hepatopancreas
tissue afterward, suggesting the crucial role of inflammation
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FIGURE 3 | Alternations of CgTNFs transcripts and hepatopancreas morphology after functional inhibition of CaMs and NOS. (A) Expression levels of CgTNF5019
and CgTNF6440 in oyster hemocytes after functional inhibition of CaMs and NOS during emersion. Both genes were found decreased significantly when CaMs were
suppressed by CDZ or when NOS activity was repressed by L-NMMA. Transcripts of CgTNFs regained to basal level when NO donor was supplemented during
CaMs inhibition. Significance was determined by one-way analysis of variance (ANOVA) and marked with letters (a, b, c, etc.) if p < 0.05. (B) Hematoxylin and eosin
staining of hepatopancreas after the functional inhibition of CaMs and NOS during emersion. As shown, digestive tubules of oyster hepatopancreas were
pathologically expanded after a 5-day emersion while massive vacuolization was also observed in the epithelial cells. When CaMs and NOS were repressed during
emersion by continuous injection of CDZ or L-NMMA, the pathological expansion of digestive tubules along with vacuoles of epithelial cells was rescued.

response in oysters’ resistance against emersion (Xin et al.,
2016). At the meantime, protein levels of three CgCaMs genes
(CgCaM24247, CgCaM20234, and CgCaM24243) were down-
regulated in oyster gills during emersion (Zhang et al., 2015).

Given the modulatory role of CaMs in either cytokine expression
or cell apoptosis, it is a necessity to ascertain the potential role
of CgCaMs in inflammation response of oysters. Hemocytes
are the main immunocytes of oysters responsible for cytokine
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expression and secretion (Ottaviani, 2010; Wang et al., 2017;
Gerdol et al., 2018). Therefore, the expression patterns of these
three CgCaM genes during emersion were surveyed exclusively in
oyster hemocytes. Consistent with previous findings, all studied
CgCaMs were down-regulated in oyster hemocytes during
aerial exposure. Notwithstanding, Ca2+ concentration was found
altered in an opposite pattern of CgCaMs during emersion. As an
important class of intracellular Ca2+ sensors, the proper function
of CaMs relies greatly on the binding of cytoplasmic Ca2+

(Hoeflich and Ikura, 2002; Clapham, 2007). The paradox in Ca2+

concentration and CgCaMs protein level brought forth questions
about the potential influences of Ca2+/CgCaM complex in the
inflammation response of oysters against emersion.

As an important signal transducer in multicellular organisms,
a diversity of proteins could be regulated by Ca2+/CaM
complex, including myosin-light-chain kinase, phosphorylase
kinase, serine/threonine-protein phosphatase, calcium/CaM-
dependent protein kinase I, NOS, and adenylate cyclase (Chin
and Means, 2000; Vetter and Leclerc, 2003). Among these
genes, NOS is of interest due to its role in inflammation
response and stress response of multiple organisms (Bogdan,
2001; Tripathi et al., 2007). What is more, recent studies
in some mollusks also demonstrated the modulation role of
Ca2+/CaMs complex in NOS activation (Bodnárová et al., 2005).
Thus, the alternations of NOS activity were surveyed in oyster
hemocytes during emersion stress. It turned out that NOS activity
increased significantly in oyster hemocytes starting from the
first day of stress. As products of NOS, NO concentration
inside hemocytes also increased drastically during the stress,
confirming the alternation of NOS activity while suggesting
the interaction between Ca2+/CgCaMs complex and NOS in
oysters. To further verify the interaction between Ca2+/CgCaMs
and NOS/NO system, functional inhibitions of CaMs and NOS
were conducted in vivo during aerial exposure. As expected,
NOS activity and NO concentration decreased significantly after
injecting antagonists or dsRNA of CgCaMs, certificating the
involvement of Ca2+/CaMs-NOS/NO pathway in the stress
response of oysters against emersion. Moreover, the augment
of NOS/NO system has also indicated a functional activation
of Ca2+/CgCaMs complex despite of the paradox in Ca2+

concentration and CgCaMs protein level. It is also worthy to
notice that several types of NOS (iNOS, eNOS, and nNOS) were
encoded by vertebrates while only one NOS-encoding gene is
identified in oyster genome (Alderton et al., 2001; Zhang et al.,
2012). The present results demonstrated that oyster NOS gene
could retain a primitive form in comparison with its vertebrate
homologs, reconfirming our previous findings (Jiang et al., 2016).
It was therefore interesting to figure out whether oyster cytokines
could also be modulated by Ca2+/CaMs-NOS/NO pathway
during desiccation-induced stress response.

Being a highly diffusible gas and ubiquitous bioactive
molecule, NO could modulate the expression of multiple
cytokines including TNF, interferon, and ILs (Bogdan, 2015).
Previous study has shown that transcripts of two CgIL-17 genes
could be induced in oyster hemocytes due to the elevated
glucose concentration in serum during emersion (Xin et al.,
2016). Besides IL17 family members, multiple TNF-encoding

genes have also been identified in oysters and participating
in the inflammation response against biotic and abiotic stress
(Sun et al., 2014; Gao et al., 2015; Chen et al., 2016).
Therefore, expression alternations of two representative CgTNF
genes (CgTNF5109 and CgTNF6440) were characterized during
emersion. Consequently, both CgTNFs were up-regulated during
aerial exposure. Meanwhile, transcripts of CgTNF5109 and
CgTNF6440 were significantly suppressed when CgCaMs or
NOS were functionally inhibited. These results collectively
demonstrated the involvement of Ca2+/CaM-NOS/NO pathway
in the transcriptional promotion of CgTNFs during emersion
stress. As the main immunocytes, secreted cytokines from
hemocytes could endow a ubiquitous promotion of inflammation
response in different tissues or organs (Gerdol et al., 2018).
It was demonstrated that tissue injury oysters could be
recused markedly when CgIL-17s were suppressed, depicting
the crucial role of inflammatory cytokines in the resistance
of oysters against prolonged emersion stress (Xin et al., 2016;
Dong et al., 2017). Since CgTNFs could be transcriptionally
promoted by Ca2+/CaMs-NOS/NO pathway during emersion,
it is therefore obligatory to know whether above pathway could
result in pathological injury in oysters during emersion. By
taking the hepatopancreas tissue as example, it was found
that pathological expansion and massive vacuolization observed
during prolonged aerial exposure could be greatly reduced after
continuous inhibition of CaMs and NOS during emersion.
This finding reconfirmed aforesaid speculation that cytokine-
mediated inflammation response could influence the resistance
of oysters against long-term emersion stress.

As a highly integrated immunological process, inflammation
response is mainly mediated by cytokines and meant to protect
the organisms from either biotic or abiotic stress (Barton, 2008).
The inflammation response, however, could be harmful to the
host if out of control (Lassmann, 2008). As demonstrated,
the robust accumulation of two CgIL-17 transcripts during
emersion was due to the elevated glucose concentration in
hemolymph, which was induced by glycogenolysis in a glycogen
synthase kinase-3β-dependant way (Xin et al., 2016). Though
NOS/NO-CgTNFs pathway was found continuously promoted in
oyster hemocytes in a Ca2+/CgCaM-dependent way, how Ca2+

and CgCaMs were modulated remained less investigated here.
Notwithstanding, it has been demonstrated that concentration
of intracellular Ca2+ could be promoted as by-products of
glucose uptake (Berna et al., 2002). Meanwhile, a rapid increase
of glucose uptake was observed in either endothelial cells
under hypoxia stress or in oysters under desiccation stress
(Yamada et al., 2000; Wang et al., 2016). Therefore, the
augment of intracellular Ca2+ is supposed to be resulted
from the promotion of glucose uptake in oyster hemocytes.
Given the great energy demand of oysters in dealing with
stress, it was suggested that augment of intracellular Ca2+

could be unavoidable during prolonged emersion, resulting in
the continuous promotion of Ca2+/CgCaM-NOS/NO-CgTNFs
pathway. Moreover, considering that NO production could be
promoted by CgTNFs reciprocally, the continuous promotion
of Ca2+/CgCaM-mediated inflammatory pathway seems to be
irreversible in long-term emersion stress, compromising the
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homeostasis of inflammation response (Zheng et al., 2020).
Interestingly, a significant repression of CgCaMs proteins
was observed starting from the first day of emersion before
regaining at the late-stage of stress. Although the modulation
mechanism of CgCaMs remained unknown, it is speculated
that the expressional decrease of CgCaMs could be a protection
against the overwhelmingly promoted inflammation response
counteracting increase of intracellular Ca2+. Lastly, there are
also some limitations in our study. For example, all the
oysters were pre-drilled before the experiment and the emersion
stress was conducted in laboratory condition with consistent
temperature and humidity. The physiological and molecular
response of oysters against emersion could differentiate from
the stress responses in the wild since the energy consumption
and gene expression might be allocated for shell repair (Hüning
et al., 2016). Nevertheless, results of the present study are
still informative in understanding the inflammation response of
oyster against aerial exposure where Ca2+/CgCaM-NOS/NO-
CgTNFs pathway is suggested as an important hallmark.
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