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Ruditapes philippinarum, is an economically and scientifically important bivalve mollusk.
Its tolerance of aerial exposure has long been considered an important trait for its
survival under acute environmental stress. In this study, the effects of air exposure at
high and low temperatures (28 and 4◦C) on the survival, antioxidant and metabolic
enzyme activities, and the expression of antioxidant and immune-related genes
in R. philippinarum were investigated. The activities of antioxidant and metabolic
enzymes [superoxide dismutase (SOD), α-amylase, and proline hydroxylase (PHD)] were
significantly affected by aerial exposure and reimmersion (reoxygenation) at both low
(4◦C) and high (28◦C) temperatures. Moreover, the mRNA expression of α-amylase,
SOD, and C-type lectin was also examined, which reveals these genes were significantly
affected by aerial exposure challenge. In addition, the effects of aerial exposure and
reimmersion on survival rate were calculated to evaluate the recovery capacity of
Manila clam after aerial exposure at high and low temperatures. All individuals survived
under low temperature aerial exposure for 24 h and reimmersion for 120 h. However,
individuals died after reimmersion for 12 h following high temperature aerial exposure,
and mortality peak occurred at 48 h. These data indicate that long-term aerial exposure
during the transportation of clams should be in a low temperature environment. This
study demonstrates that enzyme expression and activities linked to the stress response
increase during the aerial exposure of R. philippinarum and provide useful information
for future work on the molecular basis of tolerance of aerial exposure stress.

Keywords: Ruditapes philippinarum, aerial exposure, reoxygenation, oxidative stress, enzymatic activity, gene
expression

INTRODUCTION

The Manila clam, Ruditapes philippinarum, is an economically and scientifically important marine
bivalve species with a wide geographic distribution, extending from Europe to Asia (Zhang and
Yan, 2006, 2010). Manila clam has a great capacity to adapt to new environments (Solidoro et al.,
2000). Its ability to cope with abiotic and biotic stresses is vital to its survival because it has an
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intertidal benthic lifestyle, and is therefore subjected to cycles
of emersion and reimmersion during the tidal cycle. Because
juvenile clams settle in muddy or sandy sediments in the
intertidal zone and live buried several centimeters deep (Yin
et al., 2017), they experience daily rhythms of air exposure
throughout their lives, which impose physiological stresses,
including water loss, oxygen deficiency, thermal stress, and food
limitation (McMahon, 1988; Byrne et al., 1990; Hiong, 2004;
Nie et al., 2016, 2017).

A tolerance of aerial exposure has long been considered an
important trait for survival under acute environmental stress,
especially for aquatic animals (Li et al., 2017). Aquatic animals
in intertidal areas must cope with being out of the water at
regular intervals. Emersion times are longest for animals in the
high intertidal zone, so these individuals are often subjected
to aerial exposure. Many aquatic species, such as shellfish,
can also experience aerial exposure during their harvest and

transportation. Therefore, the tolerance of aerial exposure in
shellfish is an interesting ecological phenomenon, the molecular
and physiological mechanisms of which require clarification, and
have received considerable attention in recent years (Romero
et al., 2007; Li et al., 2017). Previous studies have reported several
effects of aerial exposure on the molecular, physiological, and
biochemical responses (metabolic costs, antioxidant defenses,
fermentative metabolism, etc.) of aquatic mollusks. Oxygen
sensors and several pathways (oxidative stress, heat shock
stress, energy metabolism, immune functions, etc.) have been
implicated in the adaptive response to changes in oxygen
availability in several bivalves, including mussels (Widdows and
Shick, 1985; Almeida et al., 2005; Almeida and Bainy, 2006;
Kawabe and Yokoyama, 2012; Woo et al., 2011; Giannetto et al.,
2015, 2017; Nogueira et al., 2017), oysters (Sussarellu et al., 2010;
Piontkivska et al., 2011), and others (Widdows et al., 1979; Philipp
et al., 2012). Bivalves are known to utilize anaerobic metabolic

FIGURE 1 | Effects of aerial exposure on α-amylase in gill of Ruditapes philippinarum under low temperature (A) and high temperature (B). TL, low temperature
experimental group; CL, low temperature control group; TH, high temperature experimental group; CH, high temperature control group. Asterisk represents
significant difference in independent t-test in the control group at the same time; same lowercase letters are not significant, and different lowercase letters for
difference. The same below.
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FIGURE 2 | Effects of aerial exposure on α-amylase in hepatopancreas of R. philippinarum under low temperature (A) and high temperature (B).

pathways when their tissues are deprived of oxygen (Zwaan,
1977). However, little is known about the mechanisms underlying
the regulation of the physiological and immune responses to
aerial exposure in the Manila clam (Yin et al., 2017).

Aerial exposure greatly affects the immune functions and
stress resistance of shellfish, and can lead to death from oxidative
damage, antioxidation, and immunosuppression (Malagoli et al.,
2007; Li et al., 2017). α-amylase is a digestive and metabolic
enzyme associated with growth and metabolism. α-amylase
hydrolyzes amylose to glucose during digestion, which promotes
the growth and development of organisms (Sellos et al.,
2003). It is the key enzyme in carbohydrate assimilation in
mollusks (Qian et al., 2003). Proline hydroxylase (PHD) is a
metabolic enzyme that allows the body to adapt to hypoxic
environments (Piontkivska et al., 2011), and regulates the stability
of hypoxia inducible factor (HIF) in oxygen utilization. The
inhibition of PHD during oxygen limitation stabilizes HIF
and permits cells to adapt to hypoxia (Nguyen and Durán,
2016). Superoxide dismutase (SOD) is an immune-related

antioxidative enzyme, which eliminates the superoxide anions
(free radicals) produced by immune reactions in the body
(Afonso et al., 2007). In addition, C-type lectins (CTLs) are
pattern recognition receptors (PRRs) that play important roles
in the immune responses and defenses of shellfish (Li et al.,
2019). The identification of the genetic mechanisms regulating
these physiological, immunological, and biological processes will
provide key insights into the adaptive responses of marine
bivalves to aerial exposure and aerial exposure stress (Ekblom and
Galindo, 2011; Place et al., 2012).

In this study, the changes in physiological indices during
the process of resistance to air exposure were investigated by
monitoring the changes in the metabolic and antioxidant enzyme
activities of R. philippinarum under the stress imposed by aerial
exposure and reimmersion in water at different temperatures.
We also monitored the different mortality rates during these
processes under different conditions. This study provides new
insights into the physiological and biochemical mechanisms
underlying aerial exposure tolerance in R. philippinarum and
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FIGURE 3 | Effects of aerial exposure on superoxide dismutase (SOD) in gill of R. philippinarum under low temperature (A) and high temperature (B).

extends our understanding of the physiological changes that
occur in response to low oxygen availability, the fundamental
adaptive physiology of this organism, and the molecular
mechanisms operating during aerial exposure.

MATERIALS AND METHODS

Experimental Clams
The experimental clams were collected from Jinshitan,
Dalian, China. Those clams had an average shell length of
35.05 ± 2.24 mm and an average weight of 8.96 ± 1.21 g. Before
the experiment, all the Manila clams were acclimatized in aerated
seawater (31 ± 1 ppt) at 14 ± 1◦C for 1 week in lab condition
(Li et al., 2017). All the clams were fed spirulina powder daily
for 1 week and fasted for 2 days before aerial exposure, and
the water was exchanged daily to remove the waste products
from the marine invertebrates. Other water parameters were
measured during the experiment (pH 8.2 ± 0.2; dissolved

oxygen, 8.5 ± 1.0 mg/L). R. philippinarum is not an endangered
or protected species, so there was no need for specific procedures
or approval were required in this study.

Challenge and Sampling
Totally 360 Manila clams were averagely divided into high
temperature experimental group (TH), high temperature control
group (CH), low temperature experimental group (TL), and low
temperature control group (CL). Each group consisted of three
replicates with a total number of 90 clams. The high-temperature
experimental group was aerially exposed at 28◦C, and the low-
temperature experimental group at 4◦C (Wang, 2010) for 3, 6,
12, or 24 h. The aerially exposed groups were then respectively
restored to their original tanks at 4 or 28◦C for 120 h. Gill and
hepatopancreas samples were collected from three replicates of
experimental groups and control groups at different time points
(aerial exposure: 3, 6, 12, and 24 h; reimmersion: 3, 6, 12, 24,
48, 72, and 96 h).
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FIGURE 4 | Effects of aerial exposure on superoxide dismutase (SOD) in hepatopancreas of R. philippinarum under low temperature (A) and high temperature (B).

For the measurement of enzyme activities, about 0.1 g samples
of gill and hepatopancreas were pooled within the same group
and a 0.9 volume of normal saline was added according to
weight (g): volume (ml) = 1: 9. The rest of the collected gill and
hepatopancreas samples were stored at −80◦C in a freezer for
subsequent RNA extraction.

The mortality rates of the Manila clams after aerial exposure
and reimmersion in the experiment groups and the Manila clams
in control groups were calculated at different times during the
experiment. In this work, the shell of the clam opened and could
not be closed by the adductor muscle, and then the clam was
classified as dead.

Measurement of Enzyme Activities
For the measurement of enzyme activities, gill and
hepatopancreas samples (about 0.1 g) were respectively
pooled within the same group and a 0.9 volume of normal

saline was added according to weight (g): volume (ml) = 1: 9.
The samples were ground at low temperature (in an ice box)
with an electric tissue grinder, and centrifuged at 2500 rpm in a
freezing centrifuge at 4◦C for 10 min. An aliquot (200 µL) of the
supernatant was diluted with 0.9% normal saline in a 1:4 ratio for
testing. Each enzyme activity index and protein concentration
was measured three times by SpectraMax i3 (Molecular Devices,
CA, United States) in all replicates.

All samples were tested with α-amylase, SOD, and PHD
analysis kits manufactured by Nanjing Jiancheng Bioengineering
Institute (Nanjing, China) according to the protocols of
the manufacturer.

Total RNA Extraction
Total RNA was extracted with TRIzol Reagent (TRIzol R© Plus
RNA Purification Kit, Invitrogen, Carlsbad, CA, United States),
according to the manufacturer’s protocol. The total RNA
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FIGURE 5 | Effects of aerial exposure on PHD in gill of R. philippinarum under low temperature (A) and high temperature (B).

concentration was measured with a NanoDrop 2000c UV/Vis
spectrophotometer (Thermo Fisher Scientific, Madison, NY,
United States). The quality of the total RNA was confifirmed
by electrophoresis on 1% agarose gel (Supplementary
Figure S1). The total RNA was extracted from each tissue
of R. philippinarum, reverse transcribed to cDNA, and stored
at −20◦C.

Tissue Distribution and mRNA
Expression of α-Amylase, SOD, and
RpCTL in Manila Clams Under Aerial
Exposure Analyzed With Reverse
Transcription (RT)-Quantitative PCR
(qPCR)
For the tissue expression analysis, the mantle, gill, siphon,
adductor muscle, foot, and hepatopancreas tissues were collected
from three unchallenged clams, and the total RNA was extracted

with TRIzol Reagent (Invitrogen). The first-strand cDNA was
synthesized with the QuantiTect R© Reverse Transcription Kit
(TaKaRa Bio, Shiga, Japan), according to the manufacturer’s
instructions. For the expression analysis of α-amylase, SOD, and
RpCTL mRNAs in the Manila clams under aerial exposure, the
gills and hepatopancreases were collected from three challenged
clams in the R. philippinarum.

The qPCR was used to determine the mRNA expression
levels of α-amylase, SOD, and RpCTL, with β-actin as the
internal control, with the SYBR Green Master kit (Roche, Basel,
Switzerland), according to the manufacturer’s protocol. The
primers for qPCR are listed in Supplementary Table S1. The
experiments were performed in triplicate, with three biological
replicates of each sample. qPCR was performed with the Real-
Time Detection System (Roche 480 LightCycler), using the SYBR
ExScript qRT Kit (TaKaRa), in a total volume of 20 µL that
contained 10 µL of SYBR R© Premix Ex Taq II (2×), 0.8 µL of each
primer, 2 µL of cDNA, and 6.4 µL of H2O. The thermal cycling
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FIGURE 6 | Effects of aerial exposure on PHD in hepatopancreas of R. philippinarum under low temperature (A) and high temperature (B).

protocol was 94◦C for 5 min, and 40 cycles of 94◦C for 30 s,
60◦C for 30 s, and 72◦C for 30 s. The expression of α-amylase,
SOD, and RpCTL mRNAs was normalized to that of β-actin
mRNA, and the quantitative differences in expression between
the different samples were calculated with the 2−11CT method
(Livak and Schmittgen, 2001).

Statistical Analysis
All groups were analyzed with one-way analysis of variance
(ANOVA), followed by an unpaired two-tailed t-test. P < 0.05
was deemed to indicate statistically significant differences and
P < 0.01 highly significant differences. All data are expressed
as means ± standard errors (SE). One-way ANOVA followed
by Duncan’s multiple comparison test was used to compare the

effects of hypoxia on the three enzyme activities (α-amylase, SOD,
and PHD). Differences were considered significant at P < 0.05.

RESULTS

Effects of Aerial Exposure on α-Amylase
Activity in Manila Clam
The α-amylase activity in the gills of the Manila clam under aerial
exposure at low temperature first increased significantly (3, 6,
12, and 24 h) and then decreased (3 and 6 h) after reimmersion
(P < 0.05) (Figure 1A). A similar pattern in α-amylase activity
was observed in the gills of the Manila clam under aerial exposure
at high temperature (Figure 1B).
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TABLE 1 | Mortality of clams under aerial exposure at low and high temperatures
for 24 h and after reoxygenation for 120 h.

Aerial exposure and
reoxygenation time (h)

Mortality at 4◦C (%) 28◦C mortality (%)

Aerial exposure time

0 0 0

3 0 0

6 0 0

12 0 0

24 0 0

Reoxygenation time

3 0 0

6 0 0

12 0 1.11 ± 1.92

24 0 1.12 ± 1.94

48 0 46.59 ± 16.11

72 0 40.42 ± 13.29

96 0 14.28 ± 6.18

120 0 0

The hepatopancreatic α-amylase activity in the Manila clam
under aerial exposure at low temperature is shown in Figure 2.
With prolonged aerial exposure, the hepatopancreatic α-amylase
activity first decreased significantly at 6, 12, and 24 h, and then
increased significantly at 3 and 24 h after reimmersion (P < 0.05)
(Figure 2). More significant variation in the hepatopancreatic α-
amylase activity was observed in the Manila clam under aerial
exposure at high temperature (Figure 2B).

Effects of Aerial Exposure on SOD
Activity in Manila Clam
The SOD activity in the gills of R. philippinarum increased
significantly after 24 h under aerial exposure stress at low
temperature (P < 0.05), whereas a significant reduction in
SOD activity was observed at 6 and 24 h in the gills of
R. philippinarum after reimmersion (Figure 3A). At high
temperature, the SOD activity in the gills of R. philippinarum
increased significantly after 3 and 6 h under aerial exposure
stress, whereas it was significantly reduced at 3, 24, 48, 72,
and 96 h after reimmersion (P < 0.05) (Figure 3B). Under
aerial exposure at low temperature, the hepatopancreatic SOD
activity in R. philippinarum increased significantly at 3 h,
but was reduced at 12 and 24 h (P < 0.05); it increased
again after reimmersion (Figure 4A). Under aerial exposure
at high temperature, the hepatopancreatic SOD activity in
R. philippinarum was significantly elevated at 3 and 6 h, and
then increased significantly at 6 and 12 h after reimmersion
(P < 0.05) (Figure 4B).

Effects of Aerial Exposure on PHD
Activity in Manila Clam
The PHD activity in the gill of R. philippinarum under aerial
exposure at low temperature is shown in Figure 5A. It increased
significantly at 6, 12, and 24 h under aerial exposure stress
(P < 0.05), and when the calm was reimmersed, it first decreased

and then increased (Figure 5A). In the hepatopancreas, the
change trend of PHD activity was similar to the PHD activity in
the gill (Figure 6A) Under aerial exposure at high temperature,
the hepatopancreatic PHD activity was significantly reduced
at 3 h, increased at 6 h (Figure 6B), whereas that in the
R. philippinarum gill decreased at 12 and 24 h (Figure 5B).
The PHD activity increased significantly from 3 to 48 h after
reimmersion (P < 0.05).

Mortality and Tissue Distributions
of α-Amylase, SOD, and RpCTL
The mortality rates of the clams under aerial exposure for 24 h
at low and high temperatures and within 120 h of reimmersion
were calculated (Table 1). As shown in Table 1, there were no
dead individuals within the first 24 h of aerial exposure at high
temperature (28◦C) and low temperature (4◦C). The mortality
rate was 1.11% after 12 h of reimmersion, and peaked (46.59%)
at 48 h after reimmersion in high temperature group. After 48 h,
the mortality rate began to decrease, and after 120 h, the mortality
rate was 0. In contrast, there were no dead individuals after
low-temperature aerial exposure (Table 1).

The α-amylase and SOD transcripts were predominantly
expressed in the hepatopancreas and gills, whereas RpCTL
transcripts were highly expressed in the mantle, hepatopancreas,
and gill (Figure 7).

Expression Profiles of α-Amylase, SOD,
and RpCTL mRNAs After Aerial Exposure
and Reimmersion
In the gills, the relative expression of α-amylase mRNA increased
first and reached its highest level at 6 and 12 h under aerial
exposure at high temperature and low temperature, respectively
(Figures 8A,B), whereas α-amylase mRNA decreased at 3 h
after reimmersion after aerial exposure at high temperature
(Figure 8A). It then decreased at 48 h after reimmersion after
both the high and low temperature treatments (Figures 8A,B). In
the hepatopancreas, the relative expression of α-amylase mRNA
increased at 3 and 6 h under aerial exposure at the high and
low temperature, respectively (Figures 8C,D). The expression
of α-amylase mRNA increased at 3 and 6 h and at 6 h after
reimmersion following aerial exposure at both high and low
temperature, respectively (Figures 8C,D).

The expression of SOD mRNA was higher in the experimental
group than in the control group at low temperature
(Figures 9A,B). The expression of SOD mRNA in the gill
increased first between 3 and 24 h under aerial exposure at
high temperature, and then decreased significantly at 3 h after
reimmersion (Figure 9A). The relative expression of SOD mRNA
decreased in the gill at high temperature and increased 6 h
again after reimmersion (Figure 9A). Under low-temperature
aerial exposure, the expression of SOD mRNA in the gill
increased significantly at 6 h, and again at 12 h after reimmersion
(Figure 9B). The hepatopancreatic expression of SOD mRNA
increased significantly at 3 h under aerial exposure at both low
and high temperature (Figures 9C,D). The hepatopancreatic
expression of SOD mRNA was significantly higher at 3, 6,
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FIGURE 7 | The mRNA expression of α-amylase (A), SOD (B), and RpCTL (C) in different tissues of Manila clam, including mantle (W), gill (S), siphon (sg), adductor
muscle (B), foot (Z), and hepatopancreas (N).
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FIGURE 8 | The expression analysis of α-amylase in the gill of R. philippinarum under aerial exposure and reimmersion at high (A) and low temperature (B). The
expression analysis of α-amylase in the hepatopancreas of R. philippinarum under aerial exposure and reimmersion at high (C) and low temperature (D).

and 24 h under aerial exposure at high temperature than in
the control group, whereas in the low temperature group, it
increased significantly at 6 h and fluctuated strikingly after
reimmersion (P < 0.05).

The relative expression of RpCTL mRNA in the gill increased
at 3 and 6 h under aerial exposure at both low and high
temperature, indicating that aerial exposure promoted the
expression of the CTL gene. There was a further increase in
RpCTL mRNA at 3 h after reimmersion (Figures 10A,B). RpCTL
mRNA expression showed a similar trend and expression pattern
in the hepatopancreas during aerial exposure (Figures 10C,D).
The relative hepatopancreatic expression of RpCTL mRNA in
the clams was downregulated after 3 h of aerial exposure
at high temperature but upregulated at low temperature.
The hepatopancreatic expression of RpCTL mRNA increased
significantly after reimmersion for 3 h following aerial exposure
at low temperature (P < 0.05) (Figures 10C,D).

DISCUSSION

During shellfish harvest and transportation, most shellfish will
face the stress imposed by aerial exposure and temperature.
Closing the shell is an important way for shellfish to protect

themselves (Kawabe and Yokoyama, 2012). When the shell is
closed during aerial exposure, the shellfish is stressed by the
low oxygen availability, and the main energy supply mode in
the shellfish body probably reverts to anaerobic respiration.
The shellfish may then change its energy metabolism from
anaerobic to aerobic during reimmersion. In shellfish, the
respiration is positively correlated to temperature (Ali and
Nakamura, 1999). Low temperature and humid environments
can effectively reduce the aerial exposure stress response (Ali
and Nakamura, 1999; Almeida and Bainy, 2006). It has been
reported that temperature is the major factor affecting the
water loss rate and tolerance of aerial exposure in Corbicula
fluminea (Byrne et al., 1988). The tolerance time of Helice
tientsinensis under aerial exposure was positively correlated
with the relative environmental humidity (Sussarellu et al.,
2010), and the survival rates of R. philippinarum and C.
fluminea improved in low temperature and moist environments
(Byrne et al., 1988; Ali and Nakamura, 1999). In this
study, all the clams in the low temperature aerial exposure
group survived after reimmersion, whereas a large number of
clams in the high-temperature aerial-exposure group died at
48 h after reimmersion, indicating that low temperature can
effectively reduce the stress of aerial exposure and improve the
clam’s survival.
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FIGURE 9 | The expression analysis of SOD in the gill of R. philippinarum under aerial exposure and reimmersion at high (A) and low temperature (B). The
expression analysis of SOD in the hepatopancreas of R. philippinarum under aerial exposure and reimmersion at high (C) and low temperature (D).

FIGURE 10 | The expression analysis of RpCTL in the gill of R. philippinarum under aerial exposure and reimmersion at high (A) and low temperature (B). The
expression analysis of RpCTL in the hepatopancreas of R. philippinarum under aerial exposure and reimmersion at high (C) and low temperature (D).
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Amylase plays an important role in glycolysis, in which
it hydrolyzes amylose to glucose and maltose (Yin et al.,
2017). α-Amylase is a key enzyme in carbohydrate assimilation
in mollusks and a possible rate-limiting enzyme in the
metabolic pathway (Solidoro et al., 2000). In this study, α-
amylase activity increased in the gills and hepatopancreas,
but increased less markedly in the high-temperature group.
Because the gill is the key tissue of respiration, α-amylase
activity increases and decomposition produces more glucose
under hypoxic conditions. After reimmersion, the α-amylase
activity first fluctuated and then tended to become stable.
This may be because reimmersion caused the clam to
revert from anaerobic respiration to aerobic respiration.
The α-amylase activity in the low and high temperature
groups first increased and then tended to become stable,
which may be attributable to the increased α-amylase activity
induced by the digestion of food filtered from the water
after reimmersion.

In this study, aerial exposure at high temperature led
to reduced SOD activity after 3 h of reimmersion, which
then increased and tended to become stable. This may
be because oxidative damage to the body inhibited the
activity of SOD, which then gradually increased after the
body recovered from the stress response and self-adjusting.
Our results showed that aerial exposure caused the SOD
activity to improve early, to remove excess reactive oxygen
species, and then decreased because of the adjustment of
organism might be delayed, causing oxidative damage to the
organism via oxidative stress and lipid peroxidation (Hiong,
2004). However, SOD activity was inhibited after reimmersion,
and the enzyme activity increased in the early stage in
both groups, possibly because any damage was repaired
and self-regulation reestablished. The expression of the SOD
gene after aerial exposure for 6 h was higher at the low
temperature than at the high temperature, indicating that the
expression of the SOD gene was more active under low-
temperature conditions at this time, and the expression of
the SOD gene after aerial exposure for 12 h was similar,
indicating that its expression during aerial exposure for
6 h was enhanced.

Proline hydroxylase is a key regulator of the HIF pathway
(Nguyen and Durán, 2016). In the HIF pathway, PHD
controls the hydroxylation of key glycolytic enzymes,
such as pyruvate kinase and pyruvate dehydrogenase.
PHD may also control the rate of glycolysis in both HIF-
dependent and non-HIF-dependent ways by regulating
the activities of PKM2 and PDH2. The activity of PHD2
is inhibited by the tricarboxylic acid cycle (Barth et al.,
2009). The inhibition of PHD stabilizes HIF and allows
cells to adapt to hypoxia during periods of oxygen
restriction (Serra-Perez et al., 2010). After reimmersion,
HIF decreased and PHD expression was induced. The
PHD activity in the hepatopancreas was inhibited after
3 h of low temperature aerial exposure, but became stable
after 6, 12, and 24 h, possibly because PHD activity was
inhibited to stabilize HIF in an adaptation to hypoxia.
The PHD activity in the high temperature group was

inhibited at 3 h, increased at 6 h, and decreased thereafter,
perhaps because the PHD activity was inhibited to
stabilize HIF as an adaptation to hypoxia. Its subsequent
reduction may be attributable to the fact that the
concentration of PHD induced by HIF decreased, and the
adjustment was delayed.

C-type lectins are PRRs that play important roles in immune
system of clams (Li et al., 2019). In this experiment, the
expression of RpCTL increased to different levels during
aerial exposure at low or high temperature. High temperature
aerial exposure caused it to increase more dramatically than
low temperature aerial exposure in gill and hepatopancreas
tissues. These up- and down-regulated expression level of
RpCTL were significantly greater in the high temperature
group than in the low temperature group, indicating that
high temperature aerial exposure had a greater effect on the
expression of RpCTL than low temperature aerial exposure.
Our results suggest that high temperature aerial exposure
has a greater impact on the immune response of clams than
low temperature aerial exposure, and that the expression
of immune-related genes is significantly higher during
high temperature exposure. This speculation is supported
by the mortality observed during the whole experiment.
All the individuals survived during low temperature aerial
exposure for 24 h and reimmersion for 120 h. However,
individuals died after reimmersion for 12 h following high-
temperature aerial exposure, and the mortality rate was
maximum at 48 h, at that time the expression level of RpCTL
was down regulated.

CONCLUSION

The changes in physiological indices of SOD, α-amylase
and PHD during the process of resistance to air exposure
were investigated by monitoring enzyme activities of
R. philippinarum under the stress imposed by aerial exposure
and reimmersion in water at different temperatures. At
the same time, the expression level of SOD, α-amylase
and RpCTL also were detected. We also monitored the
different mortality rates during these processes under
different conditions. These data indicate that transportation
involving long-term aerial exposure should be undertaken
in a low-temperature environment. This study provides
new insights into the physiological and biochemical
mechanisms underlying aerial exposure tolerance in
R. philippinarum and extends our understanding of the
physiological changes that occur in response to low oxygen
availability, the fundamental adaptive physiology of this
organism, and the molecular mechanisms operating during
aerial exposure.
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