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Extremely high temperature and hypoxia are mounting problems affecting the world’s
coastal waters under the global warming environment, with severe consequences for
marine life. Scallop is one of the most fragile species to hypoxia stress for their high
respiration rate and lack of self-protection ability such as long-time shell closing.
Circulatory physiology rhythm is sensitive to environmental stress and is an important
means for shellfish to quickly respond to environmental stress. Therefore, monitoring the
circulatory physiology indexes of Chlamys nobilis under hypoxia and high temperature
stress is helpful to quickly diagnose its stress state and reveal the response process of
circulatory system to the stress. In this study, using real-time Doppler ultrasonography
technique, we continuously monitored the circulatory physiological indexes [heart rate
(HR), blood flow volume (FV), blood velocity (PS and ED), resistance index (RI) and S/D
ratio) of the scallop organs (gill, mantle and adductor muscle) under hypoxia (mild 4 mg/L
DO, moderate 3 mg/L DO and severe 2 mg/L DO)] and fluctuating high temperature stress
(29-31°C). Important metabolic function indexes [adenosine triphosphate (ATP), pyruvate
kinase (PK) and cytochrome C oxidase (COX)] of various tissues were measured
simultaneously. The results show that scallops are very sensitive to the changes of
temperature and dissolved oxygen. Both high temperature and hypoxia will increase the
HR, and severe hypoxia will bring greater load to the heart of the scallop. Hypoxia stress
mainly caused the changes of PS, and the RI and S/D of the gill gradually increased. At
2mg/L DO level, the total blood flow of the mantle and adductor muscle decreased, but
the blood flow supply in the gill was stable. The scallop is very sensitive to the change of
high temperature and can make adjustments immediately. High temperature increased
blood flow in various organs and preferentially supplied to the gill. The RI and S/D of
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branchial vessels under high temperature were lower than those under hypoxia. The ATP
content of the mantle was continuous accumulated under high temperature and was
significantly higher than that of the gill and adductor muscle, indicating the specificity of
tissue metabolism. The overall circulatory physiological indexes of the gill showed a more
positive response to the stress environment than the mantle and adductor muscle. All the
results proved that the gill has the best resistance to the hypoxia and high temperature
stress. Our study revealed the circulatory physiology regulation mechanism of the noble
scallop C. nobilis under environmental stress, and provide effective data and technique
supports for the timely diagnose of stress condition of the species, so as to formulate
necessary handling strategies for the scallop farm.
Keywords: Chlamys nobilis, circulatory physiology, acute hypoxia, metabolism, thermal stress, scallop
1 INTRODUCTION

The noble scallop Chlamys nobilis is an important cultivated
bivalve in Asian coastal countries, with the advantages of fast
growth, high profit and rich nutrition. Since the 1980s, it has
gradually become an important economically cultured shellfish
in the coastal areas of southern China (Tan et al., 2020; Ye et al.,
2021). In recent years, the mortality of noble scallop C. nobilis
from July to September is as high as 60-80% (Cheng et al., 2020),
and high temperature and hypoxia are the main causes of large-
scale death. The optimum growth temperature range of noble
scallop C. nobilis is 23.3-27.9°C (Liu et al., 2011), while the water
temperature in summer along the southeast coast of China
frequently exceed 30°C from May to June. Yang et al., 2021
found that the dissolved oxygen concentration was linearly
negatively correlated with the temperature of surface water and
bottom water (P<0.01), which means that the stress of high
temperature and hypoxia on scallops may occur simultaneously.
Previous studies mainly focus on the effects of temperature
gradient changes on shellfish physiology and metabolism,
whereas detailed study of circulatory physiology and tissue
metabolism response in noble scallop C. nobilis under
fluctuating hyperthermia and acute hypoxia is lacking. The
study is essential to provide data and technique supports for
the timely diagnose of stress condition of the species, so as to
formulate necessary handling strategies for the scallop farm.

Hypoxia has emerged as a major threat to the global coastal
ecosystem (Vaquer-Sunyer and Duarte, 2008), and may form
coastal hypoxia “dead zones” (Breitburg et al., 2018). Water with
dissolved oxygen (DO) levels below 2.0 mg/L are generally
defined as anoxic water bodies (Fennel and Testa, 2019).
However, in many studies, water bodies with dissolved oxygen
greater than 2.0 mg/L but not conducive to the survival of marine
organisms are also called anoxic water bodies (Li, 2019). Grimes
et al. (2021) described the dissolved oxygen concentration of 4.5
mg/L as mild hypoxia, 2.5 mg/L as moderate hypoxia and 1 mg/L
as severe hypoxia in the study of corallivorous fireworms
(Hermodice carunculata). Hypoxia affects shellfish behavior,
metabolism, survival and growth (Zhang, 2020). Shen (2018)
also pointed out that hypoxia will affect the metabolism and
growth of abalone. In Sansha bay, Fujian Province, a reduction
in.org 2
in dissolved oxygen led to mass mortality of farmed scallops
(Wang et al., 2014). The noble scallop C. nobilis has poor
tolerance to oxygen fluctuations, and most studies focus on the
adaptation mechanism of shellfish under long-term hypoxia
stress, and there are few studies on the physiological changes
of it under the threat of acute hypoxia.

Water temperature increase in coastal areas are more
pronounced than in open ocean waters (Alsterberg et al.,
2011). High temperatures can accelerate microbial
consumption of dissolved oxygen in water bodies, which result
in severe hypoxia (Tomasetti & Gobler, 2020), subsequently lead
to local extinctions and biodiversity loss at coastal areas
(Godbold & Solan, 2013). The timely and effective
physiological regulation response of shellfish is an important
means to make it through the adverse period smoothly under the
extreme stress environment. Among them, the physiological
function response of heart and hemolymph circulation respond
the fastest, and the adjustment of metabolic physiological
balance is an important aspect to ensure the homeostasis of
the body. The hemodynamics of Chlamys farreri under thermal
stress revealed the quick response of the circulatory physiological
function (Xu et al., 2019), and sustained high temperature can
cause serious damage to the physiological and metabolic
functions of Crassostrea virginica and Mytilus galloprovincialis
(Anestis et al., 2007; Matoo et al., 2013). Xing et al. (2019) found
that when the temperature increased from 5°C to about 30°C, the
heart rate of C. farreri increased at a rate of 1.73 ± 0.04 bpm/°C,
but decreased rapidly at 34°C; Götze et al., 2020 confirmed that
high temperature stress can shift the metabolism of scallops to an
anaerobic pathway; Hu et al., 2022 found that heat stress could
affect the TCA cycle in shellfish.

The circulatory system includes the cardiovascular system
and the lymphatic system (Li et al., 2006). The cardiovascular
system consists of the heart, arteries, capillaries and veins. It
provides oxygen, various nutrients and hormones to organs and
tissues through blood flow, and transports tissue metabolic
wastes to excretory organs to maintain the homeostasis of the
internal environment, metabolism and normal life activities
(Pittman, 2011). Heart rate and hemodynamics have been
proved to be indicators of the overall physiological condition
of the body. Heart rate in bivalves is an easily monitored
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physiological index, and environmental fluctuation is the
main factor affecting heart rate (Trueman et al., 1973; DeFur
and Mangum, 1979). Gurr et al. (2018) found that the heart rate
of scallops fluctuated with oxygen level under circadian hypoxia.
Invertebrates increase the rate at which the body acquires oxygen
by increasing cardiac output (Grieshaber et al., 1993).
Ultrasonography makes our observation of the internal
structure of organisms more direct (Novelo and Tiersch, 2012).
Doppler color ultrasonography can accurately monitor heart
rate, blood flow direction, blood flow velocity, blood flow and
vascular resistance without body hurt. Previously we used
Doppler ultrasonography method and successfully revealed the
effect of thermal stress on the hemodynamics of the scallop C.
farreri (Hao et al., 2016; Xu et al., 2019). In this study, we also use
the same technique to study the circulatory physiological
changes of noble scallop C. nobilis under continuous high
temperature and hypoxia stress.

In addition, the metabolism of organisms is tissue-specific,
with different metabolic processes and responses to
environmental stress in different parts (Le Moullac et al., 2007;
Strahl et al., 2011; Tan et al., 2020). Key metabolic enzyme
activity change can reflect the dynamics of vital metabolism
process in tissue. Adenosine triphosphate (ATP) is the energy
source of various metabolic reactions in cells (Hara & Kondo,
2015); Pyruvate kinase (PK) is an important rate limiting enzyme
in anaerobic metabolism (Weber et al., 1996); Cytochrome C
oxidase (COX) reflects the aerobic metabolic capacity of tissue
(Ivanina et al., 2011). Liu et al. (2014) indicated that hypoxia may
shift the metabolic pathway of animals to anaerobic metabolism.
And hypoxia affects the rate and efficiency of ATP synthesis and
suppresses COX gene expression in senna (Hochachka et al.,
1996; Diaz and Breitburg, 2009; Woo et al., 2013). Heat stress can
reduce the production of ATP (Hraoui et al., 2020), and the COX
activity and ATP content of Dreisena polymorpha were
significantly reduced under high temperature (Louis et al.,
2020). Therefore, we selected three metabolic indicators (ATP,
COX and PK) of the gills, mantle and adductor muscle of
noble scallop C. nobilis and analyzed their level and activity,
aiming to explore the impact of environmental stress on tissue
metabolism and the possible correlation with the circulatory
physiological dynamics.
2 MATERIALS AND METHODS

2.1 Sample Collection and Acclimation
The one-year old experimental scallops were obtained from a
scallop raft-culture farm at Chengmai, north of Hainan Province.
They were transported to the laboratory within 2 hours in cool
and aerated seawater. Healthy scallops were cleaned and reared
for acclimation in three 900 L circulating water culture system
for a week (30-40 scallops in each system) under the conditions
of natural light, water temperature of 25 ± 1°C and salinity of 31.
Microalgae Isochrysis galbana (2×105 cell/L) was fed twice a day,
and one-third of the seawater was replaced every two days to
ensure water quality.
Frontiers in Marine Science | www.frontiersin.org 3
2.2 Circulatory Physiological
Indexes Measurement
The Doppler ultrasonography system can measure a series of
hemodynamic parameters (listed in Table 1). These indices can
indicate several physiological situations of the circulatory system
in different tissues, including the blood flow capacity, pumping
capacity of the heart and whether blood vessels work well. The
monitored ED values of the mantle and adductor muscle were
discontinuous, so only the gill’s ED values were measured. Based
on this, only the RI and S/D values of the gill were calculated.

Doppler ultrasonography system (FL-60181, Xuzhou Pyle
Co., Ltd; Xuzhou, China) was equipped with an 8-12 MHz
high frequency waterproof linear emission probe. The anterior
and posterior auricle of the scallops were secured with plastic
clips so that the opening was upward for easy monitoring. When
measuring, the scanning mode was set to B mode (black &
white), then the probe was put into the water with the position
parallel to the two shells, carefully adjusted until clear image of
the blood vessel was shown on the screen. Secondly, the scanning
mode was set to C mode (color) to show the blood flow dynamic,
then D mode (Doppler pulse) was switched on, and a 0.5mm
sampling site was located at the middle of the vessel so as to
acquire the most active blood flow dynamic image (Figure 1).
One minute duration video was recorded for further
detailed measurement.

2.3 Tissue Metabolic Indexes
Measurement
Adenosine triphosphate (ATP), cytochrome-C oxidase (COX)
and pyruvate kinase (PK) were selected as metabolic indexes of
scallop tissue under hypoxia and high temperature stress. The
content of ATP in tissue reflects the state of energy supply. The
activities of COX and PK reflect the aerobic and anaerobic
metabolic capacity of tissue, respectively.

Three metabolic indexes were measured by commercial
analyzing kits (Beijing Solarbio® biological company). After
stress treatment, the scallops were dissected on ice, and the
tissue samples (gill, mantle, adductor muscle) were quickly
frozen in liquid nitrogen and thereafter stored in - 80°
C refrigerator.

2.4 Experimental Design
2.4.1 Hypoxic Stress
The experimental system for hypoxic stress effect comprised of a
rearing tank (450L water volume, water temperature 25 ± 1°C,
salinity 31 and 6.5 mg/L DO), a DO automatic control equipment
(seawater acidification & hypoxia simulation system
(WQ1002PD; Yantai Shenhong Measurement and Control
Technology Co., Ltd.) and a nitrogen gas aerating system. We
selected 20 scallops (shell height 8.35 ± 0.29; wet weight 60.69 ±
4.79 g) for the experiments. They were divided equally into four
hypoxic stress treatment groups (five individuals each): mild (4.0
mg/L), moderate (3.0 mg/L), severe (2.0 mg/L), and extreme (1
mg/L) according to the ecologically defined hypoxic degree
(Grimes et al., 2021). The scallops died quickly and no
physiological index can be detected under the extreme hypoxia
May 2022 | Volume 9 | Article 880112
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level (1 mg/L), so the other three treatments were tested. ‘Normal’
represent the scallop in the condition with the temperature of 26°
C and 6.5 mg/L DO. Firstly, the normal circulating physiological
values of the scallops were measured before aerating with nitrogen
gas. Then, nitrogen aeration started and the dissolved oxygen level
dropped within half an hour to the set DO concentration (the
time was recorded as 0h). The circulatory physiological indexes of
the scallop were measured at 2h, 4h, 6h, 8h and 10h. It was found
that the circulatory physiological indexes of the scallop changed
dramatically at severe hypoxia condition (2.0 mg/L DO),
therefore, we then repeated the experiment with 2.0 mg/L DO
to measure the metabolic indexes of three tissues.

2.4.2 High Temperature Stress
According to the open sources mid-infrared SST data from
NASA’s Earth Observing System Data and Information System
(EOSDIS) (https://worldview.earthdata.nasa.gov), the highest SST
at the scallop aquaculture sea area northeast of Beibu Gulf of
Frontiers in Marine Science | www.frontiersin.org 4
China varied from 29 ± 0.5°C (night) to 31 ± 0.5°C (daytime) in
May and June 2021, the hottest season. According to this, we set
the thermal variation from 29 to 31 to simulate the in situ
condition. Firstly, 35 scallops (shell height 5.31 ± 0.27cm, wet
weight 20.96 ± 4.88 g) were put into the tank for experiment. The
normal circulating physiological values and metabolic indexes of
the scallop were measured. Then, the water was heated with a
heating rod (200W) from 26°C to 29°C at the rate of 1 °C per two
days, another heating rod was put into the tank and the water
temperature fluctuation experiment started. The heating time was
automatically controlled by a timer. Water temperature began to
rise at 7:30 from 29°C and reached 31 ± 0.5°C at 15:00, then
maintained for 1 h. Then it dropped to 29 ± 0.5°C at 4:00 the next
day and maintained until 7:30. The high temperature fluctuation
experiment repeated for 3 days. We measured the circulatory
physiological indexes of the scallop at 7:30 and 15:00 every day,
randomly selected 5 scallops each time, and collected their tissues
to measure metabolic indexes at the same time.

2.5 Statistical Analysis
In order to better reflect the changes of physiological cycle
indexes and metabolic indexes of scallops under stress, we
classified the experimental results. In hypoxia stress
experiment, HR and metabolic indexes (ATP, COX and PK)
were expressed as relative rate of change, whereas the blood
velocity (PS and ED), FV, RI and S/D were expressed as
measured values. In high temperature stress experiments,
blood velocity (PS and ED), FV, and metabolic indexes (ATP,
COX and PK) were expressed as relative change rates, whereas
the HR, RI, and S/D were expressed as measured values. The
formula for calculating the relative rate of change in hypoxia and
high temperature stress is shown in formula (1).

Relative   change   rate   %ð Þ = measured value − normal value
normal value

� 100 (1)

The experimental data were analyzed by SPSS 24.0 statistical
software. The significant differences among each group were
analyzed by one-way analysis of variance (ANOVA), combined
with LSD test and independent T test, respectively (p<0.05). All
variables were tested for normality of variance and homogeneity
before analysis. Values are expressed as mean ± standard error (SE).
TABLE 1 | Listing of cardiac and hemodynamic parameters measured by ultrasonography.

Parameters Calculation/measure method Indication

Heart rate
(HR, per/min)

Heart beats per minute; determined from the frequency of systolic peaks in the arterial flow
records

Rhythm of the circulatory system

Peak Systolic
Velocity
(PS, cm s−1)

The peak velocity of blood flow in the vessel The blood flow capacity

End-Diastolic
Velocity
(ED, cm s−1)

The valley velocity of blood flow in the vessel The blood flow capacity

Blood flow volume
(FV, ml/min)

The blood flow per minute in the cross-section of the measured vessel The blood flow capacity

Resistive Index (RI) RI = (PS-ED)/PS Evaluating the function of the blood vessel
S/D ratio S/D = PS/ED Evaluating whether damage occurred in the

vessel
FIGURE 1 | Doppler ultrasonic imaging (pulse mode) of the scallop’s inner
tissue and the branchial vessel blood flow dynamics. Red line shows the
blood flow (upward) in afferent branchial vessel and blue line the blood flow
(downward) in efferent branchial vessel. The short parallel lines (P) indicate the
sampling site, at which the real-time blood flow dynamic is recorded at the
lower part of the figure.
May 2022 | Volume 9 | Article 880112

https://worldview.earthdata.nasa.gov
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Hao et al. Circulatory Physiology Metabolism Chlamys nobilis
3 RESULTS

3.1 Circulation Physiological Changes of
Different Organs Under Hypoxic Stress
3.1.1 Heart Rate (HR)
The results of the study showed that the heart rate of the scallops
increased under all three dissolved oxygen conditions. The HR
increase rate was the highest at 2.0 mg/L DO level (31.57-
43.83%), and the lowest at 3 mg/L DO level (6.97-17.50%),
indicating that scallops tend to increase the HR to elevate the
circulatory efficiency to provide more oxygen under severe
hypoxic condition (Figure 2). After 6 h, the increase rate of
HR at 2mg/L showed a slightly decrease (Figure 2). Under the
condition of 2mg/L DO, the overall increase of scallop HR was
the largest, reaching the peak between 4h and 6h, and slightly
decreased after 8h, but still increased by 35.91% compared with
the normal value. However, it was strange that under the
condition of 3mg/L DO, instead of 4 mg/L DO, the overall
change range of scallop HR was the smallest, and was
consistently elevated between 0 and 8h.

3.1.2 Blood Velocity (PS and ED)
The changes of blood velocity in each organ under the three
dissolved oxygen levels were basically consistent with the changes
in HR, that is, the blood velocity was the highest at 2 mg/L DO,
and the lowest at 3 mg/L DO (Figures 3A-C). The PS of adductor
muscle was significantly higher than that of gill and mantle
(P<0.05), but there was no significant difference between gill
and mantle (Figures 3A-C). As dissolved oxygen decreased from
4 mg/L to 3 mg/L to 2 mg/L, compared to the respective normal
PS values, the PS of the gills increased by an average of 52.70,
32.27 and 68.29 mm/s, the PS of adductor muscle increased by an
average of 5.61, 21.54 and 116.75 mm/s, whereas the PS of mantle
decreased by an average of -7.72 to -2.98 to -19.54 mm/s
(Figures 3A-C). The ED of gill was less affected by the change
of dissolved oxygen concentration and fluctuated steadily with
time. As dissolved oxygen decreased, the ED of gill increased by
Frontiers in Marine Science | www.frontiersin.org 5
an average of 5.61, 6.91 and 14.24 mm/s compared to the normal
ED values (Figures 3A-C).

3.1.3 Blood Flow Volume (FV)
The Figure 4 shows the changes of blood supply and total blood
supply in gill, mantle and adductor muscle tissues under different
hypoxia levels. At the 4 mg/L DO level, the FV of three tissues
and the total were relatively stable with time (Figure 4A). At the
3 mg/L DO level, the total FV decreased to 7.60 ml/min at 2 h
and then gradually increased to 8.18 ml/min at 6 h. After 6 h, the
total FV recovered gradually to 6.98 ml/min. The FV in the gill
showed a similar dynamic to the total (from 2.51 to 2.02 ml/min
with a peak value of 2.83 ml/min at 6h), whereas the FV change
in the mantle and adductor muscle was not significant, which
means that the FV increase in the gill contributes to the total FV
elevation (Figure 4B). It implies that with the decrease of the
DO, the scallop elevated the FV in the gill first to promote the
DO acquisition to cope with the stress.

At the severe hypoxia treatment, the total FV and that in the
mantle and adductor muscle reduced drastically (8.23 to 4.50 ml/
min, 2.52 to 0.60 ml/min and 4.50 to 2.63 ml/min, respectively)
during the acute DO drop from normal to 2 mg/L, and then they
kept at a very low level during the following experiment period
(Figure 4C). The elevation of FV in the gill was absent at 2 mg/L
DO, which implied that the scallop couldn’t cope with the stress
by elevating DO acquisition efficiency.

3.1.4 Resistance Index (RI) and S/D Ratio
The results showed that under three hypoxia stress degrees, the
RI and S/D of the gill had the same trend of change with time. At
4 mg/L DO level, the RI values of the gill increased significantly
at 0h, then fluctuated increased and reached a peak at 10h
(RI=0.70) (Figure 5A). At 3mg/L DO level, RI values increased
as a whole but significantly decreased at 6 hours, the peak value
also appeared at 10h (RI=0.70) (Figure 5B). At 2 mg/L DO level,
the RI values decreased significantly at 2 h, and then rapidly
increased and reached the peak value at 6h (RI=0.71), and then
decreased slowly (Figure 5C). At 4 and 3 mg/L DO levels, the S/
D values of the gill were the highest at 10 h, 3.38 and 3.35,
respectively (Figures 5D, E). At 2 mg/L DO level, the S/D values
at 6 h has reached 3.40 (Figure 5F). This means that severe
hypoxia may damage the blood vessels in the gill earlier.

3.2 Metabolic Indexes Change of Different
Tissues Under Severe Hypoxia Stress
According to the change process of circulating physiological
indexes, the whole hypoxia stress process can be divided into
three stages (0-2h) early stage, (4-6h) middle stage and late stage
(8-10h). The scallop was under the greatest stress at 6 h, with the
highest HR, the lowest total FV and the RI of gill vessels (Figure 2,
Figure 4C and Figure 5C). Correspondingly, we found that the
metabolic indexes of the three tissues were also remarkably different
in the three periods, reflecting their response to hypoxic stress.

The study found that COX in the gill was always suppressed
under hypoxic conditions (except for 6 h) (Figure 6B), and the
PK value was significantly increased after 2 h, indicating that the
anaerobic metabolic pathway was activated (Figure 6C). ATP was
FIGURE 2 | The relative change rate of HR with time under three hypoxia
stress degrees (mean ± se, n = 5).
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positively accumulated after 6h, indicating that the energy supply
of gills was restored (Figure 6A). In the late state, the relative
change rate of PK in gills decreased rapidly, from 314.06% (4h) to
31.25% (10h). COX activity also decreased by -56.34%
(Figures 6B, C). It means that the aerobic and anaerobic
metabolic capacity of gill tissue decreased at the same time.

The COX in the mantle kept at a negative state throughout
the stress process, indicating a loss of aerobic capacity under
hypoxic conditions (Figure 6B). The relative change rate of PK
value increased by about 240% between 4 and 8 h, and the ATP
content at this time also accumulated in the mantle, indicating
that the energy supply recovered by the improvement of
anaerobic metabolic capacity. However, at 10h, the relative
change rate of PK value decreased to 30.73%, and the ATP was
largely consumed in this period (Figures 6A, C). It indicated that
the anaerobic metabolism of the mantle was inhibited and the
energy supply tended to be unbalanced.

The relative change rates of COX and PK in the adductor
muscle were significantly increased in the middle stage and
significantly decreased in the late stage (P<0.05) (Figure 6).
Frontiers in Marine Science | www.frontiersin.org 6
The ATP in adductor muscle was consistently consumed
throughout the whole severe hypoxia stress process, and was
largely consumed at 4-6h (Figure 6A). The simultaneous
enhancement of COX and PK activities in the middle stage
may mean that scallops are doing their best to improve their
resistance to hypoxia stress (Figures 6B, C). However, although
COX and PK activities increased simultaneously, the ATP in
adductor muscle were still in depletion state, indicating that the
metabolism in the muscle was completely disordered.

3.3 Circulatory Physiology Changes of
Organs Under High Temperature
Fluctuation Stress
3.3.1Heart Rate (HR)
The normal HR of the scallop C. nobilis was 19 bpm at 26°C, which
was significantly lower than that above 28°C (P<0.05) (Figure 7).
Under the influence of fluctuating high temperature, the HR of
scallops changes synchronously. HR peaked at around 15:00 (from
28 to 35 bpm) daily as the temperature reaching the highest, then
along with the decreasing temperature, HR dropped to the
A B C

FIGURE 4 | The stacked line chart of FV changes in gill, mantle, adductor muscle and total under three hypoxia stress degrees [(A) 4mg/L DO; (B) 3mg/L DO ; (C)
2mg/L DO ; means, n=5].
A B C

FIGURE 3 | The changes of blood velocity of gill, mantle and adductor muscle under three dissolved oxygen levels [the solid line represents PS, dashed line
represents ED, ED only monitored in the gill because the monitored ED values of the mantle and adductor muscle were discontinuous; (A) 4mg/L DO; (B) 3mg/L
DO; (C) 2mg/L DO; means ± se, n = 5].
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minimum at 7:30 (from 35 to 28 bpm) daily (Figure 7). Even under
high temperature stress, the circulatory rhythm of the scallop is still
sensitively to the temperature fluctuations.

3.3.2 Blood Flow Volume (FV)
FV increased in the gill, mantle and adductor muscle under the
high temperature stress, with a marked decrease of the increase
in FV on the third day, but still higher than that of normal state
(26°C, 6.5 mg/L DO). The relative change rate of FV in the gill
Frontiers in Marine Science | www.frontiersin.org 7
changed consistently with the fluctuations of high temperature,
except at 15:00 on the third days, and the maximum increase of
FV was 110.67%. On the third day, FV in the gill decreased
significantly, but it was still 27.33% higher than that of scallop in
the normal state (Figure 8). The FV of the mantle also changed
with the fluctuation of temperature in the first two days, but the
change rhythm was opposite to that of temperature. FV
decreased from 83.31% to 61.60% on the third day, but the
difference was not significant (Figure 8). However, different from
A B C

FIGURE 6 | The relative change rate of metabolic indexes [(A)ATP; (B)COX; (C)PK] of gill, mantle and adductor muscle under severe hypoxia (2mg/L DO) condition
(means, n = 5).
A B C

D E F

FIGURE 5 | The changes resistance index (RI) and S/D ratio of gill, mantle and adductor muscle under three hypoxia stress degrees [(A) RI, 4mg/L DO; (B) RI,
3mg/L DO; (C) RI, 2mg/L DO; (D) S/D, 4mg/L DO; (E) RI, 3mg/L DO; (F) RI, 2mg/L DO; Normal: RI and S/D values under 6.5 mg/L DO level; means, n = 5].
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the gill and mantle, FV in the adductor muscle continued to
decrease with the fluctuation of temperature (from 78.72% to
20.03%), and only slightly increased to 25.52% at 15:00 on the
third day (Figure 8).

3.3.3 Blood Velocity (PS and ED)
PS and ED of the gill increased and decreased synchronously
with the fluctuation of temperature, which was consistent with
FV, and also decreased abnormally at 15:00 on the third day
(Figure 9A). The increase of FV led to the improve of blood
velocity in the gill, indicating the consistency of the changes of
circulation physiological indexes under high temperature stress.
The PS of the mantle was lower than the normal state on the first
day, and increased by 30% compared with the normal state at
7:30 on the second day, and then decreased with the increase of
Frontiers in Marine Science | www.frontiersin.org 8
temperature. The PS increased to 82.18% on the third day
(Figure 9A). On the whole, the PS of the mantle also shows an
opposite change rhythm with the temperature fluctuation
(Figure 9A). Except that the PS of the adductor muscle
decreased by - 15.14% compared with the normal state at 7:30
the second day, the PS of the adductor muscle was in a state of
improvement at the rest of the experimental time, and the change
trend was relatively stable, with an average increase of 38.46%
(Figure 9A). Prolonged fluctuating high temperature disturbed
blood velocity rhythms in the gill and mantle vessels.

3.3.4 Resistance Index (RI) and S/D Ratio
The results of the study showed that with the temperature
increased from 26°C (normal state) to 29°C (at 7:30) and to
31°C (at 15:00) on the first day, the RI and S/D of the gill’s blood
vessels increased rapidly, from 0.52 to 0.66 and 2.17 to 3.02,
respectively (Figures 9B, C). With the temperature gradually
dropped to 29°C at 7:30 in the second day, RI and S/D decreased
significantly to 0.51 and 2.18, which were close to the normal
state (Figures 9B, C). It shows that the gill has good
physiological regulation function and is sensitive to
temperature changes. However, in the following two days, RI
and S/D continued to rise and did not change synchronously
with temperature fluctuations (Figures 9B, C). The RI and S/D
rose to 0.63 and 2.75 at the end of the experiment (Figures 9B,
C). Although the RI and S/D values at this time were lower than
those on the first day, their rising state means that prolonged
high temperature may cause potential damage to the vascular
function of the gill.

3.4 Metabolic Indexes Change of
Tissues Under High Temperature
Fluctuation Stress
The ATP content of the mantle was continues accumulated
during high temperature stress, which was significantly higher
than the normal level, and the activity of COX continued to
increase, indicating that the aerobic metabolism of the mantle
was enhanced (Figures 10A, B). When the temperature
increased from 26 to 29°C (at 7:30 on the first day), the change
rate of ATP content was the largest (550.00%), and the mantle
was very sensitive to temperature (Figure 10A). The change rate
of ATP content in the mantle was significantly greater than that
in the gill and adductor muscle (P<0.05) (Figure 10A).

The content of ATP in the adductor muscle also increased
significantly by 126.67% at 7:30 on the first day (29°C), indicating
that the adductor muscle can quickly generate ATP to cope with
high temperature stress (Figure 10A). Subsequently, the increase
rate of ATP gradually decreased, and dropped to -40.00% and
-11.11 at 15:00 on the second day and 7:30 on the third day,
respectively. ATP was consumed in large quantities, and the
activity of COX was also remarkably reduced at this time.
Subsequently, the activity of COX was significantly enhanced
(P<0.05), and the supply of ATP was gradually restored
(Figures 10A, B). The changes of ATP content in the gill under
high temperature stress were small, and the significant decrease in
ATP content on the second day indicated that the gill might be
under high temperature stress at this time (Figure 10A).
FIGURE 8 | The relative change rate of FV in the gill, mantle and adductor
muscle under high temperature fluctuations (mean ± SE, n = 5).
FIGURE 7 | Changes in scallop HR under high temperature fluctuations
(‘normal’ represent the scallop int the condition of 26°C and 6.5 mg/L DO)
(mean ± SE, n=5).
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4 DISCUSSION

4.1 Effects of Hypoxia on Circulatory
Physiology of Scallop
Cardiac function is the most important in the circulatory system
and is widely used as a representative of animal metabolism to
Frontiers in Marine Science | www.frontiersin.org 9
reveal its immediate response to environmental changes
(Trueman et al., 1973; Burnett et al., 2013; Chapperon et al.,
2016). In our experiments, the relative change rates of the
scallop’s HR under different dissolved oxygen levels were all
positive, indicating that the HR would increase under hypoxic
conditions to accelerate circulatory efficiency and obtain more
A B C

FIGURE 10 | The relative change rate of metabolic indexes (A ATP; B COX; C PK) of the gill, mantle and adductor muscle under high temperature fluctuations
(means, n = 5).
A

B C

FIGURE 9 | (A) The relative change rate of blood velocity (PS and ED) of three tissues under high temperature fluctuations (mean, n = 5); (B) The resistance index
(RI) of the gill under high temperature fluctuations (mean ± SE, n = 5); (C) The S/D ratio of the gill under high temperature fluctuations (mean ± SE, n = 5).
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oxygen. Under the condition of severe hypoxia (2 mg/L DO), the
HR reached the highest, indicating that scallop was rapidly
adjusting the circulatory rhythm to adapt to the stress.
Extensive studies have been carried out on the cardiac
response of bivalves under hypoxic stress (Bayne, 1971;
Grieshaber et al., 1993). Gurr et al., 2018 found that heart rate
and respiratory rates in bay scallop Argopecten irradians
increased when dissolved oxygen was below 5 mg/L. This is
consistent with our result.

The circulatory system transports blood to various organs to
exchange nutrients and oxygen. Since the convective supply of
oxygen is directly dependent on blood flow, the regulation of
tissue oxygenation depends crucially on blood flow regulation
(Pittman, 2011). In our study, moderate hypoxia (3mg/L DO)
will stimulate the scallop to increase blood flow, especially to the
gill, to acquire more oxygen from the water and transport to
other tissues. Nicholson (2002) found that Perna viridis under
hypoxia stress will increase blood output to maintain
hemolymph circulation. But it is worth noting that the FV in
each organ began to decrease after 6 h at 3mg/L DO, which
indicates that prolonged moderate hypoxic stress brought a great
load to the scallop’s circulatory system. FV in adductor muscle
was remarkably higher than that in gills and mantle under three
dissolved oxygen condition, which may be related to the
resistance to the blood flow of different organs (Jorgensen
et al., 1984).

At 2mg/L DO level, the overall blood flow of each organ
decreased, the blood flow in the gill changed smoothly, whereas
the blood flow of the mantle and adductor muscle decreased
remarkably. This may be related to the change of blood vessel
diameter. The blood vessel diameter of the gill increased by an
average of 23.25%, whereas that of mantle and adductor muscle
decreased by an average of 11.17% and 13.64%, respectively
(unpublished data). Gill is the main respiratory organ of bivalves.
Different from mantle and other organs, gill can maintain the
respiratory stability of the whole body. Bivalves can obtain more
oxygen by increasing heartbeat (perfusion) and expanding blood
vessels in case of hypoxia (Bayne, 1971). The diameter of gill
blood vessels of Mytilus edulis increases by 1.6-1.9 times in the
face of hypoxia (González et al., 2019). The relationship between
HR and FV was complex. Generally, the FV (ml/min) is decided
by the HR, blood flow velocity and the diameter of the blood
vessel. Under certain HR and blood flow velocity, if the vessel
diameter increases, the FV will also elevate.

The blood flow velocity index of PS and ED can indicate the
cardiac capacity and blood pumping ability and efficiency. ED is
more sensitive to hemodynamic changes, while PS is less affected
by Doppler artifacts, which is more suitable for dynamic blood
flow regulation control system analysis (Rosengarten et al.,
2001). PS is used as an index to judge whether the renal artery
is damaged in medicine (Chen et al., 2014). Our study found that
PS exhibited greater fluctuations under hypoxic stress, whereas
ED was less affected. The PS of the gill elevated remarkably under
mild hypoxia (4 mg/L DO), which shows that together with HR
increment, the scallop was trying to increase its blood flow
efficiency in the most important breathing organ to cope with
Frontiers in Marine Science | www.frontiersin.org 10
hypoxia stress. Meanwhile, the PS fluctuation detected in the
adductor muscle indicates that it is more vulnerable to the stress.
Under moderate hypoxia conditions, the HR and PS in the three
tissues didn’t elevate so much than mild condition (Figures 2, 3),
yet FV in the gill and adductor tissue increased remarkably
(Figure 4). It may be caused by the blood vessel expanding. More
blood was redistributed to the gill for oxygen acquirement and to
the adductor muscle to avoid tissue damage. When facing with
severe hypoxia, although HR, PS of all tissues increased largely,
the FV in the tissues were still inevitably reduced which caused
by the shrinking of blood vessel (Figure 4). It means that the
circulatory regulation failed and functional damage is inevitable
under this stress degree.

The RI threshold and S/D threshold of the gill vessels of noble
scallop C. nobilis under hypoxic conditions were slightly higher
than that of C. farreri under normal conditions (RI: 0.50-0.63; S/
D: 2.01-2.86) (Xu et al., 2019), but the resistance index (RI) and
S/D ratio of gill increased over time, indicating potential tissue
damage from prolonged exposure to hypoxic environments.

4.2 Effects of Hypoxia on Tissue
Metabolism of Scallop
The results show that the metabolic regulation ability varied in
different tissues under severe hypoxia (Venter et al., 2018). The
gill has stronger self-regulation ability than others under hypoxia
stress, and it can switch to anaerobic metabolic pathway timely,
hence the energy supply ability is restored. This is also confirmed
by the better RI and S/D indices of the gill under hypoxic stress.
Moreover, the accumulation of ATP in the gill further alleviates
the intensity of its anaerobic metabolism, further confirmed the
better resistance of the gill to hypoxia stress among the
three tissues.

The metabolic changes of the mantle are similar to that of the
gill: the aerobic metabolic pathway is inhibited throughout the
whole process, and the energy is completely supplied by
anaerobic metabolic pathway. The self-regulation ability of the
mantle is considered to be strong before 8h, yet the PK content in
the mantle decreased rapidly at 10h, and the ATP accumulation
also changed to consumption, which means that the long-term
hypoxia brought great pressure on the anaerobic metabolism
capacity of the mantle, and anaerobic metabolism could not
provide enough energy. Continuous exposure to hypoxia may
cause damage to the mantle, which corresponds to the greater
potential damage of the mantle in cycling physiology
experiments, but further research is needed.

When scallops avoid enemies and swim, the adductor muscle
is responsible for strong and frequent opening and closing
activities, and has a high demand for energy and oxygen
(Chantler, 2006). Therefore, the adductor muscle may be more
vulnerable to hypoxic stress. It is found that the tissue resistance
of adductor muscle was the weakest and its self-regulation ability
is very poor under hypoxia stress. It is proved by the results that
the aerobic and anaerobic metabolic pathways didn’t effectively
convert and the ATP content was always in depletion. Chantler
(2006) found that adductor muscle of scallop mainly relies on
anaerobic metabolism for energy supply in normal conditions,
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but our study didn’t find the effectively improved of anaerobic
metabolism capacity. Under hypoxic conditions, the scallop
showed an obvious escaping behavior with the shells clapping
frequently, which probably responsible for the enormous energy
in the adductor muscle. But the poor regulation ability of the
tissue under severe hypoxia means that the scallop may lost its
swimming ability to escape the “dead zone” to survive.

4.3 Effects of Fluctuating High
Temperature on Circulatory Physiology of
Scallop
We found that the HR of scallops increased significantly when the
water temperature increased from the optimum 26°C to 29°C.
Moreover, the HR of the scallop fluctuated synchronously with
temperature from 29°C to 31°C. This indicates that the noble
scallop is also sensitive to temperature and can adjust the HR
immediately, just like our previous study on the temperature
scallop species C. farreri (Xu et al., 2019). Bivalves are very
sensitive to temperature changes, and HR can be used as an
indicator of their thermal tolerance (Xing et al., 2019). High HR
relates to accelerated circulation rhythm and is essential to meet
the need of faster body metabolism rate under thermal stress, yet if
the duration of the stress exceed the limit, cardiac disorder caused
by overburden may occur and would finally cause heart failure
(Nicholson, 2002; Lannig et al., 2008; Xu et al., 2019). In present
study, cardiac disorder or failure didn’t occur during our two and a
half day’s experiment, and the reason may be that instead of a
continuous extreme high temperature (31°C) stress, the water
temperature fluctuated from 31°C to 29°C each day, just like the
diurnal changing situation in the wild. It is vital for the scallop to
have a breath and recover.

The blood velocity of each organ was also affected by the
fluctuation of high temperature. Within the first two and a half
days, the changes of the gill were consistent with temperature
fluctuations, whereas the mantle blood velocity is negatively
correlated with temperature fluctuation, which indicates that
the regulation circulatory physiology is tissue-specific (Figure 9).
At 15:00 on the third day, the blood velocity indexes of the gill
and mantle appeared disorder at the same time, indicating that
the regulation has lost effect. The relative change rate of PS in the
adductor muscle was relatively stable as a whole, and only
decreased significantly at 7:30 on the second day, indicating
that high temperature fluctuations had little effect on it.

The FV in the gill, mantle and adductor muscle of the scallop
will increase significantly under high temperature stress. The
blood flow in the gill was significantly reduced on the third day,
which may be related to the increase of RI and S/D of blood
vessels, and the increase of vascular resistance will lead to the
decrease of blood flow. The relative change rate of the FV in the
gill was consistent with temperature fluctuations in the first two
and a half days. It means that as the most important respiration
organ, the body will preferentially provide sufficient blood flow
to it to maintain the oxygen acquisition efficiency during thermal
stress. This also explains why the changes of FV and PS in the
mantle were opposite to those in the gill. Williams and Ponganis,
2021 also found that blood flow of marine mammals
Frontiers in Marine Science | www.frontiersin.org 11
preferentially flows to vital organs such as the brain and heart
when facing environmental stress. On the third day, the increase
rate of FV in each organ decreased, which means that the scallop
gradually adapted to fluctuating high temperature stress and do
not need more blood flow to obtain oxygen.

The RI variation of scallop’s gill at 26°C ranged from 0.51 to
0.66, which is close to that of C. farreri under optimal water
temperature of 8°C-26°C (Xu et al., 2019). On the first day, RI
and S/D values were the highest, indicating that scallops were
sensitive to temperature changes and had a stress response, and
the increased blood flow brought great pressure to the vessels.
The decrease in RI and S/D values at 7:30 in the second day
proved that the regulation ability at this time was normal.
However, the subsequent continuous increase of RI and S/D
indicated that the pressure on the branchial vessels gradually
increased and the possibility of potential injury increased. At the
same time, the rising trend of RI and S/D also indicated that
prolonged time of high temperature stress may cause more
serious damage to the scallop. It is worth noting that the RI
and S/D of the gill under 3-day high temperature stress were
lower than those under 10 h hypoxia stress, indicating that
hypoxia caused more serious damage to scallop.

The results of the study showed that with the temperature
increased from 26°C (normal state) to 29°C (at 7:30) and to 31°C
(at 15:00) on the first day, the RI and S/D of the gill’s blood vessels
increased rapidly, from 0.52 to 0.66 and 2.17 to 3.02, respectively
(Figures 9B, C). With the temperature gradually dropped to 29°C
at 7:30 in the second day, RI and S/D decreased significantly to
0.51 and 2.18, which were close to the normal state (Figures 9B,
C). It shows that the gill has good physiological regulation
function and is sensitive to temperature changes. However, in
the following two days, RI and S/D continued to rise and did not
change synchronously with temperature fluctuations (Figures 9B,
C). The RI and S/D rose to 0.63 and 2.75 at the end of the
experiment (Figures 9B, C). Although the RI and S/D values at
this time were lower than those on the first day, their rising state
means that prolonged high temperature may cause potential
damage to the vascular function of the gill.

Considering all the above results, we can infer that the scallop
could gradually adapt to high temperature stress through
circulatory physiological regulation, and the gill, as the main
respiratory organ, was not seriously damaged. The scallops were
maintained in good condition, indicating that the stress of the
scallop caused by the fluctuating high temperature of 29-31°C
was limited.
4.4 Effects of Fluctuating High
Temperature on Tissue Metabolism of
Scallop
Under high temperature stress, the contents and activities of
metabolites in various tissues of scallops changed continuously.
The activity of COX in the mantle increased continuously under
high temperature stress, and ATP also accumulated, indicating
that the improvement of aerobic metabolism of the mantle could
provide sufficient energy for it. The accumulation of ATP in the
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mantle was significantly higher than that in the gill and adductor
muscle, which may be because the mantle is more sensitive to the
changes of high temperature and requires a large amount of
energy supply to withstand high temperature stress when it was
continuously exposed to high temperature. This corresponded to
the increase of circulating physiological indexes in the mantle.
The improvement of circulatory physiological ability in the
mantle requires a lot of energy support, so the body may give
priority to meet its energy needs. Abele et al., 2002 found that the
heat stress of organisms will enhance the ATP demand, which is
consistent with our findings.

Adductor muscle mainly relies on anaerobic metabolism to
provide energy. Under high temperature stress, its PK and COX
activities were enhanced as a whole, indicating that its aerobic
and anaerobic metabolism have been greatly improved
(Figures 10B, C). The increase of PK activity in extremely
warm environment reflects the enhancement of ATP demand
(Feidantsis et al., 2009). However, the ATP content in the
adductor muscle did not accumulate significantly (except at
7:30 on the first day), and was consumed at 15:00 on the
second day and 7:30 on the third day. It shows that the energy
demand of the adductor muscle under high temperature stress is
greater, and the overall improved metabolic capacity can only
maintain its energy consumption. The results show that the three
tissues of the scallop can restore energy supply by regulating the
metabolic capacity under the fluctuating high temperature stress
of 29-31°C.
5 CONCLUSION

Under hypoxia stress, C. nobilis can increase heart rate and blood
flow to obtain more oxygen. As the main respiratory organ, the
gill will give priority to ensuring the stable supply of blood flow
under the condition of severe hypoxia. Metabolic indexes also
show that the regulation ability of the gill is stronger, whereas the
regulation ability of the adductor muscle is the worst, which
could not restore the energy supply. In the experiment of
fluctuating high temperature stress, it is found that the scallop
is very sensitive to the change of temperature and can make
immediate regulation, which will also give priority to ensuring
Frontiers in Marine Science | www.frontiersin.org 12
the blood flow supply of gill tissue. The mantle responds most
strongly to temperature changes. The fluctuating high
temperature of 29-31°C will not cause serious damage to the
scallop, and the scallop can gradually adapt to high temperature
stress through physiological and metabolic regulation. Therefore,
during the cultivation of scallops, more attention should be paid
to the change of dissolved oxygen concentration in water,
because the damage caused by 10h hypoxia stress to scallop is
more serious than three-day high temperature stress. High
temperature stress left longer time to take countermeasures.
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