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ARTICLE INFO ABSTRACT

Keywords: Recently, mass mortality of cultured Pacific oyster (Crassostrea gigas) has occurred frequently, which has aroused
Crassostrea gigas our attention to the stress tolerance of oyster. Hybridization is regarded as an effective way to produce genetic
Hybridization improvement in aquaculture, which can effectively introduce improved characteristics to the hybrids. In the
'Sr:Hrr:l pif;ature present study, we evaluated the physiological and immune responses at different temperatures (16-36 °C) and
Physiological salinities (15-35 psu) in two strains of C. gigas, a fast-growing strain “Haida No. 1 (HH) and an inbreeding line

with orange shell color (00), and their reciprocal hybrids HO (HHQ x O0g), OH (00 x HHg). Oxygen con-
sumption rate (OCR), ammonia-N excretion rate (AER), superoxide dismutase activity (SOD), catalase activity
(CAT) and contents of malondialdehyde (MDA) were determined on day 10 of the temperature and salinity
exposure. Results showed higher stress resistance ability of the hybrids than their parents against environment
challenge. For physiological parameters, the OCR of OH strain increased in the experimental temperature range,
while the maximum values of HO, HH and OO strains were 2.013, 2.193 and 1.994 mg g~ ! h™! respectively at 31
°C; OCR and AER of OH strain was significantly higher than that of the other strains at lower salinity (P < 0.05).
For immune parameters, the overall SOD and CAT activity of hybrids were lower than that of the other strains
under temperature treatments. Besides, the overall MDA content of OH strain was lowest at experimental
temperature and salinity, and the other three strains' MDA level ranked as: OO > HH > HO. Overall, the results
suggest that environment changes could significantly affect the physiological and immune status of oyster, and
hybrids may be more resistant to environment stresses than their parents. This study provides physiological and
immune evidences for interpreting the stress resistant heterosis in this oyster hybrid system, which could help us
in a better understanding and utilization of heterosis in oyster aquaculture.

Enzymatic activities

1. Introduction

The Pacific oyster (Crassostrea gigas) is an important economic
aquaculture species around the world, primarily due to its fast growth
rate, high economic value and strong environmental adaptability.
Currently, with the oyster industry being developed worldwide, a
number of breeding programs of C. gigas have been successfully
launched, leading to significant improvements of important traits, such
as disease resistance (Dégremont et al., 2015), shell coloration (Han
et al., 2019), growth and survival traits (de Melo et al., 2019). Although
several attempts have been made to increase oyster production, massive
mortality has been commonly reported for C. gigas for many years in
some countries (Dégremont, 2011; Evans and Langdon, 2006; Rahman
et al., 2019). This phenomenon has not been well solved until now, and

brought heavy losses to oyster aquaculture industry in the world.
Hybridization breeding, which is defined as the mating of animals
from different species, strains or inbred lines, produces genetic
improvement, which may have strong selective value (Hedgecock et al.,
1995). In aquaculture, hybridization was commonly used to increase
growth rate, manipulate sex ratios, improve flesh quality, increase dis-
ease resistance, produce sterile animals and improve environmental
adaptability (Bartley et al., 2001). Among mollusks, interspecific and
intraspecific hybridization have been widely practiced and have aimed
at producing excellent hybrids resulting from heterosis or the combi-
nation of desirable characteristics found in parental species (Kong et al.,
2017). For instance, previous studies have demonstrated the heterosis
from interspecific hybrids like survival rate and temperature tolerance
of the hybrids between Haliotis discus hannai and H. gigantea were
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superior to the parent (Liang et al., 2014). An oyster strain produced by
hybridizing the C. hongkongensis @ and C. gigas 3 is characterized by high
growth rate and enhanced salinity tolerance (Zhang et al., 2016a).
Similarly, favorable heterosis for growth and survival rate has been
obtained by the intraspecific hybridization among different culture
strains of C. gigas (Kong et al., 2017; Han et al., 2020). Furthermore, the
improvement of production traits of C. gigas has also been demonstrated
in crossbreeding of inbred strains, and the yield increased with general
diallel crosses among inbred parent strains (Hedgecock et al., 1995;
Hedgecock and Davis, 2007).

Environmental factors (temperature and salinity) play vital roles in
physiological metabolism and immune enzyme activities in aquatic
animals (Pourmozaffar et al., 2019; Wang and Li, 2019). Aquatic ani-
mals are able to sense transient fluctuations and seasonal variations in
temperature and salinity, and respond to these changes by actively
adjusting their physiological and biochemical activities to adapt to the
ambient environmental regime. It has been reported that large-scale
mortality of bivalve was often closely related to the change of envi-
ronmental factors such as temperature and salinity (Dégremont, 2011;
Fuhrmann et al.,, 2016; Gajbhiye and Khandeparker, 2017). Some
studies confirmed that the survival rate of some tolerant strains which
were bred by hybridization breeding was greatly improved in extreme
environment. For instance, the hybridization of the C. hongkongensis and
C. ariakensis created the offspring which had greater growth and survival
characteristics at high salinity than its parents, and it may be considered
to be more suitable for regions with higher salinity in China (Huo et al.,
2014). Considering that hybridization is meaningful for breeding stress
resistant strains and improving the survival rate of hybrid progeny, it is
necessary to examine the hybrid performance under different environ-
ments to provide some useful information for cultivating new strains and
resisting to environmental stress.

China is the top oyster-producing country worldwide with total
oyster production reaching 5.23 million tons in 2019 (BOF, 2020). The
Pacific oyster are widely cultured and become the dominant commercial
oyster species in northern China. In order to improve the Pacific oyster
industry in China, a series of breeding programs have been carried out,
and several new varieties with fast growth (Li et al., 2011) and rare shell
color (Han et al., 2019) have been successfully bred. However, like other
countries, China has also reported numerous episodes of mortality of
Pacific oyster in recent years, which has brought great losses to oyster
industry in China (Chi et al., 2021).

In this study, intraspecific hybridization between two strains of
C. gigas, a fast-growing strain “Haida No. 1” and an inbreeding line with
orange shell color, was conducted. Two physiological parameters (ox-
ygen consumption rate and ammonia-N excretion rate) and activities of
three immune-related enzymes (superoxide dismutase, catalase, and
malondialdehyde content) were measured at different temperatures and
salinities. These experiments are expected to provide the guidance for
future hatchery breeding of new variety with high survival rate and
practical application of heterosis in oyster culture.

2. Materials and methods
2.1. Biological material

The oysters used in this study were a selected strain “Haida No. 1”
and an orange shell variant of the Pacific oyster. The “Haida No. 1”
strain was produced by artificial selection for fast growth annually since
2006 and the orange shell variant was an inbreeding line with left and
right shell color. A complete diallel cross among “Haida No. 1” strain
(HH) and orange shell variant (OO) produced four strains, including two
parental strains HH (HHQ x HHg), OO (009 x 00g) and two hybrid
strains HO (HHQ x 0O0g), OH (O0Q x HHQg). All oysters grew in the
same area located in Rushan Bay, Shandong province, China (36.4°N,
121.3°E) and were transferred to Yantai Haiyi hatchery, China for 1
month of conditioning at a pool with 24 m® seawater (temperature: 24
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°C; salinity: 30 psu) prior to experiment. The mean growth traits of
sampled oysters were measured (Table 1). Soft tissues of the oysters in
each chamber were dissected, and dried at 80 °C for 48 h after the
physiological measurement was completed, and then the dry meat
weight (DW: g) was individually determined.

2.2. Experimental design

The oysters were randomly selected from four strains held in the
rearing pool and divided into five temperature treatments and five
salinity treatments. The levels for each temperature and salinity were
determined according to the previous studies about optimal oyster
rearing conditions (Zhang et al., 2018; Wang and Li, 2019) and the range
of environmental conditions of aquaculture area in the Yellow Sea (Chu
et al., 2005; Liu et al., 2008). Test temperature of 16, 21, 26, 31, and 36
°C, and test salinity of 15, 20, 25, 30, and 35 psu were used in this
experiment, which were gradually adjusted from ambient at a rate of 1
°C/day and 2 psu/day respectively. Water temperature was maintained
by water bath with immersed heaters or water chiller (HC-150A,
33ILEA, China) and a temperature regulator, while water salinity was
adjusted by diluting natural seawater with filtered fresh water or adding
sea salt and measured by a refractometer (ATAGO). When the test
temperature and salinity was reached, it was maintained for 10 days.
The salinity was kept stable at 30 psu in the temperature treatments, and
the temperature was kept stable at 26 °C in the salinity treatments.
During the experiment, oysters were fed with a mixture of Isochrysis
galbana and Platymonas subcordigoramis.

2.3. Measurements of the physiological parameters

Closed-chamber respiration method was employed to determine the
oxygen consumption rate (OCR) and ammonia excretion rate (AER). In
order to reduce the organic matter produced by food metabolism and
fecal excretion, acclimated oysters were kept unfed for 24 h. Four
similar-sized oysters from different strains were transferred to respira-
tion chambers respectively at the test temperature or salinity level, and
seawater was fully aerated for 24 h to assure oxygen saturation before
taking measurement. A blank chamber with no oyster served as the
control, and then subtracted from the experimental units to correct for
autogenic trends. The experiment lasted for 3 h. All chambers are sealed
with liquid paraffin to ensure that they were airtight. Water samples
were siphoned into a brown glass bottle to take the measurement, and
dissolved oxygen (DO) and ammonia were measured before and after
the experiment using a DO meter (YSI, 600XL, USA) and hypo-bromate
oxidimetry method (Li, 1995). In order to minimize measurement er-
rors, each treatment was analyzed in three replicate samples and
measured three times of each sample. The condition index is the main
indicator that oysters use the available inner shell cavity for somatic cell
and gonadal tissue growth and reflect physiological and nutritional
status (Rainer and Mann, 1992). Condition index (CI) was calculated for
each group by the following equation (Lawrence and Scott, 1982):

dry meat weight (g)

Condition index = x 100

whole wet weight — shell wet weight (g)
OCR and AER were calculated using the following equations
(Valverde et al., 2006):

OCR = (DO, — DO,) x V/(DW-1)

AER = (N, —Ny) x V/(DW-1)

The initial and final concentration of DO and ammonia are denoted
by subscripts 0 and t, respectively, V is the volume of the respiration
chamber (L), DW is the dry weight of C. gigas (g), and T is the time be-
tween the initial and final measurements (h).

The oxygen: nitrogen (O:N) atomic ratio (based on the oxygen uptake
and ammonium nitrogen excretion) was used to estimate the proportion
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Table 1
Biological characteristics of four strains of C. gigas used in the experiment.

Aquaculture 545 (2021) 737227

Strain Shell height (mm) Shell length (mm) Shell width (mm) Live weight (g) Dry meat weight (g) Shell wet weight (g) Condition Index
OH 69.41 + 5.45 39.56 =+ 6.02 23.53 £ 4.49 28.30 + 6.50 0.26 + 0.09 17.59 + 4.80 2.51 +1.09
HO 68.68 + 7.55 39.23 £ 5.17 22.19 + 4.70 29.66 + 6.33 0.31 +0.17 18.40 + 4.81 293 +1.71
HH 67.35 + 8.20 40.00 =+ 4.52 21.66 + 4.71 27.85 + 5.69 0.32 + 0.12 16.96 + 3.09 3.20 + 1.44
00 63.79 + 8.20 35.45 £ 6.82 21.49 £+ 5.41 22.44 + 6.96 0.22 + 0.07 15.35 + 4.87 3.31 +1.47

of proteins, lipids and carbohydrates for metabolism as follows:
O:N = (OCR/16)/(AER/14)

Q10 (temperature coefficient), a parameter to describe the rate of
change in a biological or chemical system as a consequence of increasing
the temperature by 10 °C, was calculated for C. gigas according to the
Van't Hoff equation (Bayne and Newell, 1983).

Qi = (RZ/RI)IO/(ITH)

where t; and t represent the temperature of two group trials respec-
tively, and R; and Ry represent corresponding OCR under each tem-
perature group.

2.4. Enzyme activity assays

After exposure to different temperatures and salinities for 10 days,
the gill tissues of four oysters from each rearing pool were sampled for
the analysis of enzyme activities. Gill tissues were frozen with liquid
nitrogen immediately after sampling in the 2 mL Eppendorf tube and
stored at —80 °C until analyzed. Prior to analysis, the frozen gill samples
were thawed on ice. About 500 mg tissue was homogenized (10% w/v)
on ice in 0.86% saline with a homogenizer (IKA, Germany). The ho-
mogenates were immediately centrifuged at 3500 rpm for 20 min at 4
°C, and the supernatants were subjected to enzyme activity assays. Total
protein concentration was determined following Bradford's method
(Bradford, 1976) using Coomassie brilliant blue.

2.4.1. Activities of antioxidant enzymes

Superoxide dismutase (SOD) activity was determined with a com-
mercial kit (Nanjing Jiancheng, China), using WST-1 method. SOD can
catalyze the disproportionation of superoxide anion (O3) to generate
hydrogen peroxide (H202) and elemental oxygen. The raw superoxide
anion, catalyzed by xanthine oxidase, may react with water-soluble
tetrazole salt (WST-1) to form blue formazan. Because SOD inhibited
the above reactions, the OD value of formazan was inversely propor-
tional to the activity of SOD. SOD activity is expressed as units per mg
protein (U/mgprot).

Catalase (CAT) activity was detected according to Goth (1991) using
a commercial kit (Nanjing Jiancheng, China). The reaction system
including extract (100 pL), phosphate buffer (4.60 pmol, pH 7.4), and
H,05 (6.5 x 1073 pmol) were incubated 1 min at 37 °C, then immedi-
ately terminated by ammonium molybdate, and the remaining hydrogen
peroxide combined with ammonium molybdate to form a yellow com-
pound. The absorbance was measured spectrophotometrically at 405
nm, where it had its maximum absorbance. One unit of CAT catalytic
activity is defined as the amount of enzyme required to decompose of 1
pmol hydrogen peroxide per second and the enzyme activity was
expressed as units per mg protein (U/mgprot).

2.4.2. Lipid oxidative damage parameters

The content of malondialdehyde (MDA) was carried out spectro-
photometrically with the thiobarbituric acid method according to
Esterbauer and Cheeseman (1990) with a commercial kit (Nanjing
Jiancheng, China). The extract was added to the same volume of 1%
thiobarbituric acid in a 95 °C water bath for 40 min. After cooling,
thiobarbituric acid reactive substance was centrifuged at 3500-4000

rpm for 10 min and the supernate were measured at 532 nm against a
blank control consisting of 5% trichloroacetic acid mixed with 1% thi-
obarbituric acid. Tetraethoxypropane was used as a standard. MDA
content is expressed as nmol/mgprot.

2.5. Statistical analysis

Results were expressed as the mean + standard deviation (SD) and
analysis of all data was performed using SPSS 20.0. Two-way ANOVA
was used to analyze the impacts of environmental factors (temperature
and salinity), strains (HO, OH, HH, and OO) and their interaction on
physiological parameters' levels and immune-related enzyme activity.
Then, within a certain environmental factor (temperature and salinity),
or within a certain strain (HO, OH, HH, and OO), one-way ANOVA
followed by least significant difference (LSD) analysis was used to
compare the physiological parameters' levels and immune-related
enzyme activities among different strains or among different
environments.

3. Results
3.1. Physiological parameters

No oyster was dead during the temperature and salinity exposure.
Two-way ANOVA analysis showed significant differences in the physi-
ological parameters' levels between different strains and temperature or
salinity (Fig. 1; Table 2).

3.1.1. OCR

In the range of temperature (16-36 °C), OCR increases in OH strain
in opposition to the effect in the other strains (HO, OO and HH) which
reach a maximum at 31 °C (Fig. 1A). The maximum values of OCR for
OH, HO, HH, and OO strains were 2.789, 2.013, 2.193 and 1.994 mg g’1
hl, respectively, in thermal treatments, and the minimum values of
OCR were 0.659, 0.646, 0.573 and 0.960 mg g~ h™! respectively. At the
temperature of 36 °C, the OCR of the OH strain was significantly higher
than that of the other strains (P < 0.05), while no significant differences
were observed between the four strains of OCR at the other tempera-
tures. The highest OCR in the OH strain of C. gigas were detected at
higher experimental salinities, with values of 2.400 mg g~* h™! at 25 psu
(Fig. 1B). Similar trends were also observed in the HO, HH and OO
strains. Notably, the hybrid population OH had significantly higher OCR
than the parental populations (HH and OO) and the hybrid population
HO at the experimental salinity (P < 0.05).

3.1.2. AER

AER of different strains of C. gigas was significantly affected by an
increase in temperature and reached the highest level at 36 °C (Fig. 1C).
Statistically, temperature of 26, 31 and 36 °C formed a homogeneous
group in terms of excretion in the OH and OO strain, whereas 16 and 21
°C yielded the lower relative rate of ammonia excretion in the four
strains. The hybrid population OH had significantly higher AER than
other three populations at the optimal temperature of 26 and 31 °C (P <
0.05), with values of 0.147 and 0.149 mg g~ h™! respectively. With
increasing salinity from 15 to 35 psu, AER of the OH strain firstly
increased to highest level at 30 psu and then decreased to a lower level at
35 psu, while AER of the HO, HH, OO strain increased to highest level at
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Fig. 1. Oxygen consumption rate and ammonia excretion rate of four strains under different temperature (A and C) and salinity (B and D). Different lowercase letters
indicate significant differences (P < 0.05) in OCR and AER between different temperature or salinity within a same strain. Asterisk (*) is used to mark the point where
the OCR or AER of a strain reached the highest level at a certain temperature or salinity.

30 and 35 psu respectively (Fig. 1D). At the salinity of 35 psu, no sig-
nificant differences were observed between the four strains of AER,
while the AER of the OH strain was significantly higher than that of the
other strains at the other salinities (P < 0.05).

3.1.3. O:N

The O:N ratios at temperatures of 16, 21, 26, 31, and 36 °C ranged
from 9.83 to 15.72 in OH strain, 8.89 to 20.10 in HO strain, 7.86 to
16.97 in HH strain and 10.81 to 24.84 in OO strain respectively
(Table 3). The atomic O:N ratios of four strains were smaller at the
temperature of 16 and 36 °C. The O:N ratios of the OH, HO, HH and OO
strain at salinities of 15 to 35 psu ranged from 11.89 to 20.30, from
14.66 to 30.04, from 9.77 to 22.39 and from 6.26 to 20.13 respectively
(Table 3).

3.1.4. Qqq coefficients

For the OH strain, the highest value was recorded at 4.50 between 21
°C and 26 °C, followed by 2.03 between 16 °C and 21 °C, 2.00 between
31 °C and 36 °C and 0.98 between 26 °C and 31 °C. In contrast, the
highest Qo value was recorded at 3.71 between 21 °C and 26 °C in HO
strain, 2.90 between 16 °C and 21 °C in HH strain and 2.54 between 26
°C and 31 °C in OO strain (Table 4).

3.2. Enzyme activity assays

3.2.1. SOD and CAT

Two-way ANOVA showed significant effects of strains on SOD levels
(Table 2). Among the four strains, the SOD levels in HH and OO strain
significantly exceeded that of the OH and HO strain (P < 0.05), while HH
and OO strain were not significantly different in SOD levels (Fig. 2A). In
the salinity experiment (Fig. 2B), two-way ANOVA showed significant
effects of salinity, strain and their interaction on SOD levels (Table 2).
Notably, the overall SOD levels in OO strain significantly (P < 0.05)
exceeded that of the other three strains.

Two-way ANOVA showed significant effects of temperature, strain
and their interaction on CAT levels (Table 2). The CAT reached the

highest level in HH and OO strain at 31 °C (Fig. 2C). In total, HO strain
had the lowest CAT levels, while the other three strains showed no
significant differences in CAT levels (P > 0.05). In the salinity experi-
ment (Fig. 2D), two-way ANOVA showed significant effects of salinity
and salinity x strain interaction on SOD levels (Table 2). At the salinity
of 25 psu, CAT reached the highest in all evaluated strains.

3.2.2. MDA

Two-way ANOVA showed significant effects of temperature, strain
and their interaction on MDA contents (Table 2). Among the four strains,
OH strain got the lowest MDA level and the other three strains' MDA
level ranked as: OO > HH > HO (Fig. 2E). In the salinity experiment,
two-way ANOVA showed significant effects of salinity, strain and their
interaction on MDA levels (Table 2). Similarly, OH strain got the lowest
MDA level and the other three strains' MDA level ranked as: OO > HH >
HO (Fig. 2F).

4. Discussion

A delicate balance exists between organisms and environmental
factors, and breaking this balance often leads to occurrence of mortality.
For instance, changes in temperature and salinity may influence the
immune status of marine invertebrates, making them more susceptible
to bacterial infection (Liang et al., 2014). Therefore, the adaptive ca-
pacity and recovery rate under environmental stresses are considered
important indexes to evaluate aquaculture varieties. Hybridization
breeding is considered to be an effective method of genetic improvement
in fish and shellfish aquaculture, which brings desirable characteristics
to the offspring such as stress resistance (Huo et al., 2014). In the present
study, we compared and studied the physiological and immune re-
sponses of two strains of C. gigas and their hybrids to temperature and
salinity stress. Our results reconfirmed that stressed temperature and
salinity can influence oyster's physiological and immune responses.
Moreover, we found that hybrid populations did response differently to
thermal and salinity stress compared to their parents, both in the
physiological level and immune level.
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Table 2

Summary of two-way ANOVA results: effects of temperature and strain, and salinity and strain on physiological parameters and immune parameters of C. gigas.

CAT (U/mgprot) MDA (nmol/mgprot)

SOD (U/mgprot)

AER (mgg'h™h)

OCR (mgg 'h™)

df

Source of variation

MS

MS

MS

MS

MS

<0.001
<0.001
0.071

96.333 18.068

<0.001
0.031

63.93
3.27

0.429 0.787 3402.92

2241.62

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

109.806
26.115
3.983

6

0.014

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

121.595
8.792

4 3.916

3

Temperature

Strain

234.421
1.857
3.778

1249.85
9.902

174.085
418.006
3415.19
167.19

<0.001
0.663

91.615
0.784

478,981

0.003
0.001

0.283
0.347
1.464
2.304
0.249

<0.001
<0.001
0.171

7.853

4099.93

10.773
86.452

12
4
3

Temperature x Strain

Salinity
Strain

0.011

26.258
1211.6

35.863
1.756
3.513

<0.001
<0.001
0.016

14.532

33,230.7
406,321

7.3

0.007
0.005

<0.001
<0.001

174.333
3.951

177.689
2.472

47.82
4.735

136.058
14.711

27.462

0.001

334.561

5652.52

0.001

12

Salinity x Strain

Note: df, degree of freedom; MS, mean square; F, means MS factor/MS error; P, means probability of significance.
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4.1. Physiological parameters

Oxygen consumption and ammonium excretion are good physio-
logical variables of metabolic activity related to biotic (body size and
food availability) and abiotic factors (temperature and salinity) (Sara
et al., 2008). OCR is a good indicator of the condition and fitness of
organisms, as well as an accurate and sensitive index of the environ-
mental and stress conditions (Guzman-Agiiero et al., 2013), while AER is
a factor which limits production in aquatic species and reflects the en-
ergy lost as nitrogen (Yin et al., 2013). Many studies have demonstrated
that OCR and AER were related to water temperature and salinity in
marine mollusks (Nie et al., 2016; Wang and Li, 2019). In the present
study, we found that OCR and AER of oysters tended to normally in-
crease with temperature, up to a maximum or optimum limit beyond
which they rapidly decreased. This is consistent with many other studies
in mollusks, such as Manila clam Ruditapes philippinarum (Nie et al.,
2016), Iwagaki oyster C. nippona (Wang and Li, 2019), and Yesso scallop
Patinopecten yessoensis (Jiang et al., 2016). Of greater interests are the
variations in OCR and AER among the 4 populations: (1) At the highest
temperature (36 °C in this experiment), OH strain had higher OCR
compared with this of HO, HH and OO strain; (2) The OCR of OH strain
increased in the experimental range, while the HO, HH, OO reached the
maximum at 31 °C; (3) At the temperature of 26 and 31 °C, OH strain
had significantly higher AER compared with this of other three strains.
Therefore, we may refer that the hybrid OH strain could have greater
temperature tolerance limit than other strains. Similarly, the responses
of OCR and AER were found to be significantly influenced by salinity.
The length of the salinity acclimation period is higher than temperature
because the bivalves need more time to modulate their osmotic pressure
(Gosling, 2015). The change of osmotic pressure is probably one of the
main factors of metabolism fluctuation of aquatic organisms caused by
different salinities. Previous studies showed that the effect of salinity on
AER has been often contradictory. Nie et al. (2016) suggested that when
water is isotonic with normal body fluid, the energy used by aquatic
organisms to regulate osmotic pressure is less, resulting in a lower
metabolic level. However, Guzman-Agiiero et al. (2013) showed that
under stress (hypertonic and hypotonic) conditions, the level of
ammonia excretion would be affected by ingestion, resulting in lower
ammonia excretion rate. Bougrier et al. (1995) argued that this con-
tradictory can be explained by the difference in the process of animal
acclimation. In our study, OCR and AER of four strains decreased to
lowest level at lower salinity (15 and 20 psu), indicating that the effect
of lower salinity on OCR and AER was more significant than that of
higher salinity, which could be explained as the lower salinity was not
conductive to oyster feeding. We also observed that the OCR and AER of
hybrid OH strain was significantly higher than that of the other strains at
lower salinity. This may indicate that OH strain has stronger adapt-
ability to low salinity.

The O:N ratio of an organism is an important index of substrate
(protein, lipid, and carbohydrate) and has proved useful in assessing the
physiological response of bivalves to various stressful environments
(Bayne et al., 1976). Theoretically, the O:N is 7 for catabolism of pure
protein, whereas the ratio is 24 for catabolism of equal quantities of
protein and lipids. Thus, greater O:N values correspond to higher levels
of lipid and carbohydrate catabolism (Mayzaud and Conover, 1988). In
the present study, the O:N for four populations reared at experimental
temperatures ranged from 7.86 to 24.84 and at experimental salinities
ranged from 6.26 to 30.04, which indicates equal utilization of proteins
and lipids. Similar results were also reported for other bivalves (Hao
et al., 2014).

The temperature coefficient (Qqp) is a parameter to describe the
sensitivity of organisms to temperature increase and its value reflects the
adjustment related to the enzymatic and physiological requirements for
energy when temperature increases within the natural range (Manush
et al., 2004). Saucedo et al. (2004) indicated that within an intermediate
temperature range (23-28 °C), a combination of active respiration and
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Table 3
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The effects of different temperatures and salinities on the O:N ratio of four strains of C. gigas.

Strain Temperature (°C) Salinity (psu)
16 21 26 31 36 15 20 25 30 35
OH 9.83 10.65 11.89 11.56 15.72 20.30 18.38 18.13 11.89 14.70
HO 8.89 13.25 20.10 19.33 11.04 21.27 18.98 30.04 20.10 14.66
HH 7.86 13.80 13.31 16.97 9.18 12.38 14.75 22.39 13.31 9.77
(e]0) 16.18 24.84 10.81 17.42 10.88 17.21 12.28 20.13 10.81 6.26
bl from OH strain were 2.03 and 2.00 between 16-21 °C and 31-36 °C,
Table 4

Q1 coefficients in four strains of C. gigas calculated from different temperature
ranges.

Temperature range OH HO HH 00

16-21 2.03 2.22 2.90 1.73
21-26 4.50 3.71 2.85 0.98
26-31 0.98 1.18 1.76 2.54
31-36 2.00 0.76 0.44 0.56

low ammonia excretion, together with Qo values near 2, suggested the
existence of compensatory mechanisms that allow the pearl oyster
Pinctada mazatlanica to perform seasonal regulation during moderately
warm temperature changes. In the present study, Qo values obtained
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respectively, which indicated that the OH strain was well adapted to
these temperatures because there were no strong modifications in
metabolism. In addition, the hybrid populations (OH and HO) had a
lower value of Q9 at 26-31 °C temperature intervals, indicating the
changes in respiration of hybrid strains reached less sensitively than
parental populations (HH and OO) at these temperatures and had a
higher tolerance to this temperature intervals than parental populations.

4.2. Enzyme activity assays

Abele et al. (2002) suggested that exposure to environmental stress
can induce the generation of reactive oxygen species (ROS), such as
superoxide anions (0%7), hydrogen peroxide (H;0,), hydroxyl radicals
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Fig. 2. Effects of different temperatures (A, C and E) and salinities (B, D and F) on immune-related enzyme activity of the four strains. Different lowercase letters
indicate significant differences (P < 0.05) in overall enzyme activity among different strains.
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(OH"), singlet oxygen (O) and activate anti-oxidative defense systems.
CAT and SOD appear to play an essential protective role in the ROS
scavenging process. SOD catalyze the disproportionation of 0%~ to HyO5
and O and, in turn, CAT dismutase H2O- into H,O and O,. Moreover,
the levels of MDA, a product of lipid peroxidation, are often used as
markers of oxidative stress (Zanette et al., 2011).

In marine environments, temperature has a strong effect on the
function of immune defense system in mollusks. Previous studies have
shown that enzymes play an important role in coping with temperature
changes and protecting organisms from damage (Hao et al., 2014;
Rahman et al., 2019). In this study, we found that SOD activity did not
show significant difference under different temperature treatments.
Similarly, there was no significant difference in SOD activity between
Mytilus galloprovincialis and Katelysia rhytiphora at different tempera-
tures, which was considered to be the result that SOD activity could
neutralize high concentration of ROS in a short time (Rahman et al.,
2019). The high CAT activity observed in the higher temperatures sug-
gests that the oxidative stress is prone to peroxide radicals. This result is
consistent with the elevated CAT activities in mussels M. coruscusi and
M. galloprovincialis after exposed to stressors (Hu et al., 2015; Khessiba
et al., 2005). The overall SOD and CAT activity of hybrids were lower
than that of the other strains at temperature range. This may indicate
that hybrids have a strong antioxidant defense mechanism, which is
beneficial to protect cells from the adverse effects of oxidative stress.
The change of salinity can induce oxidative stress in marine bivalves,
which can eliminate ROS by increasing antioxidant defense (SOD and
CAT activities) mechanism, thus responding to oxidative damage. In the
current study, the activity of SOD in OH, HO and HH strain did not show
significant difference at different salinities, but decreased first at 20 psu
and then increased in OO strain. Notably, the overall SOD levels in OO
strain significantly exceeded that of the other three strains, which
indicated that OO strain was more vulnerable to oxidative damage.
However, effects of salinity change on CAT activity seems to have
different trends in mollusks. In the 28-day experiment, the antioxidant
enzymes (including SOD and CAT) at lowest salinity increased signifi-
cantly when R. philippinarum exposed to salinity levels (14 and 35 psu)
(Velez et al., 2016). These results demonstrated that these enzymes are
involved in defense system to prevent and block ROS, as well as repair
mechanisms for oxidized components (Velez et al., 2016). Carregosa
et al. (2014) showed that the three venerid clam species (Venerupis
decussata, V. corrugate and V. philippinarum) significantly decreased the
activity of CAT and SOD at the lowest tested salinities (0 and 7 g/L) due
to valve closure, and significantly increased the activity of antioxidant
enzymes (CAT and SOD) at a salinity of 14 g/L to cope with the increase
of oxidative stress. Our results are in agreement with such findings since
the CAT activity of four strains decreased at the lowest salinity (15 and
20 psu) and increased significantly at 25 psu. In contrast, the bivalve
C. rhizophorae increased biotransformation (GSTs) activity under low
salinities (9-15 psu) and control pH, while CAT activity was maintained
under different salinities (9, 15, 25 and 35 psu) (da Silva et al., 2005).
Similarly, the CAT and glutathione S-transferase activities in C. gigas
gills did not change when exposed to salinity fluctuations of between 9
and 35 psu (Zanette et al., 2011).

Physiologically stressful conditions such as temperature and salinity
changes can increase cellular damage in marine invertebrates due to an
increased production of ROS, leading to the oxidation of the lipid
membranes (Abele et al., 2002). It was reported that MDA content of the
scallop Mizuhopecten yessoensis significantly increased and reached
maximum value at 26 °C after 30 days of temperature exposure (Hao
et al., 2014). Similarly, higher MDA levels were observed in the oysters
kept at 25 psu salinity for 10 days when these oysters were compared to
the groups kept at 9 and 35 psu salinity levels for the same amount of
time, suggesting that there was an increase in the antioxidant defenses in
the oysters kept at 9 and 35 psu salinity levels (Zanette et al., 2011). The
results of the present study revealed that oysters tend to significantly
increase lipid peroxidation because of the higher ROS production when
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the temperatures and salinities were outside the optimal values for the
studied species (optimal values ranged from 21 to 31 °C of temperature;
25 to 30 psu of salinity). At the same time, the overall MDA content of
OO strain was highest and the other three strains' MDA level ranked as:
HH > HO > OH, suggesting that the hybrid species are not susceptible to
oxidative damage under environmental stress.

4.3. Heterosis

Heterosis for growth and survival in the Pacific oyster have been
documented by crossing inbred lines made by selfing hermaphrodites or
by brother-sister mating within pedigreed families (Hedgecock et al.,
1995; Hedgecock and Davis, 2007). Here, we discussed the potential of
applying crossbreeding between selected strains to improve the stress
resistance in C. gigas. Hybridization among selected strains offers the
possibility for exploiting both the additive genetic variation accumu-
lated within a strain and the non-additive genetic variation between
strains. In the present work, the hybrid strains had greater temperature
tolerance limit, stronger adaptability to low salinity and stronger anti-
oxidant defense mechanism to those of parental strains. Such difference
observed in reciprocal crosses could be partly linked to the genetic
variation within populations and the level of the domestication of
parental species (Zhang et al., 2016b). Meanwhile, analysis of physio-
logical and immune parameters revealed that growth performance of
OH and HO crosses was different, which indicated the existence of
reciprocal effects. This may be due to the differences of crossing direc-
tion. Maternal effects could be a major contributor to the reciprocal
effects (Bosworth et al., 1994). In addition, paternal effects, sex linked or
cytoplasmic inheritance are other possible sources (Bentsen et al.,
1998). This study showed undoubtedly the high tolerance of the hybris
strains under extreme environments and it is possible to become domi-
nant species under unsuitable environmental conditions.

5. Conclusions

We analyzed and compared the physiological and immune responses
of two strains of C. gigas, and their hybrids to temperature and salinity
challenge, hoping to get insights into the physiological and immune
basis of the environment resistance heterosis observed in this hybrid
system. Our results showed a positive role of hybridization in improving
oyster's stress resistance ability. The hybrid strains had greater tem-
perature tolerance limit and stronger adaptability to low salinity than
their parents. Besides, overall enzyme activities suggested that hybrids
had strong antioxidant defense mechanism, which may imply that hy-
brids were also more capable of dealing with environment stress. From
the results, it is suggested that the two hybrid populations may perform
better in actual mariculture.

Credit author statement

Lingxin Meng: Investigation, Methodology, Data curation, and
Writing - original draft. Qi Li: Supervision and Writing - review &
editing. Chengxun Xu: Writing review & editing. Hong Yu: Resources.
Shikai Liu: Software. Lingfeng Kong: Software.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments

This work was supported by the grants from National Natural Science

Foundation of China (31972789), Earmarked Fund for Agriculture Seed
Improvement Project of Shandong Province (2020LZGC016), and



L. Meng et al.
Industrial Development Project of Qingdao City (20-3-4-16-nsh).

References

Abele, D., Heise, K., Portner, H.O., Puntarulo, S., 2002. Temperature dependence of
mitochondrial function and production of reactive oxygen species in the intertidal
mud clam Mya arenaria. J. Exp. Biol. 205, 1831-1841.

Bartley, D.M., Rana, K., Immink, A.J., 2001. The use of inter-specific hybrids in
aquaculture and fisheries. Rev. Fish Biol. Fish. 10, 325-337.

Bayne, B.L., Newell, R.C., 1983. Physiological energetics of marine molluscs. In:
Saleuddin, A.S.M., Wilbur, K.M. (Eds.), The Mollusca. Academic Press, New York,
NY, pp. 407-515.

Bayne, B.L., Bayne, C.J., Carefoot, T.C., Thompson, R.J., 1976. The physiological ecology
of Mytilus californianus: Conrad 1. Metablism and energy balance. Oecologia. Berl.
22, 211-228.

Bentsen, H.B., Eknath, A.E., Palada-de Vera, M.S., Danting, J.C., Bolivar, H.L., Reyes, R.
A., Dionisio, E.E., 1998. Genetic improvement of farmed tilapias: growth
performances in a complete diallel cross experiment with eight strains of
Oreochromis niloticus. Aquaculture 160, 145-173.

BOF (Bureau of Fisheries), 2020. China Fisheries Statistic Yearbook 2019. China
Agriculture Press, Beijing, China.

Bosworth, B.G., Wolters, W.R., Saxton, A.M., 1994. Analysis of a diallel cross to estimate
effects of crossing on performance of red swamp crawfish, Procambarus clarkii.
Aquaculture 121, 301-312.

Bougrier, S., Geairon, P., Deslouspaoli, J.M., Bacher, C., Jonquieres, G., 1995. Allometric
relationships and effects of temperature on clearance and oxygen consumption rates
of Crassostrea gigas (Thunberg). Aquaculture 134, 143-154.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248-254.

Carregosa, V., Velez, C., Soares, A.M.V.M., Figueira, E., Freitas, R., 2014. Physiological
and biochemical responses of three Veneridae clams exposed to salinity changes.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 177-178, 1-9.

Chi, Y., Li, Q., Liu, S.K., Kong, L.F., 2021. Genetic parameters of growth and survival in
the Pacific oyster Crassostrea gigas. Aquac. Res. 52, 282-290.

Chu, P., Chen, Y.C., Kuninaka, A., 2005. Seasonal variability of the Yellow Sea/East
China Sea surface fluxes and thermohaline structure. Adv. In Atm. Sci. 22, 1-20.

da Silva, A.Z., Zanette, J., Ferreira, J.F., Guzenski, J., Marques, M.R.F., Bainy, A.C.D.,
2005. Effects of salinity on biomarker responses in Crassostrea rhizophorae (Mollusca
Bivalvia) exposed to diesel oil. Ecotoxicol. Environ. Saf. 62, 376-382.

de Melo, C.M.R., Divilov, K., Schoolfield, B., Langdon, C., 2019. Selection of group and
individual traits of Pacific oysters (Crassostrea gigas) on the west coast, US.
Aquaculture 512, 734389.

Dégremont, L., 2011. Evidence of herpesvirus (OsHV-1) resistance in juvenile Crassostrea
gigas selected for high resistance to the summer mortality phenomenon. Aquaculture
317, 94-98.

Dégremont, L., Nourry, M., Maurouard, E., 2015. Mass selection for survival and
resistance to OsHV-1 infection in Crassostrea gigas spat in field conditions: response
to selection after four generations. Aquaculture 446, 111-121.

Esterbauer, H., Cheeseman, K.H., 1990. Determination of aldehydic lipid peroxidation
products: malonaldehyde and 4-hydroxynonenal. Methods Enzymol. 186, 407-421.

Evans, S., Langdon, C., 2006. Effects of genotype x environment interactions on the
selection of broadly adapted Pacific oysters (Crassostrea gigas). Aquaculture 261,
522-534.

Fuhrmann, M., Petton, B., Quillien, V., Faury, N., Morga, B., Pernet, F., 2016. Salinity
influences disease-induced mortality of the oyster Crassostrea gigas and infectivity of
the ostreid herpesvirus 1 (OsHV-1). Aquac. Environ. Interact. 8, 543-552.

Gajbhiye, D.S., Khandeparker, L., 2017. Immune response of the short neck clam Paphia
malabarica to salinity stress using flow cytometry. Mar. Environ. Res. 129, 14-23.

Gosling, E., 2015. Marine Bivalve Molluscs, 2nd ed. West Sussex UK Wiley Blackwell,
West Sussex, UK.

Goth, L., 1991. A simple method for determination of serum catalase activity and
revision of reference range. Clin. Chim. Acta 196, 143-151.

Guzman-Agiiero, J.E., Nieves-Soto, M., Hurtado, M.A., Pina-Valdez, P., Garza-Aguirre, M.
C., 2013. Feeding physiology and scope for growth of the oyster Crassostrea
corteziensis (Hertlein, 1951) acclimated to different conditions of temperature and
salinity. Aquac. Int. 21, 283-297.

Han, Z.Q., Li, Q., Liu, S.K., Yu, H., Kong, L.F., 2019. Genetic variability of an orange-shell
line of the Pacific oyster Crassostrea gigas during artificial selection inferred from
microsatellites and mitochondrial COI sequences. Aquaculture 508, 159-166.

Han, Z.Q., Li, Q., Liu, S.K., Kong, L.F., 2020. Crossbreeding of three different shell colour
lines in the pacific oyster reveals high heterosis for survival but low heterosis for
growth. Aquaculture 529, 735621.

Hao, Z.L., Tang, X.J., Ding, J., Ben, Y., Chang, Y.Q., 2014. Effect of high temperature on
survival, oxygen consumption, behavior, ammonia-N excretion, and related immune
indicators of the Japanese scallop Mizuhopecten yessoensis. Aquac. Int. 22,
1863-1876.

Hedgecock, D., Davis, J.P., 2007. Heterosis for yield and crossbreeding of the Pacific
oyster Crassostrea gigas. Aquaculture 272, S17-529.

Aquaculture 545 (2021) 737227

Hedgecock, D., McGoldrick, D.J., Bayne, B.L., 1995. Hybrid vigor in Pacific oysters: an
experimental approach using crosses among inbred lines. Aquaculture 137,
285-298.

Hu, M.H,, Li, L.S., Sui, Y.M,, Li, J., Wang, Y.J., Lu, W.Q., Dupont, S., 2015. Effect of PH
and temperature on antioxidant responses of the thick shell mussel Mytilus coruscus.
Fish Shellfish Immunol. 46, 573-583.

Huo, Z.M., Wang, Z.P., Yan, X.W., Yu, R.H., 2014. Hybridization between Crassostrea
hongkongensis and Crassostrea ariakensis at different salinities. J. World Aquac. Soc.
45, 226-232.

Jiang, W.W., Li, J.Q., Gao, Y.P., Mao, Y.Z., Jiang, Z.J., Du, M.R., Zhang, Y., Fang, J.G.,
2016. Effects of temperature change on physiological and biochemical responses of
Yesso scallop, Patinopecten yessoensis. Aquaculture 451, 463-472.

Khessiba, A., Roméo, M., Aissa, P., 2005. Effects of some environmental parameters on
catalase activity measured in the mussel (Mytilus galloprovincialis) exposed to
lindane. Environ. Pollut. 133, 275-281.

Kong, L.F., Song, S.L., Li, Q., 2017. The effect of interstrain hybridization on the
production performance in the Pacific oyster Crassostrea gigas. Aquaculture 472,
44-49.

Lawrence, D.R., Scott, G.I., 1982. The determination and use of condition index of
oysters. Estuaries 5, 23-27.

Li, A.Y., 1995. Seawater Chemistry. China Agriculture Press, Beijing, China.

Li, Q., Wang, Q.Z., Liu, S.K., Kong, L.F., 2011. Selection response and realized heritability
for growth in three stocks of the Pacific oyster Crassostrea gigas. Fish. Sci. 77,
643-648.

Liang, S., Luo, X., You, W.W., Luo, L.Z., Ke, C.H., 2014. The role of hybridization in
improving the immune response and thermal tolerance of abalone. Fish Shellfish
Immunol. 39, 69-77.

Liu, Z.L., Hu, D.X., Tang, X.H., 2008. Tidal current observation in the southern Yellow
Sea in the summers of 2001 and 2003. Chin. J. Ocean. Limnol. 26, 121-129.

Manush, S.M., Pal, AK., Chatterjee, N., Das, T., Mukherjee, S.C., 2004. Thermal
tolerance and oxygen consumption of Macrobrachium rosenbergii acclimated to three
temperatures. J. Therm. Biol. 29, 15-19.

Mayzaud, P., Conover, R.J., 1988. O: N atomic ratio as a tool to describe zooplankton
metabolism. Mar. Ecol. Prog. Ser. 45, 289-302.

Nie, H.T., Chen, P., Huo, Z.M., Chen, Y., Hou, X.L., Yang, F., Yan, X.W., 2016. Effects of
temperature and salinity on oxygen consumption and ammonia excretion in different
colour strains of the Manila clam, Ruditapes philippinarum. Aquac. Res. 48, 1-9.

Pourmozaffar, S., Jahromi, S.T., Rameshi, H., Sadeghi, A., Bagheri, T., Behzadi, S.,
Gozari, M., Zahedi, M., Lazarjani, S.A., 2019. The role of salinity in physiological
responses of bivalves. Rev. Aquac. 12, 1548-1566.

Rahman, M.A., Henderson, S., Miller-Ezzy, P., Li, X.X., Qin, J.G., 2019. Immune response
to temperature stress in three bivalve species: Pacific oyster Crassostrea gigas,
Mediterranean mussel Mytilus galloprovincialis and mud cockle Katelysia rhytiphora.
Fish Shellfish Immunol. 86, 868-874.

Rainer, J.S., Mann, R., 1992. Comparison of methods for calculating condition index in
eastern oysters, Crassostrea virginica (Gmelin, 1791). J. Shellfish Res. 11, 55-58.
Sara, G., Romano, C., Widdows, J., Staff, F.J., 2008. Effect of salinity and temperature on

feeding physiology and scope for growth of an invasive species (Brachidontes
pharaonis - MOLLUSCA: BIVALVIA) within the Mediterranean Sea. J. Exp. Mar. Biol.
Ecol. 363, 130-136.

Saucedo, P.E., Ocampo, L., Monteforte, M., Bervera, H., 2004. Effect of temperature on
oxygen consumption and ammonia excretion in the Calafia mother-of-pearl oyster,
Pinctada mazatlanica (Hanley, 1856). Aquaculture 229, 377-387.

Valverde, J.C., Lopez, F.J.M., Garcia, B.G., 2006. Oxygen consumption and ventilatory
frequency responses to gradual hypoxia in common dentex (Dentex dentex): basis for
suitable oxygen level estimations. Aquaculture 256, 542-551.

Velez, C., Figueira, E., Soares, A.M.V.M., Freitas, R., 2016. Native and introduced clams
biochemical responses to salinity and pH changes. Sci. Total Environ. 566-567,
260-268.

Wang, T., Li, Q., 2019. Effects of temperature, salinity and body size on the physiological
responses of the Iwagaki oyster Crassostrea nippona. Aquac. Res. 00, 1-10.

Yin, F., Sun, P., Peng, S.M., Tang, B.J., Zhang, D., Wang, C.L., Mu, C.K., Shi, Z.H., 2013.
The respiration, excretion and biochemical response of the juvenile common Chinese
cuttlefish, Sepiella maindroni at different temperatures. Aquaculture 402-403,
127-132.

Zanette, J., de Almeida, E.A., da Silva, A.Z., Guzenski, J., Ferreira, J.F., Di Mascio, P.,
Marques, M.R.F., Bainy, A.C.D., 2011. Salinity influences glutathione S-transferase
activity and lipid peroxidation responses in the Crassostrea gigas oyster exposed to
diesel oil. Sci. Total Environ. 409, 1976-1983.

Zhang, J.X., Li, Q., Liu, S.K., Yu, H., Kong, L.F., 2018. The effect of temperature on
physiological energetics of a fast-growing selective strain and a hatchery population
of the Pacific oyster (Crassostrea gigas). Aquac. Res. 00, 1-8.

Zhang, Y.H., Zhang, Y., Li, J., Xiao, S., Xiang, Z.M., Wang, Z.P., Yan, X.W., Yu, Z.N.,
2016a. Artificial interspecific backcrosses between the hybrid of female Crassostrea
hongkongensis x male C. gigas and the two parental species. Aquaculture 450,
95-101.

Zhang, Y.H., Zhang, Y., Jun, L., Wang, Z.P., Yan, X.W., Yu, Z.N., 2016b. Phenotypic trait
of Crassostrea hongkongensis@ x C. angulatagd hybrids in southern China. Aquac. Res.
47, 3399-3409.


http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0005
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0005
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0005
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0010
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0010
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0015
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0015
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0015
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0020
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0020
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0020
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0025
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0025
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0025
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0025
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0030
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0030
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0035
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0035
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0035
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0040
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0040
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0040
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0045
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0045
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0045
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0050
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0050
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0050
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0055
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0055
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0060
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0060
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0065
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0065
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0065
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0070
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0070
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0070
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0075
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0075
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0075
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0080
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0080
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0080
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0085
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0085
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0090
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0090
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0090
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0095
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0095
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0095
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0100
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0100
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0105
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0105
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0110
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0110
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0115
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0115
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0115
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0115
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0120
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0120
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0120
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0125
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0125
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0125
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0130
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0130
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0130
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0130
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0135
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0135
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0140
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0140
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0140
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0145
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0145
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0145
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0150
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0150
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0150
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0155
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0155
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0155
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0160
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0160
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0160
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0165
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0165
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0165
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0170
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0170
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0175
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0180
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0180
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0180
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0185
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0185
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0185
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0190
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0190
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0195
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0195
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0195
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0200
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0200
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0205
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0205
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0205
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0210
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0210
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0210
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0215
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0215
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0215
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0215
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0220
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0220
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0225
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0225
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0225
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0225
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0230
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0230
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0230
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0235
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0235
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0235
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0240
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0240
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0240
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0245
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0245
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0250
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0250
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0250
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0250
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0255
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0255
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0255
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0255
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0260
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0260
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0260
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0265
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0265
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0265
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0265
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0270
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0270
http://refhub.elsevier.com/S0044-8486(21)00890-5/rf0270

	Hybridization improved stress resistance in the Pacific oyster: Evidence from physiological and immune responses
	1 Introduction
	2 Materials and methods
	2.1 Biological material
	2.2 Experimental design
	2.3 Measurements of the physiological parameters
	2.4 Enzyme activity assays
	2.4.1 Activities of antioxidant enzymes
	2.4.2 Lipid oxidative damage parameters

	2.5 Statistical analysis

	3 Results
	3.1 Physiological parameters
	3.1.1 OCR
	3.1.2 AER
	3.1.3 O:N
	3.1.4 Q10 coefficients

	3.2 Enzyme activity assays
	3.2.1 SOD and CAT
	3.2.2 MDA


	4 Discussion
	4.1 Physiological parameters
	4.2 Enzyme activity assays
	4.3 Heterosis

	5 Conclusions
	Credit author statement
	Declaration of Competing Interest
	Acknowledgments
	References


